A Watershed Scale Riparian Flood Inundation Frequency Analysis
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Abstract
Minnesota is home to an abundance of water resources and consequent risk of frequent flooding, high water levels, and saturation of surface soils. While widely known for its lakes, it also has thousands of miles of rivers and streams containing diverse geomorphic characteristics throughout watersheds with varying land use. This study analyzes flood inundation frequency (FIF) to help determine the context for contaminant transport from riverine riparian areas. Riparian flooding is a likely candidate for contaminant transport, however, our current understanding of the relationship is limited. FIF is defined as a quantity encompassing both the time and area over which a river’s surrounding riparian zone is inundated. Incorporating both duration and inundated area into this analysis gives weight to events that occur more frequently but inundate smaller areas in comparison to the infrequent, high flow events. FIF was analyzed in five watersheds throughout Minnesota, primarily comparing agricultural vs. forested land use, with some consideration of wetland presence. Sites within a watershed were selected to characterize a lower flow, upstream area, typically near the headwaters, and a higher flow, downstream area. Watersheds are modeled in HEC-RAS, using flow data obtained from continuous hydrologic simulations or regionally-calibrated regression equations. Results indicate that the predictability of flood inundation frequency increases with drainage area, particularly in agriculturally dominated areas. Downstream areas in the forested watersheds also exhibited a predictable flood inundation frequency, but were slightly more variable than the downstream areas in the agricultural watersheds. The flood inundation parameters for upstream sites were relatively indiscernible from one another due to the small drainage area.
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[bookmark: _Toc57098323]Introduction
[image: ]Minnesota, known as the “Land of 10,000 Lakes,” is home to an abundance of water resources. In contrast to western regions of the United States that face potential increases in droughts, aquifer depletion, and water restrictions in the coming decades, Minnesota could have more frequent flooding, high water levels, and saturation of surface soils. Climate-induced changes to these hydrologic processes could create economic and societal implications for recreation, industrial, and other water uses (Figure 1). From the Boundary Waters Canoe Area Wilderness to Lake Superior, one of the largest freshwater lakes in the world, outdoor recreational activities in Minnesota generates over $16 billion in consumer spending, translating to nearly $1.4 billion in local and state tax revenue annually (Outdoor Industry Association, 2017). This gives the state a strong economic and ethical incentive to care for and manage its water resources. [bookmark: _Toc57098287]Figure 1: Predicted Future Change in Water Stress in the United States (Lindsey, 2013)

