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ABSTRACT

Phoslock® is a lanthanum (La) modified bentonite clay that is being increasingly used as a geo-
engineering tool for the control of legacy phosphorus (P) release from lake bed sediments to
overlying waters. This study investigates the potential for negative ecological impacts from
elevated La concentrations associated with the use of Phoslock® across 16 case study lakes.
Impact-recovery trajectories associated with total lanthanum (TLa) and filterable La (FLa)
concentrations in surface and bottom waters were quantified over a period of up to 60 months
following Phoslock® application. Both surface and bottom water TLa and FLa concentrations
were < 0.001 mg L' in all lakes prior to the application of Phoslock®. The effects of Phoslock®
application was evident in the post-application maximum TLa and FLa concentrations reported
for surface waters between 0.026 mg L' to 2.30 mg L' and 0.002 mg L' to 0.14 mg L™,
respectively. Results of generalised additive modelling indicated that recovery trajectories for
TLa and FLa in surface and bottom waters in lakes were represented by 2™ order decay
relationships, with time, and that recovery reached an end-point between 3 and 12 months post-
application. Recovery in bottom water was slower (11-12 months) than surface waters (3-8
months), most probably as a result of variation in physicochemical conditions of the receiving
waters and associated effects on product settling rates and processes relating to the disturbance
of bed sediments. CHEAQS PRO modelling was also undertaken on 11 of the treated lakes in
order to predict concentrations of La*" ions and the potential for negative ecological impacts.
This modelling indicated that the concentrations of La** ions will be very low (<0.0004 mg L-
1) in lakes of moderately low to high alkalinity (> 0.8 mEq L), but higher (up to 0.12 mg L")
in lakes characterised by very low alkalinity. The effects of elevated La** concentrations
following Phoslock® applications in lakes of very low alkalinity requires further evaluation.

The implications for the use of Phoslock® in eutrophication management are discussed.
p p g
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INTRODUCTION

When assessing the use of management options for the restoration of impacted ecosystems it
is essential that any potential unintentional impacts also be considered (Cullen and Boyd, 2008;
Matthews and Turner, 2009; May and Spears, 2012). In lakes, geo-engineering using
phosphorus (P) capping materials has been used as a management tool with which legacy P
stores in bed sediments can be controlled (Hickey and Gibbs, 2009; Cooke et al., 2005; Spears
et al., 2013). These legacy P stores can delay ecological recovery following reductions in
catchment P loads for decades (Welch and Cooke, 2005; Sendergaard et al., 2003; Spears et
al., 2012). Given that current water quality legislation more commonly provides guidance on
deadlines by which water quality improvements must be made (e.g. 2015-2027 for the Water
Framework Directive, WFD; EC2000/60/EC), research has focussed on identifying methods
(e.g. Phoslock® and other P capping agents; biomanipulation; dredging etc.) for ‘speeding up’
the recovery of lakes following catchment management (Hickey and Gibbs, 2009; Jeppesen et
al., 2007; Zhang et al., 2010). Recent evidence suggests that when internal P load and
catchment P load reduction measures are applied simultaneously, rapid recovery can be
achieved (Van Wichelen et al., 2007; Mehner et al., 2008). To meet this demand, novel
products continue to be developed and proposed for use in lakes (Zamparas et al., 2012; Spears
et al.,, 2013). Of increasing concern is the lack of understanding of the potential negative
impacts on lake ecology and biogeochemical cycling associated with indirect effects of
amendment products in lakes (Welch et al., 2005; Vopel et al., 2008; Hickey and Gibbs, 2009;
Egemose et al., 2010).

Phoslock® is a lanthanum (La) modified bentonite clay designed by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) in the 1990s for the control of
oxyanions (including dissolved P (DP)) in waste waters and sediments (US Patent 6350383;

Douglas, 2002 and 2010). The incorporation of La into a bentonite carrier was deemed
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necessary to reduce the potential for negative ecological effects associated with the liberation
of dissolved La** as described by Haghseresht et al. (2009). In recent years, Phoslock® has
been increasingly used as a geo-engineering tool to control the release of legacy P stores from
lake bed sediments to overlying waters (e.g. Robb et al., 2003; Liirling and Faassen, 2012;
Liirling and Van Oosterhout, 2012; Meis et al., 2012, Van Oosterhout and Liirling, 2011).

Phoslock® is commonly applied from a barge, as slurry, where it acts to strip dissolved P en
route through the water column. Once settled onto the bed, the product can enhance the
capacity of lake bed sediments to retain P in an inorganic particulate form (Meis et al., 2012)
that is not available to phytoplankton, and is stable under reducing conditions and within the
pH range 5 to 9, commonly reported in eutrophic lakes (Douglas et al., 2000; Haghseresht,
2006; Robb et al., 2003, Ross and Hagseresht, 2008). One common operational assumption is
that La is not liberated from the bentonite carrier under natural conditions in lakes and that P
incorporation into the bentonite matrix is the dominant mechanism of dissolved P removal from
solution. However, little empirical evidence exists within the peer reviewed literature (with the
exception of Haghseresht et al., 2009) with which the mechanisms of P removal from solution
by Phoslock® may be quantitatively identified, although these details are available within
confidential reports (Douglas, 2010). This is not the case for the formation of La-P complexes
from dissolved species in solution, the mechanisms of which are relatively well documented in
the literature (Firsching and Brune, 1991; Firsching and Kell, 1993; Diatloff et al., 1993).

Although the number of publications in which the control of P and/or algal abundance by
Phoslock® has been demonstrated has increased in recent years (i.e. 18 publications since 2002
listed in Web of Science), no comprehensive meta-analysis of case study lakes has been
conducted, to date. In addition, concern has been raised recently regarding the potential for
release of filterable La (FLa) following Phoslock® application and the potential unintended

ecological implications of this release (Stauber and Binet, 2000; Hickey and Gibbs, 2009;
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Liirling and Tolman, 2010). The speciation of FLa ions is also important when considering
ecotoxicological impact and of all FLa species (i.e. La*", La(OH)**, and La(OH)**) the La*"
ion carries the greatest risk of biological effects (Das et al., 1988). The application of large
aerial loads of inorganic materials (e.g. Phoslock®) may also have a short term impact on
aquatic ecology through a sudden increase in suspended matter concentration (Bilotta and
Brazier, 2008; Wagenhoff et al., 2012).

A range of laboratory studies have quantified ecotoxicological thresholds related to both total
La (TLa) and FLa on components of the aquatic environment (Table 1). However, variation in
methodology makes it difficult to draw inferences from these laboratory based trials to the
likely impact on populations of organisms in specific lakes under natural environmental
conditions (Liirling and Tolman, 2010). However, this body of work can be used to provide an
indicative range of threshold concentrations with which concentrations of FLa and TLa,
observed in lakes following Phoslock® applications, can be assessed.

