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Abstract:



An enclosure experiment was conducted between July and September 2009 to compare the effectiveness of a phosphate fixative, the lanthanum-modified bentonite clay Phoslock® (LMB), dredging, and their combination in controlling eutrophication in a hypertrophic urban pond in Heesch, The Netherlands. In total, 25 water quality variables were monitored. Multivariate analysis revealed that the combination LMB-treated and dredged enclosures deviated most from the pond (reference) and the controls, and showed the strongest eutrophication reduction. Overall, dredging significantly increased transparency, lowered turbidity, and improved the oxygen conditions in the enclosures compared to non-dredged ones. Nonetheless, one dredged enclosure deviated dramatically from the others, which might reflect methodological issues with dredging. The LMB treatment appeared to be less effective at mitigating eutrophication than dredging, and phosphate concentrations even increased during the experiment in the LMB-treated enclosures. Chemical equilibrium modeling suggested that humic substances could have formed complexes with lanthanum (La) from the LMB, rendering it unavailable for intercepting P over the course of the enclosure experiment. Residual lanthanum concentrations in combination dredging and LMB treatments exceeded the Dutch standard 10-fold. Total zooplankton abundance, and particularly Cladocera, increased in all enclosures over the course of the experiment. The limited effect of LMB in the enclosure experiment and the violation of the Dutch La standard when combined with dredging disqualify LMB as an intervention agent in the restoration of the pond.
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1. Introduction


Urban ponds are of great importance to society in providing recreational services to citizens [1,2]. In the Netherlands the vast majority of such ponds are manmade and exposed to strong human influences, of which excessive nutrient loading, often leading to dense cyanobacterial blooms and floating scums, presents one of the most prominent impacts [3]. Their close vicinity to urban areas means that citizens usually have easy access to those ponds [4], but also that they are confronted with eutrophication-related nuisances and hazards, such as turbid water, fish kills, bad smell, and toxic cyanobacterial blooms. Hence, the need for safe and aesthetically acceptable water in a modern society [5] makes eutrophication control a key challenge for authorities.



Eutrophication control requires both input control from point and nonpoint sources as well as internal loadings from sediments [6,7,8]. In the Netherlands, standard maintenance of urban ponds involves dredging, but mostly for hydrology reasons. Such sediment dredging can also be an effective remedy to reduce the adverse effects of eutrophication [8,9,10,11], but it is relatively expensive, with costs often varying between €25 and €60 m−3 in situ sediment. Therefore, authorities are searching for measures that will reduce the frequency of dredging needed. Here, the novel lanthanum-modified bentonite clay technology (LMB, Phoslock®, U.S. Patent 6350383; [12]) developed by CSIRO (Canberra, Australia) might provide an alternative, as phosphorus (P) fixation could reduce strongly the P available to nuisance algae [13,14,15,16].



The lanthanum-modified bentonite (LMB) has been applied to numerous water bodies [16,17] and in general improved water quality [16,18]. The response variables reported are, however, mostly limited to water transparency, P-, chlorophyll-a- and lanthanum concentrations following application, on sediment P binding, phytoplankton community composition, and macrophyte establishment [13,17,18,19,20,21,22]. Information on the response of other water quality variables in in situ applications of LMB might reveal potential unintentional impacts [17], and may play a key role in water quality managers’ and authorities’ decision-making.



To compare the effectiveness of LMB to standard dredging, we conducted an enclosure experiment in 2009 in a highly eutrophic urban pond in the Netherlands. The prime hypothesis tested was that a combination of dredging and adding LMB would be more effective at reducing eutrophication and cyanobacterial nuisance than either dredging or a LMB application, which, in themselves, would already improve the water quality to a great extent by reduction of P and subsequent diminishment of cyanobacterial biomass. Contrary to our expectations, LMB did not perform well at controlling P, cyanobacteria, and microcystins [23]. Besides these water quality variables, median values for dissolved inorganic nitrogen (DIN) and total nitrogen have also already been presented in Lürling and Faassen [23]. In this manuscript we further elaborate on these data and particularly include Secchi depth, turbidity, temperature, conductivity, pH, oxygen concentration, filterable aluminum (Al), iron (Fe), lanthanum (La), sulfur (S), total Al, Fe, La, and S, and the abundance of Cladocera, copepods, and rotifers, which were all determined in the enclosure experiment. Given the enormous underrepresentation of those water quality variables in studies on LMB (and other lake restoration interventions), we report here on the effect of the different treatments (dredging, adding LMB, and their combination) on all these water quality variables. We expected no change in metals and S, except that we expected La to gradually decrease after the application of LMB. We expected no treatment-related effects on temperature, pH, oxygen, and conductivity, but an increase in transparency in treatments and a reduction in turbidity. Because of the expected reduced cyanobacteria biomass in treatments—and the absence of fish in the enclosures—we expected a higher abundance of large-bodied cladocerans (Daphnia) in treatments than in controls, where we expected more of the rotifers and copepods that are common in cyanobacteria-rich environments [24]. We included multivariate analysis with the pond as a reference in our analysis. In addition, we included chemical equilibrium modeling to explore the potential for humic substances to have formed complexes with lanthanum, rendering it unavailable for intercepting phosphate [18,25,26,27] as a possible explanation for the previously reported impaired P control by the LMB [23].




2. Materials and Methods


2.1. Site Description


The small urban pond De Ploeg (Heesch, The Netherlands, 51°42′ N, 5°32′ E; Figure 1) has a surface area of 1600 m2 and a large area of shallow water (c. 1 m). During and prior to the experiment, the pond had hard edges of timbered revetments, except for one small bare bank area with concrete enforcement of the soil. The pond lacked submerged macrophytes, had turbid water, and suffered from heavy cyanobacterial blooms each year. In the period March–November 2009, chlorophyll-a concentrations were on average 250 (±100) μg L−1, transparency was low with a Secchi depth of 21 (±8) cm, pH was 7.7 (±0.6), conductivity 312 (±10) μS cm−1, total phosphorus (TP) was 443 (±434) μg P L−1, and total nitrogen (TN) was 2.95 (±0.95) mg N L−1. The pond contained 1444 kg of fish per hectare, of which 1000 kg per hectare were carp; together with a few dozen ducks, they form a local wildlife attraction. Feeding ducks and angling were popular activities. The close vicinity of a playground also attracted many children to the shores of the pond. After the experiment, the pond underwent a thorough reconstruction, of which the post-monitoring details will be described elsewhere.


