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ABSTRACT 31 

Lanthanum (La) modified bentonite is being increasingly used as a geo-engineering tool for 32 

the control of phosphorus (P) release from lake bed sediments to overlying waters. However, 33 

little is known about its effectiveness in controlling P across a wide range of lake conditions 34 

or of its potential to promote rapid ecological recovery. We combined data from 18 treated 35 

lakes to examine the lake population responses in the 24 months following La-bentonite 36 

application (range of La-bentonite loads: 1.4 to 6.7 tonnes ha-1) in concentrations of surface 37 

water total phosphorus (TP; data available from 15 lakes), soluble reactive phosphorus (SRP; 38 

14 lakes), and chlorophyll a (15 lakes), and in Secchi disk depths (15 lakes), aquatic 39 

macrophyte species numbers (6 lakes) and aquatic macrophyte maximum colonisation depths 40 

(4 lakes) across the treated lakes. Data availability varied across the lakes and variables, and 41 

in general monitoring was more frequent closer to the application dates. Median annual TP 42 

concentrations decreased significantly across the lakes, following the La-bentonite 43 

applications (from 0.08 mg L-1 in the 24 months pre-application to 0.03 mg L-1 in the 24 44 

months post-application), particularly in autumn (0.08 mg L-1 to 0.03 mg L-1) and winter 45 

(0.08 mg L-1 to 0.02 mg L-1). Significant decreases in SRP concentrations over annual (0.019 46 

mg L-1 to 0.005 mg L-1), summer (0.018 mg L-1 to 0.004 mg L-1), autumn (0.019 mg L-1 to 47 

0.005 mg L-1) and winter (0.033 mg L-1 to 0.005 mg L-1) periods were also reported. P 48 

concentrations following La-bentonite application varied across the lakes and were correlated 49 

positively with dissolved organic carbon concentrations. Relatively weak, but significant 50 

responses were reported for summer chlorophyll a concentrations and Secchi disk depths 51 

following La-bentonite applications, the 75th percentile values decreasing from 119 µg L-1 to 52 

74 µg L-1 and increasing from 398 cm to 506 cm, respectively. Aquatic macrophyte species 53 

numbers and maximum colonisation depths increased following La-bentonite application 54 

from a median of 5.5 species to 7.0 species and a median of 1.8 m to 2.5 m, respectively. The 55 
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aquatic macrophyte responses varied significantly between lakes. La-bentonite application 56 

resulted in a general improvement in water quality leading to an improvement in the aquatic 57 

macrophyte community within 24 months. However, because, the responses were highly site-58 

specific, we stress the need for comprehensive pre- and post-application assessments of 59 

processes driving ecological structure and function in candidate lakes to inform future use of 60 

this and similar products.   61 
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INTRODUCTION 62 

Nutrient (i.e. mainly phosphorus (P) and nitrogen (N)) pollution of freshwater lakes has 63 

resulted in widespread degradation of ecological structure and function at a global scale 64 

(Smith, 2003). To address this issue, environmental policies have been implemented to 65 

reduce nutrient loads to lakes. Such policies often require management actions to improve 66 

water quality to support ecological recovery within a given timeframe (e.g. by 2027 in the 67 

case of the EU Water Framework Directive; European Commission, 2000). In many 68 

catchments large-scale reductions in P loading to fresh waters have been achieved (Withers 69 

and Haygarth, 2007). However, after P loading from the catchment is reduced, lake recovery 70 

can take several decades (Jeppesen et al., 2005; Sharpley et al., 2013). This is because P, 71 

accumulated in lake bed sediments when catchment inputs were high, continues to be 72 

released during the recovery process (“internal loading”), maintaining poor water quality 73 

conditions (Søndergaard et al., 2012; Spears et al., 2012). The effective control of internal 74 

loading may accelerate ecological recovery once external inputs have been reduced (Mehner 75 

et al., 2008).  76 

 77 

There are few methods available to control internal loading (Hickey and Gibbs, et al., 2009). 78 

Sediment dredging has been demonstrated as an internal loading control measure (e.g. Van 79 

Wichelen et al., 2007) but may have limited application when habitat destruction, waste 80 

disposal and cost are taken into account. In addition, like other restoration measures, 81 

sediment dredging has not always been successful (Søndergaard, et al., 2007). P-sorbing 82 

materials (e.g. modified clays, industrial by-products, flocculants and physical barriers; 83 

Hickey and Gibbs, 2009; Zamparas et al., 2012; Spears et al., 2013a) have also been used to 84 

strip P from the water column and, after settling, reduce P release from the sediments (Hickey 85 

and Gibbs, 2009; Meis et al., 2012). Lanthanum (La) modified bentonite, is being 86 
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increasingly used in lakes for P control (Douglas et al., 2000; Robb et al., 2003; Haghseresht 87 

et al., 2009). However, there has been limited evaluation of its effectiveness in controlling P 88 

across diverse lake conditions, or of its potential to promote rapid ecological recovery.  89 

 90 

When considering the effectiveness of any lake management approach it is important to 91 

consider responses across multiple lakes (Jeppesen et al., 2005; Spears et al., 2013b). Long-92 

term catchment nutrient load reduction studies indicate that a range of responses characterise 93 

the recovery period in lakes. In temperate lakes, following catchment management, a rapid 94 

decline in winter P concentration occurs followed by a gradual decline in summer P 95 

concentrations as the intensity of internal P loading diminishes with time (Phillips et al., 96 