Here we use data from 16 case study lakes to which Phoslock® has been applied to address the
following specific research questions: (1) to what type of lakes has Phoslock® been applied and
at what range of doses?; (2) what are the ranges of TLa and FLa in treated lakes following
application and are there common recovery trajectories across all lakes?; (3) what were the
predicted La** concentrations in the treated lakes according to CHEAQS PRO modelling
following Phoslock® application, (4) do reported FLa and TLa concentrations indicate
potential issues when compared to laboratory controlled ecotoxicological test results?; and (5)
what are the implications of these results for the use of Phoslock® as a eutrophication

management tool in lakes?
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METHODS

Data availability and study site descriptions

The following analyses are founded on the results of a survey of the co-authors designed to
gather case study information on lakes to which Phoslock® has been applied. Information on
location, maximum fetch, mean depth, maximum depth, surface area, annual mean alkalinity,
conductivity and pH in the year following product application and Phoslock® dose procedure
was requested for each of the 16 lakes for which TLa, FLa or both TLa and FLa data were
available for surface and/or bottom waters (Table 2). Contemporary surface (i.e. within the
upper 1 m of the water column) and bottom water (i.e. within 1 m of the lake bed) TLa and
FLa concentration data were provided for the peak concentrations reported during the
application period and for monthly average concentrations before and after the application
period, where available. For some of the lakes it was reported that repeat Phoslock®
applications had been conducted (i.e. Lake Silbersee, Lake Baerensee; Lake Eichbaumsee;
Niedersachsen Lake and Lake Okareka). Only data following the first application of Phoslock®
and prior to the second were considered in the following described analyses.

It should be noted that the general approach of product application in Lake Rauwbraken, Lake
De Kuil, Lake Eichbaumsee, Lake Ladillensee and Niedersachsen Lake differed from the other
lakes in that the product was applied in combination with a flocculent and pH buffer (Van
Goethem, 2010; Van Oosterhout and Liirling, 2011). Moreover, application approaches also
varied within this subset of lakes. Ferric chloride was used as a flocculent in Lake De Kuil
whereas polyaluminium chloride (PAC) was used in Lake Rauwbraken, Lake Eichbaumsee,
Lake Ladillensee and Niedersachsen Lake. Approximately 10% of the total Phoslock® dose
was applied to Lake Rauwbraken prior to the application of PAC, the remaining quantity of

Phoslock® being added following the completion of the flocculation step.
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Total and filterable lanthanum analysis

TLa analysis was conducted using inductively coupled plasma optical emission spectrometry
(ICP-OES) for all lakes with the exception of Lake Okareka, Lake De Kuil and Lake
Rauwbraken for which inductively coupled plasma mass spectrometry (ICP-MS) was used.
FLa analysis was conducted using ICP-MS for all lakes from which data were available, with
the exception of Niedersachsen Lake for which ICP-OES was used. Limits of detection
reported for ICP-MS ranged between 0.00002 mg L' and < 0.0002 mg L-!, and were < 0.002
mg L' for ICP-OES. To normalise detection limits for data analysis the upper reported
detection limit was multiplied by 0.5 (i.e. normalised detection limit of 0.001 mg L) and
applied across all values for all lakes and analytical methods for which the reported TLa or FLa
concentration was below 0.002 mg L!. All water samples for FLa were filtered, however a
range of filter types and sizes were used. The ten German lakes were filtered using laser drilled
0.45 pm cellulose acetate filters, while water samples from Clatto Reservoir and Loch
Flemington were filtered through a Whatman GF/F (i.e. 0.7 um) filter. Lake De Kuil and Lake
Rauwbraken samples were filtered using Whatman GF/C filters with a pore size of 1.2 um.
Lake Okareka samples were filtered using 0.45 um pore size DigiFilters (SCP Science).
Estimates of Phoslock® load during application were made by normalising mass of product
applied versus both surface area and water volume, the latter being estimated by multiplying
mean depth by surface area. The load estimates reported assume complete mixing of product
throughout the water column and that no product applied was subject to loss processes from

the water column (e.g. loss to lake bed or surface water outflow).

Data processing and quantification of recovery trajectories
Data were summarised as mean monthly surface and bottom water TLa and FLa concentrations

relative to the date of Phoslock® application and pooled to produce meta-data in which the
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maximum number of replicates within each month was n = 16, where data from 16 lakes were
available. Ranges (including the reported peak concentrations during the Phoslock® application
periods) of maximum and minimum TLa and FLa concentrations in bottom and surface waters
for each individual lake were extracted from the data and summarised across all lakes to
provide an estimate of the impact (i.e. maximum concentrations) and recovery end-point
concentrations (i.e. minimum concentrations) across the 16 lakes.

Recovery in TLa and FLa following a Phoslock® application was assessed across the entire
population of lakes and is defined as the point at which no further decrease in concentration
could be detected using generalised additive models, GAMs (Hastie & Tibshirani, 1990; Wood,
2006), assuming normal errors. In these models the relationship between the response (TLa
and FLa) and the explanatory variables (month relative to the Phoslock® application) is allowed
to be a smooth function instead of restricting relationships to be linear. Models were developed
not for individual lakes but for the whole 16 lake dataset for TLa and FLa in both surface and
bottom waters. All of the models were fitted using the gam function in the mgcv package (1.7-
6) (Wood, 2011) of statistical software R version 2.15.1. (R Development Core Team, 2012),
which is free software available at http://www.r-project.org. Since the aim of the GAM was to
identify relationships between TLa and FLa concentration during the month after Phoslock®
application the following modelling strategy was employed. A Gamma error structure (log link
function) was used in all models and an autocorrelation structure of AC1 (auto-regressive
model of order 1) on month relative to the Phoslock® application was used. The responses were
not transformed prior to analyses due to the discussion in Zuur et al. (2009).

Although not directly measured in the case studies, Phoslock® concentration in the receiving
waters was inferred from volumetric dose (Table 2). Estimates of Phoslock® concentration in
receiving waters was also made using TLa concentration, based on the assumption that

Phoslock® is composed of 5% TLa".
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Modelling the behaviour of lanthanum during recovery

As colloidal bentonite particles may pass through the various filter sizes used in this study to
varying degrees (Koopmans et al., 2005) it was necessary to combine measurements of FLa
with chemical modelling in this study to estimate the speciation of dissolved La. The
concentration of La** ions resulting from the dose of Phoslock® to the water column of 11 of
the treated lakes, for which sufficient data were available, was modelled using the Chemical
Equilibria in Aquatic Systems (CHEAQS PRO) model (Verweij, 2012). This modelling
approach was used to complement the direct measurements of FLa, as FLa concentrations are
not a direct measure of La*" ions in this study. The following model parameters were used to
predict the La** concentrations following a Phoslock® application: TLa concentrations were
inferred using 5% (w/w) TLa in the original dose of Phoslock® for each site and annual average
pH, Ca?" COs* concentrations (derived from alkalinity) and phosphate concentrations were
provided for the lakes. It should be noted that the maximum predicted La** concentrations may
represent an overestimate as this modelling approach assumes that all La would be freed from
the clay matrix and we do not simulate the impact of humic acids and oxyanions other than
phosphate and carbonate on La*" ion concentration.

