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Abstract The phosphorus (P)-inactivation agents

alum or modified zeolite (Aqual-PTM) are used in

eutrophic lake remediation. Lake managers must

evaluate the benefits of P-removal against potential

adverse effects on lake biota. Laboratory mesocosms

were used to determine whether a 2 month exposure to

alum or Aqual-P had lethal or sublethal effects on

native benthic-dwelling macroinvertebrates or fish.

The P-inactivation agents were applied while the

organisms were present to evaluate both acute- and

longer-term effects. A gradient of doses up to 344 g

alum m-2 ([7 mm capping layer thickness) and a

single 200 g Aqual-P m-2 dose were applied with no

detectable acute effects on survival or behaviour. After

2 months, there was no significant effect of alum or

Aqual-P on the survival or growth of the crayfish,

mussels or fish, but aluminium accumulation was

measurable in some treatments. Fingernail clams were

held in a sub-mesocosm to prevent predation, which

resulted in exposure to intact capping layers. The

highest alum dose significantly decreased fingernail

clam survival and reburial rates, while 200 g Aqual-P

m-2 caused highly variable survival. Our findings can

be used by lake managers to assist the selection of site-

specific application rates for these P-inactivation

agents.

Keywords Alum � Aqual-P � Aluminium �
Lake restoration � Sediment-capping � Z2G1

Introduction

Algal growth in lakes can be stimulated by nitrogen

(N) and phosphorus (P) originating from external

inputs (e.g. agricultural wastewater, sewage dis-

charges, diffuse runoff) or internal inputs from sedi-

ment release during hypolimnetic deoxygenation

(Jeppesen et al., 2005; Burger et al., 2008). The

application of P-inactivation agents (e.g. alum or

Aqual-P) to control the release of P from sediments in

eutrophic lakes is aimed at reducing internal nutrient

loads (Hickey & Gibbs, 2009). Phosphorus-inactiva-

tion agents can be applied as flocculating compounds

that strip P from the water column as they settle, or

sediment-capping agents that ideally form a thin

(\2 mm) chemically active layer on the sediment that

captures P released during hypolimnetic sub-oxic or

anoxic events (Hickey & Gibbs, 2009). However,

depending on local conditions (e.g. bioturbation, water

currents), a capping layer may remain intact for only

relatively short periods (days or weeks) after
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application, particularly in shallow epilimnetic areas,

before being mixed into the sediments. Such mixing

will reduce exposure of infaunal species to elevated

concentrations of P-inactivation agents or intact layers

of these products.

A range of P-inactivation agents have been evalu-

ated in New Zealand for efficacy and sustainability,

and two aluminium-based products, alum and Aqual-

PTM, have been identified as suitable for local lake-

scale applications to Lake Rotorua (central North

Island, New Zealand) (Gibbs & Özkundacki, 2011;

Gibbs et al., 2011). Lake Rotorua is a eutrophic

polymictic lake that experiences hypolimnetic anoxic

events on an intermittent basis (Burger et al., 2008).

Alum (aluminium sulphate) requires the presence of

alkalinity, which, if naturally present in the form of

bicarbonate or applied as a buffering agent (e.g.

NaHCO3), will form an aluminium hydroxide

(Al(OH)3) precipitate that will settle as a colloidal,

amorphous floc to coat the lake bed. Aqual-P is a

proprietary formulation of aluminium-amended zeo-

lite (formerly named Z2G1) developed in New

Zealand and is applied as a phosphorus-inactivation

agent in either a granular or powdered form (Gibbs &

Özkundacki, 2011; Gibbs et al., 2011). Aqual-P differs

in both physical and chemical properties from alum,

with a higher density and a lower weight-specific

P-binding capacity, which may be expected to affect

dose-dependent responses of benthic organisms.

Aqual-P has the added benefit of sorbing ammonia-

cal-N (Gibbs et al., 2011).

Benthic macrofauna could potentially be affected

both chemically and physically by P-inactivation

agents and indirectly via foodweb impacts. In low

pH water (\6.0), toxic Al3? can be released after alum

application, and recent studies have indicated that

sediment-capping with both alum and Aqual-P can

inhibit microbial nitrification and denitrification under

aerobic conditions (Gibbs & Özkundacki, 2011, Gibbs

et al., 2011). Vopel et al. (2008) demonstrated that

both pH and oxygen saturation decrease within 1 mm

of the surface of a capping layer of either product. The

low density alum floc can be moved around by

currents, accumulating in layers deeper than intended

when applied. Benthic fauna may in turn affect the

distribution and efficacy of the P-inactivation agents

by bioturbation.

Despite widespread use of alum for lake remedia-

tion in the Northern Hemisphere, there is little

information regarding effects on lake biota (Welch &

Cooke, 1999; Søndergaard et al., 2007). Some studies

indicate a post-treatment increase in the abundance and

diversity of benthic fauna; others have shown a short-

term decrease in some species followed by a long-term

recovery (Narf & Hine, 1985; Doke et al., 1995;

Smeltzer et al., 1999; Lund et al., 2010; Steinman &

Ogdahl, 2012). In New Zealand, evaluation of potential

effects of P-inactivation agents on benthic fauna has

generally been limited to short-term studies. A recent

study showed that a 10 day laboratory exposure to 65 g

alum m-2 had no detectable effect on survival and

behaviour of adult native crayfish Paranephrops

planifrons (Parkyn et al., 2010). A field survey of

Lake Ōkaro (another Rotorua lake), after a low dose

alum application applied during the suboptimal con-

ditions of an algal bloom, found that common bully

Gobiomorphus cotidianus densities decreased post-

treatment, possibly as a result of high dissolved Al3?

concentrations (Quinn et al., 2004). Laboratory-based

toxicity testing of Aqual-P on amphipods Phreato-

gammarus helmsii and fingernail clams Sphaerium

novaezelandiae showed no significant lethal or suble-

thal effect of 350 g Aqual-P m-2 for 10 days, though

organisms were added after application of the P-inac-

tivation agent (Martin & Hickey, 2007). Short-term

field and laboratory exposures have shown no detect-

able effect of C250 g Aqual-P m-2 on crayfish

survival, behaviour and respiration (Parkyn et al.,

2010). A field study of a 350 g Aqual-P m-2 applica-

tion at Lake Ōkaro concluded that there was no obvious

negative effect on either trout Oncorhynchus mykiss or

common bullies 2 months after application (Landman

& Ling, 2011).

