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A B S T R A C T   

For the purpose of sediment quality assessment, the prediction of toxicity risk-levels for aquatic organisms based 
on simple environmental measurements is desirable. One commonly used approach is the comparison of total 
contaminant concentrations with corresponding water and sediment quality guideline values, serving as a Line of 
Evidence (LoE) based on chemistry-toxicity effects relationships. However, the accuracy of toxicity predictions 
can be improved by considering the factors that modify contaminant bioavailability. In this study we used paired 
chemistry-ecotoxicity data sets for sediments to evaluate the improvement in toxicity risk predictions using 
bioavailability-modified guidelines. The sediments were predominantly contaminated with metals, and mea-
surements of sediment particle size, total organic carbon (TOC) and acid volatile sulfide (AVS) were used to 
modify hazard quotients (HQ). To further assess the predictive efficacy of the bioavailability-modified guideline 
models, sediments with differing contamination levels were tested for toxicity to a benthic amphipod’s repro-
duction. To account for differences between laboratory exposure and field exposure scenarios, where the latter 
creates greater dilution, both static-renewal and flow-through test procedures were employed, and flow-through 
resulted in lower dissolved metal concentrations in the overlying waters. We also investigated how lower AVS 
concentration by oxidation modified the toxicity. This study reaffirmed that consideration of factors that in-
fluence contaminant bioavailability improves toxicity risk predictions, however the improvements may be 
modest. The sediment particle size data had the greatest influence on the modified HQ, indicating that higher 
percentage of fine particle size (<63 μm) contributed most to a lower predicted toxicity. The comparison of the 
static-renewal and flow-through test results continue to raise important questions about the relevance of static or 
static-renewal toxicity test results for risk assessment decisions, as both these test designs may cause unrealis-
tically high contributions of dissolved metals in overlying waters to toxicity. Overall, this study underscores the 
value of incorporating outcomes from simple and routine sediment analysis (e.g., particle size, TOC, and 
consideration of AVS) to enhance the predictive efficacy of toxicity risk assessments in the context of sediment 
quality risk assessment.   

1. Introduction 

The use of multiple lines of evidence (LoE) is recommended to 
improve the robustness of sediment quality assessments (Bay and 
Weisberg, 2012; Simpson and Batley, 2016). Common LoE include 

measurements of chemistry (contaminant concentrations), ecotoxicol-
ogy (lethal and sublethal effects), bioaccumulation (uptake of chem-
icals) and ecology (benthic community diversity and populations). 
However, the collection of multiple LoE can be prohibitively expensive 
for small-scale assessments, and this makes it more desirable to be able 
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to predict risks of adverse effect of contaminants using routine and 
cost-effective measurements. 

The prediction of the risk of sediment toxicity based solely on com-
parison of total concentrations of major contaminants with sediment- 
quality guideline values (SQGVs) is often insufficient. Incorporating 
factors that modify contaminant bioavailability into models can 
improve toxicity predictions (Di Toro et al., 2005; Maruya et al., 2012; 
Simpson and Batley, 2007). For metal contaminants, measurements of 
sediment particle size, and concentrations of major contaminant binding 
phases, such as organic matter and acid volatile sulfide (AVS) have been 
demonstrated to improve prediction of contaminant bioavailability and 
toxicity risks (Campana et al., 2013; Di Toro et al., 2005; Schlekat et al., 
2016). 

When using laboratory-generated contaminant exposure and effects 
data to predict ecotoxicity risks posed by contaminated sediments in the 
field, it is also important to understand how differences between lab and 
field conditions influence contaminant exposure routes and the risk 
prediction (Burton et al., 2005; Harrison et al., 2019; Mann et al., 2010). 
Contaminant binding is modified when sediments are disturbed by the 
bioturbation activities of organisms within their local environment or by 
hydrodynamic forces from water currents (Amato et al., 2016; Ciutat 
and Boudou, 2003; Xie et al., 2019). 

In this study we utilised a paired chemistry and ecotoxicity data set 
(N = 65) to explore simple models to predict toxicity risks. Firstly, we 
considered major contaminant concentrations in the form of a hazard 
quotient (HQ), and secondly, we incorporated sediment properties 
measurements to modify the HQ. We then expanded this data set with 
new paired data (N = 26) from laboratory toxicity tests with the epi- 
benthic deposit-feeding estuarine-marine amphipod Melita plumulosa. 
These tests encompassed diverse sediment samples, including 19 estu-
arine sediments collected from the Sydney region, along with an addi-
tional 7 sediments derived from the initial 19 sediments subjected to 
AVS manipulations. These latter 7 sediments underwent modifications 
in AVS through resuspension and oxidation, resulting in varying re-
ductions in the concentration of this strong metal binding phase. Both 
static-renewal and flow-through test procedures were used, intended to 
result in differing contaminant concentrations in overlying water. The 
hypotheses evaluated were that (i) a HQ modified using sediment par-
ticle size, total organic carbon (TOC) and AVS as factors that influence 
metal bioavailability (referred to as HQ*) would improve in toxicity risk 
predictions, and (ii) an improved prediction of toxicity risk-levels would 
be observed across static-renewal and flow-through data sets, particu-
larly in sediments where AVS concentrations have been reduced through 
oxidation. 

2. Materials and methods 

2.1. Historical sediment chemistry and toxicity data sets 

Sediment data sets where metals were the dominant contaminants 
were selected from past sediment toxicity studies (Amato et al., 2014; 
Simpson et al., 2014; Simpson et al., 2020; Simpson et al., 2013). The 
paired chemistry and toxicity data for these 65 sediments have been 
consolidated and summarised in Table 1, while specific metal concen-
trations are detailed in Table S1 within the Supplementary Material. 
Sediment chemistry measurements encompassed total concentrations of 
the metals (Cd, Cr, Cu, Ni, Pb and Zn, and the metalloid As), along with 
additional parameters including fine particle size fraction (fFP, % <63 
μm), total organic carbon (% TOC) and acid-volatile sulfide (AVS) 
concentration (μmol/g). 

2.2. New sediments collection and analyses 

A total of 19 surficial sediments (0–10 cm depth) were collected from 
estuarine locations in the Sydney region (New South Wales, Australia). 
These sediments exhibited relatively low levels of organic contaminants 

but varying levels of heavy metal contamination and physicochemical 
properties (Xie et al., 2021; Zhang et al., 2020). For 7 of the sediments, 
replicate subsamples were used in toxicity tests following a period of 
oxidation that occurred by resuspending the sediment in seawater, and 
was undertaken to provide sediments with the same metal concentration 
but lower AVS concentration. This resulted in 26 new sediments for 
tests. The methods used for sediment collection, manipulation and an-
alyses are described in Section S1 of the Supplementary Material. 

The methods for analyses of metal concentrations (sediment and 
dissolved), fFP, TOC and AVS are provided in the Supplementary Mate-
rial. In brief, particle size distribution was measured with Malvern 
Mastersizer 3000 (Malvern Panalytical) and the fraction <63 μm used to 
define fFP. TOC was determined using the method of high temperature 
combustion coupled infrared detection with a Shimadzu TOC analyser. 
AVS was analysed with a rapid method for measuring the concentration 
of sulfides released from the sediment by dilute acid. Analyses of total 
recoverable metals (TRM) on bulk sediment samples were made 
following low pressure aqua regia digestion of sediment in a microwave 
digestion system (MARS 5, CEM). Overlying water from toxicity tests 
were filtered (0.45 μm) and acidified with concentrated HNO3 (0.2%, v/ 
v). Metal concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn in water and 
acid digests were determined using inductively coupled plasma – atomic 
emission spectrometry (Agilent 720 ICP-OES). With the exception of 
polycyclic aromatic hydrocarbons (PAHs) and total recoverable hydro-
carbons (TRHs), other organic contaminants (e.g., pesticides, poly-
chlorinated biphenyls) are regarded as negligible based on past studies 
within the sediment source areas (Birch, 2017; Chariton et al., 2010; 
Dafforn et al., 2012). Organic contaminants included PAHs and TRHs 
were analyzed to confirm that metals are the dominant contaminants in 
the tested sediments, and any sediments with concentrations of PAHs 
and TRHs of concern were excluded from this study (Simpson et al., 
2020). 

2.3. Sediment toxicity tests 

The epibenthic amphipods, Melita plumulosa, were obtained from 
laboratory cultures. Toxic effects of exposure to whole-sediment to the 
survival and reproduction of M. plumulosa were assessed over a period of 
10 days. Clean seawater used in the tests was from the South coast of 
Sydney, Australia. Two test methods were used that created different 
overlying water environments: a static-renewal test (Spadaro and 
Simpson, 2016) and a flow-through test (Zhang et al., 2020), where the 
flow-through method resulted in lower concentrations of released 
metals in the overlying waters. Four replicates were completed for every 
test. Both methods are described in detail in the Supplementary 
Material. 

Briefly, at the start of the tests, six gravid females (gravid for <24 h) 
and six males were randomly assigned to each test chamber. All treat-
ments (static-renewal and flow-through) were fed at a rate of 0.5 mg 
food per amphipod on day 0 and 5. At the end of the tests, the survival 
rate of the adult amphipod was recorded. Subsequently, the count of 
embryos was conducted under microscopy. Juvenile amphipods were 
also meticulously collected by sieving the sediment, and their numbers 
were counted. The count of offspring (including embryos and juveniles) 
per female amphipod was then recorded as the reproduction endpoint. 
Both the survival rate and the reproduction endpoint were expressed as 
percentages of the control group. To ensure that physicochemical pa-
rameters remained within acceptable ranges, measurements of the 
overlying water were undertaken at the beginning and periodically 
throughout the tests, including dissolved oxygen (>85% saturation), pH 
(8.0 ± 0.2), salinity (30 ± 2‰), temperature (21 ± 1 ◦C) and ammonia 
(<3 mg NH3–N/L). Toxicity was detected when the reproductive output 
measured less than 80% of the control and exhibited statistically sig-
nificant differences (p < 0.05) compared to the controls. This assessment 
classified toxicity into five categories: No toxicity, Low, Moderate, High, 
and Very high (Table S2, Supplementary Material). 
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Table 1 
Historical sediment data overview: sediment properties, hazard quotients (HQ and HQ*) and toxicity results.  