Principal components analysis (PCA) using correlation was used to produce the two synthetic
axes that best captured the variation in the data (i.e. minimum and maximum TLa in surface
water and bottom water, maximum fetch, mean depth, the period (in months) of post
application monitoring, and mean alkalinity in the year following application and product
dose). Data for annual mean conductivity and pH following application were not used in the
analysis as they co-varied strongly with alkalinity. Similarly, maximum depth co-varied

*http://sepro.com/documents/Phoslock/TechInfo/Phoslock%20Technical%20Bulletin.pdf
strongly with mean depth and so mean depth only was included in the analysis. Data were

available for 10 case study lakes (Table 2) for PCA analysis using the above variables. The



224  PCA analyses were carried out using Minitab statistical software, version 14 (Minitab Ltd.,

225  Coventry, UK).
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RESULTS

Responses in total and filterable lanthanum concentrations following Phoslock®
application

The results of the co-author survey indicated that FLa and TLa data were available for 16 lakes
to which Phoslock® had been applied (Figure 1, Table 2).

Both surface and bottom water TLa and FLa concentrations were < 0.001 mg L' in all lakes
prior to the application of Phoslock® (Figure 2 and 3). Surface and bottom water peak TLa
concentrations during and in the month following the application of Phoslock® ranged from
0.026 mg L' t0 2.300 mg L' and from 0.004 mg L' to 0.892 mg L', respectively. Surface and
bottom water peak FLa concentrations following the application of Phoslock® ranged from
0.002 mg L' to 0.414 mg L™ and from 0.002 mg L' to 0.100 mg L"!, respectively. Minimum
reported values for TLa in surface waters and bottom waters ranged from < 0.001 mg L™ to
0.031 mg L! and from < 0.001 mg L' to 0.068 mg L', respectively. However, it should be
noted that the values of 0.031 mg L' and 0.068 mg L' were reported following only 6 months
post-application monitoring in Niedersachsen Lake. Minimum reported values for FLa in
surface waters and bottom waters ranged from < 0.001 mg L to 0.002 mg L' and were <
0.001 mg L', respectively.

For the 11 lakes that were included in the CHEAQS PRO model, maximum concentrations of
La** ions following Phoslock® applications were predicted by the model to be below 0.010
mg L' in ten lakes while one lake was predicted to have a maximum concentration of La*" ions
of 0.119 mg L! (Figure 4). The concentration of La*" decreased with increasing mean annual
alkalinity of the receiving waters following an exponential decay function (La** = 404.9629 x

exp(> 8170 X Alkalinie), 2, = 0.999; P < 0.001).
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Quantifying recovery trajectories for total and dissolved lanthanum following a
Phoslock® application

Results of the GAM are shown in Table 3 and Figure 5. The 2" order derivatives of the GAM
indicated that there was no further significant decrease in TLa concentration in surface waters
following 8 months post-application monitoring and following 11 months for bottom waters.
For FLa, GAM results indicated that no further significant decrease was observed following 3

months post-application monitoring in surface waters and 12 months for bottom waters.

Assessing the drivers of maximum and minimum total lanthanum concentrations
following Phoslock® application

The PCA results indicate a general increase in maximum and minimum TLa concentrations in
surface and bottom waters along PC 1 (Figure 6). For surface waters, alkalinity, which was
found to be closely correlated with conductivity and pH, varied strongly and negatively with
the maximum reported TLa concentration. However, in bottom waters, although alkalinity also
appeared to vary negatively with TLa concentration, mean depth and maximum fetch
represented stronger, but also negative, co-variants along PC 1. Product dose did not co-vary
with maximum or minimum TLa concentration in bottom waters, although weak negative co-
variation was apparent between product dose and maximum TLa along PC1 in surface waters.
The length of the post application monitoring period did not co-vary strongly with the

minimum reported TLa concentrations in either surface or bottom waters.

12
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DISCUSSION

Characterising the lanthanum recovery trajectory

Results of GAM analyses indicated that recovery trajectories for TLa and FLa in surface and
bottom waters in lakes following an application of Phoslock® were well represented by a 2"
order decay relationship, with time, and that recovery reached an end-point between 3 and 12
months post-application. However, inspection of the raw data (Figure 3) also indicates the
occurrence of sporadic increases in TLa concentrations in later months (e.g. month 18; Figure
3¢ and d), and that these increases were not matched by increases in FLa concentrations. PCA
analysis indicated that the maximum and minimum reported bottom water TLa concentrations
varied negatively with water depth. These sporadic events may be the result of bed disturbance
in shallow lakes and may not be related to diffusive release of FLa from sediments, as indicated
by the low FLa concentrations. However, FLa concentrations in earlier months cannot be
related to bed disturbance. Possible reasons for the increase in FLa concentrations following
application include (1) ion-exchange/interaction between La in the carrier and an ionic
composite of lake water; (2) dissolution of residual La in the product, not bound within the clay
matrix, following wetting; and (3) error associated with FLa sample preparation where flocs of
particulate La may pass through filters used to operationally separate dissolved from particulate
La fractions in lake water samples.

The strong and negative co-variation reported between annual mean alkalinity (and also
conductivity and pH) following application and the maximum reported TLa concentrations in
surface waters indicates variation in settling rates associated with the lake specific
physicochemical conditions. For example, Ketchum and Weber (1974) discuss in detail the
complex relationships between alkalinity, calcium ion concentration, dissolved P concentration
and the settling rate of bentonite in an experimental system, and report that interaction between

Ca®" and PO4+* ions can regulate the clearance of bentonite from solution at pH > 8. This

13
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interaction was attributed to the formation of hydroxylapatite which aids coagulation (Ketchum
and Weber, 1974) and similar interactions may be expected within the Phoslock® matrix (i.e.
with Si or Al complexes) explaining the apparent enhancement of settling at high alkalinity.
The complexity of such ionic interactions with regards to the performance of Phoslock® is also
demonstrated by Haghseresht et al. (2009) who attribute a decrease in P binding capacity of
Phoslock® by 29% at pH 9, when compared to pH 5 to 7, to changes in the dissociation of
dissolved P (from dominance of H2PO4™ to HPO4?") and a greater affinity of solid phase La for
H2PO4". Although the results presented in both the current study and by Haghseresht et al.
(2009) cannot be used to infer cause-effect relationships, taken collectively they indicate the
complex role of ionic interactions between carrier (i.e. Phoslock®) and ionic solution (i.e. lake
water) in regulating settling rate and P uptake. From a practical perspective, these results
indicate that factors other than the initial volumetric dose of Phoslock® appear to be more
important in regulating the settling rate and P mass-normalised uptake capacity of La.
Physicochemical conditions of receiving waters should, therefore, be considered fully in the
context of product performance, prior to product application.

