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Abstract

Narragansett Bay is an urban estuary that historically has been impacted by long-term discharge of 

sanitary wastewater (WW) effluents. High-density water sampling was conducted in Narragansett 

Bay, RI, USA, in an effort to understand the distribution and behavior of sucralose, an artificial 

sweetener that has shown utility as a sanitary wastewater tracer. Water samples were collected at 

sixty-seven sites and analyzed for sucralose, whose performance was compared to other tracers 

present in wastewater effluents. Concentrations of sucralose were much higher than the other 

tracers measured, carbamazepine and caffeine, ranging from 18 to 3180 ng/L and corresponded 

well with salinity (r2 = 0.88), demonstrating conservative behavior throughout the Bay. Mapped 

interpolation data using an empirical bayesian kriging model clearly show the spatial trends of 

WW and how estuarine processes influence dilution and dispersion throughout the Bay. These 

findings provide further evidence of the efficacy of sucralose as a wastewater tracer in large urban 

estuaries where continuous high-volume discharge of WW occur.
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1. Introduction

Sucralose is an artificial sweetener that is used extensively in processed food products and 

beverages. Sucralose is approximately 600 times sweeter than natural sucrose and is not 

metabolized or altered by most biological processes, including the human digestive system 

(Neset et al., 2010). The physical and chemical properties of sucralose also make it resistant 

to degradation by abiotic processes (Tran et al., 2014). Following human consumption, it is 

eliminated from the body for the most part unaltered in bodily waste. Recent toxicity studies 

performed with common standardized test species have frequently yielded no observed 

effect concentrations well above environmentally relevant concentrations, although some 

research has indicated there is a potential for adverse effects after chronic exposure (Luo et 
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al., 2019). While the breadth and depth of toxicity data for sucralose is incomplete, the 

absence of significant effects associated with sucralose exposure, such as minimal 

bioconcentration factors and absence of bioaccumulation, could suggest low hazard and risk 

to organisms in the aquatic environment.

In developed countries, most human waste is subjected to some level of sanitary waste 

treatment. In urbanized locations this generally involves municipal wastewater treatment 

facilities (WWTFs), whereas residential onsite wastewater treatment systems (e.g., septic 

systems) are the primary treatment process in less densely populated regions. Previous 

research has demonstrated that most municipal wastewater treatment processes are 

ineffective in removing or degrading sucralose (Scheurer et al., 2011). A recent review by 

Luo et al. 2019 points out that some studies have shown radical-mediated oxidation to be 

capable of degrading sucralose, but it is not as effective under normal WWTF conditions.

The combination of sucralose’s stability, high aqueous solubility, low affinity for solid phase 

partitioning and detection at low concentrations supports its suitability as a tracer. Further, 

its high frequency of detection in WWTF effluents and receiving waters at elevated levels 

makes it ideal for its use as a wastewater (WW) tracer (Oppenheimer et al., 2011)

Sucralose has been previously evaluated as a WW tracer in groundwater (Buerge et al., 

2009), drinking water treatment plants (Mawhinney et al., 2011), surface waters 

(Oppenheimer et al., 2011), estuaries (Cantwell et al., 2018, 2019) and coastal waters 

(Baena-Nogueras et al., 2018). For each application, sucralose has shown potential for 

identifying and tracking sources of WW. For example, sucralose would be well-suited to 

determine the magnitude and spatial distribution of WW discharges to water bodies used as 

sources of drinking water (Lange et al., 2012). Similarly, in estuaries sucralose has potential 

to assess whether WW effluents pose risks to recreational waters as well as areas where wild 

harvested seafood and aquaculture operations occur. However until recently, its utility as a 

tracer has not been evaluated under a range of estuarine conditions and locations.

The measurement of artificial sweeteners in coastal marine waters such as sucralose and 

acesulfame until recently has been limited. While some studies have shown other artificial 

sweeteners such as acesulfame performing equally as well as sucralose, these studies 

occurred outside of the US. As opposed to many other countries, sucralose is the most 

highly consumed artificial sweetener in the U.S., so it is expected that concentrations would 

be higher here than in other countries. For instance, Subedi and Kannan 2014 found 

sucralose concentrations in domestic U.S. influents to be 28 times higher than 

concentrations of acesulfame. This study also found average loadings of sucralose to 

WWTFs to be significantly higher than in European studies, while loadings of acesulfame 

were significantly lower. Sucralose also has lower sorption potential than other artificial 

sweeteners used as WW tracers such as acesulfame (Soh et al., 2011), making it less likely 

to partition to solids and be removed from the water column.

