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hardness at varying pH on zinc
toxicity and lability to a freshwater microalga,
Chlorella sp.†

Gwilym. A. V. Price, *ab Jenny L. Stauber,bc Aleicia Holland,bc Darren J. Koppel, bd

Eric J. Van Genderen,e Adam C. Ryane and Dianne F. Jolleyb

Zinc is an essential element for aquatic organisms, however, activities such as mining and refining, as well as

zinc's ubiquitous role in modern society can contribute to elevated environmental concentrations of zinc.

Water hardness is widely accepted as an important toxicity modifying factor for metals in aquatic systems,

though other factors such as pH are also important. This study investigated the influence of increasing water

hardness, at three different pH values (6.7, 7.6 and 8.3), on the chronic toxicity of zinc to the growth rate of

a microalgae, Chlorella sp. Zinc toxicity decreased with increasing hardness from 5 to 93 mg CaCO3 L
�1 at

all three pH values tested. The 72 h growth rate inhibition EC50 values ranged from 6.2 mg Zn L�1 (at 5 mg

CaCO3 L
�1, pH 8.3) to 184 mg Zn L�1 (at 92 mg CaCO3 L

�1, pH 6.7). Increases in hardness from 93 to 402mg

CaCO3 L�1 generally resulted in no significant (p > 0.05) reduction in zinc toxicity. DGT-labile zinc

measurements did not correspond with the observed changes in zinc toxicity as hardness was varied

within a pH treatment. This suggests that cationic competition from increased hardness is decreasing

zinc toxicity, rather than changes in metal lability. This study highlighted that current hardness algorithms

used in water quality guidelines may not be sufficiently protective of sensitive species, such as Chlorella

sp., in high hardness waters.
Environmental signicance

The current Australian and New Zealand freshwater guideline values for zinc have a hardness correction algorithm which allows guidelines to be modied
depending on the water hardness of the ecosystem. The algorithm was developed largely from North American sh toxicity data not controlled for constant
alkalinity and pH which may not be appropriate for protecting more sensitive species, such as microalgae. In this work, we apply microalgae toxicity tests to
demonstrate that such algorithms may not be protective across environmentally relevant hardness ranges.
Introduction

Metal toxicity to an organism is directly related to the
bioavailability of that metal to the organism. Bioavailability is
signicantly inuenced by in situ water chemistry, such as pH,
hardness (measured as Ca and Mg), alkalinity, and dissolved
organic matter (DOM).1 This occurs via several mechanisms,
including: metal speciation changes (e.g. pH and alkalinity),
cation competition for binding sites at the biotic ligand (e.g. pH
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and hardness) and metal complexation to organic ligands (e.g.
DOM).2

Increased understanding of the importance of metal
bioavailability in aquatic environments has led to the develop-
ment of methods that measure different metal fractions using
kinetic approaches.3 The diffusive gradients in thin lms (DGT)
sampling technique uses diffusion-based sampling and
provides in situ kinetic measurements of the average labile
metal concentration across the time of deployment.4 A chelating
resin that selectively binds cations is overlaid by a diffusive gel
and a 0.45 mm lter membrane that restrict mass transport
based on molecular diffusion.3 In contrast, bioavailability
models (such as the biotic ligand model) assume a thermody-
namic equilibrium exists in bulk solution, which is not always
the case.1 Here, kinetic approaches (as measured by DGT) may
be more useful. DGT measurements can be used to check if all
dissolved metal is labile; this can be of particular importance in
toxicity tests using algae, which, when present at high cell
density, can release exudates that complex metal and greatly
Environ. Sci.: Processes Impacts, 2022, 24, 783–793 | 783

http://crossmark.crossref.org/dialog/?doi=10.1039/d2em00063f&domain=pdf&date_stamp=2022-05-21
http://orcid.org/0000-0003-3261-1298
http://orcid.org/0000-0001-7534-237X
https://doi.org/10.1039/d2em00063f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00063f
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM024005


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
2:

59
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reduce lability and hence bioavailability.5 DGT measurements
can be compared to speciation estimates (determined with the
Windermere Humic Aqueous Model [WHAMVII]), to help
explain changes in toxicity under various water chemistry
conditions.

The concepts of bioavailability and lability are similar, so it
can be hypothesized that measures of lability will be correlated
to observable changes in bioavailability and toxicity over varying
water chemistry conditions. However, the relationship between
DGT lability and metal toxicity under varying water chemistry is
not well established. Macoustra et al. found that DGT-labile
copper concentrations were correlated to microalgae toxicity
with changing DOM concentration.6 Price et al. assessed the
inuence of pH on the relationship between DGT-labile zinc
and microalgal toxicity nding lability was not correlated to
toxicity with changing pH.7 Paller et al. found hardness had
a small inuence on copper and zinc lability, relative to the
inuence of DOM.8 These studies suggested that DGT
measurements combined with bioavailability models may be
useful as a tool for assessing metal toxicity over a range of water
chemistries. However, there is still limited information on how
DGT measurements can be directly linked to observed toxicity.