In Rotorua, New Zealand the local stakeholders

include the indigenous Māori community, who

insisted that lake managers evaluate possible adverse

effects of a proposed alum application on key benthic

fauna. They also requested an assessment of the

potential for aluminium (Al) accumulation in fish and

crayfish because they are harvested for human

consumption.

In the present study four native freshwater species

(crayfish, mussels, common bullies, and fingernail

clams), were exposed to a range of doses of either alum

or a single dose of Aqual-P in a flow-through 2 month

duration laboratory exposure. The P-inactivation

agents were applied while the organisms were present

to incorporate any potential acute effects of the
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application process (e.g., physical effects of alum floc,

or high initial Al3? concentrations). Growth and

survival was monitored for all species, while oxygen

consumption and ammonia production by freshwater

mussels and crayfish were measured at the conclusion

of the 60 days exposure in respiration chambers. Doses

were selected to encompass and exceed those likely to

be used in the Rotorua lakes and we expected to be able

to demonstrate effect thresholds for survival, growth,

or Al content of the muscle tissues after chronic

exposure and thus establish a safety factor for use of

these P-inactivation agents by lake managers.

Materials and methods

Experimental design

The four species included in this study (crayfish, P.

planifrons; mussels, Echyridella menziesii (previously

Hyridella menziesi); common bullies, G. cotidianus and

fingernail clams, S. novaezelandiae) are widely distrib-

uted in New Zealand in lakes, rivers and streams

(Hopkins, 1970; Winterbourn & Mason, 1983; McDo-

wall, 1990; Fenwick & Marshall, 2006), are found in

lakes from the littoral to deeper zones, and are benthic-

dwelling and feeding (Devcich, 1979; Stephens, 1982;

James, 1985; James, 1987; Rowe, 2001; Butterworth,

2008). The fingernail clam is a small bivalve species; the

adults reach a maximum shell length of 10 mm (Roa,

1997). It is thought that their depth distribution in Lake

Rotorua is constrained by the upper limits of the anoxic

hypolimnion; a species from the same family, the pea

clam Pisidium sp. has been found at densities of

49–118 m-2 at depths of 40–115 m in Lake Taupo

(Forsyth & McCallum, 1981). Both fish and crayfish are

predatory and may be exposed to aluminium via

foodweb accumulation; however, uncontaminated food

was provided; therefore, this aspect of their environ-

mental exposure was not evaluated in this study.

All of the organisms, except the fish, were obtained

from either Lake Rotorua (38�20.084S, 176�150.476E),

or adjoining Lake Rotoiti (38�10.132S, 176�200.705E).

Fish were obtained from Lake Karāpiro (37�560.870S,

175�390.021E).

A mesocosm design was used to examine chronic

effects on four species simultaneously. The fingernail

clams were held in a sub-mesocosm to prevent

predation by crayfish and fish.

The exposure regime incorporated a range of

P-inactivation doses of alum relative to those planned

for Lake Rotorua sediments (Gibbs et al., 2011) and

was designed to identify potential adverse effects

thresholds on fauna. This approach also enables us to

evaluate the risk should a higher dose be considered

for application. The nominal alum dose rates were:

half the proposed dose rate termed Low; the proposed

dose rate termed Medium; and three times the

proposed dose rate termed High. A single Aqual-P

dose was tested at the proposed application rate. In

practice, the alum doses were 40% higher than the

nominal design concentrations, while the Aqual-P

dose was equivalent to the target dose (Table 1).

Crayfish

In autumn (May) 2011, young-of-the-year juvenile

crayfish (13 ± 2 mm occipital-carapace length (OCL);

1.6 ± 0.7 g wet weight) were obtained from Lake

Rotoiti (38�10.132S, 176�200.705E, central North

Island, New Zealand) adjacent to Lake Rotorua, using

tau kōura, a traditional method of crayfish harvesting

(Kusabs & Quinn, 2009). Crayfish were transported to

the laboratory and placed in aquaria supplied with

recirculating, filtered, dechlorinated Hamilton City

tapwater (DHCT), in a constant temperature room

(16:8 h light:dark, 18–20�C). Short lengths of pipe

(70–100 mm, 22–28 mm) were provided as shelter, and

crayfish were fed daily on frozen chironomids until

6 days prior to transfer when they were provided with a

sinking pelleted food (266 g ground trout food, 128 g

ground fresh marine fish, 107 g gelatin). After 35 days,

crayfish were transferred to the mesocosm tanks 2 days

prior to addition of the alum and fed pelleted food daily

at 1% body weight day-1 for the first 16 days of the

alum exposure, then from day 17 onwards at 2.4% of

their body weight three times week (i.e. equivalent to

1% body weight day-1). Crayfish also feed directly on

detritus such as decaying organic matter and biofilms

provided by the bracken fern in the mesocosms.

Mussels and fingernail clams

Mussels (60 ± 4 mm shell length) and clams

(2.4 ± 0.3 mm shell length) were obtained from the

littoral zone of Hamurana Beach, Lake Rotorua at

\2 m depth. In the laboratory, the mussels were

placed in aquaria supplied with recirculating, filtered
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DHCT in a constant temperature room (16:8 h light:-

dark, 18–20�C), and the clams were placed in small

tanks, with 1 l DHCT (aerated, non-renewal) and

0.02 m depth sieved sediment from the collection site.

Clams were fed 0.1 g dried invertebrate feed (GORP)

and 30 ml concentrated Pseudokirchneriella subcap-

itata (*1 9 106 cells ml-1) three times week-1.

Mussels were fed 100 ml concentrated P. subcapitata

(*1 9 106 cells ml-1) and 100 ml invertebrate feed

(liquid yeast ? trout food preparation) three to five

times week-1. Following 2 weeks acclimation to

laboratory conditions, mussels and clams were added

to the mesocosms or sub-mesocosms (18–20 of each

species) 3 days prior to addition of the P-inactivation

agents. Clam lengths (1.8–3.2 mm) were measured

using a micrometre under 169 magnification. Clam

condition factor indices (CFI) were calculated by:

CFI ¼ Wt

ðL3Þ

� �
� 1000

where Wt = wet weight (mg) and L = length (mm).

