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Abstract Mismatches in the elemental composition of
herbivores and their resources can impact herbivore growth
and reproduction. In aquatic systems, the ratio of elements,
such as C, P, and N, is used to characterize the food quality
of algal prey. For example, large increases in the C:P ratio
of edible algae can decrease rates of growth and repro-
duction in Daphnia. Current theory emphasizes that
Daphnia utilize only assimilation and respiration processes
to maintain an optimal elemental composition, yet studies
of terrestrial herbivores implicate behavioral processes in
coping with local variation in food quality. We tested the
ability of juvenile and adult Daphnia to locate regions of
high-quality food within a spatial gradient of algal prey
differing in C:P ratio, while holding food density constant
over space. Both juveniles and adults demonstrated similar
behavior by quickly locating (i.e., <10 min) the region of
high food quality. Foraging paths were centred on regions
of high food quality and these differed significantly from
paths of individuals exposed to a homogeneous environ-
ment of both food density and food quality. Ingestion rate
experiments on algal prey of differing stoichiometric ratio
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show that individuals can adjust their intake rate over fast
behavioral time-scales, and we use these data to examine
how individuals choose foraging locations when presented
with a spatial gradient that trades off food quality and food
quantity. Daphnia reared under low food quality conditions
chose to forage in regions of high food quality even though
they could attain the same C ingestion rate elsewhere along
a spatial gradient. We argue that these aspects of foraging
behavior by Daphnia have important implications for how
these herbivores manage their elemental composition and
our understanding of the dynamics of these herbivore—plant
systems in lakes and ponds where spatial variation in food
quality is present.

Keywords Foraging behavior - Stoichiometry -
Spatial gradients - Food quality - Daphnia

Introduction

In both marine and freshwater systems, the ratio of key
elements in algal food supplies e.g., C:P:N has been shown
to be a major determinant of food quality for herbivores,
such as Daphnia (DeMott 2003), rotifers (Rothhaupt 1995;
Jensen and Verschoor 2004), and some copepods (Kiorboe
1989; Jones and Flynn 2005). A large mismatch between
elemental ratios of resources and consumers can have
significant effects on growth, reproduction, and mortality
of consumers (Sterner and Hessen 1994). Recent reviews
have highlighted the role that variation in elemental ratios
can play in explaining features of both populations and
communities (e.g., Andersen et al. 2004; Moe et al. 2005).
There has also been extensive work on understanding how
changes in key environmental factors (e.g., light and
nutrient supply) create variation in elemental ratios in both
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time and space (Elser and George 1993; Kreeger et al.
1997). Experimental bioassays of growth and reproduction
of herbivores in natural systems have linked these re-
sponses to temporal (Sterner and Schwalbach 2001) and
spatial variability (Williamson et al. 1996) in elemental
ratios, but there has been little work examining whether
aquatic herbivores, such as Daphnia, respond behaviorally
to spatial variation in the elemental composition of their
food supply. Here, we test whether individual foragers can
detect spatial variation in food quality and identify
behavioral mechanisms used by individuals to forage in
regions of high food quality.

Daphnia is an ideal freshwater herbivore when investi-
gating questions about dynamics of individuals and popu-
lations. Their algal prey display wide variation in the ratio
of C:P in lakes and ponds (Hecky et al. 1993; Hessen et al.
2003), and there has been extensive research documenting
how Daphnia growth and reproduction is affected by var-
iation in the C:P ratio of its algal food supply (Sterner
1993; Boersma et al. 2001; DeMott 2003). While Daphnia
does not display strict homeostasis for elemental ratios of
C:P (Plath and Boersma 2001; DeMott et al. 2004b),
individuals do tend to maintain tissue ratios within rela-
tively narrow bounds e.g., 80 and 125 (Hessen 1990; Plath
and Boersma 2001; DeMott 2003). A key question is how
individuals achieve these levels of regulation when ex-
posed to variation in algal C:P ratios. Current models of
individual growth and reproduction assume that consumers
utilize aspects of assimilation and respiration to manage
their element composition (Sterner 1997; Logan et al.
2004; Anderson et al. 2005; Darchambeau 2005). How-
ever, work done within terrestrial systems has demon-
strated that an organism’s behavior plays a role in the
consumption of suitable resources (see review by Huntly
1991), and this behavior can have a strong effect on the
dynamics exhibited by populations (Hassell and May
1974).

Recent models parameterized for the Daphnia—algal
system show that incorporating stoichiometric regulation
of P and C by Daphnia introduces new qualitative
dynamical features (Andersen 1997; Andersen et al. 2004),
such as novel equilibria and deterministic extinction, as
well as quantitative effects on stability (Loladze et al.
2000; Muller et al. 2001; Hall 2004; Fan et al. 2005). All of
these models assume well-mixed environments and no
environmental heterogeneity or subdivision. Yet in natural
systems, environmental gradients in light and nutrient
supplies are known to create spatial gradients in food
quality of algae as measured by variation in C:P ratio
(Urabe and Sterner 1996; Diehl et al. 2002; Urabe et al.
2002; DeMott et al. 2004a) and the effects of these gra-
dients on Daphnia production are well documented (Park
et al. 2004). Previous research has demonstrated that
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Daphnia can respond very quickly to spatial gradients in
food quantity (Cuddington and McCauley 1994; Neary
et al. 1994; Larsson 1997; Jensen et al. 2001). Both juve-
niles and adults aggregate in regions of high food quantity
and shifting the location of these gradients in space evokes
a corresponding change in foraging location. An open
question is whether Daphnia respond behaviorally to gra-
dients in food quality?