What is clear is that different processes are likely to dominate water column TLa and FLa
concentrations during different phases of recovery following an application of Phoslock®. In
the few months following an application, the decrease in TLa concentration in the receiving
waters appears to be driven by product settling and site specific physicochemical factors.
Following the rapid decrease in TLa concentration, sporadic events of increased TLa in later
months, especially in bottom waters, are most likely driven by physically and biologically
induced bed sediment disturbance processes in shallow lakes (e.g. Hilton et al., 1986; Lesven
et al., 2009; Chaffin and Kane, 2010; Roskosch et al., 2011). It is likely that the rapid reduction

in FLa concentrations in the early months is regulated through ionic interactions with

14
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constituents of the receiving water (e.g. H2POs to HPO4>) and that the rate of loss may be

regulated by physicochemical conditions of the receiving waters (Diatloff et al., 1993).

The potential for ecotoxicological impacts

Although rapid recovery was apparent in FLa concentrations in both surface and bottom waters,
FLa concentrations did not fall below detection (i.e. pre-application concentrations of < 0.001
mg L") in the surface waters of at least two of the sites considered in this study, for the duration
of monitoring. When compared to the range of EC50 values summarised in Table 1, the
reported surface water FLa concentrations exceeded the threshold of 0.08 mg L™ reported for
Ceriodaphnia dubia (Stauber, 2000) in Loch Flemington (during the application) and in
Niedersachsen Lake during the two months following the application. These concentrations
decreased to 0.002 and 0.001 by post-application month 6 in both lakes. Of the countries
included in this study, only The Netherlands has a legal maximum permissible concentration
of FLa (0.01 mg L'; Sneller et al., 2000) and TLa in surface waters (0.15 mg L;

http://apps.helpdeskwater.nl/normen_zoeksysteem/normen.php; 7% June 2013). The Dutch

FLa standard is based on studies specific to the assessment of reproductive rates in Daphnia
magna (NOTOX 139499; available through the authors), the validity of which have been
questioned in the literature (Liirling and Tolman, 2010; Liirling, 2012). Nevertheless, two of
the three monitored lakes would have failed this FLa standard for bottom waters within the first
month of post-application monitoring, FLa concentrations in both lakes fell below the Dutch
standard between 1 and 6 months following application. In surface waters, five of the six
monitored lakes would have failed the Dutch standard during the application however FLa
concentrations in all lakes were below the standard 3 months following the application.

The range of Phoslock® concentrations in receiving waters can also be estimated as suspended

solids (i.e. 0.62 to 46.0 mg L'). When considering both methods of estimating Phoslock®
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concentration in receiving waters it is clear that maximum values did not exceed the EC50
values reported for Phoslock® from the laboratory based ecotoxicology trials (lowest EC50 of
871 mg L' for Daphnia Liirling and Tolman, 2010; NOEC of 100 mg L' and EC50 of 150 mg
L-! for Brachionus; Van Oosterhout and Liirling, 2012) in any of the treated lakes. However,
when considered as suspended solid concentration inferred from Phoslock® load or TLa
concentrations, the values and durations of exposure reported here for Phoslock® have been
shown in other studies to negatively impact the functioning of a range of components of the
aquatic food web (Bilotta and Brazier, 2008). In addition, water quality guidelines for short
term exposure (typically 24 hours) of surface waters to increased suspended solids
concentrations above background levels for the USA (National Recommended Water Quality
Criteria US EPA, 2007), Canada (Canadian Environmental Quality Guidelines for Protection
of Freshwater Aquatic Life (CGME), 2007) and the European Union (Freshwater Fisheries
Directive, 2004/44/EC and 2004/44/EC) range from 5 mg L™! to 25 mg L' (Bilotta and Brazier,
2008).

In general, both the FLa concentrations that were measured following Phoslock® treatments
and the free La** concentrations predicted by the CHEAQS PRO model were higher in soft
waters when compared to hard waters, which may explain the differences in toxicity found in
studies with freshwater zooplankton (Table 1). Since only part of the La-ions will be
dissociated from the clay matrix after application and many more oxyanions such as phosphate
and other ligands (like humic acids) will be available in natural waters, both the measured FLa
concentrations and the predicted La®" concentrations most probably represent overestimations
of the actual free La*>" concentrations in the treated lakes. Of the 11 lakes included in the
CHEAQS PRO model, 10 had alkalinities of 0.8 mEq L' or higher with each of these lakes
having a maximum predicted concentration of free La®>" ions of less than 0.01 mg L,

substantially lower than the lowest reported EC50 concentrations for daphnia species. This
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indicates that the abundance of free La®" can be expected to be very low in moderately low,
normal and high alkalinity waters. Indeed, this is confirmed in several ecotoxicological studies
which indicated no adverse effects of Phoslock® application under these conditions (e.g.
Clearwater, 2004; Watsun-Leung, 2009; Liirling and Tolman, 2010). Applications of
Phoslock® in very soft water, on the other hand, should be met with more care, particularly in
the absence of phosphate ions.

In lakes characterised by both low alkalinity and low phosphate, the common assumption that
La will not be ‘bioavailable’ after an application of Phoslock® should be more comprehensively
assessed over longer study periods and the mechanisms of incorporation into the tissues of
organisms identified. Results from previous incorporation bioassay research should be used to
underpin this work (e.g. Cyprinus carpio, Tu et al., 1994; Oncorhynchus mykiss, Landman and
Ling, 2006). The role of behaviour in aquatic organisms should also be incorporated into risk
assessments when considering the use of Phoslock® in low alkalinity lakes, where benthic
dwelling organisms may be expected to be exposed to higher La concentrations than pelagic
organisms.

We have highlighted issues with comparability of potential ecotoxicological impacts between
sites and between potential metrics (i.e. TLa, Phoslock® and FLa concentrations). The issues
discussed here for Phoslock® of poor comparability between ecotoxicological tests are not
uncommon (Jancula and Marsalek et al., 2011; Bilotta and Brazier, 2008). One of the major
issues in the available ecotoxicological data is the lack of consistent use of test solution,
especially as the results of the present study, and others (Liirling and Tollman, 2010), indicate
that the physicochemical composition of the receiving waters can significantly alter
ecotoxicological sensitivity to Phoslock®. To reduce uncertainty when considering the
potential ecotoxicological impacts of a Phoslock® application at sites for which the risks can

be identified (e.g. very low alkalinity, low phosphate), it is recommended that a phased
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experimental approach be employed which begins with laboratory based trials on indicator
organisms, and where an acceptable impact is reported, is followed by in situ mesocosm trials
to assess impacts on populations and ecosystem functioning prior to full ecosystem application
(Mayer-Pinto et al., 2010). Alternatively, the lake may be allowed to recover naturally

following catchment management.