Numerous empirical and mechanistic models have been
developed to explain relationships between toxicity and water
chemistry, including hardness algorithms,9 multiple linear
regressions (MLRs)10,11 and biotic ligand models (BLMs).1,12

These have subsequently been used to develop water quality
guidelines. The US EPA rst incorporated a bioavailability term
through a hardness-dependent algorithm.9 This algorithm was
then incorporated into other water quality regulatory frame-
works, such as the Australian and New Zealand water quality
guidelines.13 Since the development of these hardness algo-
rithms, the role of other toxicity modifying factors (TMF) (pH,
major ions, dissolved organic carbon [DOC]) have been further
investigated.2 In the case of copper, rigorous testing of the
dependence of copper toxicity on hardness highlighted that the
hardness algorithms were not appropriate, resulting in removal
of the hardness algorithm for copper guideline values in Aus-
tralia and New Zealand.14,15 Markich et al. explained that a key
reason for the discrepancies between the original results used
to derive the copper hardness-algorithms and the more recent
studies disputing the algorithm, was the covariation of hard-
ness with alkalinity and pH.14 Hardness and dissolved inorganic
carbon (DIC) (as measured by alkalinity and pH) inuence
metal bioavailability in different ways. Hardness affects
bioavailability through calcium and magnesium competition at
the biotic ligand, while DIC affects metal speciation in solution
through complexation with carbonates, so it is important to
separate these effects and assess them individually.14

Such rigorous assessment of the hardness algorithms has
not occurred for other metals, such as zinc. The current
Australian and New Zealand water quality guideline values for
zinc use the original 1985 hardness-dependent algorithm, as
shown in eqn (1).16

Hardness corrected guideline ¼ GV

�
H

30

�0:85

(1)
784 | Environ. Sci.: Processes Impacts, 2022, 24, 783–793
where GV is the guideline value in mg L�1 normalised at
a hardness of 30 mg CaCO3 L�1, and H is the measured hard-
ness (mg CaCO3 L

�1).17

This zinc hardness algorithm was derived largely from North
American sh acute toxicity data and was not veried for
freshwater microalgae due to the lack of high-quality data.
Consequently, it is uncertain if the algorithm is protective of
zinc toxicity to microalgae. Despite hardness being one of the
most widely studied TMFs, there are limited studies on the
effect of true water hardness (decoupled from alkalinity and pH)
on zinc toxicity to freshwater microalgae and of those studies,
most have been done on the green freshwater microalga
Raphidocelis subcapitata.18–20

This study therefore had three main objectives: (1) to assess
the inuence of increasing hardness, at three different pH
values, on the toxicity of zinc to a tropical freshwater microalga
Chlorella sp. using environmentally relevant hardness values (5
to 400mg CaCO3 L

�1) and pH range (6.7 to 8.3); (2) to determine
whether DGT-labile zinc measurements correlate with zinc
toxicity at different water hardness; and (3) to compare the
inuence of hardness on zinc toxicity against the current
hardness algorithms applied to the US and Australian and New
Zealand freshwater guidelines to assess the protectiveness of
the algorithm to microalgae.

Methods
General laboratory techniques and reagents

All general glassware and plasticware were cleaned in a dish-
washer (Smeg GW4060, Gallay Scientic) using a detergent rinse
cycle (Gallay clean A powder detergent, Gallay scientic), acid
rinse cycle (2% HNO3, Merck), and nished with an ultrapure
water (UPW) rinse cycle (18 MU cm, Milli-Q®, Millipore). All
glassware and polypropylene sample vials and lids (Technoplas)
used in testing and analysis were soaked (>24 h) in 10% (v/v)
HNO3 (Merck) and thoroughly rinsed with UPW before testing.

Organism cultures

Algal growth inhibition bioassays were conducted using the
tropical freshwater green microalga, Chlorella sp. isolated from
Lake Aesake, Strickland River, Papua New Guinea.21 Algae were
cultured in Jaworski's medium at 2/5 strength at 27 � 1 �C on
a 12 : 12 light/dark cycle (75 mmol photons m�2 s�1).22 Algae
were transferred weekly into new media, and 5 to 7 day old
cultures were used for test initiation to ensure continual expo-
nential growth throughout the testing period.