We have modified the flow-through system used by
Cuddington and McCauley (1994) and Larsson (1997) to
examine the behavioral response of Daphnia to spatial
gradients in food quality (C:P ratio of algal cells). We
address three major questions: (1) can Daphnia detect
differences in food quality and if so, (2) will individuals
exhibit behavior that allows them to remain in regions of
high food quality, and (3) do juveniles and adults exhibit
similar behavior? To answer these questions we compare
the foraging paths of juvenile and adult Daphnia under
conditions of spatially uniform food density and food
quality with spatially heterogeneous food quality holding
food density constant over space. Daphnia within the
homogeneous environment are predicted to display a uni-
form search path within the chamber due to a uniform food
environment. If individuals exposed to the food quality
gradient distribute themselves within regions of high food
quality, this would indicate an ability to perceive differ-
ences in food quality given that all other environmental
characteristics are controlled. By following individual
Daphnia, we can use turning frequencies to characterize
behavioral responses and provide insight into how spatial
variation in foraging arises in response to spatial gradients
in food (Winder et al. 2004; Lampert et al. 2003; Lampert
2005).

Materials and methods

All foraging and ingestion experiments used the green alga
Chlamydomonas reinhardtii as the food source for Daph-
nia pulex. Algal cultures were grown in COMBO growth
media (Kilham et al. 1998) with light intensity and P
concentration manipulated to obtain differences in the C:P
ratio of cells. Cultures were sampled for cell density, par-
ticulate C and particulate P. Cell density was determined
by preservation in Lugol’s solution and subsequent
counting in a Sedgwick-Rafter counting slide. Particulate C
was measured by filtering samples through precombusted
quartz membrane filters. Filters were then combusted at
800°C and analyzed using a Dohrmann DC-180 total or-
ganic C analyzer. Particulate P was measured using the
ammonium molybdate method. Prior to the foraging and
ingestion experiments, replicate algal cultures were mea-
sured to demonstrate reproducibility of algal C:P ratios.
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Foraging experiments

Individual D. pulex movements in response to food gra-
dients were observed in a plexiglass chamber, in the form
of a torus (S1), adapted from Cuddington and McCauley
(1994). The chamber has a width of 1.5 cm and a height
of 5.2 cm. The circumference measured at the center of
the foraging area is 56.5 cm. The trials took place within
a walk-in incubator with a temperature of 19°C, and light
intensity of 0.5 pmol quanta m™> s~'. Algal gradients were
created in the chamber using flows fed by different algal
reservoirs. Eleven input and output ports (yielding 11
distinct sections) were connected to peristaltic pumps with
Tygon tubing (1.6 mm inside diameter). Inputs were fed
from reservoirs of algae suspended in COMBO media free
of N and P so as not to alter cell quality or promote
growth. Based on individual clearance rates (Porter et al.
1982), flow was maintained at approximately 40 ml h™'
for each channel so that an individual could not depress
the density of food in a given area. As well, the flow rate
should also prevent excretion products from altering local
C:P of algal cells. Samples were collected for each
treatment from each output channel and analyzed for cell
density, particulate C, and particulate P. Analyses of the
output confirmed the occurrence of food gradients in our
experimental apparatus.

Five treatments were created reflecting several combi-
nations of food quality and quantity gradients (Table 1).
Prior to commencing the behavior experiment, algal cul-
tures with appropriate C:P values were counted and diluted
to the appropriate density for each treatment. Each exper-
imental trial consisted of following one individual for
30 min with the spatial location recorded every 10 s. All
trials consisted of only one individual in the chamber at a
time, and the flow-through algal environment was created
independently each trial. Daphnia for all treatments were
taken from a persistent population grown under low food
quality (molar C:P > 300) and just prior to the trial, each
individual was allowed to forage in COMBO media with-
out algae for 3 h to clear its gut. In Results, we present data

on two representative individuals per treatment with sta-
tistical tests including all replicate individuals.

Data analysis of foraging behavior

The path of each individual was recorded by plotting its
position on transparency film wrapped around the chamber.
These films were then scanned and the positions digitized
to a spreadsheet. Positions were measured by angles
ranging from 0 to 6.28 rad with the starting point for each
individual represented by the 0/6.28 rad boundary.

In analyzing the movement of an individual, the first
5 min were removed from each individual trial in order to
remove bias due to initial acclimation. Either reducing or
increasing the acclimation period by 2 min does not alter the
conclusions. Given that the same gradient was experienced
on either side of the starting position, spatial locations were
grouped into five distinct sections based on food quality and
quantity for each treatment. We tested the distributions of
individuals exposed to a food quality gradient against the
distribution of control individuals (spatially homogeneous
density and low quality), as well as a hypothesized distri-
bution based on the relative P content of the food, using a G-
test for goodness of fit (Sokal and Rohlf 1995). The test
utilizes the five values for frequency of occurrence (i.e., the
number of times an individual is observed in each of the five
C:P levels) which are averaged across individuals within
each treatment. This likelihood ratio test evaluates differ-
ences between the observed and expected distribution with
the expectation based on differences in C:P ratio. This ap-
proach was utilized by Larsson (1997) to test for aggregation
in regions of high food quantity. The hypothesized P dis-
tribution (HPD) for our chambers was based on the relative
proportion of P within each section of the chamber to the
total P in the chamber. Thus, if an individual is foraging
based on its intake of P, it should follow the HPD and spend
the majority of its time in the low C:P (high-quality) sec-
tions. Since our null hypothesis for this comparison is the
HPD, P-values > 0.05 indicate that individuals are foraging
according to the relative P concentration within a section.

