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The current study examined the chronic toxicity of lead (Pb) to three invertebrate species: the cladoceran
Ceriodaphnia dubia, the snail Lymnaea stagnalis and the rotifer Philodina rapida. The test media consisted of
natural waters from across North America, varying in pertinent water chemistry parameters including dis-
solved organic carbon (DOC), calcium, pH and total CO2. Chronic toxicity was assessed using reproductive
endpoints for C. dubia and P. rapida while growth was assessed for L. stagnalis, with chronic toxicity varying
markedly according to water chemistry. A multi-linear regression (MLR) approach was used to identify the
relative importance of individual water chemistry components in predicting chronic Pb toxicity for each spe-
cies. DOC was an integral component of MLR models for C. dubia and L. stagnalis, but surprisingly had no pre-
dictive impact on chronic Pb toxicity for P. rapida. Furthermore, sodium and total CO2 were also identified as
important factors affecting C. dubia toxicity; no other factors were predictive for L. stagnalis. The Pb toxicity of
P. rapida was predicted by calcium and pH. The predictive power of the C. dubia and L. stagnalis MLR models
was generally similar to that of the current C. dubia BLM, with R2 values of 0.55 and 0.82 for the respective
MLR models, compared to 0.45 and 0.79 for the respective BLMs. In contrast the BLM poorly predicted P.
rapida toxicity (R2=0.19), as compared to the MLR (R2=0.92). The cross species variability in the effects
of water chemistry, especially with respect to rotifers, suggests that cross species modeling of invertebrate
chronic Pb toxicity using a C. dubia model may not always be appropriate.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Lead (Pb) is a non-essential metal and persistent environmental
toxicant (WHO, 1995). Although anthropogenic Pb pollution has di-
minished in many areas because of reduced use (e.g., lead based
paint and gasoline), it remains an environmental concern for many
reasons including mining, industrial processes and water run-off
from shooting ranges (Mager, 2012). Current water quality criteria
in the United States, Canada and Europe allow for abiotic factors
(e.g. pH, hardness, and/or DOC) in an aquatic environment to influ-
ence the acceptable levels of metals in ambient waters. This is com-
mon practise for many metals as abiotic factors can alter chemical
speciation and toxicity of metal ions in water. In both Canada and
the United States the water quality criteria for Pb are based on
water hardness (USEPA, 1985; CCREM, 1987), with increased hard-
ness allowing higher acceptable levels of Pb in a given environment.
More recently it has been shown that the relationship between
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water hardness and Pb toxicity is dependent solely on the calcium
component of hardness, and that even this relationship is not consis-
tent between taxa (Macdonald et al., 2002; Grosell et al., 2006a;
Esbaugh et al., 2011; Mager et al., 2011a,b). As such, it seems that a
re-evaluation of water quality criteria for Pb seems necessary.

The primary water chemistry components currently thought to af-
fect Pb toxicity include calcium, dissolved organic carbon (DOC), pH
and alkalinity (Davies et al., 1976; Schubauer-Berigan et al., 1993;
Grosell et al., 2006a; Mager et al., 2010; Esbaugh et al., 2011; Mager
et al., 2011a,b). The mechanism by which DOC and alkalinity are gen-
erally thought to affect Pb toxicity is via chemical complexation,
which limits the concentration of the toxic ionic Pb2+ species
(Campbell and Evans, 1987; Prosi, 1989). Alternatively, calcium ap-
pears to compete with Pb2+ for binding sites at the biotic ligand
(Macdonald et al., 2002; Rogers et al., 2003; Rogers and Wood,
2004), while pH can both affect speciation and compete with Pb2+

for binding sites. Although all of the above parameters have been im-
plicated in protection against Pb toxicity, the degree of protection for
each parameter seems to vary depending on the species and toxico-
logical endpoint. For instance, calcium has been implicated in protect-
ing against acute Pb toxicity in the fathead minnow Pimephales
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promelas (Grosell et al., 2006a; Mager et al., 2011b) and rainbow trout
(Macdonald et al., 2002), however, no protective effect of calcium
was shown for acute or chronic toxicity for the invertebrate species
Ceriodaphnia dubia (Mager et al., 2011a,b), while hardness was pro-
tective against acute toxicity in the invertebrate Hyalella azteca
(Besser et al., 2005). For this reason it seems important to model
the effects of water chemistry on acute and chronic toxicity of Pb in
a number of different phyla.

One of the more commonly used models to predict the effects of
abiotic factors on metal toxicity is the biotic ligand model (BLM),
which systematically combines the effects of water chemistry compo-
nents on metal speciation and competitive interactions between
metal ions and other cations (e.g. Ca2+) at the biological surface (Di
Toro et al., 2001; Santore et al., 2001). However, the BLM is only
one of many methods available for ascertaining the role of water
chemistry on toxicity. While the European Union (EU) has adopted
various BLMs for risk assessment and derivation of water quality cri-
teria (WQC), the implementation of BLMs in the United States has
met with some resistance. Although the USEPA has adopted the cop-
per BLM for establishing WQC, no State has fully adopted this criteri-
on for copper, nor for any of the additional metals for which a BLM
has been developed. Similarly, Canadian water quality standards are
still set by hardness equations (CCREM, 1987). One alternative to
the BLM is a regression approach, which is the underlying technique
initially used to develop hardness-based water quality equations,
and has also been evaluated as a tool to predict copper and ammonia
toxicity (Erickson et al., 1996; USEPA, 1999; Rogevich et al., 2008),
and was also recently applied to acute Pb toxicity for C. dubia and P.
promelas (Esbaugh et al., 2011).

