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TIME-DEPENDENT UPTAKE AND TOXICITY OF NICKEL TO ENCHYTRAEUS CRYPTICUS IN
THE PRESENCE OF HUMIC ACID AND FULVIC ACID
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Abstract: The present study aimed to investigate the influence of different fractions of dissolved organic carbon (DOC) on the uptake
and toxicity of nickel (Ni) in the soil invertebrate Enchytraeus crypticus after different exposure times. The addition of DOC as humic
acid or fulvic acid significantly reduced Ni uptake by E. crypticus in the soil-solution test system. Median lethal effect concentrations
were calculated based on total dissolved Ni concentrations (LC50[Ni]), free Ni ion activity (LC50{Ni2þ}), and Ni body concentrations
(LC50Body-Ni). The LC50[Ni] values increasedwith increasingDOC levels and decreased with exposure time (4, 7, and 10 d). Humic acid
exerted a greater protective effect on Ni toxicity than fulvic acid, but the protective effects decreased with prolonged exposure time. The
LC50{Ni2þ} values also decreased with exposure time but were almost constant with variation in DOC levels, indicating that the
protective effect of DOC is mainly through complexation with free Ni ions to reduce Ni bioavailability. The LC50Body-Ni value was
independent of DOC concentration and exposure time, with an estimated overall value of 22.1mg/g dry weight. The present study shows
that body concentration could serve as an effective indicator for predicting Ni toxicity with variations in the exposure environment (e.g.,
DOC) and exposure time. Environ Toxicol Chem 2017;36:3019–3027. # 2017 SETAC
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INTRODUCTION

Nickel is an essential nutrient for organisms at optimal levels
but can be highly toxic at elevated concentrations. Anthropo-
genic activities (e.g., mining, electroplating, fertilizer applica-
tion) have resulted in the release of large amounts of Ni into the
environment [1]. This has triggered increasing concerns for
potential adverse effects of Ni on ecosystem and human health.

Current risk assessment for metals is still predominantly
based on total concentrations, ignoring the properties of the
exposure media. To accurately assess the risks posed by metals,
appropriate dose descriptors are needed to take the actual
exposure and bioavailability into account in predicting
toxicity [2]. For soil invertebrates such as enchytraeids and
earthworms, soil porewater is the main route of exposure [3].
The free metal ion in the soil solution has been proposed to be
the most important species determining toxicity [4]. As is
generally the case for metals, bioavailability-modifying factors
such as pH, coexisting cations, and dissolved organic matter
(DOM) could play an important role inmetal uptake and toxicity
to soil organisms [5,6].

Ubiquitous inwater, soil, and sediment, DOM is produced by
the chemically and biologically mediated humification of alga,
plants, andmicrobial materials. Approximately 25 to 50% of the
total DOM found in marine and freshwater environments is
humic acids (HA) and fulvic acids (FA) [7]. These are complex
structures, having large molecular masses and various func-
tional groups, which participate in metal complexation [8]. Doig

and Liber [9] found that the addition of HA and FA could reduce
the free Ni2þ activities in test solutions. This finding suggests
that DOM has the capacity to bind the free metal ions and
prevent them from reaching the active sites of the organism,
subsequently reducing metal bioavailability and toxicity. In the
development of predictive models for quantifying metal
toxicity, the influence of DOM on metal speciation and toxicity
should therefore be considered [10].

