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Abstract
The growth rate hypothesis (GRH) proposes that variation in organismal C : N : P ratios is associated

with growth rate due to differential allocation to P-rich ribosomal RNA to support growth. A further
extension of the GRH proposes that this variation is associated with the structure of ribosomal (r)DNA
genes (e.g., promoter–enhancer sequences in the rDNA intergenic spacer [IGS]) that influence the
production rate of rRNA. To test these ideas, we examined growth rate, rDNA structure, RNA : DNA
ratios, and elemental composition (C : N : P) in multiple clones of three Daphnia species (pulex, puli-
caria, magna) in controlled laboratory experiments. Results show that a portion of the rDNA motif,
consisting primarily of the IGS, shows considerable interspecific and intraspecific length variation.
Significant interspecific differences in all parameters were found, while significant intraspecific (clone)
effects were detected only for RNA : DNA ratios and growth rate. As predicted by the GRH, there were
significant positive correlations between RNA : DNA ratio and either growth rate or rDNA/IGS length,
and a significant positive correlation between rDNA/IGS length and growth rate, when clonal means
for all three species were examined. However, no clear-cut relationships between RNA : DNA and either
C : P or N : P were observed for any of the three species. Likewise, no discernible intraspecific rela-
tionships between growth rate and either C : P or N : P were detected. These preliminary findings suggest
that further study of elemental composition, nucleic acid content, and growth rates of organisms may
lead to a clearer understanding of the role of stoichiometric constraints in influencing the ecology and
evolution of natural populations.

All organisms need to deal with the allocation of resources
to the competing needs of somatic growth, maintenance, and
reproduction. How organisms reach a balance between these
competing needs has resulted in the evolution of a wide va-
riety of life-history strategies (Stearns 1992). The underlying
genetic/biochemical and/or physiological mechanisms that
operate here are often studied separately from any consid-
eration of the role that the nutritional/feeding environment
has on influencing growth and/or reproduction (Elser et al.
1996). However, recently a new approach to such questions
has emerged in the form of ecological stoichiometry (Elser
et al. 1996, 2000; Sterner and Elser 2002), which focuses
on the balance of energy and multiple chemical elements in
ecological interactions (Sterner and Elser 2002). In this ap-
proach, studies examine differences in elemental carbon (C) :
nitrogen (N) : phosphorus (P) ratios among different trophic
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levels and taxa, and how these differences influence and re-
flect the structure and dynamics of biological levels of or-
ganization spanning genes to ecosystems (Elser et al. 2000;
Sterner and Elser 2002). Sterner and Elser (2002) summarize
the basic concepts and principles related to this burgeoning
field, which incorporates some of the basic approaches de-
veloped in resource ratio competition theory (Tilman 1982)
for autotrophs competing for inorganic nutrients, but em-
phasizing relationships between trophic levels (e.g., herbi-
vores and their food items, Elser and Hassett 1994). These
interspecific and trophic-level interactions are then examined
in relation to ecosystem processes such as energy transfer in
food webs and nutrient recycling dynamics (Sterner et al.
1992; Urabe et al. 2002).

Much stoichiometric work has focused on herbivorous
zooplankton (Elser and Hassett 1994), particularly in the ge-
nus Daphnia (Urabe et al. 1997; Vrede et al. 2002) because
of the keystone role that Daphnia plays in aquatic food
webs, as a major grazer on algae and bacteria and recycler
of the potentially limiting nutrients nitrogen (N) and phos-
phorus (P). Interestingly, Daphnia appears to be among the
most P rich of common zooplankton found in lakes (Hessen
and Lyche 1991; Elser et al. 2000). To date, most of this
work has centered on examining interspecific differences
(Main et al. 1997), while virtually no systematic study of
intraspecific (interclonal) differences has previously been
conducted (Elser et al. 2000).

