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ABSTRACT 

Beavers have been instrumental in shaping the North American riverine 

landscape. However, land use change and beaver trapping have caused large decreases in 

beaver populations, resulting in fundamental changes to river morphology, hydrology, 

and biogeochemical function. Effective river restoration and remediation of arid western 

rivers relies on a comprehensive interpretation of how beaver activity influences water 

quantity and quality. In this study, I compared two stream reaches with and without 

beaver dams in a semi-arid watershed, to quantify the effects of beaver activity on 

hydrology and biogeochemistry. Within each reach, I combined dilution gauging and 

stream tracer experiments to determine basic hydrologic measures, and analyzed water 

samples, using ion chromatography, to determine the concentration of major ions. Data 

was collected from May to July, wherein discharge rapidly declined through both 

reaches. Magnesium concentrations, [Mg2+], decreased in both reaches, during the eight 

week period, and suggests [Mg2+] were dependent on the contribution of groundwater 

relative to downgradient alluvial flow in the stream. Chloride concentrations, [Cl-], 

shifted from decreasing to increasing, in both reaches during the eight week period, and 

were generally higher downgradient. The decreasing [Cl-] trend suggests that high Spring 

flows dissolve, and transport stored chloride downstream, while the increasing [Cl-] 

trend, suggests that during low Summer flows, evapotranspiration concentrates chloride- 

in the stream water. Nitrate (NO₃⁻) results indicated that the beaver meadow was a source 

of nitrate at low flows and suggests nitrate retention varies seasonally. The study also 
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provided evidence of enhanced water storage in the beaver meadow. The combined 

findings suggests that beaver activity increases late season water storage, and affects the 

timing and magnitude of nutrient cycling, in western semi-arid watersheds. 
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CHAPTER 1: INTRODUCTION 

The North American beaver (castor canadensis) is a prolific ecosystem engineer 

that historically thrived across the United States and shaped the American landscape, but 

land use change and 19th century beaver trapping transferred control of North America’s 

natural channels from beaver to man, with significant consequences to channel hydrology 

and biogeochemical function. (Wohl, 2005; Naiman et al., 1988; Wohl & Beckman, 

2014).  

These repercussions have raised concern within the environmental and fluvial 

research community who seek to restore and remediate degraded rivers. In this context 

beaver introduction has emerged as a viable low cost, low maintenance solution for 

stream restoration, with holistic benefits to channel form and function (Lautz et al., 2019; 

Pollock et al., 2014). But effectively leveraging the effects of beavers for stream 

restoration, begins by understanding how beaver activity changes channel hydrology and 

biogeochemical functions. 

Beavers transform stream hydrology and biogeochemical function by building 

dams. Beaver dams impound and distribute water across and into the surrounding land 

creating hydrologic connections between the channel and floodplain (Westbrook et al., 

2005; Wohl, 2005). Floodplain inundation substantially decreases flow velocity and 

increases water storage with implications to groundwater levels, ground and surface 

water interactions and residence time (Majerova et al., 2015; Naiman et al., 1988). 

Beaver dams modify biogeochemical function by enhancing anaerobic conditions and 
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expanding the lateral extent and interaction with reactive pathways (Briggs et al., 2013; 

Kuypers et al., 2018, Larsen et al., 2021).   

The relationship between hydrology and biogeochemical function provides 

context for how beaver activity impacts water quality. Hydrology and biogeochemistry 

can be coupled using a mass balance of water and solute flux. But mass balances can be 

difficult to achieve because solute and water fluxes generally do not reach steady state 

conditions within the timeframe of most research projects (Larsen et al., 2021).  

Studying the coupled effects of hydrology and biogeochemical function builds an 

understanding of how beaver activity influences water quantity and quality. Given the 

historical presence and abundance of beavers in North America this understanding offers 

insight to the historical form and function of western watersheds. It can also offer 

insight to how beaver activity can holistically remediate and restore present day degraded 

streams.  

This project supplements existing research by studying a beaver meadow located 

within a semi-arid western watershed. The goal of the study was to quantify the relative 

effects of beaver activity on water quality and hydrology to expand our understanding of 

the link between hydrology and biogeochemical function.  
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CHAPTER 2: BACKGROUND 

2.1 Historical Background 

Imagine a natural river. Do you think of calm flows, carving its way through 

grassy meadows and plains? Or gushing whitewater rapids breaking the stillness of the 

forest? In whichever way you imagine a river, it will likely be very different from the 

rivers settlers saw when they first explored the vast landscape of North America. Two 

centuries ago, there would have been around 250 million beaver ponds throughout North 

America, with many ponds averaging the size of four to five acres big (Butler and 

Malanson, 2005; Goldfarb, 2018). This suggests that up to almost a fifth of the entire 

North American continent was submerged by beaver ponds. The American landscape was 

not only dominated by beavers but fundamentally shaped by them. Their messy marshes 

and vast ponds negate our modern-day image of wide snaking channels. When European 

settlers colonized this landscape, they found large, open spaces to build their 

communities on, and a plentiful population of beavers for the booming fur trade (Wohl, 

2005). As the beavers were removed from the rivers and ponds, the settlers were 

rewarded with flat plains, containing rich, healthy soil to farm their crops and graze their 

livestock on. By the end of the 19th century, virtually all of North America had been 

colonized, and beavers had been trapped to near extinction (Naiman et al., 1988). 

Without consistent maintenance, the last of the beavers’ once proud dams collapsed and 

washed away. Control of North America’s natural channels shifted from beaver to man. 

But this corruption of the previous natural process governing rivers and their surrounding 
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ecosystems, threatened the plentiful environment settlers had been welcomed into, and 

replaced it with a potential for alluvial incision, riparian ecosystem death, and drought 

(Wohl, 2005). 

Our modern-day depiction of a healthy water ecosystem has its foundations in 

retrospective analysis of this ecological history (Wohl, 2005). As the waning 

environmental health of North America threatened the successes of farms, forests, and 

natural areas, research began focusing on the degradation of western rivers, an effort that 

has been a priority for the last 30 years. Original remediation efforts focused on physical 

characteristics, rather than a holistic, functional approach (Malakoff, 2004; Rosgen, 

1994). Since then, beaver re-introduction has become an increasingly popular alternative 

to traditional restoration approaches. The low cost and potential for long-term 

sustainability make beavers an attractive choice for repairing our damaged rivers (Lautz 

et al., 2019; Palmer & Ruhl, 2019; Pollock et al., 2014).  

This approach, it should be mentioned, has not been without controversy. To this 

day, beavers are largely considered a nuisance to farmers and land-owners, as they break 

down the timber and bushes in surrounding areas, cause flooding and uncontrolled 

irrigation, and contaminate the springs and rivers used for drinking and livestock water 

(Lautz et al., 2019). 

2.2 Physical Function & Characteristics 

By building dams, beavers influence two main physical functions: morphology 

and hydrology. Beaver dams are semi-permeable structures made of wood, rocks, and 

sediment that span river segments. These dams prevent water from flowing freely, 

increasing the water depth and forming ponds in the channel behind the beaver dam 
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(Larsen et al., 2021). When the local water depth exceeds the bankfull, the excess water 

flows outward, across and into the riparian areas and floodplain (Westbrook et al., 2005). 

The distribution of water across the floodplain creates a beaver meadow- a complex, 

multi-thread system with strong hydrologic connection between the main channel and 

floodplain (Wohl & Beckman, 2014).  

Beaver mediated inundation and lateral distribution of water across the floodplain 

augments surface and groundwater storage (Larsen et al., 2021). In particular beaver 

meadows expand the aerial extent of open surface water storage which in turn enhances 

groundwater infiltration (Lautz et al., 2019; Majerova et al., 2015). Groundwater 

infiltration raises and stabilizes the meadow’s water table levels and increases ground and 

surface water interactions (Karran et al., 2018; Majerova et al., 2005; Wade et al., 2020).  

Beaver meadows also enhance hyporheic exchange (Briggs et al., 2013). The 

hyporheic zone exists at the interface between the ground and surface water 

(Lewandowski et al., 2019, Tonina & Buffington, 2009). This is an important driver of 

biogeochemical reactions (Lewandowski et al., 2019). Unlike ground and surface water 

storage, hyporheic exchange provides transient storage at reactive scales (Lewandowski 

et al., 2019; Nogaro et al., 2013). 

Enhanced storage and hyporheic exchange necessitate increased residence times 

(Larsen et al., 2021). For instance, nominal residence time is a product of nominal surface 

water storage (V) and meadow flow (Q), such that residence times increase directly with 

surface water storage: 

𝜏𝜏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝑉𝑉
𝑄𝑄 
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Furthermore, beaver meadows are characterized by modified flow velocities with 

different areas of fast, slow, and stagnant water. But generally beaver dams decrease flow 

velocity (Naiman et al., 1988). 

Beaver mediated water storage and flow regime change temporally with seasons 

and attenuates high and low flows (Larsen et al., 2021). Spring snowmelt and storm 

events amplify surface and groundwater discharge, generally constituting seasonal peak 

flows. In beaver meadows peak flows are stored and slowed by being laterally distributed 

across the beaver meadow (Westbrook et al., 2005). This in turn delays and reduces 

hydrograph peaks (Puttock et al., 2017).  

Seasonal low flows typically occur in the summer when evapotranspiration is 

highest and flows are sustained by groundwater. Beaver dams hedge low flows by raising 

groundwater levels and releasing stored water (Nyssen et al., 2011; Westbrook et al., 

2005). 

