
Abstract Recent studies showed that limiting food

conditions resulted in either increased or decreased

sensitivity of Daphnia magna to toxicants. It remained

unclear whether these contrasting food-dependent

alterations in toxicity resulted from differences in

intrinsic sensitivity of the daphnids or from changes in

toxicokinetics and resource allocation. It is hypothe-

sized here that, if food level only affects accumulation

kinetics and resource allocation, then the intrinsic

sensitivity to this toxicant should be the same for all

food regimes. This hypothesis was investigated using

the DEBtox model, which is based on the theory of

Dynamic Energy Budgets. We examined results of two

recently conducted life-cycle studies on the combined

effects of food level and a pulsed exposure to the

pyrethroid insecticide fenvalerate (FV) on D. magna.

The model described the effects of the time-varying

exposure well, and indicated that when the animals

did not die from exposure to FV, full reversibility

of toxic effects was possible, allowing a complete

recovery. Results revealed furthermore that the data

from both studies could be described by the same

NECs for survival and assimilation, killing rate and

tolerance concentration (132 (49.2–228) · 10–6 lg/L,

0 (0–1.18 · 10–5) lg/L, 74.4 (55.6–96.4) L (lg d)–1 and

5.39 (2.72–18.5) · 10–3 lg/L, respectively). It is there-

fore concluded that food-dependent FV toxicity can be

explained by altered toxicokinetics and resource allo-

cation, but not by changes in the intrinsic sensitivity of

the daphnids. This study implies that the effect of

pesticide application in the field depends on the trophic

state of the receiving water body, but also that full

recovery of survivors is possible after FV application.
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Introduction

Food shortage affects the physiological condition of

organisms and may therefore increase their sensitivity

to toxicants (Heugens et al. 2001). Many studies have

indeed reported an increased sensitivity to a wide range

of pollutants of invertebrates grown under limiting food

conditions (Chandini 1989; Barry et al. 1995; Enserink

et al. 1995; Klüttgen et al. 1996; Rose et al. 2002).
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However, in the common test species Daphnia, low-

food supply causes a reproductive trade-off resulting in

fewer, but larger sized offspring (Glazier 1992; Gliwicz

and Guisande 1992), which were found to have a lower

sensitivity to toxicants (Baird et al. 1989; Enserink et al.

1990). Thus limiting (maternal) food conditions

resulted in both increased and decreased sensitivity to

toxicants. In all these studies however, increased or

decreased sensitivity was assessed as a change in a

crude summary statistic such as the LC50 or EC50 at a

certain time point. However, a change in EC50 does not

necessarily reflect an effect on the ‘intrinsic sensitivity’

of the test organism [in this paper, we define intrinsic

sensitivity as the relationship between the concentra-

tion at the target receptor (e.g., tissue concentrations)

and the physiological process that is affected (e.g.,

assimilation of energy from food)]. At the same

intrinsic sensitivity, apparent sensitivity to organic

chemicals may differ with food level, because of (1)

differences in bioavailability, causing the chemical to

reach the target to a lesser extent (Barry et al. 1995), (2)

alterations in toxicokinetics, because food affects

growth and thereby the uptake and elimination kinetics

(Day and Kaushik 1987a), and (3) physiological inter-

actions. This last factor requires some elaboration. At

low-food levels, maintenance takes up a larger pro-

portion of the total energy budget, because unlike

growth and reproduction, maintenance costs cannot be

simply decreased by the organism. As a result, the same

percentage change in feeding rate or maintenance costs

due to a toxicant will lead to a larger effect on growth

and reproduction at low-food levels (Kooijman and

Metz 1984). Few studies have actually tested these

explanations and the aim of the present study was

therefore to analyze whether the contrasting results for

the effect of food on sensitivity of daphnids to toxicants

were actually the result of a changed intrinsic sensitivity

of the test organisms. For this purpose, we examined

results of two recently conducted life-cycle studies on

Daphnia magna testing the combined effects of food

level and a pulsed exposure to the pyrethroid insecti-

cide fenvalerate (FV) (Pieters et al. 2005; Pieters and

Liess 2006). Episodic exposure to FV was chosen

because a single toxicant dose is especially relevant in

agriculture, where pesticide application may result in

short-term pulse exposures of aquatic biota due to

spray drift, drain flow, or field runoff (Liess et al. 1999).

