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Abstract
Nano zero-valent iron (nZVI) is one of the most paramount nanoparticles (NPs) applied in environmental remediation, leading to
great concerns for the potential impacts on soil ecosystem health. The objective of this study was to link toxicokinetics and
consumer–resource dynamics in the Caenorhabditis elegans–Escherichia coli (worm–bacteria) ecosystem. The biokinetic pa-
rameters of bacteria and worms were obtained from toxicokinetic experiments and related published literature. Biomass dynam-
ics of bacteria and worms were estimated by employing the modified Lotka–Volterra model. Dynamics of bacteria and worm
biomass, internal concentrations of nZVI, bioconcentration factors (BCFs), and biomagnification factors (BMFs) were simulated
based on the consumer–resource dynamics. Results showed that the biomass of worms steadily increased from 22.25 to 291.49 g
L−1, whereas the biomass of bacteria decreased from 17.17 to 4.70 × 10−8 g L−1 after 96-h exposures of nZVI. We also observed
ratios of nZVI concentrations in worms and bacteria increased from 0.06 to 26.60 after 96 h. Moreover, decrements of the
bioconcentration factor of E. coli (BCFE) values from 0.82 to 0.03 after 96 h were observed, whereas values of BMFs increased
from 0.06 to 57.62 after 96 h. Internal concentrations of nZVI in worms were found to be mainly influenced by the ingestion rate
of bacteria by worms, and the biomass conversion of bacteria had the lowest effect. Implementation of the integrated bioaccu-
mulation–consumer–resource model supports the hypothesis that the C. elegans–E. coli dynamics of internal nZVI concentra-
tions could be effectively associated with the predator–prey behavior and was dominated by the same physiological parameter in
the two biological systems.
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Introduction

Nano zero-valent iron (nZVI) has been widely applied in the
field of environmental remediation for contaminated ground-
water and soils for its low cost and high efficiency (Fajardo
et al. 2012; Gil-Díaz et al. 2014; Gomes et al. 2013; Němeček
et al. 2014; Wang and Zhang 1997). However, the long-term
impacts of nZVI on environmental and human health have
raised comprehensive concerns for the ongoing release of
large amounts of nZVI into soil ecosystems (Auffan et al.

2008; Barnes et al. 2010; El-Temsah and Joner 2012; Kadar
et al. 2012; Keenan et al. 2009; Keller et al. 2012; Ma et al.
2013; Pawlett et al. 2013; Saccà et al. 2014). Although the
potential toxicities of nZVI have been assessed in various
ecological indicators and human cell line models (Chen
et al. 2013; Keenan et al. 2009; Keller et al. 2012), little is
explored in the predictive toxicology field for the nZVI-
stressed population dynamics in soil ecosystems based on a
mechanistic prospective.

Given the increasing knowledge in nanotoxicology of
nZVI, population responses posed by nZVI toxicity such as
the predator–prey dynamics should be rigorously estimated to
provide a clear understanding of critical toxic effects spanning
over different ecological layers of biological organizations
(Vinken 2013). The invertebrate Caenorhabditis elegans is a
bacterivorous and soil-dwelling nematode that is ideal for
employing as a model organism in assessing the consumer–
resource interactions in soil ecosystems because of its
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important role in benthic food webs (Schiemer 1975;
Traunspurger et al. 1997). C. elegans is also a well-
characterized and effective model organism in appraising ef-
fects of environmental drivers such as nanotoxicity in physi-
ological and ecological interactions in soil ecosystems
(Freeman et al. 2000; Peredney and Williams 2000; Roh
et al. 2009).

To elucidate impacts of nZVI accumulations on the
predator–prey population dynamics of the C. elegans–
Escherichia coli (worm–bacteria) system, a model linking
the biokinetics and the consumer–resource dynamics was de-
veloped based on results of nZVI toxicity-based toxicokinetic
(TBTK) assessment (Yang et al. 2017). The objectives of this
study were threefold: (1) to explore mutual effects between
biokinetics and consumer–resource dynamics of nZVI accu-
mulations in C. elegans and E. coli, (2) to analyze the popu-
lation dynamics of soil communities posed by nZVI toxicity,
and (3) to implicate the utilization of the integrated bioaccu-
mulation–predator–prey model in field application for better
environmental management in soil ecosystems.

Materials and methods

Physiochemical characterizations of nZVI

Characterization of nZVI had been performed and described
specifically in the previous study (Yang et al. 2016). Briefly,
the nZVI was synthesized in the presence of carboxymethyl-
cellulose (CMC) to ensure well-distributed solutions without
much agglomerations and aggregations of NPs (He and Zhao
2007). Medaka embryo-rearing medium (ERM) was used as
the medium during synthesis. Based on measurements of the
dynamic light scattering (DLS) machine, the size distribution
of the CMC-coated nZVI was estimated by fitting to a lognor-
mal (LN) function (r2 = 0.99) with a geometric mean (gm) of
10.46 nm and a geometric standard deviation (gsd) of 1.14.
The dynamic behaviors of CMC–nZVI in the ERM were also
comprehensively characterized in previous studies. The pH
values were found to change from 7.5 to 6 after 1000-min
exposure. Dissolved oxygen (DO) increased from 0 to 5 after
1000-min exposure. Oxidation reduction potential (ORP)
changed from 0.22 to 0.1 Vafter 1000 min (Chen et al. 2012).

