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One possible consequence of increasing water temperatures due to global warming in
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middle Europe is the proliferation of cylindrospermopsin-producing species from warmer
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regions. This may lead to more frequent and increased cylindrospermopsin (CYN) concen-
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trations in surface waters. Hence, efficient elimination of CYN is important where
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contaminated surface waters are used as a resource for drinking water production via
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sediment passage. Sediments are often characterized by a lack of oxygen and low temperature (i.e. approx. 10  C). The presence of dissolved organic carbon (DOC) is not only known
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to enhance but also to retard contaminant degradation by influencing the extent of lag



Riverbank filtration



phases. So far CYN degradation has only been investigated under oxic conditions and at



Artificial groundwater recharge



room temperature. Therefore, the aim of our experiments was to understand CYN degra-



Sand filtration



dation, focusing on the effects of i) anoxic conditions, ii) low temperature (i.e. 10  C) in



Cyanobacterial toxin



comparison to room temperature (23  4  C) and iii) DOC on lag phases. We used two natural



Sediment preconditioning



sandy sediments (virgin and preconditioned) and surface water to conduct closed-loop column experiments. Anoxic conditions either inhibited CYN degradation completely or retarded CYN breakdown in comparison to oxic conditions (T1/2 (oxic) ¼ 2.4 days, T1/2 (anoxic) ¼ 23.6 days). A decrease in temperature from 20  C to 10  C slowed down degradation rates by a factor of 10. The presence of DOC shortened lag phases in virgin sediments at room temperature but induced a lag phase in preconditioned sediments at 10  C, indicating potential substrate competition. These results show that information on physico-chemical conditions in sediments is crucial to assess the risk of CYN breakthrough. ª 2011 Elsevier Ltd. All rights reserved.



1.



Introduction



Cylindrospermopsin (CYN) is an alkaloid cyanobacterial toxin (Chiswell et al., 1999), which has been found in almost all continents. In Europe, CYN findings were reported in concentrations between 9 and 18 mg L1 (Bogialli et al., 2006;



Quesada et al., 2006; Ru¨cker et al., 2007). However, increased lake water temperatures due to global warming may lead to enhanced proliferation of Nostocales cyanobacteria (Jo¨hnk et al., 2011) e to which most of the cylindrospermopsinproducing species belong e and thus to a higher abundance of CYN in middle Europe in the future.



Abbreviations: CYN, cylindrospermopsin; DOC, dissolved organic carbon. * Corresponding author. Tel.: þ49 30 8903 4247; fax: þ49 30 8903 4200. E-mail addresses: [email protected], [email protected] (S. Klitzke). 0043-1354/$ e see front matter ª 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.watres.2011.12.014
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In contrast to the well studied microcystins, a large fraction of CYN concentrations (68e98%) occurs extracellularly, with peak concentrations in the water body toward the end of a bloom (Chiswell et al., 1999; Ru¨cker et al., 2007). Due to its chemical stability and slow degradation (Chiswell et al., 1999) CYN shows a high persistence in many water bodies (Wo¨rmer et al., 2008). These findings may have important implications for water authorities if concentrations in surface waters are in a health-relevant range (e.g. >1 mg L1, as proposed by Humpage and Falconer, 2003 for drinking water). Hence, effective elimination of CYN has to be ensured if contaminated surface waters are used for drinking water production via sediment passage. Riverbank filtration, artificial groundwater recharge and slow sand filtration are common methods for the natural (pre-)treatment of drinking water. Sediment passage may decrease toxin concentrations by dilution, adsorption and microbial degradation. These elimination processes are affected by several parameters such as sediment texture, hydrochemical conditions (i.e. pH, concentrations and type of dissolved organic matter (DOM), flow settings as well as by biotic and abiotic conditions governing microbial degradation). Previous studies have shown CYN to degrade during sediment contact at oxic conditions and at room temperature (Klitzke et al., 2010). Everson et al. (2009) postulate reduced temperatures to lead to slower CYN degradation in the water due to lower microbial activity. In aquifers, temperature often fluctuates around 10  C. Few investigations report temperature to affect the elimination of the cyanobacterial toxin microcystin. Gru¨tzmacher et al. (2007) found microcystin removal in a saturated sediment column to be higher in temperature ranges between 16 and 32  C than at temperatures below 11  C. Similarly, Wang et al. (2007) observed biodegradation of microcystin-LR in granular activated carbon filters to be temperature-dependent. However, at the moment, no data for temperature-dependent degradation of CYN in soils or sediments exist. In a previous study conducted at room temperature, we could demonstrate that the presence of DOM enhances CYN degradation (Klitzke et al., 2010). However, this work did not address whether this effect would also play a significant role (i) at 10  C, which is a temperature range often encountered in aquifers as well as (ii) in virgin sediments, where CYN degradation only starts after a lag phase (Klitzke et al., 2010). Redox conditions in saturated sediments are often anoxic. Under such conditions, the elimination of many organic contaminants is often decelerated (for instance Czajka and Londry, 2006; Gru¨tzmacher et al., 2010). Everson et al. (2009) presume slow breakdown rates for CYN in the water in the absence of oxygen. They suppose this condition to inhibit the microbial activity associated with CYN degradation. However, so far, this effect has not been studied for CYN in contact with sediments. As microcystin degradation in sediments was shown to be slowed down under anoxic conditions in comparison to oxic conditions (Gru¨tzmacher et al., 2010) we also presume CYN degradation to be decelerated in an anoxic environment. Therefore, the aim of the work presented here was to fill the knowledge gaps on the impact of temperature, redox conditions and DOC on CYN degradation. To complement to the body of existing information, first results on CYN



