
 

 

 

ABSTRACT 

BELENKY, CYRUS NICHOLAS. The Effect of Stream Restoration on Water Quality and 

Quantity in the Coastal Plain of North Carolina (Under the direction of Dr. Francois Birgand) 

 

Approximately $1 billion are spent on stream and river restoration annually in North 

America, with little consensus on their effect on water quality or quantity. The absence of 

comprehensive or suitable monitoring methods could explain this lack of agreement. Current 

monitoring relies on infrequent sampling (e.g. every six months), and an uncertainty range that 

can equal or exceed the expected water quality benefits, making water quality changes 

undetectable, leading to unreliable conclusions about restoration effects. Therefore, we 

hypothesize that it is possible to reduce uncertainty of cumulative loads, at desirable levels for 

detection, by increasing sampling frequency from every six months to every 15 minutes. State-

of-the-art, in-situ, ultraviolet-visible (UV-Vis) spectrophotometers collected absorbance data for 

nitrate, total phosphorus, total suspended solids, and dissolved organic carbon. This monitoring 

method was conducted at a 2.4 km long restored stream near Goldsboro NC. Flow and 

concentration measurements were collected before, during and after restoration at three stations, 

along the restored reach. Water quality and quantity data collected post-restoration were 

compared to data collected prior to restoration to assess the magnitude and direction of any 

change. As the restoration matured, seasonal patterns and long-term changes were quantified and 

used to improve practices for restoration and restoration monitoring. 
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CHAPTER 1: The Effect of Stream Restoration on Water Quality and Quantity in the 

Coastal Plain of North Carolina using High-Frequency In-situ Spectrophotometry 

1.1 Introduction 

In 2011, the North Carolina Department of Transportation (NCDOT) began construction 

on Transportation Improvement Program R-2554 U.S. Highway 70 Goldsboro Bypass (TIP R-

2554). As part of the planning process for R-2554, NCDOT was required by Section 404 of the 

Clean Water Act (CWA) to follow a three-step plan to avoid, minimize and mitigate for impacts 

to aquatic systems (EPA, 2008). NCDOT distributed the required compensatory mitigation 

across nine mitigation sites. The largest of these sites was the restoration of ‘The Canal’ at the 

North Carolina Forestry Service (NCFS) Claridge Nursery located in Section A of R-2554 

(NEU, 2011). Table 1 lists the unavoidable impacts, which required compensatory mitigation at 

the NCFS Claridge Nursery.  

Table 1. Environmental impacts of R-2554 and the required mitigations (NUE, 2011). 

 Impacted by R-2554  Required by mitigation  Mitigated at 

Claridge 

Streams (feet/m) 15,125 / 4,610.1 15,263 / 4652.2 10,397 / 3,169 

(68%) 

Wetlands (acres/hectare) 27.16 / 10.99 29.36 / 11.88 - 

Riparian Buffer (ft2/hectare) 1,358,482 / 12.6 1,453,479 / 13.5 994,657 / 9.2 

(68%) 

 

The goal of this study, directed by Dr. Birgand from the department of Biological and 

Agricultural Engineering at NC State University, was to answer questions posed by NC DOT, 

which include: (1) What is the magnitude of the water quality benefit of a stream restoration in 

rural North Carolina and (2) can one derive monitoring guidelines for future restoration projects? 

The research team used state of the art continuous water quality monitoring methods before, 



   

2 

 

during, and after restoration to capture the bulk water quality effect of the restoration in this 

Claridge stream. To determine the restoration effect, changes in cumulative loads at two 

treatment stations (middle and end of the restoration) were quantified and compared to the 

cumulative loads entering the treatment station (the beginning of the restoration), during both the 

pre- and post-restoration. The study uses the data collected by Chiao-Wen Lin (Lin, 2017) from 

2013 until 2015 and the data collected during the first post-restoration year, 2017 until 2018. A 

full breakdown of the monitoring timeline is provided in Figure 1. 

 
Figure 1. Monitoring timeline, showing the periods for which continuous data was collected. 

 

1.2 An Introduction to Stream Restoration Monitoring 

Lack of Monitoring Consensus 

Stream restoration is a growing field around the world. In the United States, stream 

restoration and environmental mitigation projects cost roughly $15 billion between 1990 and 

2005 (Bernhardt et al., 2005). This equates to roughly $1 billion spent annually on restoration 

and mitigation. Bernhardt et al. (2005) conservatively estimated that the of annual restoration 
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spending and the actual cost of restorations since 2005 has likely exceeded $12 billion ($1 

billion/year over 12 years) (Kenney et al., 2012). At the time of the Bernhardt et al. (2005) 

publication, the number of projects and restoration related articles were already on the rise, 

suggesting that yearly expenditures for restorations are higher now than initially reported. 

(Bernhardt et al., 2005; Palmer, Allan, Meyer, & Bernhardt, 2007). Since 2005, the number of 

restoration projects and scientific papers published has continued to increase, supporting this 

assumption. The number of scientific papers published on restoration increased from 17 in 2005 

to at least 35 in 2012 (Wortley, Hero, & Howes, 2013). Despite large expenditures in mitigation 

and restoration, there is little consensus on the efficacy of restoration, due to a lack of data, 

insufficient data, or poor-quality data (Bernhardt et al., 2005; Palmer et al., 2007). Data collected 

on roughly 37,000 river and stream restorations by the National River Restoration Science 

Synthesis (NRRSS) showed that a fifth of compiled projects listed no objectives for the 

restoration. Downs and Kondolf (2002) emphasize that it cannot be taken for granted that 

restoration projects are inherently “good” or positive. Only one tenth of projects surveyed, 

conducted monitoring or assessment, with the majority not intending to analyze the collected 

data (Bernhardt et al., 2005). Prior to this project, studies analyzed the effect on water quality by 

comparing the restored reach to a nearby reference reach (Bosch & Hewlett, 1982; Colangelo, 

2014; Howson, Robson, & Mitchell, 2009). While this method is less time intensive, only 

requiring monitoring of the restored and reference reach post-restoration, it does not compare the 

state of water quality pre-restoration to post-restoration. Predetermined restoration goals and 

adequate pre- and post-restoration data are required to determine the success of a restoration. 

Without pre- and post- restoration monitoring and comparing between the two states, it becomes 
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difficult to reliably quantify the restorations effect on the area (Morandi, Piégay, Lamouroux, & 

Vaudor, 2014).  

In addition to non-existent monitoring plans, many projects implementing monitoring did 

so poorly. The same study concluded that projects with the worst monitoring methods reported 

the highest success rates, showing that current techniques improperly quantify the restoration 

effect (Morandi et al., 2014). Contemporary water quality monitoring for environmental 

mitigation in North Carolina requires only infrequent sampling of surface waters. The U.S. Army 

Corps of Engineers (USACE), Wilmington District’s guidelines require sample collection at six-

month intervals. The sampling interval for water quality is infrequent because the USACE does 

not evaluate mitigation success based on water quality data (USACE & EPA, n.d.). Figure 2 

shows a comparison between measured electrical conductivity at monthly, weekly, daily and 

hourly intervals. The results showed that monthly and even weekly sampling failed to capture 

detailed system behavior, while daily and hourly intervals captured events of shorter duration 

and showed a more detailed picture of the processes taking place in the body of water (Kirchner, 

Feng, Neal, & Robson, 2004).  



   

5 

 

 
Figure 2. Temporal resolution comparison for electrical conductivity relative to flow (Kirchner et al., 2004). 

 

The low temporal resolution of such monitoring schemes provides an imprecise 

representation of system behavior. Additional studies have shown that the error associated with 

these contemporary monitoring methods can be several times greater than the expected 

restoration effect (F Birgand, Appelboom, Chescheir, & Skaggs, 2011). From a mathematical 

perspective, Birgand et al. (2017) and Howden et al. (2018) have suggested that these discrete 

concentration indicators, used in contemporary water quality monitoring, are equivalent to 

‘derivative’ indicators, which are subject to high coefficients of variation. Unless their full 
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variability is taken into account, concentrations are inherently not robust indicators for water 

quality (F. Birgand, Howden, Burt, & Worrall, 2017; Howden, Birgand, Burt, & Worrall, 2018). 

‘Integrative’ indicators that (mathematically) integrate or cumulate derivative indicators are 

inherently more robust to detect trends. 

We have therefore proposed to use cumulative loads as robust indicators, i.e. integrating 

over time both concentration and velocity data measured at high frequency. 15-minutes has been 

found to be frequent enough to capture the temporal variations occurring within the reach (Lin, 

2017). Sampling at high frequency has already shown potential to track pollutant patterns not 

possible with infrequent sampling. Multiple studies have used in-situ spectrometers to collect, 

30-minute interval samples with results that underscore the need for high temporal resolution 

data. Morandi et al., (2014) suggest that increased number of samples collected with a high 

sampling frequency produces an increase in statistical power to detect ecological changes in 

mitigation and restoration projects (Morandi et al., 2014). We suggest that a three-fold shift in 

monitoring practices is required to determine, with increased certainty, the effect of stream 

restoration on water quality.  

The three changes are to:  

1. conduct restoration monitoring;  

2. monitor pre- and post-restoration; and  

3. monitor at high frequency. 

Three monitoring stations were constructed, along the unrestored reach after the 

restoration was completed, at the beginning (CLUP), the middle (CLMD), and at the end 

(CLDN). The three stations along the reach monitored water quality both pre- and post-

restoration. CLUP is the control for the watershed study while CLMD and CLDN are ‘treatment 
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stations’. The method used to detect the bulk water quality effect of the stream restoration of The 

Canal uses an approach analogous to a paired-watershed study – a method often applied in 

hydrology (Andréassian, Parent, & Michel, 2003; Bosch & Hewlett, 1982; Hornbeck, Adams, 

Corbett, Verry, & Lynch, 1993; Stednick, 1996). Instead of pairing spatially separate watersheds, 

this study paired the reference monitoring station with the two treatment stations. We compared 

the cumulative loads passing through each station to the cumulative load passing through the 

reference station. The degree of inflection of the double mass curves of the post-restoration curve 

from the pre-restoration curve should be indicative of the restorations effect on bulk water 

quality (Figure 3).  

 
Figure 3. Hypothetical double mass curves. Projected pre-restoration double mass curve (blue), post-restoration 

double mass curve (green) and the restoration effect. 

 

However, this method relies on two other hypotheses. First, that nutrient additions 

corresponding to the nested watersheds between stations do not change significantly between the 

pre- and post-restoration periods. Secondly, that the magnitude of the bulk water quality effect 

has to be several times larger than the monitoring uncertainties. Lin (2017) has shown that 
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conventional sampling methods can generate errors in annual nitrate loads of ± 30% for nitrate 

for monthly sampling (Lin, 2017).  

