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ABSTRACT 

 

THESIS: Factors influencing the abundance of sucralose in the Ohio River and the potential for 

microbial degradation 

STUDENT: Benjamin G. Kreitner 

DEGREE: Master of Science 

COLLEGE: Sciences and Humanities 

DATE: May 2016 

PAGES: 46 

The artificial sweetener, sucralose (1,6-dichloro-1,6-dideoxy-β-D-fructofuranosyl-4-chloro-4-

deoxy-α-D-galactopyranoside), is increasingly used in the United States as a dietary replacement 

for table sugar, or sucrose. The compound is stable under a broad range of environmental 

conditions and readily passes through the human body without being metabolized. Due to the 

persistent qualities of sucralose, it is expected to accumulate in large river systems that include 

highly populated areas. The objective of this study was to evaluate the influence of 

physicochemical, hydrologic, and demographic variables on sucralose abundance in the Ohio 

River Basin. In addition, we quantified sediment microbial community response to sucralose 

enrichment to better understand the potential for degradation in the environment. Sucralose was 

detected at 21 of the 22 sites (81 – 2220 ng/L) and did not differ among Ohio River main stem 

and tributary sites. Sucralose concentrations were relatively consistent across main stem sites 

though more variable in tributary sites. Across all sites, sucralose concentrations were correlated 

with conductivity, water temperature, and gage height. Multiple regression models indicated total 

drainage area, pH, and dissolved nutrient concentrations (NH4
+
, SRP) were predictors of 
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sucralose concentrations. Sediment microbial response to sucralose enrichment was mainly a 

function of sediment C:N content rather than sucralose concentration. Our data show that 

sucralose is abundant in the Ohio River and sediment microbial communities may have limited 

potential for biodegradation of this emerging contaminant. 
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INTRODUCTION 

Water quality is increasingly impaired by the unregulated discharge of trace organic 

compounds. The global population has grown to 7.3 billion in 2015 and is expected to reach 8.5 

billion people by 2030 (U.S. Census Bureau 2015). In conjunction with this growth, urbanization 

is becoming more prevalent throughout the world (United Nations 2014). Urbanization poses a 

risk to water quality by both concentrating and increasing human and industrial waste to 

receiving waterbodies which may threaten the availability and quality of this valuable resource 

(Klein 1979, LeBlanc et al. 1997, Brown et al. 2005). Trace organic compounds, such as food 

additives and personal care products, are an emerging group of anthropogenic contaminants 

entering freshwater ecosystems. The concentrations of trace organic compounds in surface 

waters are generally associated with wastewater effluent (Phillips et al. 2005, Walraven and 

Laane 2008, Bartelt-Hunt et al. 2009, Subedi and Kannan 2014). However, wastewater treatment 

plants (WWTPs) are not designed to remove trace contaminants; thus, many of these compounds 

are transferred to freshwater ecosystems (Kolpin et al. 2002, Glassmeyer et al. 2005) where they 

may be transported downstream.  

Understanding the abundance and transport of contaminants throughout a river catchment 

is of particular significance as it provides a predictive context important to regulation and 

protection of freshwater resources. Hydrologic connectivity and longitudinal gradients are 

fundamental properties in lotic ecosystems that govern solute transport and provide this 

predictive power. For example, the River Continuum Concept (RCC) predicts that in undisturbed 

forested ecosystems, detrital energy decreases downstream shifting to greater autotrophic 

production and altered biological communities (Vannote et al. 1980, Naiman et al. 1987). 

Further, the nutrient spiraling concept (Newbold et al. 1983) describes downstream movement of 

solutes that contribute to longitudinal patterns and can facilitate prediction of solute retention and 
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export. However, in the context of human disturbance (i.e., variable flow paths, solute inputs), 

abrupt changes in expected longitudinal patterns can result (Serial Discontinuity Concept, Ward 

and Stanford 1983).  

The current paradigm suggests that longitudinal changes in rivers should be small, 

relative to lower order streams, and patterns discontinuous when exposed to tributary inputs and 

anthropogenic activities. The longitudinal patterns of solutes have predominantly been studied 

with regard to inorganic contaminants (e.g., nitrate, phosphate) with few studies assessing 

longitudinal dynamics of trace organic contaminants. Similar to inorganic compounds, 

longitudinal patterns of trace organic contaminants are likely a function of flow paths, 

biogeochemical processes, and point or diffuse sources. However, they are also likely dictated by 

the relative recalcitrance of specific compounds.  

Sucralose, a highly recalcitrant compound (Scheurer et al. 2014), is an emerging trace 

organic contaminant, ubiquitous in United States waterways (Mawhinney et al. 2011). After 

being approved by the U.S. Food and Drug Administration in 1998, sucralose (1,6-dichloro-1,6-

dideoxy-β-D-fructofuranosyl-4-chloro-4-deoxy-α-D-galactopyranoside) is now becoming the 

most widely-used artificial sweetener in the United States (US Food and Drug Administration 

1998, Soh et al. 2011). When ingested, sucralose is persistent against glycosidic enzymes that 

usually degrade carbohydrates in the human gut (European Commission 2000, Scheurer et al. 

2014). Thus, a majority of sucralose consumed by people ultimately enters wastewater, where < 

20% is removed during treatment processes prior to being discharged into waterbodies 

(Hollender et al. 2009, Scheurer et al. 2009, Subedi and Kannan 2014). Once exposed to 

environmental conditions, sucralose likely degrades slowly, due to compound recalcitrance, 
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potentially yielding an accumulation of sucralose downstream. However, the potential for 

microbial biodegradation of sucralose is not well understood. 

