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A B S T R A C T   

Many coastal and estuarine environments suffering from eutrophication, hypoxia, and harmful 
algal blooms need continuous nutrient monitoring to better understand the drivers of these events 
and evaluate progress towards water quality improvement targets. Many dissolved-nutrient 
sensors are now commercially available with several being evaluated in terms of relative accu
racy, precision, limits of detection, and measurement range. There remains a need to test inte
gration of these sensors into existing water quality monitoring programs. This study tested the 
operational status and integration of a commercial, in situ chemical analyzer for nitrate in two 
existing monitoring programs in Louisiana and Florida as a pilot study for the development of a 
nutrient monitoring program across Gulf of Mexico estuaries. Both sites deployed the same 
sensor, but with slightly altered equipment configurations which resulted in large differences in 
the duration of data, with 161 (out of 353) days of data collected in Florida compared to 26 (out 
of 228) days of data in Louisiana. Sensors were also exposed to different nitrate regimes in Florida 
(mean = 8.94 µM; max = 23.9 µM) versus Louisiana (mean = 2.66 µM; max = 12.9 µM), and site- 
specific relationships between sensor and reference data were apparent. Also highlighted are the 
needs to address integrating new sensors into existing monitoring infrastructure including full 
interoperability with non-proprietary datalogger systems and ongoing needs for more site-specific 
calibrations and post-hoc corrections. Addressing these needs will help ensure successful inte
gration into existing monitoring infrastructure and availability of continuous nutrient data.   

1. Introduction 

Nutrient pollution is an ongoing challenge for water quality worldwide. While much of the problem originates in inland water
sheds, many of the effects are seen in coastal and estuarine waters that experience eutrophication (Maure et al., 2021), harmful algal 
blooms (HABs; Glibert et al., 2018; Medina et al., 2022), and hypoxia (Breitburg et al., 2018; Howarth et al., 2011). High-nutrient 
runoff from agricultural lands (Withers et al., 2014) and urban areas (Tromboni and Dodds, 2017; Wurtsbaugh et al., 2019) are the 
main causes of coastal eutrophication (Paerl et al., 1998) which can stimulate harmful algal blooms (HABs) that cause millions of 
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dollars in damages annually (Hamilton et al., 2009; Heil and Muni-Morgan, 2021; Kouakou and Poder, 2019; Smith et al., 2019), and 
accelerated deoxygenation of the coastal ocean (Harrison et al., 2017; Young et al., 2020). In the northern Gulf of Mexico (GoM), an 
annually recurring ‘dead zone’, a direct result of nitrogen pollution from the Mississippi Atchafalaya River Basin (Rabalais and Turner, 
2001; Rabalais et al., 1999, 2002; Robertson and Saad, 2013), negatively impacts the economics of fisheries (Craig, 2012; Craig et al., 
2005; Purcell et al., 2017). 

Enhanced nutrient monitoring is required to support research and management to assess the effectiveness of upstream nutrient 
reduction efforts on coastal water quality. For example, the predictive models used to estimate the areal extent of GoM hypoxia each 
year depend on spring nitrate loads (Scavia et al., 2003; Turner et al., 2006, 2012) which have historically been based on discrete water 
sample collection and estimation techniques (Pellerin et al., 2014). However, sensor-based, continuous measurements of nutrient 
concentrations improve the accuracy of monthly NO3

- loads and can therefore produce improved predictions of the size of the hypoxia 
zone (Pellerin et al., 2014; Scavia et al., 2003; Turner et al., 2006). A nutrient sensor network within the northern GoM can also help 
guide the US EPA Mississippi River/Gulf of Mexico Hypoxia Task Force on their goal to reduce the five-year average area of the Gulf of 
Mexico hypoxic zone to < 5000 km2 (USEPA, 2013) 

Long-term continuous monitoring can be achieved by using high frequency, in situ nutrient sensors. Commercially available 
nutrient sensors take two main forms at present: optical sensors that measure nutrients based on absorbance in the environment and 
wet chemistry analyzers (Daniel et al., 2020). However, it should be noted that wet chemistry analyzers also use internal optical 
sensors (i.e., spectrometers) to measure endpoints of the colorimetric reactions that are converted to measured concentrations (Daniel 
et al., 2020). 

Optical sensors use ultraviolet (UV) spectrophotometry to measure nitrate concentrations and typically have short response times 
(Daniel et al., 2020; Meyer et al., 2018; Pellerin et al., 2016). Additionally, the UV sensor, SUNA (Sea-Bird Scientific, Bellevue, 
Washington, United States), is capable of long-term, unattended deployment for over a year at a measurement frequency of five 
samples per day (Johnson and Coletti, 2002). They also have a large nitrate measurement range of 0.5–3200 µM but are susceptible to 
optical interferences (Daniel et al., 2020; Meyer et al., 2018; Pellerin et al., 2013). Optical sensors remain more expensive to purchase 
than wet chemical sensors and often require sophisticated data processing to yield nutrient concentrations, although savings in 

Fig. 1. Map of the study locations. Top map includes the entirety of the study area with LUMCON (red circle) and SCCF (blue circle). Bottom left 
map is satellite imagery of the LUMCON deployment site (red circle) in northern Terrebonne Bay, Louisiana. Bottom right map is satellite imagery of 
the SCCF deployment site (blue circle) just at the mouth of the Caloosahatchee River within the Caloosahatchee River Estuary. 
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reagents and other operational needs may offset initial costs. 
Wet chemistry sensors typically require more power, involve the consumption of reagents for analyses, and are often larger and 

heavier given the need to carry reagents onboard (Daniel et al., 2020; Grand et al., 2017; Pellerin et al., 2016). However, they typically 
have high accuracy and precision, and are able to detect trace levels of nitrate (0.02 µM; see Daniel et al., 2020) and other nutrient 
targets (i.e., phosphate, ammonium, silica) either alone or in combination (e.g., Copetti et al., 2014; Moscetta et al., 2009). Recent 
improvements in wet chemical analyzers for nitrate use the VCl3 reduction method which minimizes sample volume and use of toxic 
chemicals and results in fewer interferences (Schnetger and Lehners, 2014; Wang et al., 2016). 