Sediment fFP (% <63 μm) TOC (%) AVS (μmol/g) HQ HQ* Survival (%) Reproduction (%) 

Mean SE Mean SE 

1 10 0.54 0.6 0.17 0.47 98 7 98 7 
2 2.1 0.75 41 0.17 0.68 94 3 67 5 
3 20 1.0 1.1 0.23 0.36 98 14 98 14 
4 7.2 0.62 4.1 0.25 0.67 88 4 60 10 
5 21 0.50 0.1 0.32 0.60 85 3 70 14 
6 8.0 0.62 0.5 0.33 1.08 86 9 70 8 
7 65 3.0 3.4 0.48 0.27 103 11 97 14 
8 3.9 1.8 0.4 0.50 2.13 94 3 53 7 
9 5.4 0.78 5.0 0.56 1.63 89 7 74 13 
10 32 2.2 0.3 0.60 0.73 102 6 98 6 
11 59 0.91 9.4 0.62 0.39 94 2 80 10 
12 94 4.4 15 0.78 0.27 93 4 91 19 
13 61 1.3 3.2 0.85 0.57 99 2 94 6 
14 37 2.2 0.4 0.88 0.95 98 4 89 13 
15 44 2.8 12 0.94 0.57 93 4 83 10 
16 78 1.5 2.1 0.97 0.58 97 6 87 9 
17 38 2.0 6.2 1.07 0.82 104 4 79 16 
18 64 3.2 1.5 1.08 0.67 96 4 80 9 
19 46 3.0 9.2 1.24 0.75 105 4 67 16 
20 48 5.2 1.8 1.29 0.85 99 4 85 14 
21 84 7.4 22 1.39 0.45 93 8 75 20 
22 53 5.2 17 1.40 0.66 100 8 83 12 
23 79 4.6 58 1.52 0.49 108 4 91 7 
24 80 4.7 3.3 1.56 0.71 94 3 94 9 
25 92 4.3 5.4 1.58 0.64 86 2 75 6 
26 68 4.3 23 1.66 0.66 84 10 87 10 
27 95 2.7 4.5 1.70 0.74 101 2 85 7 
28 25 1.4 1.9 1.73 2.07 52 4 22 18 
29 93 3.4 15 1.76 0.65 89 2 80 18 
30 87 3.2 9.8 1.89 0.77 98 4 87 15 
31 97 2.8 18 2.06 0.74 95 4 79 7 
32 37 2.2 0.4 2.06 2.23 100 2 47 2 
33 15 4.0 7.4 2.33 2.71 77 10 23 17 
34 50 3.9 9.0 2.41 1.33 102 2 92 7 
35 65 4.8 42 2.48 0.93 98 4 56 10 
36 65 4.5 13 2.66 1.17 90 11 94 23 
37 37 2.2 0.4 2.67 2.88 104 4 25 4 
38 77 4.3 10 2.75 1.13 113 7 71 3 
39 88 5.3 13 2.76 0.98 103 3 93 11 
40 25 3.0 1.2 2.91 3.28 63 8 4 4 
41 59 4.5 0.5 3.12 2.20 78 3 26 7 
42 21 8.4 42 3.32 2.22 104 4 65 23 
43 86 3.4 22 3.95 1.44 95 3 84 19 
44 15 1.9 0.6 4.51 6.23 95 9 57 14 
45 53 4.0 2.4 5.33 3.43 105 5 61 6 
46 65 4.1 13 5.67 2.54 91 6 65 5 
47 84 4.0 35 7.58 2.58 105 6 52 11 
48 84 6.8 23 9.90 4.83 43 10 1 1 

49 40 4.8 2.0 0.24 0.18 100 0 100 13 
50 20 0.70 0.5 0.26 0.47 90 4 100 5 
51 98 4.5 0.4 0.36 0.19 100 3 100 13 
52 60 3.5 0.4 0.37 0.28 100 4 100 1 
53 49 2.4 2.0 0.39 0.28 102 7 103 11 
54 12 1.4 40 0.41 0.53 100 2 100 8 
55 50 1.7 0.5 0.46 0.43 90 8 100 5 
56 70 2.6 0.5 0.53 0.37 90 6 100 5 
57 98 4.5 5.0 0.66 0.26 105 7 112 7 
58 98 4.5 5.0 0.66 0.26 100 4 100 6 
59 90 3.1 0.5 0.73 0.43 85 2 100 5 
60 100 3.6 0.5 0.75 0.40 83 5 100 5 
61 65 2.2 11 0.81 0.41 102 4 109 35 
62 95 1.6 15 1.21 0.49 100 0 118 13 
63 98 2.9 2.1 1.27 0.59 90 4 109 8 
64 98 3.3 18 1.37 0.48 98 6 112 14 
65 25 1.8 5.1 3.87 3.96 25 2 0 0 

fFP: fraction of fine particles. TOC: total organic carbon. AVS: acid-volatile sulfide. HQ: hazardous quotient based on the sediment concentration and sediment quality 
guideline value (SQGV) of the metals. 
HQ* is the hazardous quotient modified using fFP, TOC and AVS, as described by Eq. (6). 
Amphipod survival and reproduction data are expressed as % control. 
Sediments ordered by increasing HQ, where the table has a split at sediments 48/49 at which point 17 sediments (italicised numbers) are then described that had 0% or 
≥100% toxicity (% control) and treated differently to the first 48 when constructing the exposure-effect model. 
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In the static-renewal tests, the organisms were exposed to contami-
nants in 250 mL glass beakers that contained 40 g of sediment and 200 
mL of overlying seawater. Samples of overlying water were collected on 
the first and the last day of the tests, as well as on Days 3, Day 5 and Day 
7 when the overlying water was exchanged with clean seawater. Time- 
weighted average concentrations were obtained from the average of the 
five measurements. Sediment renewal was carried out on Day 5. The 
static-renewal tests were conducted at constant temperature (21 ± 1 ◦C) 
in an environmental chamber (Labec Refrigerated Cycling Incubator, 
Laboratory Equipment) on a 12-h light/12-h dark rotational cycle and 
aeration was provided. 

In the flow-through tests, the organism exposures were conducted in 
chambers within a tank that allowed for seawater exchange between the 
chamber and larger tank to create greater dilution of contaminants 
released from sediment into overlying water than occurred in the static- 
renewal tests (Figure S1, Supplementary Material). A pump circulated 
the seawater from the top of the tank and pumped it back into the 
exposure chambers through the port. Samples of overlying water were 
collected on the first and the last day of the tests, as well as on Days 3 and 
Day 7. Time-weighted average concentrations were calculated from the 
average of the four measurements. The flow-through tests were con-
ducted in an air-conditioned laboratory (21 ± 1 ◦C) with normal day- 
light cycles and aeration provided with the water recycling. 

2.4. Hazardous quotient and toxic unit 

Hazard quotients (HQ) for the sediments were calculated based on 
the contaminants concentrations of the sediment as described previously 
(Long, 2006; Simpson et al., 2013) using each SQGV (Table S1, Sup-
plementary Material) (ANZG, 2018). Because the sediments were mainly 
metal-contaminated, HQ was calculated using concentrations of the 
seven metals (M) of As, Cd, Cu, Cr, Ni, Pb, and Zn, i.e. HQ =
∑

n([M]/SQGV)/n, where [M] is the metal concentration (TRM) in 
sediment, SQGV is the corresponding sediment quality guideline value, 
and n is the number of contaminants (i.e., 7 metals in this case). 

Toxic units (TU) for overlying waters were calculated as the mean of 
time-weighted average concentrations of dissolved metals (dM) in the 
overlying waters divided by their respective marine water quality 
guideline value (WQGV) (ANZG, 2018; Golding et al., 2022), i.e., TU =
∑

n(dM/WQGV)/n (Table 2). Values of HQ and TU < 1 indicate a low 
risk of toxicity, and values > 1 indicate increasing risk and potential 
magnitude of toxicity as the values increase. 

2.5. Statistics 

The t-tests were performed to assess a significant reduction in 
amphipod survival or reproduction in test sediments compared to the 
controls. The data were tested for normality of distribution (Shapiro- 
Wilk’s test) before other statistical analyses. Significance in all statistical 
tests was set at the p < 0.05 level. 

Given that amphipod reproduction is a more sensitive endpoint in 
response to metal contamination and consistently manifested in the 
majority of tests, logistic regression was used to build the relationship 
between reproduction and HQ and TU. Multiple linear regression (MLR) 
was applied to investigate the effects of HQ and the sediment properties 
(AVS, TOC and fFP) on the reproduction. Significance in all statistical 
tests was set at the p < 0.05 level. All the statistical analyses were carried 
out using the software Origin 2017. 

The sigmoidal relationship between toxicity to amphipod repro-
duction and HQ (or TU) was established with logistic regression using 
Eq. (1). 

y=
100

1 +
(

x
c

)b (1)  

where y is the survival (%) or reproduction (%), and x is HQ or TU. 
Toxic effects to amphipods may occur from metals in overlying water 

and porewater, as represented here by TU, and from metals that remain 
associated with the sediments, represented by HQ. Because metal con-
centrations in overlying water are influenced by sediment properties 

Table 2 
New sediments data: Properties of the sediments and hazardous quotient and toxic unit in the tests.  