Table 1 Conditions experienced by individual Daphnia during the foraging experiments

Treatment Independent Age class® Food quality Food quantity Food quality Starting position
trials raised in gradient gradient
B1 3 Adult Low No No NA
B2 5 Adult Low No Yes Low food quality
B3 5 Juvenile Low No Yes Low food quality
B4 5 Adult Low No Yes® Low food quality
B5 3 Adult Low Yes Yes Low quality/high quantity

* Lengths for juvenile and adult Daphnia are 1.0 + 0.1 mm and 2.0 + 0.1 mm, respectively

® Torus divided into three sections (low, medium, and high C:P; see Results for ratios)
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Ingestion experiment

To test whether individuals adjust their ingestion rates as a
function of food quality, we measured ingestion rates under
four different algal C:P ratios (325, 298, 116, and 33)
which are representative of variation found in the field and
used in our foraging experiments. A volume of algal sus-
pension was taken from each culture, centrifuged, and the
cells were then resuspended in N- and P-free media to a
concentration of 40,000 cells ml™'. Vials of 50 ml were
used to hold the algal suspension to which the Daphnia
were added. Six individual D. pulex of equal body length
(2.0 £ 0.1 mm) were added to each feeding vial. These
individuals were taken from populations grown on poor-
quality algae at 19°C, and placed in N- and P-free COMBO
media for 3 h to clear their guts. The vials were placed on a
rotating plankton wheel turning at 2 r.p.m. to maintain
cells in suspension and their accessibility to the Daphnia.
The trials were performed in the dark in an incubator at
19°C. Each treatment and its control (zero Daphnia) con-
sisted of 12 replicate vials. We removed three vials per
treatment from the experiment at 2, 5, 10, and 20 h and
preserved the algae in Lugol’s solution for microscopic
enumeration of cell densities (Peters 1984).

A maximum rate of ingestion (/;,,x) Was estimated for
each of the four treatments from the slope of the expo-
nential decay function fitted to the data. The relationship
between I,.« and algal C:P was estimated using linear
regression analysis. Estimated values of I, for a given
C:P ratio were used to predict an individual’s position
during the foraging experiment (Table 1, B5) based on its
ingestion rate (mg C day™') for a given food quality and
food concentration.

It is well established that Daphnia possesses a type 2
functional response (e.g., Demott 1982) and we used
parameter values [/,,x and half saturation constant (F})]
for our clone that had been independently established and
tested (Nisbet et al. 2004). The following equation esti-
mates ingestion based on food concentration and a constant

Imax:

_ImaXXF
C F,+F’

(1)

where I is the ingestion rate, I, = 0.017 mg C day ™', F is
the algal biomass (mg C17"), and Fh =0.12 mg C I"".
Ingestion was also calculated based on an I, that varies
with algal C:P:

Lnax(C:P) X F

1= ,
Fo+ F

(2)

where [ is the ingestion rate, In.x «c:p) = f(C:P), F is the
algal biomass (mg C 1), and Fh = 0.12 mg C I"".
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Results

Individual Daphnia presented with both a homogeneous
spatial distribution of food concentration and C:P ratio
displayed no apparent preference for any spatial location
(Fig. 1a, b). The movement path followed by adult indi-
viduals produces a distribution not significantly different
from uniform (Table 2; B1). Their turning frequencies
(Fig. 2a) reveal a higher proportion of turns within the
starting section. However, there are no large differences
between turning frequencies for the other sections of the
chamber. Following the initial acclimation period, indi-
viduals proceeded to search throughout the entire chamber
for the duration of the 30-min observational period.

Adults exposed to a food quality gradient with uniform
cell density showed significantly different behavior
(Fig. 1d, e). Individuals orient themselves around the
section of higher food quality and regions directly adja-
cent to it. Individuals starting out in low food quality
regions locate regions of high food quality very quickly
(i.e., within 5-10 min of each trial). Their location may
momentarily deviate from the higher quality region, but
ultimately the individual returns to this region and re-
mains there. Turning frequencies (Fig. 2b) for the adults
show that a higher proportion of turns occur in the higher
quality sections (i.e., spatial regions with low C:P ratios).
An analysis of the frequency distributions indicates that
individuals frequent the highest food quality section to an
even greater extent than predicted by the relative P con-
tent of food (Table 2; B2). A comparison between indi-
viduals exposed to a homogeneous food environment and
individuals exposed to a food quality gradient with uni-
form cell density demonstrates that individual foraging is
significantly different between these two conditions
(G=350.12; df = 4; P < 0.001).

Juveniles presented with gradients in food quality show
similar movement paths as the adults, which centred on the
higher quality regions (Fig. 1g, h). In general, deviations in
movement around the high food quality sections are greater
for juveniles, but not significantly different from those of
the adults [Fy o544y = 1.23; P > 0.05]. An analysis of the
turning (Fig. 2c) and frequency distributions indicates that
juveniles show a significantly different distribution from
uniform (Table 2; B3), and frequent each section as pre-
dicted by the HPD (Table 2; B3).