Implications for planning, monitoring and eutrophication management programmes in
lakes

This study indicates that there is a general lack of high frequency long-term TLa and FLa
monitoring data in case study lakes and that, where available (i.e. of the 16 case study lakes
identified), the monitoring frequency, sampling and analytical methodology, and determinands
included in the monitoring programme are inconsistent. Our results indicate that the recovery
characteristics for FLa and TLa are dependent on a range of lake specific traits and are
determinand specific, however, our analysis is by no means fully comprehensive as a result of
a general lack of site specific data (e.g. hydraulic retention time and weather data). A site
specific approach is required when planning future monitoring programmes to assess the
responses of TLa and FLa following Phoslock® applications. When designing a post-
application monitoring programme to assess recovery, it is essential that the monitoring period
extend beyond the likely transient recovery period. Of the 16 lakes included in this study 3
lakes reported a maximum monitoring period of less than the recovery periods estimated in this
study. This is a common artefact of post-treatment monitoring in all lake restoration studies
reported in the peer reviewed literature (Verdonschot et al., 2013).

It is important that the information on potential impacts of Phoslock® be available to policy
makers and water quality managers to underpin decisions on the use of such products (Gibbs

etal., 2011). This information should be based on comprehensive and objective documentation
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of chemical and ecological responses and should be conducted across a range of experimental
scales, from laboratory mesocosm to whole ecosystem (Schindler, 1998). Of particular
importance is the consideration of case studies in which the responses were unexpected, or
there was no obvious response (e.g. Meis et al., 2012; Van Oosterhout and Liirling, 2011). The
results of the current study highlight some important practical implications for water managers
including (1) limit the daily dose of Phoslock® to below the thresholds for suspended matter
effects on ecosystem components outlined by Billota and Brazier (2008); (2) shallow lakes of
very low alkalinity may be more sensitive to sustained conditions of high TLa concentrations
(i.e. low settling rate) when compared to deeper high alkalinity lakes and so the seasonal
behaviour of key components of the food web should be considered when planning an
application, (3) when estimating dose, the potential implications of the physicochemical
conditions of the receiving waters on performance of the product should be fully considered
and site specific lab based trials are recommended to confirm dose estimates based on system
P mass balances; and (4) in order to quantify the potential for ecological impacts in treated
lakes, it is essential that TLa and FLa concentrations be monitored at least monthly, and in

surface and bottom waters, for more than 12 months.
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CONCLUSIONS

It was confirmed that release of FLa to the water column following Phoslock®
application does occur, with peak FLa concentrations during application reported up to
0.414 mg L1

Results of the GAM analyses indicated that recovery was achieved within 3 months in
surface waters and 12 months in bottom waters, although the FLa GAM models were
based on a relatively low number of case study lakes.

Maximum reported estimates of Phoslock® in receiving waters did not exceed the EC50
values reported for Phoslock® reported by others following a range of laboratory based
ecotoxicology trials.

Estimated La®" concentrations were predicted to be relatively low in moderately low to
high alkalinity waters and no direct toxic effects were likely in the treated lakes. In
lakes with very low alkalinity and low concentrations of phosphate and other
oxyanions, this might be different and a more mechanistic understanding of the
incorporation of La into the tissues of aquatic organisms is required.

The mechanisms of P incorporation onto La embedded within the bentonite matrix
should be published, as should the physicochemical drivers of these mechanisms.

It is essential that water managers consider the impacts of the physicochemical
conditions of receiving waters, both in terms of product performance (i.e. P uptake

kinetics) and cost effective dose procedures.

20



455

456

457

458

459

460

461

462

463

464

465

466

467

ACKNOWLEDGEMENTS

BMS was funded by the Natural Environment Research Council (NERC). Sebastian Meis was
funded jointly by (NERC), Phoslock® Europe GmbH, and by the Deutscher Akademischer
Austausch Dienst (DAAD Scholarship agreement number D/08/42393). We are grateful to the
Loch Flemington Catchment Management Group, Scottish Natural Heritage, the Scottish
Environment Protection Agency, Dundee City Council, the Regional Water Authorities
Brabantse Delta and De Dommel (The Netherlands), the Province Noord-Brabant (The
Netherlands), the NL Agency of the Ministry of Economic Affairs, Agriculture and Innovation
(The Netherlands), and Bay of Plenty Regional Council, New Zealand for continued support
of our research and access to field sites. Dennis Waasdorp, Fred Bransen, Irene Paredes, and
Wendy Beekman (Wageningen University, The Netherlands), and Mike O’Malley, Amy
Anderson and Joe Turner (Centre for Ecology and Hydrology, UK) are thanked for their

assistance.

21



468

469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

REFERENCES

Barry, M.J. and Meehan, B.J., 2000. The acute and chronic toxicity of lanthanum to Daphnia
carinata. Chemosphere 41(10), 1669-1674.

Bilotta, G.S., Brazier, R.E., 2008. Understanding the influence of suspended solids on water
quality and aquatic biota. Water Research 42(12), 2849-2861.

Chaffin, J.D., Kane, D.D., 2010 Burrowing mayfly (Ephemeroptera: Ephemeridae: Hexagenia
spp.) bioturbation and bioirrigation: A source of internal phosphorus loading in Lake Erie.

Journal of Great Lakes Research 36(1), 57-63.

Clearwater, S.J., 2004. Chronic exposure of midge larvae to Phoslock, NIWA New Zealand.

Commission of European Communities. Council Directive 2000/60/EC of the European
Parliament and of the Council of 23 October 2000 establishing a framework for Community

action in the field of water policy.

Cooke, G.D., Welch, E.B., Peterson, S.A., Nichols, S.A., 2005. Restoration and Management

of Lakes and Reservoirs, Taylor & Francis, New York.

Cullen, J.J., Boyd, P.W., 2008. Predicting and verifying the intended and unintended
consequences of large-scale ocean iron fertilization. Marine Ecology-Progress Series 364, 295-

301.

Das, T., Sharma, A., Talukder, G., 1988. Effects of Lanthanum in Cellular Systems. A Review.
Biological Trace Element Research 18, 201-228.

Diatloff, E., Asher, C.J., Smith, F.W., 1993. Use of geochem-PC to predict rare-earth element
(REE) species in nutrient solutions. Plant and Soil 155, 251-254.

Douglas, G.D., Adeney, J.A., Zappia, L.R., 2000. Sediment remediation project:1998/9

laboratory trial report CSIRO land and water, Commonwealth Scientific and Industrial

22



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534

Research Organisation.

Douglas, G.D., 2002. Remediation material and remediation process for sediments, USA.

Douglas, G.D., 2010. Notice regarding "A novel lanthanum-modified bentonite, Phoslock, for
phosphate removal from wastewaters" by F. Haghseresht, S. Wang and D.D. Do [Applied Clay
Science 46 (2009) 369-375]. Applied Clay Science 49(3), 1.