In spite of its relevance, episodic pollution received rel-

atively little attention (McCahon et al. 1991; McCahon

and Pascoe 1991; Handy 1994; Naddy et al. 2000;

Reinert et al. 2002). Results of our first study (Pieters

et al. 2005) showed that limiting postnatal food condi-

tions exacerbated the effects of a 24 h FV pulse

exposure. In contrast, Pieters and Liess (2006) dem-

onstrated that daphnids originating from low-fed

mothers were less sensitive to the pulsed FV exposure

compared to daphnids born from high-fed mothers

(Pieters and Liess 2006). It is hypothesized here that

food level only affects accumulation kinetics of FV and

resource allocation, but that the intrinsic sensitivity to

FV was the same for all food regimes. This hypothesis

was investigated using the DEBtox model (see Kooij-

man and Bedaux 1996), which is based on the theory of

Dynamic Energy Budgets (DEB, see Kooijman 2000).

Because the model explicitly considers toxicokinetics

(and the effects of body size on toxicokinetics) and

resource allocation, it was possible to incorporate time-

varying FV concentrations and to distinguish between

effects of food level on the uptake and resource allo-

cation on the one hand, and changes in intrinsic sensi-

tivity of the organism to FV on the other. The

applicability of DEBtox to time-varying concentrations

was shown earlier by Péry et al. (2001) for effects on

survival only.

Materials and methods

Experimental data set

Life-cycle toxicity data from two previous laboratory

studies with D. magna (Pieters et al. 2005; Pieters and

Liess 2006) were used for this study. In short, 21-day

Daphnia reproduction tests (OECD 1997) were con-

ducted in which newly released neonates ( < 24 h old)

from a laboratory culture were individually transferred

into glass beakers containing 80 mL of test medium

and pulse exposed for 24 h to several concentrations of

FV (control, 0.03, 0.1, 0.3, 0.6, 1.0, 3.2, and 10.0 lg/L).

After the exposure, offspring were transferred to

uncontaminated medium and life-history traits (sur-

vival, growth, reproduction) were subsequently moni-

tored during 21 days. Survival and the number of living

neonates produced were recorded on a daily basis, and

the body lengths of neonates were measured at birth

and on days 7, 14, and 21. Daphnids were fed with a

suspension of the green algae Desmodesmus subspic-

atus. The first study was initiated with neonates origi-

nating from maternal cohorts cultured at a high-food

level (equivalent daily ration: 5.3 · 105 cells/mL;

0.07 mg carbon/daphnid/day). Next, neonates were

exposed to FV at an identical high-food regime in the

‘high-food’ treatment (n = 15), while neonates in the

‘low-food’ treatment (n = 20) received a low-food level

(1.5 · 105 cells/mL; 0.02 mg carbon/daphnid/day). The

second study was initiated with neonates (n = 25)
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originating from maternal cohorts fed with the

respective low-food regime (i.e., ‘maternal low-food’

treatment) and were also exposed to FV at this low-

food level. The experimental data set was subjected to

the DEBtox model to evaluate whether potential

changes in the intrinsic sensitivity of the daphnids and/

or changes in FV toxicokinetics determined the influ-

ence of food level on FV toxicity. A full description of

the model is given in Kooijman and Bedaux (1996), but

here we will address the relevant assumptions, equa-

tions, and extensions (for variables see also Table 1).

Toxicokinetics

Conform the concept of critical body residues (see

McCarthy and Mackay 1993), DEBtox describes that a

toxicant is taken up from the environment by an

organism before it can elicit an effect. The internal

concentration determines the organism’s probability to

die if this concentration exceeds a certain threshold

level. In the present study, the internal concentration

of FV was deduced from its concentration in the

solution (i.e., external concentration) according to a

one-compartment model for kinetics (see Heugens

et al. 2003). Since measured internal concentrations

were not available, scaled internal concentrations cv

(i.e., internal concentrations divided by the biocon-

centration factor; BCF) were used. This implies that cv

is proportional to the true internal concentration, but

with the dimensions of an external concentration (cd).

The body residues are expected to follow one-com-

partment kinetics, in which the effects of growth are

accounted for:

d

dt
cV ¼

ke

l
cd � cVð Þ � cV

d

dt
ln l3: ð1Þ

This equation has only two unknowns, the elimina-

tion rate (ke) and the scaled body length (l), i.e., length

as a fraction of the maximum length at abundant food,

which occurs twice in this equation. First it is used in

the term ke/l, reflecting that the rate of uptake and

elimination depends on the surface-to-volume ratio of

the organism (a large organism takes more time to

reach steady state than a small one). The second term

in this equation represents dilution by growth.