We tested whether adult Daphnia could detect more
discrete patches of food quality by presenting an indi-
vidual with three sections in the torus (C:P ratios of 45,
220, and 475) rather than a gradient involving five sec-
tions. Five adult individuals also rapidly located the high
food quality patch as in the gradient trials and demon-
strated a distribution significantly different from uniform
(Table 2; B4).
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Fig. 1a-i Position (reported in
radians) of individuals (n = 2)
within the observation chamber
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plotted as a function of time for
Daphnia. a, b Adult control. d,
e Adult treatment. g, h Juvenile
treatment. c, f, i Daphnia food
quality and density are shown as
algal cellular molar C:P (+SE;
open circles) and biomass (mg
C 1", filled circles),
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9000000000

respectively. The SEs of
biomass are smaller than the
width of datapoints. Large
distances between points
relative to the majority indicate
movement across the 0/6.28 rad
boundary. Points for section 11

Position (rad)
N
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have been added to both the top 0
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demonstrate the torus shape of

the chamber (S1). Adult 4.m
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homogeneous food quality and 314
density throughout the chamber, 157
while treatment adults (d, e) and

0000000000
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g
" C

juveniles (g, h) experience a 0 \ \ \ \
food quality gradient (starting at 0
lowest food quality) with

uniform cell density

Table 2 Averages within a treatment tested against a uniform dis-
tribution and hypothesized P distribution (HPD) based on the relative
P content of food within a gradient. The initial 5 min have been
removed from each trial to remove any bias due to acclimation

Treatment Uniform P HPD P
G-value?, G-value?,
df=4 df=4
Bl 1.27 >0.05 NA NA
B2 194.51 <<1 % 107 15.79 <0.005
B3 99.56 <<1 % 107 1.55 >0.05
B4 25.54 (df=2) <1 x107° NA NA
B5 152.13 <<1x107° 23.00 <0.005

4 The G-test utilizes the five frequencies from each section and tests
for deviations from a specified distribution

The aggregation of individual foraging trials in regions
of high food quality on a relatively fast time-scale raises
questions about whether individuals can alter foraging
rates when exposed to differences in food quality.
Experimental measurement of maximum ingestion rates
using algal prey with different C:P ratios shows that adult
individuals quickly increase ingestion rates with decreases
in C:P ratio of the food (Fig. 3). Maximum ingestion rates
(mg C day™') decrease linearly with increasing algal C:P
ratio (Inax = 0.03956 — 0.00007685 x algal C:P; df = 3;
P < 0.05) These rates along with functional response
estimates on our D. pulex clone (Nisbet et al. 2004) were

300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

0.1 0.2 0.3 04 0.5 0.6 0.7
Algal biomass

(mgCcL™)

Time (s)

used to predict expected ingestion rates for individuals
experiencing a trade-off in food quality and quantity.

Building on the evidence for a behavioral response to
changes in food quality, experiments were conducted to
test Daphnia’s ability to detect spatial differences when
food quality and food quantity co-vary inversely in space.
When presented with a trade-off between food quality and
concentration (Fig. 4b), that is areas of high food quality/
low concentration as opposed to low quality/high concen-
tration, individuals follow a path that is oriented around the
section of high quality/low concentration (Fig. 4a). Ex-
pected ingestion rates were calculated for each section ei-
ther as a function of food concentration and constant I,
(Eq. 1), or as a function of food concentration and /,,,,x that
varies as a function of the C:P ratio (Eq. 2; Fig. 4c). On
average, individuals were found to frequent the high
quality/low concentration section to an even greater extent
than predicted by the HPD (Table 2; BS5) as opposed to a
distribution based on the concentration of cells in a given
section (Fig. 5).

Discussion
When presented with spatial gradients in food quality,

individuals rapidly located (i.e., <5-10 min) spatial regions
of high food quality and altered their foraging behavior to
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a. Adult control
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Homogeneous food quality
40 1
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b. Adult treatment

Low food High food
quality quality

40 1
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0 —=— —— —

C. Juvenile treatment

60 -

Frequency (no. turns per individual)

60 1
Low food High food
quality quality
40
20 1 T
0
1 2 3 4 5

Section

Fig. 2 Average number of turns (change in swimming direction for
an individual) +SE exhibited by a adult control, b adult treatment, and
¢ juvenile treatment in one of five sections during each trial. The
original 11 sections were combined to form five sections ranging from
low food quality (/) to high food quality (5). There was one individual
Daphnia per trial with five trials for each treatment (except three trials
for adult control). The density of algae for all treatments was 0.6 mg
C 17", distributed homogeneously throughout the chamber

40
9 Algal C:P
Ea — e 33
= 304 — -0 116
mE —.—V 298
2% | \he &2 A 325
‘n ™
§ o 2
O o
(&}
o 101
£
0 ——— — ﬁ
0 15 20

Fig. 3 Density of Chlamydomonas reinhardtii cells (mean = 95%
confidence interval, n = 3) as a function of time within feeding vials
containing six 2.0-mm Daphnia pulex at 33 (filled circle), 116 (open
circle), 298 (filled inverted triangle) and 325 (open triangle) algal C:P
ratios
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remain in these regions. Both juveniles and adults located
the high-quality regions on approximately the same time-
scale, even though swimming speeds for adults are higher
than for juveniles (Ryan and Dodson 1998). In contrast,
individuals exposed to a homogeneous environment of
food quality and quantity foraged randomly, showing no
clear preference for any region of the chamber (i.e.,
physical location). These individuals foraged in a manner
that is significantly different from individuals found in
environments with a food quality gradient. Our observa-
tions on foraging by individuals exposed to homogeneous
food concentrations are consistent with previous work
investigating foraging patterns that did not attempt to
manipulate food quality (Jakobsen and Johnsen 1987;
Neary et al. 1994; Cuddington and McCauley 1994; Larson
1997).