ECOTOX, 2008. Toxicity assessment of Granulated Phoslock to the Cladoceran Ceriodaphnia
dubia, ECOTOX Services Australasia.

Egemose, S., Reitzel, K., Andersen, F.O., Flindt, M.R., 2010. Chemical Lake Restoration
Products: Sediment Stability and Phosphorus Dynamics. Environmental Science &

Technology 44(3), 985-991.

Firsching, F.H., Brune, S.N., 1991. Solubility products of the trivalent rare-earth phosphates.
Journal of Chemical and Engineering Data 36(1), 93-95.

Firsching, F.H., Kell, J.C., 1993. The solubility of the rare-earth-metal phpsphates in sea water.
Journal of Chemical and Engineering Data 38(1), 132-133.

Gibbs, M.M., Hickey, C.W., Ozkundakei, D., 2011. Sustainability assessment and comparison
of efficacy of four P-inactivation agents for managing internal phosphorus loads in lakes:
sediment incubations. Hydrobiologia 658(1), 253-275.

Haghseresht, F., 2006. A Revolution in Phosphorus Removal, PWS report No. PS-06.

Haghseresht, F., Wang, S.B., Do, D.D., 2009. A novel lanthanum-modified bentonite,
Phoslock, for phosphate removal from wastewaters. Applied Clay Science 46(4), 369-375.

Hastie, T.J., Tibshirani, R.J., 1990. Generalized Additive Models. Chapman & Hall/CRC

Hickey, C.W., Gibbs, M.M., 2009. Lake sediment phosphorus release management-Decision

support and risk assessment framework. New Zealand Journal of Marine and Freshwater

23



535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

Research 43(3), 819-854.

Hilton, J., Lishman, J.P., Allen, P.V., 1986. The dominant processes of sediment distribution
and focussing in a small, eutrophic, monomictic lake. Limnology and Oceanography 31(1),

125-133.

Jancula, D., Marsalek, B., 2011. Critical review of actually available chemical compounds for

prevention and management of cyanobacterial blooms. Chemosphere 85(9), 1415-1422.

Jeppesen, E., Meerhoff, M., Jacobsen, B.A., Hansen, R.S., Sondergaard, M., Jensen, J.P.,
Lauridsen, T.L., Mazzeo, N., Branco, C.W.C., 2007. Restoration of shallow lakes by nutrient
control and biomanipulation-the successful strategy varies with lake size and climate.

Hydrobiologia 581, 269-285.

Ketchum, L.H., Weber, W.J.Jr., 1974. Coagulation of stormwaters and low alkalinity waste
waters. Water Pollution Control Federation 46(1), 55-62.

Koopmans, G.F., Chardon, W.J., and van der Salm, C., 2005. Disturbance of water-extractable
phosphorus determination by colloid particles in a heavy clay soil from the Netherlands.

Journal of Environmental Quality 34, 1446-1450.

Landman, M., Ling, N., 2006. Lake Okareka and Tikitapu Fish. Health Monitoring. SCION

report to Environment Bay of Plenty. December.

Lesven, L., Lourino-Cabana, B., Billon, G., Proix, N., Recourt, P., Ouddane, B., Fischer, J.C.,
Boughriet, A., 2009 Water-Quality Diagnosis and Metal Distribution in a Strongly Polluted
Zone of Deule River (Northern France). Water Air and Soil Pollution 198(1-4), 31-44.

Liirling, M., Faassen, E.J., 2012. Controlling toxic cyanobacteria: Effects of dredging and
phosphorus-binding clay on cyanobacteria and microcystins. Water Research 46(5), 1447-
1459.

Liirling, M., Tolman, Y., 2010. Effects of lanthanum and lanthanum-modified clay on growth,
survival and reproduction of Daphnia magna. Water Research 44(1), 309-319.

24



569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

Liirling, M., Van Oosterhout, F., 2012. Case study on the efficacy of a lanthanum-enriched
clay (Phoslock®) in controlling eutrophication in Lake Het Groene Eiland (The Netherlands).
Hydrobiologia DOI 10.1007/s10750-012-1141-x.

Liirling, M., 2012. De Nederlandse norm voor lanthaan in zoet oppervlaktewater nader

bekeken. Rapport M359, Wageningen University (in Dutch).

Martin, M.L.H., Hickey, C.W., 2004. Determination of HSNO ecotoxic thresholds for granular
Phoslock® (Eureka 1 formulation) Phase 1: Acute toxicity., NIWA New Zealand. NIWA
Client report HAM2004-137.

Matthews, H.D., Turner, S.E., 2009. Of mongooses and mitigation: ecological analogues to

geoengineering. Environmental Research Letters 4(4).DOI1:10.1088/1748-9326/4/4/045105

May, L., Spears, B.M., 2012. Managing ecosystem services at Loch Leven, Scotland, UK:

actions, impacts and unintended consequences. Hydrobiologia 681(1), 117-130.

Mayer-Pinto, M., Underwood, A.J., Tolhurst, T., Coleman, R.A., 2010. Effects of metals on
aquatic assemblages: What do we really know? Journal of Experimental Marine Biology and

Ecology 391(1-2), 1-9.

Mehner, T., Diekmann, M., Gonsiorczyk, T., Kasprzak, P., Koschel, R., Krienitz, L., Rumpf,
M., Schulz, M., Wauer, G., 2008. Rapid Recovery from Eutrophication of a Stratified Lake by
Disruption of Internal Nutrient Load. Ecosystems 11(7), 1142-1156.

Meis, S., Spears, B.M., Maberly, S.C., O'Malley, M.B., Perkins, R.G., 2012. Sediment
amendment with Phoslock (R) in Clatto Reservoir (Dundee, UK): Investigating changes in

sediment elemental composition and phosphorus fractionation. Journal of Environmental

Management 93(1), 185-193.

R Development Core Team., 2012. R: A language and environment for statistical computing.

R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL

25



602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635

http://www.R-project.org/.

Robb, M., Greenop, B., Goss, Z., Douglas, G., Adeney, J., 2003 Application of Phoslock (TM),
an innovative phosphorus binding clay, to two Western Australian waterways: preliminary

findings. Hydrobiologia 494(1-3), 237-243.

Roskosch, A., Hupfer, M., Nutzmann, G., Lewandowski, J., 2011. Measurement techniques for
quantification of pumping activity of invertebrates in small burrows. Fundamental and Applied

Limnology 178(2), 89-110.

Ross, G., Haghseresht, F., Cloete, T.E., 2008. The effect of pH and anoxia on the performance
of Phoslock (R), a phosphorus binding clay. Harmful Algae 7(4), 545-550.

Schindler, D.W., 1998. Replication versus realism: The need for ecosystem-scale experiments.

Ecosystems 1(4), 323-334.