Sediment fFP (% <63 μm) TOC (%) AVS (μmol/g) HQ HQ* TU 

Static-renewal Flow-through 

1 55 4.0 0.5 0.2 0.16 0.4 0.4 
2 91 4.5 0.5 0.7 0.41 0.3 0.3 
3 81 4.4 0.5 1.1 0.64 0.5 0.3 
4 71 2.4 2.0 1.4 0.82 1.3 0.5 
5 63 6.6 0.6 1.4 0.90 0.5 0.3 
6 38 1.8 0.6 1.6 1.71 1.2 0.3 
7 (Ox) 38 1.8 0.5 2.8 1.75 2.1 0.8 
8 35 5.5 12 1.8 1.10 0.3 0.2 
9 (Ox) 35 5.5 11 1.8 1.11 0.8 0.3 
10 49 7.7 0.7 1.8 1.24 0.7 0.2 
11 58 3.7 4.8 1.9 1.03 3.8 0.3 
12 61 3.7 13 2.0 0.91 1.6 0.5 
13 35 8.7 0.7 2.2 1.77 0.7 0.3 
14 33 3.0 18 2.2 1.53 0.3 0.3 
15 (Ox) 33 3.0 6.9 2.2 1.72 2.5 0.3 
16 36 1.5 0.5 2.5 2.89 1.8 0.8 
17 (Ox) 36 1.5 0.5 2.5 2.89 3.4 0.9 
18 39 1.8 0.6 1.6 3.85 1.4 0.5 
19 40 1.0 0.5 3.2 3.66 0.9 0.3 
20 (Ox) 40 1.0 0.6 3.2 3.58 0.3 0.3 
21 32 18 56 3.8 1.68 0.3 0.3 
22 (Ox) 32 18 13 3.8 2.02 0.4 0.5 
23 68 14 0.8 6.7 2.56 3.4 0.3 
24 56 6.4 0.5 5.1 3.47 1.9 0.5 
25 47 6.9 9.2 6.4 3.36 1.2 1.4 
26 (Ox) 47 6.9 0.5 6.4 4.85 3.9 1.0 

Seven sediments with (Ox) indicates those that were resuspension-oxidation treated, with the corresponding non-treated sediment being the number above. fFP, TOC, 
AVS and HQ are defined in Table 1. HQ* is the hazardous quotient modified using fFP, TOC and AVS, is described by Eq. (6). 
TU: toxic unit based on the overlying water concentration and water quality guideline value (WQGV) of the metals. 
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that influence metal binding and hence bioavailability, we sort to 
describe the influence of AVS, TOC and fFP on the bioavailable metal 
exposure through the derivation of HQ* that represented the sediment 
property-modified HQ. HQ* was derived using Eq. (2). 

HQ∗ =HQ •

(
AVS

AVSRef

)s1

•

(
TOC

TOCRef

)s2

•

(
fFP

fFPRef

)s3

(2)  

where AVSRef, TOCRef and fFP-Ref are the reference values (chosen arbi-
trarily) for AVS (0.5 μmol/g), TOC (1%) and fFP (50%) and s1, s2 and s3 

are the slopes, respectively. The relationship between toxicity and the 
sediment metals modified by these sediment parameters was derived 
using Eq. (3). 

log
100 − y

y
= b • log HQ + b • s1 • log AVS + b • s2 • log TOC + b • s3

• log fFP + b0 (3)  

3. Results and discussion 

3.1. Toxicity models derived using historical chemistry and effects data 

Higher AVS and TOC concentrations and fFP, frequently correspond 
with stronger binding and lower toxicity of metals in sediments (Di Toro 
et al., 2005; Simpson and Batley, 2007). The historical data sets pro-
vided wide ranges for these parameters (Table 1). For these sediments 
the fFP ranged from 2.1% to 100%, TOC from 0.5% to 8.4% and AVS 
from 0.1 μmol/g to 58 μmol/g. The sediments had HQ values ranging 
from 0.17 to 9.9 (Table 1), and different metals in the sediments influ-
encing the HQ values (Table S1, Supplementary Material). 

The models were first developed using 48 of the 65 historical paired 
chemistry and ecotoxicity data sets. Owing to the formulation of the 
models and the resulting mathematical constraints, 17 data sets with 0% 

and ≥100% reproduction were excluded (noting >100% is possible 
when expressed as % of control response). The logistic relationship be-
tween reproduction of the amphipod, M. plumulosa, and HQ and HQ* are 
described by Eq. (4) and Eq. (5) and presented in Fig. 1. The derivation 
of HQ* based on HQ, fFP, TOC and AVS, is described by Eq. (6), with HQ* 
values ranging from 0.18 to 6.23 (Table 1). 

log
100 − y

y
=(0.82±0.22) • log HQ − (0.60±0.10) p= 0.0006 (N= 48)

(4) 

The HQ* model provided significantly better prediction of toxicity 
than the HQ model (Fig. 1A and B), as evidenced by an increase in the 
RMSE (root-mean-square error) of the regression, from 21 (for the HQ 
model) to 16 (for the HQ* model). A comparison of the measured and 
predicted toxicity (Figure S2, Supplementary Material) also indicates 
the improvement, as the R2 of the measurements relative to the 1:1 line 
increased from 0.21 to 0.58 when sediment properties were incorpo-
rated into the hazard quotient model. The improved HQ* model (Eq. (6)) 
indicates a greater importance of particle size in influencing toxicity 
predictions, compared to TOC and AVS. For example, increasing fFP from 
10 to 90% results in HQ* increasing by a factor of 3.74, compared to a 
factor of 1.66 when TOC increases from 0.5 to 10%, and a factor of 1.70 
when AVS increases from 0.5 to 30 μmol/g (Table S3). For these his-
torical data there was insufficient measurement of dissolved metals in 
overlying waters or porewaters to enable TU to be calculated. 

3.2. Metal contaminants and release in toxicity tests 

The properties of the 26 new test sediments varied considerably 
(Table 2), with fFP ranging from 32% to 91%, TOC from 1.0% to 18% and 
AVS from 0.5 μmol/g to 56 μmol/g. The sediment had metal concen-
trations that ranged from near-background level for the region to highly 
contaminated, with maximum concentrations of the metals in the 

Fig. 1. The logistic relationship between amphipod reproduction and two models: (A) HQ (Eq. (4)) and (B) HQ* (Eq. (5)) for the historical static-renewal sediment 
toxicity data set (N = 48). The solid curve is the regression line of the measurement using the logistic model (Eq. (1)), and the shaded area represents the 95% 
confidence band. RMSE is the root-mean-square error of the regression. 

log
100 − y

y
= (1.59 ± 0.28) • log HQ − (0.20 ± 0.13) • log AVS − (0.27 ± 0.42) • log TOC − (0.95 ± 0.25) • log fFP + (1.06 ± 0.36) p < 0.0001 (N = 48)

(5)  

HQ∗ = HQ •

(
AVS

AVSref

)− 0.13

•

(
TOC

TOCref

)− 0.17

•

(
fFP

fFPref

)− 0.60

= HQ •

(
AVS
0.5

)− 0.13

•

(
TOC
1.0

)− 0.17

•

(
fFP

50

)− 0.60

p < 0.0001 (N = 48) (6)   
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sediments being very different (Table S4). The dominant contaminants 
were Cu, Pb and Zn, with maximum concentrations reaching 1050, 692 
and 2680 mg/kg, respectively. One sample had a very high cadmium 
concentration of 35 mg/kg, in contrast to the remaining samples with 
cadmium concentrations below 3.2 mg/kg. Concentrations of As, Cr and 
Ni were relatively low, with maximum values of 26, 116 and 39 mg/kg, 
respectively. The vast majority of sediment samples exhibited concen-
trations of Cu, Pb, and/or Zn that exceeded their corresponding SQGV, 
with the exception of the Control sediment (Sediment-1). Notably, 46% 
of the sediment samples exceeded upper guideline value (SQG-High) for 
Cu, while 50% and 65% of the sediment samples exceeded the corre-
sponding SQG-High values for Pb and Zn, respectively. For this data set 
the HQ values ranged from 0.2 to 6.7, with the highest HQ occurring for 
sediments with known anthropogenic sources of heavy metals (e.g., 
Sediment-25 (HQ 6.5) from Blackwattle Bay located within a historically 
highly-industrialised zone of Sydney Harbour (Cu, Pb, Zn), and 
Sediment-23 (HQ 6.7) from Cockle Bay, Lake Macquarie, that had 35 
mg/kg Cd and high Pb and Zn originating from a smelter) (Table 2). The 
lowest HQ value was Sediment-1 (HQ = 0.2) from Grays Point near the 
Royal National Park, which was used as the Control sediment in the 
toxicity tests. 