Mussel CFI were calculated by:

CFI ¼ DWt

SWt

� �
� 10

where DWt = dry flesh weight (g) and SWt = Dry

shell weight (g).

Fish

Bullies (35 ± 4 mm length; 0.5 ± 0.2 g wet weight)

were obtained from Lake Karāpiro ((37�560.870S,

175�390.021E), central North Island, New Zealand) by

seining in the littoral zone (1.5 m depth) shortly after

nightfall. In the laboratory, fish were placed in aquaria

supplied with recirculating, filtered, DHCT adjusted to

5 ppt with filtered seawater (for prophylactic disease

treatment) in a constant temperature room (16:8 h

light:dark, 15�C). Fish were held 28 days prior to

being transferred to the mesocosms 3 days prior to

application of the P-inactivation agents. Fish were fed

daily on frozen chironomids in the holding tanks, but

upon transfer to the mesocosms consumed the sinking

pelleted food intended for the crayfish. Feed rates were

increased to satiate the fish and reduce competition

with the crayfish which resulted in daily feed rates of

10% body weight d-1. Ten days after addition of the

P-inactivation agents to the mesocosms, the fish wereT
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separated from the crayfish in open bottom mesh

corrales (0.045 m2) to reduce competition for food

with the crayfish. Fish that escaped from the corrales

were recaptured in small traps. Thirty-one days after

application of the P-inactivation agents, the fish were

removed from the mesocosms, measured and euthan-

ised by anaesthetic overdose (0.01% clove oil).

Mesocosms

Fifteen tanks (0.83 m 9 0.56 m), with a 0.03 m deep

sediment layer of 20% Lake Rotorua mud (sieved to

\500 lm) and 80% washed mortar sand (\1000 lm),

were filled with 95 l (0.20 m deep) DHCT. Freshwater

mussels, crayfish and common bullies were placed in the

main body of the tank, while the sphaeriids were held in

a separate enclosure (a sub-mesocosm) with 150-lm

mesh walls to prevent predation by the larger organisms.

Twenty individuals of each species were added to each

tank, except crayfish for which only eighteen per tank

were added. Shelter was provided by small tubes for the

crayfish and bracken fern bundles for both fish and

crayfish. Organisms were added to the mesocosms

2–3 days prior to addition of the P-inactivation agents.

Continuous water flows of 132 ml min-1 (a water

volume replacement time of 2 9 day-1) entered each

tank in the rear of the small enclosure and flowed

through the mesh walls in a diffuse path to the main

tank, exiting through an overflow drain at the water

surface at the opposite end of the tank to the inflow.

The header tank and all experimental tanks were

continuously aerated. The experiment was contained

in a constant temperature room maintained at 20�C

with a 16:8 light:dark cycle. Tanks were checked, and

fish were fed daily; crayfish were fed four times

week-1, while the sphaeriids in the small mesocosms

were fed three times week-1.

Application of P-inactivation agents

The P-inactivation agents were applied with the organ-

isms present in the mesocosms at three different

application rates of alum and one application rate of

Aqual-P (Table 1). Gibbs & Özkundacki (2011) dem-

onstrated in experimental cores that application rates of

350 or 700 g Aqual-P m-2 (either \ 1 mm grain size or

1–3 mm) will effectively block P-release from Lake

Ōkaro sediments under both aerobic and anoxic condi-

tions and a related study indicated that 190 g Aqual-P

m-2 (\1 mm grain size) was the minimum effective

removal dose for Lake Rotorua sediments (Gibbs et al.,

2011). All treatments were replicated three times. The

alum floc stock solution was prepared as a slurry by

premixing the appropriate volumes of the nominally

47% w/w alum solution (Orica Chemicals) with sodium

carbonate (Na2CO3�10H2O) in 6 L of water and pH

adjusted to 7.5 (see Table 1 for details). Aqual-P was

applied as 92 g of the powdered formulation mixed to a

slurry in 6 L of water. Water flows were ceased, and 15 l

of water was syphoned out of each mesocosm (leaving

80 l), before the 6 l of alum stock or Aqual-P slurry was

applied by hand and gently dispersed throughout the

mesocosm (0.46 m2) – 0.6 l was applied directly to each

sub-mesocosm (0.048 m2). Water flow was recom-

menced 24 h later once the alum or Aqual-P had settled.

The reported alum application rates are based on the

measured (rather than nominal) aluminium content of

the solution provided by Orica Chemicals Ltd (57 g

Al l-1 (2.11 M Al), equivalent to 665.6 g Al2(SO4)3�
16H2O l-1 (1.06 M alum) or 361.3 g Al2(SO4)3

l-1(anhydrous)). The Orica MSDS describes the solu-

tion as 47% w/w aluminium sulphate (specific gravity

1.32) and uses the CAS 10043-01-3 of anhydrous

aluminium sulphate (1.06 M alum is equivalent to

627.4 g Al2(SO4)3�14H2O L-1 (63% w/v or and 48%

w/w)). Alum as Al2(SO4)3�14H2O l-1 is often used in

industrial scale preparation of alum solutions. Alum

application rates in the present study are expressed as g

Al2(SO4)3�16H2O m-2 for consistency with related

publications in which solid alum as Al2(SO4)3�16H2O

was used to prepare application solutions (Vopel et al.,

2008; Hickey & Gibbs, 2009; Gibbs et al., 2011).

Alternative expressions of the doses such as g Al m-2

together with the relevant treatment descriptors are

provided in Table 1.

Respiration measurements of crayfish and mussels

After 59 or 60 days of exposure (it took 2 days to

complete the respiration measures) to the P-inactiva-

tion agents, crayfish and mussels were placed in

1000 mL respiration chambers in groups of 6 to 10, for

2–5 h to measure oxygen consumption (lg O2 g wet

weight-1 h-1), and total ammoniacal-N production

(lg NH3-N g wet weight-1 h-1). Following these

measurements, crayfish and mussels were weighed

and measured, then euthanised by freezing.
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Laboratory analyses

Hepatopancreas and muscle tissues were pooled (3–7

crayfish per sample) to provide sufficient tissue for

analysis of aluminium concentrations (n = 9 per

treatment). Seven mussels or 5–7 fish were pooled

into one whole-body sample per tank (n = 3 per

treatment). Tissues were dried until constant weight

then microdigested (HNO3 and HCl acid, 85�C, 1 h)

and measured by ICP-MS (DL = 0.06 mg kg-1 dry

wt) (Hill Laboratories, Hamilton, NZ, IANZ, ILAC

accredited).