Nutrient sensor technologies are powerful tools for addressing national and global needs for monitoring and improvement of water 
quality. In 2015–2016, six models of commercially-available sensors were tested for performance in measuring nitrate and phosphate 
by the Alliance for Coastal Technologies (ACT) as part of the U.S. interagency Nutrient Sensor Challenge (https://www.act-us.info/ 
nutrients-challenge/). Sensors were evaluated for accuracy and precision, limits of detection (LOD), ease of use, and costs to oper
ate and maintain (https://www.act-us.info/evaluations.php#Nut2). The winner of the Nutrient Sensor Challenge Nitrate category was 
Systea s.P.A. (Anagni, Italy) with the wet chemical Water In-Situ Analyzer, or WIZ probe. The current study builds upon the verifi
cation testing of these sensors, which was carried out in controlled lab conditions, facilitated by manufacturer technicians in the field, 
and with stand-alone systems not tasked with providing real-time data. The current study explicitly tests the operational status and 
integration of the WIZ in two existing estuarine monitoring programs in the GoM. 

Operational status of a sensor can be coarsely defined by the technology readiness level (TRL), a scale that describes different 
phases (1–9) of technology development (Mankins, 1995). Commercialization of technologies is expected at TRL 8 after the technology 
has been qualified through testing and demonstrations (Schierenbeck and Smith, 2017). However, integration of this new generation 
of wet chemistry analyzer sensors into existing monitoring programs has not been systematically documented. The results of this study 
provide important data on sensor operation, recommend best practices, and provide guidance for users in selecting and deploying 
instrumentation. This study also informs developers on how to improve upon existing sensor technology towards better integration. 
Using lessons learned from this study, and others, a community of practice can build a network of continuous nutrient sensors that 
capture temporal dynamics, assess nutrient reduction strategies, and ultimately manage coastal natural resources affected by nutrient 
pollution. 

2. Materials and methods 

2.1. Study region and site descriptions 

Commercially available, high frequency in situ wet chemical sensors for nitrate inclusive of nitrite (NO3
- + NO2

- , hereafter referred 
to as “nitrate”) were deployed at two estuarine sites in the GoM (Fig. 1). The GoM is also home to a number of ongoing coastal and 
estuarine programs monitoring the dynamics of these downstream effects of nutrient inputs to coastal waters (https://data.gcoos.org/ 
), which makes it an ideal region to test the integration of nutrient sensors into existing programs. 

A wet chemical nitrate sensor (WIZ probe, SYSTEA S.p.A., Anagni, Italy) was deployed at the Sanibel-Captiva Conservation 
Foundation (SCCF) River, Estuary and Coastal Observing Network (RECON) Shell Point monitoring platform (26.5226, − 82.0080) at 
the mouth of the Caloosahatchee River (Fig. 1) for approximately 1 year, from 01 March 2020 through 16 February 2021 (353 total 
days, Table 1). Established in 2007, the RECON monitors water quality including salinity, water temperature, fluorescent dissolved 
organic matter (fDOM), dissolved oxygen (mg L− 1 and % saturation), sensor depth, turbidity, chlorophyll-a (chl-a), and flow velocity. 
There are six sites within the Caloosahatchee River and Estuary (http://recon.sccf.org/sites/shell-point/about) out to the GoM. The 
RECON Shell Point location in the lower estuary where phytoplankton are thought to be nitrogen-limited for most of the year (Garcia 
et al., 2015; Heil et al., 2007). The estuary experiences semidiurnal tides that averaged 0.6 m over the study period. The site is also 
downstream of an urbanized tidal watershed with over 600 km of canals and largely residential land use that is under the Calo
osahatchee Estuary Watershed Basin Management Action Plan (BMAP) which sets total maximum daily loads for total nitrogen 
(FLDEP, 2012). Enhanced nitrate monitoring is therefore of great importance in this system 

Another WIZ probe was deployed at the Louisiana Universities Marine Consortium (LUMCON) DeFelice Marine Center monitoring 
station (29.2550, − 90.6664; Fig. 1) from 12 March 2020 to 26 October 2020 (228 total days, Table 1). Similar to SCCF, the intention 
was to deploy the WIZ for 1 year, but Hurricane Zeta made landfall in Louisiana (27–29 October 2020) causing substantial damage to 
the dock at which the WIZ was deployed, thus delaying the redeployment of the sensor. 

At the northern boundary of Terrebonne Bay, the deployment site is set within a diurnal, microtidal salt marsh ecosystem with 
Spartina alterniflora dominating the marsh (Hill and Roberts, 2017) and inundation more often driven by wind than tides (Turner, 

Table 1 
Deployment details for both deployment types. Asterisks indicate sample size for reference samples taken at the surface.  

Deployment 
type 

Site Location Deployment period Total 
days 

Days of sensor 
data 

Total intake reference 
samples 

Matched reference 
samples 

Self-Contained SCCF 26.5226, 
− 82.0080 

03/01/2020–02/16/ 
2021  

353  161 10 9 

Fully Integrated LUMCON 29.2550, 
− 90.6664 

03/12/2020–10/26/ 
2020  

228  26 33 (32*) 5 (5*)  
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2001). Tidal heights range from − 1.05 m to 0.41 with a mean range of 0.31 m (NOAA Station 8762928, approximately 1 km from the 
deployment site) and mean depth at the deployment site of approximately 1.8 m. The Louisiana coastal marshes receive freshwater 
from the Mississippi and Atchafalaya Rivers which increases nutrient inputs to these ecosystems, mainly from upstream fertilizer use 
(Parsons et al., 2006). The monitoring station at the LUMCON Marine Center provides continuous water quality data including water 
temperature, water height, specific conductivity and salinity, dissolved oxygen (mg L− 1 and % saturation), and chl-a (http:// 
weatherstations.lumcon.edu/index.html). 

