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Abstract

:

Technological advances and resource constraints present scientists and engineers with renewed challenges in the design of methods to conduct water quality monitoring, and these decisions ultimately determine the degree of project success. Many professionals are exploring alternative lower-cost options because of cost constraints, and research and development is largely focused on in situ sensors that produce high temporal resolution data. While some guidance is available, contemporary information is needed to balance water quality monitoring decisions with financial and personnel constraints, while meeting data quality needs. This manuscript focuses on monitoring constituents, such as sediment, nutrients, and pathogens, at the field scale and in small watersheds. Specifically, the impacts on the costs and data quality of alternatives related to site selection, discharge measurement, and constituent concentration measurement, are explored. The present analysis showed that avoiding sites requiring extensive berm construction and the installation of electric power to reach distant sites greatly reduces the initial costs with little impact on data quality; however, other decisions directly impact data quality. For example, proper discharge measurement, high-frequency sampling, frequent site and equipment maintenance, and the purchase of backup power and monitoring equipment can be costly, but are important for high quality data collection. In contrast, other decisions such as the equipment type (mechanical samplers, electronic samplers, or in situ sensors) and whether to analyze discrete or composite samples greatly affect the costs, but have minimal impact on data quality. These decisions, therefore, can be based on other considerations (e.g., project goals, intended data uses, funding agency specifications, and agency protocols). We hope this guidance helps practitioners better design and implement water quality monitoring to satisfy resource constraints and data quality needs.
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1. Introduction


As water quality monitoring is increasingly implemented at the field and farm level to evaluate land management impacts, scientists and engineers are faced with technical and resource-related decisions that ultimately determine the degree of project success. Beginning in the 1980s, most field-scale and small watershed projects shifted away from manual sampling and, instead, used automated equipment to collect runoff water quality samples (Figure 1 [1]). The shift likely occurred due to the financial reality that personnel costs for long-term manual sampling projects are much greater than that for automated equipment purchase and maintenance. In addition, it is very difficult to ensure personnel are available for deployment to conduct manual sampling at numerous, often remote, sampling locations in short duration “wet weather” or “storm water” events that drive non-point source pollution at the field scale and in small watersheds and that regularly occur outside of traditional working hours. Then, in the 1990s, major technological advances ushered in the common use of electronic automated samplers, and general guidance followed on equipment types, monitoring plans, and statistical design [2,3]. In the 2000s, research produced guidance related to critical technical components (e.g., storm thresholds, sample type, sampling frequency) [4,5,6,7,8,9].



Despite the availability of technical guidance, automated water quality sampling projects remain difficult, time consuming, and expensive, with numerous technical challenges (e.g., unpredictable weather, extreme events, instrument malfunction). In fact, previous research has reached a common conclusion: project success requires achieving the proper balance between the monitoring resources and the quality of the collected data [7,10,11,12,13,14]. The issue of data quality (measurement uncertainty) has been the subject of considerable research in recent years and is now included in monitoring guidance in the US and Australia [15,16,17]. Additionally, uncertainty estimation methods have been developed for runoff, sediment, nutrient, and pathogen data [13,18,19,20]. Another source of uncertainty, namely spatial variability, due to the number and location of monitoring sites within larger watersheds does affect data quality in terms of assessing the spatial distribution of sources. This is outside the scope of the present study, but certainly warrants future examination.



While some cursory information is available on the relationship between monitoring costs and data quality (e.g., a pre-calibrated flume is more expensive but produces lesser uncertainty than measuring discharge in a natural channel), additional guidance is needed to better manage costs and produce acceptable data quality. Whether or not this balance between monitoring costs and data quality is acutely considered, it is certainly an implicit consideration because collecting finer resolution/higher quality data tends to cost more. Faced with the monitoring resource constraints and the relatively high cost of off-the-shelf automated sampling systems, scientists and engineers are increasingly exploring alternative systems. This is especially true in developing countries and community science-based monitoring projects in which monitoring resources are severely limited; however, most if not all projects face cost or other resource constraints [14,21]. At the same time, a great deal of research and development is currently focused on in situ sensors because of their ability to collect fine temporal resolution data and avoid the need for sample collection and laboratory analysis; however, in situ sensors can suffer from calibration challenges, drifting, submergence concerns in low flow, and debris and sediment deposition.



Thus, the objective of this manuscript is to provide contemporary guidance on the relationships between monitoring costs and data quality to improve water quality monitoring project design and implementation that reflects advances in modern technology. Specifically, the impacts of key decisions (i.e., establishing monitoring sites, and measuring discharge and constituent concentrations) on monitoring costs and data quality are discussed. In addition, cost comparisons are presented between major project types. These results and recommendations apply to the following conditions: (1) field-scale (edge-of-field) to small watershed (<~10,000 ha); (2) discharge conditions, namely storm events; and (3) constituent types, namely nitrogen (N), phosphorus (P), sediment, and pathogens. Throughout this discussion, we acknowledge that water quality monitoring data have different intended uses, which warrant differing expectations related to data quality.




2. Materials and Methods


To compile state-of-the-art knowledge, we assembled a team with extensive expertise and examined the available literature on the impacts of key water quality monitoring decisions to provide cost and uncertainty estimates. Based on this information, we present herein the impacts and relevant recommendations for alternatives in site selection and establishment, discharge measurement, and constituent concentration measurement. To constrain the comparisons, we analyzed the range of annual, initial (one time), and total costs (using current 2022 costs), for five major project types (Table 1). For each of the five project types, we assumed a set of “typical” characteristics (i.e., 8 sampling sites, 10 events per year, USD 25 per sample for analysis, 2 constituents, 3 project years) to aid in the comparisons.