Taking these into account when considering the cumulative loads at CLUP and CLDN 

(Figure 4A) for example, we can draw the “angles” of uncertainty corresponding to annual loads 

± 30%. However, to detect a water quality effect the uncertainty “angles” have to be several-fold 

smaller than the estimated effect (Figure 4B). Uncertainty “angles” smaller than the measured 

effect are reasonable, as Lin et al. (2017) found that uncertainties for some parameters to be as 

low as ± 3% for nitrate for example (Lin, 2017). To reduce the uncertainty in water quality 

monitoring, it is essential that we measure flow and pollutant concentration as accurately as 

possible. To do so we have opted for high frequency Doppler-based flow measurements in 

constructed trapezoidal wooden flumes, and high-frequency concentration measurements using 

in-situ spectrophotometers.  
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Figure 4. Top hypothetical double mass curves and cumulative load error ranges using conventional sampling 

techniques (A) and bottom high frequency sampling (B). Projected pre-restoration double mass curve (blue) and 

post-restoration double mass curve (green). 
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1.3 Hypotheses and Goals 

We hypothesize the following: 

• High frequency in-situ Ultraviolet-Visible (UV-Vis) spectrophotometry, can be 

used to effectively monitor the concentrations of ammonium, total kjeldahl 

nitrogen, total suspended solids, dissolved organic carbon, nitrate/nitrite, total 

phosphorous, phosphate in a restored stream. 

• High frequency velocity and flow data can be used to construct double mass 

curves post-restoration using the concentration calibration method established 

during pre-restoration monitoring. 

• Cumulative volumes and loads of DOC and nitrate can be used to quantify the 

restoration effect from pre- to post-restoration. 

• Treatment effect of the restoration per unit length of stream can be quantified. 

The objectives for this study are:  

• Collect high frequency flow and water quality data post-restoration;  

• Improve monitoring systems in order to reduce gaps in high frequency sampling; 

and 

• Quantify the restoration effect using double mass curves from data collected pre- 

and post-restoration for DOC and nitrate through the reach. 

1.4 Methods 

Site Description 

As mentioned previously, the location chosen by the NCDOT for the compensatory 

mitigation of TIP R-2554 is on the NCFS Claridge Tree Nursery. The Claridge nursery is in 

Wayne County, North Carolina, just west of the city of Goldsboro. One of the prominent features 
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at Claridge is The Canal, a 2.2 km agricultural ditch that ran approximately north to south 

through the nursery. The three dominant land uses for The Canal’s watershed are cropland 

(57%), forest (14%) and developed land (10%), with the dominant soil types being B (63%), A 

(20%), C (11%) and D (6%). According to the 2001 National Land Cover Database (NLCD), 

(Table 2). Over the course of 12 months beginning in the fall of 2015, a private environmental 

consulting firm under the direction of the NCDOT restored The Canal. The restoration consisted 

of three parts, the restoration of The Canal from a Rosgen type F stream to a type E according to 

the Rogen Stream Classification System and two unnamed tributaries (UT1 and UT2) (Rosgen, 

1994). These sections are 2,652, 230 and 541 meters long, respectively (NEU, 2011). A third 

unnamed tributary (UT3) flowed into the reach between CLMD and CLDN but was not altered 

as part of the restoration (Figure 5).  

Table 2. Local land use/land cover and soil types surrounding the restoration (USGS, 2011). Watershed areas are 

additive from station to station. 

Station CLUP (SW I) CLMD (SW I+II) CLDN (SW I+II+III) 

Watershed Area 

(ha) 
236 414 573 

 
Percentage of 

Area (%) 
Area (ha) 

Percentage of 

Area (%) 
Area (ha) 

Percentage of 

Area (%) 
Area (ha) 

Classification of Vegetation Cover and Land Use 

Cultivated Crops 

and Hay 
57 134 57 237 57 328 

Forest 12 28 16 66 14 78 
Developed land 5 11 5 19 10 55 

Wetland 11 24 8 34 7 38 

Impervious Area 1 2 1 4 3 15 

Shrub 2 6 1 6 1 6 

Other 12 30 12 48 9 53 

Hydrologic soil Classification 

Group B 57 134 68 279 63 362 
Group A 23 55 18 74 20 112 

Group C 13 30 10 42 11 61 

Group D 7 17 4 17 6 35 
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Figure 5. Watershed map with subwatersheds (SW) that drain into each monitoring station. Restored canal (purple), 

restored tributaries UT1 and UT2 (orange) and the unrestored tributary UT3. Modified from Lin (2017).  

The Canal underwent a priority 2 restoration (Figure 6), the surrounding terrace was 

excavated to create a new floodplain and a new meandering channel was added along the entire 

length (Doll et al., 2003). To create the new meandering channel and 19-meter-wide floodplain 

for Section M1, construction crews excavated the surface surrounding the agricultural ditch by a 

depth of approximately 2.5 meters. This process converted The Canal from a straight low 

gradient channel (Type F stream) to a sinuous low gradient channel with a connected floodplain 

UT3 

UT1 

UT2 
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(Type E/C5) (NEU, 2011; Rosgen, 1994). The first two unnamed tributaries were similarly 

widened and lowered but were not given a meandering channel. Instead the tributaries were 

roughened and allowed to self-design into low gradient braided channels (Type DA5) (NEU, 

2011; Rosgen, 1994). 

Station Selection & Infrastructure 

Once the restoration construction was completed (Figure 7), we established monitoring 

stations on site. Post-restoration monitoring of the canal used three sampling stations like those 

used during the pre-restoration phase. We followed the same approach as during pre-restoration, 

constructing trapezoidal wooden flumes in the channel taking care to keep the shape as close as 

possible to the channel geometry so as not to impede flow. Stations were in linear stream 

sections where downstream scour was less likely. The CLUP and CLDN stations were 

constructed close (10 – 15 m) to the beginning and end of the restored reach (M1). CLMD was 

constructed approximately 1,670 m downstream of CLUP, just downstream of the two unnamed 

tributaries (UT1, UT2) that flow into M1. Flow and concentration inputs from UT1 and UT2 

were not monitored individually. Figure 8 indicates the locations of the monitoring stations along 

the reach. 

Table 3. Pre- and post-restoration channel characteristics (NEU, 2011). 

Pre-Restoration Post-Restoration 

 CLUP until Bridge #3 Bridge #3 until CLDN All 

Length (m) 975 1,225 2,652 

Bankfull width (m) (m) 6 9 4 

Bottom width (m) 3 4.5 1.7 

Bankfull Depth (m) 1.75 2.5 0.5 

Sinuosity 1 1 1.25 
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Figure 6. Cross-section of a Priority 2 Restoration of a Stream, original surfaces shown as the dotted line (Doll et al., 

2003). Dimensions are not to scale. 

 

  
Figure 7. Left, The Canal pre-restoration. Sinuosity of 1 and a disconnected floodplain. Right, The Canal post-

restoration. Sinuosity of 1.25 and a connected floodplain.
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Figure 8. Plan view of the stream reach M1, UT1 and UT2. Monitoring stations CLUP (green), CLMD (yellow) and CLDN (red). 
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Figure 9. CLUP station with raised platform. 

 
Figure 10. CLMD station with raised platform. 

 



   

17 

 

 
Figure 11. CLDN station with raised platform. 

The flumes are used to create as laminar flow as possible in a wetted cross-section of 

precisely measurable area. The flumes were partially pre-fabricated prior to installation to ensure 

uniformity of construction. To limit sedimentation in the flume, the streambed was excavated to 

bring the bottom of the flume about 5cm above the channel bottom. Five-foot sections of rebar, 

set at an angle, were used to anchor the bottom of the flume to the streambed. The rebar was 

secured to the interior members of the base of the flume. To ensure that the flow rate through the 

flume was calculated as accurately as possible, all flow was routed through the flume. This 

included flow events where stage rose above bank full and inundated the floodplain. To restrict 

flow across the floodplain, a floodplain polypropylene curtain was erected across the floodplain 

(Figure 12). Extending from the upstream mouth of the flume, outward onto the floodplain 

terrace, the curtain funnels water from the floodplain through the flume. Held upright by wooden 

2x4s driven into the floodplain and one foot of the curtain buried below the elevation of the 

floodplain to prevent water from flowing underneath the curtain and causing erosion. During 
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high or “flashy” rain events, it is expected that the floodplain curtain may be overtopped or 

knocked over.  

Station installation began in August of 2016 and was due to finish by mid-October. 

However, on October 8th, 2016, Hurricane Matthew destroyed the only operational station at the 

time, resetting construction progress. All stations were completed in early 2017.  

 

 
Figure 12. Image of flume and the floodplain curtain at CLMD during construction. 

Flow Calculations 

In lowland areas, and because of variable downstream control, the stage-discharge 

relationship tends to be unstable and may change during events and over time (François Birgand, 

Lellouche, & Appelboom, 2013). Consequently, the measurement of the stage alone to calculate 

flow is not reliable for our conditions. Therefore, we used acoustic Doppler velocity meters 

(ADVMs) installed in the flumes to measure water velocity and stage. The known channel 

geometry provided by the section reduces the uncertainty in determining discharge through the 

monitoring station (Robinson & Chamberlain, 1960) . The ADVMs are mounted to the bottom of 

the downstream end of the flume, where flow is most laminar. The ADVMs also log stage and 

temperature in addition to measuring velocity through the section.  
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ADVMs send out bursts of ultrasonic sound beams in multiple directions through the 

water column. Particles traveling through the path of the beam reflect the sound back at the 

instrument, albeit with a frequency shift. This frequency shift is what the instrument uses to 

calculate the velocity of particles within the beam. The sound beams are directed left and right of 

center as well as fore and aft from the device (SonTek/YSI, 2011; SonTek, 2015). Lin (2017) has 

found that the center beams were more stable and used as index values to calculate flow (Lin, 

2017). Measuring flow using the Doppler principle works best under laminar flow conditions, 

hence the importance of constructing the flumes in sections of the stream where flow was 

already somewhat laminar. Because storm events carried more particles from which the 

ultrasonic bursts could be reflected, these events provided especially smooth flow measurements. 

Measurements are less reliable during times of low velocity and high stage, where the amount of 

reflected sound from moving particles was relatively small and became blurred by noise from 

fish or wind ripples at the stream surface. Because of these considerations, velocity data was 

closely scrutinized and analyzed to smooth and remove outliers (see procedures in Data Quality 

Assurance).  

The measured stage and the geometry of the trapezoidal flumes were used to determine 

the wetted cross-sectional area (A). Cross-sectional average velocities through each section were 

calculated using the ‘index velocity’ method at each station (F. Birgand et al., 2005; ISO 15769, 

2010; Morlock, Nguyen, & Ross, 2002).  A ‘velocity rating curve’ was derived from a linear 

regression between manual mean velocities and the sensor velocities for the same time-stamp.  

Cross-section average velocities (V) were calculated from manual gauging obtained during bi-

weekly maintenance visits using the velocity area method (ISO 748, 1997). Manual 

measurements were collected using a portable flowmeter (Marsh-McBirney Inc., 1990). Flow 
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was calculated using the continuity equation product of the cross-section average velocity and 

the wetted cross-sectional area. 