2005; Søndergaard et al., 2012). Whereas winter P concentrations are generally driven more 97 

by catchment inputs, sediment P release is more prominent in the warmer summer months 98 

when redox conditions of bed sediments can become reducing (i.e. liberating soluble reactive 99 

phosphorus (SRP) from Fe-P sediment complexes) and high temperatures increase sediment-100 

water SRP concentration gradients and diffusive fluxes from the sediment to the water 101 

column (Spears et al., 2007). The period over which these responses occur is lake-specific 102 

and regulated by various factors including hydraulic residence time, sediment P 103 

concentrations and depth (Sas, 1989). Where the phytoplankton community is primarily P 104 

limited, reductions in annual average total phosphorus (TP) concentrations should elicit a 105 

reduction in phytoplankton biomass (commonly measured as chlorophyll a concentration), an 106 

increase in water clarity, and an increase in the extent and diversity of aquatic macrophytes 107 

(Jeppesen et al., 2000). Where La-bentonite has been successful in controlling internal 108 

loading these responses should occur relatively quickly, at least within the recovery time 109 

scales known to occur following catchment nutrient load reduction alone (i.e. >5 years; 110 

Jeppesen et al., 2005; Sharpley et al., 2013).    111 
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 112 

We assessed these responses following La-bentonite application (two years post-application), 113 

relative to pre-application conditions (i.e. two years pre-application), in 18 lakes and 114 

addressed the following specific questions: (1) were the responses in water quality (i.e. 115 

concentrations of TP; SRP; and chlorophyll a and Secchi disk depth) statistically and 116 

ecologically significant and did these responses vary seasonally?; (2) were the responses in 117 

water column TP and SRP concentrations regulated by physico-chemical conditions of the 118 

receiving lake water?; (3) did aquatic macrophyte diversity and extent increase in treated 119 

lakes?; and  (4) what are the implications of these results for the use of La-bentonite as an 120 

eutrophication management tool in other lakes? 121 

 122 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 
 

METHODS 123 

 124 

Data collation, assessment and processing 125 

The following analyses are based on collated information from 18 lake case studies where 126 

La-bentonite has been applied. Information on were compiled for each of the study lakes. 127 

Surface water TP, SRP, and chlorophyll a concentrations and Secchi disk depth data, in the 128 

years preceding and following an application of La-bentonite, were compiled to allow an 129 

assessment of general responses across the population of lakes. All available aquatic 130 

macrophyte community data, including species lists and maximum colonisation depth 131 

estimates, were compiled. The product application procedures for 14 of the study lakes are 132 

described by Spears et al., (2013b), with the exception of Mere Mere, Hatchmere, Cromes 133 

Broad and Swan Lake to which La-bentonite was added in the absence of a flocculant and as 134 

a slurry. In four of the lakes it was reported that repeat applications had been conducted but 135 

only data following the first application and prior to the second were included in this study. 136 

The number of lakes for which data were available for TP, SRP, chlorophyll a concentrations 137 

and Secchi disk depth, in the months preceding and following Phoslock application, are 138 

reported. Supporting data for location, maximum fetch, mean depth, maximum depth, surface 139 

area, alkalinity, dissolved organic carbon (DOC) concentration, La-bentonite dosage and pH 140 

were requested for the pre- and post-application periods with which the general chemical and 141 

physical conditions of the treated lakes are described. 142 

 143 

Determination of TP, SRP, Chlorophyll a concentrations and Secchi disk depths 144 

TP was determined following persulfate (or peroxide for German lakes; ISO6878) digestion 145 

of unfiltered samples in an autoclave followed by colorimetric analysis to determine 146 

concentration. SRP analysis for all lakes was achieved using spectrophotometric methods, as 147 
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outlined generally by Wetzel and Likens (1991). Chlorophyll a concentrations were 148 

determined for all lakes using acetone extraction followed by spectrophotometric pigment 149 

analysis. Various sized filters were used for SRP and chlorophyll a analysis. Water from 150 

Clatto Reservoir and Loch Flemington were filtered through Whatman GF/C filters (1.2 µm), 151 

and for all other lakes water samples were filtered through 0.45µm pore size filters. Secchi 152 

disk depths were measured at the water depth where the disk (25 cm diameter quadrat) was 153 

no longer seen from the surface for all lakes with the exception of Lake Rauwbraken, for 154 

which the mean of the depths at which the disk was last seen lowering and first seen during 155 

rising was recorded.  156 

 157 

Assessing water quality responses 158 

All available data for TP, SRP, chlorophyll a concentrations and Secchi disk depths were 159 

combined across the treated lakes. The sample date was modified to become day relative to 160 

the La-bentonite application date (i.e. the last day of the application period) for all data. 161 

Responses following La-bentonite application were examined by comparing all data from all 162 

lakes for which data were available both 24 months preceding the first application and 24 163 

months following the first application. Pre- and post-application data were available for 164 

Secchi disk depth, TP, and chlorophyll a concentrations in 15 lakes and SRP concentrations 165 

in 14 lakes. Surface water values for TP, SRP and chlorophyll a were used in our analysis to 166 

reflect the most comparable sampling points across the lakes, each lake having different 167 

bottom water depths and therefore environmental conditions. Where more than one surface 168 

sample was taken on a particular date in a lake, the values were averaged. This ensured the 169 

greatest likelihood that lakes would not be excluded from the analysis on grounds of lack of 170 

data and we acknowledge the implications on variance (Helsel and Hirsch, 1992). The 171 

number of surface water observations ranged from between 571 to 760 per variable. This 172 
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analysis of the difference in pre- and post-application values for each variable was carried out 173 

using linear mixed effects models, with pre- and post-treatment included as a fixed effect 174 

factor and a random intercept term for each lake, respectively. This allows for the calculation 175 

of an average effect for all lakes whilst still taking account of between-lake variability and 176 

the average value. 177 

 178 

Seasonal analyses were performed using lakes where data were available in a particular 179 

season both before and after treatment. Seasons were classified as winter (December, January 180 

and February), spring (March, April and May), summer (June, July and August) and autumn 181 