degradation (i) at 10  C with and without DOC, (ii) in virgin sediments with and without DOC, and (iii) under reducing conditions are presented.



2.



Material and methods



2.1. Origin and characterization of sediments, waters and CYN used in the experiments A filter sand was obtained from one of the slow sand filters of the Federal Environment Agency’s facility for technical-scale slow sand and bank filtration experiments (SIMULAF) in Berlin, Germany. The sediment texture was classified as medium sand with a content of fines and Corg of 1% and 0.7%, respectively. To study CYN degradation under reducing conditions, we additionally used a groundwater sediment, obtained from an aquifer north of Berlin (2.6e4.4 m below top ground surface). The sediment texture was medium-sandy fine sand with a content of fines and Corg of 4% and 0.04%, respectively. We used both “virgin” (i.e. sediments did not have any previous contact to CYN) and preconditioned sediments (i.e. after CYN exposure through previous experiments). The groundwater sediment stems from the same sample batch as the one used for the study in Klitzke et al. (2010). The filter sand was sampled at the same location but later than the one used in Klitzke et al. (2010), i.e. in April 2009 as opposed to July 2008. The surface water used in the experiments was obtained from the reservoir feeding the slow sand filters and was filtered through a 1.2 mm membrane (ME28, Schleicher & Schu¨ll, Germany). The water does not have any previous history of CYNproducing cyanobacteria. Water pH amounted to 8.0  0.2 and conductivity to 940 mS cm1  40 mS cm1. For the experiments conducted under anoxic conditions, we used anoxic groundwater that was extracted on-site from a quaternary aquifer. Pure cylindrospermopsin (Alexis Chemicals, Germany) was used as standard material. In two experimental set-ups (denoted with “þ DOC”, Table 1), dissolved organic carbon (DOC) was added to the CYN solution by dissolving natural organic matter (NOM) obtained by reverse osmosis from a Norwegian drinking water reservoir (1R108N Nordic Reservoir NOM, International Humic Substance Society).



2.2.