Recent work has been progressing on elucidating the link-
age between the biomass C : N : P stoichiometry of biota and
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cellular/subcellular phenomena such as allocation to ribo-
somal (r)RNA and how variation in rDNA structure might
be associated with the evolution of key life-history traits
such as organismal growth rates (Elser et al. 2000). Specif-
ically, this ‘‘growth rate hypothesis’’ (GRH) (Elser et al.
1996, 2000) proposes the following: (1) faster growing or-
ganisms should have higher RNA content and RNA : DNA
ratios than slower growing organisms and (2) as a result,
rapidly growing organisms should have higher levels of P
(i.e., low C : P and N : P ratios) in their bodies than slower
growing organisms because of the increased allocation to P-
rich RNA. Elser et al. (2000) have extended the hypothesis
to the genetic level, arguing that fast growth rate and high
RNA allocation demand high rates of RNA production, and
thus particular variations in the genes coding for ribosomal
RNA (the rDNA) are expected. In particular, rDNA inter-
genic spacer (IGS) length should be positively correlated
with growth rate because the longer the IGS, the greater the
number of potential promoter, enhancer, and terminator sites
in the different subrepeats and, thus, a greater potential for
transcription (i.e., rRNA production) supporting ribosome
production needed for rapid growth.

Few direct tests of this hypothesis have been made (see
Elser et al. 2000 for a synthetic review of evidence related
to individual components of this hypothesis), although a re-
cent study by Gorokhova et al. (2002) involving artificial
selection within a single clone of Daphnia pulex as a model
system has found direct support for a number of the predic-
tions of the GRH. In the present paper, we extend the testing
of the GRH to multiple clones within multiple species of
Daphnia under nonselective conditions.

Materials and methods

We collected and isolated animals and established labo-
ratory clonal cultures of three Daphnia species: D. pulex
(four clones; Px-1, Px-2, Px-3, and Px-4), D. pulicaria (three
clones; Pul-1, Pul-2, and Pul-3), and D. magna (three clones;
M1, M2, and M3). Clones were chosen because they rep-
resented a fairly broad range in intergenic spacer (IGS)
length variation (see below). D. pulex were isolated from a
shallow (,0.5 m), ephemeral pond (LL4) in northwestern
Iowa (438239N, 958119W), while D. pulicaria and D. magna
(clones M1 and M2) were isolated from Brant Lake, South
Dakota (438589N, 968569W), and Round Lake, South Dakota
(448589N, 968499N), respectively. D. magna clone M3 was
isolated from the Grösser Binnensee (548209N, 108389E), a
slightly brackish water, shallow (,2 m) coastal lake in north-
ern Germany, adjacent to the Baltic Sea. Brant Lake and
Round Lake had salinities/conductivities of 790 and 260,
seston C : P ratios (atomic) of 60.2 and 99.5, seston N : P
ratios of 9.7 and 12.6, and maximum depths of 3 m and 4
m, respectively. No data are available on the physicochem-
ical features of pond LL4, and Lampert (1991) describes the
Grösser Binnensee more fully.

Clonal isolates were raised in the laboratory in a standard
artificial medium called COMBO (Kilham et al. 1998) and
fed the chemostat-raised green alga, Scenedesmus obliquus,
at a concentration of 3 mg carbon L21. Three to four gravid

females per 100-ml jar with multiple (i.e., 4–12) jars per
clone were checked daily for release of offspring. Offspring
of known age (i.e., within 24 h) were pooled separately for
each clone and then separated into replicate (i.e., 3–8) 600-
ml jars (i.e., approximately 100–150 neonates per jar) con-
taining COMBO and fed 3 mg carbon L21 of S. obliquus
that is grown at low (atomic) N : P ratio (;17 : 1) at high
growth rate and thus has low (atomic) C : P (;140) and
(atomic) N : P (;20) ratios (Kilham et al. 1998). Previous
studies (e.g., Sterner 1993) have indicated that this alga
grown under these culture conditions can support rapid
Daphnia growth. Medium and food were changed daily. Co-
horts from each clone were harvested on day two and day
four for separate CHN and P analyses (see below). Numbers
of individuals were counted, placed into preweighed alumi-
num boats, dried for a minimum of 48 h (608C), and held
in a desiccator until dry mass could be obtained using a
Cahn 27 automatic ultra-electrobalance.