𝑄 = 𝑉 ∗ 𝐴  (Equation 1) 

 

High Frequency Water Quality Measurements and Water Sampling 

Spectrophotometers were used at each monitoring station to collect light absorbance data 

of the water passing through each station. These spectrophotometers are capable of capturing 

absorbance values in the 220 to 742.5 nm wavelength range across a 5 mm path length. As with 

flow, absorbance values are used as index values or input to water quality or absorbance rating 

curves to calculate concentrations.  

The spectrophotometers are capable of calculating concentrations from absorbance data 

for dissolved organic carbon (DOC), nitrate (NO3
-) and turbidity. However, previous research 

has shown that it is possible to create superior rating curves on site, referred to as ‘local 

calibrations’, to correlate the absorbance values at different wavelengths to known pollutant 

concentrations. These local calibrations are suitable for Ammonium (NH4
+), Total Kjeldahl 

Nitrogen (TKN), Total Suspended Solids (TSS), Total Phosphorus (TP), Phosphate (OPO4), and 

salinity in addition to nitrate, DOC and turbidity (J R Etheridge et al., 2014). Light absorbance is 

correlated to known pollutant concentration with the use of a partial least square regression 

(PLSR) (J R Etheridge et al., 2014; Lepot et al., 2016; Lin, 2017). The sampling method used to 

collect the calibration data is discussed in the following sections.  

Discrete Water Sampling for Establishing Water Quality Rating Curves 

Discrete samplers are commonly used for concentration-based water quality studies. 

Using a discrete sampling scheme, an automated sampler can only collect as many discrete 

samples as it has bottles available before the bottles need to be changed. In this study, automated 



   

21 

 

samplers collected samples at 14-hour intervals, allowing 24 samples to be collected over a two-

week period. Samples were transferred to a cooler during bi-weekly maintenance visits to the site 

and returned to Weaver Laboratories for analysis by the Environmental Analysis Laboratory 

(EAL). To create the best possible calibration for the spectrophotometers, it is best to obtain 

stratified concentration samples as well as samples stratified across the bi-weekly monitoring 

period (Lin et al., 2017). Stratification across time is beneficial when correcting for fouling of the 

spectrophotometer optics. Fouling of the optics was the results of either biological growth (algae 

or biofilms) forming on the lenses of the spectrophotometer or chemicals adhering to the lenses, 

both of which altered the absorbance measured by the spectrophotometer (Lin et al., 2017; J 

Randall Etheridge et al., 2013). 

In-Situ Spectrophotometers Installation and Maintenance 

Submersible spectrophotometers are well suited for use in streams, however, chemical 

and biological fouling has been a concern in past studies. Therefore, the probes were not initially 

deployed directly (Figure 13) in the canal. Instead, peristaltic pumps (3) drew water from the 

stream to the spectrophotometer (7). The spectrophotometers then measured the absorbance of 

the water in the UV-Visible range before the pump returned the water to the stream (1). A 

microcontroller (4) programmed in-house conducted this ensemble. The pumping and 

measurement time intervals were minimized in order to reduce the duration that waterborne 

contaminants would be in contact with the spectrophotometer lenses to reduce fouling (J Randall 

Etheridge, Birgand, Burchell, & Smith, 2013). The microcontroller in combination with a 10-

gallon freshwater holding tank (9) and windshield washer pump (10) automatically rinsed the 

lenses with fresh water after each measurement, further minimizing exposure (J Randall 

Etheridge et al., 2013). During biweekly maintenance visits the absorbances of DI water and air 
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were measure through “dirty” lenses. Lenses were then cleaned with 5% hydrochloric acid (HCl) 

and a cleaning brush. Absorbances of DI water and air were measured repeatedly between 

multiple iterations of cleaning until the values reached acceptable levels (less than 10 m-1 across 

the spectrum) or remained constant. Lenses were considered clean if the absorbance for the 

fingerprint begins between 0 and 14 and declines to a value below four in the 750 nm 

wavelength range (Etheridge et al., 2014; Flemming, 2011; Whelan and Regan, 2006). The 

differences in absorbance before and after cleaning are an indicator of the degree of chemical 

and biological fouling that took place between site visits.

 

Figure 13. Schematic of monitoring system used in Lin et al., (2017). 

In the final iteration of the monitoring stations used for post-restoration, the 

spectrophotometers were equipped with original equipment manufacturer (OEM) mechanical 

wipers in lieu of the freshwater cleaning system. The wipers interfaced directly with the 

spectrophotometer control systems. Additionally, due to the reduced fouling found during the 
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first year of monitoring, we installed the spectrophotometers directly in the stream. The 

spectrophotometer-wiper combination eliminated the need for the microcontroller system, 

decreasing the frequency of measurement error.  

Monitoring System Designs 

Monitoring System used by Lin (2017) (v1.0) 

The monitoring system implemented by Lin (2017) and described above was the 

blueprint for the system used during the post-restoration period of this study. 

Initial Post-Restoration System: Low Elevation Boxes, Spectrophotometer in Box 

(v2.0) 

Two raised platforms, one-meter high, were constructed adjacent to the downstream end 

of each flume. Two separate boxes were mounted atop each of the platforms. The boxes 

protected water sensitive equipment from rainfall while the elevation of the platforms protected 

equipment from flooding during rain events. One box contained the automatic discrete sampler 

(2) while the second box housed all of the remaining monitoring equipment described below in 

System v1.0 Operation.  

There was no connection to an electrical grid at any of the proposed monitoring stations, 

so each station was required to produce and store its own power. Each monitoring station was 

equipped with a 12V - 8 Ah battery for box #1 and a 120-Watt solar panel (mounted on stilts), 

solar charge controller, and 12V Flooded Marine Battery to power box #2. Boxes were wired 

separately to prevent total electrical failure if one component failed. We replaced depleted 

batteries with a charged battery, if a station failed to maintain enough charge on a battery over 

the course of the 2-week monitoring period. Depleted batteries were charged with a conventional 

110Vdc battery charger. The first iteration, post-restoration, however, did not pump water to the 



   

24 

 

multi-parameter sonde from the stream; instead, the sonde was mounted to a surfboard and 

immersed in the stream (Fig. 5). 

Low Elevation Boxes, Spectrophotometer in Stream (v2.1) 

Due to mechanical failures, attributed to the repurposed peristaltic pumps, we mounted 

the spectrophotometers to surfboards in the stream. The freshwater cleaning system remained in 

place. With no need to pump water from the stream to spectrophotometer, we removed the 

peristaltic pump from the monitoring boxes. The microcontroller remained in place to control the 

freshwater cleaning system.  

High Elevation Boxes, Spectrophotometer in Stream (v2.2) 

On April 24-25, 2017, 87.1 mm (3.43 in.) of rain caused severe flooding at the restoration 

site, similar to Hurricane Matthew. What we failed to account for is the location of The Canal 

with respect to the floodplain of the Little River. When the Little River crests its banks, the 

floodwaters naturally flow towards the lowest point; in this case, the priority 2 restoration 

located roughly 1.8 m below the Little River’s floodplain. The erosive floodwater after 

Hurricane Matthew and during the event in late April 2017 damaged several sections of the 

restoration, which NCDOT repaired in late August/early September 2017. 

During the April 2017 flooding, the ADVM recorded the stage of the stream as high as 

2.8 meters above the invert of the flume, before the flooding caused electrical failure at all 

stations. Afterwards, the station boxes were elevated to approximately three meters above the 

restored floodplain to prevent future damage (i.e. above the Little River floodplain). Due to the 

increased elevation, the freshwater cleaning system was no longer practical. Instead, a 

pressurized air cleaning system controlled by the spectrophotometer was installed temporarily 

until OEM mechanical wipers arrived. The microcontroller, windshield washer pump, valve and 
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freshwater tank, were removed from each station. The wiper units were installed shortly after 

arrival and the pressurized air cleaning system was removed. The mechanical wipers integrated 

seamlessly with the control terminal for the spectrophotometers and were programmed to begin 

cleaning 30 seconds prior to each measurement. The lenses were cleaned for 25 seconds 

followed by a 5-second delay, at which point the spectrophotometer initiated a measurement. All 

stations were operational again on 9 June 2017.  

 

Figure 14. Left, looking upstream from HWY-70 shows standing water retained on the floodplain for up to a week 

following heavy rains on April 24th & 25th. Photo taken April 28th; Right, looking downstream at HWY-70 shows 

the same section in its normal state on May 11th after flooding subsided. 

The power supply was also changed for the automated samplers after the platforms were raised, 

because the 12V – 8Ah batteries failed more frequently due to the increased pumping height. The 

automated samplers were wired to a dedicated 12V marine battery equipped with a solar panel 

and charge controller. The solar panel recharged the battery between 14-hour pumping intervals 

and the increased capacity ensured that the sampler did not fully drain the battery during cloudy 

weather.  

Data Collection and Site Maintenance 

A two-person team conducted data collection and site maintenance every two weeks. 

Data is downloaded from all instruments, and the discrete water quality samples are transferred 
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to coolers and transported to a laboratory for analysis. All equipment was physically or 

chemically cleaned and calibrated. During the growing season, any vegetation blocking 

walkways was removed. Table 4 lists the instruments used during monitoring, which parameters 

were collected with each instrument and how frequently these were collected.  

Table 4. Sampling Scheme Summary. 

Generic 

Name 

UV-Vis 

Spectrophotometer 

Discrete Sampler Grab Samples Doppler 

Velocity Meter 

Purpose Spectral Data Local Calibration of 

Spectral Data 

Degradation study of 

Discrete Samples 

Velocity & 

Stage 

Frequency 15 minutes 14 hours 2 weeks 15 minutes 

Analyzed for NH3, TKN, TSS, DOC, 

TP, PO4, 

NH3, TKN, TSS, 

DOC, NOx, TP, PO4 

NH3, TKN, TSS, DOC, 

NOx, TP, PO4 

Flowrate 

 

Lab Analysis 

Temporally stratified samples that were distributed regularly across the 2-week period 

were selected for laboratory analysis. Sudden increases in either velocity measured by the 

ADVM or spectrophotometer absorbance qualified samples for preferential analysis in addition 

to the standard temporal spread. This preferential sample selection approach creates greater 

concentration stratification of samples (Lin, 2017). We refrained from acidifying samples to 

analyze samples for ammonium, orthophosphates, and DOC. The samples were separated into 

two aliquots at the lab. The first aliquot required 140 ml of each discrete sample to be filtered to 

obtain a 40 ml solution. The filtered solution was used for measuring concentrations of 

ammonium, nitrate, orthophosphate and DOC in each sample. The remainder of the discrete 
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sample was analyzed for TKN, TP and TSS. Table 5 lists the EPA method used to analyze each 

analyte.  
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Table 5. Analyte and EPA methods used by the EAL (Dr. Cong Tu, Personal Communication). 