The presence of mercury (Hg) in Minnesota ecosystems is a well-documented issue due to the thorough state operated pollution monitoring programs (Minnesota Pollution Control Agency [MPCA], 2007). Hg is a neurotoxin from which chronic exposure can lead to adverse health effects in children and adults. Hg is most commonly consumed by humans through edible fish tissue in its bioaccumulative form, methylmercury (MeHg). Nearly all exposures of humans to MeHg in the United States occurs through the consumption of fish and shellfish that bioaccumulate Hg from Hg-contaminated surface waters (MPCA, 2013). Since Hg is a global pollutant, reductions in loadings are a prohibitive challenge for federal, state, and local governments. As a result, management is often limited to issuing advisories to the public regarding limits for consumption of certain types and amounts of fish, specific water bodies, and groups of particularly sensitive people who may have underlying health risks (United States Environmental Protection Agency [EPA], 2019). MeHg is prevalent in sportfish throughout the state of Minnesota and is typically higher in lakes compared to rivers. However, MeHg in fish is particularly elevated in five rivers of the state: The Kettle (KET), Roseau (RR), Thief (THI), St. Louis (STL) and Vermillion (VER) (Johnson et. al., 2018). 
Riverine flooding has the potential to create Hg mobilization hotspots in the riparian zone of contaminated areas (Singer et. al., 2016). Flooding can impact redox history and can support the growth of bacteria responsible for making Hg more readily available in the food web (Benoit et. al., 2003). Currently, our understanding of how Hg and other contaminants are mobilized in river corridors is limited to prior research that has investigated this under a selected set of flow conditions, at geomorphically similar sites. Inundation of riparian areas has been suggested as an important driver of MeHg production potential in stream corridors. The context of riparian inundation magnitude and frequency is especially important, rather than the largest floods or low-flow periods (Singer et. al., 2016). Descriptions of riparian exchange of contaminants should also consider the surrounding land use conditions, instead of focusing on the binary process of being either above or below bankfull. The intersection of diverse hydraulic and geomorphologic conditions along the length of a river corridor creates a varying continuum of surface water connectivity between rivers and floodplains that cannot be easily captured by coarse, lumped, or site-specific meddles. A thorough analysis requires a more elaborate, but generally applicable analysis of watershed dynamics (Czuba et. al., 2019). A framework for describing riparian flooding that encompasses a wide range of hydraulic events at a site with generalized geomorphology in the context of its upstream watershed characteristics could help provide a framework for considering the hydrogeomorphic processes that can mobilize MeHg and other contaminants from riparian areas. 
The concept of flow frequency describes the amount of time a river corridor and its surrounding riparian area is flooded.  This is often quantified on the basis of flow duration (for hydraulic transmission applications) or on the basis of stage exceedance at a certain location (for flood insurance). Flow duration is generally defined as the percentage of time that a particular discharge was equaled or exceeded.  In this work, we expand the concept of flow frequency and define flood inundation frequency (FIF) as the product of the amount of time and the area over which flooding impacts riparian areas.  This quantity could help describe mechanisms that depend on river-riparian exchange in driving contaminant transport. Modern GIS tools make possible the systematic analysis of geomorphology, hydrology, and flood inundation across a wide variety of conditions. Synthesizing land use and geomorphology across several geomorphologic settings with observations of MeHg in surface water and riparian ground water, we herein develop a framework for flood inundation frequency on a watershed scale that spans time and space to contextualize riparian contaminant mobilization. 
This study uses flood inundation frequency to help interpret the mechanics of contaminant transport in characteristically different watersheds. Flood inundation frequency is defined in this study as the product of time and area that a river corridor’s surrounding riparian zone is inundated. Incorporating both time and space variables into this analysis gives weight to and allows for nuance in differentiating (a) events that occur more frequently but do not inundate large areas from (b) high intensity events that occur infrequently but inundate large areas. For example, an event occurring once per year that inundates 52 acres would be equivalent to a weekly event that inundates only one acre each occurrence. When cumulated over a year, the mean value of FIF amounts to the average area of riparian inundation (per river km), but the underlying statistics allow for differentiating the impacts of small events from large ones.

In this study, we use FIF to determine the flow duration that inundates the largest area for the longest period of time at several sites within watersheds having contrasting characteristics. It is hypothesized that flood inundation frequency and its underlying statistical descriptions will be related to variables describing the watershed landscape. For example, we evaluate whether a stream near the headwaters of a heavily forested watershed will have different FIF compared to the mouth of a river in an agriculturally dominated watershed. Other potential applications of the proposed framework could evaluate variables that define the river’s sinuosity or geomorphology. With an understanding of the variables that determine FIF on a watershed scale, contaminant transport mechanisms and other processes that depend on river exchange with riparian areas can begin to be understood more systematically. 
[bookmark: _Toc57098324]Methods
Five watersheds with contrasting landscape characteristics were selected as a basis of study for the Minnesota Pollution Control Agency’s (MPCA) High 5 Mercury Project (Table 1, Figure 2). These were selected as a result of the elevated MeHg in fish tissue with the exception of MUS, which was selected as a reference watershed. Variance in surrounding land use and geomorphology of the river channel were also contributing factors in watershed selection. The MPCA’s goal for the project is to identify the causes of elevated MeHg in fish tissue through the study of Hg transport and bioaccumulation.[bookmark: _Toc57098296]Table 1: Watershed and Site Characteristics as Determined from StreamStats

	Site
	Drainage Area
(Sq. Mi.)
	Mean Basin Slope (%)
	Flat Land (%)
	Forest Land Cover (%)
	Crop Land Cover (%)
	Wetland and Water Body Storage (%)
	Hyd. Soil Type A (%)
	Hyd. Soil Type C (%)
	Organic Matter in Soil (%)