Figure 1. Location of Heesch Pond in the province of North Brabant (a); a more detailed schematic overview of the pond including the location of the enclosures in the pond (b).
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2.2. Enclosure Experiment


From 28 July 2009 until 23 September 2009, an enclosure experiment was performed in the pond De Ploeg [23]. Twelve Perspex cylinders with a diameter of 1.05 m and a height of 1.3 m were pushed in the sediment to allow exchange between the enclosed water (≈850 L) and the sediment. The enclosures did not contain fish as fish stock reduction in itself was considered an absolute necessity to give the pond a chance to reach a clear water state; the carp would keep the water turbid in terms of sediment resuspension. Three enclosures underwent no further treatment and served as controls; three enclosures were dredged; three enclosures received the LMB as P-fixative; while three others were dredged first and then treated with the LMB. Dredging was done with an excavator that removed mechanically ≈30 cm of sediment, which was moved aside to the eastern part of the pond. The non-dredged enclosures were placed to the west about 15 m away from the dredged area to avoid interference from the translocated sediments (Figure 1b).



The dosage of the LMB was based on the average water column TP concentration just before the enclosures were placed (0.68 mg L−1) and the mobile pool of P in the top 5 cm as an average of three replicate sediment cores taken on 23rd March 2009 with a Uwitech Core sampler. The sediment had a sandy structure (ρ = 1.909 kg L−1) with leaf litter on top of it. The top 5 cm of each sediment core was homogenized where after a subsample was subjected to sequential P extraction using H2O, bicarbonate/dithionite (BD, 0.11 M), NaOH (1 M), HCl (0.5 M) and persulfate (K2S208) as subsequent extractants [28,29]. After filtration through a 0.45-μm membrane filter (Whatman, NC45, Whatman International Ltd., Maidstone, UK), in each fraction soluble reactive P (SRP) and total P (TP) were determined using a SAN++ continuous flow analyzer (Skalar Analytical BV, Breda, The Netherlands) following the Dutch standard [30] with the UV/persulfate destruction integrated in the system. Nonreactive P was calculated as the difference between SRP and TP. The mobile P pool was estimated from the content of the H2O-P, BD-P, and NaOH-NRP fractions [31] and was on average 0.03 mg P g−1 sediment dry weight. Each non-dredged enclosure therefore contained approximately 2470 mg P in the sediment and 580 mg P in the water column. The lanthanum mass fraction in the LMB was 43.8 g kg−1 as determined by ICP-MS in the Chemical–Biological Soil Laboratory of the Department of Soil Sciences (Wageningen University). To immobilize 3050 mg P in each enclosure—using a molar ratio of 1:1 (H2PO4− + La(OH)2+ → LaPO4 + 2H2O), which corresponds to a 4.485:1 La:P ratio on weight basis—would require 312.5 g LMB (mass fraction of 4.38% La in LMB). To each LMB-treated enclosure this amount was added as slurry made with water from the corresponding enclosure. The slurry was made by mixing the LMB with 5 L of enclosure water in a bucket and then spraying it over the surface, after which the bucket was rinsed twice with enclosure water. The same amount was added to the combination-treated enclosures.




2.3. Water Quality Variables


In each enclosure and the pond dissolved oxygen concentration and saturation (OxyGuard Handy Polaris, OxyGuard International A/S, Farum, Denmark), conductivity (WTW-Cond 330i, WTW GmbH & Co. KG, Weilheim, Germany), pH (WTW-pH320), water temperature, and Secchi depth were measured. Two-liter water samples were taken from the enclosures and the pond with a sampling tube initially (day 0) and after one, six, 14, 23, 30, 38, 44, and 58 days. Water samples were brought to the laboratory, where total and cyanobacterial chlorophyll-a concentrations were measured using a PHYTO-PAM phytoplankton analyzer (Heinz Walz GmbH, Effeltrich, Germany). Turbidity was measured with a Hach 2100P Turbidity meter (Hach Nederland, Tiel, The Netherlands). Chloride concentrations were measured using a Thermo Orion 720A+ meter (Thermo Orion Europe, Witchford, Cambridgeshire, UK) equipped with ion selective electrodes (Orion 9617BNWP ionplus Sure-Flow Chloride).



Unfiltered samples were analyzed for total phosphorus (TP) and total nitrogen (TN) concentrations using a Skalar SAN++ segmented flow analyzer following the Dutch standard protocols (NNI, 1986, 1990). Samples were also analyzed for the metals aluminum (Al), iron (Fe), and lanthanum (La) using an ICP-MS, and for P (ICP-MS) and sulfur (S) concentrations using an ICP-AES (Varian) at the Chemical–Biological Soil Laboratory of the Department of Soil Sciences (Wageningen University, Wageningen, The Netherlands). Glass-fiber-filtered (Whatman GF/C) samples were analyzed for dissolved inorganic nitrogen (DIN, i.e., ammonium and nitrate plus nitrite) and phosphate concentrations (Skalar SAN+ segmented flow analyzer, [30,32,33]), for filterable Al, Fe, La, and P concentrations (ICP-MS), and for filterable S concentrations (ICP-AES). Additional GF/C filters were extracted and analyzed on microcystins (described in [23]).



Zooplankton was collected from samples taken initially (day 0), and after six, 14, 30, 38, and 58 days by filtering around 1.2 L of the water through a 55-μm net. Zooplankton samples were preserved with Lugol’s fixative and kept refrigerated and in the dark. Zooplankton was determined in major groups as Cladocera, Copepoda, Rotifera, and nauplii larvae under a dissecting microscope at 15–50× magnification.




2.4. Data Analysis


Secchi depth, turbidity, temperature, conductivity, pH, oxygen concentration, filterable Al, Fe, La, and S, total Al, Fe, La, and S, and abundances of Cladocera, Copepoda, and Rotifera were statistically analyzed by running repeated measures ANOVA (rmANOVA) in the tool pack IBM SPSS Statistics version 19.0.0.1 (IBM Corporation, Armonk, NY, USA) with treatment (control, dredging, LMB addition, and combined measures) as the fixed factor. The zooplankton data were ln(10x + 1) transformed to oppress high abundances and yield an approximation of a normal distribution [34]. In case Mauchly’s test indicated that the assumption of sphericity had been violated, the degrees of freedom were corrected using Greenhouse–Geisser estimates of sphericity if epsilon < 0.75 or the Huynh–Feldt correction if epsilon > 0.75.



The water quality variables total and cyanobacterial chlorophyll-a, SRP, DIN, TP, TN, and microcystins have been analyzed and described elsewhere [23]. However, they were included in an overall evaluation of the response of all the water quality variables (except La, which is directly related to LMB addition) in the enclosures to the different treatments using the multivariate statistical analysis of principle response curves (PRCs). The PRC method yields a diagram showing the deviations in time of the treatments compared to the reference [35]. Here, the pond was taken as the reference to which the other treatments were compared, with time as the horizontal axis of the diagram. All data were log-transformed prior to analysis. The multivariate analysis was performed using the CANOCO software package (version 4.5, Wageningen University, Wageningen, The Netherlands) [36].