On this background, the current study was performed to enhance
our understanding of the effects of water chemistry parameters on
chronic Pb toxicity in invertebrate species. Chronic toxicity to the cla-
doceran C. dubia was assessed in natural waters from across North
America. In combination with existing data sets on C. dubia this infor-
mation was used to assess both the BLM and multi-linear regression
(MLR) analysis as methods to predict chronic toxicity. Furthermore,
two additional invertebrate species (Philodina rapida and Lymnaea
Table 1
Water chemistry parameters measured in chronic toxicity tests for three invertebrate spe
values are arithmetic mean±S.E.M.

Site water pH μM

Na+ Ca2+ M

L. stagnalis
Reference 8.03±0.04 1672±66 558±47 162±
Green Cove 8.30±0.01 205±5 731±57 686±
Sweetwater Strand 8.61±0.01 369±6 1861±7 94±
Edisto River 7.27±0.01 203±4 174±10 58±
French Lake 7.10±0.01 108±2 75±2 47±
pH 5.5a 5.79±0.05 133±2 96±1 57±
Basin Creek 6.82±0.05 72±4 24±3 23±

C. dubia
Reference 7.91±0.03 558±6 252±1 73
Green Cove 8.05±0.03 250±14 837±20 73
Sweetwater Strand 8.47±0.01 427±2 2141±3 93
Edisto River 7.31±0.02 246±14 216±7 59
French Lake 7.07±0.02 157±23 114±21 49
pH 5.5a 6.51±0.03 165±7 162±4 62
Basin Creek 7.00±0.02 108±3 246±4 29

P. rapida
Reference 8.15±0.01 1071 346 5
Green Cove 8.22±0.01 186 695 6
Sweetwater Strand 8.44±0.02 249 1403
French Lake 7.23±0.02 109 77
Basin Creek 7.33±0.01 75 27
Edisto River 7.32±0.01 204 202

a USGS, Columbia water diluted 20 times with Milli-Q water and acidified with HCl.
stagnalis) from the phyla rotifera and mollusca, respectively, were
used to assess potential cross-species variation in the effects of abiotic
factors.

2. Materials and methods

2.1. Collection of natural waters

Natural waters were collected from 6 different sources from across
North America (Table 1). During collection care was taken not to dis-
turb the sediment and to limit particulate material. After collection,
water was stored in 20 L polyethylene containers, packed in coolers,
and shipped to the University of Miami. Upon arrival in Miami, the
water from the respective sites was placed in single 100–200 L con-
tainers and stored in a dark 4 °C room. This prevented any discrepan-
cy in chemistry between the 20 L aliquots of water. The natural
waters were collected from the following locations: Green Cove
Springs (Jacksonville, FL, USA), Sweetwater Strand (Everglades, FL,
USA), French Lake (ON, Canada), Edisto River (South Carolina, USA),
Basin Creek (Wilkes County, NC, USA), and well water from the Unit-
ed States Geological Survey (USGS) Environmental Research Labora-
tory (Columbia, MO, USA). Additionally, a low pH water was made
by diluting Columbia well water 20-fold with Milli-Q water and
then acidifying with HCl to a final pH of 5.5. Dechlorinated Miami-
Dade tap water was used as a reference, with a 40% concentration (di-
luted with Milli-Q water) used for C. dubia tests, while full strength
tap water was used for L. stagnalis tests. Reference water for P. rapida
tests was generated in the lab according to the EPA recipe for moder-
ately hard water (USEPA, 2002).

2.2. Water chemistry analysis

Analysis for Pb was performed using a graphite furnace atomic ab-
sorption spectrophotometer (AAS; Varian), with all samples being
acidified (1% HNO3) and passed through a 0.45 μm filter prior to anal-
ysis. The detection limit for Pb using standard procedures was 0.5 μg/
cies. Sampling procedures are described in the Materials and methods section and all

g2+ Cl− SO4
2− TCO2 DOC

6 1287±80 299±19 850±100 527±69
10 152±5 466±11 1388±79 96±7
2 292±6 14±1 3049±249 576±3
1 214±5 27 166±20 1314±20
1 75±1 19±1 83±25 553±2
1 352±6 21 2±2 36±7
2 28 17 64±25 119±7

643±24 59±2 372±26 222±9
5±30 195±7 533±23 1756±32 153±11
±1 368±1 16 3768±24 801±7
±1 229±9 27±1 223±10 1443±2

128±38 22±2 177±9 686±16
±3 586±27 29±1 28±3 114±19
±1 535±6 25 138±5 214±12

27 59 678 1051 79
32 134 425 1265 94
61 221 0 2374 889
43 79 21 184 674
22 33 17 111 283
60 199 28 238 1405
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L, which equalled 3 times the standard deviation of ten measure-
ments. For nominal Pb concentrations less than 3 μg/L, a series of
multiple injections was used to concentrate analyte mass and ensure
values were above the detection limit. The pertinent cation (Na+, K+,
Ca2+, Mg2+) concentrations were analyzed using a flame AAS (Var-
ian), while the anions (Cl−, SO4

2−, NO3
−) were analyzed using ion

chromatography (Dionex, DX-120). Levels of bicarbonate/carbonate
were assessed using a double endpoint titration procedure (Hill,
1973) as previously described (Genz et al., 2008). Sample pH was
measured using a combination glass electrode coupled to a PHM220
pH meter. DOC concentrations were determined by first filtering
water samples through 0.45 μM GF/F 25 mm Whatman filter paper,
then analyzing the filtrate for total organic carbon using high temper-
ature catalytic oxidation (Shimadzu total organic carbon-VCSH).
Water hardness was calculated using the measured magnesium and
calcium concentrations. The DOC quality was assessed for natural wa-
ters using an F-index metric, with a higher value indicating a more
protective DOC type (Richards et al., 2001). This metric was calculat-
ed as previously described (Richards et al., 2001), using a microplate
spectrometer. These tests were only performed on filtered pre-test
water samples.