The conservative nature and range of salinities present in estuarine systems provide an 

excellent opportunity to assess the performance of a WW tracer. In this study the waters of 

Narragansett Bay, RI, were sampled for sucralose employing a high density, randomized 
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sampling design, providing higher spatial resolution than those employed in recent studies 

(Cantwell et al., 2018, 2019). The objectives of this effort were to: (1) illustrate the principal 

sources and magnitude of WW loadings, assess their spatial distribution and dispersion 

throughout the Bay and (2) evaluate the sensitivity and performance of sucralose as a WW 

tracer in a large urban estuary and assess differences in sucralose between other estuaries 

with different morphologies. Two other compounds previously evaluated as WW tracers, 

caffeine and carbamazepine (Buerge et al., 2003, Kahle et al., 2009), were also assessed to 

compare and contrast the performance and behavior of sucralose.

2. Materials and methods

2.1 Study area

Narragansett Bay is located on the northeastern coast of the United States and is classified as 

a drowned river estuary (Figure 1). The Bay has an area of 342 km2, an average depth of 9 m 

(Raposa, 2009) and an estimated flushing time of 26.5 days (Kincaid et al., 2008). The 

coastline of Narragansett Bay is densely populated, with an estimated population of 1.9 

million in the watershed and with most communities connected to WWTFs. A total of thirty-

seven WWTFs discharge effluent either directly to Narragansett Bay or into rivers of the 

watershed, with a total daily effluent discharge to the Bay estimated at 7.7 × 105 m3/d 

(NBEP, 2017) (Figure S1). Twelve of the 15 WWTFs located within the Narragansett Bay 

coastal basin discharge more than half of the daily discharge (3.9 × 105 m3/d) directly to the 

Bay.

2.2 Sampling

Sixty-seven sites within Narragansett Bay were selected for water sampling and were 

distributed throughout the main body of the Bay and its major subembayments (Figure 1). 

The sampling stations were established by using a randomized hexagonal grid and random 

origin over the study area. The study area is further separated into six sub-areas (Providence 

River, Upper East Passage, Mount Hope Bay, Greenwich Bay, West Passage, East Passage) 

that reflect natural geographic boundaries and geomorphic features within the estuary 

(Figure 1 Table S1).

Water samples (0.5 L total volume) were collected by boat on August 1–3, 2016, through 

Teflon® tubing from 1 m below the water surface at all sites, pumped via a teflon pump 

through muffled < 1 µm glass fiber filters (Whatman, GE Healthcare Life Sciences, 

Pittsburgh, PA) and stored in amber glass bottles. Samples were kept on ice and, upon 

returning to the lab, adjusted to pH 2 using hydrochloric acid (6N) and stored in the dark at 

4°C for subsequent extraction.

2.3 Sample analysis

Sample preparation and analysis was conducted at the USEPA’s Atlantic Ecology Division 

Research Laboratory. The extraction protocol used Oasis HLB solid phase extraction 

cartridges (6 cc, 500 mg, Waters Corp., Milford, MA). The full procedure has been 

described elsewhere (Cantwell et al., 2017). Briefly, samples were fortified with 100 ng of 

isotopically labeled internal standards, passed through the solid phase cartridge, eluted with 
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methanol, evaporated and reconstituted in 1 mL of mobile phase. Six blanks, four fortified 

blanks, two field blanks, two matrix evaluation samples, and a duplicate extraction at two 

sites were also analyzed. A Waters Acquity H-class UPLC and a Waters Xevo TQD MS/MS 

operated in electrospray ionization (ESI) mode was used for confirmation and quantification 

of sucralose, caffeine and carbamazepine. Further details on instrumental analysis can be 

found in the supplemental information.

2.4 Data analysis

In this study, an empirical bayesian kriging (EBK) model was used to map the spatial 

distribution and concentrations of sucralose and carbamazepine throughout Narragansett 

Bay. The EBK model is a probabilistic method that uses a geostatistical model to optimize 

the spatial prediction of the model estimates by minimizing the error or uncertainty between 

the predicted and measured values. EBK spatial interpolation models do not assume one 

model fits the entire dataset and instead use local models to capture and account for small 

scale effects (Krivoruchko, 2012). Using the geostatistical EBK model provides spatial 

estimations or optimal predictors for WW tracer compounds and their associated errors 

(uncertainties represented as estimated variances). The approach allows a simple, 

straightforward technique for spatial predictions of tracer concentrations and salinity. The 

EBK models were developed using ArcGIS Geostatistical Analyst (Esri, Redlands, CA, 

USA). Further details on the data analysis is in supplemental information.