The biotic ligand model (BLM) is a conceptual framework
often used to predict the toxicity of metals. It incorporates both
the effect of complexation of abiotic ligands (e.g., dissolved
organic carbon [DOC]) on metal speciation and the competition
of the free metal ion with other cations [11,12]. Based on the
assumptions of the BLM, the protective effect of DOC is mainly
through complexation with metals and the subsequent reduction
in free metal ion activity [12]. Hence, DOC is expected to show
no effect on metal toxicity when the free ion activity remains
constant. However, it was found that even though the activity of
Cu2þwas fixed, the addition of DOC to the test solution exerted
a protective effect on Cu toxicity to the earthworm Aporrecto-
dea caliginosa [13]. In the BLM, the possible impact of different
sources of organic matter on metal toxicity is not explicitly
considered [14]. Kozlova et al. [15], investigating the toxicity of
Ni to Daphnia pulex in the presence of natural organic matter
(NOM), found that the Nordic Reservoir NOM exerted a
stronger protective effect against Ni toxicity than Suwannee
River NOM. This may result from the different fractions and
compositions of reactive DOC among different sources of
organic matter. These inconsistent effects of DOC on metal
toxicity and the inadequate prediction capability of the BLM for
the influence of DOC require further research efforts on the
influence of various DOM fractions on metal toxicity to
organisms.
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Kim et al. [16] andMa et al. [17] found that the acute toxicity
of Cu to Ceriodaphnia dubia decreased with increasing
Cu–DOM reaction times (62min, and 2, 6, and 24 h) when
concentrations of HA ranged from 5 to 20mg/L and from 10 to
30mg/L, respectively. This means that a certain time is needed
for Cu to react with DOM and to reach equilibrium. However,
most laboratory toxicity tests are based on short and fixed
exposure times, ignoring the time factor, potentially leading to
underestimation of the protective effect of DOM if the reaction
rates of metals with the dissolved organic components are slow.
It has also been reported that the effect of DOC on chronic
toxicity of Cu was overestimated by the developed BLM,
indicating the potential bioavailability of metals in DOC
complexes [18]. Tao et al. [19] illustrated that free ions may be
released from the formed metal–DOC complexes through
kinetic dissociation and, in turn, could be taken up by fish gills.
Hence, it is necessary to investigate the impact of DOC onmetal
uptake and toxicity for long-term exposures.

Enchytraeids are widespread in many soil types and play an
important role in soil functions, for example, decomposition and
soil bioturbation. These organisms are very sensitive to different
kinds of chemical stressors, including both organic (pesticide)
and inorganic (metal) chemicals [20]. Compared with earth-
worms, Enchytraeus crypticus (enchytraeids) has a shorter
generation time, larger number of juveniles, and broader
tolerance range to distinct soil properties [21]. Hence,
E. crypticus can serve as a reliable model species and was
chosen as the test organism in the present study.

The objectives of the present study were to investigate the
role of different DOM fractions (HA and FA) in modifying the
uptake and toxicity of Ni to E. crypticus at different exposure
times and to link the bioavailability of Ni to toxic effects by
means of total Ni concentration, calculated free Ni ion activity
in porewater (external exposure), and Ni body concentrations
(internal exposure).

MATERIALS AND METHODS

Test species

Enchytraeus crypticus worms were cultured on a medium of
agar mixed with soil extracts [22]. They were placed in a growth
chamber (16 8C, 75% relative humidity, complete darkness) and
fed regularly with oatmeal. Mature E. crypticus with well-
developed clitellum were selected for testing.

Preparation of treatments

A sand-solution exposure system was used in the present
study. The quartz sand (<0.32mm) was first combusted at
600 8C for 2 h, then washed with 0.7M HNO3, and finally
flushed with deionized water. This pretreatment was performed
to render the quartz sand inert [22]. The benefit of adopting a
solution-only test medium for soil organisms is that the impact
of complex soil processes (e.g., metal complexation with
organic and inorganic compounds) can be avoided. Because
water-only media may cause extra stress to soil organisms, a
sand-solution system provides an ideal alternative [23].

Nutrient solution, consisting of 0.2mM Ca, 0.05mM Mg,
2.0mM Na, and 0.078mMK, was prepared by adding different
amounts of CaCl2, MgSO4, NaCl, and KCl to deionized water.
The nutrient solution was used because it guarantees a good
control performance of the test organisms, which was justified
in our previous study [6]. Stock solutions of Ni and DOC (HA or
FA) were prepared by adding different amounts of
NiCl2 � 6H2O (Sigma-Aldrich;>98%) and HA (Sigma-Aldrich;