Toxicity testing

All toxicity tests were conducted using modied synthetic water
based on the USEPA recipe and the test protocol is based on
Organisation for Economic Co-operation and Development test
guideline 201 with modications described in Franklin et al.23–25

To ensure that only true water hardness was varied and
carbonate/bicarbonate alkalinity remained constant across all
test solutions, NaHCO3 and KCl salts were kept constant at
96 mg L�1 and 4 mg L�1, respectively, based on the ‘moderately
This journal is © The Royal Society of Chemistry 2022
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hard’ (90 mg CaCO3 L�1) recipe.23 Concentrations of CaSO4-
$2H2O and MgSO4$7H2O were modied to prepare water of
varying hardness (nominally 5–400 mg CaCO3 L

�1) and kept at
a constant ratio (2 : 1) for all treatments. Concentrations of salts
used to prepare test solutions are presented in the supple-
mentary information Table S1.† All test solutions were adjusted
to the required pH with dilute HCl or KOH, with pH being
maintained using MOPS (3-N-morpholinopropanesulfonic acid)
buffer (free acid form, Merck) to give a nal MOPS concentra-
tion of 0.5 g L�1 (2.4 mM) in each treatment. MOPS has previ-
ously been shown to be non-toxic to microalgae and to not
inuence toxicity at 0.5 g L�1.7,26

The 72 h growth inhibition bioassays were conducted in
250 mL conical asks coated in a silanizing solution (Coatasil,
Thermosher Scientic) with 75 mL of test solution. Each ask
was spiked with 75 mL of 1.5 g NO3

� L�1 (NaNO3) and 0.15 g
PO4

3� L�1 (KH2PO4) stocks giving nal concentrations of 1.5 mg
NO3

� L�1 (NaNO3) and 0.15 mg PO4
3� L�1 (KH2PO4) to sustain

exponential growth over the 72 h test. Stock solutions (5, 20 and
1000 mg L�1) of zinc were prepared using analytical grade zinc
chloride (Sigma-Aldrich) and appropriate volumes were spiked
into test asks. Zinc concentration series (of at least 10
concentrations and controls (in triplicate) ranging from 0–5000
mg Zn L�1) were tested at four different hardness concentrations
(5, 31, 93 and 402 mg CaCO3 L�1) and at three different pH
values (pH 6.7, 7.6 and 8.3) at each hardness. This pH and
hardness ranges were chosen as it covers the 10th–90th
percentile range of Australian and New Zealand natural water
values27 and allows all tests to be conducted using a single
buffering agent. EC50 values at 93 mg CaCO3 L

�1 hardness were
taken from Price et al. and included in the analysis of the
present study.7

A 25 mL aliquot of test solution was taken from each ask for
chemical analyses prior to algal inoculation but aer a 24 h pre-
equilibration period at the test conditions. Algal cells in culture
media were centrifuged (1048 g, 7 min, rotor radius 15 cm;
Spintron GT-175BR, 25 � 1 �C) and washed with test solution.
Centrifugation and washing were repeated three times to
ensure removal of culture medium. Algal concentrate was
spiked into test asks to give a nal cell density of 2–4 � 103

cells per mL.5 Tests were conducted in incubator cabinets
(LABEC) under constant conditions 27 � 1 �C, 12 : 12 photo-
period, and light intensity of 140� 20 mmol photonsm�2 s�1 for
72 h. Tests of all pH and hardness treatments were repeated at
least once to account for inter-test variability.

Algal cell densities in test solutions were determined using
ow cytometry (FACSVerse, BD Biosciences) at 0, 24, 48 and
72 h. Cell densities were obtained by plotting side angle light
scatter (SSC) versus chlorophyll a uorescence intensity (FLB3)
with manual gating. A threshold of 200 (arbitrary units) was set
to exclude background noise from non-algal particles and
gating allowed for the exclusion of dead cells as described in
detail by Stone et al.28 Cell densities were used to calculate
population growth rates.21 Population growth rates were nor-
malised as a percentage of the test's control response to account
for inter-test variability and allow data to be pooled.
This journal is © The Royal Society of Chemistry 2022
A copper reference toxicant test was run concurrently with
each hardness series test. Tests were conducted in ‘moderately
hard’ modied synthetic water (90 mg CaCO3 L

�1, pH adjusted
to 7.5).23 The test was considered acceptable if algal growth rates
in reference toxicant tests were 1.7 � 0.4 doublings per day
(mean � standard deviation [SD], n ¼ 20) and the copper
reference median effect concentration (EC50) was within
internal database limits of 2.6 � 1.1 mg Cu L�1 (mean � SD, n ¼
20). Additionally, controls in the hardness series tests needed to
have a growth factor of at least 16 (specic growth rate of 0.92
doublings per day) within the 72 h test period.24 Test pH vari-
ability was required to be within�0.1 pH unit of the average test
pH for the 72 h test.

Chemical analyses

Subsamples (<0.45 mm) were collected from each test ask at the
start (0 h) and end (72 h) of each test for dissolved metal anal-
ysis. Subsamples were ltered through acid-rinsed (ushed with
30 mL of both 10% HNO3 and ultrapure water) 0.45 mm syringe
lters (polyethersulfone membrane, Sartorius). All metal
samples were acidied to 0.2% (v/v) HNO3 (Tracepur, Merck)
and stored below 4 �C until analysis. Metals samples were
analysed by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, Agilent 730ES) with a minimum instrument
detection limit of 0.16 mg Zn L�1. Matrix-matched calibration
standards, blanks and dri-standards were used for quality
assurance.