Longitudinal variation in contaminants can have distinct effects on aquatic organisms and 

resource quality. For example, algal response to metals is influenced by longitudinal gradients of 

physicochemical characteristics due to differential species composition (Medley and Clements 

1998). Physicochemical and contaminant gradients can also affect the biodegradation or 

assimilation by aquatic organisms. For example, nitrogen loss declines downstream due to 

changes in depth and reduced biotic retention (Alexander et al. 2000). In contrast, a separate 

study has shown that photodegradation and sorption processes can facilitate the retention of 

antibiotics, yielding longitudinal decreases in concentrations downstream of effluent sources 

(Golet et al. 2002). Similarly, model simulations of triclosan longitudinal patterns suggest net 

loss of contaminants downstream (Arlos et al. 2014). These previous assessments of contaminant 

longitudinal patterns in watersheds demonstrate the role of abiotic and biotic degradation 

pathways which may not be a factor in the movement of recalcitrant compounds. 

In this study, our primary goal was to quantify the abundance of sucralose in the Ohio 

River Basin (ORB) and provide the first documentation of sucralose throughout a river system in 

the Midwestern United States. We measured longitudinal changes in sucralose abundance in the 

ORB and compared main-stem and major tributary sites. We hypothesized that longitudinal 

variability of sucralose concentrations in the ORB would be positively correlated to upstream 

population size and urban area in the watershed. Thus, concentrations were predicted to increase 

downstream. In addition, we assessed the potential for sucralose as an indicator compound for 

human waste inputs by conducting correlation analyses between sucralose and other trace 

organic compounds. Based on the variable chemical properties of each compound, we predict 
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that some of the more recalcitrant compounds will be related to sucralose concentrations, while 

others are transformed at variable rates. To evaluate the role of microbial degradation in 

longitudinal patterns, we also measured sediment microbial respiration and response to sucralose 

enrichment. We hypothesized that microbial degradation of sucralose would be positively 

correlated with sediment organic matter content due to higher microbial activity.  
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METHODS 

Site Description 

 The Ohio River Basin covers > 400,000 km
2
 in the east-central United States and 

contains 10% of the nation’s total population (U.S. Census Bureau 2010). It receives point 

source wastewater effluent from Pittsburgh (PA), Charleston (WV), Columbus (OH), Cincinnati 

(OH), Louisville (KY), and Indianapolis (IN) as well as non-point septic leachate throughout the 

basin. The distribution and abundance of sucralose was measured at 11 sites along the Ohio 

River main channel and 11 additional sites at the mouth of major tributaries (Fig. 1). Sites were 

selected based on their position upstream and downstream of suspected wastewater inputs. Sites 

were sampled over a six-day, low-flow period in late May 2015 (Fig. 2).  

Drainage area for the Ohio River sites (N = 11) ranged from 49,587 km
2 

at the most 

upstream sites to 421,376 km
2
 downstream and urban land use areas accounted for 5.2 - 7.4% of 

the total drainage area (Table 3). The population size in the surrounding watersheds for Ohio 

River sites ranged from 2,744,198 - 24,358,291 people with 63.0 - 69.2% living in urban areas. 

Tributary sites were characterized by smaller drainage areas (266 - 4,159 km
2
) and had 2.8 - 

13.8% urban land use in the surrounding watershed. Population sizes in the tributary watersheds 

ranged from 31,332 – 85,352 people, with 48.7 - 81.2% of the population living in urban areas. 

 

Sample Collection and Analyses 

 Water samples for both dissolved trace organic compound and nutrient analyses were 

collected from bridges using a Van Dorn sampler (2.2 L). At each site, three water samples were 

collected across the length of a bridge and then composited into a plastic, five-gallon bucket. The 

composite sample was then filtered into a 1 L acid-washed amber glass bottle using an 
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automated pump with an attached filter apparatus (GeoPump; GF/F, 0.7 µm pore size) for 

dissolved trace organic compound analyses. Additionally, composite water samples were filtered 

into 125 mL acid-washed HDPE bottles for nutrient analyses. The pump apparatus and sampling 

equipment were thoroughly rinsed between sites with deionized water to minimize cross-

contamination.  

 The 1L composite water samples were stored on ice until delivery to the Indiana State 

Department of Health, Chemical Laboratories (Indianapolis) within 72 h of collection for 

measurement of dissolved trace organic compounds. Samples were analyzed using liquid 

chromatography-tandem mass spectrometry following USGS Method 5-B5 (Cahill et al. 2004; 

Furlong et al. 2008; additional details in Ferguson et al. 2013) for measurement of sucralose in 

addition to 21 other PPCP compounds including acetaminophen (detection limit = 11 ng/L), 

albuterol (26 ng/L), caffeine (25 ng/L), carbamazepine (1 ng/L), chloramphenicol (7 ng/L), 

codeine (5 ng/L), cotinine (5 ng/L), DEET (2 ng/L), diphenhydramine (5 ng/L), gemfibrozil (1 

ng/L), ibuprofen (5 ng/L), lincomycin (26 ng/L), naproxen (5 ng/L), paraxanthine (53 ng/L), 

sulfadimethoxine (1 ng/L), sulfamerazine (4 ng/L), sulfathiazole (5 ng/L), triclocarban (10 ng/L), 

triclosan (53 ng/L), trimethoprim (5 ng/L), and tylosin (53 ng/L). Matrix samples were also 

collected at each site for PPCP analytical standards with percent recovery of compounds as 

follows: acetaminophen (98%), albuterol (166%), caffeine (80%), carbamazepine (84%), 

chloramphenicol (109%), codeine (90%), cotinine (100%), DEET (121%), diphenhydramine 

(106%), gemfibrozil (164%), ibuprofen (108%), lincomycin (216%), naproxen (102%), 

paraxanthine (23%), sucralose (57%), sulfadimethoxine (100%), sulfamerazine (95%), 

sulfathiazole (86%), triclocarban (44%), triclosan (76%), trimethoprim (94%), and tylosin 

(228%). One field blank was collected each day of sampling (N = 5) by filtering deionized water 
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into sample bottles on-site to assess potential contamination. All blank samples were 

contaminated with DEET (χ = 125 ng/L), four out of five blank samples were contaminated with 

caffeine (χ = 223 ng/L), and one blank sample was contaminated with diphenhydramine (8 ng/L) 

and ibuprofen (6 ng/L). No blank samples were contaminated with sucralose or any other 

compound analyzed. 