	KET-RIF
	11.6
	1.42
	19.7
	32.3
	4.0
	51.1
	14.4
	65.5
	16.7

	KET-BAN
	837.8
	2.71
	29.0
	34.0
	13.2
	36.4
	12.9
	58.8
	14.0

	VER-BYK
	590.4
	5
	19.5
	48.2
	0.6
	36.9
	9.0
	41.8
	10.9

	VER-GLD
	891.5
	5.47
	17.0
	50.3
	0.5
	34.5
	7.2
	44.8
	10.7

	MUS-260
	84.6
	3.18
	18.4
	1.9
	82.1
	10.3
	0.2
	61.1
	0.6

	MUS-BB
	859.5
	1.53
	39.5
	0.8
	86.0
	6.4
	1.0
	73.2
	0.5

	RR-MH
	66.4
	0.64
	71.1
	3.8
	0
	91.6
	4.3
	0.6
	24.5

	RR-WMA
	1298.3
	0.75
	60.5
	5.7
	29.0
	31.5
	3.8
	18.5
	10.7




Two sample sites were selected within each watershed to characterize a lower flow, upstream area, typically near the headwaters, and a higher flow, downstream area (Figure 2). In our study, these sites were modeled to study flood inundation frequency, as they can be examined consistently with the Hg data observations. 
To determine FIF, a site-specific hydraulic model was created for each site. The models were created using the Hydrologic Engineering Center’s River Analysis System (United States Army Corps of Engineers) with flow data obtained by the MPCA’s Hydrological Simulation Program - FORTRAN (HSPF) model (Vaughn, 2019) or the United States Geological Survey’s (USGS) StreamStats application. Various flow durations were examined, ranging from the 99% duration to the 0.1% duration. Using flows for each watershed based on durations made the analysis independent of watershed scale and comparable among sites.
[image: ][bookmark: _Toc57098288]Figure 2: Watershed and Site Locations (Johnson et. al., 2018)

[bookmark: _Toc57098325]Determination of Channel Geometry
In lieu of traditional survey data, the physical characteristics of the sites were modeled in the Hydrologic Engineering Center’s River Analysis System (HEC-RAS) using Light Detection and Ranging (LiDAR) elevation data provided by the Minnesota Geospatial Information Office and the United States Geological Survey (TNM Download (V1.0)). The local conditions and accuracy required in this study allowed for LiDAR to be used as a quantitative representation of the morphology outside the main river channel (Cavalli et al. 2008). LiDAR elevation data determined the channel floodplain topography near each site in the channel, as well as the channel’s bathymetry in many cases (Figure 3A). When bathymetric LiDAR data was not available, depths and general dimensions from field visits or other characteristic cross sections were used. Characteristic cross sections were created by modifying a general cross section from a specific watershed (agricultural, forested, downstream, upstream) to provide generalized bathymetric geometry. After the physical description for the channel and surrounding floodplain was obtained for each site, it became the basis for site-specific HEC-RAS models. Elevation data was used to create multiple cross sections within a reach (Figures 3B & 3C). The overall reach length ranged from 330 meters to 8900 meters, with each length chosen to appropriately capture variability in the local river corridor conditions at each site. Reaches with complex topography and bathymetry required additional cross sections to accurately capture local variability (Figure 3B). 






[bookmark: _Toc57098289]Figure 3
	A) KET-BAN contour map (Minnesota Department of Natural Resources, MnTOPO)
B) Cross section matchline layout, KET-BAN
C) 3D HEC-RAS model of KET-BAN site
D) Downstream Cross Section (Station 0+00), KET-BAN
E) Plot of Flow vs. Area Inundated, KET-BAN
A)
B)
C)
D)
E)

[bookmark: _Toc57098326]Flow Data

[bookmark: _Toc57098327]Hydrological Simulation Program - FORTRAN (HSPF) 