The rapid behavioral response of juveniles and adults
raises important questions about mechanisms that individ-
uals use to assess food quality of the environment relative
to their own “stoichiometric state”. Our results suggest that
common assumptions used to model the dynamics of
consumers in the presence of variation in prey quality and
quantity should be re-examined to include aspects of
foraging behavior as a compliment to only digestive pro-
cesses. At present, models typically assume that stoichi-
ometric regulation, or the maintenance of “elemental
homeostasis”, involves only assimilatory mechanisms
coupled with respiration (Sterner 1997; Logan et al. 2004;
Anderson et al. 2005; Darchambeau 2005). The rapid
changes in foraging observed in our study suggest that
there can be a strong behavioral component in these pro-
cesses. Individuals must be using a food quality “cue” that
does not depend on digestion or assimilation as this would
dictate response times on the order of 1-3 h (Peters 1984)
rather than the 5-10 min observed here. Furthermore, our
ingestion rate experiments show changes in foraging rate
can operate very quickly. Our ingestion rate experiments
are consistent with previous results from Sterner and Smith
(1993) and Vandonk and Hessen (1993), but we must point
out that Plath and Boersma (2001) and Darchambeau and
Thys (2005) found that individual Daphnia also increased
their ingestion rate when exposed to poor food quality. One
explanation for the differences among ingestion studies
could be accounted for by different acclimation procedures
reflecting internal stimuli for foraging (e.g., Plath 1998).
Experiments have shown that individuals acclimated under
poor food quality conditions respond by accelerating
feeding when presented with high-quality food, whereas
individuals not acclimated behave differently (Plath and
Boersma 2001; Darchambeau and Thys 2005).

A second key question concerning the rapid foraging
response concerns what mechanisms Daphnia utilize to
assess changes in food quality prior to digestion. It is well
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Fig. 4a—c Response of one representative adult Daphnia subjected to
a food quality/quantity trade-off within the observation chamber. a
Daphnia position in chamber. b Daphnia food quality and density
shown as algal cellular molar C:P (+SE; open circle) and biomass
(filled circle). The SEs of biomass are smaller than the width of
datapoints. ¢ Predicted algal ingestion rate with constant I,y

Frequency (no.)

Low quality
High density

High quality
Low density

Section

Fig. 5 Average frequency of occurrence + SE in each of five
sections (filled circle) for three Daphnia adults in the trade-off
experiment. Sections ranged from low food quality and high density
(1) to high food quality and low density (5). Hypothesized
distributions for individuals choosing regions of high food quality
(open circle) or regions of high food density (filled triangle) are
shown. Points have been joined on each distribution for ease of
comparison

known from foraging experiments involving mixtures of
highly edible prey and noxious algal species (e.g., blue-
green algae) that Daphnia can indeed reject an undesirable
food bolus as it is manipulated at the mandibles (Richman
and Dodson 1983; Chowfraser and Sprules 1986). In
addition, a large body of evidence exists demonstrating the
important role that chemical cues play in the behavioral
response of Daphnia to such things as food and predators
(see review by Larsson and Dodson 1993). But, we do not
know how cell surface properties are affected by changes
in the C:P ratio and how these differences in cell surface
chemistry are detected by Daphnia (e.g., Gerritsen and
Porter 1982).

0.004 0.008 0.012 0.016
Ingestion rate
-1
(mgCd )

(0.017 mg C day’l; filled circle) and variable [,y
(Imax = 0.03956 — 0.00007685 x algal C:P; open circle). Iax equals
the maximum rate of ingestion (mg C 1" for an individual given a
type II functional response. Points for section 11 have been added to
both the top and bottom of the plots to demonstrate the torus shape of
the chamber

Our results also raise interesting questions about how
individuals forage in the presence of spatial variation in
food quality in natural conditions (e.g., Rothhaupt 1991;
Elser and George 1993; DeMott et al. 2004a; Park et al.
2004). Recent work has established that spatial gradients in
food quality can be created via several mechanisms like
changes in the environmental ratios of nutrient and light
levels (Urabe and Sterner 1996; Sterner et al. 1998; Hessen
et al. 2002; Hall et al. 2004), or changes in species com-
position through space (Rothhaupt 1991). In addition,
important linkages between spatial variation of food qual-
ity and individual performance (e.g., growth and/or
reproduction) of Daphnia have been established in both
experimental and natural situations (e.g., Urabe and Sterner
1996; Williamson et al. 1996; DeMott et al. 2004a; Park
et al. 2004). It remains to be tested whether variation in
food quality significantly influences vertical migratory re-
sponses by Daphnia, but our results suggest that the time-
scale for behavioral responses could play an appropriate
role in vertical migratory behavior or in responses to
externally imposed spatial gradients in food quality.