Analyte Method Detection Limit (mg/l) 

TKN Standard Methods 4500-Norg B, Bran & Leubbe Autoanalyzer III 0.03 

NH3 EPA Method 351.2 0.01 

NO3
- EPA Method 353.2 0.01 

TP EPA Method 365.4 0.03 

PO4-P EPA Method 365.1 0.01 

TSS EPA Method 160.3 0.5 

DOC EPA Method 415.1 with Teledyne Tekmar Apollo 9000, 0.45 µm filter 0.01 

 

Degradation Study 

The 52-mile distance to the site limited ease of access and directly affected the 

monitoring setup. Discrete samples could not be transported back to NCSU daily. This in 

combination with refraining from acidifying the discrete water quality samples required us to 

conduct a sample degradation study to determine if samples changed while in the sample bottles. 

Three pairs of grab samples were collected taken at each of the monitoring stations during bi-

weekly maintenance visits. The first of each pair was returned to the lab and refrigerated while 

the second grab sample was left inside the discrete sampler and collected during the following 

maintenance visit. A paired T-Test was used to determine if there was a concentration difference 

between samples brought back to the lab immediately and those left in the samplers for two 

weeks. Samples were deemed significantly different if the paired T-Test returned a p-value less 

than 0.05. 

Method to calculate concentrations from absorbance data  

We predicted high-frequency concentration data using absorbance data collected by in-

situ UV-Vis spectrophotometers coupled with preferentially selected discrete samples. 
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Spectrophotometers function by firing a beam of light across a measurement window and 

measuring the frequency of the incoming wavelengths. The device compares the wavelengths of 

the incoming light to a reference measurement collected from a secondary beam that does not 

pass through the measurement window. The difference between these two measurements is the 

absorbance. The spectrophotometers used in this study are equipped with a ‘global calibration’, a 

method used to correlate the absorbance data with parameters known to absorb light (e.g. DOC, 

nitrate and TSS). While the ‘global calibration’ functions well to calculate parameter 

concentrations, more precise calibrations can be achieved using Partial Least Square Regression 

(PLSR). Applying PLSR to the absorbance data has also been proven to predict concentrations of 

parameters that do not absorb light (J R Etheridge et al., 2014). The regressions we created using 

predicted concentration data from discrete water quality samples stratified temporally and across 

a range of concentrations in order to provide the best possible calibration (Lin, 2017). 

Calculating Nutrient Loading, Cumulative Loads and Cumulative Volumes 

Cumulative load (L) passing through each station was calculated by multiplying the 

measured pollutant concentration (C) at a given time (t) with the flow rate (Q) through the flume  

at the same instance. In this study, the time (t) is the 15-minute measurement interval of the 

instruments. 

𝐿 =  𝐶𝑡  ∗  𝑄𝑡 𝑑𝑡  (Equation 2) 

Data Quality Assurance 

Flow Data 

Missing or erroneous flow data was corrected with different methods depending on the 

quantity of data in question. First, velocity data was plotted to visually identify outliers from the 

surrounding velocity pattern. Identified potential erroneous data points were removed manually, 
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resulting in data gaps. Event or threshold detection were not employed. Second, data gaps and 

small amounts of noise were smoothed by applying a double moving average. The moving 

average was applied using 3 or 10 data points above and below the data point in question, 

resulting in a 7 or 21-point band for calculating the average. The flow conditions determined 

which width to use for the moving average. The widest band was applied during base flow 

because changes in velocity were less prone to sudden changes. Leading up to storm events and 

during the falling limb of a storm events the narrower band was used so that the velocities were 

not over or underestimated. During storm events the raw velocity measurements, were accepted 

without applying a moving average. The moving average failed if the gaps were greater than or 

equal to the band width used, so a linear interpolation was used to fill any remaining gaps. The 

process of removing erroneous data points was subjective at times. In retrospect, automatic 

detection or detection and removal should be applied. Automatic detection increases the 

objectivity (i.e. reproducibility) of the method. 

Spectral data 

Due to equipment failure or misuse, data collected by the spectrophotometers contained 

M|E data points. As mentioned previously, improvements to the system design reduced the 

quantity and frequency of these occurrences. Spectral data was removed based on two factors 

using “R” (R Core Team, 2017). First absorbance data was checked for completion 

(measurements containing no ‘NA’ readings in any of the 2.5 nm spectral increments in the 220-

732.5 nm range). Absorbance data with one or more ‘NA’ readings were excluded. Second, any 

obvious outliers that did not correspond with changes in flow or were physically inconceivable 

were filtered out using “R” and the Aquarius software (R Core Team, 2017; Aquatic Information 

Inc., 2009).  
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Peaks and troughs in data were validated by comparing each station’s chemographs for 

DOC and nitrate, individually, to the hydrograph for that station. DOC rises in conjunction with 

a rise in flow, so any individual peaks in DOC that occurred during base flow was considered 

noise and omitted (Lin, 2017). Nitrate concentrations peaked briefly at the beginning of a storm 

event but was heavily diluted for the remainder of the event. Therefore, erratic dips in nitrate 

concentrations that did not correspond to flow events were removed. When handling the larger 

time series data sets, “R” was used to filter out erroneous concentration data based on date and 

time, parameter concentration, or a combination of the two (e.g. remove any point between 1 

April and 5 May above 99 mg/L DOC). 

Larger data gaps that resulted from equipment failure or removal of sections of erroneous 

data were ‘patched’ with 15-minute data linearly interpolated from discrete sample data, where 

available. Because discrete samples were preferentially selected for analysis around rain events, 

we were able to recreate the chemographs of events in the absence of absorbance data. 

The PLSR code used to predict values between DOC and nitrate concentrations from 

spectral data would, depending on the data and calibration used, predict values that are below the 

detection limit of the laboratory testing equipment used to analyze the discrete samples. When 

concentrations were predicted below the detection limit, the program automatically rounded up 

to one-half of the detection limit, i.e. 0.05 mg/l and 0.005 mg/l for DOC and NO3, respectively. 

PLSR frequently predicted nitrate concentration below the detection limit for the spring/summer 

period. These instances were of note because the PLSR prediction was the inverse of the values 

predicted by the global calibration. We hypothesized that the number of data points and range of 

concentrations of these data played a role in this behavior.  
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1.5 Results and Discussion 

Monitoring conducted pre-restoration by Lin yielded consecutive data from November 

2013 until March 2015, for all three monitoring stations (Lin, 2017). Monitoring conducted post-

restoration, from January 2017 until January 2018, yielded consecutive data for all three 

monitoring stations for a 6-month period from June 2017 until January 2018.  

Creating Index Velocity Ratings to Calculate Flow 

The mean cross-section velocities were equal to 76.10% (R2=0.9945), 77.35% 

(R2=0.9941) and 83.03% (R2=0.9929) of the ADVM velocities at CLUP, CLMD, and CLDN, 

respectively. The ADVM was overestimating velocities that passed through each station by 

23.90%, 22.65%, and 16.97%, respectively. The monitoring stations built for the post-restoration 

period overestimate the channel velocities more than those in the pre-restoration period did. The 

index velocity ratings are compared in Table 6. We hypothesized that the decrease in index 

velocity ratings compared to those established in by Lin et al. (2017) may have been due to wider 

flume inverts used during this study, but also due to a firmware update of the sensors (Lin, 

2017). The increased influence of the wind on the restored stream channel due to decreased 

stream bank height and a lack of surrounding vegetation may have contributed to more turbulent 

flow and noisier velocity data, but this does not affect the velocity rating (Lin, 2017). By 

multiplying the raw sensor velocities by the slope of the regression, we were able to calibrate the 

sensor to the mean channel velocity. We were then able to use the calibrated sensor velocities to 

calculate the flow each station.  

Table 6. Comparison of the correction factors derived from the index velocity ratings from Pre- and Post-

Restoration. 

 Pre-Restoration Post-Restoration 

 Correction 

Coefficient 

R2 Correction 

Coefficient 

R2 

CLUP 97.57% 0.9858 76.10% 0.9945 
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CLMD 93.02% 0.9889 77.35% 0.9943 

CLDN 98.91% 0.9838 83.03% 0.9929 
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Figure 15. Raw Sensor Velocity versus Mean Channel Velocity (a) CLUP; (b) CLMD; (c) CLDN (top to bottom). 
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Degradation Study Results 

There were no statistically significant differences between the samples returned to the lab 

immediately and left in the sampler for two weeks (Table 7). As a result, we concluded that the 

concentration data obtained from discrete samples could be used for our analyses.  

Table 7. Results of the paired T-test used to test for degradation between GS-A and GS-B for Spring/Summer (top) 

and Fall/Winter (bottom). Alpha = 0.05. 

Station  TKN NH4-N NO3-N TP PO4-P TSS DOC 

Spring and Summer 

CLUP 

Mean A 
1.20 

±0.60 

0.047 

±0.042 

1.51 

±1.77 

0.27 

±0.23 

0.012 

±0.0052 

19.1 ± 

36.0 

4.06 

±1.74 

Mean B 
0.93 

±0.18 

0.042 

±0.046 

2.08 

±1.97 

0.29 

±0.30 

0.013 

±0.013 

19.28 ± 

35.8 

4.14 

±1.32 

p-value 0.3929 0.7452 0.1547 0.8922 0.9551 0.8559 0.9279 

Mean of 

differences 
0.2715 0.0040 -0.568 -0.0120 -0.0003 -0.1825 -0.0775 

 

CLMD 

Mean A 
0.972 

±0.66 

0.044 

±0.048 

1.28 

±1.78 

0.068 

±0.048 

0.006 

±0.0089 

7.362 

±12.267 

4.692 

±1.541 

Mean B 
0.888 

±0.17 

0.026 

±0.021 

0.59 

±0.45 

0.082 

±0.067 

0.006 

±0.0055 

9.22 

±14.95 

4.436 

±0.536 

p-value 0.8291 0.3301 0.4507 0.2262 1.00 0.8534 0.7615 

Mean of 

differences 
0.0840 0.0180 0.6880 -0.0140 0.00 -1.8580 0.256 

 

CLDN 

Mean A 
1.353 ± 

0.588 

0.0433 

±0.067 

0.7 

±0.685 

0.1067 

±0.045 

0.02 

±0.035 

10.71 ± 

12.39 

5.42 

±0.97 

Mean B 
0.756 

±0.271 

0.01 

±0.01 

0.883 

±0.764 

0.1833 

±0.0666 

0.0067 

±0.012 

22.31 

±30.74 

4.833 

±0.125 

p-value 0.3551 0.4226 0.1354 0.08583 0.6349 0.3908 0.4199 

Mean of 

differences 
0.4067 0.0330 -0.1833 -0.0767 0.0133 -0.1161 0.5867 

 

  



   

36 

 

Table 7. (continued). 