Column experiments



The columns were made of quartz glass (inner diameter: 4.5 cm, length 18 cm) and were closed by teflon plugs at both ends. After filling the columns with the respective sediment, water was flushed through from the bottom to the top of the columns for at least 24 h prior to the beginning of the experiment. Sorption of CYN onto column material was tested in preliminary experiments and can hence be ruled out (data not shown). Retention of CYN by the respective sediments was found to be negligible (Klitzke et al., 2010). All experiments were conducted in duplicate. Cylindrospermopsin degradation was determined in closed-loop column experiments (Fig. 1). After the outflow of the column, an online-probe was installed to record the redox potential of the solution. The presented values are corrected for the standard potential of the redox probe at 20  C
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Table 1 e Summary of experimental conditions and results of closed-loop column experiments (Ex.: experiment, FS: filter sand, GWS: groundwater sediment). The error is given as the variation coefficient. * estimated average from pond water analyses. Experiment



Ex. 1



Ex. 2



Ex. 3



Ex. 4



Ex. 5



Ex. 6



Ex. 7



Sediment type Sediment preconditioning Temperature DOC [mg L1]



FS Yes



FS Yes



FS Yes



FS, GWS No



FS No



GWS Yes



FS Yes



10  C 2.7



19e25  C 3.7



19e25  C 11.4



23e26  C 3.7



Oxic 0.018  8%



Oxic 0.180  0%



21e22  C “þ DOC” 12.3* Oxic 0.42  9%



25e27  C 3.8



Redox conditions k [day1]



10  C “þ DOC” 9.5 Oxic 0.021  15%



Anoxic No degradation



Anoxic 0.030  21%



T1/2 [days]



18.3  6%



2.4  2%



17.3  16%



5.0  0%



No degradation



23.6  21%



Degradation model Lag phase [days] Remarks



Zero order e



Zero order 10



e e



First order 20



Zero order e Data from Klitzke et al. (2010)



Zero order 5



(þ211 mv). pH, conductivity and flow rate were monitored before and after the experiment, before the column inlet and after the column outflow. The CYN solution in the water reservoir (initial volume: 250 mL) feeding the columns was sampled in regular intervals. An aliquot of the CYN solution kept in a separate container was sampled at the same intervals as a reference CYN solution in order to quantify any CYN degradation in the water phase (i. e. without sediment contact). Cylindrospermopsin concentrations in the water reservoir feeding the column are lower than the ones in the reference sample due to dilution effects with water in the column as it is displayed in the figures. This effect has been considered in the calculation of degradation parameters. The flow rate was set to 0.2 mL min1, which corresponds to a filter velocity of 0.2 m day1. Initial concentrations amounted to 10  2.8 mg L1. Table 1 presents an overview of the experiments conducted with this design. Results are compared to



data from Klitzke et al. (2010) which was obtained under the same experimental design.



2.2.1. Closed-loop column experiments to determine the effect of temperature and dissolved organic carbon Closed-loop column experiments were conducted to determine CYN degradation in the filter sand under aerobic conditions at 10  C (Ex. 1, Table 1). To ensure constant temperatures, the columns were placed in a climate chamber (Binder KBW 400). In a second set of experiments conducted at 10  C, we increased the concentration of dissolved organic carbon by 7.8  1.2 mg L1 through the dissolution of appropriate amounts of aquatic NOM (denoted as “þ DOM”; (Ex. 3, Table 1)). Results are compared to the degradation of CYN at room temperature (19e25  C) investigated under similar conditions as reported in Klitzke et al. (2010; Ex. 2, Table 1). The effect of DOC on CYN degradation in virgin sediments of the filter sand was studied through the addition of aquatic NOM (denoted as “þ DOM”; Ex. 5, Table 1) and compared with results obtained earlier from virgin sediments in the absence of additional DOC (Klitzke et al., 2010; Ex. 4, Table 1).



2.2.2. Closed-loop column experiments to determine the effect of anoxic conditions



PTFE glass frit



water water reservoir reservoir



Oxic 0.30  3% 0.35  8% 2.33  3% 2.00  8% First order 20 Data from Klitzke et al. (2010)



quartz glass



sand/ sediment



Cylindrospermopsin degradation under anoxic conditions was studied in both the groundwater sediment and the filter sand (Ex. 6 and 7, Table 1). The columns were placed in a nitrogen-flushed glove-box (oxygen content  0.4%). Prior to the start of the experiments the columns were flushed with anoxic groundwater until constant redox conditions were reached (50 mV). Results are compared to the degradation of CYN under oxic conditions (20  C) as investigated under comparable conditions and as reported by Klitzke et al. (2010).