2.5. Chemical Equilibrium Modeling


The distribution of La and P species in the LMB treatment was evaluated by chemical equilibrium modeling using the program CHEAQS Pro P2013.1 (http://www.cheaqs.eu/index.html) [37]. The evaluation was performed without and with organic complexation. In the latter case, the models V/WHAM-W [38,39] Humic Ion-Binding Model VI [40] and Humic Ion-Binding Model VII [41] allow for the calculation of equilibrium chemical speciation for waters in which natural organic matter plays a significant role [42]. Hence, the models allow an evaluation of whether humic substance in the enclosures could have formed complexes with the lanthanum from the LMB, thereby lowering the La available for binding P. The input in the model was the mean pH at the start of the experiment (pH = 7.57), a phosphate concentration of 173.5 μg L−1, and a mean total La concentration (as measured during the first two days of the experiment) of 2846.5 μg L−1. One series also included carbonate (50 mg L−1) as, in the pH range of this study, a significant portion of La could be complexed with carbonates [42,43]. The input concentration of humic substances was determined to be 5.05 mg DOC L−1, which was the mean of the three LMD-treated enclosures. These DOC concentrations were estimated from absorbance measurements at 254 nm (A254) of enclosure water. Absorbance was measured using a Beckman Coulter Du730 Life Sciences UV/VIS spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA). The DOC concentration of artificial Aldrich humic substance (humic acid sodium salt, technical grade, CAS: 68131-04-4, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was determined by a Shimadzu TOC analyzer at the Chemical Biological Soil Laboratory of the Department of Soil Sciences (Wageningen University, The Netherlands). This yielded the following relationship: DOC = 12.80764 × A254 (r2 = 0.999). In the chemical equilibrium modeling the humic acid–fulvic acid ratio was evaluated at 100–0%, 50–50%, and 0–100%.





3. Results


3.1. Chlorophyll-a, Phosphorus, and Nitrogen Concentrations


The main results on chlorophyll-a, phosphorus, and nitrogen concentrations have already been reported in full elsewhere [23] and will only be addressed briefly here. The chlorophyll-a concentration in the enclosures tended to be lower than in the pond (Appendix A). In the controls and LMB they tended to be higher than in the solely dredged and combination-treated enclosures. The same tendency was observed for total P and N concentrations and for DIN. SRP concentrations in one of the dredged enclosures deviated strongly from the other two replicates.




3.2. Transparency, pH, Conductivity, Oxygen, and Temperature


The transparency of the water in the enclosures was higher than in the pond, except at the start of the experiment, when dredging activities and also LMB additions negatively affected the water transparency (Figure 2A,B). Water clarity improved substantially, however, over the first two weeks, after which clear differences between treatments appeared (Figure 2A,B). The repeated measure ANOVA for Secchi depth (Sd) revealed significant differences over time and between treatments, and also a significant interaction (Table 1). For the first 14 days the course of the Sd was similar in all treatments; afterwards they started to deviate, with higher Sd in dredged and combination-treated enclosures and lower Sd in controls and LMB-treated enclosures (Figure 2A). Tukey’s test revealed that Sd in dredged and combination-treated enclosures was significantly higher than Sd in controls and LMB-treated enclosures.


Figure 2. The course of the mean Secchi depth (cm; Panel A), turbidity (NTU; Panel B), pH (Panel C), conductivity (EC, μS cm−1; Panel D), dissolved oxygen concentration (mg L−1; Panel E) and temperature (°C; Panel F) in control enclosures, Phoslock®-treated enclosures, dredged enclosures, combination Phoslock®-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009. Error bars indicate one standard error (n = 3). In Panel E the dredged enclosures are depicted individually.
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Table 1. Summary of repeated measures ANOVAs for water quality variables Secchi depth, turbidity (NTU), pH, Electrical Conductivity (EC, µS cm−1), oxygen concentration (mg L−1), and temperature (°C), with treatments (dredging, LMB addition, and their combination) as the fixed factor. All data, except pH, were log-transformed prior to analysis to fulfill the variance homogeneity requirements 1. Significant differences (p < 0.05) are indicated in bold.







	

	
Secchi-Depth

	
Turbidity




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
8.0

	
81.017

	
<0.001

	
8

	
57.819

	
<0.001




	
Time × treatments

	
24.0

	
9.211

	
<0.001

	
24

	
5.351

	
<0.001




	
Error

	
64.0

	

	

	
64

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
26.6

	
<0.001

	
3

	
5.165

	
0.028




	
Error

	
8

	

	

	
8

	

	




	

	
pH

	
Conductivity




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
2.66

	
12.942

	
<0.001

	
2.72

	
128.126

	
<0.001




	
Time × treatments

	
7.98

	
1.576

	
0.191

	
8.19

	
6.576

	
<0.001




	
Error

	
21.3

	

	

	
53.8

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
4.284

	
0.044

	
3

	
5.395

	
0.025




	
Error

	
8

	

	

	
8

	

	




	

	
Oxygen Concentration

	
Temperature




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
2.49

	
22.606

	
<0.001

	
6.46

	
1794.29

	
<0.001




	
Time × treatments

	
7.46

	
4.533

	
0.003

	
19.4

	
3.130

	
0.001




	
Error

	
19.89

	

	

	
64

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
2.465

	
0.137

	
3

	
3.706

	
0.061




	
Error

	
8

	

	

	
8

	

	








1 In case Mauchly’s test indicated that the assumption of sphericity had been violated, the degrees of freedom were corrected using Greenhouse–Geisser estimates of sphericity if epsilon < 0.75 or the Huynh–Feldt correction if epsilon > 0.75.








Similarly, turbidity, which was initially highest in the dredged enclosures, dropped sharply over the first few days, when particulate matter settled out (Figure 2B). The rmANOVA revealed significant differences over time and a significant interaction, but no differences between treatments (Table 1). However, when the analysis was executed from day 14 until the end of the experiment, rmANOVA indicated a significant difference between treatments (F3,8 = 5.90; p = 0.020), while Tukey’s test disclosed that the turbidity in the controls was significantly higher than turbidity in dredged and combination-treated enclosures (Figure 2B).



In the first 14 days, the pH in LMB-treated enclosures and in the combination-treated enclosures increased to on average 8.4 and 8.6 respectively, while the pH in controls (7.2) and solely dredged enclosures (7.7) remained lower (Figure 2C). This effect disappeared over the course of the experiment (Figure 2C). Overall, a significant treatment effect resulted (Table 1) and Tukey’s test showed that the pH in the controls (mean: 7.09) was significantly lower than in the combination-treated enclosures with a mean of 7.57 (Figure 2C).



The Electrical Conductivity (EC) showed an increase over time, especially in the combination-treated enclosures (Figure 2D). Tukey’s test revealed that the EC in these enclosures differed significantly from EC in the controls and EC in the solely dredged enclosures.