The dissolved concentrations of Cu and Zn in the overlying water 
during the 10-d static-renewal and flow-through tests frequently 
exceeded the WQGVs of 1.3 and 15 μg/L, respectively (Tables S5 and S6, 
Supplementary Material). In contrast, the dissolved concentrations of 
As, Cd, Cr, Ni, and Pb were below the limit of detection and also below 
their respective WQGVs (12 μg As/L from (Golding et al., 2022); 5.5 μg 
Cd/L, 27.4 μg Cr/L, 70 μg Ni/L, 4.4 μg Pb/L from (ANZG, 2018)), except 
for Cd in Sediment-9 (10.7 μg/L). The observation that Cu and Zn were 
the principal metal contaminants in the overlying water was consistent 
with their high concentrations in the sediments. However, the obser-
vation that Pb concentrations remained low in the overlying water, 
despite its elevated sediment concentrations, can be attributed to the 
limited release of Pb from sediments (Amato et al., 2016; Remaili et al., 
2017). The dissolved metal concentrations in static-renewal tests were 
significantly higher than in flow-through tests for both Cu (p < 0.01) and 
Zn (p < 0.01). The range of TU is 0.3–3.9 for static-renewal tests, and 
0.2–1.4 for flow-through tests. The percentage of TU exceeding 1.0 was 
~50% for static-renewal tests, while only 8% exceeded 1.0 for 
flow-through tests. It clearly indicates that the high exchange rate of 
overlying water in the flow-through tests considerably decreased the 
concentrations of dissolved metals and the potential toxicity associated 
with dissolved metal concentrations. In the only published study of 
dissolved trace metals in Sydney Harbour, Hatje et al. (2003) reported 
mean dissolved Cd, Cu, Ni, and Zn concentrations of 0.04, 1.7, 0.86, and 
6.5 μg/L, respectively, being a similar magnitude for Cu and Zn, but 
lower for Cd and Ni, compared to what was observed for the 
flow-through tests (Table S6). 

Sulfide in sediments (as represented by AVS) binds Cd, Cu, Ni, Pb and 
Zn strongly, and thus when AVS concentrations exceed the corre-
sponding molar concentration of these metals, their porewater concen-
trations are predicted to be negligible (Di Toro et al., 2005), and a low 
risk of adverse effects to benthic organisms is assessed (USEPA, 2005). 
The oxidation of surface sediments through abiotic or biotic processes 
(e.g., bioturbation) may result in oxidation of AVS and increase the 
efflux of dissolved metals from sediments to overlying waters (Xie et al., 
2018) and substantially increase the level of toxicity (Simpson et al., 
2012). Among the seven sediments that underwent a resuspension- 
oxidation treatment, four initially exhibited significant AVS concentra-
tions (Table 2). The reduction in AVS varied across different degrees: 
marginal (from 12 to 11 μmol/g), moderate (from 18 to 6.9 μmol/g), and 
substantial (56–13 μmol/g, and 9.2 to 0.5 μmol/g). Interestingly, 
although the TU was greater for the oxidise sediments, the increase in 
TU did not correlate with the degree of AVS oxidation (Table 2). This 
observation underscores the intricate chemical diversity inherent to 
sediments, where interactions between metals and sediment introduces 
complexity to the release of metals. 

3.3. Sediment toxicity to M. plumulosa 

Both static-renewal and flow-through toxicity tests were undertaken 
on the 26 new test sediments (Table 2, Table S7, Supplementary Mate-
rial). In the static-renewal tests, survival percentages (relative to con-
trol) ranged from 58 ± 11% to 105 ± 5%, whereas in the flow-through 
tests, survival percentages ranged from 84 ± 8% to 107 ± 6% 
(Figure S3, Table S6). For both tests, reproduction is a more sensitive 
endpoint than survival. For static-renewal tests, reproduction percent-
ages (relative to control) ranged from 10 ± 4% to 101 ± 4%, while in 
flow-through tests, they spanned from 33 ± 10% to 114 ± 15%. 

There was no significant difference in survival of adult amphipods 
between the two test types (p = 0.20). However, flow-through tests 
exhibited significantly higher reproduction compared to static-renewal 
tests (p < 0.01). The relative standard deviations of survival and 
reproduction in flow-through tests (n = 4 replicates) were relatively 
higher than that in the static-renewal tests (p = 0.03). 

This discrepancy in reproduction between flow-through and static 
renewal tests was primarily attributed to the considerably lower levels of 
dissolved metal exposure in flow-through tests compared to static- 
renewal tests (p < 0.01 for TU, Table 2). 

For the new static-renewal test data sets (N = 26), the fitting was 
poor for the HQ model (RMSE = 18, Fig. 2A) and also for the HQ* model 
(RMSE = 19, Fig. 2B), but was markedly improved using the TU model 
(RMSE = 13, Fig. 2C, Eq. (7)). A comparison of the measured and pre-
dicted toxicity based on TU is provided in Figure S4, Supplementary 
Material. 

Fig. 2. The logistic relationship between reproduction of amphipod and the three models: (A) HQ (Eq. (4)), (B) HQ* (Eq. (5)), and (C) TU (Eq. (7)) for the new static- 
renewal sediment toxicity data set (N = 26). The open symbols indicate the 7 oxidised sediments (Table 2). The regression fit is described in Fig. 1. 
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log
100 − y

y
=(1.22±0.20) • log TU − (0.04±0.01) p < 0.0001 (N= 26)

(7) 

The reduced predictive accuracy of toxicity using the HQ*-based 
model, developed from the historical data set (N = 48), could poten-
tially be attributed to the narrower HQ* range observed within the 
smaller data set (0.16–4.85, N = 26), as compared to the historical data 
set (0.18–6.23, N = 65). Additionally, the inclusion of oxidised sediment 
treatments (N = 7) might have further contributed to this discrepancy. 
Analysing the static-renewal test outcomes from both the historical and 
new data sets in combination (N = 74 paired chemistry and toxicity 
combinations, Fig. 3), stronger relationships were evident for HQ* 
(RMSE = 18) in contrast to HQ (RMSE = 23). The comparison between 
the observed and predicted toxicity, encompassing the combined data, is 
provided in Figure S5. The combined results indicate that 95% confi-
dence bands for toxicity risk-level predictions by HQ* model will 
frequently be within 20–30% of the measured reproduction. 

3.4. Categories of toxicity 

The HQ* model provided significantly better prediction of toxicity 
than the HQ model, and indicated a greater importance of particle size in 
influencing toxicity predictions, compared to TOC and AVS. However, it 
is also useful to consider this improvement in relation to the data use for 
risk assessment purposes. To evaluate multiple LoE, including chemistry 
and toxicity data, a weight of evidence (WoE) approach is 

recommended, and this typically utilises semi-quantitative ranking for 
each LoE using a numerical-scoring categories (Bay and Weisberg, 2012; 
Simpson and Batley, 2016). 

For the standardised amphipod survival and reproduction test pro-
cedure, a system of five toxicity categories was proposed (Table S2). The 
analysis of the combined 91 measurements indicated that the observed 
toxicity distribution comprised 45% No Toxicity, 23% Low, 13% Mod-
erate, 13% High, 5% Very High (Table S8, Supplementary Material). 

Comparing the predicted toxicity categories, the HQ* model 
exhibited a 56% accuracy in ‘predicting the measured category of 
toxicity’, in contrast to 45% achieved by the HQ model (Fig. 4, 
Table S8). Considering predictions that deviated by one toxicity cate-
gory from the measured category, the HQ* model demonstrated a 12% 
higher identification of toxicity and 24% lower identification of toxicity, 
whereas the HQ model showed a 21% overestimation of toxicity and a 
19% underestimation. In sum, the HQ* model achieved 92% accuracy 
within one category of the measured outcome, as opposed to the 85% 
accuracy achieved by the HQ model. 

3.5. Flow-through tests comparisons 

The testing of the same sediments using both static-renewal and 
flow-through test procedures provided 52 results for which the sediment 
metal concentrations and bioavailability-influencing properties (fFP, 
TOC and AVS) were the same in 26 pairs, but the exposure conditions 
and dissolved metal exposures differed between pairs (static-renewal vs 
flow-through). The flow-through tests were intended to better resemble 

Fig. 3. The logistic relationship between reproduction of amphipod and the models: (A) HQ (Eq. (4)) and (B) HQ* (Eq. (5)) using the combined static-renewal 
toxicity data sets (N = 74). The regression fit is described in Fig. 1. 

Fig. 4. Agreement between model predictions and measured categories of toxicity: Left series = Overall agreement, and Right series = breakdown for individ-
ual categories. 
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a field environment where the contaminant release to the overlying 
water is diluted and results in the lower dissolved exposure to the 
benthic organisms. 

The flow-through test results (Figure S6) had poorer fits to all three 
models (Figure S6, RMSE = 19, 20, and 18 for the HQ, HQ*, and TU 
models, respectively) when compared to the static-renewal test results 
(Fig. 2, RMSE = 18, 19, and 13 for the HQ, HQ*, and TU models, 
respectively). The comparison of the measured toxicity with the TU- 
model predictions for the static-renewal and flow-through tests high-
lights the significant contribution of the overlying water metal exposure 
to the toxicity. The poor fit of the TU-based model for the flow-through 
data (RMSE = 18, Figure S6C, Supplementary Material) was not unex-
pected when we consider that the amphipod is a deposit feeder and the 
major portion of its metal exposure occurs via diet (including sediment 
ingestion) when the dissolved exposure is low (Campana et al., 2012). 
The considerably better prediction of toxicity using the TU-based model 
in the static-renewal tests (RMSE = 13, Fig. 2C) indicates that the 
detection of highly elevated dissolved metal concentrations makes risk 
prediction easier, but the translation of the toxicity risk predictions from 
in laboratory and field exposure scenarios in less certain. 

3.6. Implications for toxicity data as a line of evidence for risk assessment 

The collection and evaluation of multiple LoE is expected to improve 
the quality of the decision making (Bay and Weisberg, 2012; Simpson 
and Batley, 2016). However, the cost of gathering the LoE must be 
balanced against the values gained for the decision process. Our 
reasoning for this study, was a desire to be able to better predict risks of 
adverse effect of contaminants using routine and cost-effective mea-
surements. The primary aim of this study was to investigate whether the 
prediction of toxicity risks based on the concentrations of major 
contaminant expressed in the form of a hazard quotient (HQ) could be 
significantly improved through the consideration of common sediment 
properties that modify contaminant bioavailability (particle size, TOC, 
AVS). When considered as categories of risk of adverse effects (from low 
to high), the Chemistry-LoE (HQ-based) and Ecotoxicology-LoE had 
better agreement when contaminant bioavailability-modifying factors 
were included for the Chemistry-LoE. Overall, we found that modest 
improvements of toxicity risk prediction could be achieved and that the 
most influential factor was sediment particle size. 