Samples were collected from the bulk test solution for DOC
and alkalinity analysis prior to the addition of MOPS. Test
solutions were ltered through acid-rinsed (ushed with 60 mL
of both 10% HNO3 and ultrapure water) 0.45 mm lters (poly-
ethersulfone, Sartorius), DOC samples were acidied with
concentrated sulfuric acid (H2SO4) in glass amber vials and
alkalinity samples were collected in high-density polyethylene
containers and stored below 4 �C until analysis. DOC was
determined by the non-purgeable organic carbonmethod (TOC-
L series, Shimadzu) and alkalinity was determined using auto-
mated titration.

Physicochemical measurements including conductivity
(model 30/10 FT, YSI) and dissolved oxygen (Oximeter 330,
WTW) were made from each treatment at the start and end of
each test, and measurements for pH (probe ROSS 815600,
Thermo Fischer) were collected every 24 h throughout the test.
All instruments were calibrated before use in accordance with
manufacturer instructions.

Zinc speciation and lability

Two methods were used to investigate zinc speciation and
lability: the Windermere Humic Acid Model (WHAM VII) and
the diffusive gradients in thin-lms (DGT) technique.

WHAM was used to estimate zinc speciation in each test
solution. Input parameters included dissolved Zn, pH,
temperature, major ions (Mg2+, Ca2+, K+, Na+, Cl�, SO4

2�,
CO3

2�, NO3� and PO4
3�), and DOC. An open atmosphere

assumption (pCO2 ¼ 0.00038 atm) was applied to all speciation
calculations as per DeForest and Van Genderen.29 Nominal
Environ. Sci.: Processes Impacts, 2022, 24, 783–793 | 785
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concentrations for major anions and cations (except Mg2+ and
Ca2+) were used (input data provided in Table S2†).

DGT-labile zinc was measured in six zinc concentrations
between 0 and 400 mg L�1 at hardness concentrations of 31 and
402 mg CaCO3 L

�1, with DGT-labile data for 93 mg CaCO3 L
�1

taken from Price et al.7 The Chelex-100-based chelating resin
(Na form, 100–200 wet mesh) and polyacrylamide diffusive gel
were synthesized and assembled into DGT pistons following
procedures by Amato et al.30 DGT pistons were deployed in acid-
washed polycarbonate containers with test solution and inoc-
ulated with algal cell densities equivalent to initial densities
used in the toxicity tests. DGT samplers were deployed in
separate vessels to the toxicity tests as they did not t inside
a 250 mL conical ask. Deployed DGT samplers were placed on
an orbital shaker (90–100 rpm) to ensure that the diffusive
boundary layer was negligible. The orbital shaker was placed in
an incubator cabinet (LABEC) under the same conditions as the
toxicity tests. DGT samplers were retrieved following 72 h
deployment, binding gels were eluted in 1 M HNO3 for >24 h,
and then diluted 10-fold for ICP-AES analysis. DGT-labile zinc
concentrations were calculated in accordance with equations
detailed by Zhang and Davison.31 DGT experiments were only
conducted at pH 6.7, as previous studies had shown that pH
within the tested range (of 6.7 to 8.3) did not signicantly
inuence DGT-labile zinc concentrations.7
Statistical analysis and modelling

Statistical analyses were performed using the R studio envi-
ronment (version 4.0.2, R Core Team 2016) with the extension
package drc.32 Figures were produced using the extension
packages ggplot2 and ggpubr.33,34 Growth rate inhibition nor-
malised to a percent of the respective control growth rate of that
test was used as the response variable to derive all toxicity
estimates. Effect concentrations for 10, 20 and 50 percent
growth inhibition relative to controls (EC10, EC20 and EC50)
were calculated using 4-parameter log-logistic or Weibull
models. Akaike's information criterion (AIC) and model
residual standard error were used for model selection via the
mselect function within drc (model parameters are listed in ESI,
Table S3†). As response data were normalised to a percentage of
control, all models had upper limit parameters xed to 100.
When full effect responses (i.e. EC100) were observed, the lower
limit parameter was xed to 0, meaning only two parameters
were estimated (the slope and inection). When this was not the
case (i.e., lower asymptote >0), the lower asymptote was not
xed.35 Note in scenarios where the lower asymptote was >0, the
ED function in drc will calculate effect concentrations between
the upper and lower limits of the model (i.e., an EC50 will
represent the mid-point between upper and lower asymptotes
rather than the 50% response relative to controls at 100%
response). To ensure that EC values were based on response
relative to controls, re-scaling of the input values in the ED
function was required.