Dissolved aluminium (DL = 3 lg l-1) concentra-

tions in filtered (0.45 lm) and acidified (1% HNO3)

water samples were measured by ICP-MS (APHA

3125 B 21st ed, Hill Laboratories). Water samples for

dissolved ammoniacal-nitrogen (NH3-N) [filtered

(Whatman� GF/C glass fibre filter, 0.45 lm filter)

then frozen prior to analysis] were analysed on a

Lachat Flow Injection Analyser using standard Lachat

methods for freshwaters (phenol/hypochlorite colo-

rimetery, DL = 1 lg l-1).

Statistical analyses

Data were analysed by one-way (main factor; treat-

ment), or repeated measures (crayfish length and

weight) ANOVA (a = 0.05 unless stated otherwise,

SAS Version 9.3), and a Tukey’s post hoc test of

significantly different means. If assumptions of nor-

mality and homogeneity of variance were not met, data

were transformed. Data are reported as mean ± stan-

dard deviation (s.d.) unless stated otherwise.

Results

Application of the P-inactivation agents

One hour after dosing with the alum, pH remained

within a narrow range of 7.40–7.58 in all three alum

treatments. The pH in the control tanks was 7.55–7.57,

and one hour after dosing with Aqual-P pH was

7.02–7.04. Conductivity was much more variable

between treatments: controls (183–184 lS cm-1);

Low alum (618–649 lS cm-1); Medium alum

(1048–1170 lS cm-1); High alum (2.61–2.70 mS

cm-1); and 200 g Aqual-P m-2 (240–243 lS cm-1).

When visible, the behaviour of all fish, mussels and

crayfish appeared to be normal during the application

of the alum or Aqual-P. Clarity was markedly reduced

in the Aqual-P treatment and the two highest alum

doses. Mussels were observed with syphons out

3 hours after application of Low alum. Twenty-four

hours later before flows were recommenced, at least

some mussels were observed with syphons extended in

the Low alum and Aqual-P treatments; although

activity was lower than in the control treatment.

Although clarity was reduced in many tanks, some fish

and crayfish could be observed in all tanks and their

behaviour appeared to be normal.

Water quality

Once flows were recommenced after the application and

maintained at 132 ± 19 ml min-1 for the duration of

the 2 month exposure, water quality remained within a

narrow range across all treatments (18.5 ± 0.4�C,

8.7 ± 0.7 mg O2 l-1, pH 7.6 ± 0.2, 166 ± 54 lS

cm-1, hardness 82 ± 44 as mg CaCO3 l-1).

One day after the application of the P-inactivation

agents and immediately prior to recommencing water

flows, dissolved aluminium concentrations were signif-

icantly lower in the Aqual-P treatment than the control

treatment and the 57 g m-2 alum treatment, which in

turn were significantly lower than in the 115 g m-2

alum and the 344 g m-2 alum treatment (P \ 0.001)

(Fig. 1). Ten and 60 days after application, average

dissolved aluminium concentrations were less than

20 lg l-1 in all tanks, while 30 days after application

concentrations were 16–30 ± 23 lg l-1 in all treat-

ments except the highest alum treatment which was

83 ± 29 lg l-1 (F = 7.2, P = 0.0054). Using the

average dissolved Al concentrations and water flows

through the tanks, we calculate that after 2 months at

least 83, 87, 93 and 92% of the initial dose remained in

the Low alum, Medium alum, High alum and Aqual-P

treatments, respectively. If the Al concentrations in the

control treatment are taken into account estimates of the

percentage dose remaining increase to 93, 92, 95 and

100% in the Low alum, Medium alum, High alum and

Aqual-P treatments, respectively.

Throughout the 2-month long experiment, NH3-N

concentrations measured in the tanks varied from 1 to

101 lg l-1 (n = 45) and remained well below the

ANZECC chronic water quality guideline of 1470 lg

l-1 for protection of 95% of species at pH 7.6

(ANZECC & ARMCANZ, 2000).
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Freshwater crayfish

After 2 months exposure to the P-inactivation agents,

crayfish survival was 92 ± 3% to 100% in all

treatments. Survival in the High alum treatment

(92 ± 3%) was significantly lower than in the Low

alum treatment (100%) but not the control treatment

(96 ± 4%) (P \ 0.05). Growth was not significantly

different between treatments after either 1 or 2 months

(weight F = 0.5, P = 0.74; OCL F = 0.8, P = 0.56)

(Table 2). Average lengths (OCL) and weight

increased by 15% and 50%, respectively from day -2

of the exposure (13 ± 2 mm OCL; wet weight

1.6 ± 0.7 g) to day 60 (15 ± 2 mm OCL; wet weight

2.4 ± 1.0 g) (OCL, P \ 0.001; weight, P \ 0.001

between 1 and 2 months). There was no significant

interaction between time and treatment for either

length or weight (F = 0.4, P = 0.84; F = 0.2,

P = 0.92, respectively). At the conclusion of the 2

month long exposure there was no significant differ-

ence in either the oxygen consumption (range

106 ± 24 to 120 ± 25 lg O2 g-1 wet wt h-1,

F = 0.4, P = 0.81) or ammonia production rates

(range 3.4 ± 0.7 to 4.0 ± 1.8 lg NH3-N g-1 wet wt

h-1, F = 0.4, P = 0.84) of the crayfish exposed to

different treatments. Aluminium concentrations in the

hepatopancreas of crayfish exposed to either Low or

High alum were 22 ± 12 and 36 ± 24 lg g-1 dry wt,

respectively and significantly higher than those mea-

sured in the control treatment (4 ± 2 lg g-1 dry wt,

P \ 0.001) (Fig. 2a). Aluminium concentrations were

20 ± 10 and 9 ± 7 lg g-1 dry wt in the Medium

Fig. 1 ‘‘Dissolved’’ aluminium concentrations measured over

time after application of alum or Aqual-P (n = 3) based on

0.45 lm filtration (see text for discussion of potential colloidal

clay interference with initial measurements). Lower case letters

indicate significantly different treatments within a day. Circle

control; upward triangle Low alum; downward open triangle

Medium alum; downward solid triangle High alum; 200 g Aqual-

P m-2. See Table 1 for details of alum and Aqual-P treatments

Table 2 Initial and final wet weight and length of crayfish, fish, mussels and clams, and condition factor index (CFI) for clams after