The Ecotoxicology-LoE relies on the use of surrogate organisms, and 
we assessed toxicity to the reproduction of an epibenthic deposit feeding 
amphipod, M. plumulosa (Mann et al., 2009). This represents a single 
surrogate organism upon which risk assessment decisions may be 
influenced, and other organisms will have differing sensitivity, update 
and exposure routes for contaminants (Rainbow, 2007). The value of the 
Ecotoxicology-LoE come with the observation of toxicity, as if toxic ef-
fects are observed for the tested species if is likely that many other 
species of organism will exist in the environment that may be impacted 
by the same contaminant exposure. The observation of no toxicity is also 
useful, but questions remain about risks of adverse effect to organisms 
that quite different to the surrogate species used for the Ecotoxi 
cology-LoE. 

The comparison of the static-renewal and flow-through test results 
raise important questions concerning the more common use of static or 
static-renewal toxicity test results for risk assessment decisions. 
Laboratory-based tests may frequently not adequately resemble condi-
tions of organism exposure at the field location (Burton et al., 2005; 
Harrison et al., 2019; Mann et al., 2010), and this can lower the value of 
the ecotoxicology data as a line of evidence. The design of both test 
procedures can be questioned relative to field-exposure conditions. It is 
possible that the taller flow-through test chambers create a sheltered 
environment that allows the amphipods, that are epibenthic, to poten-
tially avoid the porewater and dissolved metal flux exposure more than 
they could in the field by clinging on to the walls of the chamber above 
the sediment. Providing the ability for organisms to avoid sediment 

contaminant exposure may be very relevant for some organisms (Araújo 
et al., 2016; Ward et al., 2013), but it may also be artificial for others (e. 
g., where not burrowing would result in exposure to predators). The 
design of the static-renewal tests that keeps the amphipods closer to the 
sediments and creating a higher dissolved metal exposure provides a 
more conservative LoE for toxicity. 

4. Conclusions 

This study reaffirms that consideration of factors that influence 
contaminant bioavailability improves toxicity risk predictions, however 
the improvements may be modest. Only the first study hypothesis was 
proven, where the HQ modified using sediment particle size, TOC and 
AVS improved toxicity risk predictions for static renewal tests. Notably, 
sediment particle size emerges as the most pivotal factor in this refine-
ment. However, this enhancement is not mirrored in flow-through data 
sets, and outcomes for sediments with AVS reduced through oxidation 
remain inconclusive. 

While dissolved metals in overlying waters prominently influence 
toxicity outcomes in static-renewal tests, their impact diminishes in 
flow-through tests. This disparity indicates that toxicity risk predictions 
derived from static and static-renewal tests may overstate the actual risk 
of sediment toxicity in field settings characterized by high water- 
exchange rates. Consequently, the translation of the toxicity risk pro-
jections from laboratory settings to field conditions demands meticulous 
scrutiny, warranting careful assessment before informing regulatory 
determinations. 
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S1. Methods  21 

S1.1 Historical sediment chemistry and toxicity data sets 22 

Previous studies of sediment quality that included chemistry and ecotoxicology assessment 23 

using the amphipod toxicity tests were identified and relevant data extracted. Data from four 24 

historical studies were used: Amato et al. (2014), and Simpson et al. (2013, 2014 and 2020), 25 

where in each case metals were the dominant sediment contaminants. These studies provided 65 26 

paired chemistry and toxicity data sets (Table 1; Table S1).  27 

 28 

Table S1. Historical sediment data overview: total recoverable metal concentrations (mg/kg dry weight). 29 
Sediment identifiers align with those in Table 1. 30 

Sediment As Cd Cr Cu Ni Pb Zn  Sediment As Cd Cr Cu Ni Pb Zn 
1 7.3 0.2 19 3.4 2.2 8.1 23  34 21 0.6 47 790 23 20 230 
2 5.0 0.1 12 7.5 3.0 15 41  35 22 0.2 51 810 22 21 310 
3 8.6 0.2 24 5.8 3.2 14 44  36 14 1.3 49 40 31 248 1880 
4 4.0 0.1 9.9 30 1.0 30 50  37 5.9 18 6.9 37 2.7 177 431 
5 5.7 0.1 18 8.8 18 7 107  38 20 0.7 31 975 15 16 271 
6 3.9 0.1 17 35 8.9 9.7 145  39 20 0.7 31 979 15 16 271 
7 15 0.2 25 17 7.7 41 144  40 13 1.4 47 126 12 255 2120 
8 10 0.2 27 27 11 49 120  41 70 0.6 55 835 33 44 401 
9 6.0 0.4 15 110 6.0 21 148  42 22 0.8 34 1200 16 14 340 
10 11 0.7 43 23 20 38 130  43 17 2.2 71 53 44 410 2670 
11 9.2 0.5 48 39 23 23 156  44 19 0.6 19 1759 14 13 405 
12 15 0.6 35 143 16 17 115  45 19 0.7 25 2120 13 13 415 
13 3.8 0.4 67 71 8.5 99 240  46 21 0.7 28 2270 13 13 415 
14 5.9 0.1 6.9 9.6 2.9 163 437  47 20 0.6 32 3080 15 18 558 
15 4.6 0.3 33 23 31 53 563  48 110 35 30 220 15 850 3800 
16 8.2 0.4 77 75 10 110 270  49 4.6 0.1 20 8.2 2.2 23 83 
17 16 1.1 70 53 8.4 115 325  50 4.2 0.5 13 9.0 7.0 21 42 
18 11 0.8 84 81 10 110 310  51 5.0 0.1 23 15 5.5 37 133 
19 16 0.6 22 368 11 12 160  52 4.8 0.1 30 15 5.5 37 133 
20 6.7 0.4 95 120 13 150 360  53 13 0.2 24 13 6.1 31 109 
21 12 0.6 46 31 34 88 857  54 6.0 0.6 18 64 6.0 5.0 120 
22 23 0.8 54 310 26 22 200  55 12 0.5 19 22 9.0 41 100 
23 18 0.6 56 400 28 20 150  56 9.1 0.5 26 26 13 50 120 
24 13 0.4 110 140 16 180 420  57 19 0.2 29 25 11 60 216 
25 11 1.2 59 49 47 143 626  58 19 0.2 29 25 11 60 216 
26 18 0.9 31 500 15 14 211  59 19 0.5 30 38 13 68 180 
27 3.0 0.4 130 170 17 200 480  60 19 0.8 29 35 12 65 200 
28 5.0 3.0 23 55 11 110 1200  61 6.6 0.6 33 25 28 61 328 
29 11 1.4 58 49 48 184 682  62 10 0.5 59 48 55 75 403 
30 12 0.8 57 46 53 137 1080  63 2.7 0.4 93 130 12 150 350 
31 13 2.2 64 43 45 220 861  64 11 1.1 62 39 49 110 482 
32 5.8 14 6.5 8.5 2.3 127 354  65 10 5.8 40 110 17 260 2900 
33 4.4 3.5 25 80 13 180 1600          

SQGV 20 1.5 80 65 21 50 200  SQGV 20 1.5 80 65 21 50 200 
SQG-
High 70 10 370 270 52 220 410  SQG-

High 70 10 370 270 52 220 410 

SQGV: sediment quality guideline value for protection of 95% marine water species (Simpson et al., 2013b). 31 
SQG-High: high guideline value for sediment quality (Simpson et al., 2013b). 32 
Concentrations are underlined when between SQGV and SQG-High, and bold when above SQG-High. 33 
 34 
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S1.2 New sediment collection and sediment manipulation 35 

The sediments were collected from intertidal and subtidal (<2 m water depth) locations from 36 

sites in the Sydney region (New South Wales, Australia) using a shovel or grab sampler to 37 

provide approximately 4 kg of surface sediment (0-10 cm depth). Clean sediment was collected 38 

from the Royal Nation Park (New South Wales, Australia) and was used as the control in the 39 

toxicity tests. The sampling sites were selected based on our previous investigations to guarantee 40 

that metals were the principal contaminants. Sediments were sieved through a 2 mm plastic mesh 41 

by pressing to remove large debris, and then homogenised and stored in plastic bottles in cold 42 

room (4 °C). In order to minimise sample oxidation or other changes, sediment analyses and 43 

toxicity tests were generally conducted within 8 weeks (Simpson and Batley, 2016). 44 

Out of the 19 newly collected sediment samples, 7 underwent a partial oxidation process to 45 

yield sediments with equivalent metal concentrations but reduced AVS levels. This 46 

transformation was achieved by blending 1 kg of sediment with 200 mL of clean seawater within 47 

a 2-liter plastic container. The container was gently rotated on a roller mixer, operating at a speed 48 

of 2 rounds per minute. Over a span of 21 days, the sediment oxidation process ensued, 49 

punctuated by intermittent settling periods (lasting 1 to 2 hours) every two days, during which the 50 

overlying seawater was refreshed. The oxidation process was facilitated by the oxygen present in 51 

the free headspace of the container and the overlying water. Concurrently, the regular renewal of 52 

the water served to avert the acidification of the sediment slurry. 53 

S1.3 Chemical analyses  54 

All chemicals were of AR or GR grade. Ultrapure water (18 MW·cm, Milli-Q, Millipore) 55 

was used for preparation of reagents. All the devices and vessels used in analyses were washed 56 

with acid (5% HNO3) and rinsed using ultrapure water. For analyses of physicochemical 57 

parameters of overlying water, dissolved oxygen, temperature, salinity and pH were measured 58 

using a portable multiple-parameter monitoring device (WTW, Wissenschaftlich-Technische 59 