The oxygen concentrations decreased substantially over time in the controls and the LMB-treated enclosures, reaching low values of ~1.5 mg L−1, while two of the dredged and all combination-treated enclosures remained oxygenated with oxygen concentrations >5 mg L−1 (Figure 2E). Consequently, oxygen concentrations were significantly different over time, but there was no significant treatment effect (Table 1). One of the “solely dredged” enclosures deviated considerably from the other two. In fact, oxygen concentrations in this enclosure strongly resembled those in the non-dredged enclosures (Figure 2E). Omitting this deviating enclosure from the analysis yielded a significant treatment effect on oxygen concentrations (F3,7 = 9.438; p = 0.007). Tukey’s test revealed three homogeneous groups: (1) controls and LMB-treated enclosures, (2) LMB-treated enclosures and solely dredged enclosures, and (3) solely dredged enclosures and combination-treated enclosures.



The water temperature decreased gradually over the course of the experiment, from an average 22.6 °C at the start to 16.3 °C at the end of the experiment (Figure 2F), leading to a significant time effect (Table 1). Dredged enclosures were on average 0.2 °C cooler than non-dredged ones, but this small difference was not significant (Table 1; Figure 2F).




3.3. Metals, Sulfur, Chloride


Filterable Al concentrations were elevated in dredged enclosures at the beginning of the experiments and declined gradually to the concentrations found in the other enclosures and the pond (Figure 3A). The rmANOVA indicated a significant time effect and interaction, but no differences among treatments (Table 2). Total Al concentrations in the enclosures dropped fast to concentrations below those in the pond (Figure 3B). The rmANOVA indicated a significant time and interaction effect, but no treatment effect (Table 2). The course of total Al resembled that of turbidity (Figure 2B) and when the analysis was executed from day 14 until the end of the experiment, rmANOVA indicated a significant difference between treatments (F3,8 = 13.1; p = 0.002). Tukey’s test disclosed that total Al in the controls was significantly higher than total Al in dredged and combination-treated enclosures (Figure 3B).


Figure 3. The course of filterable (Panel A) and total aluminum concentrations (μg Al L−1; Panel B), filterable (Panel C) and total iron concentrations (μg Fe L−1; Panel D), filterable- (Panel E) and total lanthanum concentrations (μg La L−1; Panel F), and filterable- (Panel G) and total sulfur concentrations (mg S L−1; Panel H) in control enclosures, LMB-treated enclosures, dredged enclosures, combination LMB-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009. Error bars indicate one standard error (n = 3).
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Table 2. Summary of repeated ANOVA measures for filterable and total metal concentrations (aluminum, iron, and lanthanum in µg L−1) and sulfur concentrations (mg L−1) with treatments (dredging, LMB addition, and their combination) as the fixed factor. All data were log-transformed prior to analysis to fulfill the variance homogeneity requirements 1. Significant differences (p < 0.05) are indicated in bold.







	

	
Filterable Aluminium (Al)

	
Total Aluminium




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
2.35

	
8.956

	
0.001

	
8

	
99.516

	
<0.001




	
Time × treatments

	
7.05

	
4.674

	
0.003

	
24

	
6.958

	
<0.001




	
Error

	
18.8

	

	

	
64

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
3.291

	
0.079

	
3

	
5.914

	
0.020




	
Error

	
8

	

	

	
8

	

	




	

	
Filterable Iron (Fe)

	
Total Iron




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
2.71

	
3.941

	
0.025

	
6.48

	
62.694

	
<0.001




	
Time × treatments

	
8.12

	
3.578

	
0.008

	
19.4

	
5.511

	
<0.001




	
Error

	
21.7

	

	

	
51.8

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
1.616

	
0.261

	
3

	
5.367

	
0.026




	
Error

	
8

	

	

	
8

	

	




	

	
Filterable Lanthanum (La)

	
Total Lanthanum




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
2.08

	
17.203

	
<0.001

	
2.53

	
86.011

	
<0.001




	
Time × treatments

	
6.23

	
6.129

	
0.001

	
7.60

	
6.703

	
<0.001




	
Error

	
16.6

	

	

	
20.3

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
407.8

	
<0.001

	
3

	
337.9

	
<0.001




	
Error

	
8

	

	

	
8

	

	




	

	
Filterable sulfur (S)

	
Total sulfur




	

	
Tests of within-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Time

	
7.06

	
8.492

	
<0.001

	
2.70

	
20.148

	
<0.001




	
Time × treatments

	
21.2

	
10.044

	
<0.001

	
8.11

	
12.463

	
<0.001




	
Error

	
56.5

	

	

	
21.6

	

	




	

	
Tests of between-subjects effects




	
Source

	
df

	
F

	
p

	
df

	
F

	
p




	
Treatments

	
3

	
22.358

	
<0.001

	
3

	
22.239

	
<0.001




	
Error

	
8

	

	

	
8

	

	








1 In case Mauchly’s test indicated that the assumption of sphericity had been violated, the degrees of freedom were corrected using Greenhouse–Geisser estimates of sphericity if epsilon < 0.75 or the Huynh–Feldt correction if epsilon > 0.75.








There were no major differences in filterable Fe concentrations between the enclosures and the pond towards the end of the experiment (Figure 3C). In contrast, total Fe concentrations became lower in the enclosures than in the pond and showed a pattern similar to that of total Al (Figure 3D). A significant treatment effect on total Fe concentrations was found (Table 2), and Tukey’s test revealed that total Fe concentrations in the combination-treated enclosures were significantly lower than in the controls (Figure 3D). When the analysis was performed using total Fe data from day 14 until the end of the experiment, the significant difference between treatments (F3,8 = 8.22; p = 0.008) remained. However, now Tukey’s test disclosed that total Fe in both the controls and the LMB-treated enclosures were significantly higher than the total Fe in the combination-treated enclosures (Figure 3D).



In the controls and solely dredged enclosures, filterable La concentrations remained far below 1 µg L−1, but in all LMB-treated enclosures filterable La concentrations were significantly elevated (Figure 3E; Table 2). In the solely LMB-treated enclosures, the filterable La concentrations dropped gradually to values below 10 μg L−1 after four weeks. However, in combination dredged and LMB-treated enclosures filterable La concentrations never dropped below the Dutch standard of 10.1 μg L−1, but remained as high as 100 μg L−1 (Figure 3E). Consequently, the rmANOVA showed a significant time and treatment effect as well as a significant interaction between both (Table 2). Tukey’s test indicated that filterable La concentrations in the control and solely dredged enclosures were significantly lower than in the LMB-treated and combination dredged and LMB-treated enclosures.