 

 Factors Related to Sucralose Concentrations 

 Filtered, composite water samples for nutrient analyses were stored on ice until return to 

the laboratory and then subsequently frozen until measurement of nutrient concentrations at Ball 

State University. Soluble reactive phosphorous (SRP) concentrations were measured using the 

ascorbic acid spectrophotometric technique (Murphy and Riley 1962; detection limit = 57 μg/L). 

Absorbance was determined using a Schimadzu dual-beam spectrophotometer (UV-1700 

Phermspec) set at 885 nm. Ammonium (NH4
+
) concentrations were determined using the 

indolphenol blue technique (Aminot et al. 1997) with absorbance measured at 650 nm (detection 

limit = 3.1 μg/L NH4
+
). 

 At each site, ancillary data were collected to identify predictors of sucralose 

concentrations. Dissolved oxygen, turbidity, pH, temperature, and conductivity were measured in 

the unfiltered, composite water sample using a Hydrolab DS5 sonde. The Hydrolab was 

calibrated according to manufacturer instructions within 24 h prior to sampling. Hydrologic data 

were obtained from U.S. Geological Survey stream-gaging station data (USGS 2015) with river 

discharge recorded for 9 (3 Ohio River, 6 tributary) out of the 22 sites and gage height from 18 

(10 Ohio River, 8 tributary) of the sites. USGS stations were selected based on proximity to 

sampling sites (Ohio River, ≤ 17 river miles; tributaries, ≤ 33 river miles). Hydrologic data were 



12 
 

not compiled for sampling sites without a USGS gauging station within the designated 

proximity.  

Drainage area and demographic data were obtained from the U.S. Census Bureau 

Topologically Integrated Geographic Encoding and Referencing (TIGER) database. The 2010 

Census tract data were downloaded as shapefiles and compiled based on 6-digit hydrologic unit 

code (HUC) watershed boundaries and the entire ORB region (HUC 05) using areal weighted 

interpolation in ArcGIS (ESRI 2015). Total drainage area, urban drainage area, population, and 

urban population for each tributary site were calculated from the respective 6-digit HUC with the 

exception of two tributaries, which individually encompassed two 6-digit HUC watersheds: 

Wabash River (HUC 051201 and 051202) and Cumberland River (HUC 051301 and 051302). 

Ohio River sites were determined by adding 6-digit HUC watersheds upstream from the 

sampling location (e.g., Ohio River mile 155.3 = “HUC 050100” + “HUC 050200” + “HUC 

050301”).  

 

Sediment Microbial Community Response 

 Sediment samples were collected from five sites along the main stem of the Ohio River 

and three additional sites from major tributaries (Muskingum, Scioto, and Wabash Rivers) to 

quantify spatial variation in microbial activity and response to sucralose enrichment. The 

tributary samples were collected from within two miles of the Ohio River confluence. Sites were 

selected based on accessibility and the absence of large organic debris or cobbles (i.e., the sites 

had benthic material primarily composed of fine benthic organic matter). At each site, sediment 

from the top 5 cm of the river bottom was collected within 1 m from the shoreline using acid-
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washed specimen containers (120 mL). Samples were placed on ice for 1-3 days prior to 

refrigerated storage in the laboratory at Ball State University until the experiment started. 

Dehydrogenase enzyme activity (DHA) assays were used to measure microbial 

respiration on sediment samples (Bunch and Bernot 2011). Each sediment sample was 

homogenized through a 2 mm sieve and dispensed into 15 mL falcon tube replicates (2 cm
3
 

saturated sediment/tube). Sediments were then exposed to four treatments with 10 replicates per 

treatment. Treatments included a control (no sucralose) for baseline respiration rates and 

sucralose enrichment at 100, 1000, and 10000 ng/L. Sucralose treatment concentrations were 

selected based on the environmentally-relevant range of concentrations with intervals increasing 

by an order of magnitude (Oppenheimer et al. 2011; Ferrer and Thurman 2010; Torres et al. 

2011). Each replicate received 2.5 mL of the respective treatment solution (sucralose dissolved 

in deionized water) and 1 mL of tetrazolium salt reagent, 0.75% iodonitrotetrazolium chloride, 

which acts as an electron acceptor during microbial respiration and forms red formazan. 

Effective treatment concentrations in the 5.5 mL solutions were 45, 455, and 4545 ng/L 

sucralose, respectively. Replicates were then vortexed for 20 s before incubating at room 

temperature (27°C) for 3 h. Following the incubation period, 8 mL of methanol was added to 

stop the reaction. Replicates were again vortexed (20 s) and centrifuged (5 min) to separate 

supernatant from the sediment. Supernatant was then analyzed for formazan concentration by 

colorimetric analysis on a Shimadzu dual-beam spectrophotometer (UV-1700 PharmaSpec) set at 

428 nm. Formazan concentrations were then converted to oxygen concentrations from a standard 

curve developed with formazan stock solution. Sediment was subsequently oven-dried at 60°C 

for 24 h to obtain the gram dry mass (gdm) and respiration rates were expressed as oxygen 

consumed per unit mass and time (ng O2/gdm/h). 
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 Additional sediment subsamples were used for measurement of sediment 

physicochemical properties including hydrometer particle size analysis for soil texture 

(Bouyoucos 1962), loss-on-ignition (LOI) method for percent organic matter, and a PerkinElmer 

CHNS/O Elemental Analyzer (2400 Series II) to measure the carbon and nitrogen content. 