>80%) or FA (Suwannee River FA) to nutrient solutions. Test
solutions with different concentrations of Ni and different
concentrations of HA or FA were prepared by diluting the stock
solutions with the nutrient solution. The pH of the stock solution
of HA was first increased to>8.5 with 0.1M NaOH and shaken
overnight to enable proper dissolution of the HA. All test
solutions were then adjusted to pH 6.0 (5.95–6.05) using the
buffers 0.75 g/L 3-[N morpholino] propane sulfonic acid and
0.75mg/L 2-[N-morpholino] ethanesulfonic acid, and adding a
few droplets of 0.1M HCl when necessary. The composition of
the test solutions used for assessing the effect of HA and FA on
Ni bioaccumulation and toxicity to E. crypticus is shown in the
Supplemental Data, Table S1.

Toxicity tests

To evaluate the influence of time on Ni bioavailability and
toxicity in the presence of DOC, 3 exposure times were selected.
The E. crypticus were exposed to various concentrations of Ni
(0, 0.8, 1.6, 3.2, 4.8, 6.4, 9.6, 12.8, and 25.6mg/L) at different
levels of DOC-HA and DOC-FA (0, 20, 40, and 60mg/L) for 4,
7, and 14 d, separately. Exposure was conducted in the glass jar
filled with 5.4mL test solution and 20.0 g quartz sand. The sand-
solution system was left for equilibration for 1 d before adding
the animals. Ten adults were added to each jar and 3 replicates
were used for each treatment. The experiments were conducted
in the climate chamber at 20 8C with a 12:12-h light:dark cycle.
All samples of the same set and of the same exposure time were
conducted simultaneously to minimize variability. The jars
were weighed every 2 d, and deionized water was added to
resupply water loss. The worms were not fed during the
experiment to avoid the influence of organic food on metal
speciation in the test medium. Because a previous study did not
show significant changes in dissolved Ni concentrations over a
14-d exposure period [6], we did not refresh exposure solutions
during the test. The number of surviving animals was counted
after different exposure times, and the collected surviving
animals were rinsed with deionized water and frozen at –18 8C
for further analysis.

Chemical analysis

The actual dissolved Ni concentrations in the initial test
solutions were determined by flame atomic absorption
spectrometry (PerkinElmer Analyst 100). The frozen worms
were freeze-dried for 24 h and digested with a mixture of
concentrated HNO3 and HClO4 (7:1, v/v). Internal Ni
concentrations of the animals were measured by graphite
furnace atomic absorption spectrophotometry (PerkinElmer
1100B). Because natural DOM is difficult to measure, the DOC
concentrations in the porewater were measured. To obtain
porewater samples, different test solutions (5.4mL) were added
to sand (20.0 g) and equilibrated for 1 h, then diluted with 5mL
of deionized water and shaken for 30min. Porewater was then
collected by filtration of the test medium over a 0.45-mm
membrane filter (Whatman). The DOC in the porewater was
analyzed with a total organic carbon (TOC)/DOC Analyzer
(Multi N/C 2100s) at Wageningen University, The Netherlands.

Speciation calculation and data analysis

The speciation of Ni in the porewater was calculated using
the software Windermere Humic Aqueous Model (WHAM
VII). The measured pH values, the measured concentrations of
Ni, the measured DOC levels, and the nominal concentrations of
Ca, Mg, Na, K, Cl–, and SO4

2– were used as input parameters.
The WHAM is very suitable for cases where organic matter

3020 Environ Toxicol Chem 36, 2017 E. He et al.
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(humic substances) dominates the chemical speciation [24].
Median lethal concentrations (LC50s) for the effect of Ni on
animal survival at all DOC concentrations and different
exposure times were calculated using the trimmed Spearman–
Karber (TSK) method [25]. The LC50 values were calculated
based on measured total Ni concentrations in the solution and
free Ni ion activity. A logistic dose–response model was used to
relate survival to body concentrations of Ni in the animals