2.3. Toxicity testing with C. dubia

All tests and acclimations were performed in a temperature con-
trolled environmental chamber (26 °C) with a 16:8 light/dark cycle.
C. dubia were obtained from an in-house culture originally from
Aquatic Biosystems (Ft. Collins, CO, USA) and maintained in dechlori-
nated Miami-Dade tap water at 26 °C. All tests were based on the
standard USEPA methods for chronic toxicity testing using C. dubia
(USEPA, 2002), and specifically matched to the methods of Mager et
al. (2011a). For all tests, a water specific mass culture (1 L) of relative-
ly low density (30–50 individuals) was started and maintained for
3 days. All mass cultures were fed a combination of a commercially
available YTC solution (5 mL; Aquatic Biosystems) and Pseudokirch-
neriella subcapitata (5 mL of 3×107 cells/mL stock; Aquatic Biosys-
tems) daily. Prior to testing, individual Pb concentrations were
prepared by spiking test waters with varying amounts of Pb(NO3)2
(CAS 10099-74-8), 1.33 mL of YTC suspension and equilibrated at
26 °C for approximately 24 h. Each concentration was spiked with
1.33 mL of P. subcapitata suspension 1 h prior to test set-up. This
allowed equilibration of Pb to both the water and food to ensure
that a combination of dietary and aqueous exposure was tested.
Chronic test replicates comprised a single neonate (b24 h old) held
in 15 mL of solution, with daily changes of test solution. Each test
consisted of 6 concentrations with each containing 10 replicates
that were monitored daily for survival and reproduction for 7 days.
Temperature of the test solutions was monitored daily, while pO2

(data not reported) and pH were measured 4 times throughout.
Two water samples for ion and total CO2 analysis were taken
throughout.

2.4. Toxicity testing with L. stagnalis

All tests and acclimations were performed in a temperature con-
trolled environmental chamber (26 °C) with a 16:8 light/dark cycle.
L. stagnalis were obtained from an in-house culture maintained in
dechlorinated Miami-Dade tap water. Toxicity testing was performed
using a variation of the method of Grosell et al. (2006b). Egg masses
were harvested from the mass culture and immediately placed in ap-
proximately 500 mL of aerated field/reference water until snails
hatched (approximately 7 days) and began feeding on solid food (let-
tuce ad libitum; 7–10 days after hatching). Prior to testing, individual
Pb concentrations were prepared by spiking test waters with varying
amounts of Pb(NO3)2 and equilibrated at test temperature for ap-
proximately 24 h. Test replicates comprised of individual snails held
in 100 mL of solution within a 150 mL plastic container with lid. Gen-
tle aeration was provided to test containers throughout the experi-
ment. Snails were fed lettuce ad libitum at a rate sufficient to
ensure food was always available. Water changes and food replace-
ment (lettuce) were performed every 48 h for a duration of 14 days.
Each test consisted of 6 concentrations and each concentration con-
tained 10 replicates. At the completion of the test, each individual
snail was gently blotted dry with a Kimwipe and the wet weight
was recorded. Pb samples were taken from three replicates (2 repli-
cates for b3 μg/L Pb) before and after each water change. Tempera-
ture was measured at every water change, while dO2 (data not
reported) and pH measurements were taken at various intervals
throughout the tests. Samples for water ionic composition and DOC
concentration were taken at days 4, 10 and 14.

2.5. Toxicity testing with P. rapida

All animal housing and toxicity tests were performed in a temper-
ature (26 °C) and light (16:8 light/dark cycle) controlled room. Indi-
vidual P. rapida were obtained from an in-house culture (originally
provided by T. Snell, Georgia Tech), maintained in EPA moderately
hard water and fed commercial rotifer feed (Sparkle, INVE Aquacul-
ture). Test waters were prepared 24 h in advance, and consisted of
55 mL of site water, 330 μL of Sparkle feed (10 g/L) and spiked with
various concentrations of Pb(NO3)2. A duplicate control water solu-
tion (no added Pb) was prepared for analysis of anion, cation and
DOC concentrations, which was necessary due to the large volumes
needed for analysis as compared to the small toxicity test volumes.
Each test consisted of 6 concentrations, and 4 replicates per concen-
tration. Each test replicate consisted of 10 mL of test solution in a sin-
gle cell of a 6-cell culture plate, with 4 test replicates and 1 water
chemistry replicate per treatment. The water chemistry replicate
was used only to test final Pb concentrations and pH. A total of 6
adult rotifers were added to each cell and left for 4 days in a 26 °C
temperature controlled room. After 4 days the test replicates were
fixed using a 5% buffered formalin solution with rose Bengal, and
the water chemistry plate was sampled for final Pb concentrations
and pH. The replicates were left to fix for 24 h after which the individ-
uals in each replicate were counted using a dissecting microscope
(10–25× magnification). Population growth rate was calculated
according to Snell and Moffat (1992). Briefly, the natural log of the
final population size was subtracted by the natural log of the initial
population size and divided by the duration of exposure in days.