Additional individual 2-day-old and 4-day-old animals
were measured (i.e., body lengths) to the nearest 0.04 mm
using a Zeiss dissecting microscope, placed in 10 ml of
RNAlater (Ambion Inc.), and frozen at 2208C until RNA
and DNA analyses were conducted (see below).

Juvenile growth rates were determined as m (d21) 5 ln
(final body mass of 4-day-old cohort/initial mass of 2-day-
old cohort)/2. (Cohort masses were corrected for number of
animals per cohort.) For each clone, the number of replicates
ranged from 4 to 12 cohorts, depending on the ability to
synchronize the cohorts.

Elemental and biochemical analyses—The analysis of
phosphorus (P) followed a modified persulfate digestion
method and the ascorbic acid method of Franson (1998). The
analysis of carbon (C) and nitrogen (N) followed standard
protocols using a Europa Scientific (Northwich, U.K.) model
ANCA-SL isotope ratio mass spectrometer. Elemental con-
tents were expressed on a percent dry mass basis from which
atomic ratios for C : P, C : N, and N : P were calculated. (Rep-
licates ranged from 3–8 per clone per analysis.) We followed
the basic extraction and quantification methods of Gorok-
hova and Kyle (2002) and Kyle et al. (2003) for analysis of
RNA and DNA contents of individual or small numbers of
Daphnia.

IGS length variation—Two sets of oligonucleotide prim-
ers were used in conjunction with the polymerase chain re-
action (PCR) to amplify the entire intergenic spacer (IGS)
region of the rDNA array using either a Perkin-Elmer 9700
thermal cycler or a MJ Research PTC-200 cycler. PCR re-
actions (50 ml total volume) consisted of the following com-
ponents: 0.3–0.5 mmol L21 per primer per reaction, 10 mmol
L21 Tris-HCl (pH 8.3), 50 mmol L21 KCl, 1.5–2.0 mmol L21

MgCl2, 2 mmol L21 of each dNTP, approx. 2.5 units of Taq
polymerase, and 10–1000 ng of template DNA. For Daphnia
pulex and D. pulicaria, IGS38 forward (59-GTT-TAG-ACC-
GTC-GTG-AGA-CAG-GTT-AG-39) and 3102R reverse (59-
ATA-CCA-AAG-TTT-TTG-CGT-CG-39) primers were used
to amplify an approximately 3–4 kilobase (kb) fragment of
the IGS, which flanks the highly repetitive region. Owing to
differentiation (i.e., sequence divergence) in the rDNA array
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Table 1. Results of nested ANOVAs for analysis of mean com-
bined values (i.e., 2- and 4-day-old Daphnia) for %P, %N, C : P
(atomic), N : P (atomic), %RNA, RNA : DNA, and growth rate.

Parameter Level F2,6 df p

%P A 48.80 18, 26 0.00001**
B 2.12 0.1022

%N A 166.39 32, 40 0.00001**
B 3.42 0.0102*

C : P (atomic) A 262.30 18, 26 0.00001**
B 3.93 0.011*

N : P (atomic) A 128.23 18, 26 0.00001**
B 1.01 0.4504

%RNA A
B

24.75
1.67

30, 38 0.00001**
0.2927

RNA : DNA A
B

38.32
5.14

30, 38 0.00001**
0.0011**

Growth rate A
B

6.22
11.62

60, 68 0.0040**
0.00001**

* Significant at p,0.05.
** Significant using the Bonferroni correction (0.05/7 5 p,0.008.
Levels: species (A); clones nested within species (B). Degrees of freedom

(df) 5 residual, total.

for D. magna, a second set of primers was designed and
used: IGS29 forward (59-GTG-AGC-TGG-GTT-TAG-ACC-
GTC-GTG-AG-39) and 18s418R (59-CGT-TTC-TCA-GGC-
TCC-CTC-TCC-GG-39). For the IGS38/3102R primer pair,
the following PCR thermal cycling parameters were used:
one cycle of initial denaturation at 948C for 1 min, followed
by 25 cycles of 948C for 30 s, annealing at 608C for 30 s,
extension at 708C for 4 min, followed by 10 cycles of 948C
for 30 s, annealing at 608C for 30 s, extension at 708C for
4 min 20 s (20 s per cycle autoextension), and a final 708C
extension for 7 min. For the IGS29/18s418R primer pair, the
following PCR thermal cycling parameters were used: an
initial denaturation cycle at 948C for 1 min, followed by 20
cycles of 948C for 20 s and annealing/extension at 688C for
6 min, followed by 10 cycles of 948C for 20 s and annealing/
extension at 688C for 6 min 20 s (20 s per cycle autoexten-
sion).

