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CHAPTER 4 
 

A combined toxicokinetics and toxicodynamics approach to 
investigate delayed lead toxicity in the soil invertebrate 

Enchytraeus crypticus 
  



Chapter 4 

 68 

Abstract 

In a previous study, Pb toxicity was found to be delayed compared to Pb 

bioaccumulation in Enchytraeus crypticus. This study aimed at further investigating the 

acute and delayed onset of Pb toxicity in E. crypticus by using a combination of 

toxicokinetics and toxicodynamics approaches. Enchytraeids were exposed to different 

Pb concentrations (uptake phase) in natural LUFA 2.2 soil for different short-term 

exposure periods, followed by a 7-d elimination phase in clean soils. Body Pb 

concentrations and enchytraeid mortality were determined at different time intervals 

during both the exposure and the elimination phase. Pb uptake kinetics in E. crypticus 

were well described by a three-stage first-order model with an initial overshoot in body 

Pb concentrations. At higher exposure concentrations, Pb caused delayed enchytraeid 

mortality even following short-term exposure. LC50 based on body Pb concentrations 

appeared no good descriptor of delayed Pb toxicity in E. crypticus. Exposure time had 

a major impact on Pb bioaccumulation, toxicity and its delayed effects, which argues 

against relying on ecotoxicity tests for metal toxicity using a fix exposure duration. The 

presence of delayed toxic effects also suggests that post-exposure observations are 

necessary to avoid underestimation of metal toxicity. 
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4.1 Introduction 

There are three major factors in the process by which toxic chemicals may affect 

organisms in the environment: exposure (dose), body concentration and interaction at 

the target site (Laskowski et al., 2010). Exposure concentration is regarded as the 

fraction of the total amount of chemical present that is available for uptake from the 

environment, leading to negative effects on organisms (Peijnenburg, 2004). The 

bioavailability of chemicals primarily depends on the properties of the chemical, the 

conditions of the environment and the biology of the exposed organisms (Spurgeon and 

Hopkin, 1999; Van Gestel, 2008). The body concentration, determined by the uptake 

rate and elimination rate of chemicals in organisms, and chemical interactions at the 

target site are also affected by the characteristics of the organism. Toxic effects, 

therefore, might be better estimated on the basis of internal rather than external 

concentrations.  

Zhang and Van Gestel (2017b) (Chapter 3) assessed the time-course internal Pb 

concentration and its toxic effects in Enchytraeus crypticus in a natural soil. The worms 

were exposed to Pb amended soils with different concentrations for 14 d, then 

transferred to Pb free soil for 14 d excretion. An initial overshoot in internal Pb 

concentration in E. crypticus was observed at high exposure concentrations and a 

delayed onset of Pb toxicity compared to Pb bioaccumulation was observed. Exposure 

time, as a vital factor, had great impacts on Pb accumulation and toxicity in E. crypticus. 

Their results, therefore, suggested the possibility of delay toxic effects induced by 

short-term exposures in contaminated soils. 

Toxicokinetics-toxicodynamics is a simultaneous assessment approach, 

quantifying metal toxicity in the environment by taking into account the development 

of internal concentrations and toxicity with time. Toxicokinetics translates the external 

metal concentration into a body metal concentration over time, accounting for the 

processes of accumulation and elimination in a simple model, but it also includes the 

processes of bio-distribution, biotransformation or sequestration in a more complex 

model. The simplest one-compartment first-order model widely used to describe metal 

toxicokinetics may well fit the data on the development with time of internal metal 

concentrations, sometimes with some minor modifications (He and Van Gestel, 2013; 

Zhang and Van Gestel, 2017b). In that two-stage model, the organism, which is exposed 
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to contaminated soil for some time followed by a transfer to uncontaminated soil, 

assimilates the metal at an uptake rate and excretes it at an elimination rate. However, 

an initial “overshoot” of body metal concentrations was observed in some studies 

(Laskowski et al., 2010; Lister et al., 2011; Spurgeon and Hopkin, 1999), where the 

two-stages model did not adequately describe the metal kinetics. Laskowski et al. (2010) 

therefore proposed a three-stage model that includes a low elimination rate at the initial 

period for fast increase of internal metal concentration reaching the “overshoot” (Stage 

1), followed by a relatively high elimination rate leading to a decline of body 

concentration to reach a steady state level (Stage 2). Toxicodynamics describe the time-

course interaction of a metal with a biological target in the organism leading to 

structural or functional alterations, resulting in a toxic effect, including the processes 

of damage accumulation, damage recovery, energy allocation, physiological allocation 

and effect. Consequently, toxic effects on the organism could be linked to the internal 

metal concentration through toxicodynamics. Toxicokinetics-toxicodynamics, 

therefore, might be a powerful tool in ecotoxicological research (Jager et al., 2011).  