3. Results and Discussion


3.1. Monitoring Site Selection and Establishment


Information related to site selection and establishment was summarized from previous research, especially [7] (Table 2). The determination of the quantity and location of water quality monitoring sites affects project costs, but does not directly impact data quality. Although spatial variability, in terms of source contribution from various land uses and point sources, does contribute another source of uncertainty within larger watersheds, this is outside the scope of the present study. Each additional site increases the equipment and sample analysis costs, as well as the travel costs because personnel must make frequent site trips to maintain the equipment, collect data, and retrieve water samples (at times outside of normal working hours). It also indirectly affects salary costs and staffing levels.



Decisions related to peripheral equipment at monitoring sites impact both the project costs and data quality. Equipment shelters secure and protect the equipment and prolong its life, and backup (replacement) equipment limits data loss when equipment fails and requires replacement. The value of redundancy in terms of the backup equipment, especially for flow measurement, which seems to be the least reliable, is commonly underappreciated and often decreases data quality. Communication devices using radio, cell, or satellite technology allow personnel to remotely check equipment status, reset operation, retrieve data, and avoid unnecessary travel to check for samples, which saves travel costs; however, frequent travel to sites may still be required for equipment maintenance and sample retrieval.




3.2. Discharge Data Collection


Measurement of field-scale surface runoff or stream flow (discharge) is a critical component that affects project costs and data quality (Table 3). Most discharge measurement techniques are well established [22,23,24,25,26,27]. The most common method utilizes the stage (water surface level or flow depth) and its relationship to discharge (flow). With this method, a stage–discharge relationship (rating curve) is established by repeated measurements that represent the full range of the flow conditions at the site or accompanies pre-calibrated weirs or flumes. Then, continuous stage data are recorded and translated into discharge using the rating curve. Stage–discharge measurement assumes a univocal relationship between the stage and the discharge (i.e., no hysteresis), the stability of the relationship, no downstream flow control, and only applies within the range of measured stages and flows used to develop the relationship. Where these assumptions are not met, large uncertainties can occur [28]. Additionally, rating curve measurements are difficult and often unsafe to make under high flow conditions, thus the validation of stage–discharge relationships at high flows are often lacking.



More recent alternatives utilize in-stream velocity meters, with stage sensors or non-contact sensors (e.g., radar) to estimate or measure depth and velocity to provide continuous discharge measurements. These instruments use velocity data and the corresponding stage data with cross-sectional survey data to calculate the discharge; however, recorded velocities may not adequately represent the mean velocity, especially as the flow cross-section increases. To reduce inaccuracies, measurements should therefore be taken in stable cross sections of known geometry, and velocity methods (e.g., index velocity) should be applied in larger channels to correct the velocity measurement to represent the entire cross-section [28,29,30,31].





 





Table 2. Key decisions on monitoring site selection and establishment that affect the relationship between the project costs 1 and data quality, based largely on [7]. These decisions affect all the project types listed in Table 1.






Table 2. Key decisions on monitoring site selection and establishment that affect the relationship between the project costs 1 and data quality, based largely on [7]. These decisions affect all the project types listed in Table 1.





	Decision
	Annual Cost
	Initial

(One-Time) Cost
	Data

Uncertainty
	Related Comments





	Number of sites
	$$$:

technical staff

salary
	$$$: vehicle
	-
	Carefully determine the number of

sampling sites. One full-time technician can typically operate 6–10 sites (including laboratory analysis, data management), but the distance to and proximity of the sites can affect this. For graduate students, the salary costs are less but so is their capacity in terms of time and expertise. Exceeding a reasonable number of sampling sites and utilizing inexperienced technicians will decrease data quality.



	Location of sites
	$-$$:

travel costs =

f (location, proximity); site maintenance; equipment maintenance
	$/site:

basic installation

-or- $$/site:

extensive berm

construction required
	-
	Locate sites to minimize travel costs. If possible, install field-scale sites within a natural drainage way to avoid extensive berm construction (USDA, 1996), and avoid unstable sites. Commit to frequent maintenance [2,3,7], as less frequent maintenance will decrease data quality

due to missing or inaccurate data.



	Equipment shelter
	-
	$/site:

homemade or

repurposed shelter

-or- $-$$/site:

commercial shelter
	-
	Install equipment shelter at each site.

Ensure accessibility during wet weather, above the flood level [3,25], yet as close as possible to the sample point [32].



	Duplicate equipment
	-
	$$/per every 6–10 sites, backup and replacement equipment
	-
	Purchase backup and replacement

equipment to reduce missing data

(increases the data quality).



	Power needs
	$/site:

electrical costs

(if AC power; maintain and

recharge batteries)
	$-$$/site:

install AC power at remote site (if

feasible) -and-

$-$$/site: solar panel and battery
	See [20,33,34] for

uncertainty related

to preservation and

storage.
	Consider power needs based on the

QA/QC requirements for sample

preservation. Refrigerated samplers

often require AC power; however,

battery backup is recommended

for all automated samplers to avoid power loss during storm events.