S ¼ S0

1þ Co
LC50Body

� �b ð1Þ

where S0 is the control survival (%), Co is the Ni body
concentration (mg/g dry wt), b is the slope parameter, and
LC50Body is the effective body concentration causing 50%
mortality. Linear regression analysis for the relationship
between LC50 values and DOC concentrations was done using
Origin 8.6. The F test of overall significance in regression
analysis was performed to test whether there were statistically
significant effects of Ni and FA or HA on LC50 values. For the
comparison of slopes of regression lines for DOC-HA and
DOC-FA treatments at the same exposure time, the likelihood
ratio test was performed. As a first step, the data of HA and FA
treatments were fitted separately. Then, all data were fitted
together assuming that both treatments have the same slope (but
different intercept). Finally, the residuals of both fits were
compared to gain insights into the significance of the difference.

RESULTS

Influence of HA and FA on Ni speciation

The added nominal concentrations of HA and FA of 0, 20,
40, and 60mg/L corresponded with measured DOC levels
(�standard error) of 0.425 (�0.106), 13.3 (�0.955), 30.9
(�2.62), and 65.6 (�2.51) mg/L, and 0.500 (�0.114), 14.5
(�0.837), 29.0 (�1.54), and 48.5 (�1.67) mg/L, respectively.
The effects of HA and FA on the free ion activity of Ni in the test
solutions are shown in Figure 1. Generally, the addition of HA
or FA significantly decreased the Ni free ion activity in the test
solutions. For instance, at a Ni concentration of approximately
6.1mg/L, {Ni2þ} decreased from 81 to 46mM and from 81
to 54mM with increasing concentrations of HA and FA,
respectively.

Influence of HA and FA on Ni uptake in time course studies

The effects of different DOC sources (HA and FA) on the
uptake of Ni in E. crypticus after different exposure times (4, 7,
and 14 d) are shown in Figure 2. Generally, at the same DOC
exposure concentration, Ni body concentration increased with
increasing external Ni concentrations and exposure time.

The addition of HA substantially reduced the uptake of Ni by
the animals in a time course study (Figure 2A–C). For example,
at a Ni exposure concentration of 2.78mg/L, when the level of
HA increased from 0.425 to 65.6mg/L, the Ni body concentra-
tion decreased significantly from 24.7 to 13.7mg/g dry weight
after 14 d. The effects of FA on the uptake of Ni after different
exposure times are shown in Figure 2D to F. A statistically
significant reduction in Ni body concentrations was only
observed for a few of the Ni exposure concentrations and
exposure durations (e.g., 1.41mg/L [14 d], 2.91mg/L [14 d],
4.4mg/L [4 and 7 d], and 6.17mg/L [7 d]).

Influence of HA and FA on Ni toxicity in time course studies

All LC50 values based on total Ni concentration (LC50[Ni])
and free Ni ion activity (LC50{Ni2þ}) at different DOC levels
and different exposure times are shown in the Supplemental
Data, Table S2. Overall, LC50[Ni] and LC50{Ni2þ} decreased
with increasing exposure time at the same DOC exposure level.