2.2.3. peristaltic Peristaltikpumpe pump



Fig. 1 e Experimental set-up for closed-loop column experiments.



Cylindrospermopsin analysis



All samples were kept frozen at 20  C and filtered through a 0.2 mm PVDF membrane (Waters, Germany) prior to analysis. Cylindrospermopsin was determined in the aqueous samples by LC-MS/MS using an Agilent 1100 series HPLC system
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DOC analysis



Concentrations of dissolved organic carbon were measured in the initial solutions prior to the start of the experiment (see Table 1) after filtration through a 0.45 mm nylon membrane (Roth, Ref. PB14.1) using a total organic carbon analyzer (TOC5000A; Shimadzu, Duisburg, Germany). The detection limit amounted to 0.2 mg L1.



2.2.5.



In order to compare degradation rates for different experimental conditions CYN degradation was quantified by fitting a 1st order exponential degradation curve to the measured, normalized values (c/c0; see equation (1), with y being the concentration as a function of time [mg L1], y0 the residual concentration [mg L1], A the initial concentration [mg L1], k1 the degradation rate [d1] and x time [d]). In the presence of a lag phase, the curve was fitted to the data at the end of the lag phase (Ex. 7: from day 20). The residual concentration was set equal to zero if measured values were below quantification limit. y ¼ y0 þ Aek1 x



(1)



Half-life (T1/2) was calculated based on the obtained degradation rates according to equation (2) ln2 T1 ¼ =2 k1



(3)



The corresponding half-life (T1/2) was calculated according to equation (4) A T1 ¼ =2 2  k0



(4)



In the presence of a lag phase, the curve was fitted to the data at the end of the lag phase (Ex. 3: from day 5, Ex. 5: from day 10).



3.



Ref. - 10°C FS 1 - 10°C FS 2 - 10°C FS 1 - 20°C FS 2 - 20°C



6 4 2



10



20



30



40



time [d] 10 FS 1



FS 2



Ref.



8 6 4 2 0 0



10



20



30



40



time [d]



Fig. 2 e a: CYN degradation in column experiment Ex. 1 (10  C) and Ex. 2 (20  C, data adapted from Klitzke et al., 2010). (FS: filter sand, Ref: reference sample). b: CYN degradation in column experiment Ex. 3 (10  C D DOC). (FS: filter sand, Ref: reference sample).



(2)



In experiments 1e3 and experiment 5, CYN degradation was best described by a zero order degradation curve (equation (3)). Hence, the degradation rate in this equation was denoted k0. The curve was not forced through 1. The residual concentration was set equal to zero if measured values were below quantification limit. y ¼ A  k0  x



8



0



b



Data analysis



10



0



CYN concentration [µg L-1]



2.2.4.



a CYN concentration [µg L-1]



(Agilent Technologies, Waldbronn, Germany) coupled to an API 4000 triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex, Framingham, MA) equipped with a turboionspray interface (Fastner et al., 2007). The detection limit amounted to 0.05 mg L1 CYN.



Results



3.1. The effect of temperature and dissolved organic carbon on CYN degradation Cylindrospermopsin degradation at 10  C and 20  C are displayed in Fig. 2a. At 10  C cylindrospermopsin degradation was slowed down by one order of magnitude in comparison to degradation at 20  C (Ex. 1 and 2, Table 1).



In the presence of additional DOC at 10  C (Ex. 3, Table 1; Fig. 2b) the degradation rate does not change significantly in comparison to the absence of DOC (Ex. 1, Table 1), i. e. overall DOC has no effect on the speed of CYN degradation at 10  C. However, a short lag phase of approximately 5 days suggests bacteria first breakdown the additional carbon source before degrading CYN. In contrast, at 20  C, the presence of DOC increases degradation rates from zero order degradation (0.18 day1, Ex. 2, Table 1) to first order degradation (0.46 day1, Klitzke et al., 2010) without the establishment of a lag phase in either case. At both temperatures (i. e. at 10  C and at 19e25  C), CYN degradation took place solely in contact with sediment and not in the water phase e regardless of the presence or absence of DOC. The addition of aquatic DOM to virgin sediments at 20  C resulted in (i) shortening of lag phases by 50% in comparison to the absence of DOM (Ex. 4 and 5; Fig. 3, Table 1) and (ii) in increased degradation rates after the lag phases (Table 1).