2.2. Sensor details 

The WIZ has been on the commercial market since 2009 (Moscetta et al., 2009), and could be considered to have achieved TRL 8. It 
has proven to be competitive in nutrient sensing as hundreds of units have been sold worldwide (e.g., Bodini et al., 2015; Vuillemin 
et al., 2009). The sensor consists of an upper reagent canister with reagent bags that connect to the hydraulic circuit, and a lower 
analytical unit (Fig. 2) that houses the micro-Loop Flow Reactor (µLFR) including all mechanical, hydraulic, and optical devices, as 
well as the heating and UV units (Copetti et al., 2014). The 4 mL hydraulic circuit is controlled by a peristaltic pump that collects 
samples, introduces reagents from the reagent canister, and mixes the liquids. The optical detectors include a 20 mm spectrophoto
metric flow-cell and a 10 mm quartz fluorometric flow-cell. In laboratory preparation and field deployment, the hydraulic circuit also 
has lines specific for normal waste, toxic waste, and Milli-Q that is used in washing the system between analyses. When deployed in the 
field, the normal waste line is free within the water column while the toxic waste line attaches to an external 5 L bag (Fig. 2). The 
Milli-Q line leads to an external 5 L bag filled with 3.5 L of Milli-Q water (Fig. 2). 

The sensor has a nitrate method detection limit (MDL) of 0.05 µM (Johengen et al., 2017c) and employs the VCl3 reduction method. 
First, a VCl3 + HCl solution is added to the water sample to reduce nitrate to nitrite. The Griess reagent, sulfanilamide (SAA) and 
N-(1-Naphthyl)ethylenediamine dihydrochloride (NED), is then added to the reduced nitrate plus nitrite causing a reaction that results 
in a pink azo dye measured at 525 nm (Zhang and Wu, 1986) by the internal spectrophotometer. The sensor provides a single datapoint 
of nitrate concentration for each sampling event. A double range VCl3-NO3

- special calibration procedure was performed to calibrate 
the sensor for the nitrate method. 

2.3. Deployment details 

Sensors were deployed at the two sites in different ways: as a self-contained unit at SCCF and integrated into a larger monitoring 

Fig. 2. Schematics representing deployment configurations – self-contained (left) and fully integrated (right). Both units were powered by solar 
panels (A) and a battery enclosed in a junction box with a datalogger and other power components (B). Power and communication cables (C) ran 
from the sensor (D) to the electronics box (B). Each sensor had an intake unit (E) that included filters (left: 0.1 µm; right: 25 µm). The self-contained 
unit (left) was deployed using an aluminum pipe (F) and was attached to the mooring frame that housed (D), the pump (G), DI water (DI) and toxic 
waste (TW) bags. The mooring frame rested on the RECON support structure (H) that also held the RECON water quality sensors (I). The fully 
integrated unit (right) utilized a PVC pipe (25.4 cm) with holes which allowed water flow through. The sensor rested on a large bolt (K) to ensure the 
sensors remained 0.5 m above the sediment. 
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platform at LUMCON (Fig. 1). The self-contained system utilized components supplied by the manufacturer (SYSTEA S.p.A) including 
datalogger and pump. The fully integrated system used non-Systea equipment, including a commercially available, widely used 
datalogger (CR1000, Campbell Scientific, Inc., Logan, Utah, United States). 

2.3.1. Self-contained system (0.1 µm pre-filter) 
The self-contained system was equipped with a 0.1 µm filtration unit at the intake, including a copper pre-filter, and hollow fiber 

filtration cartridge, peristaltic pump (to operate the filter), and a three-way valve to perform sampling and backflushing (Table 2; 
Fig. 2, left panel). A manufacturer-provided datalogger (ZetaLOG, SYSTEA S.p.A.) was used to perform sensor operation and provide 
data in real-time via cellular telemetry. The datalogger also provided the ability to conduct daily internal calibrations, but due to 
manufacturer suggestion the internal calibrations were used only as a reference point, not to automatically update calibrations. The 
sensor was powered by a 12 V, 31.6 A h rechargeable battery connected to a 12 V charge controller (Sunsaver, Morningstar Corpo
ration, Newton, Pennsylvania, United States) and two 20 W monocrystalline solar panels. 

The sensor was mounted on a piling separately from the co-located RECON water quality sensors and was attached to the end of a 1” 
aluminum pipe (Table 2; Fig. 2, left panel). To address biofouling, the entire deployment cage was wrapped with black stretch wrap 
(Table 2; Fig. A.1A). The copper sample intake was attached to the cage outside the wrap and the sensor intake was placed 2.5 m below 
the water surface (approximately 1.5 m from the sediment surface). The sensor was calibrated prior to deployment and every 30 days 
thereafter using the double range VCl3-NO3

- calibration procedure, according to manufacturer’s recommendation. The used reagent 
canister was swapped with a second, filled reagent canister every 30 days. Samples were collected once every 2 h during deployment. 