As water moves through the meadow it erodes and deposits sediments changing 

channel morphology over time and creating a feedback loop between morphology and 

flow (Pollock et al., 2014). Beaver dams disrupt longitudinal transport, modifying 

advective transport of sediment. Sediment storage increases and, over time, flux 

equilibrates in the meadow (Pollock et al., 2014; Wohl & Beckman, 2014). This provides 

some protection and remediation against alluvial incision (Palmer & Ruhl, 2019). 

Increased sediment storage also increases sediment biomass, implicating hyporheic 

exchange and biogeochemical processing at the reach scale (Cardinal et al., 2011; Lynch 

et al., 2019).
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2.3 Biogeochemical Functions and Characteristics 

Biogeochemistry refers to synergetic biological and geological reactions in the 

watershed. Beaver dams modify the biogeochemical function at the reach scale, and thus 

the water quality. The dams change biogeochemical pathways, spatial extent of pathways, 

and hydrologic connection and interaction with pathways (Larsen et al., 2021). Although 

many chemical changes can be studied in the changing water quality, this study focuses 

on beaver mediated changes to the nitrogen cycle. 

Beaver dams generally increase organic matter storage and enhance anaerobic 

conditions and denitrification pathways (Larsen et al., 2021). Nitrogen rich organic 

matter mineralizes to ammonium (NH4) and either persists as ammonium in anaerobic 

conditions or is oxidized to nitrate. During nitrification ammonium (NH4) is oxidized to 

nitrite and then to nitrate. Both steps occur via enzymatic activity in the presence of 

oxygen and carbon. Denitrification (e.g. atmospheric loss) and assimilation removes 

nitrate from water. In anoxic conditions heterotrophic bacteria utilize nitrate as a terminal 

electron acceptor during respiration to atmospheric N2 (Kuypers et al., 2018). Excess 

nitrogen concentrations in rivers are a point of concern because they can cause 

eutrophication and overgrowth of invasive species (Vitousek et al., 1997). Research 

suggests that at the reach scale beaver meadows serve as both nitrogen sources and sinks 

depending on nutrient availability and residence time (Devito et al, 1989; Enisgn et al., 

2005; Fisher et al., 2015; Wegener et al., 2017).  
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Figure 2 Diagram from Wegener et al., 2016 that conceptualizes the 

relationship between hydrologic connectivity and biogeochemical processing. 
Biogeochemical processing is constrained by nutrient delivery when connectivity is 

low, and by residence time when con 

Geogenic solutes originate from atmospheric deposition, bedrock weathering and 

anthropogenic inputs (Botter et al., 2020). Weathering occurs at larger scales than 

individual beaver meadows but provide insight to channel hydrology and water 

provenance. Bedrock weathering occurs in the deep subsurface such that concentrations 

of geogenic solutes increase with depth (Xiao et al., 2021). Concentrations are generally 

studied with respect to discharge and Q-C relationships are categorized as diluting 

behavior, enriching behavior or chemostatic behavior. Dilution occurs when 

concentrations decrease with increasing discharge; enrichment occurs when 

concentrations increase with increasing discharge; and chemostasis occurs when solute 

concentrations are independent of discharge (Botter et al., 2020; Godsey et al., 2009). 
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Chemostasis typically occurs when water comes from the same source (Hale & Godsey, 

2019; McIntosh et al., 2017) 

2.4 Linking Physical and Biogeochemical Function 

The relationship between biogeochemistry and hydrology is relevant for 

understanding how beaver meadows impact water quality, and applications for stream 

restoration. This relationship can be quantified using mass balances between solutes and 

water. But a mass balance is difficult to achieve, because water and solute fluxes are 

unlikely to be in steady state conditions at sub-annual scales (e.g., water) or even at 

annual (e.g., nitrogen) time scales (Larsen et al., 2021).  

Research suggests that nutrient retention in beaver meadows varies with high and 

low flows (Wegener et al., 2017), but it is still unclear how much beaver dams affect 

seasonal trends in flow and nutrient processing. It should also be noted that the age of 

beaver dams may play an important role, suggesting annual and sub-annual time scales 

only provide transient insights to how beaver dams affect water quality (Catalan et al., 

2017).  

The goal of this study was to quantify the relative effects of beaver activity on 

water quality and hydrology (e.g. flow, residence time and water provenance) in a semi-

arid western watershed. This was accomplished by tracking relative changes in surface 

water nitrate and geogenic solute (chloride and magnesium) concentrations, flow, mean 

residence time, storage, and gross gains and losses through an upstream beaver meadow 

and through a downstream confined control reach. The study was conducted from spring 

to summer, when the main channel discharge rapidly decreased. The study’s hypotheses 

and related reasonings are summarized in Table 1. 
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Table 1 Hypotheses 
 
1. 

 
There is no change in magnesium and chloride concentrations between the 
upstream and downstream sampling sites within each reach. There is a 
greater reduction in nitrate concentration through the beaver meadow than 
the control reach. 
 
Changes in the concentration of geogenic solutes like magnesium and 
chloride are typically the result of weathering. Weathering occurs at larger 
spatial scales than individual beaver meadows and is unlikely to result in 
significant changes to magnesium and chloride concentrations at the reach 
scale.  
 
Beaver meadows enhance anaerobic conditions and support denitrification 
pathways. Denitrification decreases surface water nitrate concentrations 
such that there is a greater reduction in nitrate through the beaver meadow 
than the control reach. 

 
 
2. 

 
Magnesium and chloride concentrations in the beaver meadow and the 
control reach increase as discharge in the main channel decreases. 
Relative nitrate reduction through the beaver meadow is reduced as main 
channel’s discharge through the beaver meadow is reduced. 

 
Magnesium and chloride concentrations are typically higher in the 
subsurface where chemical weathering takes place. Spring discharge is 
dominated by snowmelt. As discharge decreases in summer, relatively 
more water is contributed from the subsurface. 

                                                          
Decreases in flow reduce the opportunity for nitrate to interact with reactive 
pathways and flow paths, such that the reduction in nitrate concentrations 
through the beaver decreases when discharge decreases.  
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CHAPTER 3: STUDY AREA 

3.1 Site Description 

The study was conducted within the lower reaches of the 28 sq.km, semi-arid Dry 

Creek Experimental Watershed (DCEW) from May to July 2021. The watershed is 

located approximately 16 miles north of Boise, Idaho. The headwaters of Dry Creek 

begin at an elevation of 2100 m ASL, near the Bogus Basin Ski Resort at Shafer’s Butte 

and within the Boise National Forest. The Experimental Watershed outlet is located at the 

junction of Dry Creek and Bogus Basin Road, but the creek continues southwest to its 

confluence with the Boise River. A series of beaver dams exist about 2 miles upstream of 

the junction, within lower Dry Creek.   

Dry Creek is a small intermittent stream, where the creek’s discharge is 

dominated by spring snowmelt. Discharge typically peaks in May followed by a rapid 

return to baseflows in August. Shingle Creek, a perennial tributary located about 2 miles 

from the junction, and various smaller intermittent streams also flow to Dry Creek. 

Spring offers cool rains leading to hot and dry summers where evapotranspiration plays 

an important role in reducing streamflow (Geisler, 2015). The lower section of the 

Experimental Watershed is characterized by grasses, deciduous trees and shrublands, 

including wild roses, syringa (Philadelphus lewisii) and sagebrush (Artemisia tridentata). 

The lower DCEW resides on private land, and herds, of about 10-20 cattle, regularly 

graze the riparian zone of Dry Creek in spring and summer.  
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The DCEW has been characterized by researchers from Boise State University’s 

Geosciences department and the College of Idaho’s Biology department over the past 20 

years. Boise State University’s mission in Dry Creek is to provide continuous and 

spatially distributed hydrologic data. BSU has established 7 active stream gauging sites 

across the watershed, including the Lower Gauge site with telemetered discharge 

estimates. Boise State’s public repository of historical discharge data was used in 

selecting the study period, and best calibration and data collection practices. The College 

of Idaho’s mission in Dry Creek is to monitor the movements and behaviors of the Red 

Band Trout population in Dry Creek.  

I selected two study reaches within the experimental watershed: the meadow 

reach (MR) and the control reach (CR). The MR is heavily characterized by beaver 

activity, with several dams and a multithread channel structure. The CR represents a 

section of channel unimpacted by beavers and serves as a comparison to the MR. Reach 

lengths were selected such that residence times were approximately the same. 

The MR is located just below the confluence with Shingle Creek and extends 

approximately 190 m. from the upstream sampling station (MRU, Pictures 3 and 4) to the 

downstream sampling station (MRD, Pictures 1 and 2). The channel is situated at the 

bottom of a wide valley. The reach was heavily characterized by beaver activity during 

the study period. MRU and MRD were both easily accessed from a nearby foot trail. 