60 d of exposure to different application rates of alum or Aqual-P

Parameter Treatment Crayfish Fish Musselsa Clamsb Clam CFI

Weight (g) Control (day 0) 1.6 (0.7) 0.5 (0.2) – 2.7 (1.5) 183.4 (31.0)

Control 2.5 (1.2) 0.7 (0.3) 1.2 (0.4) 2.7 (1.2) 175.0 (25.0)

Low alum 2.4 (0.9) 0.7 (0.3) 1.3 (0.3) 2.5 (0.8) 173.0 (21.0)

Medium alum 2.4 (1.1) 0.7 (0.3) 1.3 (0.4) 2.3 (1.0) 165.4 (26.3)

High alum 2.4 (0.9) 0.7 (0.3) 1.1 (0.4) 2.4 (1.0) 157.5 (27.7)

Aqual-P 2.4 (1.0) 0.7 (0.4) 1.1 (0.4) 2.5 (1.8) 160.9* (23.3)

Length (mm) or SWt (g) Control (day 0) 12.6 (1.8) 35.5 (4.1) – 2.4 (0.3) –

Control 14.9 (2.4) 38.5 (5.1) 12.7 (4.2) 2.5 (0.3) –

Low alum 14.8 (1.9) 39.1 (4.7) 12.0 (3.6) 2.4 (0.2) –

Medium alum 14.6 (2.3) 39.1 (4.2) 12.3 (3.7) 2.4 (0.2) –

High alum 14.8 (1.9) 39.0 (4.6) 11.8 (3.8) 2.4 (0.2) –

Aqual-P 14.7 (2.2) 39.0 (5.6) 11.8 (3.6) 2.4 (0.3) –

Mean (± s.d.). * indicates significantly different to control. SWt dry shell weight for mussels. See Table 1 for details of alum and

Aqual-P treatments
a Mussel values are dry flesh weights, mussel dry shell weights were measured rather than shell lengths
b Clam wet weights are in mg
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alum treatment and the 200 g Aqual-P m-2 treatment,

respectively, but neither was significantly greater than

the control treatment. Aluminium also accumulated in

the muscle tissues of crayfish exposed to High alum

(3 ± 1 lg g-1 dry wt) relative to the controls and all

other treatments (1–2 ± 2 lg g-1 dry wt), except the

Low alum (2 ± 1 lg g-1 dry wt) treatment (log-

transformed, F = 5.9, P \ 0.001; Fig. 2b).

Fish

Fish survival 1 month after exposure to the P-inactiva-

tion agents was 98–100% in all tanks (excluding one

replicate of the High alum treatment where approxi-

mately 7 fish were accidentally killed on day 14 of the

exposure) and not significantly different between treat-

ments (P = 0.64). Fish weight (P \ 0.001) and length

(P \ 0.001) increased significantly by 40% and 8%,

respectively, from day -3 (0.5 ± 0.2 g, 36 ± 4 mm,

n = 50) to day 31 (0.7 ± 0.3 g, 39 ± 5 mm, n = 277)

(Table 2). Average final fish weight and length were not

significantly different between treatments (P = 0.88,

P = 0.97, respectively). Aluminium concentrations in

the whole body of the fish ranged from 8 to

10 ± 6 lg g-1 dry wt in all treatments except those

exposed to High alum, which were 19 ± 12 lg g-1 dry

wt; however, these were not significantly different due

to the high variability in the concentrations (F = 1.53,

P \ 0.3; Fig. 3).

Freshwater mussels

At day 60, mussel survival was 100% in all treatments

except Aqual-P in which 1 mussel died (98%). There

was no significant difference in dry flesh weights

(P = 0.53), dry shell weights (P = 0.63), CFI (range

0.9 ± 0.2 to 1.0 ± 0.2, P = 0.6), or ammonia produc-

tion rates (4.7 ± 1.6 lg NH3-N g-1 dry wt h-1,

P = 0.55) of mussels exposed to different treatments

(Table 2). Oxygen consumption rates of mussels

exposed to Aqual-P (126 lg O2 g-1 dry wt h-1) were

significantly lower than mussels in the control treatment

(166 lg O2 g-1 dry wt h-1) but not compared to those

exposed to alum (145–164 lg O2 g-1 dry wt h-1)

(P \ 0.04) (Fig. 4a). These data indicate that the alum

applied at either Low, Medium or High application rates

(57, 115 or 344 g alum m-2) or 200 g Aqual-P m-2 had

no marked or significant effect on mussel survival or

growth, but Aqual-P may have some sublethal effect on

mussel respiration. Aluminium concentrations of

127 ± 41 lg g-1 dry wt accumulated in the whole

body of mussels exposed to High alum; this includes the

contribution of gut contents. These concentrations were

significantly higher than those measured in all other

(a)

(b)

Fig. 2 Mean aluminium concentration in the crayfish a hepa-

topancreas, or b muscle tissues, 2 months after application of

alum or Aqual-P (n = 9). Letters indicate significantly different

treatments. See Table 1 for details of alum and Aqual-P

treatments

Fig. 3 Aluminium concentrations in the fish (whole body

lg g-1 dry wt), 2 months after application of alum or Aqual-P

(n = 3) (F = 1.5, P \ 0.3). See Table 1 for details of alum and

Aqual-P treatments
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treatments (52–60 ± 20 lg g-1 dry wt), except the

72 ± 25 lg g-1 dry wt that accumulated in mussels

exposed to Medium alum (F = 4.5, P \ 0.02; Fig. 4b).

These data indicate that the P-inactivation agents

had no marked or significant effect on mussel survival,

and as for crayfish and fish, there is a wide margin of

safety for application rates B344 g alum m-2 (High

alum) or B200 g Aqual-P m-2.

Fingernail clams

Clam survival in the control treatment was 92 ± 3%

and application of alum decreased survival in a dose-

dependent manner (Fig. 5a). After 2 months, survival

was 92 ± 10% and 67 ± 15% in the Low and Medium

alum mesocosms, respectively. When alum was applied

at the High dose, survival was significantly lower

(23 ± 8%) than the controls (P \ 0.001). Decreased

survival in response to alum application was reflected in

the 15 and 30 min reburial rates of the remaining clams

which tended to decrease in a dose-dependent fashion

but were only significantly lower in clams exposed to

High alum (P \ 0.05; P \ 0.10 respectively) (Fig. 5b).