The DEBtox software protocol was modified to

introduce a time-varying external concentration in

Eq. 1. Measurements of actual concentrations were

available at the start of the pulse exposure, and for the

high-food treatment after 1 and 24 h (see Pieters et al.

2005). The decrease of actual FV concentration over

time was assumed to depend on food level (i.e., algal

concentration) due to adsorption of the hydrophobic

FV to the algae. Therefore, the declining actual FV

concentrations of the low-food experiment were sim-

ulated to accommodate sorption to be proportional to

the algal density.

Effects on survival

In DEBtox, the survival probability of individuals is

calculated via the hazard rate (hc). As long as the

internal concentration is below a no-effect concentra-

tion (NEC), the hazard rate due to toxicant stress is

zero; above the NEC, the hazard increases linearly

with the concentration above the NEC. Note that the

$60#?"lTab1",13,"Tab1",5,0,0,0,100mm,100mm,100mm,100mm>Table 1 Parameter estimates of the high-food (HF), low-food (LF),
and the maternal low-food (MLF) experiment, with likelihood-based 95% confidence intervals given between brackets

Description Symbol Unit HF and LF simultaneously MLF separately

Physiological parameters
Von Bertalanffy growth rate rB d–1 0.138 (0.132–0.143) 0.243 (0.238–0.256)
Initial length Lo mm 0.753 (n.e.) 0.940 (n.e.)
Length at first reproduction Lp mm 2.38 (2.32–2.42) 2.84 (2.79–2.87)
Maximum length Lm mm 4.15 (4.12–4.18) 4.17 (4.14–4.20)
Maximum reproduction rate Rm juv/d 7.24 (6.90–7.53) 17.3 (16.3–18.6)
Scaled food density F – HF: 1.0 (n.e.), LF: 0.818 (0.809–0.825) a

Toxicological parameters
Elimination rate ke d–1 2.37 (1.33–10.1) · 10–3 a

Blank hazard rate h0 d–1 0.665 (0.231–2.66) · 10–3 a

NEC for survival c0s lg/L 132 (49.2–228) · 10–6 a

NEC for assimilation c0a lg/L 0 (0–1.18 · 10–5) a

Tolerance concentration cT lg/L 5.39 (2.72–18.5) · 10–3 a

Killing rate b L (lg d)–1 74.4 (55.6–96.4) a

Maximum water solubility – lg/L 0.524 (0.473–0.593) a

Mode of action is a decrease in assimilation due to fenvalerate
a Value from the high- and low-food experiment was used. N.e. is not estimated
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internal concentration and hence the NEC (c0s) are

both scaled in the dimensions of an external concen-

tration. The hazard rate is given by:

hc ¼ b cV � c0sð Þþ: ð2Þ

The + indicates that the maximum of the expression

between brackets and zero is taken. The proportion-

ality constant b is called the killing rate. It is a measure

of the effect of the chemical on survival, when the NEC

is exceeded. The hazard rate due to toxicant stress is

added to a constant background mortality h0 and

integrated to yield the survival probability q, for any

concentration and any time point:

qðtÞ ¼ exp �
Z t

0

hc sð Þ þ h0ð Þds

2
4

3
5: ð3Þ

Effects on growth and reproduction

Substances such as FV cause a loss of coordination and

immobilization, and therefore result in a reduction of

filtration rates. Therefore, the physiological mode of

action that is most suited to this case is effects on

assimilation. The DEBtox equations below were

designed to express this mode of action; a stress factor s is

defined depending on the scaled internal concentration

cv. Equivalent to the hazard rate, the stress factor is

zero below the NEC (c0a), and above the NEC it is

proportional to the internal concentration. The pro-

portionally constant cT has the dimensions of an

external concentration, and is therefore called the

tolerance concentration for assimilation:

s ¼
cV � c0að Þþ

cT
: ð4Þ

When no toxicant is present and as long-food den-

sity (f) remains constant, growth of the isomorphically

growing daphnids reduces in DEB to the Von Berta-

lanffy growth curve (see Kooijman 2000). A scaled

body length is adopted to simplify the equations.