The CR is located about 1 mile downstream from the MR and is approximately 

392 ft. long between the upstream sampling site (CRU, Pictures 7 and 8) to the reach 

outlet (LG, Pictures 5 and 6). CR typically sustains flows from early fall to early summer, 

but dries in mid summer (C. Walser, personal communication, October 21, 2020), as was 
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the case during the study period. CRU is easily accessed from the footpath near the 

northern banks, but steep foothills slope upward along the southern bank. The channel 

becomes increasingly confined with distance downgradient, as it enters a narrow valley 

with steep sloping hillsides. LG can be difficult to spot from the footpath, due to 

concentrated vegetation growth on the narrow channel banks and can only be accessed by 

climbing down the steep hillsides. LG is an established site previously set up by Boise 

State University’s Geosciences Department. The approximate locations of LG and CRU 

relative to MRD and MRU can be seen in Figure 3. 
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3.2 Continuous Data 

Continuous data was used for context and compared to new data. Continuous data 

from the DCEW was obtained from the DCEW website and is freely available to the 

public as CSV files. Historical stream data were downloaded for LG from the years 2017, 

2018, 2019 and 2020. Stream data at LG includes discharge, temperature and flow. The 

discharge is calculated using rating curves maintained by Boise State University’s 

College of Geosciences. Stage measurements were recorded using an Odyssey 

Capacitance Water Level Logger ODYWL (Christchurch, NZ) with a resolution 0.8 mm. 

Conductivity and temperature were measured using a Campbell Scientific Conductivity 

Sensor CS547A (Logan, UT, USA) with a resolution of 0.001 mS/cm and Campbell 

Scientific A547 Data Logger (Logan, UT, USA). The data is sent to Boise State 

University via onsite telemetry (McNamara and Aishlin, 2017, 2018, 2019, 2020). 

Historical data from the DCEW at LG indicates stream discharge is dependent on 

winter and spring precipitation and snowmelt. Discharge generally peaks in early April, 

with a rapid decline to baseflow or drying in August. Flows increase again in September, 

as ambient temperature and evapotranspiration decrease. During the study period, from 

May to August, flows typically decrease from about 170-550 L/s in late May to about 0-

30 L/s in early August at LG, with the exception of increases during major rainfall 

events.  

Figure 2 compares the 2021 precipitation hyetograph to discharge at LG. The 

figure shows fluctuations in discharge from January to February with a few interspersed 

precipitation events. There is a steady increase in discharge from March to May as the 

snow melts, as well as sporadic increases in discharge due to rain fall events. Independent 
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of a major rainfall event in mid June, flows steadily decrease until September. From 

September to December temperatures decrease, such that discharge steadily increases as a 

function of reduced evapotranspiration rather than precipitation. During this time minor 

precipitation events result in temporary increases in discharge. 

Figure 3 plots historical discharge measurement from 2017 to 2020 at LG from 

late May to early August. The figure shows a general decrease in discharge from late 

May to early June. During this time flows peak, particularly in 2019, as a result of rainfall 

events. In 2020 and 2017 there is an increase in discharge around mid June, a similar 

increase takes place around the end of June in 2018 and 2019. Following the surcharge 

flows decrease and converge to between 9.70 L/s and 33.05 L/s in early August.    
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CHAPTER 4: METHODS 

4.1 Data Collection and Experimentation 

I conducted the experiment during an eight week period between 05/27/21 and 

07/15/21. During this period, I collected data on a weekly basis on either Wednesdays or 

Thursdays. Data are categorized as historical data, dilution gauging, water quality 

sampling and tracer experiments. The schedule is shown in Table 2 and each category is 

discussed in further detail below. 

Table 2 Data Collection schedule for dilution gauging, water quality sampling 
and tracer experiments. 

Week 1 2 3 4 5 6 7 8 

Date 5/27 6/03 6/09 6/16 6/24 6/30 7/08 7/15 

Dilution Gauging X X X X X X X X 
Water Quality 
Sampling X X X X X X X X 

Tracer Experiment X X X 

4.1.1 Dilution Gauging

I conducted dilution gauging experiments at the upstream and downstream 

locations of each study reach (Turnipseed & Sauer, 2010). I instantaneously injected 

potassium bromide (KBr), dissolved in stream water, 5-10 m upstream of each sampling 

site to promote full mixing. Conductivity was then measured at the sampling sites using 

an Xylem EXO 3 Multiparameter Sonde 599503 (Yellow Springs, OH, USA) equipped 

with conductivity and temperature probes. The sonde was deployed for approximately 10 

minutes, at either 3- or 10-seconds intervals. The sonde measured background 
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conductivity, the arrival of KBr (breakthrough curve) and the return to background levels. 

Dilution gauging was completed in order from the downstream most site (LG) to the 

upstream most site (MRU). The gauging schedule and corresponding KBr masses are 

shown in Table 3. 

Table 3 KBr mass in grams injected at each sampling point during weekly 
dilution gauging experiments. 

Week 1 2 3 4 5 6 7 8 

Date 5/27 6/03 6/09 6/16 6/24 6/30 7/08 7/15 

MRU 100.45 99.80 99.61 99.96 100.12 98.68 97.00 99.03 

MRD 99.86 100.56 100.52 100.36 99.91 96.49 92.17 100.14 

CRU 100.17 99.88 100.20 100.67 99.99 96.60 96.43 99.36 

LG 100.37 100.01 100.78 99.65 100.04 96.85 99.08 99.05 
 

4.1.2 Conservative Tracer Experiment 
I conducted tracer experiments on weeks 2, 5 and 8 by instantaneously injecting 

Rhodamine-WT (RWT) at the upstream sampling sites (MRU and CRU). The 

concentration time series, or breakthrough curve (BTC), of RWT was then measured at 

the downstream sampling sites (MRD and LG) using the EXO 3 Sonde equipped with an 

RWT Sensor. Sampling intervals were adjusted dynamically based on the measured 

concentration and varied from 30 seconds to 10 minutes during each recording. The 

sonde was deployed prior to injection at both downstream sampling points. At MRD the 

sonde was left overnight (roughly 18 hours) while at LG the sonde was left for 

approximately 2-3 hours. Rhodamine injections were routinely completed at CR before 

repeating the experiment at the upstream MR (Kilpatrick & Wilson, 1989; Knapp et al., 

2017).  
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The EXO 3 Sonde was calibrated in the lab prior to field measurements. For RWT 

calibration known solutions of RWT and DI water were mixed and measured using the 

EXO 3 Sonde (see Appendix A). 

Table 4 Rhodamine mass in grams injected at MRU and CRU during each 
tracer injection event. 

Week 2 5 8 
Date 6/03 6/24 7/15 
MRU 98.70 59.55 50.08 
CRU 61.60 34.85 31.19 

4.1.3 Water Sampling 

Water grab samples were collected weekly at each sampling site (MRU, MRD, 

CRU and LG) to analyze concentrations of anions and cations, including the nutrient 

NO₃⁻. Water samples were field filtered through 0.45μm glass fiber filters into 60mL 

polyethylene bottles. Bottles were triple rinsed with both DI water and filtered stream 

water prior to sampling. Samples were transported to the lab and stored at 4°C until 

analysis (Lurry & Kolbe, 2000).   

4.2 Data Analysis 

4.2.1 Stream Discharge 

I used the dilution gauging BTCs to calculate discharge at each site. I began by 

background correcting the recorded specific conductivity and converting to concentration 

of KBr using a 1:1.4 scaling factor. The scaling factor was determined in the laboratory 

by calibration with stream water (See Appendix A).  

Discharge (Q) was calculated from the breakthrough curve using the equation 

below: 
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𝑄𝑄 =
𝐾𝐾𝐾𝐾𝑟𝑟𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚

∫ [𝐾𝐾𝐾𝐾𝑟𝑟](𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
0

 

where 𝐾𝐾𝐾𝐾𝑟𝑟𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚 is the mass of KBr added at the injection site and [KBr] is the 

background corrected KBr concentration. Time (t) was measured from the initial 

injection of KBr where 𝑡𝑡 = 0, and 𝑡𝑡 = 𝑡𝑡𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  is the time at which [KBr] had returned to 

background. Combined reach scale discharge (𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎) was calculated as the average of 

upstream and downstream discharge. 

𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎 =
𝑄𝑄𝑢𝑢𝑢𝑢𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 + 𝑄𝑄𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛

2  

Net discharge was calculated using the equation below: 

𝑄𝑄𝑁𝑁𝑎𝑎𝑡𝑡 = 𝑄𝑄𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 − 𝑄𝑄𝑢𝑢𝑢𝑢𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛  

On June 30th the sonde was pulled too early at LG and failed to capture the entire 

breakthrough curve. The discharge at LG was estimated using the equation below:  

𝑄𝑄𝐿𝐿𝐺𝐺8 = 𝑄𝑄𝐶𝐶𝐶𝐶𝑈𝑈8 +
∑ 𝑄𝑄𝐿𝐿𝐺𝐺𝑓𝑓 − 𝑄𝑄𝐶𝐶𝐶𝐶𝑈𝑈𝑓𝑓

 7
1  

7  

where n is the week number from week 1 to week 8. In this case the discharge at LG on 

week 8 was calculated by adding the average difference between CRU and LG discharge, 

from weeks 1 through 7, to the CRU flow in week 8. 

4.2.2 Mean Residence Time and Mass Recovery 

I used the concentration time series data from the conservative tracer experiments 

to calculate mean residence time (μ) and rhodamine mass recovery (Yu-Chen et al., 

2003). The fluorescence values were background corrected by subtracting the 

background fluorescence during each tracer event from the recorded data. Background 



28 

 

fluorescence was taken as the initial fluorescence recorded at the site, at time of 

deployment. 

Mean residence time (μ) was calculated from the breakthrough curve using the 

equation below: 

𝜇𝜇 =
∫ [𝑅𝑅𝑅𝑅𝑅𝑅](𝑡𝑡)dt𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
0

∫ [𝑅𝑅𝑅𝑅𝑅𝑅]dt𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
0

 

where [𝑅𝑅𝑅𝑅𝑅𝑅] is the background corrected RWT concentration. Time (t) was measured 

relative to the initial injection time of rhodamine where 𝑡𝑡0 = 0 and 𝑡𝑡𝑓𝑓 = time of the final 

datapoint. 