Application of 200 g m-2 Aqual-P resulted in

63 ± 55% survival, which, according to a post hoc

Tukey’s test comparing treatment means, was not

significantly different to the control treatment or the

three alum treatments (P \ 0.001). Survival was

highly variable in this treatment, because no live

clams were found in one tank, but survival was 95% in

the remaining two replicates. Reburial rates of clams

exposed to Aqual-P and surviving 60 days post-

application were not significantly different to those

of clams in the control treatment.

At 60 days post-application, clam lengths and

weight did not decrease significantly in comparison

to day 0 and were not significantly different between

treatments (P = 0.67, P = 0.52, respectively)

(Table 2). The CFI also did not change significantly

in either the control treatment or Low alum in

comparison to CFI at day 0 but was significantly

lower in clams exposed to either Medium or High

(a)

(b)

Fig. 4 Mean mussel a oxygen consumption (n = 6) or

b whole-body aluminium accumulation (lg g-1 dry wt)

(n = 3) after 2 months of exposure to the P-inactivation agents

alum or Aqual-P. Different letters indicate significantly different

treatments. See Table 1 for details of alum and Aqual-P

treatments

(a)

(b)

Fig. 5 Mean clam a survival and b 30 min reburial rates after

2 months exposure to the P-inactivation agents alum and Aqual-

P (15 min data not shown) (n = 3). Letters indicate significantly

different treatments (P \ 0.10). See Table 1 for details of alum

and Aqual-P treatments
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alum, or Aqual-P (P \ 0.001) (Fig. 6). The CFI of

clams exposed to Aqual-P for 60 days was signif-

icantly lower than the CFI of clams in the control

treatment at 60 days (P \ 0.05).

Discussion

Vopel et al. (2008) demonstrated that pH decreases

within an intact capping layer of alum or Aqual-P

which could facilitate the release of toxic Al3? into the

porewaters. Therefore, it is important to note that in

the large mesocosm tanks where fish, crayfish and

mussels were present, the bioturbation by these

macroorganisms relatively rapidly mixed the phos-

phorus-inactivation agents into the sediment. Within

approximately 10 days of the application, it was

difficult to distinguish visually between the treat-

ments. In contrast, in the sub-mesocosms containing

the fingernail clams, the alum or Aqual-P formed a

continuous layer that was minimally disturbed for the

duration of the experiment, although multiple paired

burrow holes from the clams were visible through the

capping layer in all treatments within hours of the

application (see Supplementary information Figs. 1

and 2).

Effect of the P-inactivation agents on water quality

In the first 24 h, near-surface application of the

P-inactivation agents had some short-term effects on

water quality, particularly conductivity, although pH

was maintained in a circum-neutral range. The abrupt

changes in conductivity would not occur in a lake

environment because of dilution processes that would

occur in the distance between the near-surface appli-

cation of the flocs or Aqual-P and the product settling

to coat the bed. In the present study, these conditions

had no obvious effect on behaviour of the organisms,

and no mortalities were recorded in the days following

the application. Throughout the application period, the

crayfish and fish were active and readily moved

through the thickest alum floc ([7 mm). We consider

that the initial dissolved Al concentrations (operation-

ally defined as Al concentrations measured in a

0.45 lm filtered water sample) were elevated as a

result of the resuspension of colloidal sediment-

associated clays (particularly in the control treat-

ments), disturbed by the activity of the fish and

crayfish during the initial dosing procedure when

water flows were ceased, and in the alum treatments by

aluminium floc material which passed through the

0.45 lm filter. During the application, dissolved Al

was the lowest in the Aqual-P treatment. The zeolite in

Aqual-P may have adsorbed some of the dissolved Al

(Gibbs et al., 2011).

Once water flows were recommenced, overall water

quality (i.e., DO, pH, conductivity, ammonia) was

maintained in a range not expected to cause any

significant stress to the fish and invertebrates. Dis-

solved Al in all treatments was measured at B34 lg

l-1 in all treatments apart from day 30 when

‘‘dissolved’’ Al concentrations were 68 lg l-1 in one

replicate of the Medium alum treatment, and

51–108 lg l-1 in the High alum treatment (Fig. 1).

The ANZECC & ARMCANZ (2000) water quality

guideline is 55 lg l-1 for protection of 95% of species

at pH [ 6.0. The pH in the present study was

7.6 ± 0.2, and the water was moderately hard

(82 ± 44 as mg CaCO3 l-1); both circumneutral

water and increasing hardness decrease Al toxicity and

uptake, but nonetheless concentrations above 55 lg

l-1 may have caused some Al accumulation in the

crayfish, mussels and fish (Gensemer & Playle, 1999)

as discussed below.

Overall, we consider that high water quality was

maintained in the flow-through mesocosms for the

duration of the 60 days exposure period. The initial

24 h period of reduced water quality was necessitated

by the requirement to cease water flow to allow the

P-inactivation agents to settle. As such, this represents

Fig. 6 Mean clam condition factor index (CFI) after 2 months

of exposure to the P-inactivation agents alum and Aqual-P

(n = 3). Asterisk indicates treatments significantly different to

one another (day zero not included in the comparison), double

cross indicates treatments significantly lower than day zero CFI.

See Table 1 for details of alum and Aqual-P treatments
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a ‘‘worst case’’ condition for the organisms in terms of

a rapid change in water quality, including conductivity

and exposure to various quantities of alum floc.

Effects of P-inactivation agents on fish, crayfish

and mussels

There was no detectable effect of the P-inactivation

agents on the growth and survival of the fish, crayfish

and mussels, even at the High alum application rates of

344 g m-2 (i.e.[7 mm capping layer thickness). Both

fish and crayfish grew significantly during the 1 or

2 month exposure (by 40 and 50% by weight, respec-

tively), providing a good basis to detect potential

adverse effects. These species are mobile and may be

able to continue to access smothered food items after

application of alum or Aqual-P depending on the depth

of the product layer. In the present study, this assump-

tion was not tested, as uncontaminated food was

supplied, whereas in a natural environment, their access

to food items could be reduced by either smothering, or

indirect effects on their prey species (e.g. avoidance, Al

accumulation). This aspect of their exposure to P-inac-

tivation agents (i.e., foodweb effects) should be exam-

ined in field studies (e.g. by examining gut contents of

resident species, or stable isotope studies).