3. Results and Discussion

3.1 Salinity and sucralose levels

Measured concentrations of sucralose across the Bay ranged widely from 18 to 3180 ng/L, 

exhibiting a declining trend from north to south (Table S1, Figure 2a). Sucralose 

concentrations from all sites across Narragansett Bay correlated well with salinity (n = 67, 

linear model r2 = 0.88), demonstrating its conservative behavior. Sucralose’s inverse 

relationship and correspondence with salinity is due to several factors, particularly its 

persistence, which results in near conservative behavior, and the fact that freshwater inputs 

from WWTFs and rivers with WW discharges are the primary source of sucralose to 

estuaries. Other potential wastewater sources of sucralose are non-point in origin and include 

individual and community based residential onsite wastewater treatment systems (e.g., septic 

systems).

The high-density sampling in this study revealed discrete changes in salinity within and 

across the six sub-areas of the estuary (Table S1, Figure 3a). In addition to circulation 

patterns, tides and other hydrologic features, the location and magnitude of WW discharges 

and freshwater inputs (e.g., rivers) shape the salinity distribution throughout the Bay, 

especially in the Providence River and Mount Hope Bay sub-areas. This establishes a 

salinity gradient from the head of the Bay to the entrances to Rhode Island Sound, ranging 

from 24.1 at the northernmost sampling point in the Providence River to 30.5 at the mouth 

of the East Passage. The north-south gradient exhibited by sucralose has been reported 

previously for nutrients, which are a principal component of treated wastewater effluents and 

have historically been a major environmental issue in Narragansett Bay (Deacutis, 2008). 
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Other WW associated contaminants such as pharmaceuticals have also shown a similar 

gradient in Narragansett Bay (Cantwell et al., 2017), further establishing the importance of 

WW discharges in the upper Bay as the primary source of numerous classes of 

contaminants.

In the Providence River sub-area, through which 70% of the treated WW effluent discharged 

to Narragansett Bay enters, measured concentrations of sucralose were highest, ranging from 

821 to 3180 ng/L, while salinities were lowest, ranging from 24.1 to 28.1 (Figures 2a–3a). 

Sucralose concentrations from the two largest WWTFs discharging effluent to this sub-area 

averages 77 µg/L (unpublished data). As water exits the Providence River, sucralose in the 

Upper East Passage sub-area declines to 433–860 ng/L as a result of dilution and mixing, 

with a corresponding increase in salinity to 28.1–29.2 observed. Salinity increased 

progressively with distance in the Providence River, as well as in the Taunton River—Mount 

Hope Bay sub-area, which is also a significant source of fresh water to Narragansett Bay. In 

the Mount Hope Bay sub-area, WW effluent from the watershed enters via the Taunton 

River or by direct discharge to the Bay, accounting for approximately 23% of the total 

discharged to Narragansett Bay. This sub-area had the next highest sucralose concentrations 

at 499–1400 ng/L and salinity levels ranging from 26.7 to 28.8.

The balance of effluent from ~8 small WWTFs enters the mid to lower Bay, accounting for 

< 10% of the daily effluent volume discharged to Narragansett Bay. In the main body of the 

Bay, salinity increased relatively uniformly towards the mouth of the Bay, ranging from 29.1 

to 30.5 with some variability due to geomorphic and hydrologic features. Conversely, 

sucralose concentrations decreased towards the mouth of the Bay due to dilution effects and 

the absence of large volume, point-source discharges of WW. Similar trends were observed 

in both the East and West Passage sub-areas of the Bay with measured sucralose 

concentrations ranging from 18 to 446 ng/L and 124 to 377 ng/L, respectively. In these sub-

areas, both salinity and sucralose concentrations were influenced by the proximity of the 

open ocean and daily tidal exchange. Sucralose concentrations in Greenwich Bay, a small 

embayment off the West Passage, ranged from 408 to 657 ng/L and were relatively uniform, 

with the exception of a small cove where there is an outfall from a small WWTF. Salinities 

in Greenwich Bay varied little across the sub-embayment, ranging from 28.2 to 29, with 

slightly lower levels in the west end.