PCR products were subjected to agarose gel electropho-
resis using 1.0% AMERSCO (Solon, Ohio) agarose, run at
3–4 cm h21, stained with ethidium bromide (4 mg ml21), and
visualized using a Kodak electrophoresis documentation and
analysis system (EDAS) 290 digital camera and Kodak 1D
image analysis system software. Molecular weight markers
were run alongside PCR products to permit sizing of IGS
length variants.

Statistical analyses—All statistical analyses were con-
ducted using Statistix version 7.0 (Analytical Software
http://www.statistix.com). Simple linear regression analyses
were conducted, as well as nested analysis of variance (AN-
OVA). Percentage P, C : P (atomic), %N, N : P (atomic),
%RNA, and RNA : DNA were measured for 2-day-old and
4-day-old cohorts for each clone within a given species. The
means of the two age cohorts for each parameter, along with
growth rates, were analyzed using nested ANOVAs with
clones nested within species. (Note: we took mean values
for each parameter for the combined age cohorts because
these mean values more fully reflect the average physiolog-
ical state of the animals during the course of the study, thus
reducing any bias as a result of potential age effects.) Owing
to the unbalanced design of having unequal numbers of
clones per species (i.e., four clones for Daphnia pulex, three
clones each for D. magna and D. pulicaria), it was necessary
to calculate nested ANOVAs using all three clone combi-
nations for the four D. pulex clones. We report the mean
values for these analyses (Table 1). To control for type I
experiment-wide error, a sequential Bonferroni procedure for
multiple simultaneous tests was performed (Statistix).

Results

Nested ANOVAs—Results from the nested ANOVAs of
interspecific differences and clonal differences (nested with-
in species) in %P and %N revealed significant interspecific
differences for both parameters, while significant clonal dif-
ferences were only detected for %N (Table 1). Bonferroni
multiple comparison tests revealed that for %P, pulicaria 5
pulex . magna, while for %N, the opposite pattern was
observed (i.e., magna . pulex . pulicaria).

An examination of stoichiometric ratios (C : P and N : P)

revealed significant interspecific differences in C : P and N :
P (Table 1), while significant clonal differences were only
found for C : P (Table 1). Bonferroni multiple comparison
tests revealed that for both ratios magna . pulex . puli-
caria. Thus, in general D. pulex and D. pulicaria were more
P rich than D. magna.

Analyses of RNA : DNA ratios (RNA : DNA hereafter)
and %RNA revealed significant interspecific differences for
both parameters, with significant clonal differences only
found for RNA : DNA (Table 1). Bonferroni multiple com-
parisons revealed that for %RNA, pulex . magna 5 puli-
caria, while for RNA : DNA, pulex . magna . pulicaria.

Nested ANOVA results for growth rates indicated both
significant interspecific and clone (nested within species) dif-
ferences (Table 1), with magna 5 pulex . pulicaria.

Associations and regression analyses—No clear-cut pat-
terns of association between RNA : DNA ratios and either
C : P (atomic) or N : P (atomic) were observed (Fig. 1), when
comparing the clonal means for these parameters across the
three species (Fig. 1a, RNA : DNA vs. C : P, df 5 8, r2 5
0.078, n.s.; Fig 1b, RNA : DNA vs. N : P, df 5 8, r2 5 0.090,
n.s.). Likewise, comparisons of growth rates versus either
C : P (atomic) or N : P (atomic) ratios (Fig. 2) shown no dis-
cernable relationship within species. Further, no significant
correlations were found, when data for all clones across all
species were combined (Fig. 2a, growth vs. C : P, df 5 8, r2

5 0.133, not statistically significant; Fig 2b, growth vs. N :
P, df 5 8, r2 5 0.105, not statistically significant).