 

Calculations and Statistical Analysis 

 Pearson correlation analyses and backward elimination multiple regressions were used to 

assess relationships between in situ physicochemical properties, trace organic compounds, 

hydrological data, and watershed demographics with dissolved sucralose concentrations across 

sites. In addition, sucralose concentrations were compared between the Ohio River and tributary 

sites using a Mann-Whitney Rank Sum test.  

Differences in sediment microbial respiration among sucralose treatments at each site 

were analyzed using one-way analysis of variance (ANOVA). A Tukey honestly significant 

difference (HSD) was then used as a post-hoc test for assessment of pairwise comparisons. 

Microbial response to sucralose enrichment was calculated as the absolute difference between 

the control (baseline respiration) and treatment (sucralose enrichment) respiration rates across all 

sites, and correlation analyses were conducted to identify relationships between sediment 

characteristics and microbial response. Additionally, a non-linear regression was used to evaluate 

the relationship between sediment C:N and microbial response to sucralose. Factors related to 

microbial response were also evaluated using multiple regression analyses as above. ANOVA 

statistics were conducted in Rstudio (v. 3.2.2; R Core Team 2015) while Pearson correlations 

and Mann-Whitney Rank Sum tests were performed in SigmaPlot (v. 12.3; Systat Software, Inc. 

2016) and multiple regressions in SAS software (v. 9.3; SAS/STAT Software 2016). 
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RESULTS 

Trace Organic Compound Abundance 

 We detected 13 trace organic compounds in the Ohio River and 12 trace organic 

compounds in major tributaries out of the 22 compounds measured (Table 1). Detection 

frequency was 100% for caffeine (240 - 670 ng/L), carbamazepine (2 - 5 ng/L), DEET (76 - 260 

ng/L), gemfibrozil (5 - 28 ng/L), and sucralose (160 - 1600 ng/L) in the Ohio River sites. 

Furthermore, caffeine (230 - 430 ng/L) and DEET (95 - 330 ng/L) were detected in 100% of 

sampled tributaries and carbamazepine (2 - 9 ng/L), gemfibrozil (2 - 27 ng/L), and sucralose (81 

- 2220 ng/L) were detected in 91% of sampled tributaries. Across Ohio River and tributary sites, 

other detected trace organic compounds included acetaminophen (23%; 14 - 48 ng/L), 

chloramphenicol (5%; 8.2 ng/L), cotinine (73%; 6 - 20 ng/L), diphenhydramine (18%; 9 - 26 

ng/L), ibuprofen (73%; 8 - 500 ng/L), naproxen (27%; 11 - 60 ng/L), sulfadimethoxine (9%; 3 - 

7 ng/L), and trimethoprim (41%; 6 - 22 ng/L).  

Sucralose was the most abundant trace organic compound across all sites with the 

exception of one tributary where sucralose concentrations were below the detection limit (30 

ng/L). Overall, sucralose concentrations in the Ohio River (χ = 457 ng/L) did not differ from the 

tributaries (χ = 764 ng/L; p > 0.05; Fig. 3). Across all sites, sucralose concentrations were 

correlated with carbamazepine (r = 0.75, p < 0.01) and cotinine (r = 0.57, p = 0.02) abundance. 

Sucralose and carbamazepine concentrations were also correlated in tributary sites (r = 0.92, p < 

0.01), but not in the Ohio River sites alone. In the Ohio River sites only, sucralose concentrations 

were correlated with ibuprofen (r = 0.83, p = 0.01). 

 

Factors Related to Sucralose Concentrations 
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 Dissolved oxygen (8.1 - 9.7 mg/L; p = 0.71), pH (7.9 - 9.0; p = 0.54), turbidity (44.5 - 

108.4 NTU; p = 0.40), NH4
+
 (1 - 91 μg/L; p = 0.32), and SRP (24 - 230 μg/L; p = 0.95) were not 

correlated with sucralose concentrations across all sites (Table 2). However, water temperature 

(14.8 - 23.7°C) was negatively correlated (r = - 0.44, p = 0.05) and conductivity (147 - 689 

μS/cm) was positively correlated (r = 0.68, p < 0.01; Fig. 4) with sucralose concentrations across 

sites. When Ohio River and tributary sites were analyzed independently, conductivity was 

positively correlated with sucralose in the tributaries (r = 0.77, p = 0.01), but no other 

correlations were found. 

Discharge in the Ohio River ranged 551 - 3809 m
3
/s relative to the lower range in 

tributary sites (13 - 633 m
3
/s), consistent with variation in gage height (Ohio River, 4.0 - 10.6 m; 

tributaries 0.7- 5.2 m). Discharge was not correlated with sucralose concentration in tributaries (p 

= 0.31) or when tributaries and Ohio River sites were combined (p = 0.19). However, gage 

height was negatively correlated with sucralose concentrations (r = -0.56, p = 0.02; Fig. 5) across 

all sites, but not when separated by Ohio River (p = 0.57) and tributary sites (p = 0.07).  

Overall, total drainage area, pH, and dissolved nutrient concentrations (NH4
+
, SRP) 

explained 75% of the variation in sucralose concentrations across all sites (p = 0.001; Table 4). 

Demographic data, including urban drainage area and population statistics, as well as discharge 

were not significant predictors of sucralose concentrations. When sites were separated as main-

stem or tributaries, no significant model fit for predicting sucralose concentrations with 

measured variables was identified.  

 

Sediment Microbial Community Response 
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Baseline microbial respiration rates averaged 5.3 ng O2/gdm/h (2.2 - 10.2 ng O2/gdm/h) 

and were not correlated with in situ dissolved sucralose concentrations (p = 0.76). Additionally, 

there was no correlation between baseline respiration and percent organic matter (p = 0.25; Table 

5). Baseline microbial respiration was negatively correlated with sediment sand content (r = -

0.96, p < 0.01) and positively correlated with silt (r = 0.91, p < 0.01) and clay (r = 0.86, p < 0.01; 

Fig. 6) content.  