To facilitate quantification of sensor performance at this site, discrete reference samples were collected monthly near the sensor 
intake (approximately 2 m depth) using a Van Dorn water sample. Reference samples were filtered through a 0.45 µm syringe filter and 
frozen at − 20 ◦C before being analyzed at SCCF for NO3

- + NO2
- using an autoanalyzer (AutoAnalyzer 3, SEAL Analytical, Incorpo

rated, Mequon, Wisconsin, United States) using standard methods (EPA 353.2). Salinity, temperature, and chl-a were collected every 
1 h from 01 March 2020 to 16 February 2021 (Fig. 3) using a Seabird WQM (Sea-bird Scientific, Bellevue, WA, United States). A 
Seabird ECO (Sea-bird Scientific) was used to measure fDOM at the Shell Point RECON station. Turbidity was measured using an 
optical sensor included in the WQM and, at times, was susceptible to biofilm growth which may have caused interference. Turbidity 
datapoints that sharply increased well above previous and subsequent datapoints were considered outliers and were removed from the 
dataset. A known malfunction of the chl-a sensor caused abnormally high readings (up to 73.0 µg L− 1) during March and April 2020; 
therefore, readings > 10 µg L− 1 were removed from this study. 

2.3.2. Fully integrated system (25 µm pre-filter) 
The fully integrated sensor was equipped with a 25 µm filter at the intake and controlled by a commercially available datalogger 

(CR1000) outfitted with a solid-state relay (Sensata-Crydom, Crydom, San Diego, California, United States; Table 2; Fig. 2, right panel). 
The sensor was powered by a 12 V 50 Ah rechargeable battery connected to a 70 W monocrystalline solar panel and a 3 A solar panel 
voltage regulator (High Sierra Electronics, Inc., Grass Valley, California, United States). Biofouling was mitigated using copper tape 
(Table 2; Fig. A.1B) due to the smaller formfactor of the sensor. The sensor was deployed in a dock-mounted PVC pipe (25.4 cm 
diameter) that was driven into the sediment. Sensor sampling frequency was set to 2 h. The program used for the datalogger did not 
allow for wash cycles between samples, nor internal calibrations. The reagent canister was swapped with a second, filled reagent 
canister each time the sensor was redeployed. Since the sensor was deployed for shorter periods of time at this site, calibration using 
the double range VCl3-NO3

- calibration procedure, according to manufacturer’s recommendation only occurred prior to the first 
deployment. 

Reference samples were collected weekly at two depths: 0.5 m below the air-water interface and approximately 1.2 m above the 
sediment surface, the same depth as the sensor intake. Samples were filtered through a sterile 0.22 µm PES syringe filter (Simsii, Inc., 
Issaquah, WA, United States) and stored frozen before analysis for NO3

- + NO2
- at the LUMCON Ecosystem Ecology and Biogeo

chemistry Lab using the VCl3 method (Schnetger and Lehners, 2014) on an BioTek Epoch 2 microplate reader. Standard curves (R2 

values ≥ 0.99) were prepared by diluting NO3-N and NO2-N stock solutions (Hach Company, Loveland, CO, United States). For the 
purposes of this study, salinity, temperature, and chl-a data were collected every 15 min using an EXO2 sonde (YSI Incorporated, 
Yellow Springs, Ohio, United States) from 12 March to 26 October 2020 (Fig. 4). The EXO2 sonde was mounted at the same 
deployment site as the nutrient sensor and taken offline during Hurricanes Laura (20–29 August 2020), Beta (17–25 September 2020), 

Table 2 
Different components included in the two deployment configurations, Self-Contained and Fully Integrated.   

Self-Contained (SCCF) Fully Integrated (LUMCON) 

Sensor sampling depth 2.5 m 1.2 m¥ 

Reference sampling depth 2 m 0.5 m, 1.2 m¥ 

Intake filter pore size 0.1 µm 25 µm 
Reference filter size & type 0.45 µm nylon syringe filter 0.22 µm PES syringe filter 
Automatic backwash pump Yes No 
Datalogger Zetalog (SYSTEA S.p.A.) CR1000 (Campbell Scientific) 
Fully functional program Yes Lacked backwash function, internal calibration, cleaning cycles 
Antibiofouling Method Enclosed in plastic bag Copper tape  

¥ Distance above the sediment surface. 
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Fig. 3. Water quality measurements taken at the SCCF deployment site including sensor nitrite + nitrate (black line), intake-depth reference nitrite 
+ nitrate (blue circles), turbidity (brown line), salinity (blue line), temperature (red line), and chlorophyll-a (green line). Red blocks indicate times 
in which the sensor was not deployed due to a) COVID-19 lockdown protocols, b) sensor maintenance, c) sensor troubleshooting, d) nitrate being 
below the limit of detection in the dry season. Negative sensor-based nitrite + nitrate measurements were removed. 
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and Delta (4–11 October 2020). Continuous turbidity data is not collected at this site, but discrete TSS samples and TDS using a YSI 
Pro30 meter (YSI Incorporated) were recorded. 

2.4. Statistical analyses 

The purpose of this study was to assess variables affecting integration of commercially available, wet chemical nitrate sensors into 
existing estuarine monitoring efforts. Past studies have conducted in-depth verification tests of WIZ sensor performance against 
reference samples across a range of conditions (Bodini et al., 2015; Copetti et al., 2017; Johengen et al., 2017c; Wild-Allen and Rayner, 
2014). As a result of this available data and differences in deployment and site in the current study, statistical analyses of the sensor and 
reference data have been kept to a minimum. Spearman’s rank correlation (Spearman, 1904) was carried out to evaluate relationships 
between sensor-measured nitrate and other water quality variables (salinity, temperature, chl-a, and turbidity, when available) for 
each site. Correlation coefficients range from − 1 to 1 with values closer to − 1 or 1 indicating strong negative or positive linear 
relationships, respectively, and coefficients near zero indicating a weak relationship. For these analyses, concentrations below the 