The fraction mass recovery (𝑓𝑓) of each rhodamine injection was calculated using 

the equation below: 

𝑓𝑓 = (
𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚

) � [𝑅𝑅𝑅𝑅𝑅𝑅]𝑑𝑑𝑡𝑡

𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0

 

where 𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚  is the mass of RWT injected. 

The sonde batteries failed on week 8 at LG, rendering the CR RWT data 

unusable. The μ within the CR on week 8 was estimated using Manning’s equation 

(Worrall et al., 2014). See the Appendix A for more information. 

4.2.3 Gross Gains and Storage 

I used the discharge, mean residence time and mass recovery results to calculate 

gross gains and storage. Gross gains were calculated using the equation below and were 

based on mass recovery and discharge results (Exner-Kittredge et al., 2014; Payn et al., 

2009): 

𝑄𝑄𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 = �𝑄𝑄𝑢𝑢𝑢𝑢𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 − 𝑄𝑄𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛𝑚𝑚𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛� + �𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎� ∗ (1− 𝑓𝑓) 
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Gross gains and losses were not calculated for week 8 at CRU because I was unable to 

calculate 𝑓𝑓 (see Section 4.2.2).  

Storage was calculated using the equation below and were based on μ and 

discharge results (Briggs et al., 2009): 

𝑆𝑆 = 𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎 ∗ 𝜇𝜇 

4.2.4 Ion Concentrations 

I analyzed the stored water samples for [Cl-], [Mg2+], and [NO₃⁻] using a 

Metrohm Compact IC Plus chromatograph. After calibration, the Metrohm MagIC Net 

software identified ion components in the chromatogram and integrated the 

chromatogram peak to find the ion concentration, based on the software’s default analysis 

algorithm. 
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CHAPTER 5: RESULTS 

5.1 Stream Discharge 

Discharge (Q) measured during the study period at all four sites varied from 60.4 

L/s to 0.6 L/s, decreasing monotonically across the study period (Figure 6). During weeks 

1, 6, 7 and 8 channel discharge in the MR surpassed channel discharge in the CR, such 

that from week 2 to 5 channel discharge in CR surpassed channel discharge in MR.  

5.1.1 Meadow Reach 

During the study period flows from MRU decreased from 60.4 L/s to 2.0 L/s. 60.4 

L/s, recorded in week 1, was the highest discharge of any site during the study period, 

while 2.0 L/s was the highest discharge of any site recorded in week 8. The largest 

decrease in flows took place between week 1 and week 2 of the study period. From week 

2 to week 8 changes to flow continued to drop, but at a slower rate. Flows at MRD 

decreased from 58.0 L/s to 1.7 L/s with the largest drop occurring between weeks 1 and 

2. During weeks 2, 3, 4 and 5 MRD had the lowest flows of any site. MRD flows began 

converging with MRU flows starting in week 5. 

Average flows in the MR decreased by 57.4 L/s and ranged from 59.22 L/s to 

1.85 L/s. The main channel of the reach remained connected during the study period, but 

side channels dried by week 5. Because flows at MRU were consistently higher than 

flows at MRD, the MR was a net sink of water with an average net loss of 2.9 L/s and a 

standard deviation of 2.0 (Figure 9). The figure shows the greatest net loss occurs on 

weeks 2, 4 and 5, with the smallest water loss in weeks 7 and 8.  
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5.1.2 Control Reach 

At CRU flows decreased from 55.6 L/s to 0.8 L/s at CRU with largest decrease 

occurring from week 1 to week 2. CRU had the lowest flows of any site during weeks 1, 

6, 7 and 8, with the lowest flow of any site during the study period of 0.8 L/s in week 8. 

Flows at LG decreased from 56.1 L/s to 0.9 L/s with the largest drop occurring between 

weeks 1 and 2. LG displayed the highest flows of any site during weeks 2, 3, 4 and 5. 

The average flow in the CR decreased by 55.0 L/s and ranged from 55.8 L/s to 0.9 

L/s (Figure 7). The main channel remained connected throughout the study period, but 

LG dried shortly after the conclusion of the study, leaving intermittent stagnant pools. 

The greatest net gains occurred on weeks 1, 2 and 7, with the smallest water gain in 

weeks 2 and 8 (Figure 8). 

Table 5 Discharge (L/s) at each sampling site during the study period. 

Week 1 2 3 4 5 6 7 8 

Date 5/27 6/03 6/09 6/16 6/24 6/30 7/08 7/15 

MRU 60.41 36.31 30.61 23.18 16.12 11.73 6.30 2.02 

MRD 58.03 31.70 28.45 17.95 11.17 9.03 5.68 1.69 

CRU 55.58 37.64 30.80 25.97 17.02 8.43 2.37 0.84 

LG 56.11 37.66 31.35 26.30 17.31 8.77 2.86 0.90 
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Figure 6 Volumetric discharge measurements at LG, CRU, MRD and MRU 
from each sampling date of the experimental period. The CR is bracketed by LG 

and CRU and the MR is bracketed by MRD and MRU. 

 
Figure 7 Mean reach flow in the MR and the CR.  
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Figure 8 Net discharge in the MR and CR.  
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5.2 Mean Residence Time and Mass Recovery 

Mean residence time in the MR rose from 42 minutes in week 2, to 56 minutes in 

week 5 and to an estimated 168 minutes in week 8 (Table 5). The μ within CR rose from 

34 minutes in week 2, to 55 minutes in week 5. Mass recovery ranged from about 50 -

70% in the MR and stayed at about 90% in the CR (Table 5). Note that f was not 

calculated for the CR on week 8. 

Table 6 Mean residence time in the MR and the CR on weeks 2, 5 and 8. 
Recall mean residence time on week 8 in the CR was estimated using Manning’s 
equation. 

Week μ in MR (min) f in MR (%) μ in CR (min) f in CR (%) 
2 42 91 34 90 
5 56 90 55 73 
8 168 73 [146-152] - 

 

5.3 Gross Gains and Storage 

The CR had a gross gain of 3.47 L/s and 1.93 L/s in weeks 2 and 5, respectively 

(Table 6). The calculated gross gains in MR were negative for weeks 2, and 5 and rose to 

0.61 L/s in week 8. Negative gross gain values indicate a source of error because net loss 

exceeds gross loss. Note gross gains were not calculated for week 8 in the CR. 

Storage ranged from 0.0984 m3/m to 0.454 m3/m in the MR and was higher than 

storage in the CR (Table 7). Note storage for week 8 was based on the range of estimated 

values of μ at CRU on week 8. 

Table 7 Gross gains and losses in the MR and CR. 

Week MR Gross Gains 
(L/s) 

MR Gross Losses 
(L/s) 

CR Gross Gains 
(L/s) 

CR Gross Losses 
(L/s) 

2 -1.34 3.28 3.48 3.46 
5 -1.25 3.70 1.93 1.64 
8 0.61 0.94 NA NA 
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Table 8 Water storage in the MR and CR. 

Week MR 
Storage 

MR 
Length 

MR 
Storage CR Storage CR Length CR Storage 

 1000 L m m3/m 1000 L m m3/m 
2 86.3  190 0.454 77.5 392 0.198 
5 45.6  190 0.240 56.7 392 0.145 
8 18.7  190 0.0984 [7.62-7.84] 392 [0.0194-0.0200] 

 

5.4 Ion Concentrations 

Concentration discharge (Q-C) and concentration time (Q-t) plots were developed 

for chloride, magnesium, and nitrate at each site (Figures 4-9).  

5.4.1 Chloride 

 [Cl-] ranged from 1.91 ppm at CRU to 1.14 ppm at MRU. [Cl-] was higher in the 

CR than the MR on each sampling date except for week 8. On week 8 [Cl-] at MRD 

peaked at 1.70 ppm. This datapoint was seemingly an outlier and was therefore not 

included in analysis of temporal trends in [Cl-]. [Cl-] concentrations decreased for 

approximately the first 4 to 6 weeks, such that [Cl-] decreased with flow. After week 6, 

when flows were below 20 L/s, [Cl-] began increasing while flows kept decreasing.  

5.4.2 Magnesium 

Magnesium concentrations ranged from 2.81 ppm to 1.81 ppm and were higher in 

the CR than the MR on each sampling date. There was a positive relationship between 

[Mg2+] and main channel discharge, such that [Mg2+] consistently decreased as main 

channel discharge decreased.  

5.4.3 Nitrate 

Nitrate concentrations ranged from below the detection limit (0.05 ppm) to 0.76 

ppm at LG in week 1. [NO₃⁻] decreased rapidly at MRU, CRU and LG between weeks 1 
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and 4 such that all three were near the detection limits between weeks 4 and 8. [NO₃⁻] at 

MRD remained detectable until week 8, such that [NO₃⁻] was generally higher at MRD 

than at MRU.  
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Figure 9 Mean discharge and dissolved [Cl-]. Generally [Cl-] decreased with 

discharge, but at flows below ~10 L/s [Cl-] increased with discharge. 

 
Figure 10 Dissolved [Cl-] during the experimental period. Initially [Cl-] 

decreased over time but following week 6 [Cl-] increased over time. [Cl-] were 
generally higher in the CR (LG, CRU) than the MR (MRD, MRU). 
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Figure 11 Mean discharge and dissolved [Mg2+]. Generally [Mg2+] increased 

monotonically with flow. 