3.2 Spatial distributions and models

To illustrate the spatial distributions of salinity and sucralose levels baywide, the measured 

data was used to generate EBK geostatistical interpolation plots (Figures 2b and 3b, 

respectively). The spatial patterns of salinity and sucralose are similar baywide, reflecting 

discharged WW (0 salinity) elevated in sucralose mixing with and being diluted by high 

salinity seawater (~30) containing only trace concentrations of sucralose entering the Bay. 

The EBK interpolated map of salinity clearly shows the entry of low salinity water into the 

Providence River sub-area, confirming it as the major source of freshwater to the estuary. 

Similarly, the EBK interpolated map of sucralose clearly shows the influence of the 

Providence River as a major source of sucralose to the estuary due to the volume of WW 

discharged here and high levels of sucralose present in the effluents.
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Direct comparison to sucralose in other northeastern urbanized estuaries showed sucralose 

levels in Narragansett Bay were somewhat higher. For example, levels were lower in nearby 

Long Island Sound, ranging from 123 to 671 ng/L (Cantwell et al., 2019), while in New 

York Harbor concentrations varied from 708 to 1470 ng/L (Cantwell et al., 2018). The 

differences in these systems reflect several factors, including the number, volume and 

location of WWTF discharges as well as the estuarine geomorphology and hydrology (e.g., 

residence times) which regulate dilution and dispersion of effluents. It should be noted that 

these other systems were not sampled at the same spatial resolution of the current study, 

limiting comparability. Given the documented persistence of sucralose under estuarine 

conditions (Baena-Nogueras et al., 2018), the estimated residence time of 26.5 days in 

Narragansett Bay is likely too short a duration for significant in-situ degradation to occur 

(Tollefsen et al., 2012), but this may be a factor in systems with lengthy residence times.

3.3 Tracer evaluation

To further evaluate the performance of sucralose as a WW tracer, caffeine and 

carbamazepine were also measured to compare and contrast their behavior relative to 

sucralose in Narragansett Bay. Caffeine, like sucralose, is a ubiquitous ingredient in 

beverages and food products and has been previously employed as a WW tracer under a 

range of conditions (Buerge et al., 2003, 2006). Regressing concentrations of caffeine 

against salinity and sucralose using a linear model yielded r2 values of 0.05 and 0.04 (Figure 

S2, respectively, showing no relationship. The absence of a relationship has been previously 

observed (Cantwell et al., 2017, 2018), and is likely due to caffeine’s relatively efficient 

removal during WW treatment and subsequent degradation in receiving waters (Benotti and 

Brownawell, 2009). Carbamazepine is an anticonvulsant medication that has well-

documented persistence and stability in aquatic systems and has previously been employed 

as a tracer for WW (Kahle et al., 2009; Oppenheimer et al., 2011). Carbamazepine 

concentrations were regressed against salinity using a linear model producing an identical 

correlation (r2 = 0.88) to that of sucralose (Figure S2). Regressing sucralose and 

carbamazepine concentrations with a linear model resulted in a r2 of 0.98, demonstrating 

almost identical behavior throughout the Bay. A map of carbamazepine prepared using an 

EBK geostatistical interpolation model shows a spatial distribution highly similar to 

sucralose throughout the Bay despite its concentration being several orders of magnitude 

lower (Table S1, Figure 4). Carbamazepine was quantified at most sites in the Bay except for 

several in the East Passage sub-area which were below detection limits.

The source specificity of sucralose and carbamazepine makes them both suitable for 

identifying WW sources; however, the levels of sucralose are highly elevated relative to 

carbamazepine, providing a distinct advantage for its use as a tracer (Oppenheimer et al., 

2011). For example, the dynamic range of sucralose (18–3181 ng/L) compared to 

carbamazepine (nondetect–25 ng/L) is substantial, highlighting a highly desirable 

characteristic of a WW tracer (Benotti and Brownawell, 2007), particularly in large aquatic 

systems. This differential in concentration between sucralose and carbamazepine has been 

noted in other estuarine studies as well (Cantwell et al., 2018; Silvanima et al., 2018). An 

estimated daily flux of sucralose to Narragansett Bay from all WWTFs in the watershed was 

estimated at 59 kg/day based on a daily flow of 7.7 × 105 m3/d (NBEP, 2017). This flux was 