HSPF flow data was provided by the MPCA. HSPF was used by the MPCA (Regan & Larson, 2012) to simulate flows across the state and at selected site locations for this study. These calibrated models allow access to data at broad spatial and temporal scales that account for local impacts of land use patterns on hydrology in a way that generalized regressions or regional flow relations may not (USEPA, 2015). Daily flow frequency from the continuous and spatially resolved HSPF models were used as input to the HEC-RAS models for each site when available. This method allows for the identification of flows with a particular frequency, from simulations that encompass an entire time series, often 10 years or more (Singer et al., 2016). It should be noted that sites not near a flow gauge and contained within a smaller drainage area may not have been calibrated explicitly in HSPF simulations and could have less accurate representation of flow. Flow estimates at these sites were compared to StreamStats flow predictions for validation.
[bookmark: _Toc57098328]StreamStats

When HSPF data was not available or appeared questionable, flow data was obtained from Streamstats. Streamstats is a Geographic Information Systems (GIS) application created by USGS to provide flow estimates for ungauged sites by using regionalized regression equations, basin characteristics, and nearby stream gaging stations when available. Regression equations are determined by relating the streamflow statistics to the basin characteristics for a group of data-collection stations within a region. Flows determined at ungauged sites from StreamStats are based on the assumption of natural flow conditions. The accuracy of regression equations can be compromised by the effects of human activities such as dam regulation and water withdrawal (Ries III et. al., 2008). The availability of regression equations varies by state, limiting the usefulness of Streamstats in parts of the country. Minnesota’s regression equations are fully developed, allowing Streamstats to operate without limitations (USGS, 2015).
[bookmark: _Toc57098329]Analysis of Data
With measurements of the channel’s bathymetry, floodplain, and hydraulic inputs, HEC-RAS solves Bernoulli’s energy equation to determine the water surface through the channel at any given flow [qi]  (United States Army Corps of Engineers, HEC-RAS). The analysis of floodplain elevations, water surface elevations, and continuous hydraulic inputs, yields a continuum of inundated area at a specified flow (Figure 3D) along the length of a simulated reach.  Total inundated area for simulations was normalized to reach length to define FIF as a function of flow.
The relationship between inundated area [A(qi)] and flow duration [p(qi)] determines a flood inundation frequency.  Flow duration [p(qi)] is defined as the cumulative flow exceedance probability, or the chance that a specific flow will be larger than qi. In a discrete statistical framework, the product of these two quantities: A(qi) and (p(qi+1/2)- p(qi-1/2)), defines the extent of riparian flooding for which a particular qi is responsible. For example, the flow associated with the 0.5 flow duration is responsible for flooding approximately 2 acres per mile for a time equivalent to the difference between 0.0375 and 0.75 as defined in Figure 4. The flood inundation frequency (FIF), therefore, depends on qi and is a continuously increasing function with decreasing flow duration. When normalized per river mile, sites are comparable as each site model has a different linear stream length. Flow duration is not bound to any specific time interval as it is a probability, thus making it possible to scale to a period of interest. To numerically determine the total inundated area for a given range [j,k] in flow duration, the incremental inundation duration I[j,k] (Eqn 2) can be summed for the specified range. For mean annual inundation area, the inundation area associated with all durations can be weighted by [image: ]their probability of occurrence (Figure 4).[bookmark: _Toc57098290]Figure 4: Incremental Inundation Duration, KET-BAN


 
In principle, we are seeking to identify whether the flows responsible for flooding the largest surrounding riparian area for the longest period of time vary among watersheds. This will help to understand which flow regimes in each watershed create the greatest potential for contaminant transport. We expect the duration responsible for the most riparian flooding will vary among the study sites and that the FIF, the moments of FIF, and the flows corresponding to these moments will be related to differences in watershed properties. The flow duration for which lower flows are responsible for 50% of all inundation area probability mass and higher flows are responsible for 50% inundation area probability mass is termed the Median Inundation Duration (MID) (Figure 5). With only discrete estimates for the relationship between A(qi) and p(qi), interpolation is [image: ]necessary to define MID.[bookmark: _Toc57098291]Figure 5: Graphical representation of the Median Inundation Duration for (a) KET-BAN, where flooding occurs mainly due to frequent, small events and (b) RR-WMA, where flooding occurs mainly due to infrequent, large events.