Sucralose enrichment influenced microbial respiration rates in sediment of four sites (Fig. 

7). Across all sites and treatments, the mean microbial respiration ranged from 2.0 ng O2/gdm/h 

to 12.3 ng O2/gdm/h and both extremes were in response to 100 ng/L sucralose enrichment. 

Sucralose enrichment at 100 ng/L and 1000 ng/L increased respiration by ~20% in two sites (p < 

0.01; p = 0.01). However, the 1000 ng/L enrichment also decreased respiration by 18% at one 

site (p < 0.01). Lastly, the 10000 ng/L sucralose enrichment increased microbial respiration by 

12% at one site (p < 0.01).  

Microbial response to sucralose enrichment was not correlated with sediment 

characteristics or sucralose concentrations (p > 0.1). However, microbial response to sucralose 

enrichment was non-linearly related to sediment C:N content (p = 0.02; Fig. 8) which explained 

60% of the variation in measured rates. Specifically, when sediment C:N ≤ 5, microbial 

respiration did not respond to sucralose enrichments. However, when sediment C:N was > 5, 

there was a negative relationship between C:N content and microbial response to sucralose 

enrichment regardless of sucralose enrichment concentration.  

Across all sites, sediment clay content and C:N explained 67% of the variation in 

microbial response to sucralose enrichment (p < 0.001; Table 4). In situ dissolved sucralose 

concentrations or total enrichment were not significant predictors of microbial response across 
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all sites. When only tributary sites were considered, in situ dissolved sucralose concentrations 

and sediment sand content explained 72% of the variation in microbial response (p = 0.02). 

However, in Ohio River main-stem sites, sand and clay content explained 69% of the variation in 

microbial response (p = 0.002).  
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DISCUSSION 

Trace Organic Compound Abundance 

Previous studies have evaluated the abundance of trace organic compounds across a wide 

range of landscapes and stream sizes throughout the United States (Kolpin et al. 2002, 

Glassmeyer et al. 2005, Benotti et al. 2009, Ferrer and Thurman 2010, Mawhinney et al. 2011, 

Oppenheimer et al. 2011) or exclusively in low order streams (Kolpin et al. 2004, Ekberg and 

Pletsch 2012). In this study, all samples were from larger order systems within the Midwestern 

Ohio River Basin. Trace organic compounds may be more likely to occur in higher order systems 

due to receiving greater loads of contaminants from the larger watershed area. This is consistent 

with higher detection frequencies of caffeine and gemfibrozil in this study relative to previous 

studies (Table 6). In contrast, studies that include surface waters near a WWTP (Glassmeyer et 

al. 2005, Mawhinney et al. 2011) generally record a higher occurrence of trace organic 

compounds than in our study. Trace organic compound concentrations measured in this study 

ranged across several orders of magnitude, consistent with previous studies (Table 6). The 

maximum concentration of cotinine in the Ohio River was 10 ng/L, whereas previous studies 

have measured considerably higher concentrations in U.S. streams (15 - 900 ng/L). However, the 

maximum concentration of caffeine in the Ohio River (670 ng/L) was similar to measurements 

from other studies (139 - 6000 ng/L).  

 We expected trace organic compounds to occur in higher order systems due to receiving 

greater loads of contaminants from a larger watershed drainage area. Contrary to our hypothesis, 

sucralose concentrations did not increase moving downstream through the Ohio River; instead, 

concentrations remained relatively consistent across sites. This relatively consistent longitudinal 

profile is in contrast to another study for artificial sweeteners that found saccharin concentrations 

were lower in upstream sites (< 100 ng/L) compared to downstream (> 400 ng/L; Spoelstra et al. 
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2013). In addition, Ekberg and Pletsch (2012) measured trace organic compounds in the Great 

Miami River, one of the tributaries in this study, and found that caffeine and sulfamethoxazole 

concentrations increased with distance downstream. However, in the same study, carbamazepine 

and cotinine concentrations remained constant. Longitudinal patterns of trace organic 

contaminants are likely a function of not only input but also degradation pathways which are 

variable across compounds.  

Although sucralose concentrations in the Ohio River were relatively consistent across 

sites, concentrations measured in tributaries were more variable. Similarly, physicochemical 

characteristics measured at each site were also more variable in the tributaries relative to main 

stem sites (Table 2). This suggests differential input in tributary sites, relative to main-stem sites, 

in addition to variable abiotic and biotic potential for degradation. Some tributaries were also 

predominately forested while others included more agriculture or urban land use (Table 3). 

Because of tributary heterogeneity, tributaries may act as a source for sucralose in some 

watersheds.  

Tributary inputs did not measurably alter sucralose concentrations in the Ohio River. 

Poole (2002) proposed that confluence points can disrupt a river continuum and lessen the 

predictability of solutes that are transported to downstream waterways. Since the Ohio River is 

channelized by the Army Corps of Engineers, the river morphology is mostly undisturbed by its 

tributaries, and more abrupt distinctions can be found at the confluence of non-channelized rivers 

(Galat et al. 1996). Additionally, channelized rivers lack the spatial heterogeneity typically found 

in unregulated streams. Based on the history of channelization and consistency of dissolved 

sucralose concentrations in the Ohio River, longitudinal variation of sucralose could be 



21 
 

influenced by river morphology, while increasing or decreasing trends could still exist in 

unregulated river systems.  

 

Factors Related to Sucralose Concentrations 

Water physicochemical properties were not correlated with sucralose concentrations, with 

the exception of conductivity. Conductivity measurements were based on the total dissolved 

solids and salt ions suspended in the water column and can also be associated with urban land 

use (Lenat and Crawford 1994) and population density (Aichele 2005) which may be indicative 

of wastewater streams. In contrast, other water physicochemical properties are more likely to be 

influenced by a wide range of variables. Dissolved oxygen, for example, is directly correlated 

with water temperature (Weiss 1970), but can also change based on turbulence at the surface 

(e.g., wind, precipitation, dams) and biotic activity.   