 
Figure 12 Dissolved [Mg2+] during the experimental period. [Mg2+] decreased 

during the experimental period. 
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Figure 13 Mean discharge and dissolved [NO₃⁻]. Generally [NO₃⁻] is higher at 
MRD than MRU. During high flows [NO₃⁻] at LG is higher than MRD, MRU and 

CRU. 

 
Figure 14 Dissolved [NO₃⁻] during the experimental period. Early season [NO₃⁻] 

at LG is higher than MRD, MRU and CRU. 
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CHAPTER 6: DISCUSSION 

6.1 Seasonal Variation in Water Sources to Streamflow are Indicated by the 

Concentration of Geogenic Solutes 

The chemical signature of stream water in the DCEW suggests groundwater and 

downgradient alluvial flow (DAF) were major sources of water to Dry Creek and that the 

timing and the relative contribution of groundwater and DAF varies seasonally (Table 

8). Groundwater and DAF are transported from subsurface flow paths to Dry Creek by 

hydraulic gradients. Snowmelt likely promotes infiltration and percolation of water below 

the vadose zone, which increases the hydraulic gradient between the groundwater table 

and the stream and enhances groundwater contributions to Dry Creek. As the watershed 

dries during the summer, infiltration and the hydraulic gradient of the groundwater table 

is reduced, such that during low summer flows DAF is the primary source of water in 

Dry Creek. 
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Table 9 Contextual definitions of groundwater and DAF, their chemical 
signatures, and derivation of geogenic solutes. 

Component Contextual Definition 
Chemical 
Signature 
(Solute) 

Solute 
Derivation 

Groundwater Water traveling through deep 
subsurface flow through 
unweathered bedrock 

Magnesium1 Chemical 
Weathering 

Downgradient 
Alluvial Flow 

Water traveling through 
shallow subsurface flow paths 
and alluvial fill in the stream 

Chloride2 Atmospheric 
Deposition 

 

1. Magnesium is generated in deep subsurface flow paths and the extent of 

magnesium production and transport to surface water is dependent on vertical 

hydrologic connectivity and depth to reactive sites (Botter et al., 2020; Xiao et al, 

2021).  

2. ⅓ of chloride in the DCEW results from wet deposition like precipitation, while 

the remaining ⅔ results from dry deposition including anthropogenic inputs and 

eolian transport. Chloride is deposited across the watershed through the year and 

likely concentrates in the shallow subsurface and alluvial fill (Aishlin & 

McNamara, 2011).  

There was no discernible change between upstream and downstream [Cl-] in 

either reach, likely because the reaches were too short to incorporate any local variability 

in deposition or transport (Hypothesis 1, p=97.1%). However, the [Cl-] trend was 

nonlinear over time and was consistently higher in the CR than in the MR (Figure 10). 



42 
 

 

These results suggest that spatiotemporal variability in [Cl-] is caused by early 

chloride flushing and late season evapoconcentration in DAF (Raymond et al., 2016). 

Chloride flushing is the process of dissolving and releasing chloride, that has previously 

been deposited in the watershed, from the watershed during high spring flows. Chloride 

is deposited and stored across the watershed throughout the year and likely concentrates 

in the shallow subsurface and alluvial fill. In Spring, flow through dried areas in the 

shallow subsurface and alluvial fill is reestablished, and stored chloride is dissolved and 

transported downgradient. During this time [Cl-] in the stream are high. As chloride is 

depleted (e.g., flushed) from the shallow subsurface and alluvial fill, [Cl-] declines. In 

Dry Creek the [Cl-] declined with decreasing flow from May 27th to, approximately, June 

17th and July 1st (Hypothesis 2, p=75.4%)). From July 1st to July 15th (last 2 weeks of the 

study period) [Cl-] began to increase again, likely as a result of rain events or 

evapoconcentration (Hypothesis 2, p=65.2%). Rain events occurred during early June 

and July and could have caused additional flushing events which may explain increases 

in [Cl-] following week 4 and week 7. In this case precipitation would temporally 

increase downgradient flow picking up and flushing previously deposited Cl from the 

watershed. 

Evapoconcentration occurs when pure water is extracted from the shallow 

subsurface and alluvial fill by aquatic and riparian vegetation and leaves behind high 

concentrations of chloride in the stream. During the last two weeks of the study period 

[Cl-] was especially susceptible to evapoconcentration, which suggests DAF is the 

dominant source of water in Dry Creek during low summer flows. Both mechanisms 



43 

 

would also suggest an increase in [Cl-] downstream because chloride accumulates during 

flushing and progressively concentrates downgradient from evapoconcentration.  

There was a positive relation between flow and [Mg2+] for the entire study period 

(Figure 11), (Hypothesis 2, p=99.9%). This could be the result of temporal changes to the 

relative contribution of groundwater to streamflow. As discussed above, the relative 

contribution of groundwater to streamflow is expected to decrease over the course of the 

study period. This decrease is supported by the monotonic decrease in [Mg2+] and 

streamflow recorded during the study period. 

Future studies should focus on determining the quantity and timing of water 

release from major water sources (e.g., groundwater and DAF) in lower Dry Creek. I 

recommend extending the study period to a full year, setting up piezometer nests across 

and downstream of the MR, and analyzing water samples for natural (e.g., Mg and Cl) 

and injected tracers (e.g. RWT or KBr). By extending the study period to at least a full 

year we can track seasonal changes to hydrodynamic conditions and water release from 

main water sources to streamflow. Piezometer nests can be used, primarily, to collect 

depth profiles of subsurface water across the MR. By analyzing depth profiles for natural 

and injected tracers it is possible to determine subsurface flow paths and groundwater 

contributions to streamflow (Jones et al., 2006). Tracer injections (e.g., RWT or KBr) 

may also be used to determine hydrologic characteristics like discharge, net storage, and 

residence time. I also recommend sampling and taking measurements in triplicate to to 

better quantify sample variability and measurement errors.  In combination the proposed 

methods would quantify seasonal variation in groundwater contribution, flow paths and 

hydrodynamic conditions. 
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6.2 Biogeochemical Processing Varies with Seasonal Hydrology  

Research suggests beaver meadows can both release and retain NO₃⁻ depending 

on the flow condition.  Beaver meadows have been shown to retain nutrients at high 

flows and release nutrients at low flows, but generally beaver meadows are net sinks for 

NO₃⁻ (Powers et al., 2012; Wegener et al., 2017). In this study the MR released NO₃⁻ 

while flows decreased in the summer (Hypothesis 1, p=52.2%) and generally NO₃⁻ was 

higher in the beaver meadow than in the control reach (Figure 14). 

The reason behind the observed NO₃⁻ trends in the study are still unclear, but 

there are a few factors that could influence [NO₃⁻] in Dry Creek. NO₃⁻ could be elevated 

at MRD because of the immediate upstream environment (Baker et al., 2011; Kamjunke 

et al., 2020; Stegen et al., 2016). MRD is located just downstream of a beaver dam. 

Behind the dam is a muddy pond. High levels of organic matter in the pond could yield 

high organic nitrogen and subsequent production of NO₃⁻3. If uptake in and around the 

pond is limited, NO₃⁻ may be transported downstream to MRD before it is fully 

assimilated or denitrified. NO₃⁻ 3 concentrations could also be influenced by cattle, since 

riparian cattle grazing is known to affect nitrate cycling in montane streams (Hubbard et 

al., 2004). A dozen or so cattle were known to graze in around Dry Creek especially 

along the MR during the experimental period. Finally, spatial variation in NO₃⁻3 could 

result from anthropogenic inputs. The high concentration of NO₃⁻ at LG in week 1, was 

likely the result, of a known, septic leak from nearby homes (P. Aishlin, personal 

communication, March 4th, 2021). NO₃⁻ 3 may be better transported from the contaminant 

source during high flows when the hydraulic gradient to the creek is higher and suggests 

anthropogenic inputs of NO3 to the DCEW should not be ruled out.   
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Future studies should focus on relating seasonal hydrodynamic conditions to 

biogeochemical function in the beaver meadow. I recommend expanding the 

experimental period to a full year, coninjecting a solute and reactive tracer, setting up 

piezometer nests around the MR and CR, and analyzing soil and water samples (from 

stream and piezometer sampling sites) for dissolved oxygen, NO₃⁻, ammonium and total 

nitrogen. A full year incorporates the full cycle of seasonal hydrodynamic and 

biogeochemical conditions. Solute injections can be used to quantify reach uptake, while 

reactive tracer injections can be used to quantify reach reactivity (Briggs et al., 2013; 

Hanrahan et al., 2018; Roche et al., 2019). In combination they may be able separate 

nutrient uptake (e.g., assimilation) from nutrient removal (e.g., denitrification). 

Specifically, denitrification rates can be characterized using an injection of 15N labeled 

NO3 and subsequently measuring dissolved N2 in the stream, and by analyzing 

streambed sediment samples in the lab for their denitrification potential (Mulholland et 

al., 2008; Inwood et al., 2007). Conservative tracers could also be used to determine 

discharge and mean residence time, throughout the year. Piezometer nests can be used to 

determine vertical advective flux from ground to surface water and collect water profiles 

(Briggs et al., 2013). By analyzing water profiles and soil samples across the meadow for 

dissolved oxygen and NO₃⁻, we can quantify and map seasonal patterns in oxic 

conditions and NO₃⁻ storage and release over longer time periods (e.g., months to years). 