(September, October and November). 182 

 183 

Prior to fitting the linear mixed effects models, the data were standardised through the 184 

calculation of Z scores to allow lake responses to be compared on a common scale. As the 185 

focus of the study is on the overall response across lakes, the Z score transformation is used 186 

to centre each lake’s data around its mean, thereby reducing the influence of any individual 187 

lake which may have high average raw values of particular variable from unduly affecting the 188 

statistical analysis. A strong positive skew in the TP, SRP and chlorophyll a concentration 189 

data necessitated log transformation of these variables prior to Z score calculations. Z scores 190 

were calculated for each observation as the difference between the observed value and the 191 

mean value for that variable across the 48 month monitoring period for each lake, divided by 192 

the standard deviation of all observations of that variable, giving units of standard deviations 193 

(Fowler et al., 1998). To address patterns in the residuals resulting from temporal 194 

autocorrelation seen in some models, a lag-1 autocorrelation structure was also added to the 195 

model and models with and without this structure compared by using Akaike Information 196 
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Criterion (AIC) values. All analyses were carried out in R (Ihaka and Gentleman 1996; R 197 

Core team, 2011) using the nlme package (Pinheiro and Bates, 2000). 198 

 199 

Assessing the drivers of water quality responses 200 

Principal components analysis (PCA) using correlation was used to produce the two synthetic 201 

axes that best captured the variation in log transformed annual mean data from before and 202 

after the application including TN, SRP, TP, chlorophyll a and DOC concentrations, pH, 203 

mean depth and Secchi disk depth (included in both ‘before’ and ‘after’ analysis) and La-204 

bentonite dose and the change in TP concentration following application (included only in the 205 

‘after’ analysis). Mean values of the 24 month pre- and post-application monitoring periods 206 

were calculated and log transformed prior to analysis. pH co-varied strongly with 207 

conductivity and alkalinity and so pH only was used in this analysis. Similarly, maximum 208 

depth co-varied strongly with mean depth and so only mean depth was included in the 209 

analysis. Data were available for 9 lakes in the ‘before’ analysis and for 10 lakes in the ‘after’ 210 

analysis. Person’s correlation analyses were conducted to confirm the apparent correlations 211 

indicated by PCA between log transformed DOC, TP and chlorophyll a concentrations and 212 

between La-bentonite dose and TP change (i.e. mean TP before – mean TP after / mean TP 213 

before) following the La-bentonite applications. PCA and correlation analyses were carried 214 

out using Minitab statistical software, version 16 (Minitab Ltd., Coventry, UK). 215 

 216 

Assessing responses in aquatic macrophyte communities 217 

Aquatic macrophyte community compositional data were available for five lakes, pre- and 218 

post- application. These were Loch Flemington, Crome’s Broad, Hatchmere, MereMere and 219 

Lake Rauwbraken (Table 1), although data were separately available for the two basins of 220 
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Crome’s Broad and were included in the analysis as separate lakes. Aquatic macrophyte 221 

maximum colonisation depth estimates were also available for four of these treated lakes.  222 

 223 

Annual aquatic macrophyte surveys of Loch Flemington, Hatchmere and Mere Mere were 224 

carried out using the standardised approach adopted for assessing the condition of standing 225 

waters of conservation importance in the UK (JNCC, 2005). This approach is based on 226 

sampling representative sectors of a lake  and is designed to be practical and efficient, with 227 

the aim of producing quantitative data that is both suitable for characterising the aquatic 228 

macrophyte community while being statistically robust enough to detect real changes over 229 

time (Gunn et al., 2010). There are three key elements to this aquatic macrophyte survey 230 

method: perimeter strandline searches, shore-wader depth transects and boat-based depth 231 

transects surveys (JNCC, 2005). Annual pre- and post- application aquatic macrophyte 232 

surveys of Cromes Broad (north and south basins) were carried out using a rake-trawl 233 

sampling method along previously defined transects, employing the methodology outlined by 234 

Kennison et al. (1998).  The Lake Rauwbraken aquatic macrophyte surveys were based on 235 

the “standard” Dutch approach of using a rake. This involved 6-10 sampling transects located 236 

around the lake. Each sampling transect was carried out perpendicular to the shore, from 237 

above the water line (to take into account fluctuating water levels) to several metres depth 238 

and continued by scuba diving to ensure more accurate determination of aquatic macrophyte 239 

coverage, growing depths and species richness.  240 

 241 

Annual aquatic macrophyte survey data were collated to produce post-application estimates 242 

of the number of species recorded and the maximum colonisation depths for post-application 243 

years 1 and 2 in all five lakes. Pre-application replicate year values for each variable were 244 

selected from within pre-application years 1 and 2 (i.e. for Lake Rauwbraken, Crome’s Broad 245 
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North and South basins), where available. Where data were not available for both pre-246 

application years 1 and 2, the missing year (always year 2) was supplemented using data from 247 

previous years (i.e. pre-application years 4, 5 and 6 were combined with pre-application year 248 

1 for Mere Mere, Hatchmere and Loch Flemington, respectively). These data were log 249 

transformed and two-way Analysis of Variance (ANOVA) was used to test for the effects of 250 

lake, La-bentonite treatment, and interactions between the two, on the aquatic macrophyte 251 

community structure and extent. Two-way ANOVAs were carried out using Minitab 252 

statistical software, version 16 (Minitab Ltd., Coventry, UK). 253 
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RESULTS 254 

 255 

Description of case study lakes and available data 256 

The 18 lakes varied in physical conditions (Table 1). Alkalinity and DOC in the 24 months 257 

preceding application ranged, respectively, from 0.9 meq L-1 to 2.7 meq L-1 (median 258 

alkalinity of 1.82 meq L-1) and 4.15 mg L-1 to 20.9 mg L-1 (median DOC of 9.95 mg L-1). TN 259 

ranged from 0.72 mg L-1 to 3.58 mg L-1 (median 1.5 mg L-1) and pH from 7.27 to 8.65 260 