Study data

Study data related to the relationships between nZVI concen-
trations and time-dependent bioaccumulations in C. elegans
were obtained from the published study of Yang et al. (2017).
Briefly, synchronized L1 larvae of wild-type C. elegans were
treated with 50, 100, 250, and 500 mg L−1 carboxymethylcel-
lulose (CMC)-coated nZVI. The exposure medium was dis-
persed in the medaka embryo-rearing medium (ERM)

supplemented with E. coli OP50 (optical density (O.D. =
1.1)) in the dark at 20 °C. To more clearly perceive the inter-
actions among the C. elegans–E. coli–CMC–nZVI system,
morphologies of worms exposed to 50, 100, and 500 CMC–
nZVI after 96-h exposure and appearances of adherences of
CMC–nZVI to worms or bacteria biomass were observed via
microscope (Leica, Wetzlar, Germany) on the nematode-
growth media (NGM) plates. For the toxicokinetic assess-
ment, worms were exposed to CMC–nZVI for 5 days in the
uptake phase and transferred to clean nematode-growth medi-
um (NGM) agar plates for 2 days in the phase of depuration.

Exposure scenario

In the bioaccumulation–consumer–resource dynamic model,
the exposure scenario of the C. elegans–E. coli system posed
by various concentrations of CMC–nZVI was adjusted based
on the in situ conditions (Cook 2009). Bacteria were supple-
mented as food sources to worms every day since typically
after 20–24 h exposure, cultivated bacteria move from the
stationary phase to the death phase that only several cells
remain viable in the bacteria growth curve (Cowan and
Bunn 2016). The worms were set to encounter fresh (non-
exposed) bacteria at the time points of 23, 47, 71, and 95 h
by considering decay of bacteria from 20 to 24, 44 to 48, 68 to
72, and 91 to 95 h, respectively, since exposure. Time points
of injections of CMC–nZVI into soil ecosystems were once a
day and aligned with the supplemental time of bacteria to
ensure enough food sources for worms in simulation
durations.

Model description

The original predator–prey models deduced by Lotka (1925)
and Volterra (1931) have been modified in numerous ways,
among which Holling (1959) has improved the model by ap-
plying the notion of a predator functional response.

The basic predator–prey model has the structure shown in
Eqs. (1) and (2) (Table 1) where N represents the prey density,
P the predator density, f(N) the per capita prey growth rate in
the absence of predators, and ε the efficiency of a predator in
converting consumed prey into predator offspring. The func-
tion g(N,P) is the functional response that is Holling type II
prey dependent if g(N,P) = g(N) (Holling 1959). As charac-
terized by functional response of Holling type II, g(N,P) is the
rate at which a predator consumes prey, followed by the as-
sumption that the predator is limited by its capacity to process
the prey as food (Holling 1959).

Equations (1) and (2) could be extended to describe
consumer–resource dynamics of C. elegans and E. coli
OP50 as described in Eqs. (3) and (4) (Table 1) where γe is
the growth rate of bacteria (h−1), K is the bacteria carrying
capacity (g L−1), B(t) is the bacteria biomass as a function of
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time (t) (g L−1),W(t) is the worm biomass as a function of time
(t) (g L−1), D is the half saturation for bacteria ingestion (g
L−1), f is the biomass conversion rate for bacteria ingested by
worms (dimensionless), g is the ingestion rate of bacteria by
worms (g g−1 h−1), and μC is the death rate of worms (h−1).
The (B/(B + D))W terms represent the conversion of energy
from bacteria to worms that g(B/(B + D))W is taken from the
bacteria and fg(B/(B + D))W augments to worms.

To quantitatively analyze the predator–prey dynamics of
the C. elegans–E. coli ecosystem, we refined the dynamic
model to describe CMC–nZVI accumulations in bacteria
and worms by adopting the concept of consumer–resource
dynamics in Eqs. (3) and (4).