Werstätten). Dissolved ammonia was analysed colorimetrically using a Merck Spectroquant Kit 60 

(No. 14752).  61 

Methods for analyses of sediment properties and contaminants have been described in detail 62 

in our previous works (Simpson et al., 2013a; Simpson and Batley, 2016). Particle size distribution 63 

(% <63 µm, recorded as fraction of fine particles, fFP) was determined by Mastersizer 3000 64 

(Malvern Panalytical). Total organic carbon (TOC) was analysed using the method of high 65 

temperature combustion coupled infrared detection with TOC-V Total Organic Carbon Analyser 66 
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(Shimadzu). Acid volatile sulfide (AVS) was determined using a rapid method that measured the 67 

concentration of sulfides released from the sediment using dilute acid (1 mol L-1 H+) (Simpson, 68 

2001).  69 

Total recoverable metals (TRM) were analysed following low pressure aqua regia digestion 70 

of sediment in a microwave digestion system (MARS 5, CEM) and dilute-acid-extractable metals 71 

(AEM) were obtained by wet sediment digestion in 1 mol/L HCl for 60 min. Overlying water was 72 

collected by filtration (0.45 µm) and acidized with concentrated HNO3 (0.2%, v/v). The analyses 73 

of metals in waters and acid digests were performed using inductively coupled plasma – atomic 74 

emission spectrometry (Agilent 720 ICP-OES, SPS 3 autosampler). For quality assurance/quality 75 

control (QA/QC) purposes, analyses included blanks, duplicates and certified reference materials 76 

(CRM) for metals (ERM®-CC018, European Reference Materials, and results were within 30% for 77 

duplicates and with 75 – 125% of the certified values for CRMs.   78 

        Analyses of polycyclic aromatic hydrocarbons (PAHs) and total recoverable hydrocarbons 79 

(TRHs) were undertaken by the National Measurement Institute (NMI, Sydney, Australia), a 80 

laboratory accredited by the National Association of Testing Authorities (NATA) of Australia, as 81 

described by Simpson et al. (2020). Total PAHs comprise 16 compounds: naphthalene, 82 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 83 

benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, 84 

indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene. The PAHs were 85 

extracted from sediments using dichloromethane/acetone, and the TRHs were extracted with either 86 

methanol followed by spiking into water (volatile C6-C10 TRHs) or dichloromethane/acetone 87 

(semi-volatile C11-C36 TRHs and PAHs). Determinations were conducted by capillary gas 88 

chromatography–mass spectrometry (GC–MS). For QA/QC purposes, spike-recoveries of 89 

surrogates for organics were accepted when within 90-130%. Maximum acceptable relative percent 90 

difference on spikes and duplicates was 30% for metals and 40% for organics.  91 

S1.4 Sediment toxicity tests 92 

The tested species, Melita plumulosa, is an epibenthic amphipod from estuaries of south-93 

eastern Australia and continuously cultured in our laboratory. Clean seawater used in the tests was 94 

collected from the south coast of Sydney of Australia, filtered (1 µm) and diluted to 30‰ salinity 95 

with deionized water. The seawater was analysed prior to use to ensure no contaminants were 96 

present at significant concentrations.  97 
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Toxic effects to the survival and reproduction of M. plumulosa were assessed over a period of 98 

10 days using two procedures that created different exposure environments, a standard static-99 

renewal test procedure (Simpson and Batley, 2016) and a flow-through test procedure that enabled 100 

much greater flow rates of the overlying water (Zhang et al., 2020; Xie et al., 2021).  101 

In the static-renewal tests, the organisms were exposed to contaminants in 250 mL glass 102 

beakers that contained 40 g of sediment and 200 mL of overlying seawater. Four replicates were 103 

set for every test. Samples of overlying water were collected on the first and the last day of the 104 

tests, as well as on Days 3, Day 5 and Day 7 when the overlying water was exchanged with clean 105 

seawater. Time-weighted average concentrations were obtained from the average of the five 106 

measurements. Sediment renewal was carried out on Day 5. The standard tests were conducted at 107 

constant temperature (21 ± 1 °C) in an environmental chamber (Labec Refrigerated Cycling 108 

Incubator, Laboratory Equipment) on a 12-h light/12-h dark rotational cycle and aeration was 109 

provided.  110 

The flow-through tests were conducted in exposure chambers that allowed for seawater 111 

exchange within the surroundings and made dilution of contaminants released from sediment into 112 

overlying water (Figure S1). The exposure chamber was constructed from Perspex cylinders (550 113 

mL, 5.5 cm internal diameter (ID) and 23 cm height) and contained about 4 cm depth of sediment 114 

by a cap at the bottom. The test chamber had two ports (2 mm ID) on the side for addition of 115 

amphipod food and water entry, and a mesh (180 µm Nylon) at the top for water to exit the chamber. 116 

Four replicates of chambers with the same sediment were submerged within a 110-L plastic tank 117 

(52 cm length × 42 cm width × 52 cm height) that contained 75 L of seawater. A pump circulated 118 

the seawater from the top of the tank and pumped it back into the exposure chambers through the 119 

port. The rate of seawater flow into each chamber was approximately 240 ± 30 mL/min, resulting 120 

in displacement of the chamber volume approximately every 2 to 2.5 minutes and 600-700 times 121 

per day. Samples of overlying water were collected on the first and the last day of the tests, as well 122 

as on Days 3 and Day 7. Time-weighted average concentrations were calculated from the average 123 

of the four measurements. The flow-through tests were conducted in an air-conditioned laboratory 124 

(21 ± 1 °C) with normal day-light cycles and aeration provided with the water recycling. 125 
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 126 
Figure S1. The equipment for the flow-through sediment tests.  127 
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The devices such as beakers and chambers were washed before use in a dishwasher (Gallay 128 

Scientific) followed by rinsing with reverse osmosis-purified water. Sediments were re-129 

homogenised immediately prior to being added to the test containers, and filtered seawater was 130 

added with care to minimise sediment resuspension. Sediments were equilibrated for 48 h before 131 

the test started. At the start of the tests, the overlying seawater was renewed and six gravid females 132 

(gravid for <24 h) and six males (isolated from laboratory cultures) were randomly assigned to 133 

each test chamber. All treatments (static-renewal and flow-through) were fed at a rate of 0.5 mg 134 

Sera Micron (Heinsberg, Germany) fish food per amphipod twice a week (on Day 1 and Day 5). 135 

To ensure that physicochemical parameters remained within acceptable ranges, measurements of 136 

the overlying water were undertaken at the beginning and periodically throughout the tests, 137 

including dissolved oxygen (>85% saturation), pH (8.0 ± 0.2), salinity (30 ± 2‰), temperature (21 138 

± 1°C) and ammonia (<3 mg NH3−N/L).  139 

The percentage of survival and reproduction of M. plumulosa compared with the control were 140 

recorded in the two methods. In the static-renewal method, the adults were gently sieved away on 141 

Day 5 and placed into the renewed sediment that had been equilibrated for 48 h. This allowed for 142 

the removal of juveniles from the first brood which was typically unaffected by contaminants in 143 

the test sediment. There was no sediment renewal in the flow-through method. For both tests, on 144 

Day 10 the survival of adults was recorded, and the number of embryos was counted under 145 

microscopy. Juvenile amphipods were also collected by sieving the sediment through 180 µm mesh 146 

after fixing with formaldehyde and staining with Rose Bengal (Spadaro and Simpson, 2016). The 147 

total number of embryos and juveniles were summed and the number of offspring per female was 148 

recorded. For quality assurance purposes, 8 to 16 juveniles per female were required in all controls 149 

for tests to be considered acceptable.  150 

A sediment is considered to be acutely toxic if the survival as a percentage of the control is 151 

<80% and is statistically significantly less (P<0.05) than the controls. Chronic toxicity is detected 152 

when the reproductive output percent control is <85% and is statistically significant less (P<0.05) 153 

than the controls. The categories of acute and chronic toxicity to the amphipods are defined the 154 

Table S2.  155 

 156 

 157 

 158 

 159 
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Table S2 Categories of toxicity for the amphipod (Melita plumulosa), survival and reproduction test 160 
Category Survival (Acute toxicity) Reproduction (Chronic toxicity) 
No toxicity >80% survival at day 10 termination >80% reproduction at day 10 termination 
Low >65-80% survival at day 10 termination >60-80% reproduction at day 10 termination 
Moderate >50-65% survival at day 10 termination >40-60% reproduction at day 10 termination 
High >25%-50% survival at day 10 termination >20-40% reproduction at day 10 termination 
Very high 0-25% survival at Day 5 renewal 0-20% reproduction at day 10 termination 

Categories based on results of n = 4 replicated toxicity test expressed as %-control. The lower of the Acute and Chronic categories 161 
used as overall category, and preferably the sub-lethal Reproduction category  162 
 163 