(median of pH 7.72). The lakes were generally small (median surface area of 6 ha) and 261 

shallow (median of mean depth 2.6 m). 262 

 263 

Data availability for TP, SRP chlorophyll a concentrations and Secchi disk depth varied with 264 

time relative to the La-bentonite application (Figure 1). In general, as time increased from 265 

application date, the number of lakes for which data were available, decreased.   266 

 267 

Responses in TP, SRP chlorophyll a and Secchi disk depth following La-bentonite 268 

application 269 

Prior to La-bentonite application, TP and SRP concentrations were high in summer and 270 

autumn relative to other seasons apparently confirming the general hypothesis that internal P 271 

loading was high relative to catchment loading in these lakes (Figure 2). However, Secchi 272 

disk depth values across the lakes did not vary seasonally prior to La-bentonite application. 273 

Following the applications, significant decreases in annual (median of 0.08 mg L-1 in the 24 274 

month pre-application to median of 0.03 mg L-1 in the 24 months post-application), spring 275 

(0.05 mg L-1 to 0.03 mg L-1), summer (0.09 mg L-1 to 0.04 mg L-1), autumn (0.08 mg L-1 to 276 

0.03 mg L-1) and winter (0.07 mg L-1 to 0.02 mg L-1) TP concentrations were confirmed using 277 

linear mixed model analysis on transformed data, as described earlier. The largest relative 278 
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response as indicated by the difference between pre- and post-application values (standard 279 

deviations) of the model (Table 2) occurred in winter for TP. A significant decrease was 280 

reported for median SRP concentrations at annual (0.019 mg L-1 to 0.005 mg L-1), summer 281 

(largest relative response; 0.018 mg L-1 to 0.004 mg L-1), autumn (0.019 mg L-1 to 0.005 mg 282 

L-1) and winter (0.033 mg L-1 to 0.005 mg L-1) periods and in chlorophyll a concentrations in 283 

annual (10.1 µg L-1 to 10.0 µg L-1) and spring (largest relative response; 14.0 µg L-1 to 6.2 µg 284 

L-1) periods, although the reduction in annual chlorophyll a concentrations was only apparent 285 

in the Z score transformed data.  286 

 287 

Although not tested statistically, responses in the 75th percentile of the range of 288 

untransformed Secchi disk depth and chlorophyll a concentrations were larger in spring and 289 

summer. For Secchi disk depth and chlorophyll a concentrations, the 75th percentile values 290 

increased from 398 cm to 506 cm in summer and decreased from 119 µg L-1 to 74 µg L-1 in 291 

summer, respectively. 292 

 293 

Assessing the drivers of TP and SRP concentrations following La-bentonite application 294 

Following the application, the PCA results indicate a general positive correlation in product 295 

dose and surface water TP, DOC, TN and chlorophyll a concentrations with PC 1 (Figure 3). 296 

Secchi disk depth, pH, mean depth, and the change in TP concentration following application 297 

all varied negatively with PC1. Secchi disk depth and dose varied positively and chlorophyll 298 

a, TP, SRP, and DOC varied negatively with PC2. Prior to the application, only chlorophyll a 299 

concentration appeared to correlate (negatively) with TP and SRP concentrations, although 300 

this correlation was not significant when tested using Person’s correlation analysis of log 301 

transformed data. A positive correlation, as indicated by PCA, between DOC, TP and 302 

chlorophyll a concentration was only observed following the application. These positive 303 
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correlations were tested using Person’s correlation analysis of log transformed data (TP-304 

DOC: correlation coefficient (c.c.) 0.63; p value 0.03; TP-chlorophyll a: c.c. 0.68; p <0.01), 305 

although no positive correlation was reported between DOC and chlorophyll a and/or SRP 306 

concentrations. The apparent negative correlations indicated by PCA between Secchi disk 307 

depth, chlorophyll a, TP, and DOC concentrations were also confirmed (Secchi-chlorophyll 308 

a: c.c. - 0.67; p <0.01; Secchi-TP: c.c. -0.74; p <0.01; Secchi-DOC: c.c -0.69; p 0.01).    309 

 310 

Responses in aquatic macrophyte species numbers and maximum colonisation depths 311 

following La-bentonite application 312 

Aquatic macrophyte species numbers generally increased following the La-bentonite 313 

application from a median of 5.5 species in the 24 months pre-application to 7.0 species in 314 

the 24 months post-application (Figure 4). On average, an increase in species number of 1.6 315 

species (individual lake responses varied between 0 and 4 species) was reported across the six 316 

data sets. Aquatic macrophyte maximum colonisation depths also generally increased across 317 

the four lakes, for which data were available, from a median of 1.8 m pre-application to a 318 

median of 2.5 m post-application (Figure 4). Two-way ANOVA of log transformed data 319 

indicated that the responses in aquatic macrophyte species numbers were lake specific and 320 

only weakly significant following La-bentonite application with no significant interaction 321 

between lake and La-bentonite effects (Table 3). However, in the case of aquatic macrophyte 322 

colonisation depths, significant responses to the La-bentonite application were detected and 323 

these were also lake specific as indicated by a significant effect of lake and La-bentonite x 324 

lake interactions term (Table 3).       325 

 326 
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DISCUSSION 327 

     328 

Responses in water quality following La-bentonite applications 329 

 330 

If phytoplankton biomass in our lakes had been strongly P limited and water clarity 331 

constrained by phytoplankton we would have expected to see a strong correlation between TP 332 

and chlorophyll a concentration, and a negative correlation between these two variables with 333 

Secchi disk depth, prior to application. This was not the case. Only after the La-bentonite 334 

applications did these correlations become significant, indicating a strengthening of the 335 

importance of P limitation across these lakes. This is supported by the general reduction in 336 