The relationships between the LC50s after different exposure
times and the measured DOC concentrations in the test solutions
are shown in Figure 3. Regression analyses served as the basis for
statistical comparison of the impact of the different DOC sources
on Ni toxicity. The 4-, 7-, and 14-d LC50[Ni], expressed as total
measured Ni concentrations, increased significantly from 147 to
268mM (1.8-fold, R2¼ 0.98, p< 0.05), from 55.4 to 131mM
(2.4-fold, R2¼ 0.97, p< 0.05), and from 43.6 to 75.5mM (1.7-
fold, R2¼ 0.98, p< 0.05), respectively, with increasing HA
concentrations from 0.425 to 65.6mg/L. When FA concen-
trations increased from 0.500 to 48.5mg/L, the 4 d LC50[Ni]
increased from 101 to 157mM (1.50-fold). For 4 d exposure,
LC50[Ni] was found to increase linearly with increasing FA
concentrations (R2¼ 0.85, p< 0.05). The 95% confidence
intervals for the LC50[Ni] at 0.5 and 14.5mg/L of FA
overlapped, suggesting no significant difference between the
control and the lower FA level (Supplemental Data, Table S2).
For7- and14-d exposures, the additionof FAdidnot significantly
affect the LC50[Ni]. The LC50[Ni] ranged from 61.8 to 87.3mM
(1.42-fold, R2¼ 0.84, p¼ 0.09), and from 33.5 to 53.9mM
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Figure 1. Effect of dissolved organic carbon (DOC) on the free ion activity of Ni in test solutions with different concentrations of Ni and humic acid (HA;A) or
fulvic acid (FA; B). Free ion activities were calculated with the speciation model Windermere Humic Aqueous Model VII, using measured Ni concentrations
and pH values and nominal added ion concentrations.
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(1.61-fold, R2¼ 0.80, p¼ 0.08), respectively. The slopes of the
regressions after different exposure times were significantly
greater for HA than for FA (as reflected from the likelihood ratio
test).With the increase in exposure time, the slopes of regressions
for HA treatment decreased significantly from 1.87 at 4 d to 0.50
at 14 d (p< 0.05), and the slope of regressions for FA treatment
decreased from 1.20 at 4 d to 0.42 at 14 d (p¼ 0.30).

The 4-d LC50{Ni2þ} values increased significantly from
114 to 150 mM (R2¼ 0.96, p< 0.05) with increasing HA
concentrations. The 7- and 14-d LC50{Ni2þ} values remained
almost constant with the different concentrations of HA. The
LC50{Ni2þ} was independent of the concentration of FA, being

70.6 to 86.4mM, 43.5 to 52.8mM, and 21.5 to 27.3mM after 4,
7, and 14 d of exposure, respectively.

Relationship between Ni uptake and toxicity

The relationships between E. crypticus survival and Ni
body concentrations for the HA and FA treatments after 4, 7,
and 14 d of exposure are shown in the Supplemental Data,
Figure S1. Generally, the percentage of surviving individuals
of E. crypticus decreased with increasing Ni body concen-
trations. Logistic dose–response curves (Equation 1) were
fitted to the data for the different HA and FA concentrations
after different exposure times separately. The obtained median
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Figure 2. Effect of dissolved organic carbon (DOC), added as humic acid (HA; A,B,C) or fulvic acid (FA; D,E,F), on Ni uptake in Enchytraeus crypticus at
different times of exposure (4, 7, and 14 d) to different measured concentrations of Ni in sand-solution media. The mean values with standard error (n¼ 3)
marked with the same letter are not significantly different from the HA or FA control (black column) at that Ni concentration at p< 0.05 by Duncan’s test.
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lethal Ni body concentration (LC50Body-Ni) values with 95%
confidence intervals are shown in Table 1. The LC50Body-Ni
remained almost constant with variations in HA concen-
trations and exposure time, except for the highest HA
concentration, where LC50Body-Ni decreased slightly from
22.9mg/g dry weight at 4 d to 17.4mg/g dry weight at 7 d, and
then leveled off at 14 d. For the treatment of FA, under
highest DOC treatment the LC50Body-Ni values were 18.8 and
18.1mg/g dry weight after 4 and 7 d of exposure, respectively.
The 14-d LC50Body-Ni values were 10.2, 10.4, and 14.7mg/g
dry weight at FA concentrations of 14.5, 29.0, and 48.5mg/L,
respectively. When Equation 1 was fitted to data for the HA

treatments, FA treatments, and all data together, the estimated
overall LC50Body values were 23.8, 18.5, and 22.1mg/g dry
weight, respectively.