Similarly, total La concentrations were significantly lower in the controls and solely dredged enclosures than they were in the solely LMB-treated enclosures and in combination with dredging (Table 2; Figure 3F). In the solely LMB-treated enclosures, total La dropped from >4000 μg L−1 just after application to ~10 μg L−1 after one month. Although in the combination-treated enclosures total La also declined after the application, residual concentrations leveled off around 140 μg L−1 (Figure 3F).



Filterable and total S concentrations in controls and solely LMB-treated enclosures followed the same pattern as the S concentrations in the pond, while filterable and total S in the solely dredged enclosures and the combination-treated enclosures clearly deviated, with lower concentrations than the pond and the other enclosures (Figure 3F; Table 2). Tukey’s test for both filterable and total S concentrations revealed two homogeneous groups: (1) controls and solely LMB-treated enclosures, and (2) the solely dredged enclosures and the combination-treated enclosures.



The chloride concentrations were significantly different among treatments (F3,7 = 8.87; p = 0.009) and Tukey’s test revealed two homogenous groups: (1) control, LMB, and solely dredged enclosures and (2) solely dredged and combination-treated enclosures. There was not much difference over the course of the chloride concentrations and the ANOVA was likely significant because of small within-group variability (Appendix B). Chloride concentrations over the entire period were on average 53.3 (±2.7) mg L−1 in controls, 53.8 (±3.5) mg L−1 in LMB-treated enclosures, 54.7 (±2.6) mg L−1 in solely dredged enclosures, and 56.6 (±2.3) mg L−1 in combination-treated ones.




3.4. Zooplankton


Rotifer abundance remained similar in dredged and combination-treated enclosures, while an increase was observed in the first few weeks in the controls and LMB-treated enclosures (Figure 4A). The rmANOVA revealed a significant time effect (F5,40 = 2.48; p = 0.048), a significant treatment effect (F3,80 = 6.26; p = 0.017), and a significant interaction (F15,40 = 2.37; p = 0.015). Tukey’s test showed that rotifer abundance in the controls was significantly higher than that in the combination-treated enclosures. A lower abundance of rotifers after one month (Figure 4A) coincided with the highest abundance of cladocera (Figure 4B).


Figure 4. The course of abundances (# L−1) of Cladocera (Panel A), copepods (Panel B), rotifers (Panel C), and bauplii (Panel D)in control enclosures, LMB-treated enclosures, dredged enclosures, and combination LMB-treated and dredged enclosures over the 58-d experimental period in 2009. Error bars indicate one standard error (n = 3).
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The abundance of Cladocera—mainly Daphnia sp., but also Bosmina, Ceriodaphnia, and Chydorus sp.—increased gradually to a maximum after one month and although the abundances seemed to be lower in combination-treated enclosures, they were not significantly different (Tukey’s test: p = 0.063) from the controls and the other treatments (Figure 4B). Copepod abundance remained similar in controls and solely dredged enclosures over the course of the experiment and showed a short increase in the first weeks of the experiment in the LMB-treated and combination-treated enclosures (Figure 4C). The copepods’ abundances were different among treatments (F3,8 = 8.49; p = 0.007), and Tukey’s test showed that copepod abundance in the solely LMB-treated enclosures was significantly higher than in the solely dredged enclosures and the combination-treated enclosures (Figure 4C). Rotifer abundance in the combination-treated enclosures was significantly lower than in the controls (Figure 4C). Nauplii abundances (Figure 4D) differed significantly over time (F5,40 = 8.78; p < 0.001), but not among treatments (F3,80 = 0.46; p = 0.720), and there was no interaction (F15,40 = 1.73; p = 0.084). Over the sampling period 18 Chaoborus larvae were also found scattered over all enclosures.



Total zooplankton abundances were highest in controls (on average 2143 L−1) and solely LMB-treated enclosures (2702 L−1), lower in solely dredged enclosures (on average 1492 L−1) and lowest in combination-treated enclosures (on average 824 L−1). Total abundances increased in all enclosures over the course of the experiment. In controls zooplankton abundance was on average 2.8 times higher than at the start, in solely LMB-treated enclosures on average 6.2 times higher than at the start of the experiment, in dredged enclosures 2.0 times higher, and in combination-treated enclosures 2.9 times higher than at the start. The strongest increase occurred in the first month of the experiment with 3.3 times, 8.1 times, 3.4 times, and 2.1 times more zooplankton than at the start of the experiment in controls, solely LMB-treated, dredged, and combination-treated enclosures, respectively. Also, the relative abundances showed some differences (Appendix C). In general, the relative contribution of Cladocera tended to increase during the first month of the experiment, followed by a decline. Copepods only comprised a minor part of the zooplankton community, with rotifers being another important group, which, particularly in combination-treated enclosures, increased considerably towards the end of the experiment (Appendix C).




3.5. Multivariate Analysis


The multivariate analysis of all the water quality variables (except La, because it is directly related to the LMB addition), while taking the pond as the reference to which the enclosures with different treatments were compared, clearly revealed treatment-related effects on the water quality variables (Figure 5). The PRC analysis disclosed that 36.1% of the total variance in the water quality dataset could be explained by time, which is on the horizontal axis in the diagram. Controls and solely LMB-treated enclosures did not differ much from each other and also remained close to the pond, whereas dredged enclosures moved further away from the pond and the combination-treated ones deviated the most (Figure 5). Total S, total P, total chlorophyll-a, cyanobacteria chlorophyll-a, and turbidity had a high positive weight (bk), with the diagram indicating a decrease with treatments (Figure 5). Secchi depth and oxygen had a negative weight, meaning a treatment-related increase.


Figure 5. Principal response curves for all water quality variables (except lanthanum), where differences between treatments (enclosures) and the reference (the pond) are given as the regression coefficients (Cdt) of the PRC model. The variable’s weight (bk) in the right vertical diagram indicates the position of the variable on the first PRC axis, in which a negative value indicates a treatment-related increase and a positive value a treatment-related decrease.
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3.6. Chemical Equilibrium Modeling


The modeling revealed that, in the absence of humic substances (model input as DOC), the majority of the La precipitated as La(OH)3 (~66%) and LaPO4 (~27%) (Figure 6A). Adding DOC (5.05 mg L−1) shifted a large portion of the La to the organic matrix; depending on the ratio between humic acids (HA) and fulvic acids (FA), 59% (HA:FA = 1:0), 74% (HA:FA = 1:1) or 88% (HA:FA = 0:1) of La was modeled to complex with this dissolved organic matter (Figure 6A). The portion of La that was calculated to precipitate with PO4 declined from ~27% to ~12%. Consequently, phosphate ions were kept in solution, but only when FA was present; ~6% in the scenario of HA:FA = 1:1 and 57% in the scenario of HA:FA = 0:1 (Figure 6B).