The aims of present study were to assess: (1) whether the modified three-stage 

model could well describe Pb toxicokinetics in E. crypticus exposed to high external 

Pb concentrations, and (2) the possible delayed effects of different short-term exposures 

to Pb on E. crypticus. For this purpose, the development of internal Pb concentration 

and its toxic effect (survival) in E. crypticus with different exposure times in high Pb 

contaminated soils followed by a transfer to the uncontaminated soils for post-exposure 

were investigated.  

4.2 Materials and Methods 

Test organism 

Enchytraeus crypticus (Enchytraeidae; Oligochaeta; Annelida) has been cultured 

for more than 10 years in the Vrije Universiteit, Amsterdam. The worms were cultured 

on agar prepared with an aqueous soil extract (a mixture of 1 kg LUFA 2.2 soil and 3 

L tap water) and kept in complete darkness in a climate room at constant temperature 

(16 °C) and relative humidity (75%). The animals were fed twice per week with a 

mixture of oat meal, dried yeast, yolk powder, and fish oil (Castro-Ferreira et al., 2012). 

Adult E. crypticus with a length of approximately 1 cm were used in this study.  
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Test substrates 

Standard LUFA 2.2 soil was used in the tests (Landwirtschaftliche Untersuchungs- 

und Forschungsanstalt (LUFA), Speyer, Germany). The main properties of this soil 

were: pH-0.01 M CaCl2 5.4, organic matter 3.5 %, clay 12 % and Cation Exchange 

Capacity (CEC) 9.7 meq/100g, water holding capacity (WHC) 45.2%. Soils were 

spiked by adding aqueous solutions of Pb(NO3)2 (purity >99.99%; Sigma-Aldrich; 

USA) to achieve seven nominal Pb concentration (0, 400, 600, 800, 1600, 2400, 3200 

mg Pb/kg dry soil). For all treatments, test soils were moistened to 24% (w/w), which 

equals approx. 50% of the WHC. The spiked soils were stored in the dark, in a climate 

room at 20 °C and 75% relative humidity, for 14 d before use in the tests. 

Toxicity tests 

Toxicity tests were designed according to the results of the previous study (Zhang 

and Van Gestel, 2017b). In the uptake phase, 7 time points (1 d, 2 d, 4 d, 7 d, 10 d 14 d 

and 21 d) were selected to determine the effect of exposure time on the Pb 

bioaccumulation and survival of E. crypticus. Three replicates were used for each 

treatment and sampling time. Each replicate had twenty adult E. crypticus introduced 

into a 100 mL glass jar containing 30 g moist soil and 2 mg oatmeal as food. At each 

exposure time in the uptake phase (1 d, 2 d, 4 d, 7 d, 10 d and 14 d), 10 surviving adults 

(or less, if survival was less than 50%) were transferred to clean LUFA 2.2 soil for post-

exposure incubation and to assess Pb elimination. In the elimination phase, internal Pb 

concentrations and mortality were checked at each sampling time (1 d, 2 d, 4 d, 7 d).  

The jars were covered with perforated aluminum foil and kept in a climate room 

at 20 °C, 75% relative humidity and 16-h light/8-h dark photoperiod cycle. Water 

evaporation and food availability were checked once a week and deionized water was 

added when necessary. At each sampling time and exposure concentration, three 

replicate jars were sampled for determining Pb uptake and Pb toxicity using mortality 

as the endpoint. Surviving adults were depurated in a plastic container filled with 5 mL 

ISO solution, containing 294 mg/L CaCl2·2H2O, 123.3 mg/L MgSO4·7H2O, 5.8 mg/L 

KCl and 64.8 mg/L NaHCO3 (Sigma Aldrich, ˃99%) (ISO, 2012), for 24 h, rinsed with 

deionized water, and frozen at -20 °C for further analysis. 
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Chemical analysis 

Total Pb concentration in the soils and internal Pb concentrations in surviving E. 

crypticus adults were determined in this study. Soils were dried at 40 °C for 48 h. For 

the assessment of total Pb concentration in soil, approximately 130 mg dry soil sample 

was digested with 2 mL of 4:1 (v/v) destruction mixture of HNO3 (65%, Sigma-Aldrich) 

and HCl (37%, Sigma-Aldrich) in a tightly closed Teflon bomb and heated in a 

destruction oven at 140 °C for 7 h. Flame atomic absorption spectrometry (AAS; 