The survival fraction of E. crypticuswas plotted against total
Ni concentrations, free Ni ion activity, and Ni body concentra-
tion (Figure 4). When Equation 1 was used to fit to all data
sets together, this gave R2 values of 0.51, 0.56, and 0.72,
respectively. Compared with total concentration and free ion
activity, the goodness of fitting significantly improved when
body concentration was used to describe the toxicity of Ni to
E. crypticus with the variation in DOC concentrations and
exposure times.
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Figure 3. Correlation among the 4-, 7-, and 14-d median lethal concentrations (LC50s) for the toxicity of Ni to Enchytraeus crypticus and the measured
concentrations of dissolved organic carbon (DOC) in sand-solution media amended with humic acid (HA) or fulvic acid (FA). The LC50s are expressed as total
measuredNi concentrations (LC50[Ni];A–C) and calculated free Ni2þ activity (LC50{Ni2þ};D–F) as a function of themeasuredDOC concentrations in the test
solutions. Solid lines show the linear regression.
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DISCUSSION

Influence of DOC on the uptake of Ni in E. crypticus with time

In the present study, theNi free ion activity calculatedwith the
speciation model WHAM VII decreased with increasing DOC
levels. The presence of the higher organic content in the test
media is expected to provide more binding sites for metal ions.
The complexation of Ni with organic ligands could therefore
have reduced theNi free ion activity in the test solutions,which in
turn affected Ni bioavailability [16]. This was confirmed in the
present study by the reduced Ni body concentrations in E.
crypticus in the presence of HA and FA. Similar findings were
reported in the literature for othermetals and other organisms. For
example, the bioaccumulation of Cr (VI) and Cd in Daphnia
magna was significantly decreased in the presence of HA [26],
and the uptake of Pb by the freshwater alga Chlorella kesslerii
decreased with the addition of Suwannee River FA compared
with noncomplexed Pb [27]. However, contradictory findings
have also been reported. For instance, Guo et al. [28] found that
the measured body concentrations of Cd, Co, Cr, Zn, and Ag in
oysters increased with increasing DOC concentrations from 0 to
10mg/L. Penttinen et al. [29] showed that the uptake rate of Cd in
D. magna in humic lake water was 2 times faster than that in the
humic-free reference water, with the body concentration of Cd
increasingwith increasingDOCconcentrations. It is possible that
the presence of DOC facilitates the uptake of metals, because
DOC may act similarly to inorganic chelators to overcome trace
metal supply and diffusion limitations [30]. Also, other
mechanisms such as pinocytosis and cotransportmaybe involved
in metal uptake, especially at high DOC concentrations [31].

Influence of DOC on toxicity of Ni to E. crypticus with time

Generally, the LC50[Ni] and LC50{Ni2þ} values decreased
with increasing exposure time at the same DOC exposure level,
indicating that the toxicity of Ni increased in a time course. This
is consistent with our previous studies showing that the toxicity
of Ni to E. crypticus increased with increasing exposure time
from 1 to 14 d of exposure, and then reached a steady state [22].

Assuming that the freely dissolved metal ions are the most
available and toxic species in solution, the addition of DOC
would imply a lower metal bioavailability and toxicity. The
LC50s for the toxicity of Cu to Ceriodaphnia dubia, based on

total dissolved Cu concentrations, increased linearly with
increasing total available binding sites of DOC in the presence
of HA and DOM [16]. In the present study, increasing DOC-HA
levels in the test solutions resulted in a significant increase in
LC50[Ni], indicating that HA can exert a protective effect on Ni
toxicity to E. crypticus. However, FA only showed a significant
effect on Ni toxicity after 4 d of exposure, and HA had a greater
protective effect onNi toxicity toE. crypticus than FA.Doig and
Liber [9] reported that at similar DOC concentrations, the HA
fraction reduced the free ion activity of Ni2þ to a greater extent
than the associated FA. Ryan et al. [14], investigating the
influence of sources of dissolved NOMonCu toxicity to fathead
minnow, found that on the basis of DOC concentrations,
different sources of NOM exerted different protective effects.
For DOM, important features such as binding strength (or
affinity) and complexation capacity (or site density) might vary
up to 1 order of magnitude [6,32]. De Schamphelaere and
Janssen [18] observed a 6-fold difference between the lowest
and the highest Cu complexing capability of DOM isolated from
different locations in Europe andNorth America. These findings
suggest that metal toxicity is highly impacted by both the
quantity and geochemical quality (physicochemical character-
istics) of DOC. Because DOC is an important factor influencing
metal speciation and bioavailability, it has been incorporated
into bioavailability models for predicting metal toxicity and
establishing criteria for metals in the environment [12].
However, these models consider only the concentrations of
NOM (usually measured as DOC), neglecting their chemical
nature [33]. Our results showed the importance of differentiat-
ing between HA and FA when assessing Ni bioavailability.
Thus the assumption of the BLM that metal toxicity (LC50
values) could be adequately predicted by utilizing DOC
concentrations with specified percentages of HA and FA,
regardless of DOC sources, is not always accurate.