Station  TKN NH4-N NO3-N TP PO4-P TSS DOC 

Fall and Winter 

CLUP 

Mean A 
1.17 

±1.25 

0.06 

±0.04 

3.31 

±0.69 

0.30 

±0.73 

0.022 

±0.019 

2.19 

±1.89 

3.59 

±1.70 

Mean B 
0.87 

±0.53 

0.082 

±0.06 

3.31 

±0.52 

0.12 

±0.20 

0.025 

±0.022 

2.54 

±2.04 

3.81 

±1.75 

p-val 0.4606 0.3083 0.9813 0.4378 0.7418 0.5992 0.6755 

Mean of 

differences 
0.30 -0.0191 -0.0042 0.1817 -0.0025 -0.3525 -0.2192 

 

CLMD 

Mean A 
1.59 

±1.39 

0.083 

±0.087 

2.13 

±0.96 

0.081 

±0.066 

0.019 

±0.0302 

0.9967 

±1.066 

3.998 

±0.766 

Mean B 
0.76 

±0.44 

0.068 

±0.060 

2.35 

±1.07 

0.195 

±0.448 

0.0175 

±0.021 

0.9775 

±1.292 

3.587 

±1.253 

p-val 0.1053 0.4873 0.5917 0.3722 0.7774 0.9698 0.2773 

Mean of 

differences 
0.8320 0.0150 -0.2217 -0.1140 0.0017 0.0192 0.4110 

 

CLDN 

Mean A 
1.081 

±0.222 

0.0475 

±0.0349 

1.699 

±0.704 

0.0536 

±0.04 

0.02 

±0.024 

0.6863 

±0.899 

3.975 

±0.938 

Mean B 
1.244 

±0.418 

0.0825 

±0.0305 

1.740 

±0.645 

0.0575 

±0.0378 

0.0225 

±0.034 

0.7087 

±1.39 

4.054 

±0.825 

p-val 0.4286 0.0509 0.687 0.8419 0.7406 0.966 0.8251 

Mean of 

differences 
-0.1625 -0.0350 -0.0413 -0.00375 -0.0025 -0.0225 -0.0788 

 

Discrete Sample Summary 

Table 8. Summary of the discrete samples collected during the monitoring period. 

 TKN NH4-N NO3-N TP PO4-P TSS DOC 

CLUP 

No. 

Samples 
184 184 184 184 184 184 184 

Mean 

± SD 

1.04 

±0.76 

0.08 

±0.08 

3.08 

±0.85 

0.25 

±0.76 

0.02 

±0.04 

4.61 

±10.85 

3.99 

±1.63 

Minimum -0.09 0.00 0.15 0.00 0.00 0.00 1.84 

Maximum 5.12 0.78 4.99 7.53 0.38 93.44 9.98 

CLMD 

No. 

Samples 
191 191 191 191 191 191 191 

Mean 

± SD 

1.10 

±0.74 

0.10 

±0.48 

1.54 

±1.01 

0.13 

±0.2 

0.02 

±0.03 

4.42 

±9.59 

4.88 

±1.54 

Minimum 0.05 0.00 0.00 0.00 0.00 0.00 0.66 

Maximum 6.71 6.61 4.36 1.61 0.24 74.07 9.27 

CLDN 

No. 

Samples 
139 140 140 139 140 139 140 

Mean 

± SD 

1.10 

±0.4 

0.08 

±0.11 

1.37 

±0.76 

0.11 

±0.12 

0.02 

±0.03 

5.60 

±13.34 

5.15 

±1.65 

Minimum 0.37 0.00 0.00 0.00 0.00 0.00 1.84 

Maximum 2.42 1.18 4.09 0.49 0.14 101.43 19.05 
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PLSR Analysis and Summary 

After conducting the degradation study on the grab samples collected in the field, discrete 

samples were divided by spring (20 March) and fall (22 September) Equinoxes for 2017. 

Seasonal separation was used to create two different PLSR models for Nitrate and DOC at each 

three stations. The first model used all discrete samples collected during the fall/winter period 

while the second used discrete samples collected during the spring/summer period. The best 

model for each period was based on the combination of the best R2 and the lowest number of 

components that yielded the lowest RMSEP (Table 9).  

 
 

Figure 16. Regression relationships between measure DOC (left column) and nitrate (right column) from discrete 

sampling and PLSR predictions; CLUP, CLMD and CLDN from top to bottom. 
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Figure 16. (continued). 

 

We found the best regression relationships between our discrete samples and the 

predicted values from PLSR for DOC and nitrate (see Figure 16), as indicated by the 

dimensionless goodness-of-fit indicator, the Nash Sutcliffe Efficiency (NSE), values above 0.8 

(Table 9) (Ritter & Muñoz-Carpena, 2013). A model (in hydrology, sensu Ritter & Muñoz-

Carpena, 2013) is considered satisfactory when NSE are above 0.65. According to this criterion, 

regressions were acceptable for other parameters some of the time. However, it appears that 
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regressions were not acceptable particularly for phosphate and ammonium. About half of the 

regressions appeared acceptable for TKN and TP. Typically, and confirming what Lin (2017) 

found, regressions were poor when the calibration concentration range was poor. Because 

regressions for nitrate and DOC were consistently good to very good (sensu Ritter & Muñoz-

Carpena, 2013), these two parameters were the only ones used to calculate the restoration 

impacts.  

Table 9. Summary of all PLSR calibrations for all seasons, stations and parameters. * denotes NSE values that are 

unsatisfactory. 

 TKN NH4-N NO3-N TP PO4-P DOC 

CLUP in spring and summer 

No. 

Observations 
55 41 47 44 58 50 

No. PLSR 

Components 
5 6 6 6 5 5 

R2 0.718 0.576 0.913 0.897 0.516 0.904 

RMSE 0.34 0.05 0.34 0.12 0.06 0.57 

NSE 0.72 0.58* 0.91 0.9 0.52* 0.9 

CLMD in spring and summer 

No. 

Observations 
15 9 15 15 18 17 

No. PLSR 

Components 
4 5 4 6 5 6 

R2 0.769 0.968 0.94 0.885 0.719 0.877 

RMSE 0.37 0.12 0.4 0.91 0.03 1.33 

NSE 0.74 0.89 0.94 0.85 0.5* 0.88 

CLDN in spring and summer 

No. 

Observations 
20 8 15 12 18 18 

No. PLSR 

Components 
6 5 6 5 5 5 

R2 0.249 0.123 0.9 0.897 0.0005 0.883 

RMSE 0.26 0.04 0.21 0.04 0.02 0.56 

NSE 0.18* -3.04* 0.78 -0.03* -0.02* 0.82 
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Table 9. (continued). 

 TKN NH4-N NO3-N TP PO4-P DOC 

CLUP in fall and winter 

No. 

Observations 
70 62 65 47 73 63 

No. PLSR 

Components 
5 5 8 6 5 8 

R2 0.376 0.743 0.894 0.905 0.394 0.83 

RMSE 0.33 0.04 0.39 0.09 0.02 0.51 

NSE 0.38* 0.74 0.89 0.9 0.39* 0.81 

CLMD in fall and winter 

No. 

Observations 
68 76 63 56 76 64 

No. PLSR 

Components 
5 5 5 5 5 9 

R2 0.277 0.245 0.931 0.515 0.213 0.76 

RMSE 0.28 0.07 0.31 0.06 0.02 0.62 

NSE 0.28* 0.25* 0.93 0.52* 0.21* 0.83 

CLDN in fall and winter 

No. 

Observations 
41 37 47 42 50 42 

No. PLSR 

Components 
6 5 5 5 5 8 

R2 0.828 0.384 0.973 0.951 0.293 0.76 

RMSE 0.26 0.02 0.21 0.04 0.02 0.43 

NSE 0.83 0.38* 0.97 0.95 0.29* 0.86 

 

Table 10. Summary of PLSR calibration for TSS for all three stations (CLUP, CLMD, CLDN) using the entire 

monitoring period. * denotes NSE values that are unsatisfactory. 

 CLUP CLMD CLDN 

No. Observations 98 96 68 

No. PLSR Components 7 5 7 

R2 0.66 0.28 0.307 

RMSE 4.11 6.12 3.27 

NSE 0.66 0.28* 0.31* 

 

Continuity of Flow across Monitoring Periods 

In order to determine if there is an effect on water quality due to the restoration of The 

Canal, we first had to determine if there was a change in flow relationship between our 

monitoring stations and the reference before and after restoration. Changes in land use or land 

cover within the watershed and climatological variations have an impact on the flow 

relationships of the reach. Pre-restoration monitoring in 2014 and post-restoration monitoring in 

2017 had a total of 1,524 mm and 1,260 mm of rainfall respectively according to the weather 

station at Cherry Research Farm located 4 km from The Canal (NC Climate Office). The 2014 
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monitoring period contains a brief drought period for no more than 10% of the county. The 2017 

monitoring period on the other hand contains two extended drought periods affecting 95-100% 

of the county (Figure 17). 

 
Figure 17. Timeline of drought conditions in Wayne County, NC from 2014-2018. 6-month monitoring periods in 

green. (Dark gray = abnormally dry, light gray= moderate drought). 

Cumulative flow through the treatment stations, CLMD and CLUP, were plotted against 

the reference station, CLUP. The cumulative flows from both monitoring periods were plotted 

end to end by using the final cumulative flow value from pre-restoration as the initial value for 

the post-restoration cumulative values. Results are shown in figures 19 and 20. The flow 

relationships for the post-restoration period for both CLMD (solid) and CLDN (dashed) are 

consistent with the relationships of the last three months of the pre-restoration period. 

The slopes of the relationships for pre- and post-restoration are worthy of discussion. 

Initially data for the entire monitoring period was used to evaluate the continuity of the 

relationship. However, two large increases at approximately 500 mm and 580mm on the x-axis 

(Reference) skewed the relationship. The two deviations are the result of water entering the reach 

from the Little River via UT2. Not shown on most maps of the area, UT2 drains into The Canal 

to the west and the Little River to the east. Therefore, when stage in the Little River was high 

enough it would flow into The Canal. These events are different from the event witnessed during 

the week of 24 April 2017 when the Little River crested its banks and caused water to flow into 

The Canal. In the two pre-restoration events, water only rose high enough to connect via UT2. 
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The additional flow from the Little River sharply increased flow through the treatment stations. 

Without any change in flow through the reference station, the relationships were skewed. 

Therefore, the relationships for all parameters were initially plotted with these periods 

(25/12/2014 until 30/12/2014 and 14/01/2015 until 18/01/2015) removed (Figure 18). Plot for all 

parameters with the Little River events included are found in Appendix E. When compared 

without the two Little River events, the relationship indicated a 16.0% and 13.4% decrease in 

flow from pre-restoration for CLMD and CLDN. 

Because the Little River events were removed subjectively, only the last three months of 

pre-restoration data were used to evaluate quantitatively the differences between the two 

monitoring periods (Figure 18). Using the adjusted cumulative volume data, confirmed the 

results from visually evaluating the continuity. The large rainfall events also affected the DOC 

and nitrate data, so the same approach for continuity analysis of these parameters was applied. 