Ratio tests via the comped function within drc were used for
signicance testing of EC values among tests.36 Stepwise linear
regression was used to test for signicant interaction between
786 | Environ. Sci.: Processes Impacts, 2022, 24, 783–793
hardness and pH as TMFs. The stepAIC function from theMASS
package was used following approaches used by Brix et al.10

DGT-labile zinc results were compared using ANOVA and post
hoc Tukey multiple pairwise-comparisons. All metal concen-
trations in concentration–response models and results were
measured concentrations. Standard deviation (SD) was used to
specify variability.
Results and discussion
Quality assurance and control

All tests met the test acceptability criteria. The pH variability
within tests was no greater than �0.1 units of the average pH in
each test treatment. Dissolved organic carbon concentrations
were kept low, with less than 1 mg C L�1 reported in test solu-
tions for all tests on day 0 in the absence of MOPS. Hardness
concentrations (measured as Ca and Mg) in each test remained
consistent, with no differences between tests of the same
hardness concentration (Table S4†). Alkalinity varied slightly
across all hardness concentrations (Table S4†); however, rela-
tive to the large concentration range of the hardness treatments,
the changes in alkalinity were small.

Control growth rates were acceptable in all tests (>1.2
doublings per day) (Table 1). Copper reference toxicant tests run
concurrently had a mean EC50 of 2.0 (�0.4) mg L�1, indicating
that the microalgal cultures had repeatable and comparable
sensitivity across tests. Dissolved metal subsamples collected
on day 0 and day 3 in toxicity tests had average losses of
measured zinc across the test duration of <10%, except for very
low zinc treatments (<10 mg Zn L�1), where losses were between
0 and 7.6 mg Zn L�1. The mean of day 0 and day 3 metal
concentrations were used in all toxicity modelling.
The effect of hardness at different pH values on zinc toxicity to
Chlorella sp.

Test hardness had an inverse correlation with zinc toxicity at all
pH values tested (Fig. 1 and Table 1), with increasing hardness
corresponding with decreasing toxicity. Exceptions to these
trends included a signicant (p¼ 5.3� 10�7, Z¼ 5.01) decrease
in EC50 values in the pH 6.7 test series from 184 mg L�1 at 93 mg
CaCO3 L

�1 to 96 mg L�1 at 402 mg CaCO3 L
�1 and a signicant (p

¼ 1.9� 10�4, Z¼ 3.73) decrease in EC10 in the pH 7.6 test series
from 2.1 mg L�1 at 31 mg CaCO3 L�1 to 0.8 mg L�1 at 93 mg
CaCO3 L

�1 (Table 1).
Increasing water hardness is oen found to reduce zinc

toxicity.37 Hardness (and/or individual Ca2+ and Mg2+ concen-
trations) is a widely studied TMF for zinc; however, there are
limited studies on direct effects of total hardness on algal
species with most studies focusing on invertebrates and sh.38

One study using microalgae by Heijerick et al. investigated the
individual inuence of Ca2+ and Mg2+ rather than total hard-
ness on zinc toxicity to R. subcapitata.18 Similar to the present
study, the researchers reported signicant decreases in toxicity
with increasing concentrations for both calcium and magne-
sium, with a 1.7-fold increase in zinc EC50 values when calcium
increased from 10 to 80 mg L�1 and a 6.5-fold increase when
This journal is © The Royal Society of Chemistry 2022
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Table 1 The 72 h effect concentrations (EC10/EC50) for population growth inhibition of Chlorella sp. exposed to zinc under different hardness
treatments at 3 different pH conditions. Effect concentrations were calculated using pooled test data (n¼ 2). 95% confidence intervals are shown
in parentheses. Free ion EC values represent the WHAM calculated free ion concentration at the dissolved EC values. Control growth rate is
shown as doublings per day. EC20 data is provided in ESI, Table S5†

Hardness (mg CaCO3 L
�1) pH

Control growth
rate

Dissolved Zn (mg L�1) Zn2+ (mg L�1)

EC10 EC50 EC10 EC50

5 6.7 1.7 1.5 (1.0–2.1) 8.7 (7.1–10) 1.0 (0.68–1.4) 5.9 (4.9–7.0)
7.6 1.2 1.8 (1.0–2.7) 17 (12–21) 1.0 (0.57–1.5) 9.5 (7.0–12)
8.3 1.7 0.85 (0.62–1.1) 6.2 (5.3–7.2) 0.29 (0.21–0.37) 2.1 (1.8–2.4)

31 6.7 1.5 3.3 (2.1–4.5) 31 (22–40) 2.2 (1.4–3.0) 20 (15–27)
7.6 1.4 2.1 (1.3–2.9) 32 (24–40) 1.2 (0.74–1.6) 18 (14–23)
8.3 1.9 1.3 (1.0–1.7) 13 (11–15) 0.47 (0.34–0.59) 4.3 (3.6–5.1)