SRP concentrations to very low levels following the application, and across all lakes. The 337 

reduction in SRP concentrations was dramatic, with median concentrations in all seasons, 338 

except spring, being maintained at or below 0.005 mg L-1 following application, conditions 339 

which should sustain P limitation of the phytoplankton community in lakes (Reynolds, 2006). 340 

 341 

Although significant reductions in SRP and TP concentrations were achieved (i.e. reduced to 342 

within ecologically relevant concentration ranges; <50 µg TP L-1; Jeppesen et al., 2000) the 343 

expected ecological responses were less pronounced. A reduction in summer and autumn TP 344 

and SRP concentrations is expected where internal P loading has been controlled (Nürnberg, 345 

1998; Sondergaard et al. 2012) and this was consistent with our results. However, reductions 346 

in winter and spring TP concentrations were also observed across the treated lakes. The 347 

mechanisms behind these TP reductions are not obvious. It is unlikely that a significant 348 

reduction in catchment P loading will have occurred across all lakes within 24 months of La-349 

bentonite application. It is possible that changes in internal loading caused by the La-350 

bentonite application resulted in a reduction in winter and spring TP concentrations, perhaps 351 
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through the control of P release during anoxic conditions in winter (Penn et al., 1999) or 352 

through the removal of catchment derived SRP to the bed within La-bentonite-P complexes. 353 

However, it is also likely that TP concentrations were reduced in general as a result of 354 

reduced internal loading. The processes responsible for the winter TP reduction may be lake 355 

specific and should be analysed at this scale in detail, elsewhere.   356 

 357 

Jeppesen et al. (2000) defined five ecological classes in 71 Danish lakes according to surface 358 

water annual mean TP concentrations and indicated that significant decreases in chlorophyll a 359 

concentrations, and increases in water clarity, aquatic macrophyte community species 360 

numbers and maximum growing depths would occur at TP concentrations <50 µg L-1. The 361 

reduction in TP concentrations reported here would resemble a shift in the study lakes from 362 

class 2 or 3 (i.e. 0.05 -0.10 mg TP L-1) before treatment to class 1 (i.e. < 0.05 mg L-1) after 363 

treatment. However, in the case of chlorophyll a concentrations, where reductions in median 364 

values were ecologically insignificant, pre-application concentrations were already low 365 

(corresponding to Jeppesen et al. (2000) lake class 1) in comparison to TP concentrations (i.e. 366 

low Chl:TP ratios) in the study lakes, suggesting factors other than P were limiting 367 

phytoplankton biomass across the majority of these lakes prior to La-bentonite application. 368 

These factors may include nitrogen limitation (May et al., 2010), light limitation from 369 

shading caused by suspended inorganic matter in very shallow lakes as a result of 370 

bioturbation (Breukelaar et al., 1994) or wind induced bed sediment disturbance (Hilton et 371 

al., 1986; Spears and Jones, 2010), and an unbalanced trophic structure leading to an 372 

increased grazing pressure of phytoplankton by zooplankton (Horppila et al., 2003).  373 

 374 

Our study lakes do not represent the full range of eutrophication conditions that occur across 375 

lakes. As such, our results cannot be used to draw conclusions on the capacity for La-376 
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bentonite to be used to control TP concentrations in hyper-eutrophic lakes (i.e. reductions 377 

from milligrams per litre to micrograms per litre TP). However, for our study lakes and when 378 

the summer responses are considered using 75th percentile values (i.e. occurrence of extreme 379 

poor conditions for macrophytes) for chlorophyll a concentration and Secchi disk depth, it is 380 

apparent that water quality has improved and this should support increases in macrophyte 381 

species number and colonisation depth.   382 

 383 

Explaining the variation in TP and SRP responses following La-bentonite applications 384 

 385 

Significant decreases in TP, SRP and chlorophyll a concentrations after the La-bentonite 386 

application supports the conclusion that the water quality responses reported across the lakes 387 

were the direct result of the La-bentonite applications. In addition, changes to catchment 388 

nutrient load were not apparent across these treated lakes for the duration of the monitoring 389 

periods. Further, these lakes were unlikely to have been affected by common weather events 390 

given their application dates varied temporally (i.e. across a 7 year period) and 391 

geographically (i.e. across 4 countries and 2 continents).   392 

 393 

Although significant reductions in SRP and TP concentrations were observed across the 394 

treated lakes, site-specific variation in responses, following La-bentonite application, were 395 

apparent. No significant positive correlation was found between La-bentonite dose and the 396 

change in TP concentration suggesting that simply adding a higher dose may not result in 397 

more effective P control in these lakes. The observed correlation between DOC, chlorophyll 398 

a and TP concentrations after the applications indicates the importance of DOC as a potential 399 

driver of La-bentonite operational performance. However, DOC and TP concentrations are 400 

known to correlate across lakes naturally (Nürnberg and Shaw, 1998). That DOC was not 401 
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correlated with these variables before the application supports the hypothesis that 402 

physicochemical interactions between DOC, La-bentonite and SRP can drive post-application 403 

responses across lakes. This is in agreement with Lürling et al. (2014) who used laboratory 404 

experiments and chemical speciation modelling to explore the relationships between DOC, 405 

La and SRP and concluded that the concentration of filterable La in solution increased above 406 

DOC concentrations of about 10 mg L-1. The rate of SRP uptake of La-bentonite was lower at 407 

DOC concentrations of 10 mg L-1 compared to controls with 0 mg L-1 DOC. Finally, the end 408 

point SRP concentrations in solution following a 42 day incubation in the presence and 409 

absence of 10 mg L-1 DOC were about 250 µg L-1 and  100 µg L-1, respectively, indicating 410 

reduced SRP removal by La-bentonite in the presence of DOC. Lürling et al. (2014) 411 

hypothesised that extraction of La from the La-bentonite matrix may be one possible 412 

mechanism confounding SRP uptake and that humic compounds may act as ligand donors in 413 

the complexation of bentonite, forming particles of several micrometers in diameter 414 