The final accumulation model can be described in Eqs.
(5) and (6) (Table 1) where CE(t) is the time-dependent
CMC–nZVI concentration in bacteria tissue (g L−1), t is
the time of exposure (h), CW is the CMC–nZVI concen-
tration in water (μg g−1), k1E is the uptake rate constant
from waterborne phase by bacteria (g g−1 h−1), k2E is the
depuration rate constant for CMC–nZVI in bacteria (h−1),
CC(t) is the time-dependent CMC–nZVI concentration in
worms (g L−1), k1 is the uptake rate constant from the
waterborne phase by worms (mL g−1 h−1), k1f is the up-
take rate constant from bacteria by worms (g g−1 h−1),
BCFE is the bioconcentration factor for CMC–nZVI in
bacteria (L kg−1), k2 is the depuration rate constant for
CMC–nZVI in worms (h−1), k2f is the depuration rate
constant for CMC–nZVI from food in worms (h−1), and
BMFC is the biomagnification factor for CMC–nZVI in
worms (dimensionless).

Numerical analysis

Equations (3)–(6) are nonlinear and first-order systems
of coupled differential ordinary equations. The

numerical integration scheme was employed to solve
the dynamic systems Eqs. (3)–(6) based on the
Runge–Kutter–Verner 4th-order method provided by
Berkeley Madonna 8.0.1 (Berkeley Madonna was devel-
oped by Robert Macey and George Oster of the
University of California at Berkeley). Equations (3)–(6)
have been rigorously solved by numerical analysis
based on biokinet ic parameters obtained from
toxicokinetic assessment (Yang et al. 2017) as well as
parameters in related published literature.

Parameterization of the consumer–resource dynamic
model

Values of parameters applied in the consumer–resource
dynamic model are compiled in Table 2. Physiological
parameters such as biomass conversion efficiency for
ingested bacteria ( f ), bacteria growth rate (re), worm
death rate (μC), and ingestion rate of bacteria by worms
(g) were adopted from related published literature. The
carrying capacity of E. coli OP50 (K) was referred to
the experimental result of bacteria density in saturated
state (O.D. = 2.52) (Milo et al. 2010). The half-
saturation biomass for bacteria ingestion (D) was deter-
mined based on the meta-analysis of empirical regres-
sions that ratios between half-saturation biomass and
carrying capacity were approximately 1/10 (Mulder and
Hendriks 2014).

Model simulation

Simulations of predator–prey models were performed by
Berkeley Madonna 8.0.1. Phase-space plot for popula-
tion equilibrium of bacteria and worms was derived by
using the language R (Version 3.5.1, The R Foundation

Table 1 Model equations used in the present study (see text for the symbol meanings)

Equation

Basic predator–prey model
dN
dt ¼ f Nð ÞN−g N ;Pð Þp; (1)
dP
dt ¼ εg N ;Pð ÞP−μP; (2)

Consumer–resource dynamics of C. elegans and E. coli OP50
dB tð Þ
dt ¼ re 1− B 1ð Þ

K

� �
B tð Þ−g B tð Þ

B tð ÞþD

� �
W tð Þ; (3)

dW tð Þ
dt ¼ f g

B tð Þ
B tð ÞþD

� �
W tð Þ−μCW tð Þ; (4)

CMC–nZVI accumulation model in bacteria and wormsa

dCE tð Þ
dt ¼ k1ECW− k2E þ k1 f

W tð Þ
B tð Þ

� �
BMFC

� �
CE tð Þ; (5)

dCC tð Þ
dt ¼ k1 þ k1 f

B tð Þ
B tð ÞþD

� �
BCFE

� �
CW− k2 þ k2 f þ f g

B tð Þ
B tð ÞþD

� �� �
CC tð Þ; (6)

Sensitivity ratio

SR ¼ ΔC=Co
Δx=xo : (7)

a Adapted from Yang et al. (2017)
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for Statistical Computing). Dynamic responses of bio-
mass, BCFE, BMFC, and ratios of internal CMC–nZVI
concentrations of worms and bacteria were simulated in
exposure scenarios of 50, 100, 500, and 1000 mg L−1

CMC–nZVI.

Sensitivity analysis

Sensitivity analysis could determine the effects of differ-
ent variables and the interactions among them with mini-
mum numbers of runs (Box et al. 1978; Berthouex and
Brown 1994). A sensitivity analysis was performed to
identify the influences of variables in the algorithm on
internal concentrations of CMC–nZVI in worms after
24-h exposure. The sensitivity of each physiological pa-
rameter was examined by increasing values of each pa-
rameter by 10% to iterate the model simulation and to
identify significant changes in the modeled internal con-
centrations. The sensitivity ratios (SRs) were calculated as
Eq. (7) (Table 1), where ΔC is the difference between the
resulting and original internal concentrations of CMC–
nZVI in worms and Δx is the difference between the
resulting and initial values of physiological parameters.
The overall bioaccumulation–predator–prey model

framework and implementations of this study are illustrat-
ed in Fig. 1.