AAnalyst 100; Perkin Elmer; Germany) was used to measure total soil Pb 

concentrations. Quality of the analysis was checked using the certified reference 

material ISE sample 989 (International Soil-Analytical Exchange); recoveries of Pb 

concentrations in the reference material were 96.8-97.4%. The frozen potworms were 

freeze-dried for 24 h, weighted individually and digested with 0.3 mL of 7:1 (v/v) 

destruction mixture of HNO3 (65%; Mallbaker Ultrex Ultra-Pure) and HClO4 (70%; 

Mallbaker Ultrex Ultra-Pure), heated from 85 to 180 °C for 2 h in a block heater (TCS 

Metallblock Thermostat). The body Pb concentrations were determined by graphite 

furnace AAS (PinAAcle 900Z, Perkin Elmer, Germany). The certified reference 

material DOLT 4 (Dogfish liver, LGC Standards) was included for quality control and 

the recoveries were 86.3-99.5%. 

Data analysis 

The internal Pb concentration (mg Pb/kg dry body wt) as a function of time could 

be described by a modified one-compartment model with three stages according to 

Laskowski et al. (2010) and Skip et al. (2014), assuming that exposure concentration 

was constant. 

Stage 1 (t ≤ ts):	𝐶(𝑡) = 𝐶' × 𝑒*+,-×. + (𝑘1/𝑘34) × 𝐶3564 × (1 − 𝑒*+,-∗.) 

When tc > ts,  

Stage 2 (ts ≤ t < tc): 𝐶(𝑡) = [𝐶' × 𝑒*+,-×.; + <
+=
+,-
> × 𝐶3564 × (1 − 𝑒*+,-∗.;)] ×

𝑒*+,@∗(.*.;) + <+=
+,@
> × 𝐶3564 × (1 − 𝑒*+,@∗(.*.A)) 
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Stage 3 (t > tc): 𝐶(𝑡) = [𝐶' × 𝑒*+,-×.; + <
+=
+,-
> × 𝐶3564 × (1 − 𝑒*+,-∗.A)] ×

𝑒*+,@∗(.*.A) + < +=
+,@
> × 𝐶356B × (1 − 𝑒*+,@∗(.*.A)) + 𝐶3 × 𝐹D × (1 − 𝑒*+,@×.A) 

When tc ≤ ts, there is no Stage 2 and the equation for stage 3 becomes.  

Stage 3 (t > tc): 𝐶(𝑡) = [𝐶' × 𝑒*+,-×.A + <
+=
+,-
> × 𝐶3564 × (1 − 𝑒*+,-∗.A)] ×

𝑒*+,-∗(.*.A) + < +=
+,-
> × 𝐶356B × (1 − 𝑒*+,-∗(.*.A)) + 𝐶3 × 𝐹D × (1 − 𝑒*+,-×.A)    

(Eq. 4.1) 

where C(t) is internal Pb concentration in the worms at sampling time t (mg Pb/kg dry 

body wt), C0 the initial Pb concentration in the worms (mg Pb/kg dry body wt), ku the 

uptake rate constant (kgsoil/kgworm/day), ke1 the elimination rate constant during the 

initial quick internal concentration increase in Stage 1 (day-1), ke2 the elimination rate 

constant leading to an equilibrium in Stage 2 (day-1), Cexp1 the exposure concentration 

in spiked test soil (mg Pb/kg dry soil), Cexp2 the Pb concentration in clean LUFA 2.2 

soil (mg Pb/kg dry soil), t exposure time (days), ts the time when the animals reached 

the maximum and switch from Stage 1 to Stage 2, tc the time when the worms were 

transferred to clean soil (days), Ce the equilibrium body concentration in Stage 2 and Fi 

the inert Pb fraction in the body (ranging from 0 to 1). Parameter ku, ke1, ke2, ts and Fi 

were estimated by fitting Equation 4.1 to all data from all internal Pb concentrations at 

all time points both from the uptake and the elimination phases at each exposure 

concentration.  

The LC50s at each time point were estimated from the logistic model and used to 

calculate the ultimate LC50 value (LC50∞), assuming an exponential decrease of the 

LC50 with time. The relationship between toxicity and time can be simplified and 

described as (Crommentuijn et al., 1994): 

                          𝐿𝐶50(𝑡) = HIJ'K
4*3LMN×O

    (Eq. 4.2) 

where LC50(t) is the LC50 value after t days exposure (mg Pb/kg dry soil or mg Pb/kg 

dry body wt), LC50∞ the incipient LC50 value (mg Pb/kg dry soil or mg Pb/kg dry 

body wt), kd the damage rate constant for toxicodynamics (day-1), and t exposure time 

(days).  
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Models were fitted using individual internal concentrations. And the measured 

total Pb concentrations in the soils were used in the calculation. All the calculations in 

this study were run in Excel 2017 or SPSS 19.0. 