When considering all variables, sucralose concentrations were best predicted by total 

drainage area, pH, and dissolved nutrient concentrations (NH4
+
, SRP) in concert. Total drainage 

area may be associated with contributing human populations since previous studies have shown 

that Polycyclic Aromatic Hydrocarbons (PAHs), an urban trace contaminant, are linked to 

human population density (Gateuille et al. 2014). Additionally, the effect of pH may be driven by 

increased biotic activity on dissolved organic carbon (Räsänen et al. 2014) or the hydrolysis of 

artificial compounds (Beltran et al. 2000). However, Soh et al. (2011) noted that sucralose is 

unlikely to undergo hydrolysis when exposed to environmentally-relevant pH conditions (4 - 8); 

thus, we would expect this pathway to be minimal. The nutrient concentrations may be related to 

biotic degradation (Stelzer et al. 2003), although nitrogen and phosphorous loading can also be 

linked to wastewater input (Carey and Migliaccio 2009). Based on these studies, our model 
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indicates that factors associated with waste input are the primary mechanisms predicting 

sucralose abundance as opposed to hydrologic and demographic parameters.  

Contaminant concentrations have been thought to be associated with urban land use and 

human population density (Kolpin et al. 2004, Ellis 2006, Spoelstra et al. 2013). However, 

sucralose concentrations were not correlated with urban drainage area or urban population size. 

The disconnect between sucralose and urban variables could be based on different wastewater 

treatment processes and variable efficiencies for sucralose degradation. Soh et al. (2011) 

examined sucralose degradation by various types of wastewater treatment and found that 

conventional chlorine treatments were ineffective for sucralose removal, whereas more advanced 

treatments such as ozonation resulted in significant sucralose loss. Based on the differences in 

treatment efficiencies, sucralose loading from some WWTPs can be disproportionate to others 

that serve a similar population size or urban drainage area. 

Sucralose loading could also come from non-point sources such as leaking septic tanks, 

which has been observed with other trace organic compounds (Bunch and Bernot 2010). Since 

sucralose is a very hydrophilic compound and exhibits a low octanol-water partitioning 

coefficient (Kow = 0.3; Grice and Goldsmith 2000), there is a low potential for adsorption to 

sediment. Thus, sucralose likely enters groundwater and surface waters without significant loss 

to the benthos. One study measured sucralose concentrations ranging from 12,000 - 69,000 ng/L 

in septic tanks (Oppenheimer et al. 2011), suggesting significant potential for diffuse septic 

pollution to serve as a source of sucralose to surface waters.  

In this study, samples were collected during base flow conditions, where sucralose 

loading was not influenced by combined sewer overflows (CSOs). During periods with high 

precipitation, urban areas that use CSOs often discharge untreated waste into surface waters. 
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Therefore, environmental concentrations of trace organic compounds may be more closely 

associated with urban waste during high flow (Daneshvar et al. 2012). Some trace organic 

compounds that would be significantly reduced by WWTPs, such as caffeine, are more likely to 

follow this trend since CSO discharge would bypass the treatment process and result in elevated 

environmental concentrations (Phillips and Chalmers 2009). Sucralose, however, is not readily 

degraded by WWTPs (Torres et al. 2011, Subedi and Kannan 2014) and sucralose loading is not 

expected to be significantly higher in CSO discharge compared to wastewater effluent.  

 

Sediment Microbial Community Response 

 Microbial communities can be influenced by the presence of artificial contaminants. In 

this study, baseline microbial respiration rates were not correlated with dissolved sucralose 

concentrations. One explanation might be that sediment microbial communities were collected in 

situ and had already been chronically exposed to environmental concentrations of sucralose and 

other trace organic compounds. Previous studies have found that microbial abundance and 

community composition are altered when exposed to naproxen (Grenni et al. 2014), another trace 

organic compound. Therefore, the previous exposure to trace organic compounds in this study 

may have yielded more tolerant microbial communities.  

The negative correlation between microbial respiration and sand content in this study is 

consistent with previous studies  showing sediment microbial biomass (Sinsabaugh and Findlay 

1995) and respiration (Hargrave 1972) are higher when exposed to fine particle sizes compared 

to a sandy substrate. Microbial communities responded variably to sucralose enrichment, 

suggesting multiple factors likely dictate the potential for microbial degradation of sucralose. 

Gauthier et al. (2010) found that carbamazepine, sulfamethizole, and sulfamethoxazole were 
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more readily degraded when microbes were offered an alternative nutrient source, glucose. Their 

findings were also confirmed when using humic acid as a secondary nutrient source for the 

biodegradation of sulfamethoxazole (Xu et al. 2011). Thus, the addition of a secondary carbon 

source and other nutrients can support an increase in microbial activity and potential degradation. 

This is consistent with the relationship between sediment C:N and microbial response to 

sucralose observed in this study. When sediment C:N was low, microbial response was minimal 

due to lower carbon availability as a secondary substrate. However, higher sediment C:N 

potentially provided additional substrate and the microbial community responded to sucralose 

enrichment through a change in activity. Secondary nutrient threshold values governing 

microbial activity have previously been documented for nitrification (Kemp and Dodds 2002) 

and denitrification (Inwood et al. 2005) rates though have not to our knowledge been previously 

linked to the potential for degradation of trace organic compounds. Other studies have found that 

N limitation can promote microbial decomposition of highly recalcitrant organic matter (Craine 

et al. 2007), consistent with these results. Furthermore, across all sites, microbial response to 

sucralose was a function of sediment C:N and clay content. Fine particle sizes have a high cation 

exchange capacity (CEC) and can retain more nutrients compared to larger particle sizes 

(Malcolm and Kennedy 1970) which may drive the relationship with clay.  
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CONCLUSIONS 

Sucralose was abundant across both tributary and Ohio River main stem sites, confirming 

ubiquity of this emerging food additive in freshwater ecosystems. Further, concentrations 

measured varied several orders of magnitude likely due to variable input and degradation 

pathways. Sediment microbial communities did not consistently respond to increased sucralose 

concentrations suggesting this degradation pathway may be limited. Further studies are needed to 

compare longitudinal trends of sucralose abundance in channelized and non-channelized river 

systems and across variable flow conditions. With expanding use of sucralose in the United 

States, this artificial sweetener will likely become increasingly abundant in ecosystems. 