A relatively high MID (low flow, large exceedance duration) indicates a river’s riparian area is more commonly inundated from smaller, more frequent, flood events (i.e. an area that is generally shallower, less incised). The opposite is true for a low MID (high flow, small exceedance duration), in which inundation occurs mostly during higher magnitude events that are less common (i.e. an area that is very channelized with steep banks relative to the stream capacity). The mean and standard deviation of the inundation area (when weighted for probability) then determines how the inundation area probability mass is dispersed, yielding a range of flows responsible for inundation duration (Eqns 3, 4, 5).



Watershed characteristics that were analyzed include drainage area, channel slope, basin slope, soil types, land use (forest, crop, wetland), precipitation/evaporation rates, and the amount of low-lying flat land (Table 1). The goal of evaluating whether flood inundation frequency correlates with these variables is to determine the potential drivers for watershed susceptibility to contaminant transport from riparian areas. This framework can then be applied to other watersheds or other contaminants mobilized from riparian areas, such as phosphorus, sulfate, or even sediment.
[bookmark: _Toc57098330]Results/Discussion
[bookmark: _Toc57098331]Analysis of Watershed Characteristics and MID
	Considerable variability in MID and the mean and variance of inundation area was found for the eight watersheds modeled in the study (Table 2). Results from the Thief Watershed were not included, as reliable flows and catchments could not be determined due to the presence of numerous intermittently operated dams and reservoirs. Results indicate that the MID tended to be lower in the agriculturally dominated watersheds (Figure 6).
[bookmark: _Toc57098297]Table 2: MID, Mean, Std Dev, Land Cover, Drainage Area, and Flat Land for each Study Site

[bookmark: _Toc57098292]Figure 6: MID at all downstream sites. As crop land cover increases and land use transitions to agricultural, the MID becomes smaller

	Site
	MID
	μ, Mean Daily Inundated Area Per River Mile (Acres)
	σ, Standard Deviation
	C.O.V.
	Crop Land Cover (%)
	Drainage Area
(Sq. Mi.)
	Flat Land (%)

	KET-RIF
	0.079
	1.33
	0.53
	0.40
	4.0
	11.6
	19.7

	KET-BAN
	0.295
	2.94
	3.36
	1.15
	13.2
	837.8
	29.0

	VER-BYK
	0.049
	0.85
	0.66
	0.78
	0.6
	590.4
	19.5

	VER-GLD
	0.089
	12.34
	9.11
	0.74
	0.5
	891.5
	17.0

	MUS-260
	0.077
	4.92
	3.81
	0.77
	82.1
	84.6
	18.4

	MUS-BB
	0.0015
	0.002
	0.00
	0.02
	86.0
	859.5
	39.5

	RR-MH
	0.038
	0.38
	0.17
	0.44
	0
	66.4
	71.1

	RR-WMA
	0.068
	83.04
	33.58
	0.40
	29.0
	1298.3
	60.5


Agriculturally dominated areas generally have more human-altered watercourses, such as drainage ditches and drain tile. This infrastructure is often utilized to prevent flooding to croplands, an objective consistent with the lower MID calculated in the models. 
Both agricultural watersheds had a significant amount of flat lands, defined in StreamStats as the percentage area that is lower than the median elevation. Annual precipitation is another characteristic that differs between agricultural (western) and 
forested (north/central/eastern) watersheds in Minnesota (Figure 7).
[image: ]
[bookmark: _Toc57098293]Figure 7: Average Annual Precipitation in Minnesota from 1981 to 2010 (Minnesota State Climatology Office, 2012)
The significantly lower precipitation (15 to 20 %) paired with agricultural characteristics seems to lend itself to an environment primed for a low MID. This is consistent with land-use management objectives, as agricultural landowners would prefer their crops and fields not be flooded frequently. The result, is landowners routinely taking active steps to reduce flooding impacts, such as ditching and tiling. MUS-BB, the site with the lowest MID, had the highest percentage of cropland paired with the lowest forest cover, wetland storage, and precipitation (Table 1, Figure 7). Aerial imagery shows large amounts of cropland directly adjacent to the Mustinka River (Figure 8). This is consistent through the downstream areas of the river corridor. It is not a coincidence that MUS-BB has the lowest MID, as it seems that this is the intentional design by the surrounding landowners, ensuring only the largest floods breach the river banks thereby reducing the flood risk to their crops.
[image: ]
[bookmark: _Toc57098294]Figure 8: Cropland adjacent to the Mustinka River at MUS-BB (Google Earth, 2015)
	