Fig. 4. Water quality measurements taken at the LUMCON deployment site including sensor nitrite + nitrate (black line), intake-depth reference 
nitrite + nitrate (red circles), salinity (blue line), temperature (red line), and chlorophyll-a (green line). Red blocks indicate times in which the 
sensor was not deployed due to a) COVID-19 lockdown protocols, b) Hurricane Laura, and c) Hurricanes Beta and Delta. 
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method detection limit (< MDL) were removed (self-contained unit, n = 1029; fully integrated unit, n = 260 [< MDL and negative 
values removed]). To conservatively compare sensor- and reference-derived nitrate data, sensor datapoints measured within 3 hours of 
the reference samples were averaged and visually compared using correspondence plots with a 1:1 line to identify sensor under- 
(datapoints below the 1:1 line) or overestimation (datapoints above the line) of nitrate. The 3-hour range for matched data was 
selected to ensure we had at least two sensor data points to average and match the reference sample while also ensuring data from both 
methods were kept as close in time as possible. No statistical analyses were performed on matched data because of the low sample sizes 
(self-contained unit, n = 9; fully integrated unit, n = 5) and the availability of robust sensor verification data elsewhere (Johengen 
et al., 2017c). All statistical analyses were performed in MATLAB (Mathworks, R2022a). 

3. Results 

3.1. Deployment duration and sensor performance 

During the deployment period of the self-contained unit (0.1 µm pre-filter), a total of 161 days of continuous data and 10 discrete 
reference samples were collected. The sensor was not deployed for 192 days within that period (Table 1) due to COVID-19 lockdown 
protocols (127 days) and maintenance (34 days). The sensor was also taken offline for 31 days (Fig. 3) during the dry season when 
nitrate was < MDL. Generally, concentrations of nitrate were higher in the discrete samples (mean: 8.94 µM) than those measured by 
the sensor (mean: 4.19 µM). Sensor-measured nitrate concentrations for the full deployment period ranged from 0.071 µM to 18.3 µM 
on 24 November 2020. Discrete reference samples ranged from 0.73 µM to 23.4 µM (Fig. 3; Table 3). 

During the deployment period of the fully integrated system (25 µm pre-filter), the sensor collected 26 days of data with gaps due to 
COVID-19 lockdown protocols (155 days) and Hurricanes Laura, Beta, and Delta (47 days; Fig. 4; Table 1). During sensor deployment, 
a total of 65 reference samples were collected, but only 10 fell on the same day as sensor measurements (Table 1) and only 5 reference 
samples at each depth matched the sensor data (i.e., within 2 h; Table 1). Sensor-measured nitrate concentrations ranged from < MDL 
to 9.07 µM (mean = 1.47 µM [< MDL removed]). Nitrate concentrations from the 65 reference samples across the entire deployment 
period ranged from 0.070 to 12.9 µM at the surface and 0.060 to 12.5 µM at the intake depth with means of 2.94 µM (surface) and 
2.81 µM (intake; Fig. 4; Table 3), suggesting similar concentrations between the two depths and a mixed water column. It should be 
noted that nitrate concentrations at this site (LUMCON) tend to be seasonally varying, with low concentrations occurring during 
summer and fall (June–November) and higher and more variable during winter and spring (December–May; Fig. A.2). 

The small number of matched sensor- and reference-derived nitrate datapoints (n = 5 or 9, depending on site) limits our ability to 
make significant insights into sensor performance. Additionally, the purpose of this study was to more fully assess the factors influ
encing integration of these sensors into existing monitoring programs. Nonetheless, the two deployments of the same sensor tech
nology indicate some notable differences in relationships between sensor- and reference sample-derived nitrate concentrations. The 
self-contained deployment showed a positive trend between sensor and reference nitrate concentrations (linear regression, p =
0.103, adjusted R2 = 0.239, n = 9) and across a large range in concentrations (up to nearly 25 µM). Generally, the sensor underreported 
nitrate relative to reference samples in datapoints where both were available (89 %; Fig. 5A). The fully integrated deployment 
experienced a much smaller range of nitrate concentrations (< 1 µM) where matched sensor and reference data were available. Likely 
as a result, sensor- and reference-derived data were not well correlated at either depth of sampling for this deployment (Surface: 
Fig. 5B, Intake: Fig. 5C). The water column was mixed at the time of sampling, therefore both sampling depths were the same water 
mass being compared. These differences in nitrate at the two sites are emphasized by sensor and reference comparisons over smaller 
temporal scales (Fig. 6). Over 8-day periods in September-October 2020, the self-contained unit measured nitrate ranging from 

Table 3 
Environmental conditions for the Self-Contained and Fully integrated deployments at SCCF and LUMCON, respectively. Sensor-based 
nitrate concentrations that were below the method detection limit (0.05 µM) are indicated as “< MDL” and were not used in the calcu
lation of mean concentrations.  

Parameter Minimum Maximum Mean 

Self-Contained (SCCF)      
Sensor nitrate (µM) < MDL  18.3  4.19 
Intake reference nitrate (µM) 0.73  23.4  8.94 
Salinity (PSU) 1.44  35.2  25.2 
Temperature (◦C) 15.4  33.6  26.1 
Chlorophyll-a (µg/L) 0.730  18.0  2.67 
Turbidity (NTU) 0.650  17.0  2.36 
Fully integrated (LUMCON)      
Sensor nitrate (µM) < MDL  9.07  1.47 
Intake reference nitrate (µM)¥ 0.06  12.5  2.54 
Surface reference nitrate (µM)** 0.07  14.01  3.48 
Salinity (PSU) 0.790  19.7  6.89 
Temperature (◦C) 17.2  34.5  27.6 
Chlorophyll-a (µg/L) 5.00  46.7  16.2  

¥ Reference samples at the sensor intake (1.2 m) during the period 19 March–30 December 2020. 
** Reference samples below air/water interface (0.5 m) during the period of 2 January–30 December 2020. 
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0.214 µM to 10.1 µM (mean= 4.01 µM), with diel or tidally-driven patterns of nitrate fluctuation and generally good agreement with 
reference samples (n=2; Fig. 6A). During this shorter timeframe, the fully integrated unit measured nitrate ranging from 1.07 µM to 
1.86 µM (mean = 1.51 µM), higher than reference samples during the 8-day period (0.15–0.32 µM; Fig. 6B) and consistent with the 
longer dataset. 