(Bilanovic et al., 2007). However, the quality (i.e., high molecular weight, high colour, 415 

allochthonous versus low molecular weight, low colour, autochthonous DOC compounds; 416 

Spears and Lesack, 2006) and quantity of DOC varies between lakes and so the strength and 417 

forms of physicochemical interactions between La-bentonite and DOC are also likely to vary, 418 

and should be considered further. Similar interactions have been reported for aluminium (De 419 

Vicente et al., 2008). It is likely that interactions between La-DOC-P (and other constituents) 420 

are important in determining the magnitude of the P decline, and these interactions should be 421 

studied experimentally and using chemical modelling approaches. 422 

 423 

Interactions between in-lake P, C and Fe species have also been reported where redox 424 

conditions in surface sediments can be controlled by reduced water clarity, elevated DOC and 425 

phytoplankton biomass. Under these conditions, a feedback loop may establish where DOC 426 
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and P are continually and rapidly cycled between bed sediments and the water column, 427 

resulting in negative effects on water quality (Brothers et al., 2014). This example of DOC as 428 

a confounding factor serves to demonstrate that consideration of in-lake management 429 

measures designed for P control, alone, is insufficient. Copetti et al. (this issue) reviewed a 430 

wide range of factors known to confound the operational performance of La-bentonite 431 

including bioturbation of surface sediments by macro-invertebrates and fish, pH, salinity and 432 

DOC concentrations. These factors should be comprehensively considered, and preferably 433 

their effects quantified, prior to an application of La-bentonite and other similar geo-434 

engineering materials to lakes.        435 

 436 

These insights into the importance of DOC as a factor limiting the operational performance of 437 

La-bentonite can be placed into the context of future water quality changes likely to occur in 438 

a changing climate. An increase in DOC concentrations and changes in DOC quality may 439 

occur as a result of changes in atmospheric deposition in lake catchments (Monteith et al., 440 

2007), interactions with redox conditions and iron complexes in inflowing rivers (Kritzberg 441 

and Ekström, 2012), and local weather anomalies resulting in wash out of terrestrial DOC 442 

into receiving lakes (Brothers et al., 2014). 443 

 444 

Responses in aquatic macrophyte community composition and maximum colonisation 445 

depth following La-bentonite applications 446 

The increase in aquatic macrophyte species numbers and maximum colonisation depths 447 

reported here indicate the onset of ecological recovery within 24 months of La-bentonite 448 

application. However, it should be noted that macrophyte data were only available from five 449 

treated lakes and so these results do not reflect responses across all lakes. The responses 450 

(especially in aquatic macrophyte species numbers) were weak relative to reductions in TP 451 
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and SRP concentrations (Jeppesen et al., 2000) and were lake specific. Secchi disk depth 452 

prior to the La-bentonite applications (24 month median of 257 cm) was sufficient to support 453 

relatively diverse communities (median of five species), at least in comparison to lakes where 454 

macrophyte communities have collapsed. Jeppesen et al. (2000) indicated that an increase in 455 

Secchi disk depth from about 1.5 m to about 3.0 m would support a significant increase in 456 

species numbers (from about eight to about  ten species) and maximum colonisation depth 457 

(i.e. from about 2 m to about 6 m water depth). In our study lakes, an increase in species 458 

numbers from five to seven species was observed following the applications and colonisation 459 

depths increased from 1.8 m to 2.5 m. It is likely that the significant reduction in TP 460 

concentrations across the lakes has resulted in improvements in water clarity, especially in 461 

summer, and a moderate improvement in the aquatic macrophyte species numbers and 462 

colonisation depths. However, the observed responses varied across the lakes with some lakes 463 

exhibiting very limited, if any, response.  464 

   465 

Responses in the aquatic macrophyte communities of lakes to reductions in TP concentrations 466 

can be highly variable, as was seen in our analysis. This may be due to a range of additional 467 

factors including habitat type, and disturbance from waves and waterfowl (Jupp and Spence, 468 

1977), isolated seed banks in deeper sediments (Boedeltje et al., 2003), lack of a distribution 469 

network to support ingress of new species (Van Geest et al., 2003), the presence of chemical 470 

components of the water column shaping species re-colonisation (e.g. humic substances; 471 

Steinberg et al., 2008), and insufficient water depth leading to constrained macrophyte 472 

growth under conditions of high physical disturbance (Seabloom et al., 2001; maximum 473 

depth range of the study lakes: 1.3 m to 16.0 m; Table 1). It is also possible that the aquatic 474 

macrophyte community responses have not yet been completed. Mitsch et al. (2005) 475 

conducted a comprehensive analysis of aquatic macrophyte community ingress into created 476 
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wetlands (<1 m water depth) and reported stable community development only after about 477 

five years. Where aquatic macrophyte ingress was managed through planting, the rate of 478 

colonisation was faster and the end point community more diverse (Mitsch et al., 2005).  479 

 480 

We acknowledge the limitations associated with the use of the available data to draw general 481 

conclusions on aquatic macrophyte responses across these treated lakes. To substantiate these 482 

results we recommend site specific assessments across treated lakes in the context of long-483 

term community variability (e.g. Gunn et al., 2014). However, the responses reported here 484 

represent the first examples of aquatic macrophyte community responses following La-485 

bentonite applications in the literature and our analysis raises clear issues that need to be 486 

considered when attempting to use La-bentonite to achieve rapid (i.e. within two years of 487 

application) ecological recovery of aquatic macrophytes.            488 

 489 

Implications of the results for use of La-bentonite as an eutrophication management 490 

tool in other lakes 491 

It is clearly important to focus efforts on quantifying responses in water quality, 492 

phytoplankton biomass and aquatic macrophyte community structure following changes in P 493 

concentrations at the field scale (Schindler, 1998). Field scale observations have been used to 494 

identify reasons of successes and failures in water quality improvement programmes 495 

following the application of lake restoration measures such as  catchment P load reduction 496 