	Communication devices (cell, radio, satellite)
	$/site: fees
	$-$$/site:

communication

device
	-
	Consider the costs and benefits of communication devices (i.e., purchase costs and fees relative to salary and travel costs). The communication device can increase data quality through the immediate notification of equipment failure. As the distance to the sampling sites increases, the benefits of communication devices

increases.







Notes: 1 $—less than USD 1000; $$—USD 1000–USD 10,000; $$$—greater than USD 10,000.













 





Table 3. Key decisions on flow measurement that affect the relationship between the project costs 1 and data quality.






Table 3. Key decisions on flow measurement that affect the relationship between the project costs 1 and data quality.





	
Decision

	
Annual Cost

	
Initial

(One-Time) Cost

	
Data Uncertainty

	
Related Comments






	
Are discharge (flow) data needed to meet the project objectives?

	
Cost estimates below apply only

to projects that measure loads

(project types 3–5 in Table 1).

	
-

	
If load data are not needed, discharge measurement is unnecessary; however, flow and load data are often critical, so carefully

consider the potential future

data uses and project objectives.

If flow data are needed, consider the following options.




	
Discharge (flow) measurement options:

	

	

	




	
Measure the stage in the pre-calibrated flow

control structure with the established stage–discharge

relationship [7,35]

	
$/site:

maintenance

	
$$/site:

control structure

and stage

measurement equipment

	
±5–10% depending on

frequency of calibration with a current meter [36]

	
Follow installation and maintenance recommendations [32,37]. Data quality decreases substantially if the stage exceeds the design capability, which limits use as the contributing area increases.




	
Measure the stage in

a channel, culvert,

or other stable flow path

	
$-$$/site:

maintenance; flow

measurements

and cross-section

surveys to confirm

or adjust the stage–discharge relationship

	
$-$$/site:

survey cross-

section; stage measurement equipment

	
Stable channel:

±6% [38],

±10% [36]



Shifting channel:

±20% [36]

	
Selecting sites with an established stage–discharge relationship and in a stable channel avoids the cost and difficulty of developing and adjusting the relationship. Calibrate the stage–discharge

relationship with a current meter and cross-section surveys,

8–12 per year especially

in shifting channels.




	
Measure discharge

with area–velocity sensor

	
$-$$/site:

maintenance; flow measurements

and channel surveys to confirm discharge data

	
$$/site:

survey cross-

section;

velocity

measurement equipment

	


>10% (King, unpublished data)



±10% in trapezoidal

channel [39]



±0.003 m at 0.01–3 m (depth); ±0.03 m/s at 0–1.5 m/s and ±2% at 1.5–6 m/s

(velocity) [40]

	
Confirm velocity measurement

accuracy and stage discharge relationship with current meter readings, 8–12 per year, especially in shifting channels. Data quality decreases substantially if the flow cross-section is non-uniform, exceeds the design capability, if the sediment concentration is low, and if the cross-section is unstable.




	
Estimate discharge with Manning’s equation

	
$$/site:

maintenance;

flow checks

	
$/site:

survey cross-

section; flow

measurement equipment

	
~10%-100% [41]



±10–20% for ideal

conditions, but ±25–30% more likely, and

≥ ±50% possible [42]

	
Not recommended

because of low data

quality without extensive

adjustments.




	
Measure the stage in the homemade flow

control structure

(i.e., flume, weir)

	
$/site:

maintenance flow measurements to develop/adjust stage–discharge

relationship

	
$/site:

structure construction

and flow

measurement equipment

	
±11% in initial tests,

but higher uncertainty

at high discharge rates

with turbulent flow

(Busch, unpublished data)

	
Design specifications for flumes and weirs are quite specific; therefore, deviations affect the theoretical discharge relationship. Conduct extensive current meter checks to establish an accurate stage–discharge relationship.








Notes: 1 $—less than USD 1000; $$—USD 1000–USD 10,000.











To reduce costs, some projects have utilized Manning’s equation, which eliminates the need to measure the discharge velocity. Manning’s equation estimates discharge velocity based on the channel roughness, slope, and cross-sectional geometry [25,43]. Then, the cross-sectional flow area and velocity estimates are used to calculate the discharge. Because Manning’s equation was designed for a uniform flow with a constant channel slope, shape, material, cross-sectional area, and velocity, its use in natural channels introduces substantial uncertainty, due to the non-uniform flow and channel roughness coefficient determination [43].



Other projects have utilized homemade weirs/flumes to reduce the costs associated with discharge measurement. For example, Busch et al. (unpublished data) developed a prototype flume, reducing the height of the flume’s converging sidewalls to overcome the challenge of the large footprint of large flumes. This prototype flume was designed to accurately measure a range of flows by allowing high flows to remain within the approach and flume channel, but to overtop the converging sidewalls. Initial test results from the University of Minnesota, Saint Anthony Falls Laboratory, showed average discharge measurements within 11% of the true values across a range of flows, but in-field tests revealed turbulent flow in the flume, at high discharge rates, which made accurate stage measurements difficult. The latest iteration of the prototype uses a combination of a 0.75 ft (0.225 m) HL flume and a 2.25 ft (0.675 m) sharp crested weir on each side of the flume; this is similar to a compound weir but with the flume replacing a v-notch weir for measuring low discharge rates. The initial field tests have shown quiescent flow and accurate stage measurements during large runoff events, and additional lab tests are planned.



Others have used sheet metal or wood to create stable channel sections and/or to control volumes and, thus, create stable stage–discharge relationships [39]. These artificial channels lead to the precise estimation of the cross-section area (typically rectangular or trapezoidal) and encourage laminar flow (if the length is adequate, >~2.5 m), both of which increase the quality for discharge measurements.