Again, I would generally recommend sampling and taking measurements in triplicate to 

improve estimates of sample variability and measurement errors. In combination the 

proposed methods couple measurement of seasonal hydrodynamic conditions (e.g., flow, 
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μ, and vertical advective flux) to measurements of spatiotemporal patterns in 

biogeochemical cycling.  

6.3 Evidence of Increased Storage in Reaches with Beaver Activity 

The study revealed that net water storage was consistently higher in the beaver 

meadow than in the control reach. This result corroborates previous research, which has 

found similar increases in storage, and is evidence that beaver activity increases storage 

in semi-arid watershed (Puttock et al., 2017). The result also suggests that beaver activity 

augments water availability during low flows. Net discharge through the beaver meadow 

was negative, suggesting more water was entering the BM than draining from the MR.  

The relationship between seasonal hydrology and variations in water storage in 

the meadow reach are still, however, unclear and should be explored in future studies. 

The relationship is important for understanding how susceptible storage in the beaver 

meadow is to changes in hydrology, and in turn how changes in storage may impact 

stream flow. I recommend performing tracer injections a few times per week for an entire 

year. Tracer injections can be used to quantify storage and discharge. Extending the study 

period to a full year and sampling a few times per week, would incorporate a full 

spectrum of seasonal changes in storage and streamflow. 
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CHAPTER 7: CONCLUSION 

In this study, I compared the hydrology and water quality of two reaches, one 

with and one without beaver activity. My original study goals were to expand our 

understanding of the link between hydrology and biogeochemical function to in turn offer 

some insight to the historical form and function of Western watersheds and how beaver 

activity can restore degraded streams.  

I hypothesized the beaver meadow would be a nitrate sink and that nitrate 

retention would decrease monotonically with flow. However, I found the meadow was a 

net source of NO₃⁻ during the summer when flows decreased, maybe due to upstream 

transformation of organic nitrogen deposits within the meadow, or due to livestock 

grazing. Together with previous research, that shows beaver meadows are a net sink of 

NO₃⁻ on annual timescales, my results suggest that nutrient cycling is closely linked to 

seasonal hydrology and that beaver meadows enhance temporarily dynamic variations in 

nutrient cycling relative to channels without beaver activity. In this case, beaver activity 

has implications for the timing and magnitude of nutrient cycling in semi-arid 

watersheds. Future research is needed to better understand how seasonal hydrology 

relates to temporal changes in nutrient fluxes within the beaver meadow, as well as the 

variability in biologically mediated reactions.  

I also hypothesized that the concentration of geogenic solutes would decrease 

monotonically with decreasing flow. The results showed that chloride and magnesium 

concentrations behaved differently during the experimental period and were therefore 
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explained by different mechanisms. Both proposed mechanisms relied on the same 

conceptual model. The conceptual model was based on the assumed chemical signature 

of groundwater ([Mg2+]) and DAF ([Cl-]). In the model I propose groundwater and DAF, 

are major sources of water to Dry Creek and that the relative contribution of each varies 

temporally. In this case groundwater constitutes a relatively higher proportion of stream 

water in spring, but low summer flows are predominantly DAF.   

[Cl-] started out high and decreased monotonically with flow, but after six weeks 

[Cl-] began increasing while flows continued to decline. This trend could be a result of 

chloride flushing in spring and evapoconcentration in summer. [Mg2+] declined 

throughout the study period and could be a direct consequence of declining groundwater 

contribution to streamflow.  

In the study I also found evidence that beaver activity increased water storage in 

the meadow reach during low summer flows, when compared to the reach without beaver 

activity. The result suggests that beaver activity enhances water availability during 

critical low flow periods in semi-arid watersheds. This has major implications for water 

supply and drought management in western watersheds. Future research is needed to 

relate seasonal variation in hydrology and storage in the beaver meadow, which will help 

determine whether this ecosystem service (i.e., enhanced water storage) is resilient to 

future changes in the quantity and timing of water release from major water sources (e.g. 

groundwater and DAF) to semi-arid watersheds in the West. 
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APPENDIX A 

Calculations 
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IC Detection Limits 

Detection limits (DL) were applied to the IC results for magnesium, chloride, and 

nitrate. They were determined using the area of the IC curves for each ion established by 

the Metrohm MagICNet Software. Calibration curves and related data were established 

using a set of standards. Calculation of the DL for each ion is shown herein. The follow 

equations were used to calculate the detection limits. 

𝐷𝐷𝐷𝐷 =
3.3 ∗ 𝜎𝜎
𝑠𝑠  

Where σ is the standard deviation of the response and s is the slope of the calibration 

curve. 

𝑠𝑠 =
∑(𝑅𝑅𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠𝑅𝑅)2

𝑅𝑅 − 2  

Where the Response is the difference between the calibration standard 

concentration and the measured concentrations and n is the number of standards.   
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Figure A1 Plot of the IC calibration curves for magnesium, chloride, and nitrate.  
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Table A1 Calculation of the ion chromatograph’s detection limit. 

Magnesium        

Standard [Standard] Measured Area [Measure] 
([Standard]-
[Measured])^2 

 ppm (uS/cm)*min ppm  
1 0.1 0.045 0.097 0.000 
2 0.2 0.091 0.206 0.000 
3 0.5 0.213 0.495 0.000 
4 1 0.427 1.003 0.000 
5 5 2.11 4.997 0.000 
6 10 4.219 10.002 0.000 

Sum    0.000 
Detection Limit 0.003357189   
Chloride         

Standard [Standard] Measured Area [Measured] 
([Standard]-
[Measured])^2 

 ppm (uS/cm)*min ppm  
1 0.1 0.017 0.185 0.007 
2 0.2 0.035 0.271 0.005 
3 0.5 0.088 0.526 0.001 
4 1 0.178 0.957 0.002 
5 5 0.963 4.722 0.077 
6 10 2.093 10.14 0.020 

Sum    0.112 
Detection Limit 0.119181827   
Nitrate         

Standard [Standard] Measured Area [Measured] 
([Standard]-
[Measured])^2 

 ppm (uS/cm)*min ppm  
1 0.1 0.009 0.139 0.002 
2 0.2 0.018 0.229 0.001 
3 0.5 0.047 0.517 0.000 
4 1 0.093 0.975 0.001 
5 5 0.485 4.876 0.015 
6 10 1.006 10.06 0.004 

Sum    0.022 
Detection Limit 0.053195654   
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Mean Residence Time in CR (Week 8) 

Mean residence time within the CR on week 8 was estimated using Manning’s 

equation (Worrall et al., 2014). The following equations were used to calculate μ at CRU 

on week 8: 

𝑉𝑉 = �
1
𝑅𝑅� �

𝐷𝐷 ∗ 𝑅𝑅
2(𝐷𝐷 + 𝑤𝑤)�

2
3

(𝑠𝑠)
1
2 

𝜇𝜇 = 𝑉𝑉/𝐷𝐷 

Where V is the main channel discharge velocity, n is Manning’s roughness coefficient, D 

is the depth of water, W is the average reach width, S is the reach bedslope based on length 

of reach and upstream and downstream elevations*, and L is the reach length.  

The depth of water was calculated using the established rating curve for LG 

provided by the Boise State University Department of Geosciences. The rating curve 

equation was: 

0.282𝑄𝑄0.304 

In this case I used the average flow through CR on weeks 2, 5 and 8 for Q. 

Given: 

1. Bedslope (S) = 0.038759 m/m 

2. Length of Reach (L)* = 232.33 m 

3. Average Reach Width = 1 m 

4. n = Adjusted to match values for recorded μ. Used linear interpolation of depth 

and n for week 8. 
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Table A2 Calculation of the mean residence time in CR. 

Width 1 m 
     

Week LG Q CRU Q Avg Q Depth Roughness (n) V μ  
(L/s) (L/s) (L/s) (m) 

 
(m/s) (min) 

2 37.67 37.64 37.65 0.09 0.32 0.11 34.31 
5 17.31 17.02 17.17 0.07 0.45 0.07 55.04 
8 0.90 0.84 0.87 0.03 0.73 0.02 155.76 
Width 1.5 m 

     

Week LG Q CRU Q Avg Q Depth Roughness (n) V μ  
(L/s) (L/s) (L/s) (m) 

 
(m/s) (min) 

2 37.67 37.64 37.65 0.09 0.33 0.11 34.31 
5 17.31 17.02 17.17 0.07 0.46 0.07 55.04 
8 0.90 0.84 0.87 0.03 0.72 0.03 151.64 
Width 0.5 m 

     

Week LG Q CRU Q Avg Q Depth Roughness (n) V μ  
(L/s) (L/s) (L/s) (m) 

 
(m/s) (min) 

2 37.67 37.64 37.65 0.09 0.29 0.11 34.31 
5 17.31 17.02 17.17 0.07 0.41 0.07 55.04 
8 0.90 0.84 0.87 0.03 0.66 0.03 145.80 

*Obtained from Google Earth Pro, 2019. 
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Gross Gains and Losses 

The calculated GG for the MR in weeks 2 and 5 was negative indicating a data 

collection error. The error is likely the result of incomplete mixing, especially at MRD. 

Incomplete mixing of KBr is assumed to yield an under-estimation of Q in the channel. 