The relationships between cumulative flow volumes show no apparent inflection points but do 

show small differences.  

Using only the last three months of pre-restoration data produced percent differences of   

-3.8% and -1.1% for CLMD and CLDN, respectively. This indicated that the flow relationships 

between stations has remained unchanged pre- and post-restoration. Deviations are the result of a 

variety of factors. First, the post-restoration flumes were different from those used during pre-

restoration. The width of the trapezoidal base was narrower for the pre-restoration flumes and the 

side-slopes were steeper to accommodate the dimensions of the original canal. Velocity 

calibration and correcting for erroneous flow data also introduced some degree of error.  The 

average cross-section velocity resulting from the calibration may differ from the velocity present 

in the stream and the corrections of erroneous velocity were made using best professional 
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judgement. Nonetheless, the flow relationships are remarkably similar for pre- and post-

restoration. Deviations of more than 3.8% (CLMD) or 1.1% (CLDN) of the cumulative load 

relationships are strong indicators that processes other than flow errors are at play. 

Table 11. Cumulative flow slopes pre-/post-restoration (* post 18-01-2015 data only). 

Station vs. 

CLUP 

Pre-Restoration Post-Restoration Percent change 

 All Jan 2015 until Apr 2015  All Jan 2015 until Apr 2015 

CLMD 1.1034  0.9633* 0.9266 -16.0% -3.8%* 

CLDN 1.6003  1.4019* 1.3866 -13.4%  -1.1%* 
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Figure 18. Cumulative Volume CLMD (blue) & CLDN (red) (mm) vs. Cumulative Volume CLUP without Little 

River events (dashed) and all post-restoration data (solid). 
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Figure 19. Cumulative Volume CLMD (blue) & CLDN (red) (mm) vs. Cumulative Volume CLUP (mm using data 

from Lin (2017) from 18-01-2015 onward (dashed), all post-restoration data (solid). 

Change in Flow-weighted Concentration Entering at CLUP 

After verifying that there were no break points in the flow relationships between pre- and 
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cumulative loads/flows, and the variations of the curves above and below the trend line can be 

used as indicators of hydro-chemical signatures. The slopes of the DOC trend lines from pre- to 

post-restoration change from 5.94 mg/L to 5.33 mg/L and those for nitrate changed from 2.81 

mg/L to 2.60 mg/L, corresponding to an apparent decrease by 10% and 14% for DOC and 

nitrate, respectively (Figure 20). However, the apparent variations above and below the trend 

lines do not exhibit any obvious changes from those already observed during the pre-restoration 

period, suggesting that the loads and the patterns of nitrate and DOC entering the restored section 

at CLUP did not change significantly. 

 
Figure 20. Flow-weighted DOC (brown) and nitrate (pink) concentrations entering CLUP using data from Lin 

(2017) (dashed) and data collected by Belenky (solid). 
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Change in Relative Cumulative DOC and Nitrate Loadings 

The relative cumulative loads between CLMD and CLDN, and CLUP for DOC and 

nitrate exhibit relatively linear relationships, ‘interrupted’ by large intermittent load increases at 

CLMD and CLDN due to the intermittent connections with the Little River during large rainfall 

events as discussed earlier. The first year of data collected by Lin (2017) could not be used for 

this analysis and only the linear portion corresponding to the last three months of pre-restoration 

data were used. 

Change in Cumulative DOC and NO3 Loading at CLMD Relative to CLUP 

During the last three months of the pre-restoration period and at CLMD, the ratios 

between CLMD and CLUP of the double mass curves were 1.23 and 0.83 for DOC and nitrate, 

respectively (Figure 23 & Figure 25). This suggest that, between the upstream and middle 

stations, and during the pre-restoration period, there were processes that led to relative 

enrichment of DOC and a relative removal of nitrate compared to the reference station. 

Enrichment could be due to lateral addition and in-stream processes. Removal suggests that in-

stream processes offset all lateral additions from groundwater and tributaries or nitrate entering 

from upstream was reduced. 

Following restoration, the ratios changes to 1.06 and 0.28 for DOC and nitrate, indicating 

a decrease in loads of both parameters between CLUP and CLMD (Figure 23 & Figure 25). The 

ratios decreased by 14% and 66% for DOC and nitrate, respectively. These changes are very 

large, and a lot larger than we expected, particularly for nitrate. The most striking results are for 

nitrate, because even with lateral additions between the two stations (we observed multiple 

instances of groundwater resurgence thought the daylighting from floodplain to terrace) and from 
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tributary UT1 (Figure 21), which drains water from a commercial hog operation containing 

around 2.5 mg/L of nitrate (Qianyu Hang, personal communication).  

 
Figure 21. Seepage entering the restoration through the daylighting. 

 

 Change in Cumulative DOC and Nitrate Loading at CLDN Relative to CLUP 

Continuing our analysis with CLDN and CLUP using the same approach as before, we 

found that the DOC and nitrate ratios to be 1.58 and 1.25 pre-restoration and 1.61 and 0.47 post-

restoration (Figure 23 & Figure 25). This is an upward inflection of 2% for DOC loading and a 

downward inflection of 62% (Figure 24) for nitrate loading across the whole reach. Here the 

interpretation is not as straight forward as for CLMD. First, for DOC the post-restoration double 

export curve is not as linear as the others are and exhibits several distinct phases. The overall 
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relative DOC export of 1.61 at CLDN is 52% higher than the 1.06 at CLMD. This suggests that 

between CLMD and CLDN, there were DOC additions and/or different in-stream processes than 

those between CLUP and CLMD. The change in nitrate relative exports at CLMD and CLDN, 

between pre- and post-restoration phases, are similar (66% and 62%), although the export ratios 

suggest that lateral addition of nitrate between CLMD and CLDN was likely during both pre- 

and post-restorations. 

Change in Total Volumes and Loads Pre- and Post-Restoration  

The very stark changes observed in the exports of nitrate between pre- and post-

restoration, must be considered in context of the relative drought during the monitoring period. 

We have seen that the signature of the DOC and nitrate loads did not change significantly, but 

the total masses did, and this may be important in the overall interpretation. Starting with the 

upstream station, total volumes and loads per year all dropped significantly from pre-restoration 

to post-restoration. Volumes through CLUP decreased 71% from 1,207,761 m3/year to 355,631 

m3/year. For DOC and nitrate, the decreases were 75% and 71% from 6,862 kg/year to 1,673 

kg/year and 3,497 kg/year to 967 kg/year, respectively. We have also observed similar decreases 

in annual loading from station to station. The total mass of DOC and nitrate added (+) and 

removed (-) per year from CLUP to CLMD has decreased roughly by an order of magnitude for 

DOC from +9,340 kg/year to +1,409 kg/year and from +1,324 kg/year to -378 kg/year for nitrate 

(Table 12). The post-restoration values, however, were obtained during the driest months, and 

then scaled to 12 months, so they are not a true representation of a full year of monitoring. 

Rather this data represents low flow conditions. Additionally, the pre-restoration monitoring 

period contains three rain events that caused water to flow in from the Little River, while the two 
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flood events that occurred during the six-months of post-restoration monitoring were not 

monitored (Lin, 2017). 

Table 12. Relative and measured values for all parameters pre-/post-restoration and percent changes (* post 18-01-

2015 data only). 

Changes relative to Upstream 

 

 Pre-Restoration Post-Restoration Percent change 

 Volume DOC NO3 Volume DOC NO3 Volume DOC NO3 

CLMD 1.034 1.4368 0.7805 0.9266 0.9634 0.2876 -10.4 -32.9 -63.2 

 0.9478* 1.2376* 0.8105* - - - -2.2* -22.2* -64.5* 

CLDN 1.600 1.9338 1.1544 1.3866 1.4667 0.4356 -13.3 -24.1 -62.3 

 1.4074* 1.5933* 1.2674* - - - -1.5* -7.9* -65.6* 

Changes in total volume and mass 

 

 
Volume 

(m3) 

DOC 

(kg) 

NO3 

(kg) 

Volume 

(m3) 

DOC 

(kg) 

NO3 

(kg) 
- - - 

CLUP 1,533,857 8,715 4,441 195,597 933 552 - - - 

CLMD 2,711,676 20,577 6,123 312,022 1,847 321 - - - 

CLDN 5,785,961 28,894 9,089 675,738 3,005 525 - - - 

Changes in total volume and mass per year 

 

 
Volume 

(m3/yr.) 

DOC 

(kg/yr.) 

NO3 

(kg/yr.) 

Volume 

(m3/yr.) 

DOC 

(kg/yr.) 

NO3 

(kg/yr.) 
Volume DOC NO3 

CLUP 1,207,761 6,862 3,497 355,631 1,673 967 -70.6 -75.3 -71.4 

CLMD 
2,135,178 

+927,417 

16,202 

+9,340 

4,821 

+1,324 

567,313 

+211,382 

3,082 

+1,409 

589 

-378 
-73.4 -79.3 -87.9 

CLDN 
4,555,875 

+2,420,697 

22,751 

+6,549 

7,157 

+2,336 

1,228,615 

+661,302 

5,296 

+2,215 

887 

298 
-73.0 -76.0 -86.7 
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Figure 22. Cumulative DOC CLMD (solid) & CLDN (dashed) (kg/ha) vs. Cumulative DOC CLUP (kg/ha).  
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Figure 23. Cumulative DOC CLMD (solid) & CLDN (dashed) (kg/ha) vs. Cumulative DOC CLUP (kg/ha) using 

data from Lin (2017) from 18-01-2015 onward. 
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Figure 24. Cumulative nitrate CLMD (solid) & CLDN (dashed) (kg/ha) vs. cumulative nitrate CLUP (kg/ha) and 

one-to-one line (long dashed). 

y = 0.7805x + 0.1159

y = 0.2766x + 9.6088y = 1.1544x + 0.2879

y = 0.4666x + 13.225

0

5

10

15

20

25

0 5 10 15 20 25C
LM

D
 &

 C
LD

N
 (

kg
/h

a)

CLUP (kg/ha)

Cumulative NO3 CLUP vs. CLMD & CLDN

Lin CLMD Belenky CLMD Lin CLDN

Belenky CLDN Linear (Lin CLMD) Linear (Belenky CLMD)

Linear (Lin CLDN) Linear (Belenky CLDN)



   

54 

 

 
Figure 25. Cumulative nitrate CLMD (solid) & CLDN (dashed) (kg/ha) vs. cumulative nitrate CLUP (kg/ha) using 

data from Lin (2017) from 18-01-2015 onward and one-to-one line (long dashed).  

Discussion of Possible Reasons for Apparent Relative Loading Changes between Stations 

Possible land use/ land cover changes that might have occurred in the downtime between 

monitoring periods are a possible reason for the significant reduction. Results from CLUP show 

that the load-to-flow ratios for DOC and nitrate remain very similar pre- and post-restoration, 

indicating no significant changes in the export signature of sub-watershed I (Figure 5). Other 

than restoration and the by-pass, there are no obvious visible changes to sub-watersheds II and 

III. The controlled animal feeding operation (CAFO) in sub-watershed II and the farm and post-
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processing facility in sub-watershed III were known to be active during monitoring, so there is 

no reason to suspect the nitrate addition from these sources had ceased.  