(Sondergaard et al., 2007; 2012), biomanipulation (Jeppesen et al., 2007; Gulati et al., 2008), 497 

hypolimnetic withdrawal (Nürnberg, 2007) and sediment dredging (Peterson, 1982). In 498 

addition, considerations on the use of geo-engineering materials, including La-bentonite, in 499 

lakes is also provided by Hickey and Gibbs, (2009) and for aluminium based materials by 500 
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Huser et al. (2011) and Huser et al. (this issue). Here, we present the first meta-analysis of 501 

water quality responses following La-bentonite application in many lakes.  502 

 503 

Collectively, one conclusion can be drawn from this body of evidence:  responses to common 504 

management measures can be highly variable between lakes and over time, and can be driven 505 

by a myriad of interacting and potentially confounding factors. In addition, most reports on 506 

lake restoration successes and failures cite a lack of sufficient understanding of the target 507 

system and its catchment basin as the main issue leading to perceived failure of a restoration 508 

project (Søndergaard et al., 2012). To support this understanding it is important to combine 509 

high quality monitoring data, both prior to and following a management intervention, with 510 

expertise in lake functioning. In the present study and others (Spears et al., 2013b), 511 

monitoring frequency and duration within lakes to which La-bentonite has been applied has 512 

been highly variable, with intensive monitoring occurring only after application and for a 513 

relatively short period of time (e.g. Figure 1). It is clearly important that estimates of recovery 514 

time are considered and, as before (Spears et al., 2013a), we recommend a standard 515 

monitoring protocol as have others, previously (Hickey and Gibbs, 2009; Gibbs et al., 2011). 516 

Further, site specific recovery analyses are recommended to determine time scales and end 517 

points for a range of chemical and ecological components. 518 

 519 

Our results indicate variable chemical and ecological responses following La-bentonite 520 

application, with some lakes exhibiting very little response in the 24 months following 521 

application. Given the economic burden of lake restoration it is important that the cost of 522 

proposed management measures be assessed relative to others and in relation to confidence in 523 

their effectiveness (Mackay et al., 2014). Given the cost estimates for P control with La-524 

bentonite are around €0.8 million per km2 lake surface area (Spears et al., 2013c) it is 525 
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important that information on potential impacts be made available. This evidence should 526 

include assessments of both successes and failures, and especially the causes of failure 527 

(Søndergaard et al., 2007; Lürling and Van Oosterhout, 2012).   528 

 529 
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CONCLUSIONS 530 

• General reductions in surface water TP (data available from n=15 lakes) and SRP 531 

(n=14 lakes) concentrations were reported following La-bentonite application to the 532 

study lakes, within a 24 month monitoring period. 533 

• Chlorophyll a concentrations (n=15 lakes) decreased and Secchi disk depth (n=15 534 

lakes) increased and these responses were most pronounced in summer.  535 

• The median values of TP, SRP and chlorophyll a concentrations across the lakes in 536 

the 24 months following application were correlated positively with DOC 537 

concentration, suggesting DOC as a factor potentially confounding the operational 538 

performance of La-bentonite.  539 

• Increases in aquatic macrophyte community species numbers (average increase of 1.6 540 

species; n = 6 lakes) and maximum colonisation depths (mean increase of 0.7 m; n = 4 541 

lakes) were reported.  542 

• Available data across 18 lakes varied considerably in relation to monitoring period. 543 

Macrophyte data, in particular, were sparse. It is recommended that a standard 544 

monitoring protocol be developed to support future cross-lake comparative analyses 545 

of responses in water quality and biological communities.  546 

• Our results indicate variable water quality responses across multiple treated lakes, 547 

most likely due to multiple and interacting confounding processes operating within 548 

the treated lakes and their catchments. We stress the need for comprehensive site-549 

specific understanding to support the application of similar management measures 550 

more generally. 551 
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TABLE LEGENDS 

Table 1. Summary of data reported for each of the 18 lakes to which La-bentonite has been 

applied and for which water quality and macrophyte data were available. UK – United 

Kingdom, NL – The Netherlands, DE– Germany, CA - Canada. M - indicates lakes for which 

aquatic macrophyte data were available.  

  

Table 2. Results of linear mixed models run on Z score transformations testing the 

significance of the responses in the 24 months following La-bentonite applications relative to 

the 24 months preceding the applications in surface water seasonal and annual total 

phosphorus (TP) soluble reactive phosphorus (SRP), chlorophyll a concentration (Chla) and 

Secchi disk depth. SE – standard error; DF – degrees of freedom; n – number of observations; 

t – t statistic; P – p value. 

 

Table 3. Results of two-way analysis of variance to test effects of lake, La-bentonite 

treatment and interactions between the two, on log transformed aquatic macrophyte species 

numbers and aquatic macrophyte maximum colonisation depths in the two years before and 

after application. DF- degrees of freedom; SS – Sum Square; MS; Mean Square; F- F value; 

P - p value. 
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FIGURE LEGENDS 

Figure 1. Summary of available data for total phosphorus (TP), soluble reactive phosphorus 

(SRP), and chlorophyll a (Chla) concentrations, and Secchi disk depths in the 24 month 

periods preceding and following La-bentonite application.  