3.3. Constituent Concentration Measurement


Prior to the 1990s, the within-event variability of constituent concentrations in small watersheds was only able to be characterized with intense manual sampling programs or with mechanical samplers [44,45,46,47,48]. Then, in the 1990s, the advent of electronic samplers and sensors brought increased scientific capacity, enabling monitoring efforts to focus on the determination of runoff concentration and load dynamics [1,49].



Decisions related to several aspects of water quality concentration measurement (i.e., constituent type, automated approach and sampling frequency, in situ sensors, low-cost components) affect both the monitoring costs and data quality (Table 4). Regardless of the sampling method, the uniformity of the water quality across the cross-section and within the water profile is an important consideration. The assumption of well-mixed conditions is generally true for dissolved constituents at edge-of-field and small watershed sites [50,51]. This can be evaluated with a four-parameter probe (pH, temperature, conductivity, dissolved oxygen), such that if the values vary by more than 5% throughout the channel, then the assumption of well-mixed conditions may not be appropriate and a single sampling location may not represent the cross-section [52]. Even particulate constituents can often be assumed to be uniformly distributed in the flow profile and across the channel in edge-of-field scale sites and small streams because of well-mixed conditions and shallow flows. However, this assumption can be evaluated with integrated manual sampling, as described by [53], with multiple grab samples [6], or with turbidity probes. If the particulate concentrations do, in fact, vary considerably with the flow, then a relationship can be established between the concentrations at the sampling location intake and the total concentration across a range of discharges [51].



3.3.1. Automated Sampling


Small watershed monitoring projects typically utilize automated sampling equipment to collect water quality samples because runoff events often occur with little warning over short durations, outside conventional working hours, and in adverse weather conditions [3]. Additionally, automated samplers can sample within the rapid hydrologic response time of small watersheds, use a consistent sampling procedure at multiple sites, and take multiple samples throughout entire runoff durations. In contrast, manual sampling requires multiple technicians to travel to multiple sites during runoff events and manually collect samples in hazardous conditions, often outside of traditional working hours. Since few projects have sufficient resources to maintain adequate on-call technical staff, small watershed projects rarely, if ever, employ manual storm sampling. Therefore, the following discussion focuses on a comparison of automated sampling (for information on manual storm sampling, see [53,54]).



The two major categories of automated samplers are mechanical and electronic. Mechanical automated samplers have been used for decades for edge-of-field and small watershed monitoring. One class of mechanical automated samplers collects flow-weighted samples with rotating slots (e.g., Coshocton samplers [46,47], modified Coshocton samplers [45,55,56,57], or multi-slot divisors [44,58,59,60]). Rotating slot and multi-slot divisor samplers have near unlimited sampling capacity and can estimate flow volume and the event mean concentration (EMC) through analysis of the single resulting composite sample, but they have difficulty in taking small volume samples relative to the flow volume. In contrast, other mechanical automated samplers use pumps to collect time-weighted samples at pre-specified intervals with which to examine within event concertation variability (e.g., Chickasha samplers [48]). This type of sampler, however, has a limited capacity in terms of the size and number of sample bottles and requires fairly complex fabrication and wiring, which limits its use. Siphon or single-stage samplers can also be used to collect a sample of near-surface water during the hydrograph rising limb [61], but they have several limitations [62,63] and produce greater uncertainty.



Electronic automated samplers have been used since the 1990s. Regardless of the manufacturer, electronic samplers typically have a stage recorder/flow meter (or can be linked to one), a sample collection pump and bottle(s), a data logger/memory, and programmable operation related to the sampling threshold, sample volume, time- or flow-weighted sampling, and discrete or composite sampling.



Sampling theory and several studies have shown that the smaller the sampling interval, the better the characterization of the water quality [4,5,12,14,64,65,66]; however, sampling interval selection must also consider the importance of sampling throughout long duration/large volume events. Frequent volumetric depth intervals (1–2.54 mm) allow smaller storm events to be sampled and moderate-to-large storm events to be sampled more intensively with little to no increase in uncertainty, especially with composite sampling.





 





Table 4. Key decisions on constituent concentration measurement that affect the relationship between the project costs 1 and data quality.
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Decision

	
Annual Cost

	
Initial

(One-Time) Cost

	
Data Uncertainty

	
Related Comments






	
How will the constituent concentrations be determined?

	
Cost estimates below are a

function of the project types

in Table 1.

	
-

	
Carefully consider the

following options.




	
Collect samples to measure the constituent concentrations in the lab

	
Cost estimates in the

following section apply to

project types 1, 3, 4.

	

	




	
Automated sampling with rotating slot or multi-slot divisor mechanical samplers (produces single flow-weighted composite

sample and estimates flow volume, thus the discharge measurement options in Table 2 are not needed for load determination).

	
$/site:

maintenance

	
$-$$/site:

mechanical rotating slot or multi-slot sampler (will likely require fabrication)

	
See [5,12,14] for

uncertainty estimates

related to automated

sampling.

	
More frequent sampling increases data quality. The unlimited sampling capacity of rotating slot and multi-slot divisor samplers can increase data quality in large events, but they only capture the EMC. Limitation in the size and number of sample bottles in mechanical time-weighted and electronic samplers can decrease data quality in large events, though strategies

exist to overcome this [9].