Cantwell et al. Page 6

Mar Pollut Bull. Author manuscript; available in PMC 2020 September 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



calculated using average effluent concentrations of the two largest WWTFs measured during 

this study (Fields Point 74,000 and Bucklin Point 80,000 ng/L) discharging to Narragansett 

Bay which are representative of WWTF effluent concentrations in the U.S. (Oppenheimer et 

al., 2011). This daily flux ensures measurable concentrations under most conditions and 

locations, particularly in estuaries with short hydraulic residence times such as Narragansett 

Bay. Additionally, carbamazepine has been shown to be susceptible to photolysis under 

certain conditions, which could lead to an underestimation of WW loadings to water bodies 

(Badruzzaman et al., 2013). Finally, sucralose is ubiquitous in many foods and beverages, in 

contrast to carbamazepine, which is a prescribed drug whose use in the US has been 

declining in recent years (Meador et al., 2009), suggesting environmental concentrations 

could be declining as well.

The EBK interpolation plot of sucralose provided a system-wide snapshot of WW impacts, 

the magnitude of their discharge and the dispersion profile of WW and dilution effects 

throughout Narragansett Bay. The EBK models developed with the two WW tracer 

compounds evaluated in this study produced reliable estimates of the concentration and 

spatial distribution of these compounds, based on cross-validation and prediction error 

statistics (Table 1). Sucralose and carbamazepine both had high r2 values for their respective 

predicted vs. measured values ranging from 0.89 to 0.96, respectively, while caffeine had a 

lower r2 of 0.47 (Table 1). The use of caffeine as a tracer of treated WW was not effective in 

this study with degradation suspected as a major contributor to its poor performance (Benotti 

and Brownawell, 2009). Carbamazepine was as effective as sucralose despite much lower 

concentrations, which may limit its effectiveness where dilution effects are considerable, 

especially in large estuaries or systems minimally impacted by WW discharges.

4. Conclusions

The use of sensitive and confirmative tracers to track WW and their associated contaminants 

is critical to understanding their sources, behavior and fate, particularly in large aquatic 

systems such as estuaries. Testing these tracers in an estuarine system at high spatial density 

using salinity as a proxy for conservative behavior allowed for an accurate and high 

resolution assessment of their performance. While the focus of this study was to evaluate 

sucralose as a single tracer, utilizing tracers such as sucralose and carbamazepine in tandem 

may provide enhanced capability in verifying the sources and fate of sanitary WW by 

incorporating a weight of evidence approach. Another promising approach is to pair tracers 

that have distinctly different behavior, which may provide enhanced information of WW 

sources. For example, the use of sucralose and caffeine concentrations as a ratio has 

previously shown promise to discriminate between sources of treated and untreated (e.g., 

illegal and CSO) WW discharges in estuaries (Cantwell et al., 2018). The presence of tracers 

like sucralose at elevated levels in receiving waters suggests that other unmeasured 

compounds in WW effluents may be present and potentially pose a risk to aquatic life. 

Future work is needed to assess the performance of tracers such as sucralose for predicting 

and tracking contaminants of emerging concern that are present in sanitary WW effluents.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Narragansett Bay sampling sites, sub geographic study areas and Narragansett Bay 

watershed locus map.
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Figure 2. 
Maps of sixty-seven measured sampling stations for sucralose (a) and sucralose estimates (b) 

using Empirical Bayesian Kriging (EBK) spatial interpolation methods
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Figure 3. 
Maps of sixty-seven measured sampling stations for salinity (a) and salinity estimates (b) 

using Empirical Bayesian Kriging (EBK) spatial interpolation methods.
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Figure 4. 
Empirical bayesian Kriging (EBK) interpolation map of carbamazepine concentrations and 

distribution across Narragansett Bay.
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Table 1.

Prediction error statistics for Empirical Bayesian Kriging (EBK) model results for sucralose, carbamazepine 

and caffeine.

Tracer Compound No. Stations sampled RMSE
a

Standardized Mean RMS
b

ASE
c

MRE
d

Measured vs. Predicted R2

sucralose 67 1.037 −0.008 0.282 0.263 0.054 0.892

carbamazepine 65 0.958 −0.018 0.178 0.193 0.041 0.961

caffeine 67 0.968 −0.019 0.508 0.531 0.150 0.467

a
Standardized Root Mean Square error

b
Root Mean Squared

c
Average Standard error

d
Mean Relative Error
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