2.6. Data analyses

All statistical analyses were performed according to EPA guide-
lines for chronic toxicity testing (USEPA, 2002). Each test was
assessed for no observable effect concentration (NOEC) and lowest
observable effect concentration (LOEC) using either parametric or
non-parametric hypothesis testing methods performed by ToxCalc
software (version 5.0). The EC50 for each test was estimated
using a log-logistic model, while EC20 values were calculated
using linear interpolation methods. Pb speciation calculations were
performed using the freeware program Visual MINTEQ 3.0. All de-
fault settings were used and binding of metal ions to dissolved or-
ganic matter (DOM) was modeled using the NICA-Donnan
formulation (Milne et al., 2001; Milne et al., 2003). In all cases,
DOM was assumed to contain 50% carbon (DOC) by mass, and to
have an assumed composition of 65% active fulvic acid. In other
words, a measured DOC of 1 mg/L would have an input of fulvic
acid into the speciation model of 1.3 mg/L. This is based on previous
modeling studies on natural waters that showed assumptions of
60–70% fulvic acid composition were best for modeling metal speci-
ation (Tipping, 2002).
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For regression analyses, data were first natural log transformed,
with the exception of pH data. Toxicity endpoints also were natural
log transformed and were then regressed against various combina-
tions of water chemistry parameters (major cations, pH, DOC, TCO2)
using best-fit step-wise multi-linear regression approaches (Sigma-
Stat 3.5). All water chemistry variables were included in multi-
linear regression analyses and the best fit models were based upon
adjusted R2, with care taken to limit co-linearity of water chemistry
parameters as judged by the variance inflation factor. The relation-
ship between the primary independent regression variables, as well
as the variance inflation factors of the best-fit model, is provided in
the supplemental material (Table 2–5; supplemental material). As a
point of comparison, toxicity predictions were performed using a pre-
liminary chronic BLM for Pb built using data previously reported for C.
dubia (Mager et al., 2011a), as well as a single unpublished data set
regarding the effects of pH on C. dubia toxicity (Stubblefield, personal
communication). This unpublished dataset consisted of 4 data points
from pH 6–8.5. The log(EC50)–pH regression resulted in a slope of
−0.73 (R2=0.96). No competitive effects of major cations were
modeled, in line with the findings of Mager et al. (2011a, 2011b).
Pb speciation was calculated as described above using Visual MINTEQ
3.0. As such, the preliminary BLM consists of the following equation
to predict the EC50 on the basis of the free Pb2+ ion activity as a
function of pH, expressing a ‘competitive’ effect of H+ ions on chronic
Pb2+ toxicity:

EC50Pb2þ ¼ 10Q50;CD−SpH�pH ð1Þ

with SpH=0.73, and Q50,CD a parameter representing the intrinsic
sensitivity of C. dubia (=−3.06 for the University of Miami culture,
based on data in Mager et al., 2011a, b). This equation is linked to Vi-
sual MINTEQ 3.0 to convert predictions of EC50Pb2+ to EC50dissolved,
using the same assumptions as for the speciation calculations, as
explained above. Calculation of the intrinsic sensitivity factors for L.
stagnalis (Q50,LS=−4.11) and P. rapida (Q50,PR=−3.74 for the
population size endpoint) was based on the data presented in the
current study as described previously (Di Toro et al., 2001; Santore
et al., 2001; De Schamphelaere and Janssen, 2004a; De
Schamphelaere et al., 2006; De Schamphelaere and Janssen, 2010;
Schlekat et al., 2010).
Table 2
Chronic Pb toxicity estimates for three invertebrate species in seven natural waters, and o
formed. Only five natural waters were used for P. rapida toxicity tests.

Organism Endpoint Site water Pb (μg/L)

EC20

C. dubia Reproduction Reference 35.4
Green Cove Spring 22.6
Sweetwater Strand 96.7
Edisto River 223.3
French Lake 12.1

L. stagnalis Individual growth Reference 4.3
Green Cove Spring 1.5
Sweetwater Strand 49.5
Edisto River 32.4
French Lake 15.8
pH 5.5a 2.1
Basin Creek 1.5

P. rapida Population growth Reference 13.4
Green Cove Spring 23.2
Sweetwater Strand 103.3
Edisto River 39.8
French Lake 46.8
Basin Creek 3.2

CI = confidence interval.
a USGS, Columbia water diluted 20 times with Milli-Q water and acidified with HCl.
3. Results and discussion

3.1. Water chemistry

A relatively diverse array of water chemistries were observed in
the suite of natural waters. Based on pre-test chemistry (supple-
mental information), broad variability was observed with regard
to pertinent chemical parameters related to Pb toxicity, such as
DOC (36–1244 μM), hardness (4–298 mg/L), total CO2 (53–
5043 μM), calcium (24–1934 μM) and pH (5.48–8.72). The exact
water chemistries measured during the toxicity tests are shown in
Table 1, with little deviation from pre-test measurements. The
water chemistry values in Table 1 were used for all subsequent
models and analysis.
3.2. C. dubia Pb toxicity