3.2.



The effect of anoxic conditions on CYN degradation



While in the sandy groundwater sediment (0.04% Corg, redox potential during the experiment: 300e440 mV) there was no CYN degradation over a period of 3 months (Ex. 6, Table 1), concentrations decreased slowly in the filter sand sediment (Fig. 4; 0.7% Corg, redox potential during the experiment: 170
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CYN concentration [µg L-1]



15



10 Ref - DOC



Ref + DOC



FS 1 - DOC



FS 2 - DOC



FS 1 + DOC



FS 2 + DOC



5



0 0



5



10



15



20



25



30



35



40



45



time [day]



Fig. 3 e CYN degradation with virgin sediments in column experiments Ex. 4 (L DOC; data adapted from Klitzke et al., 2010) and Ex. 5 (D DOC). (FS: filter sand, Ref: reference sample).



to 330 mV). After a lag phase of 20 days, degradation yielded half-lives of 24 days (Ex. 7, Table 1) until day 113, when a (normalized) residual CYN concentration of 0.45 (9%) was reached. Half-lives under anoxic conditions are one order of magnitude lower than observed under oxic conditions (Ex. 2, Table 1). Cylindrospermopsin degradation in the filter sand starts after 20 days when the redox potential has reached a stable value of 300 mV (50 mV). Sorption in both sediments could be ruled out from results of flow-through experiments (Klitzke et al., 2010). Cylindrospermopsin concentrations in the reference sample (i.e. without sediment contact) remained constant and redox values fluctuated between 300 and 410 mV.



4.



Discussion



4.1. The effect of temperature and dissolved organic carbon on CYN degradation The lower CYN degradation at 10  C than at 20  C is likely due to the lower metabolic activity of bacteria at 10  C as has already been suggested for the degradation of microcystin (Ho



0 -50



8 6



FS1



-100



FS2



-150



Ref. 4



redox potential



-200 -250



2



redox potential [mV]



CYN concentration [µg L-1]



10
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et al., 2007). Similarly, Gru¨tzmacher et al. (2007) observed a deceleration of microcystin degradation in a 1 m long watersaturated sand column at temperatures between 1 and 11  C under near-natural conditions. A potential explanation for the different effects of DOC at 20  C and 10  C is the more rapid proliferation of bacterial populations at 20  C than at 10  C: The effect of the additional carbon source becomes more pronounced at 20  C and hence leads to accelerated CYN degradation rates and also to an absence of the lag phase (i.e. higher microbial activity leads to faster breakdown of organic carbon substrates and hence also to a faster onset of CYN degradation). Our observation of temperature not having any impact on CYN degradation in the water used for the experiments (i.e. in the reference sample) is in contrast to findings reported by Smith et al. (2008) who observed strong temperature dependency of CYN degradation in surface water (obtained from North Pine Dam in Queensland, Australia) in the investigated range (20e35  C). At 20  C, the authors report a loss of 20% and 60% of the initial concentration (35 mg L1) after approx. 25 and 44 days, respectively, while at 30  C and 35  C CYN is fully degraded. This discrepancy may be attributed to the presence of a different bacterial population which developed under warmer climatic conditions. Besides, the long history of CYNproducing cyanobacteria in North Pine Dam (Norris et al., 1999) allows for the development of populations of CYNdegrading bacteria. Furthermore, it cannot be excluded that larger microorganisms (i.e. >1.2 mm which corresponds to our chosen filter cut-off) such as yeast may have contributed to the stronger CYN degradation in the surface water from North Pine Dam. However, to date there is no evidence of CYN degradation by yeast or any other larger microorganism in the peer-reviewed literature that would support this assumption. The observed lack of a temperature dependency of CYN degradation in our water is similar to results found for microcystin-LR. Harada and Tsuji (1998) observed only very limited microcystin-LR decomposition at 5 and 20  C in lake water between pH 1 and 9. The authors postulate the contribution of thermal decomposition to be less than those of other factors. The increased CYN removal in virgin sediments through the presence of DOC may presumably be attributed to enhanced bacterial population growth as already suggested by Klitzke et al. (2010). Implications of these findings for water treatment are that the presence of aquatic DOC increases the removal of CYN in sediments at temperatures around 20  C. Similar observations are reported for microcystins: Chen et al. (2008) found enhanced microcystin degradation in organic-rich sediments and waters.