93 6.7 1.8 4.5 (2.8–6.3) 184 (138–231) 3.0 (1.8–4.2) 122 (92–153)
7.6 1.8 0.79 (0.49–1.1) 120 (104–135) 0.45 (0.3–0.6) 68 (60–77)
8.3 2.0 3.2 (2.6–3.8) 53 (49–56) 1.1 (0.9–1.3) 18 (17–19)

402 6.7 1.8 5.3 (4.3–6.3) 96 (66–125) 3.2 (2.6–3.8) 59 (41–77)
7.6 1.2 4.4 (1.8–7.0) 159 (107–211) 2.4 (0.96–3.8) 6.9 (3.8–10)
8.3 1.7 3.9 (2.4–5.3) 59 (51–66) 1.4 (0.87–2.0) 22 (19–25)
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magnesium increased from 6 to 60 mg L�1. Similar ameliorative
effects of increasing hardness on zinc toxicity have been shown
for other freshwater organisms including acute and chronic
toxicity to cladocerans and acute toxicity to sh.8,39–41 These
trends are also apparent among other metals including nickel42

and uranium,43 but with a notable exception of copper, for
which chronic toxicity has been shown to be minimally inu-
enced by hardness.14,15,44 However, there are conicting results
around the inuence of hardness on copper toxicity with recent
toxicity models developed by Brix et al. showing hardness had
a signicant inuence on both acute and chronic copper
toxicity to a range of freshwater species.45 The authors also
noted that hardness had a larger effect on acute toxicity models
compared to chronic toxicity models.

Several mechanisms have been proposed to explain the
observed ameliorative inuence of hardness on zinc toxicity.
Decreases in toxicity are generally attributed to competition
between cations for binding sites at the biotic ligand on the
organism. For rainbow trout, calcium has been shown to have
a much greater ability to inhibit zinc uptake compared to
magnesium, likely due to Ca2+ competing with Zn2+ for gill
surface adsorption and uptake into the cell. In comparison,
Mg2+ likely only competes with Zn2+ for cellular adsorption
sites.46 This has been attributed to Ca2+ and Zn2+ sharing the
same apical transport channel.47 These observations in sh may
not directly translate to microalgae, with Heijerick et al. nding
the opposite trend was true for R. subcapitata, where Mg2+ had
a greater toxicity-reducing capacity compared to Ca2+.18 The
calculated biotic ligand stability constants for Ca2+ were similar
between microalgae and daphnids, but Mg2+ stability constants
were more than 0.5 log units greater for microalgae. This
suggests that magnesium has a higher binding affinity to the
microalgal biotic ligand than for the daphnid biotic ligand,
therefore providing greater toxicity amelioration. Additionally,
zinc uptake mechanism studies by Reid et al. using the alga
Chara corallina demonstrated that zinc inux into the algal cell
This journal is © The Royal Society of Chemistry 2022
was unlikely to be via the Ca2+ channels as zinc inux was
unaffected by blockage of these channels by lanthanum (La3+).48

Increases in hardness from 5 to 93 mg CaCO3 L
�1 resulted in

a linear decrease in toxicity at all pH values and effect levels with
strong linear correlation between EC50 values and hardness (R2

¼ 0.99 (pH 6.7), ¼ 0.98 (pH 7.6), ¼ 0.97 (pH 8.3)). Despite a 4.3-
fold increase in hardness from 93 to 402 mg CaCO3 L

�1, above
93 mg CaCO3 L

�1 there was no continued signicant decrease (p
> 0.05) in toxicity at all pH values and effect levels, except for the
EC10 (p ¼ 0.005, Z ¼ 2.83) at pH 7.6. Other studies have found
similar plateauing in the protective effects at high hardness
(and/or Ca2+ and Mg2+ ion concentrations). Rai et al. found that
calcium concentrations above 20 mg L�1 resulted in reduced
protective effects against zinc toxicity to Chlorella vulgaris.49

Similarly, in the current study the plateauing of protective
effects occurred between 15 and 71 mg Ca L�1. Heijerick et al.
also found higher concentrations of calcium and magnesium
resulted in a plateau in the cations' ameliorative effect, with the
authors noting that the biotic ligand model developed within
that study would not be suitable for predicting zinc toxicity in
higher hardness waters.40 It is important to note that, in natural
waters, increased hardness is strongly correlated with increased
pH and, these water chemistry conditions of 402 mg CaCO3 L

�1

and pH 6.7 are unlikely. Analysis of water quality data in the
United States by Brix et al. found that this combination of water
chemistry fell outside 99% of the data collected.50 However, the
authors also highlighted the importance of assessing toxicity in
unlikely water chemistry conditions as metal-impacted sites
may have unnatural associated water chemistries.50