Results

Interactions
among the consumer–resource–CMC–nZVI system

Figure 2 shows the morphologies of worms exposed to
various concentrations of CMC–nZVI after 96 h and the
appearances of the interactions among the C. elegans–
E. coli–CMC–nZVI system on the NGM plates. Results
showed that adherences of Fe-oxide precipitations to bac-
teria or worm biomass could be observed in higher expo-
sure concentrations of 100 and 500 mg L−1 CMC–nZVI,
indicating the important role of C. elegans–E. coli–CMC–
nZVI interactions in influencing internal concentrations of
CMC–nZVI in C. elegans (Fig. 2c, d). In addition,
500 mg L−1 CMC–nZVI was found to be a lethal concen-
tration to C. elegans since residues of worm corpses could
be detected on the plate after 96-h exposure, revealing
that without constant supplements of bacteria as food
sources, the simulation duration of higher than 96 h may

Table 2 Parameter values used in the prey–predator population dynamic model

Parameter Symbol Value Reference

Bacteria biomass as a function of time t B(t) (g L−1) Varied –

Worm biomass as a function of time t W(t) (g L−1) Varied –

Time-dependent CMC–nZVI concentration in bacteria CE(t) (μg g−1) Varied –

Time-dependent CMC-nZVI concentration in worms CC(t) (μg g−1) Varied –

CMC-nZVI concentrations in water Cw (μg g−1) 100 This study

Initial bacteria biomass Bi (g L−1) 17.17 ± 24.17 This study

Initial worm biomass Wi (g L−1) 22.25 ± 19.33 This study

Growth rate of bacteria re (h
−1) 0.91 Li et al. (2014)

Ingestion rate of bacteria by worms g (g g−1 h−1) 0.0142 Spann et al. (2015)

Biomass conversion rate for bacteria ingested by worms f (g g−1) 10 Margerit et al. (2016)

Death rate of worms μC (h−1) 0.0041 Wu et al. (2008)

Bacteria carrying capacity K (g L−1) 2.52 Milo et al. (2010)

Half saturation for bacteria ingestion D (g L−1) 2.52 Mulder and Hendriks (2014)

Uptake rate constant of bacteria k1E (g g
−1 h−1) 0.829 ± 0.520 Yang et al. (2017)

Elimination rate constant of bacteria k2E (h
−1) 0.010 ± 0.018 Yang et al. (2017)

Uptake rate constant for waterborne CMC–nZVI by worms k1 (mL g−1 h−1) 0.046 ± 0.034 Yang et al. (2017)

Elimination rate constant for waterborne CMC–nZVI by worms k2 (h
−1) 0.001 ± 0.015 Yang et al. (2017)

Uptake rate constant for foodborne CMC–nZVI by worms k1f (g g−1 h−1) 0.082 × 10−3 ± 0.034 × 10−3 Yang et al. (2017)

Elimination rate constant for foodborne CMC–nZVI by worms k2f (h
−1) 0.016 ± 0.013 Yang et al. (2017)

Bioconcentration factor of bacteria BCFE (L kg−1) 82.90 Yang et al. (2017)

Biomagnification factor for foodborne CMC-nZVI by worms BMFC (–) 6.03 × 10−5 Yang et al. (2017)
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not be feasible for worms or bacteria exposed to higher
concentrations of CMC–nZVI (Fig. 2d).

Biomass dynamics of C. elegans and E. coli

The dynamic simulations of bacteria and worm biomass are
shown in Fig. 3. Although there was a daily supplement of
bacteria in the model simulation, the biomass of bacteria de-
creased from 17.17 to 4.7 × 10−8 g after 96 h (Fig. 3a). Also,
there was a decreased pattern of bacteria biomass before every
time point of bacteria supplements that the biomass of bacteria
was 1.73, 0.09, and 2.05 × 10−5 g L−1 at 23, 47, and 95 h,
respectively (Fig. 3a). However, there were continuous incre-
ments of worm biomass accompanied with daily supplements
of fresh bacteria that worm biomass increased from 22.25 to
291.49 g after 96 h (Fig. 3b). Results also showed that bio-
mass of worms continuously increased after bacteria supple-
ments at 47 and 71 h, and decreased before time points of next

supplement due to the continuous decrements of bacteria in
the simulation period (Fig. 3).

Population equilibrium of bacteria and worms

As shown in the phase-space plot of bacteria and worms, two
equilibrium points were identified when bacteria biomass (B)
were 0 and 2.52 g L−1 (Fig. 4). However, it could be observed
that the population equilibrium of bacteria and worms was
achieved when B = 2.52 g L−1 based on results of trajectories
and the ultimate directions of three points with different initial
biomass of bacteria and worms (Fig. 4).