The protective effect of HA and FA on Ni toxicity to
E. crypticus was found to decrease with exposure time as the
slopes of regression lines of DOC impact on Ni toxicity
decreasedwith time. This implies the potential bioavailability of
DOC–Ni complexes to organisms after long-term exposure. Tao
et al. [19] found the apparent uptake of FA-complexed Cu in the
gills of Paracheirdon innesi. It was supposed that the FA–Cu
complex first adhered to the mucus of the epithelial cell surface,
after which kinetic dissociation of the complex resulted in the
release of free Cu ions. This phenomenonmay also be explained
by the fact that DOC can act not only as a binding site for metals,
but also a nutritional source [34]. Höss et al. [35] proposed that
Cd–DOM complexes can be solubilized by digestive fluids and
become available in the gut of nematodes. In the present study,
no food was added during the toxicity test to avoid the influence
of organic matter on Ni speciation. Hence, it is likely that the
Ni-DOC complexes were utilized by the enchytraeids as food
after long-term exposure.

According to the free ion activity model, the complexation of
a metal is predicted to reduce uptake and the subsequent toxic
effects in direct proportion to the activity of free metal ions. If
the assumption is true, the LC50 values for the toxicity of
a metal would be constant when expressed as free ion
activity [16]. Our LC50{Ni2þ} values were almost constant
across the range of DOC concentrations, including both HA and
FA, supporting this assumption. This suggests the toxicity of Ni
was more closely related to the free ion activity of Ni than to the
total Ni concentration in the test solutions. There was one
exception: DOC-HA showed an extra protective effect on Ni
toxicity after 4 and 7 d of exposure, causing the LC50{Ni2þ} to

Table 1. Median lethal concentration (LC50) values for the effects of
dissolved organic carbon (DOC), added as humic acid (HA) or fulvic acid
(FA), on Ni toxicity to Enchytraeus crypticus at different exposure times in

sand-solution mediaa

LC50Body-Ni (mg/g dry wt) (95% CI)

4 d 7 d 14 d

HA DOC (mg/L)
0.425 25.3 (25.2–25.4) 25.1 (22.7–27.9) 24.5 (23.2–25.9)
13.3 24.7 (24.3–25.1) 25.8 (23.4–28.6) 22.2 (19.3–25.1)
30.9 25.0 (23.3–26.8) 22.2 (21.1–23.3) 20.3 (18.9–21.8)
65.6 22.9 (21.3–24.7) 17.4 (16.4–18.5) 17.1 (16.5–17.7)
HA, all 23.8 (23.0–24.7)

FA DOC (mg/L)
0.500 19.3 (19.2–19.4) 17.1 (15.4–19.0) 13.0 (12.4–13.7)
14.5 18.8 (18.5–19.1) 17.8 (16.7–19.1) 10.2 (9.20–11.1)
29.0 18.1 (17.6–18.5) 17.9 (16.3–19.6) 10.4 (8.32–12.5)
48.5 18.8 (17.9–19.9) 18.1 (15.0–21.7) 14.7 (12.8–17.0)
FA, all 18.5 (18.1–19.0)