Interactions of hardness and pH

Changes in pH do not appear to inuence the protective effects
of hardness, with relative changes in toxicity with changes in
hardness remaining consistent between the pH treatments (i.e.,
compare the hardness treatment at different pH values in
Fig. 2). At pH 6.7, an increase in hardness from 5 to 402 mg
CaCO3 L

�1 resulted in a 3.5-fold increase in EC10 values (1.5 to
Environ. Sci.: Processes Impacts, 2022, 24, 783–793 | 787
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Fig. 1 Concentration–response curves indicating the effect of pH and hardness on the growth rate of Chlorella sp. when exposed to dissolved
zinc. Hardness concentrations testedwere 5 (A), 31 (B), 93 (C) and 402 (D) mgCaCO3 L

�1. Each hardness concentration was tested at pH 6.7 (grey
circles), 7.6 (yellow triangles) and 8.3 (blue squares). Shaded ribbons represent the 95% confidence intervals. Each datapoint represents an
individual replicate response and a corresponding measured zinc concentration. Data are pooled from separate experiments. Replicate
responses were normalised to their respective controls for inter-test pooling.
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5.3 mg L�1) and an 11-fold increase in EC50 values (8.7 to 96 mg
L�1). Similar increases occurred at higher pH. At pH 7.6, a 2.4-
and 9.4-fold increase in EC10 and EC50 values, respectively,
were observed. At pH 8.3, a 4.5- and 9.5-fold increase in EC10
and EC50 values, respectively, were observed (Table 1). Use of
stepwise linear regression conrmed this observed lack of
interaction, which found interactive terms were not retained
between hardness and pH for EC10 values (p ¼ 0.829, t ¼ 0.208)
and EC50 values (p ¼ 0.511, t ¼ �0.680). Interestingly, the
analysis also did not retain a pH term, with hardness being the
only retained parameter (analysis output is provided in Table
S6†). Limited interactions between the two water quality
parameters was also found by Hyne et al., who reported a 2.5
and 2.3-fold decrease in acute zinc toxicity for C. dubia when
hardness was increased from 44 to 374 mg CaCO3 L

�1 at pH 7.5
and 8.4, respectively.44 Similar absences of interactions have
788 | Environ. Sci.: Processes Impacts, 2022, 24, 783–793
also been observed for chronic nickel toxicity to R. subcapitata
and acute copper toxicity to D. magna.42,51
Zinc lability and speciation

DGT-labile zinc concentrations were measured in six dissolved
zinc treatments (nominally 0–400 mg L�1), using the same
composition as the 72 h algal growth-inhibition tests. DGT-
labile zinc was less than dissolved zinc for all water condi-
tions tested. The relationship between dissolved zinc and DGT-
labile zinc followed strong linear relationships at each hardness
tested (Fig. 3). For greater environmental relevance, the rela-
tionship between DGT-labile and dissolved zinc between 0 and
100 mg L�1, will be discussed. The linear relationship for all
dissolved zinc concentrations tested are displayed in the inset
plots in Fig. 3. DGT lability did not follow the same inverse
relationship between hardness and zinc toxicity; no signicant
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Comparison of EC10 and EC50 values for zinc as a function of hardness at 5 (green), 31 (orange), 93 (purple) and 402 (pink) mg CaCO3 L
�1

at three different pH values. Effect concentrations at 10% (LHS panel) and 50% (RHS panel) growth rate inhibition after 72 h exposure. Error bars
indicate the calculated lower and upper 95% confidences intervals. Note variable y-axis.
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difference was detected (p ¼ 0.0766, F ¼ 2.929) in DGT-labile
zinc concentrations relative to dissolved zinc concentrations
(Fig. 3). This suggests zinc lability is unchanged across the
hardness range tested (31–402 mg CaCO3 L�1) at pH 6.7. The
Fig. 3 Dissolved zinc compared to DGT-labile zinc concentrations m
circles) mg CaCO3 L�1 at pH 6.7. Main plot displays data for zinc co
concentrations determined for DGT-labile zinc (0–400 mg L�1). Dashed

This journal is © The Royal Society of Chemistry 2022
lack of signicant difference in DGT-labile zinc between hard-
ness treatments suggests that the changes in bioavailability
evident in the toxicity results of the present study are due to
competition effects specic to the biotic ligand of the
easured in 31 (grey diamonds), 93 (green triangles) and 402 (pink
ncentrations between 0 and 100 mg L�1. Inset plot displays all zinc
line represents a 1 : 1 relationship.
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microalgae, rather than changes to zinc speciation or lability.
Results of WHAM speciation modelling support the DGT results
that changes in zinc speciation and lability are not the cause of
the changes in toxicity with changes in hardness. Free zinc ion
(Zn2+) was the major species present in solution under all test
conditions. Zn2+ concentrations primarily varied as a function
of pH (average change ¼ 31%, SD ¼ 5.4%), with only small
changes due to hardness (average change ¼ 4.1%, SD ¼ 2.4%).
Increased pH (6.7 to 8.3) resulted in a decrease in Zn2+ at all
hardness concentrations, decreasing from an average of 69 to
34% and 61 to 37% for 5 and 402 mg CaCO3 L�1 hardness,
respectively. Although Zn2+ decreased with increasing pH,
toxicity increased with increasing pH for all hardness concen-
trations, suggesting that Zn2+ concentration is not the main
factor inuencing toxicity change in these conditions. A full
summary of zinc speciation across all test conditions is
provided in ESI, Table S7.†