Mussel growth rates are relatively slow so we

expected no detectable growth in 2 months, especially

since no food was provided directly. We relied on

addition of invertebrate feed to the internal secondary

mesocosms and the activities of the other species to

produce sufficient biofilm-laden waterborne particles to

sustain the mussels for the 2 month exposure. The only

detectable sublethal effect on the mussels was

decreased oxygen consumption after exposure to

Aqual-P for 2 months. The mechanism could be

physical or chemical impairment of gill function by

the Aqual-P; however, gill morphology was not exam-

ined. A decrease in oxygen consumption in response to

Al exposure has been noted previously in fish and

invertebrates (excluding aquatic insects), as a result of

Al precipitation in the gill microenvironment or mucus

production (Gensemer & Playle, 1999). Notably, there

was no significant change or trend towards decreased

respiration in the High alum treatment where mussels

accumulated 2.4-fold greater whole-body Al concen-

trations than in the controls. This suggests that the

Aqual-P response may be associated with the zeolite

carrier rather than Al exposure.

Aluminium accumulation in biota

All three alum application rates caused aluminium

accumulation in the crayfish hepatopancreas, which

may have some metabolic cost (e.g. during detoxifi-

cation and storage), although it did not affect growth

rates in this 2 month exposure. The Al accumulation

could have occurred via uptake of waterborne Al

during the alum application; however, even during the

application phase, the pH in the mesocosms was

circum-neutral, and the water was moderately hard,

and both conditions reduce dissolved Al bioavailabil-

ity (Gensemer & Playle, 1999). The crayfish spent a

large proportion of the initial 4 days of the exposure

period in intimate contact with the deep floc layer of

the High alum treatment where dissolved Al may have

been more bioavailable relative to other treatments

(Vopel et al., 2008). Given their benthic feeding

habits, it is highly likely that the crayfish ingested an

unknown quantity of sediment-associated aluminium

throughout the exposure period, but dietborne Al is

generally not very bioavailable compared to water-

borne Al (Spry & Wiener, 1991; Gensemer & Playle,

1999). Two fish studies have shown minimal effect of

chronic exposure to diets containing 2000 lg Al kg-1

wet weight as AlCl3�6H2O (Poston, 1991) or 10

000 lg Al g-1 wet wt (as Al2(SO4)3) (Handy, 1993).

Poston (1991) suggested that the uptake of dietborne

Al would be inhibited by the formation of insoluble

aluminium phosphate (Al[OH]2H2PO4) compounds in

the diet and during digestion. No significant Al

accumulation occurred in the Aqual-P treatment

relative to the controls, perhaps as a result of

significantly lower dissolved Al concentrations com-

pared to all other treatments. Landman & Ling (2011)

examined both crayfish and fish tissues 2 months after

an application of 350 g Aqual-P m-2 to Lake Ōkaro

and measured lower concentrations than in the present

study.

Recent studies suggest that freshwater crayfish are

eaten infrequently by most human consumers in the

region and that portion sizes are relatively small (I.A.

Kusabs, Te Arawa Lakes Trust, 2010 Personal Com-

munication). Assuming that 200 g is eaten in a meal

and that the hepatopancreas comprises 20% of the

meal, the maximum dose from the highest average

concentration measured in the High alum treatment

would be 0.3 mg (using wet weight concentrations).

Dietary studies of human consumption of Al suggest
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that average daily intakes from food for adults are

7–9 mg; however, this can be increased by thousands

of mg if antacid medication or buffered aspirin is

consumed (Krewski et al., 2007). Aluminium is

present in many food additives so processed food

can contain 400 lg Al g-1 wet wt. Beverages such as

steeped teas can contain 2 mg Al l-1. Any risk from

crayfish could be markedly reduced by only eating the

tail muscle portion and avoiding the hepatopancreas.

Fish are eaten more regularly by humans, and the

regional recreational fishery focussed on rainbow trout

is approximately 210,000 angler days per annum

(Unwin, 2009). The small fish species used in this

study is not consumed by humans but provides an

indicator for likely effects on rainbow trout. Marked

accumulation of 19 ± 12 lg Al g-1 dry wt was only

measured in the whole body of common bullies

exposed to the High alum dose, and this was not

significantly different to the other treatments (8 to

10 ± 6 lg g-1 dry wt). Using wet weight concentra-

tions, a 200 g meal would contain 0.9 mg Al; this

overestimates dose as only the fish fillet would be

consumed (not the whole fish). Common bullies are

consumed by trout; therefore, there is potential for

some foodweb accumulation, although Al does not

biomagnify (Gensemer & Playle, 1999). Aluminium

accumulation in trout or other large piscivores

following application of P-inactivation agents at high

dose rates should be examined in future studies.

Adult freshwater mussels are abundant in several

lakes in the region and contain 10–25 g wet weight of

edible flesh. Although historically they were a valued

food resource by local Māori (Hiroa, 1921), in recent

decades, it is reported that they are infrequently

consumed due to their bland or bitter flavour (I.A.

Kusabs, Te Arawa Lakes Trust, 2010 Personal Com-

munication). In this study, significant Al accumulation

relative to the control treatment was only detected in

mussels exposed to the High alum dose (344 g m-2).

A 200 g meal comprised of the most contaminated

mussels in this study would provide a dose of 1.5 mg

Al, which is well below average daily intakes

estimated for adult humans.

Effects of P-inactivation agents on clams

The fingernail clams were included in the study,

because they are a small-bodied organism relative to

the depth of the P-inactivation agents applied, and

because they grow more rapidly than the long-lived E.

menziesii and thus provide another useful metric for

measuring chronic effects. Clam lengths and weight

were not significantly different across the treatments,

but the decreased CFI of the clams in the control

treatment after 2 months indicates that conditions in

the sub-mesocosm were not optimal for this species.