4.2.



The effect of anoxic conditions on CYN degradation



-300



0 0



20



40



60



80



100



-350 120



time [d]



Fig. 4 e CYN degradation in column experiment Ex. 7 under anoxic conditions (FS: filter sand, Ref: reference sample). The redox values refer to the values measured at the column outflow.



Anoxic conditions either slowed down or inhibited CYN degradation in the sediment. The observed drop in redox potential in the filter sand may most likely be attributed to the degradation of organic matter in the sediment (present in the form of detritus from natural plant cover) that would lead to enhanced microbial activity (through the supply of electrons) resulting in a depletion of oxygen. These low redox values
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appear to provide suitable conditions for obligate anaerobic bacteria present in the anoxic groundwater to degrade CYN. As the filter sand sediment has been subject to fluctuating redox cycles in its natural surroundings it is unlikely for the CYN-degrading bacteria to stem from the sediment. The activity of facultative aerobic bacteria is presumably low in an environment with redox values as low as 330 mV and aerotolerant anaerobic bacteria would not need time to adapt to the conditions. However, the lag phase of 20 days, during which the redox potential dropped from 170 to 330 mV, rather suggests that once the redox potential was sufficiently low to provide ideal conditions for the obligate anaerobic bacteria present in anoxic groundwater, CYN degradation commences. In the groundwater sediment, however, redox potential was much higher and hence probably too high for obligate anaerobic bacteria. As a result, no CYN degradation took place. The leveled concentrations after 2 months in the filter sand may presumably be attributed to nutrient limitation. Similarly to oxic conditions, constant concentrations of CYN in the reference sample suggest no CYN degradation in water. These observations are in agreement with results reported by Everson et al. (2009) who observed a high CYN persistence in the hyperlimnion of Lake Cobaki. The authors attributed this lack of CYN breakdown to the anoxic conditions which would inhibit the microbial activity and hence slow down CYN degradation. These findings demonstrate very clearly that the effect of anoxic conditions varies between sediment types and is most likely indirectly controlled by other parameters, possibly the content and/or type of organic C. However, the role of organic matter in CYN degradation under anoxic conditions cannot be clarified with this data set and hence requires further investigations. Decelerated degradation under anoxic conditions has been observed for many other substances including other cyanobacterial toxins such as microcystin. Degradation rates of closed-loop column experiments were considerably lower under anoxic conditions (by a factor of 14e22) than under aerobic conditions (Gru¨tzmacher et al., 2010). Similarly, Gru¨tzmacher et al. (2007) report lower microcystin elimination in a saturated lysimeter column under near-natural conditions (85% elimination under aerobic conditions and 8% under anoxic conditions).



5.



Summary and conclusions



In virgin sediments, the presence of DOC shortens lag phases and hence contributes to a faster onset of CYN degradation. While at 20  C the presence of DOC accelerates CYN degradation there is no significant effect on degradation rates at 10  C. However, at 10  C, DOC induces a lag phase. These findings show that DOC has no uniform effect on CYN degradation and further environmental factors such as temperature need to be considered when assessing the risk of CYN breakthrough in sediments. Under anaerobic conditions, CYN degradation is either completely inhibited or strongly retarded in comparison to oxic conditions. As anaerobic environments often prevail in sediments a sufficiently large aerobic zone is required to ensure efficient CYN removal.



However, if the river bank filtration system is dominated by anoxic conditions, 50 days of travel time in the subsurface, which is the time span traditionally recommended for efficient pathogen removal, may not be long enough to ensure efficient CYN removal. In this case, effective monitoring of CYN in (bank) filtrate and/or further drinking water treatment options should be considered. Further investigations are required to elucidate the role of redox partners and the role of organic carbon in CYN degradation under anaerobic conditions.
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