DGT results for the current study are similar to those of
Paller et al., whomeasured DGT-labile zinc in low (13 mg CaCO3

L�1) and moderate (80–100 mg CaCO3 L
�1) hardness waters in

the absence of DOC.8 The study reported that differences in
DGT-labile zinc did not correspond with the observed changes
in acute zinc toxicity to C. dubia as hardness was varied. Phil-
ipps et al. assessed the inuence of hardness on copper DGT
lability and reported no signicant changes in labile copper
when hardness varied from 40–48 to 160–180 mg CaCO3 L

�1.52

The study also found that while DGT lability remained
unchanged with hardness, DGT-labile copper correlated with
copper bioaccumulation in P. promelas, but not for copper
bioaccumulation in the freshwater mussel, L. cariosa.

Several studies have compared biological responses to DGT
lability changes under varying water chemistries including pH,
hardness, and DOC.6–8,52,53 Consensus from these studies high-
lights that DGT lability is not a good predictor of bioavailability
change when the primary cause of bioavailability change is via
cation competition (H+, Ca2+, Mg2+). However, based on the
studies with DOC, DGT may provide useful information on
bioavailability in the presence of DOC, as changes in bioavail-
ability and toxicity are associated with DOC–metal
complexation.
Implications for water quality guideline values

Hardness was the rst TMF investigated and as such hardness-
dependent algorithms are incorporated into the water quality
guidelines of several freshwater regulatory frameworks.16,54 The
ndings of the present study along with others have important
implications for hardness-dependent guideline values for
zinc.40,49 The collective results indicate that environmentally
relevant high hardness conditions may not provide protective
effects to all freshwater organisms from zinc toxicity.

Using eqn (1) there is a 9-fold difference in the zinc 95%
species protection guideline value over the hardness range of
31–402 mg CaCO3 L�1 from 8 to 72 mg L�1, and a 3.6-fold
difference over a range of 93–402 mg CaCO3 L

�1 from 21 to 72
mg L�1. The use of this algorithm may provide appropriate
increases in guideline values up until 93 mg CaCO3 L�1 but
790 | Environ. Sci.: Processes Impacts, 2022, 24, 783–793
based on the results of the current study, precaution is needed
at higher hardness. Moreover, the use of the algorithm with the
ANZG16 framework does not allow for modifying the guideline
value for hardness concentrations below 30 mg CaCO3 L�1,
potentially providing insufficient protection in very so waters.
Australia has both very so (<10 mg CaCO3 L�1)55 and hard
waters (>200 mg CaCO3 L

�1)56 and therefore may be subject to
under protection using the current hardness-correction algo-
rithms. While use of BLMs and MLRs is not endorsed by the
current Australian and New Zealand framework, there is scope
within the framework to justify the use of such models where
appropriate. Based on the results of the current study, it may be
most appropriate to use established bioavailability models
(such as BLMs andMLRs) to adjust default zinc guideline values
where hardness is very so or hard. However, models developed
with non-algal species (such as sh and daphnids) may not be
appropriate and algal specic models may be required. Such
species specic models are currently being developed and
applied in order to revise zinc guideline values in Australia and
New Zealand.
Conclusions

This study showed that increasing hardness has a protective
effect on zinc toxicity to Chlorella sp. up to 93 mg CaCO3 L�1

across an environmentally relevant pH range of 6.7 to 8.3, with
further increases in hardness not offering greater protection,
with no difference in zinc toxicity from 93 to 402 mg CaCO3 L

�1.
It was also demonstrated that DGT-labile zinc did not change
over the hardness range of 31 to 402 mg CaCO3 L

�1 and did not
correspond to observed changes in Chlorella sp. response across
the same hardness range, this likely means that hardness
affects Chlorella sp. through competition rather than specia-
tion. DGT results were supported by WHAM speciation model-
ling, where only small changes in zinc speciation were due to
changes in hardness. The results of this study also showed that
current zinc hardness-algorithms used in water quality guide-
lines may not be appropriate to use for high hardness waters.
More exible and robust approaches, such as MLR models and/
or BLMs are currently being considered in future revisions of
Australian and New Zealand water quality guidelines, which
could greatly improve the ability of regulators and industry to
derive site-specic zinc guideline values for protecting sensitive
aquatic biota, such as Chlorella sp.
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