Successful toxicity tests were performed in 5 of 8 waters using C.
dubia (Table 2), and in all of these cases reproduction was found to
be a more sensitive endpoint thanmortality (data not shown). No sig-
nificant response was observed for either mortality or reproduction in
the USGS, Columbia water using nominal Pb concentrations up to
200 μg/L. This nominal concentration was likely above the solubility
limit for Pb in this particular water, as suggested by the measured
Pb concentrations of 77±8 μg/L. Previous work on acute toxicity of
C. dubia showed similar solubility problems in water from this partic-
ular site, with little difference in measured dissolved Pb concentra-
tions despite a nominal concentration range of 200–6400 μg/L, and
highlights the effects of carbonates (total CO2) at limiting dissolved
Pb species. The chronic Pb toxicity of C. dubia in Basin Creek water
gave a non-monotonous response (poor fitting dose response), and
as such reliable toxicity estimates could not be calculated. Further-
more, suitable control reproductive output could not be obtained
over the 7-d test in the pH 5.5 water (mean neonates=12.8 per fe-
male). Of the successful toxicity tests, C. dubia 7d-EC50s for reproduc-
tion ranged from 20 to 573 μg/L, with the highest toxicity in the soft
water from French Lake; the most protective water was the high
DOC Edisto River water.

To more fully ascertain the influence of water chemistry on chron-
ic Pb toxicity in C. dubia the current results were combined with a
previously generated data set investigating Pb toxicity in these
ne reference water. Represented data are for waters where a successful test was per-

95% CI EC50 95% CI NOEC LOEC

10–40.1 56.3 47.1–67.2 47.5 68.4
0.9–35.46 94.8 45.5–197.8 16.4 39.9

17.1–230.2 301.1 220.8–410.6 26.7 146.1
45.1–363.6 573.4 491.3–669.1 110.6 243.9
10.7–14.4 20.1 n.a. 7.6 20.2

3–15.5 18.1 9.2–35.6 10.9 27.8
0.3–6.2 7.3 1.5–36.6 5.8 11.9

18.6–67.9 131.9 68.5–254.1 46.4 106.7
14.8–246.5 244.6 160.6–372.4 234.3 387.5
10.4–18.8 27.8 19.6–39.5 24 37.6
0.8–2.7 3.6 1.8–7 3.8 9.3
0.3–4.3 9.4 3.9–22.6 5.9 12.3
9.2–20.4 19.9 11.9–33.1 7.6 23.9
8.8–84.5 135 57.2–318.7 26.7 61
0–265.2 135.2 90–203.2 203.2 419.6

24.9–156.7 154.9 68.5–350.6 139.6 261.3
0–59.8 77.9 63.7–95.2 43.5 86.9

2.5–4.4 10.6 7.3–15.4 2.2 4.2



Table 3
Predicted concentrations of major lead species at the EC50 in natural water toxicity
tests for three invertebrate species, as calculated using Visual MINTEQ 3.0. Values in
parenthesis are the percentage of total dissolved Pb species.

Pb2+ (μg/L) Total organic (μg/L)a

C. dubia Reference 0.12 55.5 (99)
Green Cove Spring 0.46 82.9 (87)
Sweetwater Strand 0.099 288 (96)
Edisto River 0.98 571 (99)
French Lake 0.032 20.0 (99)

L. stagnalis Reference 0.0055 18.0 (99)
Green Cove Spring 0.011 6.88 (94)
Sweetwater Strand 0.033 126 (96)
Edisto River 0.32 244 (99)
French Lake 0.062 27.7 (99)
pH 5.5b 1.7 1.85 (52)
Basin Creek 0.18 9.13 (98)

P. rapida Reference 0.067 18.3 (92)
Green Cove Spring 1.1 105 (78)
Sweetwater Strand 0.027 133 (98)
French Lake 0.16 77.6 (99)
Basin Creek 0.018 10.6 (99)
Edisto River 0.14 155 (99)

a Total organic equals the sum of all calculated organic Pb species.
b USGS, Columbia water diluted 20 times with Milli-Q water and acidified with HCl.
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organisms (Esbaugh et al., 2011; Mager et al., 2011a). Using a multi-
linear regression approach three different water chemistry compo-
nents were found to significantly affect chronic Pb toxicity – DOC,
total CO2 and sodium (Fig. 1A) – which largely agrees with previous
findings regarding chronic C. dubia toxicity (Mager et al., 2011a).
DOC is well known to be the primary water characteristic affecting
Pb speciation (Campbell and Evans, 1987; Prosi, 1989), as demon-
strated by the vast majority of dissolved Pb bound to DOC in the pre-
sent toxicity tests (Table 3). It has also previously been shown to
protect against both acute and chronic Pb toxicity to P. promelas
(Grosell et al., 2006a; Mager et al., 2010; Esbaugh et al., 2011;
Mager et al., 2011b) and C. dubia (Esbaugh et al., 2011; Mager et al.,
2011a,b) and is a major protective component against freshwater
toxicity of many other metals including copper (De Schamphelaere
and Janssen, 2004b; Ryan et al., 2004; Ryan et al., 2009), zinc
(Heijerick et al., 2002; Heijerick et al., 2005), nickel (Kozlova et al.,
2009) and silver (Bielmyer et al., 2007).