3.2. Other environmental data 

Turbidity at SCCF Shell Point (self-contained unit), located within the Caloosahatchee River Estuary, varied over a wide range 
(0.650–17.0 NTU, excluding outliers [see Methods]) with mean turbidity of 2.36 NTU (Table 3). Salinity (mean: 25.2 PSU) and water 
temperature (mean: 26.1◦C) showed diurnal patterns and ranged from 1.44 to 35.2 PSU and 15.4 to 33.6 ◦C (Table 3), respectively. 
SCCF Shell Point chl-a (mean: 2.67 µg l− 1) ranged from 0.730 to 18.0 µg l− 1 (Table 3). Nitrate (mean: 4.19 µM) ranged from < MDL – 
18.3 µM and a diurnal pattern was observed with high concentrations typically occurring mid to late day (Fig. 6A). Spearman’s rank 
correlation revealed that sensor-measured nitrate (µM) was significantly (p ≤ 0.05) correlated to all other environmental variables 
(turbidity, p < 0.001; salinity, p < 0.001; temperature, p = 0.19; chl-a, p < 0.001). The strongest correlation was between salinity and 
nitrate in a negative direction (rs = − 0.85). All other environmental parameters had weaker, positive relationships with nitrate 
(turbidity, rs = 0.28; temperature, rs = 0.04; chl-a, rs = 0.32). 

LUMCON experienced a narrower range of temperature (17.2–34.5 C◦, mean: 27.6 ◦C) and salinity (0.790–19.7 PSU, mean: 6.89 
PSU) but a wider range of chl-a (5.00–46.7 µg l− 1, mean: 16.2 µg l− 1; Table 3). Sensor-measured nitrate (mean: 1.47 µM) did not vary 

Fig. 5. Correspondence plot of sensor- versus reference-measured nitrate for the a) self-contained unit, and the fully integrated unit when compared 
to reference samples taken at the b) surface of the water column and c) same depth as the sensor intake. Blue (self-contained unit) and red (fully 
integrated unit) dots are matched observations within 3-h of each other. All negative and < MDL values were removed. Dashed line represents a 1:1 
correspondence and the blue (self-contained unit) and red (fully integrated unit) lines denote the linear regression. 
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much throughout the deployment period, ranging from < MDL – 9.07 µM. Nitrate was significantly (p < 0.001) correlated with salinity 
(rs = − 0.38), temperature (rs = 0.32,) and chl-a (rs = 0.24). 

4. Discussion 

The current study addresses integration of newer, commercially available nutrient sensor technologies into real-world monitoring 
systems. The study also seeks to provide insights into sensor performance at different estuarine sites and considers best practices for 
integrating continuous nutrient monitoring into existing programs and platforms. The study was not designed to provide exhaustive 
sensor performance verification testing, as those tests for the sensor used in this study (Copetti et al., 2017; Johengen et al., 2017c) and 
others (Grand et al., 2017; Johengen et al., 2017a, 2017b; O’Boyle, Partington, 2014; Rieger et al., 2008) have already been done and 
are available to potential adopters. The WIZ sensor has proven to be a valuable tool in providing reliable real-time, high-frequency 
nutrient data, especially when deployed in the self-contained configuration. Although issues arose with the fully integrated config
uration, progress towards integrating the WIZ into current monitoring programs may be achieved with a few improvements. 

4.1. In situ sensor performance 

Sensor performance (evaluated as comparisons to reference samples) differed between the two sites and deployment types in this 
study, with the self-contained unit equipped with 0.1 µm pre-filter typically underestimating and the fully integrated unit equipped 
with 25 µm pre-filter typically overestimating nitrate concentrations. However, the nutrient concentrations for the two environments 
cannot be directly compared, as the maximum concentrations measured by the fully integrated unit at LUMCON (1.47 µM) were below 
the average concentration measured by the self-contained unit at SCCF (4.19 µM). It is likely that observed differences in sensor 
performance relative to reference samples were related to where in the dynamic range of the sensor it was being operated. A prior study 
evaluating the performance on the WIZ nutrient sensor showed poor linearity at low NO3 concentrations (0–0.05 mg N l− 1; (Johengen 

Fig. 6. Nitrate measurements over 8-day periods for the self-contained unit (A) and the fully integrated unit (B). Fully Integrated unit only includes 
intake-depth (1.2 m above sediment) reference samples. 
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et al., 2017c)). During the duration of the study, samples from LUMCON occurred during the time of year when concentrations are 
their lowest for the year (June–November; Fig. A.1A and A.1B). These limitations of dynamic range suggest that detection at the low 
concentrations experienced by the fully integrated unit at LUMCON may contribute to poor sensor performance, and quantifying low 
concentrations with this sensor still represents a challenge. 

An additional mechanism explaining the poor correlation between sensor and reference sample concentrations may also be the 
small number of samples for the fully integrated unit where both datapoints were available (n = 5). This was largely a function of 
pandemic and hurricane-related interruptions in deployments. Future deployments may consider adding more reference sample 
collection events when the sensor is deployed to better quantify sensor performance and deploying the sensor for increased duration to 
capture high and low concentration periods of the year. 