Simulations of internal concentrations of CMC–nZVI

Ratios between internal concentrations of CMC–nZVI in bac-
teria (CB) and worms (CC), which is also the definition of the
biomagnification factor of C. elegans, were simulated in each
exposure concentration (Fig. 5). Results showed that ratios

Impact of consumer-resource dynamics in 
C. elegans-E. coli system exposed to nano zero-valent iron

Experimental data

Bioaccumulation model

Integrated bioaccumulation-consumer-resource dynamic model

Parameters applied for the dynamic model:
Initial worm biomass (W)           

Initial bacteria biomass (B)
CMC-nZVI concentrations in water (Cw)

Growth rate of bacteria (re)
Grazing rate of bacteria by worms (g)

Biomass conversion rate for bacteria 

ingested by worms (f)
Death rate of worms (µm)

Bacteria carrying capacity (K)
Half-saturation for bacteria ingestion (D)

Dynamics of bacteria 
and worm biomass

Population dynamics
a

Dynamic responsesb

Dynamics of biomagnification
factor (BMF) and bioconcentration 

factor (BCF)

Sensitivity analysisc
Integrated bioaccumulation-consumer-resource dynamic model

and CMC-nZVI body burdens in C. elegans

Implementations
Model application to soil environment
Risk assessment practice

d

Fig. 1 Schematic showing
framework of integrated
bioaccumulation–predator–prey
model of CMC–nZVI for
C. elegans in soil ecosystems. (a)
Construction of consumer–
resource dynamic model based on
parameterization from experi-
mental data-derived bioaccumu-
lation model and related pub-
lished literature, (b) simulated
dynamic responses of biomass,
BCF, and BMF forC. elegans and
E. coli OP50 and (c) sensitivity
analysis of constructed model to
CMC–nZVI body burdens in
C. elegans, and (d) implications in
model implementation and risk
assessment
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between CC and CB were not influenced by exposure concen-
trations of CMC–nZVI, and a time-dependent increment of
ratios (0.03 to 26.60 from 23 to 95 h) could be observed due

to exhaustions of bacteria biomass and decrements of CMC–
nZVI concentrations in bacteria during the exposure period
(Fig. 5a, b). Consistent with results in Fig. 5a, b, a sudden
increase of CC and CB ratio from the time point of bacteria
supplements from 71 to 95 h was found, revealing the time-
dependent dynamics of CC and CB ratio due to the decreasing
patterns of biomass and internal concentrations of CMC–
nZVI in bacteria (Fig. 5c).

Dynamic simulations of BCFE, and BMFC

In accordance with the result of dynamic behavior of
bacteria biomass, the bioconcentration factor of E. coli
OP50 (BCFE) showed a pattern of time-dependent dec-
rement during 96-h exposure, where the BCFE values
decreased from 0.82 to 0.03 from 0 to 96 h (Fig. 6a).
Also, values of BCFE illustrated a decrease pattern at
each time point of bacteria supplements (BCFE = 17.03,
17.03, 15.31, and 0.06 at 23, 47, 71, and 95 h of ex-
posure, respectively) (Fig. 6a). Figure 5b also shows
dynamic behaviors of the biomagnification factor of
C. elegans (BMFC) that the values exhibited an increas-
ing pattern from 0.06 to 56.62 after 96 h exposure.
Also, a continuous increasing trend of BMFC values
after every time point of bacteria supplements could
be observed, with values of 0.63, 1.05, 1.51, and
57.62 at 25, 49, 73, and 96 h, respectively (Fig. 5b).

Sensitivity analysis

Among all physiological parameters, the half saturation
for bacteria ingestion (D) was the only parameter that
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has a positive value of the sensitivity ratio (SR), indi-
cating its positive influence on internal concentrations of
CMC–nZVI in worms (Fig. 7). Results also revealed
that the absolute value of the ingestion rate of bacteria
by worms (g) exhibited the highest SR = 1036.41,

followed by death rate of worms (μC) (SR = 79.02),
carrying capacity (K) (SR = 4.73) and growth rate of
bacteria (re) (SR = 3.96), and biomass conversion rate
for bacteria ingested by worms ( f ) (SR = 2.01) for
CMC–nZVI concentrations in worms after a 24-h simu-
lation (Fig. 7).
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Discussion

Field applications of nZVI

The first field application of nZVI was in 2000. These nano-
particles remained active in the soil for up to 8 weeks (Sarkar
et al. 2019). With the tremendous potential in a wide range of
environment remediation, the nZVI-based in situ remediation
nanotechnology had been conducted or tested at the pilot or
field scale at more than 58 nZVI sites, of which 36 were in the
USA by 2009 (Karn et al. 2009). In recent years, Bardos et al.
(2014) identified around 70 projects documented worldwide
at the pilot or full scale. Injection concentrations of nZVI
could be ranged from 1000 to 300,000 mg L−1 (Gavaskar
et al. 2005; Mueller et al. 2012). Past field-scale treatments
of pesticide- and high explosives-contaminated soil have used
up to 5% (w/w) nZVI (Comfort et al. 2001, 2003).