Nonetheless, survival was 92% in the controls, and

neither survival nor CFI was significantly different to

the Low alum treatment suggesting minimal effect on

the fingernail clams. The High alum application rate

caused a marked and significant decrease in clam

survival (23%) and also had sublethal effects on the

surviving clams, with a mean reburial rate of only 39%

after 30 min—an indicator that they would be less

active and more vulnerable to predation. Application

of the Medium alum dose had subtle negative effects

on the clams, causing decreased CFI relative to the

start of the exposure and a non-statistically significant

decrease in survival rates to 67 ± 15% relative to the

controls. This suggests that clam populations would

survive the Medium alum dose proposed for Lake

Rotorua. The highly variable survival of the clams

exposed to 200 g Aqual-P m-2 suggests that this

application rate may be close to the threshold of their

tolerance. Photos of the sub-mesocosms 24 h after

application of the Aqual-P show a thicker layer in the

replicate with no surviving clams after 2 months—

perhaps as a result of differential mixing of the slurry

as it was applied. Survival was 95% in the other two

replicates, and the average reburial rates and CFI of

the surviving clams were not significantly different to

the control treatment.

In a natural environment, it is likely that P-inacti-

vation products will be unevenly distributed as a result

of variations in the application equipment and water

movement as the products settle. Burrows were

observed in the sub-mesocosms of all treatments a

day after the application (although fewer were

observed in the Medium and High alum treatments)

suggesting that the clams could maintain the irrigation

of their burrows and their feeding activities for the

initial exposure period. However, Vopel et al. (2008)

demonstrated that deoxygenation occurred within a

200 g m-2 alum or 200 g m-2 Aqual-P capping layer.

Additionally, the pH declined to pH \ 5.5 in the near-

surface sediments below the thick alum layer and

reached pH \ 6.5 below the Aqual-P, a factor which

would result in the formation of potentially toxic Al3?.
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Both near-bed deoxygenation and increased toxicity

of Al due to decreased pH within the alum would have

contributed to adverse conditions for the clams. At

lower doses, the presence of the alum floc or the

Aqual-P powder may still have impaired their feeding

and respiration, for example, by reducing the nutri-

tional value of the particles they were feeding on, or

clogging gills and feeding appendages. In a natural

environment, bioturbation of a capping layer by larger

organisms might reduce adverse effects on smaller

organisms.

Together these results indicate that in environments

where capping layers of P-inactivation agents remain

intact for days to weeks after application, critical

capping thicknesses should be expected for small

sediment-dwelling invertebrates such as clams and

infaunal amphipods. For the clam species used in this

study, the critical alum capping dose of 115 g alum

m-2 (i.e. Medium alum, equivalent to a thickness of

*7 mm) resulted in approximately 35% mortality. A

lower alum dose of 57 g alum m-2 would need to be

used if this mortality was to be reduced to the no

observed effect level. The effects of an intact capping

layer will, however, be mitigated when factors such as

physical disturbance (e.g. by wave action) and biotur-

bation disrupt the integrity of the layer; however, the

time scales associated with such processes are not

well-characterised and may require site-specific

investigations.

Application of results to in-lake exposures

Gibbs et al. (2011) calculated from flow-through

incubations of Lake Rotorua sediment cores that the

minimum effective P-inactivation dose rates for alum

and Aqual-P were 80 g alum m-2 and 190 g Aqual-P

m-2. Our data suggest that at these application rates, if

P-inactivation agents were inadvertently applied to

zones of a lake where macrofauna were present, that

crayfish, mussels and fish would be minimally affected

(assuming the treatments have no foodweb effects),

and there may be a significant but not severe effect on

fingernail clam populations. It must be emphasised,

however, that P-inactivation agents should only be

applied to the seasonally anoxic zones of lakes where

minimal benthic fauna exist, and where P-release

occurs. This recommendation is also made by Gibbs

et al. (2011) and Hickey & Gibbs (2009) to minimise

the risk of inhibition of microbial nitrification and

denitrification in the littoral zones of lakes and to

increase efficacy of the lake treatment.

Bioturbation of P-inactivation agents

It is possible that the lack of bioturbation by larger

macroorganisms artificially reduced the survival of the

fingernail clams in both the alum and Aqual-P

treatments in a manner that would not occur in an

in-lake situation. Our observations suggest that the

crayfish were responsible for most of the bioturbation

in the mesocosms; however, the fish tended to rest on

the sediment surface, and their swimming movements

disturbed both the alum and the Aqual-P layers. The

mussels moved less frequently but produced long

tracks of well-mixed surficial sediments. All four

species occur in the littoral zone of Lake Rotorua, a

zone where wave-movements and currents would

disturb both alum and Aqual-P. In Lake Rotorua, these

P-inactivation agents would be applied to the deeper

zones, where it is thought that the sediments are

depauperate of sedentary macrofauna as a result of

anoxic periods during lake stratification, and where

P-release occurs.

Conclusions

In summary, these data indicate that application of

alum at rates up to 344 g alum m-2 ([7-mm thickness,

High alum) or 200 g Aqual-P m-2 (1.7-mm thickness)

would have no significant adverse effects on freshwa-

ter fish or crayfish growth and survival, or mussel

survival over a 2 month period, assuming that all

species were able to access adequate food. This aspect

of their exposure to P-inactivation agents should be

examined in field studies. These laboratory exposures

suggest that some aluminium accumulation will occur

in the crayfish and mussels, although whether this will

occur in an in-lake exposure has yet to be verified. The

concentrations measured were well below those that

would be expected to elevate the daily intake of Al by

human consumers. Our data indicate that fingernail

clam survival would be adversely affected by the

highest alum application rate of 344 g alum m-2, but

application rates of 115 g alum m-2 (Medium alum,

*7-mm thickness) or lower would not have any

detectable effect on survival rates and reburial activ-

ity. Clam survival could be affected by uneven
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application of Aqual-P at 200 g m-2, and respiration

of freshwater mussels may be inhibited. These results

should be interpreted in the context that P-inactivation

agents will not usually be applied to regions of the lake

bed where sedentary organisms such as freshwater

mussels and clams will be present. Phosphorus-

inactivation agents are applied to reduce internal

recycling of P from lake sediments which occurs

during periods of anoxia. Repeated periods of anoxia

decrease the abundance and diversity of benthic

macrofauna. It is likely that some P-inactivation

agents will either drift or be inadvertently applied to

regions where benthic macrofauna are present as a

result of water currents and the technical difficulties of

applying products to lake environments (e.g., uneven

benthic topography); however, our data suggest only

application rates of 344 g alum m-2 or greater than

200 g Aqual-P m-2 will have adverse effects on

fingernail clams.
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