Extensive work has been done on optimal foraging by
Daphnia (Johnsen and Jakobsen 1987; Plath and Boersma
2001; Kessler and Lampert 2004). Experimental evidence
demonstrates that the distribution of organisms in space
follows an ideal free distribution with costs (Lampert et al.
2003; Lampert 2005), which seems appropriate given that
suitable habitat for Daphnia is determined by such things
as food quantity, predators, and temperature. Individuals
appear to perceive these factors and optimize fitness;
however, the effect of food quality has not been consid-
ered. In our experiments, we examined only one of many
possible trade-offs involving food quantity and food qual-
ity. While Daphnia does not strictly regulate its C:P ratio
(Main et al. 1997; DeMott et al. 1998; Plath and Boersma
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2001; DeMott 2003; DeMott et al. 2004b), individual
Daphnia raised on a low food quality diet chose to forage
in regions of high quality over quantity when presented
with environments where ingestion rates (i.e., C consumed
per unit time) were similar. Individuals could achieve the
same C intake rates at any spatial location, but chose to
forage in regions where P intake rates were higher relative
to C intake rates. Further experiments are needed, but these
experiments need to be guided by theory that uses multiple
currencies to derive predictions. Dynamic energy budget
models exist for the single currency case (Noonburg et al.
1998; Kooijman 2000; Nisbet et al. 2000, 2004), but are
only now being parameterized for multiple currencies
(Muller et al. 2001; Kooijman et al. 2004; Kuijper et al.
2004; Vrede et al. 2004).

Finally, our results suggest that population level
dynamics could be significantly altered by the ability of
individual foragers to rapidly assess spatial variation in
food quality and modify their foraging location. Current
consumer-resource models that attempt to capture food
quality effects (e.g., Andersen 1997; Hessen and Bjerkeng
1997, Loladze et al. 2000; Muller et al. 2001; Andersen
et al. 2004; Grover 2004; Hall 2004; Loladze et al. 2004;
Fan et al. 2005) assume mass action, no behavioral
aggregation, and no spatial variability either in the form of
gradients or ephemeral patches [however, see Miller et al.
(2004) for recent work on addition of spatial patches dif-
fering in food quality but no foraging behavior by herbi-
vores between patches]. It is well known that aggregation
by predators in regions of high prey density can dramati-
cally alter dynamics of these systems, and extensive
empirical work in terrestrial systems has demonstrated the
importance of including spatial mechanisms. Perhaps new
spatial models of Daphnia populations constrained by
stoichiometric influences interacting with algal prey of
varying quantity and quality could explain some well-
known features of the coupled plant-herbivore systems in
lakes (e.g., Lampert 1987; McCauley and Murdoch 1987,
1990; Andersen 1997; Winder et al. 2004; Lampert 2005).

Acknowledgements Insightful comments and suggestions were
provided by K. Flanagan, S. Bailey, K. Simpson, J. Fox, and W.
Nelson. This research was funded by grants to E. M. from the Natural
Sciences and Engineering Research Council of Canada, the Canada
Foundation for Innovation, and the Canada Research Chairs Program.
All experiments comply with regulations of the Canadian Council for
Biological Sciences.

References

Andersen T (1997) Pelagic nutrient cycles; herbivores as sources and
sinks. Springer, Berlin

Andersen T, Elser JJ, Hessen DO (2004) Stoichiometry and popu-
lation dynamics. Ecol Lett 7:884-900

@ Springer

Anderson TR, Hessen DO, Elser JJ, Urabe J (2005) Metabolic
stoichiometry and the fate of excess carbon and nutrients in
consumers. Am Nat 165:1-15

Boersma M, Schops C, McCauley E (2001) Nutritional quality of
seston for the freshwater herbivore Daphnia galeata X hyalina:
biochemical versus mineral limitations. Oecologia 129:342-348

Chowfraser P, Sprules WG (1986) Inhibitory effect of Anabaena sp.
on in situ filtering rate of Daphnia. Can J Zool 64:1831-1834

Cuddington KM, McCauley E (1994) Food-dependent aggregation
and mobility of the water fleas Ceriodaphnia dubia and Daphnia
pulex. Can J Zool 72:1217-1226

Darchambeau F (2005) Filtration and digestion responses of an
elementally homeostatic consumer to changes in food quality: a
predictive model. Oikos 111:322-336

Darchambeau F, Thys I (2005) In situ filtration responses of Daphnia
galeata to changes in food quality. J Plankton Res 27:227-236

Demott WR (1982) Feeding selectivities and relative ingestion rates
of Daphnia and Bosmina. Limnol Oceanogr 27:518-527

DeMott WR (2003) Implications of element deficits for zooplankton
growth. Hydrobiologia 491:177-184

DeMott WR, Gulati RD, Siewertsen K (1998) Effects of phosphorus-
deficient diets on the carbon and phosphorus balance of Daphnia
magna. Limnol Oceanogr 43:1147-1161

DeMott WR, Edington JR, Tessier AJ (2004a) Testing zooplankton
food limitation across gradients of depth and productivity in
small stratified lakes. Limnol Oceanogr 49:1408-1416

DeMott WR, Pape BJ, Tessier AJ (2004b) Patterns and sources of
variation in Daphnia phosphorus content in nature. Aquat Ecol
38:433-440

Diehl S, Berger S, Ptacnik R, Wild A (2002) Phytoplankton, light, and
nutrients in a gradient of mixing depths: field experiments.
Ecology 83:399-411

Elser JJ, George NB (1993) The stoichiometry of N and P in the
pelagic zone of Castle Lake, California. J Plankton Res 15:977—
992

Fan M, Loladze I, Kuang Y, Elser JJ (2005) Dynamics of a
stoichiometric discrete producer—grazer model. J Differ Equ
Appl 11:347-364

Gerritsen J, Porter KG (1982) The role of surface-chemistry in filter
feeding by zooplankton. Science 216:1225-1227