Figure 6. Results of chemical equilibrium modeling using the program CHEAQS Pro (version 2010.3), giving the distributions of La (Panel A) and P (Panel B) at no DOC or 5.05 mg L−1 DOC as 100% humic acid (HA:FA 1:0), 50% humic acid and 50% fulvic acid (HA:FA 1:1), or 100% fulvic acid (HA:FA 0:1), whereas the same evaluations for La (Panel C) and P (Panel D) are given in the presence of 50 mg L−1 carbonate. Simulations were run at pH = 7.57, La = 2846.5 μg L−1, and phosphate = 173.5 μg L−1, corresponding to the conditions in the treated enclosures.
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When 50 mg L−1 carbonate was included in the modeling, no positively-charged La ions were found in the absence of DOC, while the majority of La precipitated with carbonate as La2(CO3)3 (~73%) and the rest of the La with phosphate as LaPO4 (~27%) (Figure 6C). Adding DOC (5.05 mg L−1) shifted a large portion of the La to the organic matrix. When all DOC was assumed to be HA, 69% of the La was modeled to complex with DOC; in a HA:FA = 1:1 scenario this was 89%, while all La complexed with FA (Figure 6C). In the absence of DOC or when all DOC was present as HA, 100% of the P was bound with La; this was reduced to 40% when HA:FA = 1:1, or to nothing (0%) when DOC was assumed to be FA (Figure 6D). Consequently, phosphate ions made up 0%, 60%, and 100% of the P under HA:FA = 1:0, HA:FA = 1:1, and HA:FA = 0:1, respectively (Figure 6D).





4. Discussion


Our study yielded solid support that dredging improved water clarity and quality when combined with the addition of LMB. Sole dredging was equally effective in two of the three enclosures, but one replicate clearly reacted differently. In general, Secchi depth strongly increased in dredged enclosures, turbidity and chlorophyll-a dropped, oxygen concentrations were improved, and total Al, Fe, S, P, and N concentrations were reduced, while such responses were not achieved, or to a far lesser extent, in the controls and the LMB-treated enclosures. The accumulation of oxygen-demanding, nutrient-rich organic materials on the sediment in the pond is the main cause for the observed low oxygen in the undredged enclosures. The close vicinity of the one clearly deviating dredged enclosure to the site where the removed sediment was deposited suggests that some of this material might have been included. Alternatively, the method of dredging may also have left behind organic and nutrient-rich sediment. Clearly, dredging may not always remove all planned sediment, leaving substantial undredged areas behind that, on a whole lake scale, could diminish the effectiveness of nutrient removal [44]. The deviating enclosure resembled the controls more closely than the two other dredged ones and likewise developed anoxia. Since the low oxygen levels exert adverse effects on biota, the accumulation of nutrient-rich organic materials on the sediment can be considered polluting [45]. Removal of organic and nutrient-rich sediments is a standard maintenance and restoration strategy in the Netherlands [3,46], but it is also relatively expensive [3]. Dredging could affect the benthic fauna [47], which was not studied in the present study; however, based on the observed strongly improved oxygen, a more diverse benthic community is likely to develop in a properly dredged environment with sufficient organic-rich material removed. Methodological issues with dredging leaving undredged sediment [44] could, however, impair such an improvement on the whole pond or water body scale.



Dredging may cause sediment disturbance and mobilization of contaminants [48]. Just after dredging high concentrations of total Al, Fe, and S were observed; however, these rapidly declined to concentrations lower than in undredged enclosures. This was a consequence of the wet dredging employed, which may also result in considerable amounts of fine sediment particles being suspended temporarily in the water column, which could potentially exert adverse effects on the aquatic ecosystem [49]. The sediment resuspension was clearly evidenced in the high turbidity in dredged enclosures, yet turbidity dropped to values less than in undredged enclosures within about 10 days. Since Al, Fe, and S also declined in a similar pattern, it is highly likely that these were suspended matter bound.



The main reason for including dredging as a treatment in the enclosure experiment was to explore its efficacy in reducing the adverse effects of eutrophication, because Heesch pond was suffering from nuisance cyanobacterial blooms, regularly accumulating at the water surface in thick scums with huge toxin concentrations posing a high risk to citizens, pets, and wildlife [3]. That sediment dredging can be an effective remedy to reduce the adverse effects of eutrophication has been well documented [8,9,10,11]; however, see [44] for a dissenting view. Likewise, total P, chlorophyll-a, and cyanobacteria concentrations had strongly declined in the effectively dredged enclosures compared to the non-dredged ones as reported before, except in one solely dredged enclosure [23]. The strongly reduced phytoplankton biomass led to the high water transparency, a response that has also been found in other dredging interventions [50].



Zooplankton abundance increased during the first month in all enclosures. At first rotifers particularly increased, followed by Cladocera, which can be attributed to the absence of fish in the enclosures eliminating a strong top-down control [51]. At peak abundances of Cladocera the rotifer numbers were clearly suppressed. Given that there was still quite some chlorophyll-a present, the suppressive effect of cladocerans on rotifers is probably via direct mechanical interference rather than exploitative competition [52]. Cladocera subsequently declined strongly, particularly in controls and solely LMB-treated enclosures, which was paralleled by a strong increase in cyanobacterial chlorophyll-a, demonstrating the well-reported negative effect of cyanobacteria on Cladocera [24,51]. Since Cladocera and other groups increased again in abundance towards the end of the experiment, while oxygen conditions had not clearly changed, the negative effects of low oxygen do not seem to be the most probable cause of their decline in controls and solely LMB-treated enclosures.



Zooplankton abundances were lower in the dredged enclosures than in undredged ones, which seems to be explained by lower food availability. Reduced rotifer abundance has also been found following a dredging event in Lake Yuehu, China, which was attributed to less eutrophic conditions and less chlorophyll-a [53]. Inasmuch as the enclosures were devoid of fish, enhanced predation on zooplankton by visually hunting predators seems unlikely. The lower zooplankton and Cladocera abundances in the combination-treated enclosures compared to the solely dredged enclosures is unlikely to be explained by food availability as chlorophyll-a concentrations were similar in those treatments (Appendix A, [23]). Zooplankton and Cladocera abundances in the combination-treated enclosures were 50% and 29% of those in the solely dredged enclosures. At first sight, an effect related to the LMB seems unlikely given that in LMB-treated enclosures cladocerans (Bosmina, Ceriodaphnia, Daphnia) were as abundant as in the controls and that a laboratory study on the effects of lanthanum and LMB on Daphnia showed no toxicity [54]. On the other hand, only in the combination-treated enclosures did filterable and total La remain much higher than in solely LMB-treated enclosures. In the solely LMB-treated enclosures at the end of the experiment, filterable La concentrations had increased as well (see Figure 3E), exceeding the Dutch standard in one of the replicates (12.5 μg L−1) and coming close to it in a second replicate (9.3 μg L−1).