The nZVI for field applications is typically injected at a soil
depth of 3–10 m in suspensions that ranged from 0.2 to 300 g
L−1 (El-Temsah and Joner 2012; He et al. 2010; O’Carroll
et al. 2013). Naja et al. (2008) showed that 6 min was suffi-
cient to degrade 82 mmol L−1 RDX (hexahydro-1,3,5-trinitro-
1,3,5-triazine) using 300 mg L−1 of CMC–nZVI. Zhang et al.
(2018) observed that CMC–nZVI could obviously improve
the remediation rate of hexavalent chromium-contaminated
soil at the dosage of 2.5 g kg−1. Overall, the reported cases
and the high injection concentrations indicated the changes of
environmental conditions and the potential risks to microbial
species and diversity.

Predator–prey dynamics posed by CMC–nZVI toxicity

C. elegans exhibit robust behaviors such as food searching
and freely reside in soils, pore water, and sediments (Gray
et al. 2005; Hedgecock and Russell 1975). Lee et al. (2017)
reported that the foraging behavior of C. elegans was modu-
lated by the indole-producing bacteria such as E. coli. The

predator–prey interaction between C. elegans and bacteria
was associated with indole-sensing olfactory neurons in
C. elegans, demonstrating that the bacteriovorous nematode
displays vertebrate-like odor receptors to locate bacteria in
soils (Choi et al. 2016; Lee et al. 2017). However, since cyto-
toxicity and bactericidal activities of nZVI have been demon-
strated in several studies (Auffan et al. 2008; Barnes et al.
2010; Chaithawiwat et al. 2016; Fajardo et al. 2012; Keenan
et al. 2009; Lee et al. 2008; Lefevre et al. 2016), the indole-
producing pathway of E. coli OP50 could be affected by the
exposure of CMC–nZVI, resulting in the bacteria as a less
desirable food source for C. elegans.

In accordance with experimental results, BMFC dynamic
values were all smaller than 1 (Yang et al. 2017).
Bhuvaneshwari et al. (2017) demonstrated that BMF values
in the algae–daphnia ecosystem were 0.142 and 0.188 in two
kinds of CMC–nZVI coatings. On the other hand, Pawlett
et al. (2013) demonstrated that CMC–nZVI toxicity resulted
in significant decrements of microbial biomass of gram-
negative bacteria. Tilston et al. (2013) also observed that
nZVI in high concentration of 10 g kg−1 were capable of
triggering drastic shift in aquifer indigenous microbial com-
munity structure in soils, implicating that the predator–prey
dynamic behavior of the C. elegans–E. coli OP50 ecosystem
will be disrupted if higher concentrations and amounts of
CMC–nZVI are applied in soil or groundwater remediation.

Consumer–resource systems display inherent tendency of
population cycles (Lotka 1925; Volterra 1926). In the scenario
of in situ remediation by CMC–nZVI in groundwater and
soils, CMC–nZVI could be injected or pumped into soil eco-
systems frequently, resulting in increments of more CMC–
nZVI-contaminated soil bacteria. Therefore, although simulat-
ed bacteria biomass was degraded to 2.29 g L−1 after 24 h, we
hypothesize that more bacteria population without CMC–
nZVI contamination will encounter freshly injected CMC–
nZVI, leading to more CMC–nZVI accumulations in the bac-
teria population associated with biomass cycling of the
C. elegans–E. coli predator–prey system.

Farming behavior-associated CMC–nZVI
bioaccumulations in C. elegans

Thutupalli et al. (2017) demonstrated that the farming behav-
ior of C. elegans was attributed to the sticky skin of worms
when crawling through a bacterial patch. It was also found that
the foraging behavior of C. elegans leads to redistribution of
bacterial resource, implicating that the CMC–nZVI-bound
E. coli OP50 could be redistributed, resulting in a higher con-
tact rate and bioaccumulation of CMC–nZVI-contaminated
bacteria in C. elegans (Thutupalli et al. 2017). Furthermore,
since E. coli OP50 is a gram-negative bacteria in which the
outer membrane is negatively charged, the oxidized forms of
CMC–nZVI with a positive charge will be more easily
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adhered to cell membranes, leading to more CMC–nZVI-con-
taminated E. coli OP50 redistributions in soil ecosystems
(Djurišić et al. 2015).

Moreover, Thutupalli et al. (2017) also suggested that the
farming behavior of C. elegans is not only limited to the
worm–bacteria dynamics but also shares similarities with
spreading processes of epidemiology and biological interac-
tions such as disease epidemics, seed dispersal, and engineer-
ing of organisms’ habitatsSubasinghe et al. (2001) found that
fish farming behavior was associated with reservoirs of poten-
tial coral disease pathogens and the prevalence of coral
d i sease . Lassuy (1980) demons t ra ted tha t bo th
Eupomacentrus lividus and Hemiglyphidodon plagiometopon
weeded out macroalgae from their territories and were fed as
generalists upon the remaining species, affecting species di-
versity and the evenness of the respective algal communities.
The dynamics in farming behavior were also observed to in-
fluence the dispersal of seeds or the carrying of commensal
infectious agents by mobile vectors (Brockmann et al. 2006;
Hallatschek and Fisher 2014).