The site with the highest MID, KET-BAN, is on the opposite end of the spectrum from MUS-BB. While KET-BAN did not have as much forest cover as the sites in the Vermillion Watershed, it had a significantly lower mean basin slope. Among non-agricultural watersheds included in the study, VER-BYK and VER-GLD both exhibited a much more channelized nature than KET-RIF and KET-BAN due to the higher mean basin slope, leading to a lower MID. 
[image: ] Total drainage area also seemed to be a reliable predictor of for MID in this study. MID became more divergent and representative of watershed characteristics as drainage area increased, especially in the cases of KET-BAN and MUS-BB (Figure 9). [bookmark: _Toc57098295]Figure 9: MID plotted with drainage area. As drainage area increases, the spread of the MID increases.


Variability in MID among the upstream sites was low, ranging from 0.038 – 0.079. This may be related to the residence time of water within the watershed. The significantly shorter residence time in the upstream sites gives the characteristics of the watershed less time to interact with the water traveling downstream. All of the upstream sites in this study had a higher percentage of wetland and water body storage in their catchments compared to downstream counterparts. Upstream areas near the headwaters of rivers typically have fewer anthropogenic impacts and infrastructure designed by humans. This reduces the source of variability caused from impervious surfaces, altered watercourses, and other factors that contributed to the extreme MID values identified downstream. Regardless of overall land use, upstream sites shared more commonalities than the downstream locations, indicating that MID depends less on land use in small drainage areas. 
	Forest dominated watersheds contained a significantly larger amount of Hydrologic Soil Type A. This soil type has the highest hydraulic conductivity of the soils identified in this study, also leading to the longest time to saturation (NRCS, 2007). More information would be needed regarding the riparian soil types immediately surrounding the study areas, rather than the soil in the watershed as a whole in order to draw meaningful conclusion on the role of soil type. Riparian soil types likely play a significant role in the dynamics of contaminant transport, as the time necessary for soil to reach saturation would have an impact on the ability of anaerobic reactions necessary for methylation to occur (Singer et. al, 2016). Sites selected for this study were not randomly chosen and may not represent the median conditions for the watershed. This is particularly true of downstream sites where river areas with significant low-lying riparian areas were targeted specifically, but hard to find.
[bookmark: _Toc57098332]Contaminant Transport
	Table 3 shows the measurements of MeHg in groundwater (GW), porewater (PW), and surface water (SW). The Mustinka Watershed experienced the largest relative increase in GW MeHg traveling downstream. It is possible that MeHg transported downstream or produced in-situ resides in the GW due to the extremely low MID and infrequent flushing at this location. The lack of interaction between the water in the river and the surrounding riparian area could give MeHg more opportunity to accumulate in groundwater of riparian areas of the lower, channelized Mustinka River. The Roseau Watershed had a significant increase in SW concentration traveling downstream. While it is difficult to pinpoint the cause of this, it should be noted that the percentage of wetlands and water body storage dropped sharply while the cropland cover increased from 0% to 29%. Additionally, the downstream site in Roseau had much higher carbon content in soil, suggesting more abundant vegetation in riparian areas and more energy available to drive mercury methylation. The Kettle and Vermillion watersheds did not exhibit any drastic changes in MeHg concentrations between upstream and downstream with the exception of a reduction in PW concentration from KET-RIF to KET-BAN. 
[bookmark: _Toc57098298][image: ]Table 3: Riparian and stream contaminant measurements (Johnson et. al., 2018)