A posteriori testing indicated that D. pulicaria clone Pul-2
exhibited a very low growth rate in relation to its rDNA IGS
length. Results from Grubbs’ test for outlier detection
(Grubbs 1969) indicated that the critical Z value of 2.29 (n
5 10) was exceeded by the test Z value (2.35) at p , 0.05,
indicating that clone Pul-2 represented a significant outlier
and therefore should be omitted from further analyses.

With the omission of D. pulicaria clone Pul-2, we found
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Fig. 1. (a) Plot of RNA : DNA versus carbon : phosphorus (C :
P atomic) ratio; (b) plot of RNA : DNA versus nitrogen : phosphorus
(N : P atomic) ratio. Clonal means for each of the 10 clones in the
study are given: D. magna (M1, M2, M3); D. pulex (Px-1, Px-2,
Px-3, Px-4); D. pulicaria (Pul-1, Pul-2, Pul-3).

Fig. 2. (a) Plot of growth rate, m (d21) versus carbon : phospho-
rus (C : P atomic) ratio; (b) plot of growth rate, m (d21) versus ni-
trogen : phosphorus (N : P atomic) ratio. See Fig. 1 legend for de-
tails.

a number of relationships that were consistent with the pre-
dictions of the GRH. There was a significant positive cor-
relation between RNA : DNA ratios and growth rate for the
combined data set (Fig. 3; df 5 7, r2 5 0.527, p , 0.05).
Further, a significant correlation was found between rDNA
IGS length and RNA : DNA, when clonal means for the three
species were analyzed together (Fig. 4; df 5 7, r2 5 0.628,
p , 0.05). Finally, a significant positive relationship between
rDNA IGS length and growth rate for these three Daphnia
species was observed (df 5 7, r2 5 0.63, p , 0.02, Fig. 5).

Discussion

Results presented here suggest that a number of associa-
tions among RNA : DNA, rDNA structure (i.e., IGS length),

body stoichiometry (C : P or N : P), and growth rates in
Daphnia exist. For example, when the data from the clonal
means of all three species are combined to compare RNA :
DNA ratio and specific growth rate, a significant correlation
was found (Fig. 3), thus lending support to a prediction of
the GRH (i.e., that there should be a positive association
between RNA : DNA and growth rate). Further, results from
the rDNA IGS, RNA : DNA ratio, and growth rate compar-
isons indicated a significant positive correlation between
rDNA IGS length and RNA : DNA ratios (Fig. 4), as well as
a significant positive correlation between rDNA IGS length
and growth rate (Fig. 5). However, discrepancies were also
noted. For example, we did not observe any clear-cut rela-
tionships between RNA : DNA and either C : P or N : P ratios
for any of the three Daphnia species (Fig. 1). In fact, one
might argue that if any patterns were to be discerned from
these relationships it would be a positive association be-
tween RNA : DNA and either of these stoichiometric ratios
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Fig. 3. Plot of growth rate, m (d21) versus RNA : DNA ratio.
Note: Daphnia pulicaria is represented by only clones Pul-1 and
Pul-3. See Fig. 1 legend and text for details.

Fig. 4. Plot of rDNA IGS length (bp) versus RNA : DNA ratio.
See Fig. 1 and 3 legends for details.

Fig. 5. Plot of growth rate, m (d21) versus rDNA IGS length
(bp). See Figs. 1 and 3 legends for details.

for D. magna and D. pulicaria (Fig. 1), the exact opposite
conclusion that would be predicted by the GRH. The third
species, D. pulex, showed no discernible pattern at all
(Fig. 1).

For the comparisons between growth rates and either C :
P or N : P (Fig. 2), no discernable relationships within spe-
cies could be detected, most likely because of the small num-
bers of clones examined.

In general these results are inconclusive regarding the ex-
istence of associations among growth rate, RNA, and P con-
tents in these daphnids. Given the observation of quite close
associations among these parameters in published studies of
interspecific variations in zooplankton (Main et al. 1997) and
ontogenetic and physiological variations in crustaceans, in-
sects, and bacteria (Elser et al. 2003), we suspect that our
study presents a relatively weak test of the GRH as the
clones and species examined presented only a relatively nar-
row range of growth rates across which to examine variation
in C : N : P and RNA : DNA ratios (0.3–0.5 d21 vs. a range
of 0.1–1.2 d21 in the study of Main et al. 1997).