	
Automated sampling

with electronicsamplers

	
$/site:

maintenance

	
$$/site:

electronic

sampler




	
Lab analysis

	
$-$$/site:

analysis =

f (number of samples)

	
-

	
See [67,68,69,70,71,72] for

Uncertainty estimates

related to lab analysis.

	
Follow sample preservation,

storage, and analysis protocols

to reduce uncertainty. Estimating the annual number of samples

will assist in estimating lab

analysis costs [8].




	
Utilize in situ sensors to measure the constituent concentrations

	
Cost estimates in the

following section apply to

project types 2, 5.

	
See [73,74,75] for

additional uncertainty

estimates related to

in situ sensors.

	
Avoids lab analysis costs. Provides concentration data with the same time resolution as the flow data. Conduct weekly to biweekly maintenance of the optics. Independently obtain discrete samples for instrument calibration.




	

	
$/site:

maintenance and calibration

	
$$$/site:

voltametric and

amperometric

	
See [76,77]

for nitrate ISE



±0.5 mg N/L

for NH4+ [78]

	
Much of the uncertainty in ISE

measurements results from the

fouling and drift over time.

In situ ISE is currently used

only for ammonium

> 1 mg N/L.




	

	
$$/site:

maintenance and calibration

	
$$$/site:

optical UV–VIS

spectroscopy and

fluorescence sensors

	
0.1–12 mg/L NO3-N

(±5% +0.2 mg/L) [79]



0–14 mg/L N (±10%)

and 0–42 mg/L N

(±25%) [80]



EXO NitraLED™

±0.4 mg N/L

or 5% (in pure water)

	
Proxy techniques require

a conversion algorithm, but

can be highly accurate; subject

to interference from water

color and turbidity.




	

	


$$/site:

maintenance and

calibration

	


$$$/site:

colorimetric sensors with a “lab” onsite

	


Generally, more accurate

than ion specific electrodes,

but has smaller range and

can require post-correction.








Notes: 1 $—less than USD 1000; $$—USD 1000–USD 10,000; $$$—greater than USD 10,000.











Composite automated sampling in the field increases the sampler capacity by placing two or more sub-samples in each bottle, making it a valuable, cost-saving alternative that introduces less uncertainty than increasing the minimum flow thresholds or increasing the sampling intervals [5,7,12,14]; although, [81] concluded that compositing generally increased the precision of the annual load estimates for tile-drained landscapes, but often decreased the accuracy. Composite samples can also be produced in the lab from discrete field samples [1,18]. This alternative can be attractive if sufficient lab staff are available and if flexibility is needed (i.e., a discrete sample can be analyzed for selected constituents and the composite samples analyzed for others). Irrespective of the compositing method, composite sampling can decrease analysis costs and increase sampling capacity, but it does limit within-event concentration data, which can be critical to understanding temporal and spatial patterns of constituent flux.



To reduce costs, several projects have utilized homemade samplers, pumps, and other automated sampling components. In one example, ref. [82] developed a prototype edge-of-field runoff monitoring station, to reduce costs and address technical issues, for monitoring in northern climates. The initial results showed promise with low-cost ultrasonic stage sensors accurately measuring flow depth in the flume, except at high discharge in which turbulent flow reduced the accuracy. The station used flume heaters and equipment enclosures, which increased the costs but decreased the effort to prepare stations for winter monitoring and improved the working conditions. The low-cost sampler also produced similar estimates on suspended sediment and NO3-N concentrations as a conventional automated sampler.



Another project compared prototype edge-of-field monitoring gauges based on Internet-of-Things (IoT) technology and conventional methods. In this project (Busch and King, unpublished data), water quality and quantity were compared for five edge-of-field runoff and five tile drainage sites during non-frozen field conditions in the Blanchard River Watershed in northwest Ohio. The results of the in-field testing indicated that the IoT prototype, with low-cost ultrasonic and pressure sensors, produced comparable water quality and chemistry results to the conventional system, except for estimates on tile discharge when a tile was impacted by submergence. It should be noted that the IoT prototype was designed to estimate discharge and collect flow-paced samples only, and it lacks the capability to collect discrete time-based or flow-paced water samples.



Additionally, replacement parts produced in-house with 3D printers are being used to reduce costs. These components are showing promise as part of low-cost samplers for edge-of-field load determination, as reported in a recent USDA project [83]; however, additional field testing is needed.




3.3.2. In Situ Sensors


In situ sensors have been conceptualized for decades to overcome difficulties and costs associated with sample collection, transportation, storage, processing, and analysis. To clarify, the term in situ sensors herein refers to waterproof electronic equipment able to collect frequent water quality constituent concentration data in the field without the need to bring numerous water samples to a laboratory for analysis; however, these systems do require the collection of independent field samples to calibrate and validate sensor values. Although not yet widely adopted for edge-of-field research and monitoring, in situ sensors most likely represent the future [14,74,84,85,86]. The capacity to measure instantaneous concentration data in both baseflow and stormflow conditions, as is now conducted for discharge data, is a revolutionary prospect, especially for constituents known to exhibit high concentration variability; however, limitations remain related to the cost, accuracy, robustness, reliability over time, and the parameters measured. In addition, Ref. [87] highlighted the importance of the placement of sensors in protective housing with sufficiently large openings to facilitate water exchange.