Differences in sensor intake pre-filter and reference sample filter pore sizes may also explain some of the disagreement between the 
sensor v. reference concentrations in the two deployments. The self-contained unit had an intake pre-sensor filter size of 0.1 µm with 
discrete reference samples filtered with a 0.45 µm filter. The fully integrated sensor used a 25 µm pre-filter at the intake and reference 
samples were filtered with a 0.22 µm filter. This two orders or magnitude difference in filter sizes likely led to the fully-integrated 
sensor deployed at LUMCON capturing more particulate nitrogen (i.e., those bound to sediment particles and/or within phyto
plankton cells) which was excluded by the smaller pore-sized filter used to collect reference samples. Water quality data collected 
alongside the nitrate sensor deployments may provide support for this mechanism, as an increase in chl-a (a proxy for phytoplankton 
biomass) in August 2020 at the LUMCON site (Fig. 4) occurred with observed overestimation of nitrate concentrations (Fig. 5B–C). 
Thus, it is likely that mismatch in sensor and reference sample filter pore sizes explain at least some of the disagreement in sensor v. 
reference concentrations in the fully integrated unit. 

A mismatch in filter sizes may also explain the trend of underestimation of nitrate concentrations by the self-contained unit at SCCF. 
Here, the sensor intake pre-filter (0.1 µm) was smaller than the discrete reference sample filter (0.45 µm), which may have led to 
relatively more particulate nitrogen being measured in the reference samples than by the sensor. The use of a 0.45 µm filter may also 
allow inorganic nanoparticles of various minerals into the sample leading to the overestimation of dissolved nutrients (River and 
Richardson, 2019), although it is generally considered sufficient for and widely used in dissolved nutrient sample filtration (Reed et al., 
2022). 

4.2. Limitations to deployment 

Duration of deployment was a primary difference between the two sites, but one that was seemingly unrelated to the sensors 
themselves. The self-contained unit collected 161 days of data (out of 353 total) and the fully integrated unit collected data for 26 (out 
of 228 days), largely as a result of the effects of the COVID-19 pandemic and limited access to deployment sites, tropical storms and 
hurricanes (especially at LUMCON) and the requirements for calibration, maintenance, and troubleshooting. Deployment duration of 
the integrated system was additionally impacted by storm surge flooding of the dock on which the sensor was deployed. Relocation of 
the sensor electronics to a nearby tower (where the water quality station is mounted, exclusive of the nutrient sensor) was attempted 
but the standard cable (5 m) was too short to reach the tower and a longer cable (15 m) suffered communication issues. As a result, the 
sensor electronics remained on the dock but were removed during storms leading to 44 days of missing nutrient sensor data (Fig. 4). 
These limitations in deployment duration led to small sample sizes for matched observations at both sites and especially for the fully 
integrated deployment (n = 5). All the matched observations at the fully integrated site fell at reference nitrate concentrations <
0.5 µM, and this limited sample size and range of concentrations at the lower end of the limit of detection (see above) likely contributed 
to the poor comparisons between the sensor- and reference methods. 

However, even with the shorter deployment periods, the sensors were able to capture temporal trends in nitrate concentrations that 
otherwise would have been missed with discrete reference samples. For example, nitrate concentrations in the lower Caloosahatchee 
River estuary (self-contained unit) showed clear diurnal fluctuations (Fig. 6A), likely due to the assimilation of nitrate by phyto
plankton during daylight hours (e.g., Bates, 1976; Cochlan et al., 1991) and/or tidally mediated transport of nitrate – known to help 
fuel HABs in the region – into the estuary from the urbanized watershed (Gilbert et al., 2019; Ma et al., 2020; Medina et al., 2022). 
These data-driven insights are important since discrete samples for nutrients at this site are typically taken monthly, a sampling 
frequency that limits our abilities to resolve such diel fluctuations in nitrate. While sensor-measured nitrate concentrations in the upper 
reaches of Terrebonne Bay (fully integrated unit) varied less widely across the shorter, 8-day period in September 2020 (Fig. 6B), 
fluctuations within and between days add important detail to the expectation that nutrient dynamics in this system are seasonal 
(Fig. A.2) or event-related. 

4.3. Sensor integration 

The two sensor units differed in how they were deployed. Use of the manufacturer-supplied datalogger to remotely control the 
sensor in the self-contained unit allowed for the sensor to perform backwash cycles between samples. The utility of built-in telemetry to 
transmit data in real-time also helped troubleshoot sensor issues remotely and adjust (trigger, disable) on-demand sampling via text 
messaging. In contrast, the fully integrated sensor deployment utilized a commercially-available datalogger that was limited in its 
functionality due to lack of SDI-12 protocol, a serial communication protocol regularly included as an option for commercial envi
ronmental sensors (Cario et al., 2017; O’Boyle, Partington, 2014; Poornima et al., 2016; Snazelle, 2015a, b). A custom CRBasic 
program allowed datalogger access to basic sensor operations, i.e., turning the sensor on, collecting and analyzing a water sample, and 
turning the sensor off. The custom program is available on GitHub (https://github.com/jenraabe/GoM-Nutrient-Sensor). Additional 
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functionalities such as internal calibrations and wash cycles were not available with the RS-232 protocol that was developed due to a 
combination of time limitations and availability of coding support. Thus, addressing the challenges of integrating the WIZ with a 
commercial datalogger (i.e., addition of SDI-12 protocol or a fully functional program for RS-232 protocol) should be prioritized for 
this sensor and others entering the marketplace. 