To determine the effect of incomplete mixing on GG, I calculated the GG given three 

scenarios. I assumed incomplete mixing would result in a higher concentration of mass 

passing the Sonde, to mimic this effect I adjusted the KBr values by 10 grams in each 

scenario. In the first scenario, I assumed incomplete mixing at MRD and increased KBr 

mass at MRD, in the second scenario I assumed incomplete mixing at MRU and 

increased KBr at MRU, and in the third scenario I assumed incomplete mixing at both 

MRU and MRD and increased KBr masses at both sites. I then calculated discharge (Q) 

and f using the sonde data and the adjusted KBr values. Q and f were then used to 

calculate GG for each scenario.  

The following equations were used to calculate gross gains and losses: 

𝐺𝐺𝑟𝑟𝑅𝑅𝑠𝑠𝑠𝑠 𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅 = 𝑄𝑄𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛 − 𝑄𝑄𝑢𝑢𝑢𝑢 + 𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎(1 − 𝑓𝑓) 

𝐺𝐺𝑟𝑟𝑅𝑅𝑠𝑠𝑠𝑠 𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠 =  𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎(1− 𝑓𝑓) 

where Qdown is the downstream reach discharge, Qup is the upstream reach discharge, 

Qavg is the average of Qdown and Qup and 𝑓𝑓 is the fraction of RWT mass recovered. The 

fraction of RWT mass recovered (𝑓𝑓) was calculated using: 

𝑓𝑓 =
𝑄𝑄𝑛𝑛𝑎𝑎𝑎𝑎 ∫𝑅𝑅𝑅𝑅𝑅𝑅

(𝑀𝑀𝐺𝐺𝑠𝑠𝑠𝑠5 )
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where ∫RWT is the integral of the RWT breakthrough curve and Mass
5

 is the mass of 20% 

(wt/wt) Rhodamine solution used for the RWT injection.  

Table A3 Calculation of the gross gains and losses to search for sources of error. 

  Measured MRD Adjusted MRU Adjusted Both 
Adjusted 

KBr Mass at MRD (g) 100.6 110.6 100.6 110.6 

KBr Mass at MRU (g) 99.8 99.8 109.8 109.8 

MRD Q (L/s) 31.7 34.9 31.7 34.9 

MRU Q (L/s) 36.3 36.3 40.0 40.0 

Average Q (L/s) 34.0 35.6 35.8 37.4 

f 0.9 0.9 1.0 1.0 

Gross Loss (L/s) 3.3 1.9 1.7 0.2 

Gross Gain (L/s) -1.3 0.5 -6.6 -4.9 

Table 11 shows that only when KBr was adjusted at MRD did I end up with a 

positive GG value. This suggests that incomplete mixing at MRD was the most likely 

source of error. 
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KBr Conductivity Scaling Factor 

A scaling factor is necessary to convert conductivity to concentration. This was 

done by first adding a known mass of KBr to a known volume of stream water. The 

concentration of the solution was calculated, and the conductivity was then measured 

using the EXO 3 Sonde. The slope of the concentration-conductivity line is the scaling 

factor. 

Table A4 Calculation of the KBr scaling factor. 

Volume H2O Mass KBr Sonde Theoretical  Concentration  

(mL) (g) 
 

(uS/cm) (uS/cm) (mg/L = ppm) 
500 0 150.9 150.0 0 
500 0.047 280.0 244.0 94 
500 0.0835 387.9 317.0 167 

 

 
Figure A2 Plot of the theoretical and measured KBr concentration and 

conductivity with associated linear trend lines.  
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APPENDIX B 

Statistical Analysis 
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Table B1 Hypothesis 1 Chloride Testing 

Hypothesis 1: Chloride Statistics     
There is no change in chloride concentrations between the upstream and downstream 
sampling sites within each reach.  
Null Hypothesis x=0    
Test Hypothesis x>0; x<0    
[Cl] in Meadow Reach (ppm)   
MRU MRD MRD-MRU  

1.687 1.388 -0.299   
1.216 1.236 0.02   
1.227 1.231 0.004   
1.139 1.155 0.016   
1.222 1.238 0.016   
1.193 1.199 0.006   
1.317 1.32 0.003   
1.456 1.707 0.251   

     
Statistics         
X 0.002125 Mean of (MRD-MRU) 
S 0.14800525 Standard deviation of the sample 
T.Stat 0.03798664 T statistic where μ=0 
P Value 0.97076 Two tailed t statistic  
t 2.365 t for 95% two-sided CI 
CI UB 0.35215741 Upper bound of confidence interval 
CI LB -0.3479074 Lower bound of confidence interval 
      
97.1 % chance there is no difference between upstream and downstream [Cl] in MR. 
[-0.35, 0.35] 95% confidence interval of difference between LG and CRU. 
Instrument error from IC suggests there is no difference between upstream and 
downstream [Cl] 
     
[Cl] in Control Reach (ppm)   
CRU LG LG-CRU   

1.912 1.87 -0.042   
1.699 1.668 -0.031   
1.535 1.544 0.009   
1.375 1.39 0.015   
1.386 1.393 0.007   
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1.349 1.347 -0.002   
1.427 1.421 -0.006   
1.556 1.552 -0.004   

Statistics       
X 0.00675 Mean of (MRD-MRU) 
S 0.01989795 Standard deviation of the sample 
T.Stat 0.89752049 T statistic where μ=0 
P Value 0.399257 Two tailed t statistic  
t 2.365 t for 95% two-sided CI 
CI UB 0.05380866 Upper bound of confidence interval 
CI LB -0.0403087 Lower bound of confidence interval 
      
39.9% chance there is no difference between upstream and downstream [Cl] in CR. 
[0.040, 0.054] 95% confidence interval of difference between LG and CRU [Cl]. 
Instrument error from IC suggests there is no difference between upstream and 
downstream [Cl] 
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Table B2 Hypothesis 1 Magnesium Testing 

Hypothesis 1: Magnesium Statistics     
There is no change in Mg concentrations between the upstream and downstream 
sampling sites within each reach.  
Null Hypothesis x=0    
Test Hypothesis x>0; x<0    
[Mg] in Meadow Reach (ppm)       
MRU MRD MRD-MRU   

2.41 2.484 0.074   
2.41 2.499 0.089   

2.253 2.301 0.048   
2.121 2.198 0.077   
2.083 2.101 0.018   
2.005 2.024 0.019   
1.918 1.948 0.03   
1.818 1.834 0.016   

Statistics         
X 0.046375 Mean of (MRD-MRU)  
S 0.02991864 Standard deviation of the sample 
T.Stat 4.101012559 T statistic where μ=0  
P Value 0.00456722 Two tailed t statistic  
t 2.365 t for 95% two sided CI  
CI UB 0.117132583 Upper bound of confidence interval 
CI LB -0.02438258 Lower bound of confidence interval 
     
0.46 % chance there is no difference between upstream and downstream [Mg] in MR. 
[-0.024, 0.12] 95% confidence interval of difference between LG and CRU. 
     
[Mg] in Control Reach (ppm)     
CRU LG LG-CRU   

2.812 2.682 -0.13   
2.67 2.645 -0.025   

2.444 2.432 -0.012   
2.338 2.342 0.004   
2.194 2.205 0.011   
2.108 2.117 0.009   
2.033 2.01 -0.023   
1.887 1.885 -0.002   

Statistics         
X -0.021 Mean of (MRD-MRU)  
S 0.046124056 Standard deviation of the sample 
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T.Stat -1.20459435 T statistic where μ=0  
P Value 0.267502415 Two tailed t statistic  
t 2.365 t for 95% two-sided CI  
CI UB 0.088083393 Upper bound of confidence interval 
CI LB -0.13008339 Lower bound of confidence interval 
     
26.7% chance there is no difference between upstream and downstream [Mg] in CR. 
[-0.13, .088] 95% confidence interval of difference between LG and CRU [Mg]. 
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Table B3 Hypothesis 1 Nitrate Testing 
Hypothesis 1: Nitrate Statistics     
*First test whether downstream NO3 concentrations are less than upstream NO3 
concentrations 
Null Hypothesis x=>0    
Test Hypothesis x<0    
     
[NO3] in Meadow Reach (ppm)     
MRU MRD MRU-MRD  

0.294 0.213 0.081   
0.274 0.308 -0.034   

0 0.165 -0.165   
0 0.156 -0.156   
0 0.149 -0.149   

0.12 0.124 -0.004   
0.114 0.136 -0.022   

0 0 0   
     
Statistics         
X -0.056125 Mean of (MRU-MRD) 
S 0.0900626 Standard deviation of the sample 
T.Stat -1.648774 T statistic where μ=0 
P Value 0.14318 Two tailed t statistic  
P Value 0.4784053 Left tailed t statistic  
P Value 0.52159 Right tailed t statistic 
t 2.365 t for 95% two sided CI 
CI UB 0.156873 Upper bound of confidence interval 
CI LB -0.269123 Lower bound of confidence interval 
      
47.8% chance MRU [NO3] is higher than MRD [NO3]. 
52.2% chance MRD [NO3] is higher than MRU [NO3]. 
Instrument error from IC suggests there is no difference between upstream and 
downstream [Cl] 
     
[NO3] in Control Reach (ppm)     
CRU LG CRU-LG   

0.437 0.762 -0.325   
0.305 0.355 -0.05   
0.252 0 0.252   

0 0 0   
0.109 0.089 0.02   

0 0.103 -0.103   
0.14 0 0.14   
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0 0.093 -0.093   
Statistics         
X 0.019875 Mean of (CRU-LG)  
S 0.1722651 Standard deviation of the sample 
T.Stat 0.3052522 T statistic where μ=0 
P Value 0.7690508 Two tailed t statistic  
P Value 0.5076511 Left tailed t statistic  
P Value 0.49235 Right tailed t statistic 
t 2.365 t for 95% two sided CI 
CI UB 0.427282 Upper bound of confidence interval 
CI LB -0.387532 Lower bound of confidence interval 
     