Sneller, F.E.C., Kalf, D.F., Weltje, L., van Wezel, A.P., 2000. Maximum Permissible
Concentrations and Negligible Concentrations for Rare Earth Elements (REEs), Rijksinstituut
voor Volksgezondheid en Milieu RIVM.

Sendergaard, M., Jensen, J.P., Jeppesen, E., 2003. Role of sediment and internal loading of
phosphorus in shallow lakes. Hydrobiologia 506(1-3), 135-145.

Spears, B.M., Carvalho, L., Perkins, R., Kirika, A., Paterson, D.M., 2012. Long-term variation
and regulation of internal phosphorus loading in Loch Leven. Hydrobiologia 681(1), 23-33.

Spears, B.M., Meis, S., Anderson, A., Kellou, M., 2013. Comparison of phosphorus (P)
removal properties of materials proposed for the control of sediment P release in UK lakes.

Science of the total Environment 442, 103-110.

Spears B.M., Dudley, B., Reitzel, K., Rydin, E., 2013. Geo-engineering in lakes: a call for

consensus. Environmental Science and Technology, 47, 3953-3954.

Stauber, J.L., Binet, M.T., 2000. Canning River Phoslock Field Trial - Ecotoxicity Testing
26



636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

Final Report, CSIRO & the WA Waters and Rivers Commission.

Stauber, J.L., 2000. Toxicity testing of modified clay leachates using freshwater organisms,

CSIRO Land and Water.

Tu, Q., Wang, X., Tian, L., Dai, L., 1994. Bioaccumulation of the rare earth elements
lanthanum, gadolinium and yttrium in carp (Cyprinus carpio). Environmental Pollution 85,
345-350.

Van Goethem, P., 2010. Phoslock treatment at Zwemplas De Kuil, p. 15, Phoslock Europe
gmbH.

Van Oosterhout, F., Liirling, M., 2011. Effects of the novel 'Flock & Lock' lake restoration
technique on Daphnia in Lake Rauwbraken (The Netherlands). Journal of Plankton Research

33(2), 255-263.

Van Oosterhout, F., Liirling, M., 2012. The effect of phosphorus binding clay (Phoslock®) in
mitigating cyanobacterial nuisance: a laboratory study on the effects on water quality variables

and plankton. Hydrobiologia DOI 10.1007/s10750-012-1206-x.

Van Wichelen, J., Declerck, S., Muylaert, K., Hoste, 1., Geenens, V., Vandekerkhove, J.,
Michels, E., De Pauw, N., Hoffmann, M., De Meester, L., Vyverman, W., 2007. The
importance of drawdown and sediment removal for the restoration of the eutrophied shallow

Lake Kraenepoel (Belgium). Hydrobiologia 584, 291-303.
Verdonschot, P.F.M., Spears, B.M., Feld, C.K., Brucet, S., Keizer-Vlek, H., Borja, A., Elliott,
M., Kernan, M., Johnson R.K., 2013. A comparative review of recovery processes in rivers,

lakes, estuarine and coastal waters. Hydrobiologia. DOI 10.1007/s10750-012-1294-7

Verweij, W., 2012. CHEAQS, a program for calculating CHemical Equilibria in AQuatic
Systems, PRO version (2012.2).

Vopel, K., Gibbs, M., Hickey, C.W., Quinn, J., 2008. Modification of sediment-water solute

27



669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

exchange by sediment-capping materials: effects on O-2 and pH. Marine and Freshwater

Research 59(12), 1101-1110.

Wagenhoff, A., Townsend, C.R., Matthaei, C.D., 2012. Macroinvertebrate responses along
broad stressor gradients of deposited fine sediment and dissolved nutrients: a stream mesocosm

experiment. Journal of Applied Ecology 49(4), 892-902.

Watson-Leung, T., 2008. Phoslock toxicity testing with three sediment dwelling organisms,
rainbow trout and Daphnia magna., Aquatic Toxicology Unit, Ontario Ministry of the

Environment, Ontario, Canada.

Welch, E.B., Cooke, G.D., 2005. Internal phosphorus loading in shallow lakes: Importance and
control. Lake and Reservoir Management 21(2), 209-217.

Withers, P.J.A., Haygarth, P.M., 2007. Agriculture, phosphorus and eutrophication: a

European perspective Soil Use and Management 23, 1-4.

Wood, S.N., 2006. Generalized Additive Models: An Introduction with R. Chapman and
Hall/CRC Press.

Wood, S.N., 2011. mgcv: GAMs with GCV/AIC/REML Smoothness Estimation and GAMMs
by PQL. R package version 1.7-6. URL http://CRAN.R-project.org/package=mgcv

Zamparas, M., Gianni, A., Stathi, P., Deligiannakis, Y., Zacharias, 1., 2012. Removal of
phosphate from natural waters using innovative modified bentonites. Applied Clay Science 62-

63, 101-106.
Zhang, S.Y., Zhou, Q.H., Xu, D., Lin, J.D., Cheng, S.P., Wu, Z.B., 2010. Effects of sediment
dredging on water quality and zooplankton community structure in a shallow of eutrophic lake.

Journal of Environmental Sciences-China 22(2), 218-224.

Zuur, A.E., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed Effects
Models and Extensions in Ecology with R. Springer, New York.

28



TABLE LEGENDS

Table 1. Summary of results from acute toxicity assays for organisms in which the stressor
was reported as either half maximal effective concentration (EC50) or no observed effect
concentration (NOEC) for filterable lanthanum or Phoslock® concentrations.

Table 2. Summary of data reported for each of the 16 case study lakes to which Phoslock® has
been applied and total lanthanum (TLa) and/or filterable La (FLa) concentration data were
available for surface and/or bottom waters in the months before and/or after the application
period. In the Lake Name column, the analytical methodologies used for the determination of
TLa and FLa (as ‘TLa’,’FLa’ in superscript; 1- inductively coupled plasma optical emissions
spectrometry (ICP-OES); 2 — inductively coupled plasma mass spectrometry (ICP-MS); 0 — no
analysis) are summarised. The availability of data for surface and bottom water are summarised
as are the date on which the application began and the mass of Phoslock® applied to each lake.
UK — United Kingdom, NL — The Netherlands, G — Germany, NZ — New Zealand. Surface? —
are data available for surface waters in this lakes?; Bottom? - are data available for bottom
waters in this lake? Y — yes; N — no. The lakes included in the PCA analysis are indicated by
‘3’ in square brackets.

Table 3. Summary of generalised additive modelling (GAM) results for surface and bottom
water total lanthanum (TLa) and filterable La (FLa) recovery trajectories across the 16 lakes.
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FIGURE LEGENDS

Figure 1. Distribution of available data for total lanthanum (TLa; panels a & b) and filterable
La (FLa; panels ¢ & d) in surface (panels a & c¢) and bottom waters (panels b & d) from 16 case
study lakes.