The three main in situ sensor types are: voltametric and amperometric sensors, optical sensors, and miniaturized analytical sensors. Starting in the 1990s, voltametric and amperometric sensors, usually with ‘multiparameter probes’, have measured selected parameters (e.g., temperature, pH, dissolved oxygen, conductivity, redox potentials) at a high frequency to quantify the physico-chemical aspects of stream or runoff water quality. Ion-selective sensors (ISEs) using similar technology have been mounted on these multiparameter probes to measure specific constituent concentrations; however, low concentrations for constituents of interest (e.g., ammonium or nitrate, ~0–10 mg N/L), fouling and temporal drift requiring frequent on-site calibration [76,77,88,89], and the limited lifespan of ISE membranes, lead to unreliability and limited use.



Optical sensors measure the tendency of water to absorb or reflect light upon excitation. These instruments are proven and relatively robust for nitrate, C, and sediment concentrations, although fouling of the optics can increase error [90] and the costs remain relatively high. In the late 1990s, turbidity sensors became widely available for measuring either the absorption of direct light for a given optical path length or the scatter at a 90° angle of an emitted visible light due to suspended particles (the nephelometric technique). These sensors, which are typically mounted on multiparameter probes, report values in turbidity units, which can be correlated, on a site-by-site basis, to suspended solid concentrations. With this calibration, high-frequency suspended solid concentrations can be calculated [91,92,93,94,95]. Most optical sensors are now equipped with wiping mechanisms to reduce fouling; however, the wiping mechanism can smear the optics necessitating manual cleaning, especially as the sensor dries during ephemeral conditions [96].



In the 21st century, miniaturized in situ spectrophotometers extended absorbance measurement to the UV range, where nitrate in particular is known to strongly absorb light. These UV–visible spectrophotometric sensors have been successfully used to measure N, P, and sediment concentrations in water [97,98,99,100,101,102,103]. These sensors are standalone instruments (i.e., not mounted on multiparameter probes) and tend to be expensive (USD 20,000–USD 30,000). More recently, fluorescence sensors have become more popular to measure a range of dissolved and suspended constituents [104]. These sensors are the equivalent of nephelometric turbidity sensors for the UV range. An excitation light at a narrow wavelength is sent in water, some of which is absorbed and fluoresces back at lower wavelengths due to the nature and concentration of organic matter in water (e.g., DOC, algal pigments), and the emitted fluorescence is measured at 90° from the excitation light. Fluorescence has been shown to be correlated with algal cell and DOC concentrations [105,106,107,108] and, recently, has been used to monitor pathogen concentrations [109]. Fluorescent sensors tend to be mounted on multiparameter probes, enabling physical, chemical, and biological parameters to be measured simultaneously.



Lastly, miniaturized analytical sensors utilize colorimetric absorbance spectrophotometry methods to measure constituent concentrations of dissolved nutrients, including ammonium, nitrate, and orthophosphate [85]. They require considerable maintenance because of their high potential for fouling and use of reagents that generate waste that must be managed, and they require power that may limit their utility in remote locations. Ref. [110] recommend weekly cleaning and cartridge (solution) replacement every 3–4 months to maintain proper functioning. Additionally, the concentration ranges for these systems may limit their utility in highly impaired water bodies. For example, nitrate analyzers typically have ranges up to the primary drinking water standard of 10 mg N/L. However, nitrate concentrations are known to exceed these levels in small watersheds or field-scale systems that are agriculturally impaired, thereby limiting their utility. These miniaturized colorimetric sensors are currently the only reliable options for measuring phosphorus concentrations at high frequency [110,111]. Refs. [100,111] reported the ability to measure P using UV–vis spectrometers, although phosphate does not absorb light because parameter concentrations may covary with the ‘color of water’, with the correlation established on a site-by-site basis. For detailed additional discussion of in situ sensors, including the current technology and limitations, see [74,84,85,112].





3.4. Decisions with Substantial Impacts on Project Costs and Data Quality


As shown in Table 5, several key decisions common to edge-of-field and small watershed monitoring projects can have substantial impacts on initial (one-time) and annual project costs. The costs presented, subsequently, represent a “typical” project (assuming eight sampling sites, ten events/yr, USD 25/sample analysis, two constituents) based on the market costs at the time of the manuscript preparation in 2022. The following decisions affect the project costs but have little to no effect on data quality. Avoiding sites that require extensive berm construction (− USD 15,200) and selecting sites with nearby power lines for projects requiring AC power (− USD 20,000) can dramatically reduce the initial costs. Using repurposed or homemade equipment shelters instead of commercial options also decreases the initial costs (− USD 5600), although additional staff time will be required. Communication devices linked to electronic samplers and in situ sensors (+ USD 1200) increase the initial costs but can save annual travel costs even when associated fees are considered. Additionally, locating monitoring sites near to the lab/office and near each other, when possible, can reduce annual costs (− USD 2600).



The following decisions are highly recommended, despite the additional costs, because of the high likelihood of reducing the data quality if not implemented. Committing to frequent maintenance (once per week is recommended) and installing a battery/solar panel power system at each site, even where AC power is available, does increase costs but also increases the likelihood of successful data collection in storm events. Similarly, purchasing backup equipment (+ USD 6000 to + USD 20,000) decreases downtime to repair malfunctioning equipment.