 

Figure 2. Seasonal and annual ranges of raw data (top panel) and Z score transformed (lower 

panel) total phosphorus (TP) (a - e) soluble reactive phosphorus (SRP) (f - j), chlorophyll a 

concentration (Chla) (k - o), and Secchi disk depth (p - t) in the 24 months preceding and 

following an application of La-bentonite. The number of lakes for which data were available 

is reported in each case. 95th and 5th percentile error bars are shown along with values above 

or below these values, where appropriate.  

 

Figure 3. Results of principal components analysis for surface water determinands in the 24 

months preceding and following the application of lanthanum bentonite showing the 

weightings and ordination of each environmental variable measured along both principal 

components. Mean Depth – mean depth of lake; SA – surface area of lake; DOC – mean 

dissolved organic carbon concentration; Alkalinity - mean alkalinity; TP – median total 

phosphorus concentration; SRP - median soluble reactive phosphorus concentration; Chla – 

median chlorophyll a concentration; Secchi – median Secchi disk depth; dose (t ha) – dose of 

lanthanum bentonite. PC – principal component; EV – eigenvalue; CV – cumulative variance 

explained. 

 

Figure 4. Ranges of aquatic macrophyte species numbers and aquatic macrophyte maximum 

colonisation depths in the two years prior, and two years following, La-bentonite 

applications. The number of lakes for which data were available is reported in each case. 95th 
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and 5th percentile error bars are shown along with values above or below these values, where 

appropriate. 
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Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lake Name Country S.A. 
(ha)  

Mean 
depth 
(m) 

Max 
depth 
(m) 

Fetch 
(km) 

Date and mass applied 
(tonnes)  

Phoslock® Load 
(tonnes ha-1) 

Clatto Reservoir  UK 9.0 2.8 7.0 0.4 04/03/2009 (24.0) 2.7 
Loch Flemington 

[M] UK 15.7 1.0 2.5 0.7 15/03/2010 (25.0) 1.6 
Crome’s Broad 

[M]
 UK 3.7 0.8 1.3 0.2 19/03/2013 (9.75) 5.1 

Hatchmere
 [M]

 UK 4.7 1.4 3.8 0.3 13/03/2013 (25.2) 5.3 
Mere Mere 

[M]
 UK 15.8 2.8 8.1 0.5 09/03/2013 (79.8) 5.1 

Lake Rauwbraken 
[M]

 NL 4.0 8.8 16.0 0.2 21/04/2008 (18.0) 4.5 
Lake De Kuil NL 7.0 4.0 10.0 ND 18/05/2009 (41.5) 5.9 
Lake Silbersee DE 7.0 5.0 9.0 0.3 08/11/2006 (21.5) 3.1 
Lake Otterstedter See DE 4.5 5.0 11.0 0.3 30/10/2006 (11.0) 2.4 
Lake Behlendorfer See DE 64.0 6.2 16.0 2.0 02/12/2009 (230.0) 3.6 
Lake Blankensee DE 22.5 1.6 2.5 0.5 16/11/2009 (66.0) 2.9 
Lake Baerensee DE 6.0 2.6 3.8 0.1 11/06/2007 (11.5) 1.9 
Lake Kleiner See DE 0.9 2.0 5.0 0.2 25/05/2010 (6.0) 6.7 
Lake Eichbaumsee DE 23.2 6.5 16.0 0.9 17/11/2010 (148.0) 6.8 
Lake Ladillensee DE 1.0 2.1 5.0 0.1 03/03/2009 (4.7) 4.7 
Lake Völlen DE 2.0 2.5 5.5 0.1 19/03/2008 (10.0) 5.0 
Niedersachsen Lake DE 4.2 2.5 6.0 0.1 19/03/2008 (6.0) 1.4 
Swan Lake CA 5.4 1.9 4.4 0.4 01/05/2013 (25.2) 4.7 
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Table 2. 
 
 

Variable Season Difference 
between pre- 

and post- 
application 

values 
(standard 
deviations) 

SE DF n P 

Total Phosphorus Annual -0.961 0.113 379 395 <0.001 
 Spring -0.634 0.177 83 95 <0.001 
 Summer -1.057 0.170 76 87 <0.001 
 Autumn -1.142 0.142 81 94 <0.001 

 Winter -1.276 0.216 47 58 <0.001 
SRP Annual -0.794 0.120 285 300 <0.001 
 Summer -1.043 0.207 49 58 <0.001 

 Autumn -0.781 0.214 58 70 <0.001 
 Winter -0.659 0.282 33 43 0.026 

Chlorophyll  a Annual -0.389 0.107 327 341 <0.001 
 Spring -0.839 0.189 80 90 <0.001 

Secchi disk Annual 0.521 0.099 391 406 <0.001 
 Summer 0.900 0.265 84 92 0.001 
  Winter 0.675 0.261 35 44 0.014 
 
 
Table 3.  
 
Macrophyte species 
numbers 

DF SS MS F P 

Lake 5 1.46 0.29 54.58 <0.001 
La-bentonite  1 0.04 0.04 8.29 0.014 
Lake x La-bentonite  5 0.03 <0.01 0.93 0.496 
Error 12 0.06 <0.01   
Total 23     
R2 95.96 R2 (adjusted) 92.26   
Macrophyte maximum 
growing depths 

DF SS MS F P 

Lake 3 0.27 0.09 135 <0.001 
La-bentonite  1 0.12 0.12 183 <0.001 
Lake x La-bentonite  3 0.20 0.07 103 <0.001 
Error 8 0.01 <0.01   
Total 15 0.60    
R2 99.11 R2 (adjusted) 98.34   
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Highlights 

 

1. Water quality and macrophyte community responses were assessed following 

Phoslock treatments 

2. Phosphorus concentration and phytoplankton biomass decreased and water clarity 

increased.  

3. Macrophyte species richness and extent increased. 

4. Responses were highly site specific and decreased with increasing DOC 

concentrations. 

 

 
 