Biofouling was a concern at both sites and approaches for mitigation slightly differed. It should be noted that both wet chemical and 
optical nutrient sensors must deal with biofouling as it can impact material entering the sensor and optical services, respectively. The 
additional hardware and larger deployment cage for the self-contained system created a larger surface area and greater potential for 
external fouling issues than the fully integrated unit. Copper tape could not be used due to the complex shape of the unit and the tubing 
connecting the sensor to the outer waste and water bags was too delicate. The self-contained unit was wrapped in plastic and kept in 
place using Gorilla tape (Fig. A.1A). This method worked well at preventing fouling; however, it required the sensor to be brought back 
to the lab to reapply the wrap each time the reagents were changed (approximately monthly). Since the fully integrated unit had a 
smaller form factor, copper tape was utilized (Fig. A.1B) and was effective in preventing biofouling for several months at a time. With 
these anti-fouling measures, neither site reported degradation of data due to biofouling. 

4.4. Recommendations for future use and continued technology development 

Deployment of the two sensor configurations in this study highlights the trade-offs with integration into existing monitoring 
programs. Deployment as a self-contained system had advantages related to full functionality of datalogger program control and real- 
time access to data but came with additional cost to add a secondary datalogger. Deployment of the sensor as a fully integrated system 
that utilized a commercial datalogger represented a more cost-effective model and one that leveraged existing community expertise in 
sensor control, but with trade-offs related to full sensor functionality. 

Another important factor that impacts sensor performance and integration is selection of filter pore size for both the sensor and 
reference samples relative to the deployment environment and target analytes (i.e., dissolved v. particulate v. total N). Dissolved 
inorganic nutrients are recommended to be measured using filters with 0.22 or 0.45 µm pore size to best separate dissolved from 
particulate fractions (Reed et al., 2022), a method that is used in many estuarine monitoring protocols (NOAA, 2021; USEPA, 1993). In 
the ACT verification report, the manufacturer recommended different filter sizes and configurations depending on the type of envi
ronment (i.e., wastewater, low turbidity sea water, and highly turbid river water) which may help guide users on filter choice 
(Johengen et al., 2017c). However, use of an appropriate filter on the nutrient sensor is also related to the deployment configuration. 
The 25 µm sensor filter can be used with both the manufacturer-supplied and other commercial dataloggers. However, use of the 
0.1 µm filter – which more closely matches pore sizes used for dissolved nutrient sampling – requires the manufacturer-supplied 
datalogger that can control the backwash pump function, critical to unclogging the filter. Ultimately, use of wet chemical nutrient 
sensors for determination of specific fractions of nitrate need better matching of sensor intake filter size with that predominantly used 
in collection of reference samples. 

In summary, this study suggests that prospective users of newer nutrient sensors to the market should consider the following aspects 
in their decisions on sensor choice and integration into water quality monitoring programs:  

a) Tradeoffs of integration in cost versus functionality – cost is considered affordable but integration with commercially available 
dataloggers needs custom programming for automated functions.  

b) Matching sensor filter with reference sample filters – it is important that the selected sensor pre-filter size closely matches pore sizes 
used for reference samples as mismatching may lead to under- or overestimation of nutrient concentration.  

c) Deployment site requirements – a 50–60 W solar panel and 45–60 Ah battery for power is needed. Increased space is needed for the 
self-contained system (0.5 m × 0.5 m × 1.25 m [L × W × H]) versus the fully integrated system. A minimum deployment depth of 
765 mm (i.e., the height of the nutrient sensor body) is also required to ensure the unit remains fully submerged to help preserve 
reagents.  

d) Access to analytical lab – preparation of reagents requires the use of a fume hood and storage space for reagents, and toxic waste 
holding and disposal is also needed. Validation of nutrient concentration requires analytical lab instrumentation.  

e) Implement robust anti-fouling methods – the methods described in the current study (black stretch wrap, copper tape wrapping) 
represent approaches to preventing biofouling on a nutrient sensor with relatively large formfactor and external features. Indi
vidual anti-fouling solutions may vary, but this study provides two that were highly effective. 

Continued development of continuous nutrient sensors should consider interoperability with commercially available dataloggers as 
an important element in transitioning these technologies to full operational status. Interoperability goals should include full sensor 
functioning with non-proprietary dataloggers, for example via implementation of SDI-12 communication protocols that would allow 
for full operation (i.e., wash cycles, internal calibration) that the RS-232 interface currently does not. Such protocols would also 
support better adherence to open data standards that are more commonly being required and adopted by funding agencies and or
ganizations leading new sensor deployment (e.g., Grinspan and Worker, 2020; IOOS; Wilkinson et al., 2016; Willoughby, 2019). These 
advancements in communication protocols and interoperability would also facilitate both the cost- and space-efficiencies of inte
gration and allow for real-time sensor control and monitoring. Integration with known technologies may also further expand the 
potential market of users. Together, users and developers of nutrient sensors can help build networks of high frequency nutrient data 
that are critical to addressing the persistent issues of nutrient pollution that affect coastlines around the world. 
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5. Conclusions 

The study tested the operational status and integration of a commercial, in situ chemical analyzer for nitrate in two existing 
monitoring programs in Louisiana and Florida as a pilot study for the development of a nutrient monitoring program across Gulf of 
Mexico estuaries. Deployment configuration of the WIZ probe (self-contained versus fully integrated), alongside challenges to 
continued deployment due to the COVID-19 pandemic and hurricane activity, seemed to affect agreement between the sensor- and 
reference sample-measured concentrations of nitrate. The results from this study support the need for sensor users to match filter sizes 
between instruments and reference samples. The temporally dense data that was collected shows promise for utility in efforts to 
understand and ultimately manage nitrogen in estuarine ecosystems. However, the limitations in functionality in the fully integrated 
unit suggests that incorporation of these sensors into existing monitoring assets is still a challenge. Better addressing interoperability of 
equipment among manufacturers will enhance the reach of newer technologies to help support expanded collection of continuous 
nitrate data throughout the Gulf of Mexico and beyond. 
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