In the same vein, we cannot rule out that the restoration was ineffective. The 

apportionment between the effect of possible land use changes (no obvious changes observed), 

and the effect of the restoration cannot be determined. However, it is possible to list all the 

potential effects of the restoration on water quality and identify any corresponding observations. 

The DOC removal processes in-stream include microbial respiration and algae and macrophyte 

assimilation. The DOC production processes include incomplete mineralization of both 

autochthonous and allochthonous organic matter, in the water column and the sediment. The 

latter corresponding to leaves and branches flowing from upstream into the restoration. Nitrate 

removal processes in-stream include macrophyte and algae uptake and denitrification by water 

column biofilms and in the sediment, while the nitrate producing processes include nitrification 

of ammonium resulting from the mineralization of the organic matter. 

The restoration work which re-aligned the channel to be more sinuous and excavated a 

lower, more accessible floodplain resulted in a sand bottom channel, which provided an 

abundance of light for algae and macrophytes. The consequences of the new sandy bottom, 

compared to the previous ‘muck’ between CLUP and CLMD, suggests that DOC production due 

to sediment diagenetic processes were initially halted, at least immediately post-restoration, and 

likely limited afterwards, even though large allochthonous organic matter in the form of leaves 

from upstream of CLUP was observed to enter the restoration with time. This may partially 

explain the relative 22% decrease in DOC export at CLMD. However, the less organic substrate 

should be less conducive to benthic denitrification as well.  
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However, the increase in light entering the channel post-restoration allowed widespread 

establishment of invasive, non-native alligatorweed (Alternanthera philoxeroides), in low 

velocity areas across the entire channel. In higher velocity areas, macrophytic hummocks 

established supporting epiphytic algae within the channel. The increased presence of luxuriant 

aquatic vegetation compared to the pre-restoration canal likely played a role in nitrate uptake, 

especially during the warmer season from June to September 2017. It is also possible that the 

extra organic matter produced and trapped by the hummocks was in fact conducive to 

denitrification. 

Additionally, increased local water velocities due to the minor in-stream blockages near 

the hummocks, might have increased hyporheic exchange (Francois Birgand, 2000; Findlay, 

1995; Hill, 1988). Water directly in front of a hummock may be forced downward into the 

substrate and travel underneath the channel (Figure 26; longitudinal section), while water forced 

to flow around a hummock may enter the stream bank and join subsurface flow or in-stream 

flows (Figure 26; planar view).  

Preliminary data from a comparison of two tracer studies conducted pre- and post-

restoration suggested that there is increased transient storage within the reach, supporting the 

hypotheses that transient exchange (hyporheic plus water column storage in macrophytic mats) 

has increased between the two periods (Danielle Winter, personal communication). 
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Figure 26. Diagram from Findlay (1994) demonstrating the exchange of water with the hyporheic zone in all three 

dimensions. 

Major Visible Physical Effects of the Restoration  

The excavation of the floodplain and the creation of the new more sinuous smaller 

channel has increased the linear length of stream by 20% from 2,206 m to 2,652 m (NEU, 2011). 

This increased the potential reactive surface area (banks and benthos) and possibly the residence 

time. The restoration also removed a large amount of vegetation that had been shading The 

Canal. Greater exposure to sunlight increases water temperatures, allowing for potentially 

increased microbial activity (Hill, 1988). The increase in light entering the channel post-

restoration also allowed macrophytic hummocks to take root within the channel. Macrophytes 

facilitated a decrease of nitrate through generating biomass (Figure 27). Another possibility is 

that the restoration facilitated processes conducive to denitrification. The bacteria responsible for 

denitrification require (1) anaerobic conditions, (2) NO3 to be denitrified, and (3) readily 

available source of organic carbon (Knowles, 1982).  
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Figure 27. Alligatorweed covering the channel during the summer. 

The stream substrate, wetland conditions in tributaries, floodplain and riparian buffers of 

the restoration likely created anaerobic conditions needed for denitrification (Burt, Matchett, 

Goulding, Webster, & Haycock, 1999; Messer, Burchell, Grabow, & Osmond, 2012; Roley et 

al., 2012). The majority of in-stream microbial activity takes place within the first few 

millimeters of the stream substrate (Francois Birgand, 2000). The interface of the water column 

and the stream bottom is a mixture of aerobic and anaerobic environments that allow obligate 

oxic or anoxic biotic and abiotic processes to occur (Findlay, 1995). The earthmoving done 

during the restoration significantly altered the stream substrate. What was previously a “mucky” 

less permeable stream bottom heavy in organic matter is now a more permeable sandy substrate. 

The restoration abandoned the existing mucky incised channel and excavated a new smaller 

meandering channel through sandy alluvial deposits from the nearby Little River. The apparent 

consumption of DOC between CLUP and CLMD could be a result of the new stream bottom is 

potentially exporting DOC at a greatly reduced rate rather than consuming DOC at a vastly 
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greater rate. DOC is likely still being consumed. Any other assertion would assume many in-

stream processes are no longer taking place, however it is difficult to apportion the amount of 

DOC being consumed or released to their respective processes. It is important to note that post-

restoration the area immediately upstream of CLDN was visibly higher in organic matter relative 

to the remainder of the restoration, compared to the sandy soil further upstream. This last 

observation may explain why the DOC export at CLDN had apparently changed, although it 

decreased at CLMD. Some additional process had to compensate for the decrease in the upper 

part of the stream. 

While the literature is divided as to which process can be credited with the majority of 

nitrate removal from streams, the nitrate reduction at the study site is due to some combination of 

biomass production and denitrification. Similarly, it is difficult to a priori apportion the apparent 

changes in DOC and nitrate dynamics to land use/land cover or in-stream processes, despite 

having observed no obvious land use/land cover changes within the nested watersheds. We have, 

however, been able to develop metrics to credit the restoration with measured changes.  

Metrics for Crediting the Restoration for the Measured Effects 

Hypothetical DOC and Nitrate Loading 

Using the regression relationship established with the pre-restoration data, the 

hypothetical predicted mass of DOC and nitrate exported, assuming the restoration had not 

occurred, can be estimated. Based on the regression relationship established with the pre-

restoration data, I was able to estimate the mass of DOC and nitrate exported had the restoration 

not taken place. As with the continuity analysis the predicted loads using the pre-restoration 

regressions created with data collected after 18-01-2015, see regression equations used for each 

station and parameter below. 
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CLMD 

DOC:  𝑦 = 1.2376 ∗  𝑥 +  4.4607   𝑅2 = 0.9959  (Equation 3) 

NO3:  𝑦 = 0.8105 ∗  𝑥 −  0.2752   𝑅2 = 0.9970 (Equation 4) 

 

CLDN 

DOC:  𝑦 = 1.5933 ∗  𝑥 +  11.545   𝑅2 = 0.9984  (Equation 5) 

NO3:  𝑦 = 1.2674 ∗  𝑥 −  1.5509   𝑅2 = 0.9979 (Equation 6) 

 

Variable x is the cumulative load at CLUP at the end of post-restoration monitoring 

 

Using these equations, I predicted CLMD to export less DOC and nitrate, to an order of 345 

(3,355 kg/year post vs 3,700 kg/year predicted) and 872 kg/year (584 kg/year post vs 1,455 

kg/year predicted) less, respectively. At CLDN, measured DOC exceeded predicted DOC by 958 

kg/year (7,541 kg/year post vs 6,584 kg/year predicted), while measured nitrate continued to be 

lower than the predicted values by 1,879 kg/year (1,318 kg/year post vs 3,197 kg/year predicted) 

(Table 13). These results indicate an increase in nitrate treatment through the reach and a 

reduction in DOC from sources between CLUP and CLMD. However, between CLMD and 

CLDN there appears to be a large source of DOC. We hypothesize that the wetland conditions at 

the end of the reach are the primary sources of this DOC.  

Table 13. Annual mass of DOC and NO3 exported post-restoration compared to annual masses predicted using 

equations 3-6 in kg/yr. 

 DOC (kg/yr.)   NO3 (kg/yr.)   

 Measured Predicted Difference Measured Predicted Difference 

CLUP 1695   1003   

CLMD 3355 3700 -345 583.5 1455 -872 

CLDN 7541 6584 958 1318 3197 -1879 

 

CLDN/CLUP DOC Relationship Gives Clues to the Restoration Influencing Nutrient 

Dynamics 

DOC dynamics within the reach give us the first indicator that the restoration has an 

influence on nutrient dynamics. The CLUP-CLMD portion of the restoration, with its OM 
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deficient stream bottom and floodplain is retaining DOC while the area immediately upstream of 

CLDN still visibly rich in organic matter is still exporting DOC.  

We hypothesized that DOC export is relatively higher at CLDN because of the large 

wetland that has established in the reach which is particularly conducive to production of DOC. 

For the first 2 months of monitoring the CLMD-CLDN region exported high amounts of DOC 

relative to what is entering CLUP (slope of 2.85 over 76 days; Figure 28).  This may be due to 

the production of autochthonous DOC during the summer months, however the data appear 

inconsistent and we suspect either probe error or erratic nutrient inputs from the tributary that 

drains a produce post-processing facility. Following this period there was a large storm event 

(01-09-2017 – 02-09-2017) that delivered inflow from the Little River. Though this event did not 

damage equipment, stations CLMD and CLDN only captured the event with discrete samples. 

Work to repair the damages from hurricane Matthew was conducted before and after the large 

rain event at the beginning of December. The repair work does not show a discernable impact on 

the nutrient dynamics of the reach.  

Two interesting things happen after the December ‘resetting’ event. First, the stage (50th 

percentile 238 mm) at CLDN, which had been steadily decreasing between storm events, rose to 

a steady level (50th percentile 463 mm), indicating some form of downstream control. This 

increase in water level inundated the flood plain at least 70 m upstream of CLDN creating ideal 

anaerobic conditions conducive to DOC release. The relative export between CLUP and CLDN 

for this high stage period was 1.66. This is lower than before the storm, however, greatly reduced 

velocities were measured as result of the downstream control. The restoration has had a 

measurable effect on DOC dynamics by creating sinks and exposing sources, however the 

amount apportioned to each individual process cannot be determined. If the restoration 
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influenced DOC dynamics, then it is reasonable to conclude that it would also have an effect on 

nitrate dynamics. 

 

 
Figure 28. Post-restoration DOC CLDN vs CLUP in three distinct phases; Phase I (blue), Phase II (orange), Phase 

III (yellow). 