Therefore, due to the evidenced farming behavior of
C. elegans in bacteria foraging, the predator–prey interactions
between worms and bacteria could plausibly facilitate the
spread and bioavailability of CMC–nZVI in soils by dispers-
ing new E. coli colonies (Thutupalli et al. 2017). Although
CMC–nZVI toxicity could potentially affect the indole-
producing pathway of E. coli OP50, making it undesirable
as a food source for C. elegans, the foraging behaviors of
C. elegans and physiochemical interactions between E. coli
and CMC–nZVI are capable of accumulating more CMC–
nZVI-contaminated E. coli OP50 in worms via foodborne
pathway in soil ecosystems (Djurišić et al. 2015; Thutupalli
et al. 2017).

Sensitivity analysis

The conventional bioaccumulation models typically consider
chemical uptakes via waterborne or foodborne route based on
detailed examination and understanding of chemical uptake
and depuration in individual organisms (Campfens and
Mackay 1997; Gobas 1993; Thomann et al. 1992).
However, these models often assume constant feeding and
growth rates in subjected organisms, which could be implau-
sible under varying species abundances (Jackson 1996). The
consumer–resource model constructed in this study provides
an approach to link biokinetic parameters to physiological
parameters such as feeding and growth rates that affect
CMC–nZVI accumulations in the nematode–bacteria preda-
tor–prey system (Spencer et al. 1997).

Food abundances affect toxicant intake of subjected organ-
isms. Our model found that the most sensitive parameter for
CMC–nZVI body burdens in C. elegans was in the order of
biomass conversion rate ( f ) and ingestion rate of bacteria by

worms (g), and growth rate of bacteria (re), indicating that the
predator–prey model demonstrated strong relationships be-
tween CMC–nZVI accumulations and physiological
parameters of worms and bacteria. Furthermore, consistent
with results of this study, Boyd et al. (2003) performed a
bead-ingestion assay to assess effects of metals on feeding
behavior of C. elegans, demonstrating that ingestion by
worms was significantly reduced by metal toxicities and its
sensitivity in sublethal assays. It was also found that stress-
induced inhibition of feeding is an important survival mecha-
nism that limits intake of toxicants in C. elegans or other
invertebrates (Jones and Candido 1999), revealing that inges-
tion rate plays as an essential role in modulating interactions
and accumulations of environmental contaminants in
organisms.

Limitations and implications

There have been inevitable time-dependent agglomerations of
nZVI in dosing solutions containing worms and bacteria.
Sources of agglomerations were mostly from CMC–nZVI
and Fe oxides. However, according to results of physiochem-
ical characterization (temporal change of iron speciation) of
CMC–nZVI, the proportion of CMC–nZVI and Fe oxides
decreased time dependently (decreased from 100 to 20 mg
L−1 after 1000 min). Therefore, in the bioaccumulation assay,
although NPs and Fe oxides adhered to worms and bacteria
were inevitable and also limitations that could not be fully
considered in model construction, proportions of NPs and Fe
oxides were ignorable at least after 24 h.

In addition, although there were agglomerated forms of
CMC–nZVI during experimentations, the agglomerated parti-
cles could be quantified in the colorimetric assay after diges-
tion with HCl. Total iron concentrations (e.g., CMC–nZVI, Fe
oxides, soluble Fe(II) and Fe(III)) were quantified as internal
concentrations of worms and bacteria in different sampling
times. The disadvantage of this assay was that the agglomer-
ated NPs or Fe oxides adhered on worms and bacteria were
measured as internal concentrations during experimentations,
which could cause uncertainties in model simulations.
Therefore, since the integrated bioaccumulation–consumer–
resource model was simulated by adopting parameters from
the original toxicokinetic model, the agglomeration phenom-
enon mentioned above may cause uncertainties in model sim-
ulations. More accurate simulation results could be derived
from well-designed experimentations that could differentiate
CMC–nZVI in internal and surface of worms and bacteria.

Another limitation is that the consumer–resource model
could only reflect time-dependent biomass of worms and bac-
teria posed by exposures of different nZVI concentrations in
the worm–bacteria system. The model could be enhanced by
enabling variables of B(t) andW(t) to be functions of time and
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CMC–nZVI concentrations by applying more experimental
results of dynamic change of biomass in more dosing
solutions.