Total CO2 and pH are naturally co-variant in water due to the
acid–base properties of carbon dioxide, so assessing the separate
role of these factors in predicting Pb toxicity is difficult. It is well
known that carbonates affect Pb speciation and therefore limit the
concentration of toxic ionic Pb2+ species (Campbell and Evans,
1987; Prosi, 1989), while pH can similarly affect speciation through
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Fig. 1. An observed versus predicted 7d-EC50 regression plot for chronic Ceriodaphnia
dubia Pb toxicity as predicted by (A) multi-linear regression (MLR) analysis and (B) the
preliminary Ceriodaphnia dubia biotic ligand model. The solid line represents equal
observed versus predicted toxicity, while the dotted lines represent ±2-fold observed
versus predicted toxicity. The lab generated data (diamond) is from Mager et al.
(2011a). Those tests referred to in the text are designated as follows: FL = French
Lake, SW = Sweetwater Strand, Ref = reference, and HA = humic acid.
its affect on carbonates. However, pH can also act as a competitive
parameter via H+ competition, which has previously been suggested
as a mechanism of protection against acute Pb toxicity in low pH wa-
ters for P. promelas (Mager et al., 2011b) and rainbow trout
(Macdonald et al., 2002). The competitive effects of pH can be isolat-
ed by examining only the ionic Pb2+ EC50s, which correlate poorly
with pH for C. dubia (R2=0.005, P=0.75; regression not shown),
and as such the available evidence points toward a role of pH/total
CO2 affecting Pb speciation, as opposed to competition with ionic
Pb for ligand binding sites. In further support of this assertion, the
best-fit MLR model (Fig. 1A) was equally effective when total CO2

was replaced with pH. It is interesting to note that the preliminary
BLM structure currently incorporates a competitive component for
pH (see Eq. (1) in Materials and methods). The implications of this
component of the BLM structure will be discussed further below,
but it seems prudent for further studies to examine the separate ef-
fect of pH on chronic Pb toxicity across a range of pH values to
more fully address this issue.

A third component of the MLR model is sodium. It is currently
unclear what role sodium plays in Pb toxicity of C. dubia, as sodium
is not known to directly compete with Pb for binding sites. However,
recent studies on acute Pb toxicity in C. dubia revealed that the inclu-
sion of ionic strength improved the predictive power of a model
designed using a similar MLR approach (Esbaugh et al., 2011). Simi-
larly effects of ionic strength have also been suggested for silver and
copper, where the respective BLMs routinely lose their predictive
power in very low ionic strength waters (Bielmyer et al., 2007;
Ryan et al., 2009; Ng et al., 2010). Since sodium is a primary compo-
nent of ionic strength these effects may be attributed to the same
mechanism, the basis of which is likely osmoregulatory. Organisms
in freshwater environments constantly lose ions to the more dilute
environment, which they must replace through uptake. Diffusive
ion loss occurs at higher rates in smaller organisms, such as C.
dubia, because of the higher surface area to volume ratios (Grosell
et al., 2002). It seems likely that the apparent effects of sodium are
simply a product of varying physiological stress imposed on the or-
ganism as a consequence of the environment, and that organisms
that are under greater physiological stress may also be more sensi-
tive to Pb toxicity. This interpretation is supported by the fact that
sodium can be replaced with chloride, another major freshwater
osmolyte, as an MLR parameter with little effect on the overall
model performance.
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3.3. L. stagnalis and P. rapida chronic Pb toxicity

Successful chronic Pb toxicity tests were performed in 7 of 8 natu-
ral waters for L. stagnalis (Table 3), with no toxic effects of Pb in the
USGS, Columbia water. This is similar to tests performed with C.
dubia and is again likely due to the low Pb solubility in this particular
water. In the case of the L. stagnalis test, the highest amount of mea-
sured Pb was only 3.01±0.77 μg/L at a nominal concentration of
50 μg/L. Successful toxicity tests were performed in all 6 test waters
for P. rapida (Table 3), although control population growth rate in
Sweetwater Strand water was half that of the other waters.

L. stagnalis is the most sensitive known organism to dissolved Pb
exposure, with a growth 30d-EC20 of b4 μg/L (Grosell et al., 2006b).
The results obtained in the current study are similar in range with
growth EC20s and EC50s ranging from 1.5 to 49.5 and 3.7 to 181 μg/
L dissolved Pb, respectively. The greatest toxicity occurred in low
DOC waters (Tables 1 and 2), such as Green Cove Springs, Basin
Creek and the pH 5.5 water. In fact, use of an MLR approach to isolate
determinants of chronic Pb toxicity yielded only DOC as a significant
factor (Fig. 2). Interestingly the other parameters known to affect
speciation – total CO2 and pH – had no predictive value for L. stagnalis
chronic Pb toxicity (on the basis of dissolved Pb), nor did any compet-
itive parameters such as calcium. In contrast, an examination of the
ionic Pb2+ EC50 revealed a significant negative correlation of log
(EC50Pb2+) with pH (Fig. 3) suggesting that H+ competition does
occur. The slope of this relationship for L. stagnalis (SpH) equals 0.78,
which is similar to the slope for C. dubia used in the BLM
(SpH=0.73; see Materials and methods), suggesting a similar com-
petitive pH effect in these two species. However, the importance of
this for predicting EC50s with the MLR seems to be minimal relative
to DOC. It is surprising that calcium had no predictive impacts for
chronic L. stagnalis toxicity because previous work has suggested
that interference of the high calcium uptake rates in juvenile snails
is the controlling factor for their hypersensitivity (Grosell and Brix,
2009). The lack of any calcium effect on chronic Pb toxicity to L. stag-
nalis contradicts this suggestion; however, it is noteworthy that pH
and calcium are highly correlated in the natural water data set
where low pH waters are also low in calcium (R2=0.68; supplemen-
tal information). This could result in a stronger pH relationship mask-
ing the competitive effects of calcium, though as with pH any
relationship would be of minimal importance from a standpoint of
predicting EC50s with the MLR.
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Fig. 2. Chronic Lymnaea stagnalis Pb toxicity observed versus estimated effect regres-
sion plots for the multi-linear regression model (MLR) and preliminary Ceriodaphnia
dubia biotic ligand model (BLM). Multi-linear regression model formula denoted. The
solid line represents equal observed versus predicted toxicity, while the dotted lines
represent ±2-fold observed versus predicted toxicity. The reference (Ref) water re-
ferred to in the text is designated.
Chronic Pb toxicity for P. rapida was assessed using a population
growth rate endpoint (Table 2), which conformed to classical concen-
tration dependent responses with a chronic EC20 and EC50 range of
3–103 and 10–154 μg/L dissolved Pb, respectively. The only available
Pb toxicity data for rotifers is for Brachionus calyciflorus, which was
more tolerant in a test medium similar to the current reference medi-
um with an EC20 of 307 μg/L for population growth (Grosell et al.,
2006b). Of the natural waters tested, P. rapida showed the highest
sensitivity in the soft Basin Creek water, while the lowest toxicity
was observed in the water from the Edisto River.