Our genetic data were more supportive of the relevant
components of the GRH (Elser et al. 2000), as noted above
for the rDNA IGS, RNA : DNA ratio, and growth rate com-
parisons (Figs. 3, 4, and 5). Clones having longer IGS length
variants generally exhibited higher growth rates. The mech-
anisms involved in these associations are not entirely clear.
However, previous work using Drosophila (Cluster et al.
1987) and Daphnia pulex (Gorokhova et al. 2002) has sug-
gested that a likely mechanism is that longer IGS variants
have more subrepeats (each containing a promoter, enhancer,
and terminator site for transcription) and thus can maintain
a higher production rate of ribosomal RNA during rapid
growth. Further testing of this IGS length–growth rate re-
lationship is warranted.

Role of rDNA IGS length heterogeneity—The intergenic
spacer (IGS) region of rDNA is the most variable and poly-
morphic region within the rDNA motif (Crease 1993). With-

in the genus Daphnia (particularly among species of the sub-
genus Daphnia, i.e., D. pulex, D. pulicaria), the IGS
contains two highly repetitive regions consisting of 330-
basepair (bp) subrepeats and 200-bp subrepeats, separated
by approximately 50 nucleotides (nt) of unique sequence
(Crease 1993). It is believed that promoter, enhancer, and
terminator sites for transcription are located within each of
these 330-bp subrepeats (Crease 1993), as has been shown
in the subrepeat region of the IGS in other organisms (e.g.
Drosophila, Cluster et al. 1987; maize, Rocheford et al.
1990). Crease (1993, 1995) has shown that length variation
within the IGS region of Daphnia pulex is highly polymor-
phic, since multiple length variants are often present not only
within single populations but also within single clones. In-
deed, even individual daphnids can be heteroplasmic for IGS
length variants.

A recent study by Gorokhova et al. (2002) highlights this
variation and demonstrates its potential ecoevolutionary sig-
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nificance. In their experiments, a single, obligately parthe-
nogenetic clone of Daphnia pulex was subjected to artificial
selection on production rate (i.e., fecundity). Significant di-
vergence occurred within four generations and resulted in
associated divergence of juvenile growth rate as a (nega-
tively) correlated character. This was, in turn, associated with
differential distribution and expression of different IGS
length variants that appear to be directly related to differ-
ences in these key life-history features. These authors pos-
tulated that long spacers may provide an advantage, which
is manifested via greater rDNA transcriptional efficiency and
higher rates of ribosome production, leading to increased
rates of protein synthesis, thus enhancing growth and/or de-
velopmental rates. Further, these results indicate that even
among asexual (parthenogenetic) organisms like Daphnia,
there is considerable potential for rapid adaptive change af-
fecting major life-history characters such as reproductive
output and growth rate. Significant associations among IGS
variants, juvenile growth rate, juvenile RNA content, and
juvenile P content were all observed in this study.

The present study reinforces these findings, as we docu-
ment interspecific and intraspecific (interclonal) variation in
stoichiometric ratios, RNA : DNA ratios, IGS length varia-
tion, and growth rates. What these preliminary results sug-
gest is that a number of the basic tenets/predictions of the
growth rate hypothesis (GRH) appear to be at least partially
supported (although certainly more species and more clones
should be tested to more fully evaluate the robustness of
these relationships) and that there may be an intrinsic link
between the stoichiometric demands of organisms and crit-
ical biochemical/molecular structures (i.e., nucleic acids
such as RNA) that affect key organismal processes such as
specific growth rate. We are also coming closer to an un-
derstanding of the genomic basis of these associations.