Nitrate Treatment within the Reach Relative to Stream and Flood Prone Area 

The second metric used to scale the changes in export values to project surface areas 

corresponds to the 50th percentile stage (A50) and to bankfull stage (Abkf) according to the plan 

drawings (NEU, 2011). In addition, the approximate flood prone area (AFP) of the restoration 

was also calculated in order to include the two tributaries that were not counted towards the total 

stream length (Table 14). 
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Table 14. Stream properties used to calculate nutrient reduction metrics (NEU, 2011). 

 Total/Mean CLUP to CLMD CLUP to CLDN CLMD to CLDN 

Stream length (m) 2652 1677 (63%) 2652 974 (37%) 

Width of flood prone area (m) 19.20 - - - 

Mean bankfull width (m) 4.08 - - - 

Width at 50th percentile of 

stage (m) 
3.34 - - - 

Stream area at bankfull (m2) 10832 6850 10832 3982 

Stream area at 50th percentile 

of stage (m2) 
8858 5602 8858 3256 

Flood prone area (m2) 50918 32203 50918 18715 

 

From CLUP to CLMD the relative nitrate reduction was 426, 349, and 50 mg/m2/day for 

A50, Abkf and AFP, respectively. For the total length of the restoration, CLUP to CLDN, the 

reductions were 581, 475, and 78 mg/m2/day for A50, Abkf and AFP. To determine the reductions 

for CLMD to CLDN, we took the difference of the two metrics just mentioned and determined 

that the restoration reduced nitrate by 155, 127, and 27 mg/m2/day for A50, Abkf and AFP in the 

latter portion. These are significant relative reductions in nitrate as the typical reductions found 

for agricultural canals in the lower coastal plain are between 200-800 mg/m2/day (Francois 

Birgand, 2000). Even considering a maximum reduction in an agricultural canal (800 NO3-N 

mg/m2/day) and the minimum reduction determined for the restoration canal (155 NO3-N 

mg/m2/day), this is still a 19% decrease in nitrate. Reduction during channel flow and floodplain 

flow were not differentiated.  
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Table 15. Normalized apparent restoration effect in mg/m2/day for DOC and NO3 and the percentage of total change 

in NO3 and percentage of total area corresponding to each change (*per m2 of floodprone area includes the 

approximate areas of UT1 and UT2. 

 
DOC (mg/m2/day) NO3 (mg/m2/day) 

% change of 

total NO3 
% of total area 

CLUP to CLMD 

Stream area at 50th 

percentile stage 
-168.9 -426.3 73.3 % 63.2 % 

Stream area at mean 

bankfull stage 
-138.1 -348.6 73.3 % 63.2 % 

Per m2 of floodprone area* -19.9 -50.2 64.6 % 71.8 % 

CLMD to CLDN 

Stream area at 50th 

percentile stage 
465.1 -155.0 26.7 % 36.8 % 

Stream area at mean 

bankfull stage 
380.3 -126.7 26.7 % 36.8 % 

Per m2 of floodprone area* 59.5 -27.48 35.4 % 28.2 % 

CLUP to CLDN 

Stream area at 50th 

percentile stage 
269.2 -581.3 - - 

Stream area at mean 

bankfull stage 
242.2 -475.4 - - 

Per m2 of floodprone area* 39.6 -77.7 - - 

 

The portion of the restoration that lies between CLUP and CLMD is roughly 63% of the 

restored stream with the remaining 37% being between CLMD and CLDN. It is interesting to 

note that the reduction in nitrate for the first section is approximately 73% and 27% for the 

second portion. The proportions are therefore not the same, with apparently more relative 

removal between CLUP and CLMD, than CLMD to CLDN. This may be due to the observed 

large additions of sand due to UT3, 200 m downstream of CLMD, which has visibly filled the 

channel and prevented vegetation from establishing. This suggests that the wetland area just 

upstream of CLDN was particularly efficient at stripping nitrate, enough so to compensate the 

lack of vegetation immediately after UT3. In terms of flood prone area, which included the two 

tributaries, the proportions were 72% between CLUP and CLMD and 28% between CLMD and 
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CLDN, which is closer to the apparent nitrate reduction apportionment observed (Table 15). This 

may indicate that the transformation of tributaries into wetlands played an important role. 

Using the flood prone area as a basis to calculate reduction proportions provides a close 

match. While the individual processes responsible for the relative removal of nitrate from the 

reach cannot be pinpointed, this relationship of length and especially area to apparent nitrate 

removal strongly suggest the processes are native to the reach. Therefore, based on the processes 

observed visually combined with the measured loads within the restoration, there is sufficient 

coincidental evidence that the restoration is responsible for a significant inflection observed in 

the double mass curves. Barring some major yet undiscovered land use change, the data suggests 

that the stream restoration provided large water quality benefits during a period of relatively low 

flow. 

1.6 Conclusions 

During the first year of post-restoration monitoring it was possible to continue monitoring 

on site and significantly improve the quantity and quality of data collected by elevating the 

monitoring stations above the terrace floodplain, providing local power generation and storage 

for all equipment, reducing power consumption and simplifying spectrophotometer sampling and 

cleaning. Using the techniques developed during pre-restoration monitoring it was possible to 

establish good correlations for two of seven target parameters, DOC and Nitrate, by applying 

PLSR to high-frequency spectrophotometry data and discrete samples. The predicted 

concentrations from PLSR matched the behavior known for their respective parameters. Future 

regressions would benefit from a greater range of concentration samples as recommended by Lin 

(2017). While the total rainfall depth between the two monitoring periods differed, the 

inlet/outlet relationship between the reference and the treatment stations remained constant 
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allowing the research to move forward and quantify the changes in water quality through the 

reach. For DOC and nitrate, it was possible to quantify the magnitude and direction of the change 

for the first-year post-restoration.  

It is important to note that this is not the denitrification potential, or the total amount of 

DOC or nitrate retained per year, only the change from the conditions present in the pre-

restoration agricultural canal. The nitrate reductions in each section of The Canal were 

approximately proportional to the length of each section and to a greater degree with the 

respective flood prone areas. This strongly suggests that the increased treatment is a result of the 

restoration and not land use or climatic changes. 

1.7 Considerations for Future Work 

Basic Inlet/Outlet Sampling for UT 1 and UT2 

Qianyu Hang began collecting grab samples at outlets of all tributaries to the restoration 

in 2018. Going forward, inlet grab samples will allow rudimentary treatment capacities of the 

tributaries to be quantified. Coupled with flow monitoring in the form of V-notched weirs and a 

device to measure head above the weir, this will also allow incoming and outgoing loads to be 

calculated. 

Hurricane/Event Sampling 

Lin et al. (2017) as well as this study witnessed large portions of the cumulative load 

curves resulting from a single rain event. Phase II shown in Figure 28, makes up approximately 

one sixth of the cumulative DOC loading during the post-restoration monitoring period and only 

lasted for two days. Because of the large loads that can be carried through the restoration during 

such events, it would be beneficial to sample at a higher rate during larger events using a 

secondary discrete sampler set to trigger with a sudden increase in stage or similar criteria. 
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Collecting additional discrete samples would also help stratifying sampling over a range of 

concentration values, shown to be good for PLSR calibration (Lin, 2017). 
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Appendix A: PLSR Calibration Plots 

The following section contains all plots generated during the PLSR calibration for all seven 

parameters. The left column contains the regressions for the spring/summer period and the right 

column contains the fall/winter regressions. The three rows of plots between captions always 

correspond to CLUP, CLMD and CLDN.  
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Figure A1. Regression relationships between measured nitrate concentrations from discrete sampling and predicted 

nitrate concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter (right column); CLUP, 

CLMD and CLDN (top to bottom). 
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Figure A1. (continued).  
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Figure A2. Regression relationships between measured DOC concentrations from discrete sampling and predicted 

DOC concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter (right column); CLUP, 

CLMD and CLDN (top to bottom). 
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Figure A2. (continued). 
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Figure A3. Regression relationships between measured ammonium concentrations from discrete sampling and 

predicted ammonium concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter (right 

column); CLUP, CLMD and CLDN (top to bottom). 
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Figure A3. (continued). 
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Figure A4. Regression relationships between measured phosphate concentrations from discrete sampling and 

predicted phosphate concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter (right 

column); CLUP, CLMD and CLDN (top to bottom). 
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Figure A4. (continued). 
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Figure A5. Regression relationships between measured total kjeldahl nitrogen concentrations from discrete sampling 

and predicted total kjeldahl nitrogen concentrations from PLSR calibrations; Spring/Summer (left column) and 

Fall/Winter (right column); CLUP, CLMD and CLDN (top to bottom). 
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Figure A5. (continued). 
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Figure A6. Regression relationships between measured total phosphorus concentrations from discrete sampling and 

predicted total phosphorus concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter 

(right column); CLUP, CLMD and CLDN (top to bottom). 
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Figure A6. (continued). 
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Figure A7. Regression relationships between measured total phosphorus concentrations from discrete sampling and 

predicted total phosphorus concentrations from PLSR calibrations; Spring/Summer (left column) and Fall/Winter 

(right column); CLUP, CLMD and CLDN (top to bottom). 
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Figure A7. (continued). 
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Appendix B: DOC and Nitrate Time Series Chemographs and Hydrographs 

 
Figure B1. CLUP flowrate [L/s] (blue) and instantaneous DOC concentration [mg/L] (orange). 

 
Figure B2. CLUP flowrate [L/s] (blue) and instantaneous nitrate concentration [mg/L] (orange). 
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Figure B3. CLMD flowrate [L/s] (blue) and instantaneous DOC concentration [mg/L] (orange). 

 
Figure B4. CLMD flowrate [L/s] (blue) and instantaneous nitrate concentration [mg/L] (orange). 
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Figure B5. CLDN flowrate [L/s] (blue) and instantaneous DOC concentration [mg/L] (orange). 

 
Figure B6. CLMD flowrate [L/s] (blue) and instantaneous nitrate concentration [mg/L] (orange). 
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Appendix C: Site Visit Checklists and Datasheets 

 
Figure C1. Fillable data collection sheets used during each field visit to ensure consistent data collection. 
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Figure C1. (continued).  
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Appendix D: Data Processing Flow Chart 

 
Figure D1. Data Processing and PLSR flowchart created to visualize the method. 
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Appendix E: Double Mass Curves Including Little River Influences 

 
Figure E 1. Cumulative volume CLMD (solid) & CLDN (dashed) (mm) vs. cumulative volume CLUP (mm) and 

one-to-one line (long dashed). Events where the Little River influenced water quality in The Canal are circled in 

orange. 
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Figure E 2. Cumulative DOC CLMD (solid) & CLDN (dashed) (kg/ha) vs. cumulative DOC CLUP (kg/ha) and one-

to-one line (long dashed). Events where the Little River influenced water quality in The Canal are circled in orange. 
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Figure E 3. Cumulative nitrate CLMD (solid) & CLDN (dashed) (kg/ha) vs. cumulative nitrate CLUP (kg/ha) and 

one-to-one line (long dashed). Events where the Little River influenced water quality in The Canal are circled in 

orange. 
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