49.2% chance CRU [NO3] is higher than LG [NO3].  
50.8% chance LG [NO3] is higher than MRU [NO3]. 
Instrument error from IC suggests there is no difference between upstream and 
downstream [Cl] 
There is a larger decrease in [NO3] from upstream to downstream sites in the MR than 
the CR. 
Null Hypothesis x=<CR x = change in meadow reach 
Test Hypothesis x>CR    
     
[NO3] (ppm)     
 MRD-MRU LG-CRU   
 0.081 0.325   
 0.034 0.05   
 0.165 -0.252   
 0.156 0   
 0.149 -0.02   
 0.004 0.103   
 0.022 -0.14   
 0 0.093   
X 0.076375 0.01988   
S 0.071027 0.17227   
Statistics         
T.Stat 0.8022449 Two sample T statistic 
P Value 0.22439 Right tail t statistic  
P Value 0.7756071 Left tail t statistic  
P Value 0.4487857 Two tail t statistic  
     
44.9% chance there is no difference in nitrate reduction between MR and CR. 
22.4% chance there is a greater reduction in [NO3] in MR than CR 
77.56% chance there is a greater reduction in [NO3] in CR than MR 
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Table B4 Hypothesis 2 Discharge Testing 
Hypothesis 2: Discharge Statistics     
Q decreases over time.    
Null Hypothesis x=>0    
Test Hypothesis x<0    
Q in Meadow Reach (L/s)       
Q CR Q MR Average Q dt  

55.84 59.22 57.53   
37.65 34 35.825 21.705  
31.07 29.53 30.3 5.525  
26.14 20.56 23.35 6.95  
17.17 12.65 14.91 8.44  

8.6 10.38 9.49 5.42  
2.62 5.99 4.305 5.185  
0.87 1.85 1.36 2.945  

Statistics         
X 8.024286 Mean of (MRD-MRU)  
S 6.263363 Standard dev. of the sample 
T.Stat 3.138155 T statistic where μ=0 
P Value 0.01006 Right tail t statistic  
P Value 0.989943 Left tail t statistic  
P Value 0.020115 Two tail t statistic  
t 2.447 t for 95% two-sided CI 
CI UB 23.35073 Upper bound of confidence interval 
CI LB -7.30216 Lower bound of confidence interval 
     
If positive then decreasing over time   
x = Week 1 - Week 2 [Mg]    
x = Week 1 - Week 2 [Mg]    
     
2.01% chance that Q does not changes over time  
99% chance that Q decreases over time  
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Table B5 Hypothesis 2 Chloride and Magnesium Testing 

Hypothesis 2: Magnesium and Chloride Statistics 
[Mg] increases over time in the MR. [Cl] increases over time in the MR. 
Null Hypothesis x=<0    
Test Hypothesis x>0    
     
[Mg] in Meadow Reach (ppm)     
MRU MRD Average dQ  

2.41 2.484 2.447   
2.41 2.499 2.4545 -0.015  

2.253 2.301 2.277 0.355  
2.121 2.198 2.1595 0.235  
2.083 2.101 2.092 0.135  
2.005 2.024 2.0145 0.155  
1.918 1.948 1.933 0.163  
1.818 1.834 1.826 0.214  

   If positive then decreasing over time 
   x = Week 1 - Week 2 [Mg] 
Statistics         
X 0.177429 Mean of dQ   
S 0.112342 Standard dev. of the sample 
T.Stat 3.868645 T statistic where μ=0  
P Value 0.00414 Right tail t statistic  
P Value 0.995861 Left tail t statistic  
P Value 0.008279 Two tail t statistic  
t 2.447 t for 95% two sided CI  
CI UB 0.452328 Upper bound of confidence interval 
CI LB -0.09747 Lower bound of confidence interval 
     
     
0.83% chance that [Mg] does not change over time  
99.6% chance that [Mg] decreases over time  
[-0.097, 0.45] Confidence interval of difference between LG and CRU. 
     
[Mg] in Control Reach (ppm)     
CRU LG Average dQ  

2.812 2.682 2.747   
2.67 2.645 2.6575 0.179  

2.444 2.432 2.438 0.439  
2.338 2.342 2.34 0.196  
2.194 2.205 2.1995 0.281  
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2.108 2.117 2.1125 0.174  
2.033 2.01 2.0215 0.182  
1.887 1.885 1.886 0.271  

   If positive then decreasing over time 
   x = Week 1 - Week 2 [Mg] 
Statistics         
X 0.246 Mean of dQ   
S 0.096062 Standard dev. of the sample 
T.Stat 6.272735 T statistic where μ=0  
P Value 0.00038 Right tail t statistic  
P Value 0.999619 Left tail t statistic  
P Value 0.000763 Two tail t statistic  
t 2.447 t for 95% two sided CI  
CI UB 0.481065 Upper bound of confidence interval 
CI LB 0.010935 Lower bound of confidence interval 
     
     
0.076% chance that [Mg] does not change over time  
99.9% chance that [Mg] decreases over time  
[0.011, 0.48] Confidence interval of difference between LG and CRU. 
     

[Cl] increases over time in the MR. Q decreases over time in the MR. 
Cl  Q   
Null Hypothesis x=<0 Null Hypothesis x=>0  
Test Hypothesis x>0 Test Hypothesis x<0  
     
[Cl] in Meadow Reach (ppm)     
Initial Descrease over time = Week 1 to Week 5   
MRU MRD Average dQ  

1.687 1.388 1.5375   
1.216 1.236 1.226 0.623  
1.227 1.231 1.229 -0.006  
1.139 1.155 1.147 0.164  
1.222 1.238 1.23 -0.166  

Statistics         
X 0.15375 Mean of dQ   
S 0.340617 Standard dev. of the sample 
T.Stat 0.781824 T statistic where μ=0  
P Value 0.24567 Right tail t statistic  
P Value 0.75433 Left tail t statistic  
P Value 0.491347 Two tail t statistic  
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t 3.182 t for 95% two sided CI  
CI UB 0.511221 Upper bound of confidence interval 
CI LB -0.20372 Lower bound of confidence interval 
     
[Cl] in Meadow Reach (ppm)     
Late season increase over time = Week 5 to Week 8   
MRU MRD Average dt  

1.193 1.199 1.196 0.068  
1.317 1.32 1.3185 -0.245  
1.456 1.707 1.5815 -0.526  

Statistics         
X -0.23433 Mean of (MRD-MRU)  
S 0.297144 Standard dev. of the sample 
T.Stat -1.11528 T statistic where μ=0  
P Value 0.80962 Right tail t statistic  
P Value 0.190384 Left tail t statistic  
P Value 0.380769 Two tail t statistic  
t 4.303 t for 95% two sided CI  

CI UB 1.044276 Upper bound of confidence interval 
CI LB -1.51294 Lower bound of confidence interval 
     
[Cl] in Meadow Reach (ppm)     
Entire Study Period       
MRU MRD Average dt  

1.687 1.388 1.5375   
1.216 1.236 1.226 0.623  
1.227 1.231 1.229 -0.006  
1.139 1.155 1.147 0.164  
1.222 1.238 1.23 -0.166  
1.193 1.199 1.196 0.683  
1.317 1.32 1.3185 -0.245  
1.456 1.707 1.5815 -0.526  

Statistics         
X 0.075286 Mean of (MRD-MRU)  
S 0.448355 Standard dev. of the sample 
T.Stat 0.411307 T statistic where μ=0  
P Value 0.34757 Right tail t statistic  
P Value 0.652433 Left tail t statistic  
P Value 0.695135 Two tail t statistic  
t 2.447 t for 95% two sided CI  
CI UB 1.17241 Upper bound of confidence interval 
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CI LB -1.02184 Lower bound of confidence interval 
     
69.5% chance that [Cl] does not changes over time  
75.4% chance there was an initial decrease in [Cl] in the MR from Week 1 to week 5 
65.2% chance 
that there was a 
late season 
increase in [Cl] 
in the MR from 
week 5 to week 
8. 

    

     
[Cl] in Control Reach (ppm)     
CRU LG Average dQ  

1.687 1.388 1.5375   
1.216 1.236 1.226 0.623  
1.227 1.231 1.229 -0.006  
1.139 1.155 1.147 0.164  
1.222 1.238 1.23 -0.166  
1.193 1.199 1.196 0.068  
1.317 1.32 1.3185 -0.245  
1.456 1.707 1.5815 -0.526  

   If positive then decreasing over time 
   x = Week 1 - Week 2 [Mg] 
Statistics         
X -0.01257 Mean of dQ   
S 0.36121 Standard dev. of the sample 
T.Stat -0.08525 T statistic where μ=0  
P Value 0.53258 Right tail t statistic  
P Value 0.467418 Left tail t statistic  
P Value 0.934835 Two tail t statistic  
t 2.447 t for 95% two sided CI  
CI UB 0.871309 Upper bound of confidence interval 
CI LB -0.89645 Lower bound of confidence interval 
     
     
93.5% chance that [Cl] does not change over time  
46.7% chance that [Cl] decreases over time   
[-0.90, 0.87] Confidence interval of difference between LG and CRU. 
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