Biological systems are continuously exposed to natural or
anthropogenic nanomaterials. However, limited literature has
explored nanomaterial–biological interactions in the complex
biosystems (Hochella Jr et al. 2019). Accelerations of urban-
izations will also influence nanomaterial-mediated processes,
leading to localized impacts on environmental and human
health in the built environment (Baalousha et al. 2016;
Hochella Jr et al. 2019). Continuous developments in ap-
proach such as analytical techniques, computational simula-
tions, and conceptual models could give insights into the ho-
listic sense of nanomaterial–biological interactions (Hochella
Jr et al. 2019). Given that the conventional bioaccumulation
model and the population dynamic models are affected by the
same factors (Ferson 1996), the integrated bioaccumulation–
predator–prey model could provide automatic cross-check on
initial assumptions in measured biomass and estimated
biokinetic parameters as well as insights into the predator–
prey interactions of C. elegans and E. coli OP50.

Apart from the predator–prey relationship between
C. elegans and E. coli OP50, the biotic environment of
C. elegans also includes interactions with competitors, para-
sites (e.g., microsporidia, the Orsay virus, or the fungus
D. coniospora), predators (e.g., motes, collembola, and
nematode-trapping fungi), vectors (e.g., slugs, snails, or iso-
pods), pathogens, and associated microorganisms such as
commensals and mutualists (Schulenburg and Félix 2017),
implicating that the foraging behaviors of C. elegans could
result in higher CMC–nZVI bioaccumulations in other soil
organisms interacting with the nematodes.

Moreover, it should be noted that the functional response of
Holling type II theory proposed that the intake rate of a con-
sumer is the function of resource/prey density (Holling 1959).
Also, Hohberg and Traunspurger (2005) reported that the pre-
dation rate was positively correlated with prey density that is
dependent on the highest biomass uptake per time, revealing
that the ingestion rate (g) could be varied with biomass dy-
namics of bacteria, leading to various CMC–nZVI
bioaccumulations in C. elegans. To solve this predicament in
analyzing the accurate ingestion rate by consumers,
Rodríguez-Palero et al. (2018) developed an approach
allowing kinetic measurements of food intake by worms at
specific time points and alternations of the ingestion rate when
subjected to external environmental drivers, suggesting that
results derived from the present bioaccumulation–predator–
prey dynamic framework could be solidly improved by incor-
porating rigorous experimental methodologies to obtain more
accurate physiological parameters.

In our model setting of the C. elegans–E. coli system, the
model has the potential to be applied in exploring the adverse
effects of CMC–nZVI on consumer–resource interactions of

worms and bacteria in the soil ecosystem. Since the nematode
has been a large population in various trophic levels of the soil
ecosystem, C. elegans could be chosen as a bio-indicator to
reflect soil health. Application of the integrated bioaccumula-
tion–consumer–resource model can give insights into the
ecotoxicity of nZVI (or other kinds of NPs) in the soil ecosys-
tem, by evaluat ing biomass dynamics and nZVI
bioaccumulations in organisms through consumer–resource
interactions.

In addition, the constructed model could be extensively
employed to assess potential adverse effects of xenobiotics
on different ecosystems (e.g., aquatic or terrestrial). In the
context of the increasing release of NPs into the soil ecosys-
tem, the consumer–resource interaction could play a contrib-
uting role in the disruptions of soil health. Take nZVI in the
soil ecosystem for example; the consumer–resource interac-
tion of worms and bacteria (e.g., farming behavior of
C. elegans) could contribute to higher prevalence of nZVI,
leading to higher exposure frequencies for organisms in other
trophic levels. Although the interaction between worms and
bacteria could be trivial compared to the whole soil ecosys-
tem, alternations of consumer–resource dynamics in lower
trophic levels could provide mechanistic tools for risk assess-
ment to prevent potential risks in the population level. We
have added more descriptions regarding practical applications
of the model in the manuscript.

Taken together, although there are plausible uncertainties in
both the model simulations and the experiments, the integrat-
ed model linking TK assessment-derived biokinetic parame-
ters with the concept of predator–prey relationship could be
extensively employed in risk analysis of soil ecosystems.
Moreover, by adopting knowledge regarding field-based
CMC–nZVI environmental concentrations with the construct-
ed model, the adverse outcome pathway of CMC–nZVI could
make substantial progress to explore potential risks of CMC–
nZVI exposure in population levels (Vinken 2013).

Conclusions

Our novel approach mechanistically provides the predator–
prey dynamic model integrated with TK analysis based on
empirical data- and literature-derived parameters on
bioaccumulations of CMC–nZVI in C. elegans. The integrat-
ed bioaccumulation–consumer–resource model scheme could
essentially reinforce our ability to quantitatively understand
environmental risks and population dynamics posed by
CMC–nZVI exposure and to sustain soil health by setting
appropriate criteria for CMC–nZVI environmental remedia-
tion in soil ecosystems. We conclude that the proposed inte-
grated dynamic model scheme could be employed as a toolkit
in the practice of risk assessment and provide insights into
understanding the environmental dynamics and whole
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adverse outcomes of specific environmental pollutants or xe-
nobiotics in various ecosystems.
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