The persistently high filterable La concentration of 100 μg L−1 in the combination-treated enclosures implied that the maximum permissible concentration of lanthanum in Dutch surface water (10.1 μg L−1; [55]) was exceeded. The mechanism causing the higher filterable La concentrations in only this treatment and not the sole LMB treatment is not clear. A possibility might be related to the distinct oxygen concentrations in both treatments, where migrating zooplankton and bioturbating benthic fauna enable upward transport in the oxic enclosures, while this might have been hampered in the hypoxic/anoxic LMB enclosures. Since large-bodied Cladocera may express vertical migratory behavior, they could transport compounds that have been ingested in the deeper water layers to the upper water layers, where these compounds are defecated. Such translocation has been demonstrated for phosphorus [56]. Likewise, higher concentrations of clay near the sediment could be transported upwards. Under oxygen depletion, however, such migration is strongly hampered [57]. Access to and consumption of introduced LMB could also have contributed to fewer cladocera, because higher clay concentrations could reduce survival and growth in juvenile Daphnia [58].



In the combination-treated enclosures EC, which reflects the amount of ions in the water, was also significantly higher than in the controls and the solely dredged enclosures. Besides La, chloride was also significantly higher in these combination-treated enclosures, but filterable S (sulfate) along with phosphate and dissolved nitrogen concentrations [23] were lower. What exactly caused the higher EC in the combination-treated enclosures cannot be deciphered from the data collected as some important ions such as carbonate and calcium have not been determined. LMB could cause elevated EC, but in laboratory experiments this was observed only at high doses of several g LMB L−1 [15]; also, in the solely LMB-treated enclosure EC was not different from the control.



The increase in pH in the LMB- and combination-treated enclosures to mean values of 8.4 and 8.6 (while the pH was 7.2 and 7.7 in controls and solely dredged enclosures, respectively) seems to be related to the addition of LMB. This modified clay, however, will hardly affect pH and, if it does, it will cause slightly lower pH, as evidenced in laboratory experiments [15,59] and field experiments [60]. Interestingly, oxygen measurements revealed oversaturation in this period in LMB- and combination-treated enclosures, with on average 137% and 128%, respectively. Therefore, primary production is a more probable explanation for the observed increase in pH in these treatments. This is unexpected as sufficient reduction of SRP by LMB can strongly hamper algal growth, as evidenced in laboratory experiments [15] and whole-lake applications [19,61], yet there are also reports that algal growth was not inhibited after LMB application [62]. Both an insufficient reduction in SRP and potential luxury consumption of P by the cyanobacteria are possible explanations for continued primary production. It should also be noted that rare earth metals are applied as micro fertilizers to increase the content of chlorophyll and stimulate the growth of crops [63,64]. Hence, more research is required to determine if growth stimulation in phytoplankton can be evoked by exposure to lanthanum or LMB.



An effect of treatment on phytoplankton and cyanobacteria was expected as the anticipated strong decline in nutrient availability was predicted to hamper further growth of cyanobacteria, causing their gradually waning. A laboratory experiment showed a strong decline in cyanobacterial blooming within 18 days [15]. The expected results were observed only in dredged and combination-treated enclosure, but not in solely LMB-treated ones. This result contrasts with some studies that showed a rapid decline in phytoplankton abundance, yet they combined a coagulant with LMB as ballast, effectively clearing the water column [20,65]. Other studies used only LMB and also reported a decline or control of cyanobacteria [61], or a short-lived positive effect [19], but no information on the speed of the response, while in another study a clear lag period of several months was observed [66]. In our study, the increase in cyanobacteria in controls and sole LMB treatments after one month does not seem to be caused by recruitment of settled cyanobacteria as a similar phenomenon should have then occurred in the dredged enclosures. The lower chlorophyll-a concentrations towards the end of the experiment, while nutrients increased, seem mainly caused by the climatic conditions being less favorable for phytoplankton growth (strongly reduced temperatures and less solar irradiation).



The multivariate analysis obviously showed that the combination of dredging and LMB addition improved the water quality in the enclosures the most. Overall, biomass-related components were reduced the most (total and cyanobacterial chlorophyll-a, turbidity, total P, total N, total Fe, total Al, and total S), while physicochemical variables were enhanced (transparency and oxygen). The multivariate analysis also revealed that control enclosures, which could are fish exclosures and to a lesser extent reduce wind influence, deviated positively from the pond. Hence, in restoring the pond, fish stock reduction could be considered, as fish stock reduction in general has been shown to improve water quality significantly for at least several years [67]. Another difference was that water quality in solely dredged enclosures was better than that in solely LMB-treated enclosures, which resembled controls the most. Both treatments aimed at reducing the internal P pool; LMB by means of P immobilization and dredging by physical removal of the organic and P-rich sediment. Evidently, dredging was more successful than LMB addition [23]. One of the dredged enclosures, however, clearly deviated from the other two in getting much lower oxygen (see Figure 2E) and also got higher phosphate concentrations over time (Appendix A, [23]). The higher phosphate concentrations in this enclosure only occurred under anoxia and were paralleled by an increase in filterable Fe (Appendix D), pointing to release of reductive labile-bound P. Since this enclosure was near the place where the removed sediment was deposited, some inclusion or leftovers of organic-rich sediment [44] cannot be excluded. Consequently, given the small size of the water body, pond drawdown followed by bulldozer and scraper sediment removal might be the most straightforward sediment removal technique [8], which will avoid leaving areas undredged [44].



The observed phosphate reduction (35–48%; [23]) just after LMB treatment was much lower than the >99% that was expected based on the LMB dose. In fact, even after 24 hours total La concentrations in the water column were high enough (1250 μg La L−1) to theoretically bind all the available phosphate in the water. The subsequent increase in phosphate in the LMB-treated enclosures (Appendix A, [23]) clearly points to inefficient P interception. In fact, when these enclosures developed anoxia both an increase in filterable Fe and phosphate could be observed (Appendix D), while the P efflux from the sediment should have been reduced strongly [68]. A relatively low phosphate reduction of 35–40% has also been observed when lake water with an algal bloom was treated with LMB, where the authors pointed out that humic substance could have played a role [14]. Interference of humic substance with the phosphate-binding capacity of LMB has been confirmed experimentally [24,25,69]. The interference is kinetic; a humic substance forms a complex with La and hinders the contact between phosphate and La, thereby reducing the binding kinetics [25,26,69]. The chemical equilibrium modeling revealed that in the presence of humic substance a considerable part of the La got complexed with the humic substance. This is fully in line with several studies that have shown humic substance to be a strong complexing agent for lanthanides [42,70,71]. The modeling indicated that in the presence of humic acids La was complexed and otherwise would have precipitated with either hydroxyls or carbonate. With fulvic acids, more La was complexed, leading to less or no LaPO4 precipitation and consequently phosphate remaining in solution. This is due to a stronger competitive effect of fulvic acids with phosphate at adsorption surfaces [72]. Since dredging removed the organic-rich sediment, it also reduced the complexing capacity. Thus, the observed higher La concentrations in the combination-treated enclosures compared to the solely LMB-treated ones could have resulted from far less humic substance complexation in the combination-treated enclosures and higher colloidal fractions in the water column. The modeling also indicated that LaPO4 precipitation was similar in the presence or absence of carbonate. This will undoubtedly be the result over a longer time period, but interference of carbonate with LaPO4 precipitation can be expected immediately after LMB application [27]. Positively charged and potentially toxic La species were not predicted in a scenario with carbonate or fulvic acids present. Since both are present in natural waters, the risk associated with trivalent La ions seems negligible, which is supported by a huge array of experiments and field observations [16].