S1.5 Data analyses 164 

Hazard quotients (HQ) for the sediments were calculated based on the contaminants 165 

concentrations of the sediment as described previously (Long et al., 2006; Simpson et al., 2013a) 166 

using each sediment quality guideline value (SQGV) (Table S1) (Simpson et al., 2013b). As the 26 167 

sediments were mainly metals-contaminated, HQ was calculated using concentrations of the seven 168 

metals (M) of As, Cd, Cu, Cr, Ni, Pb, and Zn: HQ = ∑n([M]/SQGV)/n, where [M] is the metal 169 

concentration in sediment, SQGV is the corresponding sediment quality guideline value, and n is 170 

the number of contaminants (i.e. 7 metals in this case). 171 

Toxic units (TU) for overlying waters were calculated as the sum of time-weighted average 172 

concentrations of dissolved metals (dM) in the overlying waters divided by their respective marine 173 

water quality guideline value (Table S2) (WQGV) (ANZG, 2018), i.e. TU = ∑n(dM/WQGV)/n, 174 

where dM is the metal concentration in overlying water, WQGV is the corresponding water quality 175 

guideline value. Since the seawater WQGV for As is not available, the number of metals here is 176 

six (i.e. n = 6). Values of HQ and TU <1 indicate a low risk of toxicity, and values >1 indicate 177 

increasing risk and potential magnitude of toxicity as the values increase. 178 

The relationship between the toxicity to amphipod reproduction and the derived models (HQ, 179 

HQ*, or TU) were assessed by regression using the logistic model (Equation 1, main text). This 180 

was performed in R (version 4.2.2) using the nls() function. The goodness of the fit was assessed 181 

by a root-mean-square error (RMSE) parameter. The produced curve and shaded area (Figures 1, 182 

2 3 and S6) represent the regression line and the 95% confidence band, which were generated by 183 

the predictNLS() function of the “propagate” package in R. 184 

When assessing the ‘goodness of fit' (prediction) using different models (HQ, HQ*, and TU), 185 

the measured results and predicted results were compared relative to the 1:1 line (as shown in 186 

Figures S2, S4, and S5). An R2 parameter was calculated using the results relative to the 1:1 line 187 

using the following equation: 188 
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𝑅! = 1 −	
𝑆𝑆"#$%&'()
𝑆𝑆*+*()

= 1 −	
∑ (𝑥% − 𝑦%)!%

∑ (𝑦, − 𝑦%)!%
 189 

where xi and yi are the x- and y-coordinate of a point in the coordinate system in Figure S2, S4, and 190 

S5, 𝑦, is the mean of yi. 191 

 192 

 193 
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S2. Results and analysis 228 

Toxicity models derived using historical chemistry and effects data 229 

  230 
Figure S2. Measured and predicted amphipod reproduction comparison for the two models: HQ (Eq. 4) and 231 

HQ* (Eq. 5) for the historical static-renewal sediment toxicity data set. The dot-dashed line represents the 232 

1:1 line, and the shaded band represents a factor of two.  233 
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Table S3 Equation 6 that describes relationship between HQ and HQ*, as modified by AVS, TOC and fFP, 235 
is used to illustrate the influence of these parameters on the resulting HQ*. HQ* = HQ = 1 when AVS=0.5 236 
µmol/g, TOC=1% and fFP=50%. 237 

𝐻𝑄∗ = 𝐻𝑄 ∙ %"#$
%.'
&
(%.)*

∙ %+,-
).%
&
(%.).

∙ %/!"
'%
&
(%.0%

   (Equation 6, main text) 238 

Below: AVS constant (0.5) and fFP and TOC variable 

AVS (µmol/g) = 0.5 
TOC (%) 

0.5 1 3 10 

fFP (%) HQ* value derived when HQ = 1 

10 2.95 2.63 2.18 1.78 

50 1.13 1.00 0.83 0.68 
70 0.92 0.82 0.68 0.55 

90 0.79 0.70 0.58 0.48 

Below: AVS constant (3) and fFP and TOC variable 

AVS (µmol/g) = 3  
TOC (%) 

0.5 1 3 10 

fFP (%) HQ* value derived when HQ = 1 

10 2.34 2.08 1.73 1.41 
50 0.89 0.79 0.66 0.54 

70 0.73 0.65 0.54 0.44 
90 0.63 0.56 0.46 0.38 

Below: AVS constant (10) and fFP and TOC variable 

AVS (µmol/g) = 10  
TOC (%) 

0.5 1 3 10 

fFP (%) HQ* value derived when HQ = 1 

10 2.00 1.78 1.48 1.20 
50 0.76 0.68 0.56 0.46 

70 0.62 0.55 0.46 0.37 
90 0.54 0.48 0.39 0.32 

Below: AVS constant (30) and fFP and TOC variable 

AVS (µmol/g) = 30  
TOC (%) 

0.5 1 3 10 

fFP (%) HQ* value derived when HQ = 1 

10 1.74 1.54 1.28 1.04 

50 0.66 0.59 0.49 0.40 
70 0.54 0.48 0.40 0.32 

90 0.46 0.41 0.34 0.28 

 239 

  240 
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New sediments 241 

The new sediments collected for the study had metals concentrations that ranged for near-background for 242 
the region to highly contaminated (Table S4), and varying properties (Table 2, main text). 243 

 244 

Table S4 New sediment data: concentrations in the sediments (mg/kg). 245 

Sediment As Cd Cr Cu Ni Pb Zn 
1 (Control) 5 0.1 8 20 3 20 47 

2 19 0.8 29 35 12 65 200 
3 17 1.2 34 63 15 108 358 
4 7 1.0 25 108 12 175 539 
5 16 1.5 39 90 17 152 517 
6  13 0.2 68 390 6 120 230 

7 (Ox) 13 0.2 68 390 6 120 230 
8 6 0.8 23 203 14 227 585 

9 (Ox) 6 0.8 23 203 14 227 585 
10 14 1.9 44 118 20 195 675 
11 5 1.0 22 198 12 299 442 
12 12 2.7 36 131 16 213 722 
13 13 2.3 49 145 23 238 833 
14 12 0.4 26 247 12 345 664 

15 (Ox) 12 0.4 26 247 12 345 664 
16 14 0.4 109 780 6 100 230 

17 (Ox) 14 0.4 109 780 6 100 230 
18 25 0.9 47 558 12 499 936 
19 13 0.3 65 1050 7 132 345 

20 (Ox) 13 0.3 65 1050 7 132 345 
21 26 2.8 116 396 20 436 1220 

22 (Ox) 26 2.8 116 396 20 436 1220 
23 13 35 8 65 6 230 1100 
24 20 3.1 72 365 28 626 2410 
25 22 2.1 61 837 39 692 2680 

26 (Ox) 22 2.1 61 837 39 692 2680 
SQGV 20 1.5 80 65 21 50 200 

SQG-High 70 10 370 270 52 220 410 
Seven sediments with (Ox) indicates those that were resuspension-oxidation treated, with the corresponding non-treated sediment 246 
being the number above. 247 
SQGV: sediment quality guideline value for protection of 95% marine water species (Simpson et al., 2013b). 248 
SQG-High: high guideline value for sediment quality (Simpson et al., 2013b). 249 
Concentrations are underlined when between SQGV and SQG-High, and bold when above SQG-High. 250 
  251 
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Table S5 Metal concentrations of the overlying water in the static-renewal tests (µg/L). 252 

Sediment As * Cd Cr Cu Ni Pb Zn 
1 

(Control) 6.5 0.5 1.0 2.2 1.2 2.5 3.0 

2 6.5 0.5 1.0 1.6 2.0 2.5 2.3 
3 6.5 0.5 1.0 2.8 2.0 2.5 2.5 
4 6.5 0.5 1.0 11.9 3.4 2.5 9.2 
5 6.5 0.5 1.0 1.7 2.0 2.5 16 
6  6.5 1.0 1.0 5.4 3.9 2.5 264 

7 (Ox) 6.5 0.7 1.0 5.9 3.4 2.5 60 
8 6.5 0.5 1.0 6.6 3.4 2.5 35 

9 (Ox) 6.5 10.7 1.0 1.5 3.4 2.5 245 
10 6.5 0.5 1.0 1.7 3.4 2.5 33 
11 6.5 0.6 1.0 6.5 1.2 2.5 86 
12 6.5 0.5 1.0 1.0 3.4 2.5 8.0 
13 6.5 0.5 1.0 4.7 3.4 2.5 44 
14 6.5 0.3 0.7 8.7 3.4 0.5 5.8 

15 (Ox) 6.5 0.3 0.7 1.8 3.4 0.5 6.3 
16 6.5 0.3 0.7 1.1 3.4 0.5 6.2 

17 (Ox) 6.5 0.4 0.7 2.3 3.4 0.7 52 
18 6.5 0.3 0.7 2.0 3.4 0.5 37 
19 6.5 0.4 0.7 15.1 3.4 0.5 9.4 

20 (Ox) 6.5 0.3 0.7 9.6 3.4 0.5 7.4 
21 6.5 0.3 0.7 24.3 3.4 0.5 23 

22 (Ox) 6.5 0.3 0.7 4.5 3.4 0.5 20 
23 6.5 0.4 0.7 18.2 3.4 0.5 15 
24 6.5 0.3 0.7 1.2 3.4 1.2 7.7 
25 6.5 0.3 0.7 1.1 3.4 0.5 19 

26 (Ox) 6.5 0.7 0.7 8.9 3.5 0.5 243 
WQGV 12 5.5 27.4 1.3 70 4.4 15 

Seven sediments with (Ox) indicates those that were resuspension-oxidation treated, with the corresponding non-treated sediment 253 
being the number above. 254 
WQGV: water quality guideline value for protection of 95% marine water species (ANZG, 2018). The value of 12 µg/L for 255 
arsenic (As) is taken from Golding et al. (2022).   256 
The limits of detections (LOD) for ICPAES analyses of the metals in seawater were determined for each batch of samples often 257 
varied, being 6.5, 0.3-1.0, 0.7-1.0, 0.5, 1-3.4, 0.5-1.5, 1-2 µg/L for As, Cd, Cr, Cu, Ni, Pb and Zn, respectively.  258 
* For arsenic, all the values were <LOD (6.5 µg/L) and the LOD value of 6.5 was used 259 
  260 