Implications for population and community structure—
Similar to our findings, earlier work by Main et al. (1997)
noted species-specific differences in the within-species re-
lationships between growth rates and stoichiometric ratios
for various zooplankton taxa (including daphnids). Specifi-
cally, these authors found that for D. lumholtzi, growth rate
was positively correlated with %P and negatively correlated
with N : P. However, these same relationships did not hold
true for two other Daphnia species, D. magna and D. obtusa.
Thus, it appears that different species have different ap-
proaches for allocating resources among growth and bio-
chemical pools containing P. This may have the effect of
avoiding stoichiometric bottlenecks at certain times of de-
velopment (e.g., Villar-Argaiz and Sterner 2002), with the
additional consequence of obscuring patterns of growth-
RNA-P coupling at the scale of within-species comparisons.
It is conceivable, then, that clones/genotypes within individ-
ual populations of Daphnia are influenced by the severity of
stoichiometric food quality limitation in the field. This could
be tested by examining the responses of clones differing in
IGS length to field supplementation of dietary P (e.g., Elser
et al. 2001) over a season during which seston C : P is chang-
ing.

We also document significant variation in C : P and N : P
ratios among different species of Daphnia (Table 1). Ander-

sen and Hessen (1991) and Hessen and Lyche (1991) have
shown previously that different species of Daphnia can have
different N : P and %P levels in their body tissues, with some
values of %P varying by as much as 40% between species
(e.g., D. galeata, 1.11% P; D. rosea, 1.80% P).

Such findings suggest that species with differing P de-
mands may be favored in environments that differ in stoi-
chiometric food quality, as has been postulated and docu-
mented by Andersen and Hessen (1991), Sterner et al.
(1992), and Elser et al. (1996), among others. Such differ-
ences suggest evolutionary constraints among members of
this genus and require further study with additional species/
isolates.

Likewise, we detected intraspecific (interclonal) differenc-
es in growth rates for two of the three species, D. magna
and D. pulicaria (Table 1). Such intraspecific (genetic) var-
iation fuels the microevolutionary process leading to poten-
tial shifts in the competitive dominance of different clones
(genotypes) and ultimately to population genetic changes
through time. As pointed out by Elser et al. (2000), these
types of links between suborganismal processes (i.e., growth
rate) and higher level (i.e., population, community, ecosys-
tem) processes influence the evolutionary potential of ge-
notypes/clones and species and, thus, establish a mechanistic
basis of reciprocal feedbacks between ecosystem conditions
and microevolutionary change.

Future directions—It is clear from the present preliminary
study that much additional work is needed to clarify the
potential associations among growth, nucleic acid metabo-
lism, and C : N : P ratios that our limited data have suggested.
More species and clones need to be examined, in particular,
members of the third subgenus of Daphnia, the Hyalo-
daphnia, to determine the robustness of these findings. Ow-
ing to limitations with the available IGS primers (i.e., lack
of intraspecific resolution), we were unable to screen mem-
bers of this subgenus. More sophisticated work is also need-
ed to unravel the specific mechanisms connecting rDNA
structure, RNA production, and rates of protein synthesis,
ultimately leading to impacts on organismal growth rates.
The crude measure of rDNA IGS length variation is a case
in point. It is still not clear whether IGS length per se is the
important parameter to be examining (Reeder 1984). Most
likely, beyond the mere multiplicity of promoter–enhancer
repeats that influence IGS length, the underlying structure
(sequence) of the rDNA motif is also critical in influencing
the transcriptional process (Reeder 1984), as has been sug-
gested by other authors in such systems as maize (Rocheford
et al. 1990) and wheat (Sardana et al. 1993). Such infor-
mation is generally lacking for Daphnia.

Future work should therefore focus on a higher resolution
study of the underlying rDNA motif structure, which would
involve sequencing of the IGS region and potentially the
examination of patterns of methylation (i.e., effects on gene
expression; Sardana et al. 1993) and transposable element
load (e.g., gene silencing by retro-transposons; Sullender and
Crease 2001). Such genomic-level studies coupled with
more extensive studies of growth rate and biochemical and
C : N : P parameters should be a fertile field for future re-
search efforts. This work would yield a much deeper under-
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standing of the tempo and mode of evolutionary change
within the functional framework of ecological stoichiometry.

References

ANDERSEN, T., AND D. O. HESSEN. 1991. Carbon, nitrogen, and
phosphorus content of freshwater zooplankton. Limnol. Ocean-
ogr. 36: 807–814.
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