Assessment of sucralose fate and transport is needed to quantify the potential influence on 

freshwater resources and facilitate resource management. 
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Table 1: Summary of trace organic compound detection frequency (%) and concentration range

(ng/L) separated by Ohio River main stem sites (N = 11) and major tributary sites (N = 11).

* denotes concentrations below detection limit.

Detection Limit Frequency Range Frequency Range

Compound (ng/L) (%) (ng/L) (%) (ng/L)

Acetaminophen 11 27 21 - 48 18 14 - 34

Albuterol 26 0 * 0 *

Caffeine 25 100 240 - 670 100 230 - 430

Carbamazepine 1 100 2 - 5 91 2 - 9

Chloramphenicol 7 9 8 0 *

Codeine 5 0 * 0 *

Cotinine 5 82 6 - 10 64 6 - 20

DEET 2 100 76 - 260 100 95 - 330

Diphenhydramine 5 9 9 27 10 - 26

Gemfibrozil 1 100 5 - 28 91 2 - 27

Ibuprofen 5 73 13 - 110 73 8 - 500

Lincomycin 26 0 * 0 *

Naproxen 5 55 11 - 60 0 *

Paraxanthine 53 0 * 0 *

Sulfadimethoxine 1 9 3 9 7

Sulfamerazine 4 0 * 0 *

Sulfathiazole 5 0 * 0 *

Triclocarban 10 0 * 9 12

Triclosan 53 0 * 0 *

Trimethoprim 5 27 6 - 13 55 8 - 22

Tylosin 53 0 * 0 *

Ohio River Tributary
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Water Temp. Turbidity

Site (°C) pH DO (mg/L) (NTU) NH4
+
 (μg/L) SRP (μg/L)

Ohio River - Mile 11.8 20.04 8.18 8.77 44.5 33.3 111

Ohio River - Mile 155.3 * * * * 9.8 134

Ohio River - Mile 184.3 19.26 8.35 9.02 45.7 29.5 98

Ohio River - Mile 310.7 19.76 8.34 8.96 45.0 * 70

Ohio River - Mile 411.3 18.90 8.55 9.14 47.8 1.4 24

Ohio River - Mile 531.5 21.68 8.87 8.65 50.2 27.0 98

Ohio River - Mile 557.3 21.64 8.55 8.71 45.3 0.8 78

Ohio River - Mile 723.7 22.34 8.45 8.50 49.1 91.1 119

Ohio River - Mile 786.4 21.09 8.35 9.18 58.2 * 136

Ohio River - Mile 858.1 23.28 8.59 8.60 78.4 14.8 136

Ohio River - Mile 980 22.43 8.30 8.09 59.4 15.1 128

Mean 21.04 8.45 8.76 52.36 24.74 102.73

Standard Deviation 1.48 0.20 0.33 10.58 27.46 34.86

Allegheny River 19.22 7.96 9.33 44.8 52.6 230

Monongahela River 19.84 8.01 8.50 46.8 37.0 95

Muskingum River 19.20 7.91 8.50 74.8 87.9 214

Kanawha River 21.06 8.58 9.11 50.4 * 93

Scioto River 19.40 8.18 8.45 80.4 * 89

Little Miami River 15.38 8.09 8.71 53.7 6.7 154

Licking River 14.77 8.83 9.15 73.1 * 110

Great Miami River 19.28 8.61 9.27 48.6 17.9 120

Wabash River 20.78 8.46 8.66 108.4 * 188

Cumberland River 23.71 8.96 9.65 51.8 15.8 211

Tennessee River 23.40 8.64 8.73 52.8 12.9 133

Mean 19.64 8.38 8.91 62.33 32.31 148.64

Standard Deviation 2.77 0.37 0.40 19.69 28.98 53.39

Table 2: Physicochemical characteristics at main stem Ohio River and major tributary sites. * Indicates no data
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Site Discharge (m
3
/s) Total Area (km

2
) Urban Area (km

2
) Total Population Urban Population

Ohio River - Mile 11.8 551 49487 2585.95 2744198 1729090

Ohio River - Mile 155.3 * 66724 4939.79 4723073 3255608

Ohio River - Mile 184.3 * 87573 6483.94 6222524 4259466

Ohio River - Mile 310.7 * 140706 7786.32 7755197 4975417

Ohio River - Mile 411.3 * 177795 9850.02 10351652 6779078

Ohio River - Mile 531.5 * 214937 13611.04 14048464 9659693

Ohio River - Mile 557.3 * 232978 14221.66 14901112 10188340

Ohio River - Mile 723.7 * 248827 15753.07 16334005 11300449

Ohio River - Mile 786.4 * 272744 16202.92 17000412 11561610

Ohio River - Mile 858.1 2892 374987 20881.22 21932615 14991444

Ohio River - Mile 980 3809 421376 23660.66 24358291 16563021

Allegheny River 438 30381 1179.42 1392903 813552

Monongahela River 96 19106 1406.53 1351295 915539

Muskingum River * 20849 1544.15 1499451 1003858

Kanawha River * 31332 873.11 914597 445373

Scioto River 107 16866 1651.31 1939128 1575093

Little Miami River 13 13644 1878.89 1814724 1455060

Licking River 136 9598 266.21 350977 200944

Great Miami River * 13900 1615.92 1531111 1224612

Wabash River 633 85352 4159.11 4372196 3082462

Cumberland River * 46389 2779.44 2425676 1571577

* Indicates no data.