4.3 Results 

Measured total soil concentrations were in agreement with nominal Pb 

concentrations in the soil (Table S4.1).  

Toxicokinetics 

The initial body Pb concentrations in the enchytraeids were 0.005-0.014 mg Pb/kg 

dry body wt. The internal Pb concentrations of the worms kept in the control soil were 

0.1-3.2 mg Pb/kg dry body wt during the uptake and elimination phases. No surviving 

worms could be found after 14 d exposure for the highest external Pb concentration 

(2851 mg Pb/kg dry soil) and 21 d for the higher exposure concentrations (1424 and 

2114 mg Pb/kg dry soil). For the highest external concentration, as there were not 

enough surviving animals after 10 d exposure, the elimination phase could not be run 

for tc = 10 and 14 d. The changes of internal Pb concentration with exposure time for 

each exposure concentration are shown in Figure 4.1. In the uptake phase, except for 

the control soil and the soil with the highest Pb concentration, a high initial increase 

could be observed and the internal Pb concentrations reached a maximum after 

approximately 4 d in Stage 1. After the breakpoint, the internal Pb concentration 

declined fast to a semi-steady level at about 7 d which remained constant as long as the 

worms were exposed to polluted soils. This equilibrium concentration in Stage 2 was 

much higher than that in the uncontaminated soils but much lower than the observed 

overshoot reached in Stage 1. However, there was no breakpoint in animals exposed to 

the highest soil concentration, where the body Pb concentration in the enchytraeids 

increased rapidly with exposure time and reached a steady level after approximately 7 

d.  

In the uptake phase, the body Pb concentration did increase with increasing 

exposure concentration at each time point. The highest maximum body Pb 

concentration in the enchytraeids was 183 mg Pb/kg dry body wt after 4 d exposure at 

1424 mg Pb/kg dry soil. And the highest internal Pb concentration at the steady state 

was 210 mg Pb/kg dry body wt when the worms were exposed to 2851 mg Pb/kg dry 
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soil. In the elimination phase, the internal Pb concentrations decreased with post-

exposure time in the clean soil and reached an equilibrium (final internal concentration) 

after approximately 4 d depuration. This final concentration was, however, higher than 

the initial level. For each exposure concentration, the final internal concentration 

increased with increasing exposure time in the contaminated soil (Figure 4.1). 

 
Figure 4.1. Development with time of internal Pb concentrations (mg Pb/kg dry body wt) in 
Enchytraeus crypticus when exposed to different Pb concentrations in LUFA 2.2 natural standard 
soil with different exposure times followed by a 7-d elimination phase in clean soil. Dots represent 
the measured concentrations, and lines show the fit of a three-stage one-compartment model 
(Equation 4.1) to the data. 
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Parameters estimated from the three-stage kinetic model (Equation 4.1) are shown 

in Table 4.1. A decreasing trend was observed for the estimated uptake rate constant 

(ku) based on total soil Pb concentrations, which ranged from 0.06 to 0.18 

kgsoil/kgworm/day. The elimination rate constant in Stage 1 (ke1) was between 0.61 and 

1.00 d-1, which was much lower than the elimination rate constants in Stage 2 (ke2) 

being 0.77 to 1.59 d-1 for all external exposure concentrations except the highest one. 

The switch time (ts) was estimated to range from 3.59 to 7.31 d. However, when fitting 

the model to the data from the highest exposure concentration, similar elimination rate 

constants were found for ke1 and ke2, which were 0.76 and 0.77 d-1, respectively. Thus, 

there was no difference between Stage 1 and Stage 2, leading to a non-reliable estimate 

for ts (7.31 d) for this concentration. The estimated inert fraction (Fi) was between 0.10 

and 0.20.  

 
Table 4.1. Toxicokinetics parameters for the uptake and elimination of Pb in Enchytraeus crypticus 
exposed to different Pb concentrations in LUFA 2.2 natural standard soil. Shown are the parameter 
values estimated for the individual exposure levels. ku = uptake rate constant, ke1 = elimination rate 
constant for kinetic in Stage 1, ke2 = elimination rate constant for kinetic in Stage 2, ts = the time 
when the animals reached the maximum and switched from Stage 1 to Stage 2, Fi = inert fraction. 