All data together 22.1 (21.4–22.8)

aThe LC50 values with 95% confidence intervals (95%CI) are expressed as
body Ni concentrations in the animals (LC50Body-Ni).
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increase significantly at the highest HA level. Steenbergen
et al. [13] also reported that the addition of DOC had an extra
protective effect on Cu toxicity to the earthworm Aporrectodea
caliginosa when Cu activity was kept constant. This indepen-
dent protective role is likely related to the abundant presence of
Na in humic acid, as Nawas found to exert a significant effect on
the toxicity of Ni to E. crypticus [6]. The extra protective effect
of DOC may also be attributed to the physiological and
metabolic influence of DOC on the organisms. The study of
Richards et al. [36] showed that HA could effectively reduce the
physiological stress of Cu in the rainbow trout Oncorhynchus
mykiss, which also explain the extra protective effect of DOC-
HA. In addition, it is worth mentioning that the accuracy of
speciation simulations (the calculation of free ion activity) may
be affected by the fluctuations in pH over the course of the
exposure duration and Ni uptake by the organisms. Caution is
thus needed when interpreting these results.

Linking metal uptake and toxicity

Metals can trigger a toxic effect only if they are bioavailable.
It has been proposed that an effective way of assessing the
bioavailability of metals is by direct measurement of the amount

of metal accumulated in organisms [37,38]. The external and
bioavailable concentration of metals could be influenced by
environmental characteristics (e.g., DOC, pH, and water
hardness), the metal, and the organism. The body concentration
of metals, which incorporates both the abiotic and biotic
modifying factors, could act as a direct indicator for metal
toxicity [6,39]. In the present study, the estimated LC50Body-Ni
values were almost constant with the variation in concentration
and source of DOC and the exposure time, suggesting that
compared with total concentration and free ion activity in test
solution, Ni body concentration is a better indicator of the Ni
toxicity with different exposure time. One exception was the
slightly reduced LC50Body-Ni after 14 d of exposure in the
treatments with FA. It has been reported that the long-term
exposure to metals may cause physiological disruptions [40].
Richards et al. [36] found that exposure to Cu and Cd had an
effect on ion regulation (e.g., plasma Naþ) and caused stress
(plasma glucose) in rainbow trout (O. mykiss). Leonard and
Wood [41] investigated the effect of Ni on 4 invertebrates,
finding a decreased plasma Naþ level in the organisms. McGeer
et al. [42] reported that the addition of 7.5mg/L HA could
mitigate and delay the disruption of ion-regulatory mechanisms,
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Figure 4. Relationships between the survival fraction of Enchytraeus crypticus and total measured Ni concentration (A,B,C), free Ni ion activity (D,E,F), and
body Ni concentrations (G,H,I) after exposure for different periods of time in sand-solution media with different concentrations of humic acid (HA;A,D,G) and
fulvic acid (FA; B,E,H) or all data for HA and FA together (C,F,I). Solid lines show the fit of a logistic dose–response curve (Equation 1) to the data of all
exposure times together.
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contributing to a reduced physiological stress. This could
explain why, compared with FA, under HA treatment there was
no obvious decrease in LC50Body-Ni values with increasing
exposure time.

CONCLUSIONS

The presence of DOC significantly affected Ni speciation in
test solutions (bioavailability), Ni uptake (toxicokinetics), and
the toxicity (toxicodynamics) of Ni to E. crypticus with time
after exposure in sand-solution media. The protective effect of
HA on Ni toxicity was stronger than that of FA, suggesting a
greater binding affinity of Ni to HA than to FA. Our results
indicate that quantifying the percentage of HA and FAwould be
important for bioavailability-based predictions, including those
made by BLM-type ofmodels. On the basis of total measured Ni
concentration, LC50[Ni] significantly increased with increasing
DOC levels and decreased with increasing time. When based on
free ion activities, the calculated LC50{Ni2þ} values were
almost constant across a range of DOC levels, but still decreased
with increasing exposure time. When survival of E. crypticus
was related to Ni body concentrations, the obtained LC50Body-Ni
values were both independent of DOC concentration and
exposure time. Body concentration therefore is a better indicator
of Ni toxicity to enchytraeids with the variation in exposure
conditions and exposure scenarios because the bioavailability-
modifying factors are already incorporated and reflected in the
actual amount of metal taken up by the organism.

Supplemental Data—The Supplemental Data are available on the Wiley
Online Library at DOI: 10.1002/etc.3870.
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