In contrast to expectation, and to both C. dubia and L. stagnalis,
chronic Pb toxicity in P. rapida was not correlated to DOC using MLR
analysis (Fig. 4). In fact, DOC alone regressed poorly with EC50
(R2=0.22, P≤0.35). The best fit model for P. rapida instead incorpo-
rated only calcium and pH, but the relatively high covariance be-
tween calcium and pH in the test waters suggests this model should
be viewed with caution. Furthermore, the protective effects of both
parameters appear to be more than a competitive effect as regression
of ionic Pb2+ EC50s and calcium and pH have R2 values of only 0.09
and 0.04, respectively (supplemental information). Although it is dif-
ficult to draw many conclusions from this model, both because of the
co-linearity of independent variables within the test solutions and the
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Fig. 4. Chronic Philodina rapida Pb toxicity observed versus estimated effect regression
plots for the multi-linear regression model (MLR) and preliminary Ceriodaphnia dubia
biotic ligand model (BLM). Multi-linear regression model formula denoted. The solid
line represents equal observed versus predicted toxicity, while the dotted lines repre-
sent ±2-fold observed versus predicted toxicity. Those tests referred to in the text are
designated as follows: BC = Basin Creek, GC = Green Cove.
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sample number of data points, it seems clear that P. rapida do not con-
form to typical invertebrate patterns with respect to the predictive
components of Pb toxicity. This is especially with regard to the effects
of DOC. One possible explanation for this interesting protective water
chemistry pattern is that ionic Pb2+ may not be the only toxic Pb spe-
cies to rotifers. Since a major food source for rotifers is organic detri-
tus, it seems possible that Pb bound to food and ingested may
contribute to toxicity. Previous work has also suggested that the com-
bination of dietary and waterborne exposure to the amphipod H.
azteca may be more toxic than waterborne exposure alone (Besser
et al., 2005). It is also possible that DOC may have unknown affects
on rotifer physiology that could affect Pb2+ uptake, such as mem-
brane permeability or potential. The latter secondary effects have
been suggested as the explanation for higher than expected Pb2+ up-
take rates in green algae (Chlorella kesslerii) in the presence of humic
acid (Slaveykova et al., 2003; Hassler et al., 2004; Lamelas et al., 2005;
Lamelas and Slaveykova, 2007), and DOC concentration has also been
shown to affect the electrical properties of gill epithelial in rainbow
trout (Oncorhynchus mykiss) (Galvez et al., 2008). Nonetheless, it is
clear that further work is needed to fully address the effects of
water chemistry on Pb toxicity to P. rapida.
3.4. Multi-linear models of chronic Pb toxicity and comparison with the
BLM

MLR models for all three species were generated (Figs. 1, 2 and 4)
with varying levels of robustness. A statistical evaluation of the BLM
and various MLR models for the respective species is shown in
Table 4. The C. dubiaMLR has the least predictive power of the respec-
tive species MLR models, with an R2 of 0.55 (Pb0.001; Fig. 1, Table 4).
Of the twenty-four EC50s, five would be overestimated by this model
based on the criteria that the predicted EC50 exceeds the observed by
more than 2-fold. The most dramatic of these five is the French Lake
water which is a soft water with a high level of DOC. Conversely
three EC50s were underestimated by the MLR model, all of which
were from an Aldrich humic acid manipulated data set (Mager et al.,
2011a). An explanation for the error in the model with respect to
these outlying points may stem from the DOC sources of the various
test waters. It is well established that NOM/DOC are heterogenic pa-
rameters with source specific protection profiles, and that Aldrich
humic acid in particular provides higher binding capacity than from
those of natural aquatic sources (Richards et al., 2001; Glover et al.,
2005a; Glover et al., 2005b), which could explain the underestima-
tion of EC50 in these media. Furthermore, sources of DOC with higher
F-indexes and/or specific absorbance coefficients, which are metrics
describing the DOC quality, provide greater protection against metal
toxicity (Richards et al., 2001; De Schamphelaere and Janssen,
2004b). The F-index for the French Lake water was among the lowest
of the natural waters tested (0.42; Table 1 supplemental material),
and since sodium and total CO2 are very low in this water, its protec-
tion profile is dependent almost entirely on DOC. This may partially
explain why the model so dramatically overestimates the EC50. It
seems prudent to more fully examine (i) the effects that NOM/DOC
Table 4
A comparison of R2 and P-values for the species-specific multi-linear regression
models, as well as the Ceriodaphnia dubia biotic ligand model as applied to each spe-
cies. All statistics are based on the natural log observed Pb EC50 (μg/L) versus the nat-
ural log predicted Pb EC50 (μg/L).