14 
 
 

Table S6 Metal concentrations of the overlying water in the flow-through tests (µg/L). 261 

Sediment As * Cd Cr Cu Ni Pb Zn 
1 

(Control) 6.5 0.5 1.0 1.7 1.2 2.5 3.0 

2 6.5 0.5 1.0 1.3 2.0 2.5 0.5 
3 6.5 0.5 1.0 1.3 2.0 2.5 1.5 
4 6.5 0.5 1.0 4.5 3.4 2.5 5.3 
5 6.5 0.5 1.0 1.3 2.0 2.5 2.1 
6  6.5 0.5 1.0 1.0 3.4 2.5 3.4 

7 (Ox) 6.5 0.5 1.0 2.0 3.4 2.5 10 
8 6.5 0.5 1.0 2.1 3.4 2.5 6.2 

9 (Ox) 6.5 0.5 1.0 1.0 3.4 2.5 5.9 
10 6.5 0.5 1.0 1.1 3.4 2.5 2.4 
11 6.5 0.5 1.0 2.1 1.2 2.5 12 
12 6.5 0.5 1.0 1.1 3.4 2.5 1.6 
13 6.5 0.5 1.0 4.3 3.4 2.5 62 
14 6.5 0.3 0.7 2.0 3.4 0.5 0.5 

15 (Ox) 6.5 0.3 0.7 1.4 3.4 0.5 0.5 
16 6.5 0.3 0.7 1.8 3.4 0.5 1.0 

17 (Ox) 6.5 0.3 0.7 1.9 3.4 0.5 1.4 
18 6.5 0.3 0.7 1.2 3.4 0.5 3.2 
19 6.5 0.3 0.7 6.1 1.3 0.2 3.8 

20 (Ox) 6.5 0.3 0.7 3.1 3.4 0.5 0.8 
21 6.5 0.3 0.7 6.3 3.4 0.5 0.5 

22 (Ox) 6.5 0.3 0.7 2.1 3.4 0.5 0.8 
23 6.5 0.3 0.7 2.0 3.4 0.5 2.1 
24 6.5 0.3 0.7 2.1 3.4 0.5 1.4 
25 6.5 0.3 0.7 3.2 3.4 0.5 2.7 

26 (Ox) 6.5 0.3 0.8 5.9 3.4 0.5 16 
WQGV 12 5.5 27.4 1.3 70 4.4 15 

Seven sediments with (Ox) indicates those that were resuspension-oxidation treated, with the corresponding non-treated sediment 262 
being the number above. 263 
WQGV: water quality guideline value for protection of 95% marine water species (ANZG, 2018). The value of 12 µg/L for 264 
arsenic (As) is taken from Golding et al. (2022).   265 
The limits of detections (LOD) for ICPAES analyses of the metals in seawater were determined for each batch of samples often 266 
varied, being 6.5, 0.3-1.0, 0.7-1.0, 0.5, 1-3.4, 0.5-1.5, 1-2 µg/L for As, Cd, Cr, Cu, Ni, Pb and Zn, respectively.  267 
* For arsenic, all the values were <LOD (6.5 µg/L) and the LOD value of 6.5 was used 268 
  269 
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Table S7 Survival and reproduction (percentage to control) of Melita plumulosa in sediment toxicity tests. 270 

Sediment Static-renewal Flow-through 
Survival (%) Reproduction 

(%) 
Survival (%) Reproduction 

(%) 
Mean SE Mean SE Mean SE Mean SE 

1 
(Control) 100 5 100 9 100 5 100 13 

2 105 5 101 4 93 4 70 5 
3 95 6 71 12 102 2 57 8 
4 91 4 36 7 89 9 66 8 
5 102 4 58 13 85 8 65 6 
6 85 5 34 4 86 25 65 31 
7 (Ox) 100 2 42 17 89 6 76 15 
8 104 2 23 8 102 3 64 9 
9 (Ox) 93 4 34 8 105 5 40 3 
10 80 4 50 11 92 8 62 5 
11 82 0 22 6 93 2 60 4 
12 83 4 46 10 85 15 77 6 
13 100 2 35 5 100 6 46 9 
14 102 7 62 4 102 3 71 16 
15 (Ox) 96 4 71 8 98 4 89 4 
16 102 4 78 7 95 6 104 11 
17 (Ox) 98 4 65 7 96 4 82 6 
18 83 4 46 12 102 3 95 6 
19 87 4 17 4 107 6 73 7 
20 (Ox) 98 2 48 8 100 12 82 8 
21 58 11 10 4 105 2 33 10 
22 (Ox) 102 2 58 13 95 8 114 15 
23 100 3 30 9 93 4 48 17 
24 96 6 68 5 84 8 105 15 
25 95 4 68 9 90 7 47 5 
26 (Ox) 100 2 29 8 107 5 46 8 

Seven sediments with (Ox) indicates those that were resuspension-oxidation treated, with the corresponding non-treated sediment 271 
being the number above. 272 
All data are % of control, based on 4 replicates. 273 
  274 
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 275 
Figure S3. Survival of Melita plumulosa in the static-renewal and the flow-through sediment tests. HQ is 276 

the hazardous quotient based on the metal concentrations in the sediment, and TU is the toxic unit based on 277 

the metal concentrations in the overlying water. 278 
 279 
 280 

 281 

Figure S4. Measured and predicted reproduction for the new static-renewal data set (N = 26) using different 282 

models: (A) the HQ-based model (Eq. 5), (B) the HQ*-based model (Eq. 6), and (C) the TU-based model 283 

(Eq. 7). The open symbols indicate the 7 oxidised sediments (Table 2, Table S3). The dotdash line represents 284 

the 1:1 line, and the band represents a factor of two.   285 
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Table S8 Model prediction of Categories of toxicity, N = 91 static-renewal test results 286 

 287 
S8A Toxicity categories evaluated in comparison of measured with predicted 288 

 Category Amphipod reproduction 
1 No toxicity >80% reproduction at day 10 termination 
2 Low >60-80% reproduction at day 10 termination 
3 Moderate >40-60% reproduction at day 10 termination 
4 High >20-40% reproduction at day 10 termination 
5 Very high 0-20% reproduction at day 10 termination 

 289 
S8B Comparison of measured with predicted results for N = 91 test (Categories / Accuracy-count) 290 

Category 

Count for 
Measured 
Category 
N, (% per 
Category) 

Prediction: Category Accuracy 
HQ Model  HQ* Model 

More toxic Correct Less toxic  More toxic Correct Less toxic 

-2 -1 0 +1 +2 +3  -2 -1 0 +1 +2 +3 
No 

toxicity 41 (45%) 1 15 25 0 0 0  0 5 36 0 0 0 

Low 21 (23%) 0 4 12 5 0 0  3 5 4 9 0 0 
Moderate 12 (13%) 0 0 4 7 1 0  1 1 5 5 0 0 

High 12 (13%) 0 0 0 4 8 0  0 0 6 4 1 1 
Very 
high 5 (5%) 0 0 0 1 1 3  0 0 0 4 1 0 

Total (n) 91 1 19 41 17 10 3  4 11 51 22 2 1 
Overall 

Accuracy 100% 1% 21% 45% 19% 11% 3%  4% 12% 56% 24% 2% 1% 

The “Count” for Measured Category is the number of Test results within each Toxicity Category. 291 
“Prediction: Category Accuracy” (5 columns for each of HQ and HQ*) partitions the comparison of the prediction with 292 
measured toxicity by accuracy (the Count distributed): Correct (i.e., measured and predicted are same category), and More toxic 293 
by 1 or 2 categories, and Less toxic by 1, 2, 3 categories.  294 

As examples: 295 
(a) if the Measured test result was High and the Prediction was Low the comparison would be counted as a +2 296 
result (Predicted Less toxic by two categories); 297 
(b) if the Measured test result was No toxicity and the Prediction was Low the comparison would be counted as 298 
a -1 result (Predicted More toxic by one category) 299 

The Overall Accuracy (bottom row) is the sum of each ‘Accuracy’ column divided by the total number of results, as %. 300 
 301 
S8C Presentation of S8B results as a percent of the Count for each Toxicity Category, and in bottom 302 
row for all data (N = 91) distributed by Accuracy. 303 

Category 

Count for 
Measured 
Category 

N 

HQ Model Accuracy %  HQ* Model Accuracy % 
More toxic Correct Less toxic  More toxic Correct Less toxic 

-2 -1 0 +1 +2 +3  -2 -1 0 +1 +2 +3 
No 

toxicity 41 2% 37% 61% 0% 0% 0%  0% 12% 88% 0% 0% 0% 

Low 21 0% 19% 57% 24% 0% 0%  14% 24% 19% 43% 0% 0% 
Moderate 12 0% 0% 33% 58% 8% 0%  8% 8% 42% 42% 0% 0% 

High 12 0% 0% 0% 33% 67% 0%  0% 0% 50% 33% 8% 8% 
Very 
high 5 0% 0% 0% 20% 20% 60%  0% 0% 0% 80% 20% 0% 
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  304 

Figure S5 Measured and predicted amphipod reproduction comparison for the two models: (A) HQ (Eq. 4) 305 

and (B) HQ* (Eq. 5) for the combined static-renewal sediment toxicity data set. Arbitrary Categories of 306 

Toxicity of 20% are designated by the horizontal dashed lines. The dotdash line represents the 1:1 line, and 307 

the band represents a factor of two.  308 

 309 

 310 

311 
Figure S6 The logistic relationship between reproduction of amphipod and the three models: (A) HQ (Eq. 312 

4), (B) HQ* (Eq. 5), and (C) TU (Eq. 7) for the new flow-through sediment toxicity data (N = 26).  313 
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