As outlined above, there is ample evidence that humic substances interfere with the La-phosphate precipitation by forming La-humic substance complexes; however, given enough time this interference will be overcome and phosphate will eventually be bound to the La and precipitate as rhabdophane and monazite [26]. The interference is manifested most clearly in the first 100 days of the interaction [26]. Hence, if we ran the enclosure experiment for 358 days instead of 58 days, the outcome of the LMB-treated enclosures could have been different. The best time for treating water with LMB is winter in temperate regions, because most water column P will be present as phosphate and not inside cells and pH is generally lower [16]. In our enclosure experiment, the water was already suffering from a cyanobacteria bloom and under such conditions inclusion of a coagulant to precipitate the cells is highly recommended [20]. The added LMB and the resuspended sediment, while settling, also removed a part of the standing cyanobacteria stock. Data presented by Lürling and Faassen [23] showed that within one day total chlorophyll-a was reduced by about 30% in the LMB-treated and dredged enclosures, whereas this was only 7% in the controls. Whereas in the dredged enclosures cyanobacterial biomass and total chlorophyll-a were further reduced, oxygen conditions improved, and nutrients declined, this did not happen in controls and LMB-treated enclosures (Appendix A, [23]). Hence, the effective interception of sediment-released nutrients seems to be crucial to mitigate cyanobacterial nuisance in the pond.



The strongest eutrophication-mitigating effect was achieved by the combination of dredging and LMB addition. Only this treatment created P-limiting conditions based on DIN:SRP and TN:TP ratios (Appendix A). Adding LMB after the nutrient-rich sediment has been removed implies that a reactive reservoir could intercept diffuse influx P for a prolonged period of time and thus delay the return of cyanobacteria. This combination, however, cannot be recommended as a remedial measure in restoring the hypertrophic pond De Ploeg, because of the violation of the Dutch La standard. Therefore, dredging—or, better, drawdown and bulldozer or scraper removal of sediment—Seems to be the most promising intervention to tackle internal loading in this pond. It is also advisable to include the neighborhood in reducing duck feeding and fish stocking [73]. Hence, for the restoration of De Ploeg pond dredging combined with fish stock reduction and dialogue with neighbors can be recommended.




5. Conclusions


An enclosure experiment was conducted to compare the effectiveness of dredging, LMB addition, and their combination in mitigating eutrophication in a hypertrophic urban pond, as well as getting insight into various water quality variables following an application. From the results presented here it can be concluded that:

	
The combination of dredging and LMB addition improved the water quality in the enclosures the most.



	
The combination of dredging and LMB treatment had a serious drawback: a persistently high filterable La concentration of 100 μg L−1, which exceeds by 10-fold the maximum permissible concentration of lanthanum in Dutch surface water.



	
Dredging was more effective in mitigating eutrophication than LMB application, but one dredged enclosure showed no improved water quality, suggesting methodological issues with the employed wet dredging.



	
LMB application did not bring SRP to limiting concentrations and did not hamper sediment SRP efflux under anoxia.



	
The effectiveness of LMB is most probably negatively influenced by humic substances.



	
For rehabilitation of the pond, drawdown followed by bulldozer and scraper removal of sediment, drastic fish stock reduction, and dialogue with neighbors is recommended.
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Appendix A


The cyanobacterial and total chlorophyll-a concentrations, and total P, N, SRP, and DIN concentrations have already been described in full elsewhere [23]. The change in water quality over time in the different enclosures is presented (Figure A1). Ratios of DIN:SRP and TN:TP, as indications of non-, P-, and N-limitation [74], are also given (Figure A2).


Figure A1. The course of the total chlorophyll-a concentrations (μg L−1; Panel A), cyanobacterial chlorophyll-a concentrations (μg L−1; Panel B), total P concentration (mg L−1; Panel C), total N concentration (mg L−1; Panel D), SRP concentration (μg L−1; Panel E), and DIN concentration (mg L−1; Panel F) in control enclosures, Phoslock®-treated enclosures, dredged enclosures, combination Phoslock®-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009. Error bars indicate one standard deviation (n = 3). In Panel E the dredged enclosures are depicted individually.
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Figure A2. The course of the molar DIN:SRP (Panel A) and TN:TP ratio (Panel B) in control enclosures, Phoslock®-treated enclosures, dredged enclosures, combination Phoslock®-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009. Error bars indicate one standard deviation (n = 3). The dark gray background plane indicates the area of N limitation (DIN:SRP < 13; TN:TP < 20), the light gray area indicates P limitation (DIN:SRP > 50; TN:TP > 38), while the white areas indicate no limitation (cf. [74]).
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Appendix B


Chloride concentrations in water from the pond and enclosures were measured with ion selective electrodes (Figure B1).


Figure B1. The course of the chloride concentrations (mg L−1) in control enclosures, Phoslock®-treated enclosures, dredged enclosures, combination Phoslock®-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009. Error bars indicate one standard deviation (n = 3).
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Appendix C


Relative contributions based on counted specimens of major zooplankton groups to the overall zooplankton abundances showed differences among controls and treatments (Figure C1).


Figure C1. The relative abundances of major zooplankton groups (Cladocera, copepods, and their nauplli, rotifers) in control enclosures, Phoslock®-treated enclosures, dredged enclosures, combination Phoslock®-treated and dredged enclosures, and the pond over the 58-d experimental period in 2009.
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Appendix D


The filterable Fe and SRP concentrations in the deviating dredged enclosure as well as in LMB-treated enclosures were clearly strongly increased at low oxygen concentrations (Figure D1), illustrating the release of reductively labile bound P.


Figure D1. Measured filterable Fe concentrations as a function of the measured oxygen concentrations in solely dredged enclosures (Panel A) and solely LMB-treated enclosures (Panel B) and measured SRP concentrations as a function of the measured oxygen concentrations in solely dredged enclosures (Panel C) and solely LMB-treated enclosures (Panel D). For the dredged enclosures, the deviating one is indicated with black symbols, whereas the other two are indicated with open symbols.
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