 

Toxicodynamics 

The development with time of survival at the different exposure concentrations in 

the uptake and elimination phases is shown in Figure 4.2. In the uptake phase, no 

mortality was seen in the control soil and at 366 mg Pb kg/dry soil. For the higher 

exposure concentrations (535, 724, 1424, 2114 and 2851 mg Pb/kg dry soil), the 

survival of the enchytraeids decreased with exposure time, and also increased with 

increasing external Pb concentration. In the elimination phase, the enchytraeids earlier 

exposed to lower concentrations (control, 366, 535, 724 and 1424 mg Pb/kg dry soil) 

did not show any mortality. However, animals previously exposed to the soil 

concentrations (2114 and 2851 mg Pb/kg dry soil) for different periods (tc), showed 

Parameter Exposure concentration (mg Pb/kg dry soil) 

 366 535 724 1424 2114 2851 
ku (kgsoil/kgworm/day) 0.18 0.18 0.15 0.12 0.08 0.06 
ke1 (day-1) 0.63 0.74 0.61 0.82 1.00 0.76 
ke2 (day-1) 0.95 1.31 1.22 1.37 1.59 0.77 
ts 4.18 5.88 3.59 3.89 4.00 7.31 
Fi 0.13 0.20 0.18 0.19 0.12 0.10 
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increasing mortality with increasing post-exposure time in the clean soil. And at each 

post-exposure observation time in clean soil, the survival of the worms declined with 

increasing exposure concentration. 

 

 
Figure 4.2. Survival with time of Enchytraeus crypticus when exposed to different Pb 
concentrations in LUFA 2.2 natural standard soil for a 21-d uptake phase or an exposure with 
different time intervals followed by a 7-d elimination phase in clean soil. Dots present the average 
observed survival fraction with standard errors. Dashed line shows survival with time for each 
exposure concentration. 
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The LC50 values for the effect of Pb on E. crypticus at different exposure times in 

the contaminated soil (uptake phase) and following post-exposure incubation in clean 

soil (elimination phase) are presented in Table 4.2. In the uptake phase, LC50 based on 

total Pb concentration decreased with exposure time from 2916 mg Pb/kg dry soil at 7 

d to 733 mg Pb/kg dry soil at 21 d. LC50 did not reach a steady state after 21 d. An 

incipient median lethal concentration (LC50∞) of 338 mg Pb/kg dry soil and a damage 

rate constant (kd) for the effect of Pb in soils of 0.016 d-1 were estimated using Equation 

4.2. In the elimination phase, LC50 based on exposure concentrations declined from 

2916, 2332 and 2106 mg Pb/kg dry soil to 2332, 2196 and 1664 mg Pb/kg dry soil after 

7 d for animals transferred to clean soil at tc = 7 d, 10 d and 14 d exposure, respectively. 

The corresponding LC50∞ values were 2427, 2249 and 1793 mg Pb/kg dry soil, 

respectively.  

 
Table 4.2: LC50 values (with corresponding 95% confidence intervals) for the effect of lead on 
Enchytraeus crypticus at different exposure times in LUFA 2.2 natural soil, and the change in LC50 
following transfer of the surviving animals to clean soil for post-exposure. LC50 values are based 
on total Pb concentrations in soil and in concentrations in the surviving animals.  

 *(-) The data did not allow the calculation of a reliable 95% confidence interval. 

 

Exposure 
time (d)  

Post-exposure 
time (d) 

LC50 based on total Pb (mg 
Pb/kg dry soil) 

LC50 based on internal Pb 
(mg Pb/kg dry body wt) 

7  2916 (2873-2959) 221 (211-231) 
 1 2455 (-)* - 
 2 2459 (-)* - 
 4 2461 (-)* - 
 7 2332 (-)* - 

10  2332 (2250-2415) 180 (176-184) 
 1 2202 (-)* - 
 2 2215 (-)* - 
 4 2201 (-)* - 
 7 2196 (-)* - 

14  2106 (1150-3066) 115 (105-126) 
 1 1912 (-)* - 
 2 1814 (-)* - 
 4 1782 (-)* - 
 7 1664 (-)* - 

21  733 (688-777) 105 (62-149) 
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Toxicokinetics – Toxicodynamics 

Survival based on internal concentrations in the enchytraeids decreased with time 

of exposure (Figure S4.1). At each exposure time point in Stage 2, when body 

concentration reached steady state, survival decreased with increasing internal Pb 

concentration. However, mortality of the enchytraeids increased with decreasing 

internal Pb concentration in the elimination phase. Thus, no clear relationship could be 

found between mortality and body Pb concentrations when considering all data from 

all sampling times in the uptake and elimination phases. The development with time of 

LC50s based on internal Pb concentrations in the enchytraeids (LC50iner) is presented 

in Table 4.2.  