The discharge measurement necessary for load determination can increase the initial costs, but collecting only constituent concentration data limits the value of monitoring projects and the utility of the resulting data sets for uses such as the validation and calibration of hydrology and water quality models. The ability of mechanical rotating slot or multi-slot samplers to estimate the total flow volume at no additional cost is a major benefit. In contrast, accessory discharge measurement equipment is needed when using electronic automated samplers or in situ sensors. For electronic samplers or in situ sensors, the initial costs for flow measurement increases: + USD 9000 if an established stage–discharge relationship exists at all sites (which is rare at the edge-of-field and small watershed scale), + USD 17,000 if area–velocity sensors are used, and + USD 57,000 if pre-calibrated weirs/flumes are used. Whereas the cost is substantially higher for pre-calibrated weirs/flumes, they tend to produce lower uncertainty than area–velocity sensors in the author’s experience; however, the uncertainty greatly increases for pre-calibrated weirs if the flow exceeds the design capability and for area–velocity sensors if the flow cross-section exceeds the design capability, the sediment concentration is low, and the cross-section is unstable.



For measuring the constituent concentrations, mechanical rotating slot or multi-slot samplers utilize the most basic and least expensive equipment (USD 6000) to estimate the flow volume and collect a composite sample for analysis. The estimated annual lab analysis costs for mechanical slots samplers is USD 4000 because of the single composite sample generated. In contrast, the initial cost of automated electronic samplers (USD 48,000) and in situ sensors (USD 135,000 to USD 180,000) is much greater. With automated electronic samplers, the major determinant of the annual costs is the decision to take discrete or composite samples, which directly affects the number of samples to be analyzed. The annual laboratory analysis costs range from USD 4000 for single composite samples to USD 40,000 for discrete samples, which illustrates the value of high-frequency composite sampling to control costs. With in situ sensors, there are no laboratory analysis costs.



For each of the five project types under the assumptions made (Table 5), the salary costs (USD 100,000/yr) and the vehicle purchase price (USD 50,000) represent a large portion of the total project costs. Projects that measure concentrations and loads with mechanical rotating slot or multi-slot samplers are by far the least expensive (USD 383,590 to USD 412,190) because of low initial equipment costs and low annual laboratory analysis costs. These mechanical samplers are quite cheap relative to electronic samplers; thus, it is quite surprising that they are not utilized more. In comparison, projects that measure concentrations and loads with electronic samplers cost from USD 447,360 to USD 667,080, whereas projects that measure concentrations and loads with in situ sensors are more expensive (USD 528,480 to USD 695,200). Although laboratory costs are avoided with in situ sensors, the higher initial costs for sensor purchase (USD 15,000 to USD 20,000/site) and the equipment calibration costs (USD 5000 to USD 15,000/yr) are not enough to offset this saving.



Another cost consideration is the re-use of the equipment in subsequent projects. Equipment, such as discharge measurement devices, mechanical and electronic samplers, in situ sensors, and communication devices, can be re-used if carefully removed and properly stored in the interim. This can substantially reduce the costs in future projects because the initial purchase costs for electronic samplers and in situ sensors present a high proportion of the total project costs.



Because of the value of high temporal resolution data, we expect that the costs and capacity related to in situ sensors will improve in the coming decade increasing both the affordability and data quality. In addition, mini-sensors utilizing the Internet of Things (IoT) could revolutionize the collection of water quality data in terms of spatial and temporal variability; however, the stewardship of data produced by IoT sensors may require significant resources.





4. Conclusions


As water resource professionals are faced with the difficult and expensive task of quantifying water quality at edge-of-field and small watershed scales, they continue to struggle in balancing the monitoring costs with data quality (uncertainty). In general terms, collecting more and/or higher quality data tends to cost more. Decisions related to sampling site numbers and locations, discharge measurement, and sampling equipment, all affect a project’s ability to satisfy the monitoring goals within cost constraints. The information herein provides relative cost estimates for various monitoring alternatives to inform the allocation of monitoring resources to produce the highest quality (lowest uncertainty) data.



The present analysis shows that certain decisions produce considerable initial (one-time) and annual cost differences, but not all of these decisions impact data quality. For example, avoiding the selection of sites that require extensive berm construction and the lengthy extension of AC power lines greatly reduces the initial costs but has little impact on data quality.



Other decisions have more than one viable option for producing high quality data. For example, the decision to purchase mechanical samplers, electronic samplers, or in situ sensors greatly affects the initial costs, but each device can produce accurate constituent concentration data. Thus, this decision can be based on relative affordability and simplicity of use, common practice, project goals, temporal data resolution needs, or laboratory capabilities. Similarly, the decision to analyze discrete or composite samples from automated samplers greatly affects annual costs and determines whether within-event concentration changes are quantified, but the impact on data quality is minimal.



Some decisions have a clear option to minimize data uncertainty. For example, discharge (flow) measurement with prefabricated flow control structures or area–velocity meters under proper conditions, although costly relative to lower-cost alternatives (e.g., Manning’s equation), is highly recommended to produce high quality data. Similarly, high-frequency sampling, frequent site and equipment maintenance, battery/solar panel backup power systems, and backup monitoring equipment all increase data quality.



The trend for increasing the use of in situ sensors to monitor water quality in small watersheds is expected to continue because of their relative simplicity and ability to provide continuous concentration and load data; however, more research on the related measurement uncertainty is needed. Automatic sampling will also likely continue because of its affordability and reliability. The Internet-of-Things (IoT) ecosystem of sensors, loggers, controllers, telemetry, and data stewardship protocols may provide a low-cost option with increased capabilities and increased spatial representation in the near future. With any process or equipment, it is critical to utilize proper quality assurance/quality control methods to collect data with the highest quality possible and to report the estimated uncertainty of the resulting data.