Under abundant food levels, f equals 1, but this value

becomes smaller than 1 under limiting food levels. This

way, food limitation was included in the model. When

the daphnids are exposed to a toxicant affecting

assimilation, the scaled body length is given as a

function of time and food level by:

d

dt
l ¼ rB f ð1 � sÞ � l½ �; ð5Þ

where rB is the Von Bertalanffy growth rate constant.

Both body length and food density control reproduc-

tion. The reproduction rate (R) is given as a satiating

function of body length (or scaled length l). As long as

the scaled body length is below the scaled length at

puberty (lp), the reproduction rate is zero. Above the

length at puberty, the reproduction rate increases with

body size, until it reaches the maximum rate (Rm)

when f = 1. For effects on assimilation, the full equa-

tion for the reproduction rate at a constant food level

is:

R ¼ 1� sð Þ3 Rm

1� l3
p

g þ l

g þ f
fl2 � l3

p

� �
: ð6Þ

The dimensionless constant g is the energy invest-

ment ratio; the ratio of the volume-specific costs for

growth and the fraction of the reserves allocated to

growth and maintenance. This parameter generally has

little influence on the toxicity parameters, and 1 is a

reasonable value for Daphnia (see Kooijman and

Bedaux 1996).

Fitting procedure

The DEBtox model was fitted to the data for all end-

points of the high- and low-food experiments simulta-

neously (see Jager et al. 2004). This was done by

expressing all model fits in terms of likelihood and

combining the separate likelihoods into an overall

value that can be maximized. The 95% confidence

intervals were generated using the profile likelihood

(see Meeker and Escobar 1995). The full analysis was

programmed in MatLab� Version 7.0 (Mathworks,

Natick, MA, USA). However, the emerging growth

and reproduction parameters for the daphnids could

not be incorporated in model runs of the maternal low-

food data set. This was likely the result from the fact

that low-fed mothers enhanced their maternal invest-

ment per offspring, characterized by producing fewer

but larger sized neonates with a different life-history.

Therefore, a different set of values for the growth and

reproduction parameters was required for the experi-

ment on maternal low food. For this purpose, the

maternal low-food data set was analyzed separately,

using the toxicological parameters generated by mod-

eling the other two experiments (see Table 1).

Results and discussion

Figure 1 presents the model fits for D. magna exposed

to different combinations of FV and (maternal) food
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levels. Table 1 shows the corresponding parameter

estimates with their likelihood-based 95% confidence

intervals.

Mode of action of FV

The growth and reproduction data were well described

by the model, assuming a hampered assimilation of

food as the mode of action for FV. This assumption

corresponds fully with available literature on daphnids

and pyrethroids (Day and Kaushik 1987b; Day et al.

1987c; McWilliam and Baird 2002; Christensen et al.

2005; Reynaldi et al. 2006). Due to this effect on

assimilation, strong effects were observed on growth

curves, which were immediately translated to a delayed

onset of reproduction, thereby ultimately affecting the

reproduction curves (Fig. 1).

Reversible effects of FV pulse exposure

Good model fits were obtained for the data, indicating

that the model was well able to describe the effects of

the time-varying exposure regime, and confirming the

link between the estimated internal concentrations and

observed effects. Some deviations occurred, especially

for survival. However, it must be noted that death is an

all-or-nothing effect, and because it is treated as a

stochastic process, a good comparison between model

and data requires many individuals. Because only a

limited number of daphnids survived, one or two more

deaths already result in a visual misfit of the model

curve. Regarding the deviations for growth and

reproduction in the higher exposure treatments, it must

be noted that these were likely resulting from the

limited number of surviving individuals at high-FV

concentrations (the fitting procedure therefore put
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Fig. 1 Model fits of data on survival, body length, and
cumulative reproduction of Daphnia magna following a 24 h
pulse exposure to a range of fenvalerate concentrations (lg/L).

Graphs show the high- and low-food experiments (fitted
simultaneously), and the maternal low-food experiment (fitted
separately)
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little weight on these results). A reduced reproduction

toward the end of the experiment was observed in all

treatments, most likely due to variations in food

availability caused by the high-adult grazing pressure.