Multi-linear regression Biotic ligand model

R2 P value R2 P value

C. dubia 0.55 b0.001 0.45 b0.001
L. stagnalis 0.82 0.005 0.79 0.007
P. rapida 0.92 0.002 0.19 0.23
source may have on chronic Pb toxicity in these organisms, (ii) the ef-
fects of combinations of a low degree of protection by several water
quality parameters at the same time, as well as (iii) how to properly
incorporate this information into any predictive model.

As a point of comparison the chronic Pb MLR model for C. dubia
was compared to predictions performed using a preliminary chronic
BLM for Pb also developed using C. dubia (Fig. 1B). Of particular
note is that most points that were over or underpredicted by the
MLR model were also incorrectly predicted by the BLM (Fig. 1B). In
fact, the overall predictions of both models are generally quite similar,
although based on R2 the MLR performs slightly better (Table 4). This
is quite interesting because the basis of the two models is somewhat
different, as the current BLM includes pH as a competitive factor
while the MLR uses sodium. However, the other two components of
the MLR (DOC and total CO2) are two factors that affect speciation,
which is clearly a component of the BLM. The overall similarity of
the MLR and BLM models would suggest that DOC and total CO2 are
far more important factors to consider when predicting chronic Pb
toxicity in C. dubia. Nonetheless, both models would likely be im-
proved by the addition of sodium and pH manipulated data sets,
and especially pH manipulated data sets that attempt to limit the po-
tentially confounding effects of total CO2.

With respect to non-model invertebrate species the MLR models
for both L. stagnalis and P. rapida were considerably more robust
than that of C. dubia (Figs. 2 and 4) with R2 values of 0.82 and
0.92, respectively. Some caution must be exercised when making
comparative evaluations, however, as the number of data points for
these models is much lower than for that of C. dubia. Similar to
that of C. dubia, the MLR model for L. stagnalis seems to closely
mimic predictions of the BLM, again showing the overall importance
of Pb speciation to predicting Pb toxicity in invertebrates. Although
the MLR slightly outperforms the BLM, it seems safe to suggest that
the BLM developed for C. dubia could be effectively applied to L. stag-
nalis. This is important as L. stagnalis is the most sensitive known or-
ganism to waterborne Pb toxicity (Grosell et al., 2006b; Grosell and
Brix, 2009). In contrast, the C. dubia BLM poorly predicted Pb toxicity
in P. rapida (Fig. 4 and Table 4), while the MLR is quite effective at
predicting toxicity in these organisms. This is mostly explained by
both the importance the BLM places on DOC when predicting P.
rapida chronic Pb toxicity, as well as the absence of a calcium com-
ponent for predicting toxicity. Interestingly, the chronic nickel C.
dubia BLM is equally ineffective at predicting toxicity for rotifers,
while effectively predicting toxicity in L. stagnalis (Schlekat et al.,
2010). The inability of C. dubia BLMs to predict chronic toxicity to
P. rapida while successfully predicting toxicity in L. stagnalis is sur-
prising for two reasons. First, both C. dubia and P. rapida are filter
feeding organisms that could similarly be exposed to dietary Pb dur-
ing testing, which is not the case for L. stagnalis. Secondly, both C.
dubia and P. rapida toxicity tests are based on similar reproductive
endpoints, while the snail test is a growth endpoint. As such, it
would seem more likely that a C. dubia BLM would not perform
well for snails. Regardless of the explanation, it seems clear that
models developed for C. dubia – BLM or MLR – may not be effective
at extrapolating chronic Pb toxicity to all invertebrate phyla, espe-
cially rotifers, and that further work is clearly necessary to under-
stand Pb toxicity in this interesting phylum.

4. Conclusions

The current study used a combination of chronic toxicity testing in
natural waters and MLR analysis to elucidate the protective impacts
of water chemistry parameters on chronic Pb toxicity in three inver-
tebrate species. These analyses show that chronic toxicity is predicted
by different variables for each species, although DOC and Pb specia-
tion are crucial factors for C. dubia and L. stagnalis. The use of an
MLR approach gave largely similar results to the BLM for these two
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species. In contrast, the MLR and BLM deviated largely for P. rapida,
with the BLM largely ineffective at predicting toxicity in these organ-
isms. As such, it may not be appropriate to extend the C. dubia BLM to
all invertebrate species. Furthermore, the proposed MLR models
modestly outperform the current iteration of the chronic Pb BLM for
freshwater invertebrates when predicting toxicity for C. dubia and L.
stagnalis. However, the proposed MLR models vastly outperform the
BLM for P. rapida, and as such this technique shows promise as a com-
plement to the BLM approach, especially for problematic species such
as rotifers. Finally, these results give further evidence that the current
reliance on water hardness alone for setting water quality standards
for Pb is inappropriate.
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