Grover JP (2004) Predation, competition, and nutrient recycling: a
stoichiometric approach with multiple nutrients. J Theor Biol
229:31-43

Hall SR (2004) Stoichiometrically explicit competition between
grazers: species replacement, coexistence, and priority effects
along resource supply gradients. Am Nat 164:157-172

Hall SR, Leibold MA, Lytle DA, Smith VH (2004) Stoichiometry and
planktonic grazer composition over gradients of light, nutrients,
and predation risk. Ecology 85:2291-2301

Hassell MP, May RM (1974) Aggregation of predators and insect
parasites and its effect on stability. J Anim Ecol 43:567-594

Hecky RE, Campbell P, Hendzel LL (1993) The stoichiometry of
carbon, nitrogen, and phosphorus in particulate matter of lakes
and oceans. Limnol Oceanogr 38:709-724

Hessen DO (1990) Carbon, nitrogen and phosphorus status in
Daphnia at varying food conditions. J Plankton Res 12:1239-
1249

Hessen DO, Bjerkeng B (1997) A model approach to planktonic
stoichiometry and consumer-resource stability. Freshwater Biol
38:447-471

Hessen DO, Faerovig PJ, Andersen T (2002) Light, nutrients, and P:C
ratios in algae: grazer performance related to food quality and
quantity. Ecology 83:1886—1898

Hessen DO, Andersen T, Brettum P, Faafeng BA (2003) Phytoplank-
ton contribution to sestonic mass and elemental ratios in lakes:



Oecologia (2007) 153:1021-1030

1029

implications for zooplankton nutrition. Limnol Oceanogr
48:1289-1296

Huntly N (1991) Herbivores and the dynamics of communities and
ecosystems. Annu Rev Ecol Syst 22:477-503

Jakobsen LPJ, Johnsen GH (1987) Behavioral response of the water
flea Daphnia pulex to a gradient in food concentration. Anim
Behav 35:1891-1895

Jensen TC, Verschoor AM (2004) Effects of food quality on life
history of the rotifer Brachionus calyciflorus Pallas. Freshwater
Biol 49:1138-1151

Jensen KH, Larsson P, Hogstedt G (2001) Detecting food search in
Daphnia in the field. Limnol Oceanogr 46:1013-1020

Johnsen GH, Jakobsen PJ (1987) The effect of food limitation on
vertical migration in Daphnia longispina. Limnol Oceanogr
32:873-880

Jones RH, Flynn KJ (2005) Nutritional status and diet composition
affect the value of diatoms as copepod prey. Science 307:1457—
1459

Kessler K, Lampert W (2004) Fitness optimization of Daphnia in a
trade-off between food and temperature. Oecologia 140:381-387

Kilham SS, Kreeger DA, Lynn SG, Goulden CE, Herrera L (1998)
COMBO: a defined freshwater culture medium for algae and
zooplankton. Hydrobiologia 377:147-159

Kiorboe T (1989) Phytoplankton growth-rate and nitrogen-content:
implications for feeding and fecundity in a herbivorous copepod.
Mar Ecol Prog Ser 55:229-234

Kooijman SALM (2000) Dynamic energy and mass budgets in
biological systems, 2nd edn. Cambridge University Press,
Cambridge

Kooijman SALM, Andersen T, Kooi BW (2004) Dynamic energy
budget representations of stoichiometric constraints on popula-
tion dynamics. Ecology 85:1230-1243

Kreeger DA, Goulden CE, Kilham SS, Lynn SG, Datta S, Interlandi
SJ (1997) Seasonal changes in the biochemistry of lake seston.
Freshwater Biol 38:539-554

Kuijper LDJ, Kooi BW, Anderson TR, Kooijman SALM (2004)
Stoichiometry and food-chain dynamics. Theor Popul Biol
66:323-339

Lampert W (1987) Laboratory studies on zooplankton—cyanobacteria
interactions. NZ J Mar Freshwater Res 21:483-490

Lampert W (2005) Vertical distribution of zooplankton: density
dependence and evidence for an ideal free distribution with
costs. BMC Biol 3:10. doi:10.1186/1741-7007-3-10

Lampert W, McCauley E, Manly BFJ (2003) Trade-offs in the
vertical distribution of zooplankton: ideal free distribution with
costs? Proc R Soc Lond B Biol 270:765-773

Larsson P (1997) Ideal free distribution in Daphnia? Are daphnids
able to consider both the food patch quality and the position of
competitors? Hydrobiologia 360:143-152

Larsson P, Dodson S (1993) Invited review—chemical communica-
tion in planktonic animals. Arch Hydrobiol 129:129-155

Logan JD, Joern A, Wolesensky W (2004) Mathematical model of
consumer homeostasis control in plant-herbivore dynamics.
Math Comput Model 40:447-456

Loladze I, Kuang Y, Elser JJ (2000) Stoichiometry in producer—grazer
systems: linking energy flow with element cycling. B Math Biol
62:1137-1162

Loladze 1, Kuang Y, Elser JJ, Fagan WF (2004) Competition and
stoichiometry: coexistence of two predators on one prey. Theor
Popul Biol 65:1-15

Main TM, Dobberfuhl DR, Elser JJ (1997) N:P stoichiometry and
ontogeny of crustacean zooplankton: a test of the growth rate
hypothesis. Limnol Oceanogr 42:1474-1478

McCauley E, Murdoch WW (1987) Cyclic and stable populations:
plankton as paradigm. Am Nat 129:97-121