4.1 Discussion 

High variation on internal Pb concentrations in the enchytraeids was observed 

during the uptake phase Such large variation was also found in other studies on soil 

invertebrates, and is suggested to be primarily due to the biological variation in test 

animals within the pathways involved in toxicant handling (uptake, metabolism, 

excretion) (Spurgeon and Hopkin, 1999; Spurgeon et al., 2011). In spite of the large 

variation, overall the three-phase toxicokinetics model gave a good fit of the data. 

A fast increase of body Pb concentrations was observed at the beginning of the 

uptake period and a threshold was reached at approximately 4 d, followed by a decrease 

to a semi-steady state in approx. 3 d, even though the enchytraeids were kept in the 

spiked soil. This phenomenon was also observed in many other studies, although 

neglected by some authors due to the apparent deviation of the internal concentration 

from the expected pattern (Lister et al., 2011; Spurgeon and Hopkin, 1999; Zhang and 

Van Gestel, 2017b). An overshoot of Pb accumulation was observed at around 18 d 

when the springtail Orchesella cincta was exposed to Pb-spiked food (Posthuma et al., 

1992). In a study on Cu toxicokinetics in the earthworm Eisenia fetida exposed in 

contaminated field soils, Spurgeon and Hopkin (1999) found that the internal 

concentration increased fast, reaching a threshold at approximately 10 d, and dropped 

to a semi-steady level in around 2 d. A fast uptake of Pb in enchytraeids was also found 

for all treatments with different Pb concentrations in soil, but the overshoot of Pb body 

concentrations was only observed at relatively high exposure concentrations (391 and 

793 mg Pb/kg dry soil) (Zhang and Van Gestel, 2017b), which is in agreement with our 



Chapter 4 

 80 

results. It was also demonstrated that an organism, when exposed to relatively high 

metal concentrations, may show a lag in physiological response leading to a delayed 

onset of efficient elimination and resulting in a decrease of metal accumulation in the 

organism. For low exposure Pb concentrations (115 and 202 mg Pb/kg dry soil in the 

study of Zhang and Van Gestel, 2017b) or extremely high Pb concentrations (2851 mg 

Pb/kg dry soil in this study and 1601 mg Pb/kg dry soil in the study of Zhang and Van 

Gestel, 2017b), no overshoot was observed, which may be due to the physiological 

response of the organism to the exposure. However, no available comparable studies 

could be found in the literature as most of the studies with three-stage kinetics only 

focused on a single metal exposure concentration. Vijver et al. (Vijver et al., 2001) 

reported that Pb concentration in springtail Folsomia candida increased fast with 

exposure time without a peak and reached an equilibrium during 28 d exposure in the 

field soil. The earthworm Lumbricus rubellus showed two-stage kinetics of Pb but in a 

linear pattern, showing a fast accumulation in the 21-d uptake phase on field-

contaminated soils, and a slow decrease in the 21-d elimination phase (Giska et al., 

2014). 

In our study, the internal Pb concentrations decreased fast once the enchytraeids 

were transferred to clean soil, which, however, did not go back to the initial Pb 

concentrations even though they were only exposed for a short period in the spiked soil. 

Exposure time in the contaminated soil had a great impact on Pb assimilation in E. 

crypticus, but it did not affect the pattern of Pb excretion. Although E. crypticus has the 

ability to excrete most of the assimilated Pb, a fraction of the accumulated Pb was fixed 

in a detoxified inert form, in this way preventing the interaction with vital biological 

targets in the organism. The body Pb concentration after 7 d post-exposure in the Pb-

free soil increased with increasing exposure time in the polluted soils and levelled off 

to reach a maximum level. This may be explained from the fact that exposure time in 

the contaminated soils may influence metal sequestration in the organisms, even though 

the ability of metal fixing may have its limitation as it has an energetic cost. Spurgeon 

and Hopkin (1999) also observed that not all the assimilated Pb in Eisenia fetida could 

be excreted when transferred from polluted soils to clean soil for 100 d.  