The survival data showed that FV-induced mortality

still occurred after cessation of exposure which illus-

trated the slow toxicokinetics of FV, reflected by a low

estimate of the elimination rate ke (Table 1). The

daphnids obviously accumulated FV to concentrations

above the NEC and excreted it so slowly during the

post-exposure period that mortality continued in the

FV-free period. The higher the exposure concentra-

tion, the more FV had been accumulated and hence

the longer mortality continued. Due to the combined

processes of growth dilution and elimination (see

Eq. 1), internal concentrations finally did not exceed

the NEC anymore and mortality ceased.

The model assumption that effects relate only to the

actual internal concentration implies that if an organ-

ism does not die, effects are reversible and full recov-

ery should be possible. The good match between data

and model fits indeed confirmed this assumption, as

illustrated by the similar reproduction rates between

FV treatments and controls in the reproduction curves

(see Fig. 1). Similar findings have been reported by

Forbes and Cold (2005) who demonstrated that a

short-term exposure to the (S)-acid isomer of FV,

S-FV, during early larval life of Chironomus riparius

had effects on larval survival and developmental rates.

However, no lasting effects of S-FV on egg laying or

egg viability were observed for surviving individuals.

Sensitivity verus toxicokinetics and resource

allocation

It was hypothesized that, if food level only affects

accumulation kinetics and resource allocation, then the

intrinsic sensitivity to FV should be the same for all

food regimes. This was obviously the case, since all

data could be described with the same NECs for sur-

vival and assimilation, killing rate, and tolerance con-

centration (Table 1). Therefore, below we will discuss

how food level depending changes in accumulation

kinetics and resource allocation may have changed FV

toxicity to D. magna.

Differing rates of development of the daphnids in

the two food regimes with consequent effects on

accumulation rates may have contributed to the

increased FV toxicity to daphnids in the low-food

experiment compared to the high-food experiment.

Previous research indicated that the early lifestages of

D. magna were more sensitive to a short-term FV

exposure than adults (Day and Kaushik 1987a), and

suggested that this was the result of their smaller body

size. Similarly, in the present study the higher surface-

to-volume ratio of the slower growing neonates in the

low-food experiment compared to the high-food

experiment, may have caused a higher bioaccumula-

tion of FV (see Eq. 1). In addition, as daphnids grow

during and especially after the 24 h exposure period,

the enhanced toxicity of FV to the daphnids in the low-

food experiment may also have been caused by their

slower growth dilution of the pesticide. This mecha-

nism is taken into account in the one-compartment

kinetics (Eq. 1), and likely decreased internal FV

concentrations of the high-fed daphnids much more

rapidly over time. Thus, the effect of food level on

growth during as well as after pesticide application was

likely an important factor modifying FV toxicity.

Differences in resource allocation may also have

contributed to the contrasting sensitivities of daphnids

between the high- and low-food experiment. The

rationale behind this assumption is that FV effects on

assimilation act much stronger under low-food condi-

tions due to a relatively higher demand of energy for

somatic maintenance, thereby ultimately affecting

growth and reproduction stronger than under high-

food conditions. This phenomenon has been predicted

previously (Jager et al. 2004; Alda Álvarez et al. 2005).

The results of the maternal low-food experiment

support the explanation on the interaction of feeding,

toxicokinetics and resource allocation given above. A

decreased apparent toxicity of FV to daphnids in the

maternal low-food experiment agreed with findings of

other trans-generational studies using Daphnia

exposed to 3, 4-dichloroaniline (Baird et al. 1989) and

cadmium (Enserink et al. 1990). Neonate body size at

time of birth was considerably larger than in the low-

food experiment, decreasing the surface-to-volume

dependent accumulation, whereas their growth rate

(see Table 1) and hence their growth dilution was

much faster. Likewise, the study of Enserink et al.

(1990) also suggested a causal relationship between

body size and Cd toxicokinetics.

Conclusions

We demonstrated that the process-based model

DEBtox could accurately describe our experimental

data, and it could easily account for differing food

densities and time-varying exposure concentrations.

We proved that effects related only to the actual

internal concentration (exceedance of the NEC) and

therefore were reversible and full recovery was possi-

ble, albeit after some delay, because of the slow
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toxicokinetics of FV. It is concluded that food-depen-

dent FV toxicity can be explained by altered toxic-

okinetics and resource allocation, and not necessarily

by changes in the intrinsic sensitivity of the daphnids.

This implies that the effect of pesticide application on

field populations of daphnids will depend on the tro-

phic state of the receiving water body, but also on the

reproductive state and size of the animals. Also a full

recovery of survivors and resumption of population

growth is possible after a FV pulse.
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