McCauley E, Murdoch WW (1990) Predator—prey dynamics in
environments rich and poor in nutrients. Nature 343:455-457

Miller CR, Kuang Y, Fagan WF, Elser JJ (2004) Modeling and
analysis of stoichiometric two-patch consumer-resource sys-
tems. Math Biosci 189:153-184

Moe SJ, Stelzer RS, Forman MR, Harpole WS, Daufresne T, Yoshida
T (2005) Recent advances in ecological stoichiometry: insights
for population and community ecology. Oikos 109:29-39

Muller EB, Nisbet RM, Kooijman SALM, Elser JJ, McCauley E
(2001) Stoichiometric food quality and herbivore dynamics. Ecol
Lett 4:519-529

Neary J, Cash K, McCauley E (1994) Behavioral aggregation of
Daphnia pulex in response to food gradients. Funct Ecol 8:377—
383

Nisbet RM, Muller EB, Lika K, Kooijman SALM (2000) From
molecules to ecosystems through dynamic energy budget
models. J Anim Ecol 69:913-926

Nisbet RM, McCauley E, Gurney WSC, Murdoch WW, Wood SN
(2004) Formulating and testing a partially specified dynamic
energy budget model. Ecology 85:3132-3139

Noonburg EG, Nisbet RM, McCauley E, Gurney WSC (1998)
Experimental testing of dynamic energy budget models. Funct
Ecol 12:211-222

Park S, Chandra S, Muller-Navarra DC, Goldman CR (2004) Diel and
vertical variability of seston food quality and quantity in a small
subalpine oligomesotrophic lake. J Plankton Res 26:1489-1498

Peters RH (1984) Methods for the study of feeding, grazing and
assimilation by zooplankton. In: Downing JA, Rigler FH (eds) A
manual on methods for the assessment of secondary productivity
in fresh waters, 2nd edn. Blackwell, Oxford, pp 336412

Plath K (1998) Adaptive feeding behavior of Daphnia magna in
response to short-term starvation. Limnol Oceanogr 43:593-599

Plath K, Boersma M (2001) Mineral limitation of zooplankton:
stoichiometric constraints and optimal foraging. Ecology
82:1260-1269

Porter KG, Gerritsen J, Orcutt JD (1982) The effect of food
concentration on swimming patterns, feeding-behavior, inges-
tion, assimilation, and respiration by Daphnia. Limnol Oceanogr
27:935-949

Richman S, Dodson SI (1983) The effect of food quality on feeding
and respiration by Daphnia and Diaptomus. Limnol Oceanogr
28:948-956

Rothhaupt KO (1991) Variations and the zooplankton menu—reply.
Limnol Oceanogr 36:824-827

Rothhaupt KO (1995) Algal nutrient limitation affects rotifer growth
rate but not ingestion rate. Limnol Oceanogr 40:1201-1208

Ryan SM, Dodson SI (1998) Seasonal analysis of Daphnia pulicaria
swimming behavior. Hydrobiologia 384:111-118

Sokal RR, Rohlf FJ (1995) Biometry, 3rd edn. Freeman, New York

Sterner RW (1993) Daphnia growth on varying quality of Scene-
desmus: mineral limitation of zooplankton. Ecology 74:2351—
2360

Sterner RW (1997) Modelling interactions of food quality and
quantity in homeostatic consumers. Freshwater Biol 38:473-481

Sterner RW, Hessen DO (1994) Algal nutrient limitation and the
nutrition of aquatic herbivores. Annu Rev Ecol Syst 25:1-29

Sterner RW, Schwalbach MS (2001) Diel integration of food quality
by Daphnia: luxury consumption by a freshwater planktonic
herbivore. Limnol Oceanogr 46:410-416

Sterner RW, Smith RF (1993) Clearance, ingestion and release of N
and P by Daphnia obtusa feeding on Scenedesmus acutus of
varying quality. Bull Mar Sci 53:228-239

Sterner RW, Clasen J, Lampert W, Weisse T (1998) Carbon:phos-
phorus stoichiometry and food chain production. Ecol Lett
1:146-150

@ Springer



1030

Oecologia (2007) 153:1021-1030

Urabe J, Sterner RW (1996) Regulation of herbivore growth by the
balance of light and nutrients. Proc Natl Acad Sci USA 93:8465—
8469

Urabe J, Kyle M, Makino W, Yoshida T, Andersen T, Elser JJ (2002)
Reduced light increases herbivore production due to stoichiom-
etric effects of light/nutrient balance. Ecology 83:619-627

Van Donk E, Hessen DO (1993) Grazing resistance in nutrient-
stressed phytoplankton. Oecologia 93:508-511

Vrede T, Dobberfuhl DR, Kooijman SALM, Elser JJ (2004)
Fundamental connections among organism C:N:P stoichiometry,

@ Springer

macromolecular composition, and growth. Ecology 85:1217-
1229

Williamson CE, Sanders RW, Moeller RE, Stutzman PL (1996)
Utilization of subsurface food resources for zooplankton repro-
duction: implications for diel vertical migration theory. Limnol
Oceanogr 41:224-233

Winder M, Spaak P, Mooij WM (2004) Trade-offs in Daphnia habitat
selection. Ecology 85:2027-2036



	Foraging behavior by Daphnia in stoichiometric gradients �of food quality
	Abstract
	Introduction
	Materials and methods
	Foraging experiments
	Data analysis of foraging behavior
	Ingestion experiment

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