Instead of the traditional two-stages model, in this study a three-stage model was 

used to describe Pb accumulation and elimination of E. crypticus (Figure 4.1). The 

estimated kus (0.06-0.19 kgsoil/kgworm/day) are comparable with the values of 0.08-0.25 
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and 0-0.3 kgsoil/kgworm/day reported for E. crypticus exposed to Pb-spiked soils or 

contaminated soils with different properties (Peijnenburg et al., 1999b; Zhang and Van 

Gestel, 2017b). The tss (3.59-7.31 d) were higher than the value of 1.9 d for L. rubellus 

exposed in Ni-spiked soil, but lower than the value of 7.06 d for E. fetida exposed in 

Cu contaminated soil, reported by Laskowski et. al (2010). It suggests that a more 

complex detoxification mechanism may exist as organisms exposed to high 

concentrations need some time to switch their physiology to be more efficient in metal 

handling. The elimination rate at the beginning of the uptake phase, therefore, would 

be lower than the value after the switch time point. In this study, the calculated ke1 

(0.61-1.00 d-1) and ke2 (0.77-1.59 d-1) values for Pb elimination in the first and second 

stage differed only 1.5-fold. Laskowski et. al (2010) reported a 4.5-fold difference 

between the two elimination rate constants for Cu in E. fetida. In general, the 

detoxification pathway of a metal is organism-specific (Crommentuijn et al., 1994). 

When the three-stage kinetics model was used to fit the data from the highest exposure 

concentration (2885 mg Pb/kg dry soil), ke1 and ke2 were estimated to be 0.76 and 0.77 

d-1, respectively, indicating that no switch in the elimination process existed at this 

exposure concentration. This agrees with the study of Zhang and Van Gestel (2017b) 

who found that similar elimination patterns (two stages) and elimination rate constant 

(0.75 d-1) for enchytraeids exposed to high soil Pb concentrations. As toxicants can 

cause damage through inducing an unnecessary response or inhibiting a natural 

response, irreversible injury may occur when the damage is severe enough or the 

biological target is critical. Therefore, irreversible damage could occur when 

enchytraeids were exposed to very high soil Pb concentrations, leading to an inhibition 

of the switch in elimination mechanisms. 

Ranging from 0.10 to 0.20, the estimated inert fraction Fi suggested that 

enchytraeids might have a storage system for Pb detoxification. Earthworms seemed to 

have high Pb storage capacity with 60-100% of body Pb concentration remaining after 

excretion in clean soil (Giska et al., 2014; Zhang et al., 2015). For E. crypticus, the Pb 

fixation is time dependent as higher final internal concentrations were observed when 

animals were exposed to the spiked soils for longer periods of time. However, as only 

few studies on Pb storage with time are available, little information on the Pb storage 

capacity in enchytraeids could be found in the literature. 
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In this study, LC50 based on external Pb concentration in soil decreased with 

exposure time from 2916 mg Pb/kg dry soil at 7 d to 733 mg Pb/kg dry soil at 21 d with 

an estimated ultimate LC50 value of 338 mg Pb/kg dry soil. These results are consistent 

with the findings of our previous study (Zhang and Van Gestel, 2017b). At lower 

concentrations ( ≤ 1424 mg Pb/kg dry soil), survival of the enchytraeids decreased 

with exposure time, but they were able to recover almost immediately following 

transfer to clean soils, showing no mortality during the post-exposure periods. At 

concentrations higher than 1424 mg Pb/kg dry soil, delayed lethal effects were observed 

during 7 d post-exposure in clean soil. An exposure duration of just one day in spiked 

soils caused 10% mortality and 14 d exposures of E. crypticus were sufficient to cause 

90% mortality after a post-exposure period of 7 d. As an endpoint, survival is less 

sensitive than other endpoints, such as reproduction and growth (Luo et al., 2014; 

Zhang and Van Gestel, 2017a). This is one possible reason why such delayed effects 

were only observed at high exposure concentrations. In the natural environment, 

exposure to lower metal concentrations may result in sublethal effects on organisms. 

Further study is required to investigate the delayed effects on the basis of sublethal 

endpoints.  

Our results suggest that when exposure concentrations are sufficiently high, even 

a short-term exposure in Pb-contaminated soils may inflict significant irreversible 

damage in E. crypticus, leading to lethal effects (delayed toxicity) after transfer into 

clean soils. Studies on delayed effects after short-term exposure to a toxicant in 

terrestrial ecosystems are rare. Brent and Herricks found that Ceriodaphnia dubia and 

Hyalella azteca exposed to Cd and Zn for 15 to 240 mins exhibited delayed effects that 

resulted in increasing immobility during post-exposure periods. C. dubia could, 

however, recover from phenol exposure. The differences between EC50immobility derived 

from the shortest and the longest post-exposure period differed for different exposure 

times, ranging from 1 to up to >100-fold when C. dubia and H. azteca were exposed to 

Cd and Zn followed by post-exposure in clean water (Brent and Herricks, 1998). In 

present study, similar results were observed with LC50, estimated for the elimination 

phase and based on external Pb concentration, also decreasing with post-exposure time. 