Table 3: Drainage area and demographic data upstream from each sampling site, and hydrologic data collected from USGS 

stream-gaging stations on the Ohio River (≤ 17 river miles from site) and its major tributaries (≤ 33 river miles from site).
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Sites N Dependent Variable Model r
2 C P F

All 24 Microbial Response = -10.5 + 0.03 (Clay%) + 2.27 (C:N) 0.67 7.2 0.0002 9.44

Tributary 9 Microbial Response = 1.86 + 0.001 (Sucralose) + -0.06 (Sand%) 0.72 2.78 0.02 7.79

Ohio River 15 Microbial Response = 21.6 + -0.23 (Sand%) + -0.28 (Clay%) 0.69 0.11 0.002 10.2

All 19 Sucralose Concentration = 5579 + -0.04 (Area) + -610 (pH) + -18.4 (NH4
+
) + 4.57 (SRP) 0.75 2.1 0.001 7.91

Tributary 9 Sucralose Concentration = no significant fit * * * *

Ohio River 11 Sucralose Concentration = no significant fit * * * *

Table 4: Multiple regression models explaining factors controlling sediment microbial community response to sucralose enrichment and dissolved sucralose 

concentrations across sites. Models conducted with all sites combined and Ohio River and tributary sites separated. Significant variables in models included 

sediment clay content (Clay%), sediment sand content (Sand%), sediment carbon to nitrogen ratio (C:N), dissolved sucralose concentration at each site 

before enrichment (sucralose), drainage area (Area), pH, and dissolved nutrient concentrations (ammonium, NH4
+
; soluble reactive phosphorus, SRP).

* Indicates no data
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Table 5: Sediment physical characteristics and baseline sucralose concentrations.

* SOM = Sediment Organic Matter

Sand Silt Clay SOM* Sucralose

Site Classification (%) (%) (%) (%) (ng/L)

Ohio River - Mile 155.3 Sandy Loam 66.0 17.3 16.7 12.6 286

Ohio River - Mile 184.3 Very Coarse Sand 90.7 7.7 1.7 6.8 370

Ohio River - Mile 557.3 Sandy Clay Loam 60.8 11.0 28.3 13.1 560

Ohio River - Mile 723.7 Fine Sand 92.8 7.3 < 1.0 2.9 320

Ohio River - Mile 858.1 Clay 35.3 21.3 43.3 14.5 230

Muskingum River Sandy Clay Loam 56.0 20.7 23.3 16.9 260

Scioto River Loamy Fine Sand 82.3 12.7 5.0 5.9 2220

Wabash River Clay Loam 21.0 44.0 35.0 10.6 540
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Table 6: Summary of maximum PPCP and sucralose concentration (ng/L) with detection frequencies (%) in this study compared to previous studies in the United States. 

* Indicates no data; ND = not detected.

*Ekberg and Pletsch (2011) combined surface water (N = 20) and groundwater (N = 10) measurements in the Great Miami River watershed.

PPCP concentration (ng/L)

Reference Sample Type Caffeine % Carbamazepine % Cotinine % Gemfibrozil % Ibuprofen % Sucralose %

This study Ohio River 670 100 5 100 10 82 28 100 110 73 1600 100

Ohio River major tributaries 430 100 9 91 20 64 27 91 500 73 2200 91

Benotti et al. 2009 US streams * * 51 79 * * 24 58 * * * *

Ekberg and Pletsch 2011* Ohio streams, 2010 130 63 48 60 27 60 63 43 26 40 * *

Ohio streams, 2011 210 67 21 33 15 60 30 53 19 50 * *

Ferrer and Thurman 2010 US streams and reservoirs * * * * * * * * * * 1800 36

Kolpin et al. 2002 US streams 6000 62 * * 900 38 790 4 1000 10 * *

Kolpin et al. 2004 Iowa streams during low-flow 1390 57 263 70 528 53 ND 0 ND 0 * *

Glassmeyer et al. 2005 US streams 807 67 186 100 481 90 * * * * * *

Mawhinney et al. 2011 US streams * * 51 100 * * * * * * 2900 100

Oppenheimer et al. 2011 US streams 300 64 190 36 27 36 130 40 * * 10000 100
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FIGURE LEGENDS 

Figure 1. Sampling locations in the Ohio River basin in east-central United States including 

Ohio River main stem sites and major tributaries. Urban land use denoted by shading. 

Figure 2. Hydrograph of river discharge data collected by the USGS Ohio River at Olmsted 

stream-gaging station (USGS 03612600) throughout 2015. The sampling period (late May 2015) 

for this study is indicated with an arrow. 

Figure 3. Nonparametric distribution of sucralose concentrations in the Ohio River main stem (N 

= 11) and tributary sites (N = 11) depicted as whisker box plots with each box indicating 25
th

 and 

75 percentiles, whiskers indicating 10
th

 and 90
th

 percentile, and points beyond whiskers showing 

outliers. 

Figure 4. Relationship between conductivity and sucralose concentration with distinction 

between Ohio River and tributary sites. Correlation statistics noted. 

Figure 5. Relationship between gage height data collected from USGS stream-gaging stations 

and sucralose concentrations. Correlation statistics noted. 

Figure 6. Relationship between sediment sand, silt, and clay content (%) and baseline (no 

sucralose addition) sediment microbial respiration rates. Correlation statistics noted. 

Figure 7. Mean sediment microbial respiration with sucralose enrichment at 0 (baseline), 100, 

1000, and 10000 ng/L treatments. Panels represent each different site. Bars indicate standard 

error of the mean. Different letters denote significate differences among treatments within each 

site. 

Figure 8. The relationship between microbial response to sucralose enrichment (treatment 

respiration – baseline respiration) and sediment C:N content. Different symbols denote different 

sucralose treatment concentrations. Non-linear regression statistics noted.
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 