Throughout this discussion, we acknowledge that water quality monitoring data have different intended uses, similar to intended modeling uses and ranging from “exploratory” (e.g., pilot projects, stakeholder demonstrations) to “planning” (e.g., practice evaluation, policy formulation) and to “regulatory/legal” (e.g., compliance assessment, standard violations, lawsuits, human health implications), as described in [113]. Thus, differing uses of water quality monitoring data, along with additional requirements (e.g., funding agency specifications, agency protocols), all warrant differing expectations related to data quality. For additional information on uncertainty, decision-making, and documenting water quality benefits at the edge-of-field and small watershed scale, see [114].



We also encourage data quality estimates to be presented with all water quality concentration and load data to facilitate applicability assessment in future, and unexpected uses, as called for in [13,19,20,115]. Simply judging data as “good” or “bad” is rarely appropriate (recognizing that there are some invalid/erroneous data resulting from mistakes in collection, analysis, and transcription).
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Figure 1. Methods for collecting water quality samples for published field-scale and small watershed studies, from [1]. 
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Table 1. Major project types as categorized by the data measured (constituent concentrations and/or loads) and the measurement technique/equipment used.
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	Project Type
	Data

Measured
	Discharge Measurement
	Sample Collection
	Lab Analysis





	1. Measure concentrations with electronic samplers and subsequent lab analysis
	Concentrations
	NA
	[image: Water 15 03110 i001]
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	2. Measure concentrations with in situ sensors
	Concentrations
	NA
	NA
	NA



	3. Measure concentrations and loads with mechanical rotating slot or multi-slot samplers and subsequent lab analysis
	Concentrations and loads
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	4. Measure concentrations and loads with electronic samplers and subsequent lab analysis
	Concentrations and loads
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	5. Measure concentrations and loads with in situ sensors
	Concentrations and loads
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	NA
	NA










 





Table 5. Costs for major project types, assuming the project is “typical” (i.e., 8 sites, 10 events/yr, USD 25/sample analysis, 2 constituents). See Table 2, Table 3 and Table 4 for the uncertainty considerations.
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Item(s) for Initial Purchase

	
Initial Cost

	
Item(s) with Annual Cost

	
Annual Cost






	
All projects

	

	

	

	




	
Number of sites

	
Vehicle

	
USD 50,000

	
Technical staff salary

	
USD 100,000




	
Location of sites

	
Installation =

f (berm construction)

	
USD 800-16,000

	
Site maintenance; travel costs =

f (location, proximity)

	
USD 3400–6000




	
Equipment shelter

	
Shelter = f (commercial

or homemade/repurposed)

	
USD 2400–8000

	
-

	
-




	
Duplicate equipment (included in cost below based on equipment type)

	
Backup/replacement

equipment set

(per every 6–10 sites)

	
-

	
-

	
-




	
Power (for electronic samplers and in situ sensors)

	
Electrical = f (battery;

solar or electrical power)

	
USD 3200–23,200

	
Electricity use (maintain

and recharge batteries)

	
USD 960




	
Communication device

(for electronic samplers and in situ sensors)

	
Communication =

f (device needed)

	
USD 0–1200

	
Fees = f (data plan requirements)

	
USD 0–1440




	
1. Projects that measure concentrations with electronic samplers and subsequent lab analysis




	
Collect samples

	
Sampler

	
USD 54,000

	
Equipment maintenance =

f (sampler type)

	
USD 960




	
Conduct

lab analysis

	
-

	
-

	
Sample analysis =

f (discrete or

composite samples)

	
USD 4000– 40,000




	
Initial cost = USD 110,400–152,400    Annual cost = USD 109,320–149,360   Total (3 yr) project cost = USD 438,360–600,480




	
2. Projects that measure concentrations with in situ sensors




	
Determine

concentrations

	
Sensor = f (sensor type)

	
USD 135,000–USD 180,000

	
Equipment maintenance

and calibration

	
USD 5000–USD 15,000




	
Initial cost = USD 191,400–258,400   Annual cost = USD 109,360–123,400   Total (3 yr) project cost = USD 519,480–628,600




	
3. Projects that measure concentrations and loads with rotating slot or multi-slot samplers and subsequent lab analysis




	
Collect

composite sample

	
Sampler

	
USD 6750

	
Equipment maintenance

	
USD 480




	
Conduct

lab analysis

	
-

	
-

	
Sample analysis

	
USD 4000




	
Initial cost = USD 59,950–80,750    Annual cost = USD 107,880–110,480   Total (3 yr) project cost = USD 383,590–412,190




	
4. Projects that measure concentrations and loads with electronic samplers and subsequent lab analysis

	




	
Collect samples

	
Sampler

	
USD 54,000

	
Equipment maintenance

	
USD 960




	
Conduct

lab analysis

	
-

	
-

	
Sample analysis = f (discrete

or composite samples)

	
USD 4000–40,000




	
Measure

discharge volume

	
Equipment = f (control

structure, stage/flow

measurement)

	
USD 9000–57,000

	
Equipment maintenance;

measurement = f (stage–

discharge relationship)

	
USD 0–3200




	
Initial cost = USD 119,400–209,200   Annual cost = USD 109,320–152,560   Total (3 yr) project cost = USD 447,360–667,080




	
5. Projects that measure concentrations and loads with in 