In our study, LC50 varied by a factor of 1.05 to 1.27 for different exposure durations 

in spiked soil, indicating that the delayed effects continued to be expressed during the 

post-exposure period and lead to an underestimation of Pb toxicity. Thus, exposure time 
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in contaminated soils has an influence on this delayed effect and a post-exposure 

observation may be necessary for ecotoxicity testing because of the possible presence 

of delayed effects.  

In general, the delay toxic effect of a toxicant is dependent on test species, 

exposure concentration and exposure time in contaminated soils. The incipient LC50 

value, independent of exposure time, could predict metal effects of long-term exposure 

more accurately than the short-term LC50 (Pesch et al., 1979). Thus, the incipient LC50 

values estimated for the uptake and elimination phases in this study might provide safe 

limits for Pb exposure concentrations to which enchytraeids can be exposed without 

delayed effects. 

In our previous study, toxic effects (mortality; toxicodynamics) appeared to be 

delayed compared to the development with time of internal concentrations 

(toxicokinetics)., This was also found in present study as the biological half-life of Pb, 

calculated from ke1 and ke2 (relating to toxicokinetics) being 0.44-1.64 d were much 

lower than that (43.3 d) based on kd (relating to toxicodynamics). Thus, the time-course 

pattern of internal Pb concentrations could not explain the time-course of the 

occurrence of toxic effects in the uptake phase. Furthermore, mortality of E. crypticus 

increased with decreasing body Pb concentration for high external exposure 

concentrations in the elimination phase, confirming the presence of delayed toxic 

effects. In toxicokinetics, internal metal concentration changes with exposure time, 

including processes of accumulation, distribution, biotransformation and elimination. 

In toxicodynamics, the part of assimilated metal is stored in a non-toxic form 

biologically detoxified by metallothioneins and metal-rich granules, and a portion of 

body concentration was distributed over the different organs and tissues in the organism, 

resulting in damage with certain damage accrual and recovery and it takes some time 

before a severe hazard on a vital target organ or tissue which is irreversible, leading to 

toxic effects (mortality) (Jager et al., 2011; Van Straalen et al., 2005). Thus, even 

though E. crypticus had the ability to excrete Pb in the elimination phase, the damage 

induced by body Pb concentrations exceeding a threshold (lethal body concentration) 

in the uptake phase might have been too severe and cause a delay in the onset of 

mortality. LC50 based on internal concentrations (LC50inter) was suggested to be a 

better measure of metal toxicity than external concentration (He and Van Gestel, 2013; 

Topuz and Van Gestel, 2015). However, this was not the case in this study when body 
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concentration of surviving enchytraeids in both uptake and elimination phase were 

considered, since the delay in toxicity may had a strong influence on LC50inter.  

4.4 Conclusions 

A three-stage one-compartment model gave a good description of body Pb 

concentrations in E. crypticus, and did fit the observed initial overshoot in internal Pb 

concentrations. Pb can cause delayed mortality of E. crypticus at relatively high 

exposure concentrations. Time-course bioaccumulation, therefore, could not explain 

time-course toxicity, making that LC50 based on internal concentrations no longer was 

a suitable indicator of Pb toxicity in E. crypticus. Exposure time, as an important factor, 

has great impacts on Pb accumulation, toxicity and its delayed effects. This study 

suggests that ecotoxicological tests with a specific exposure time to predict metal 

toxicity for risk assessment must incorporate a post-exposure observation to avoid an 

underestimation of metal toxicity because of the presence of delayed effects.  
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Supplementary data 

 

 
Figure S4.1. Effects of Pb(NO3)2 on the survival of Enchytraeus crypticus at different exposure 
times in natural LUFA 2.2 soil. Pb concentrations are expressed as total Pb concentrations in the 
soil (A) and internal Pb concentrations in surviving animals (B). Dots represent the measured 
concentrations, and lines show the fit of a logistic dose-response curve.  

 
 
 
Table S4.1. Mean total Pb concentrations in mg/kg dry soil measured in LUFA 2.2 natural standard 
soil spiked with different concentrations of Pb(NO3)2. All values are the mean of two replicate 
samples; the two replicate values did not differ more than 8.9% from each other. 

Nominal Pb 
concentration 

0 400 600 800 1600 2400 3200 

Measured total Pb 
concentration 

8 366 535 724 1424 2114 2851 
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