Figure 2. Ranges of maximum and minimum total lanthanum (TLa) and filterable La (FLa)
concentrations in the months (maximum of 59 months) following an application of Phoslock®
to 16 case study lakes. The number of lakes for which maximum and minimum ranges were
available is reported in each case. 95" and 5™ percentile error bars are shown along with values
above or below these values, where appropriate.

Figure 3. Monthly average total lanthanum (TLa; panels a & ¢) and filterable La (FLa; panels
b & d) concentrations in surface (panels a & b) and bottom waters (panels ¢ & d) before and
after an application of Phoslock® across the 16 case study lakes. Low concentration ranges are
presented inset for each case to provide an assessment of baseline changes in TLa and FLa
concentrations following a Phoslock® application. Peak values reported during the Phoslock®
application are also reported, where available.

Figure 4. Variation in La** concentration with annual mean alkalinity in 11 lakes that have
been treated with Phoslock®. La** concentrations were predicted using chemical equilibrium
modelling (CHEAQS PRO). Input variables were mean annual pH, total lanthanum
concentration immediately after application inferred from product dose estimates, Ca>" and
CO3% concentrations derived from mean annual alkalinity and phosphate concentrations.

Figure 5. General additive modelling plots for total lanthanum (TLa; panels a & c) and
filterable La (FLa; panels b & d) concentrations in surface (panels a & b) and bottom waters
(panels ¢ & d) following an application of Phoslock® across the 16 case study lakes.

Figure 6. Results of principal components analysis for surface (a) and bottom waters (b)
showing the weightings and ordination of each environmental variable measured along both
principal components. Alkalinity - annual mean alkalinity following application; Months
monitored — length of post application monitoring period in months; Mx — maximum value,
Mn — minimum value; TLa — total lanthanum concentration; surf — surface water; bot —
bottom water; Product dose — mass of product applied per volume of lake water; Max fetch —
maximum fetch of the lake. PC — principal component; EV — eigenvalue; CV — cumulative
variance explained. Surface water: PC1 — EV, 2.57; CV, 0.37, PC2 - EV, 2.19, CV, 0.68.
Bottom water: PC1- EV, 2.81, CV, 0.40; PC2 - EV, 2.21, CV, 0.72.
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Table 1.

Test organism Reported EC50 NOEC Test Reference
stressor (mg L") (mg L™ duration

Zooplankton

Daphnia carinata FLa 0.04-1.18 48 hour  Barry and Mechan, 2000

Daphnia magna FLa 23 48 hour  Sneller et al., 2000

Ceriodaphnia dubia FLa 5.00 2.60 48 hour  Stauber and Binet, 2000

Ceriodaphnia dubia FLa 0.08 48 hour  Stauber, 2000

Daphnia magna Phoslock®™ 871-1557 100-500 5 day Liirling and Tolman, 2010

Daphnia magna Phoslock® >50000 48 hours  Martin and Hickey, 2004

Daphnia magna Phoslock®™ 4900 48 hours  Watson-Leung, 2008

Ceriodaphnia dubia Phoslock® >50 48 hour  Ecotox, 2008

Ceriodaphnia dubia Phoslock® >1 7 day Ecotox, 2008

Brachionus calyciflorus Phoslock®™ 154 100 48 hours  Van Oosterhout and
Liirling, 2012

Fish

Melanotaenia duboulayi FLa <600 96 hour  Stauber and Binet, 2000

Onocrhynchus mykiss Phoslock® >13600 48 hours  Watson-Leung, 2008

Macroinvertebrates

Hyelella asteca Phoslock® >3400 14 days  Watson-Leung, 2008

Hexagenia sp. Phoslock®™ >450 21 days  Watson-Leung, 2008

Chironomus zealandicus Phoslock® >450 38 days  Watson-Leung, 2008

Chironomus zealandicus Phoslock®™ >400 400 38 days  Clearwater, 2004
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Table 2.

Lake Name Country  S.A. Mean Max Fetch Sample location Date and mass Phoslock® Load
(TLa//FLa)
(ha) depth(m) depth(m) (km) Surface? Bottom? applied (tonnes) (tonnes ha! /mg L)

Clatto Reservoir!!?! UK 9.0 2.8 7.0 0.4 YNY N/N 04/03/2009 (24.0) 2.67/96.97
Loch Flemington!!! UK 15.7 1.0 2.5 0.7 Y/Y N/N 15/03/2010 (25.0) 1.59/159.24
Somerset Reservoir!**! UK 2.2 45 9.0 ND Y/N Y/N 27/03/2007 (6.6) 3.00/66.67
Lake Rauwbraken(2?! NL 4.0 8.8 16.0 0.2 Y/Y N/N 21/04/2008 (18.0) 4.50/51.43
Lake De Kuil(22! NL 7.0 4.0 10.0 ND Y/Y Y/Y 18/05/2009 (41.5) 5.93/148.21
Lake Silbersee!*%3! G 7.0 5.0 9.0 0.3 Y/N Y/N 08/11/2006 (21.5) 3.07/61.43
Lake Otterstedter Seel**?! G 4.5 5.0 11.0 0.3 Y/N Y/N 30/10/2006 (11.0) 2.44/48.89
Lake Behlendorfer See!*%3] G 64.0 6.2 16.0 2.0 Y/N Y/N 02/12/2009 (230.0) 3.59/57.96
Lake Blankenseel"?! G 22.5 1.6 2.5 0.5 Y/N N/N 16/11/2009 (66.0) 2.93/183.33
Lake Baerensee!'%3! G 6.0 2.6 3.8 0.1 Y/N Y/N 11/06/2007 (11.5) 1.92/73.72
Lake Kleiner Seel*%3! G 0.9 2.0 5.0 0.2 Y/N Y/N 25/05/2010 (6.0) 6.67/333.33
Lake Eichbaumsee!*%3! G 23.2 6.5 16.0 0.9 Y/N Y/N 17/11/2010 (148.0) 6.38/92.14
Lake Ladillenseel*?! G 1.0 2.1 5.0 0.1 Y/N Y/N 03/03/2009 (4.7) 4.65/221.43
Lake Véllen!*03! G 2.0 2.5 5.5 0.1 Y/N Y/N 19/03/2008 (10.0) 5.00/200.00
Niedersachsen Lake!%*3! G 4.2 2.5 6.0 0.1 YY Y'Y 19/03/2008 (6.0) 1.43/57.14
Lake Okareka!>? NZ 340.0 20.0 34.0 2.8 Y/Y Y/Y 16/08/2005 (20.0) 0.06/0.29
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Table 3.

Response variable r? aqj N= P value Deviance (%) Recovery time End point value (mg L)
(months)

Surface water TLa concentration 0.50 237 <0.001 64.5 8 0.007

Surface water FLa concentration 0.31 77 <0.001 67.8 3 0.004

Bottom water TLa concentration 0.32 178 <0.001 424 11 0.024

Bottom water FLa concentration 0.27 31 <0.001 63.9 12 0.001
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