Contaminant transport was not the main focal point of this study, but a quantitative framework for considering landscape influences on stream-riparian interactions could contribute to a conceptual model for analyzing contaminant transport from riparian areas to adjacent streams. The interplay between flood timing and contaminant transport was beyond this project’s original scope; however, the ideas discussed in this study could potentially prove valuable when applied to flood timing (Tockner et al., 2000). Flood timing could examine the productivity of organic matter in cold winter/early spring floods vs. warm summer floods. Cold winter and spring flooding have lower rates of organic matter decomposition and warm summer flooding produces accelerated decomposition and nutrient uptake (Tockner et. al., 2000).
[bookmark: _Toc57098333]Future Work
The results of the statistical analysis yielded information to make hypotheses about the drivers of riparian exchange in watersheds, but additional models across a more diverse set of sites would be needed to derive statistically significant results. To further confirm the preliminary results identified in this study, we would need to identify additional watersheds with characteristics similar to the KET, MUS, RR, and VER watersheds or make more models along the length of one stream. Additional watersheds or channel locations would need to go through a similar model development and analysis process to determine a MID. Based on the preliminary results presented here, we anticipate that agriculturally dominated, low precipitation watersheds would exhibit a downstream MID characteristic of MUS-BB and that forested, high precipitation watersheds would exhibit a downstream MID characteristic of KET-BAN. In the dataset included in this study, it appears that upstream MID does not vary widely among watersheds, especially in the headwaters portion of catchments. A significantly larger sample size would be required to determine the watershed characteristics that most impact stream-riparian interactions in upstream areas. Future work exploring the role of watershed characteristics should verify the consistency of upstream MID but focus on downstream MID characteristics in particular.
The impact of human alteration to watercourses and how it pertains to riparian inundation dynamics warrants further study. While not explicitly included in this project, anthropogenic infrastructure has significant impact at three of the sites: MUS-BB, THI-MR, and THI-EKV. The presence of dams and reservoirs limit the ability to gather accurate data for THI-MR and THI-EKV, implying that humans, rather than nature, control the MID within the watershed. The watershed upstream from MUS-BB contains infrastructure designed to prevent flooding of agricultural areas, creating a MID that is smaller by an order of magnitude. When investigating flood inundation dynamics within a watershed, it seems that humans and anthropogenic impacts may play a larger role than differences imposed by variability in natural environments. However, extensive low-lying areas and wetlands in the lower parts of ROS, THI, and KET watersheds show that large-scale geomorphic features can sometimes not be engineered out of a river’s FIF characteristics.  This observation could be used to inform how funds are best allocated within restoration projects – reclamation through mitigation banking, additional infrastructure design, or simply using those funds for land acquisition.
To further refine the precision of our results, additional refinements could be made to the HEC-RAS models. Streambed geometry was chosen from representative field measurements when LiDAR data was not available. While these measurements were accurate, they may not give the detail needed of the actual stream, and much less the watershed as a whole. Also, the sensitivity of the model results to streambed geometry could be investigated to discern how future model refinements should be prioritized. Ideally, survey data would be collected at multiple cross sections at each site to gather an accurate rendering of the stream bed geometry. The priority of this graduate level thesis project was to develop a framework for thinking about stream-riparian interactions. These results could also help to assess and prioritize survey data collection across the state of Minnesota, which is difficult, time consuming, and expensive.  Significant research on riparian inundation’s impact to vegetative communities in flood plains could also be evaluated with the proposed framework.  
A future application of this framework may be helpful to consider in management of other contaminants or the environmental processes that depend on stream-riparian interactions. The MPCA’s High Five Mercury Project requires research and understanding on the biological, geochemical, and geophysical aspects in addition to the hydraulic principles outlined in this study, with the goal of understanding the likelihood of contaminant transport using a watershed’s characteristics.
[bookmark: _Toc57098334]Conclusion
While preliminary results suggested that wetland areas with frequently inundated floodplains are potential MeHg hotspots, it is important to have a framework to evaluate this hypothesis. A thorough understanding of the dynamics of contaminant mobilization from riparian areas is needed in order to proactively implement management policies aimed at reducing human exposure. However, it is also important to understand the positive contributions of floodplains and wetlands for biota and river systems. Diverse ecosystem habitats, flood control, reduction of peak flows, and recreational activities are all influenced by the presence of wetlands and floodplains (Fowler, Sperl, & Kim, 2019). Establishing a general framework for evaluating riparian inundation and consequent contaminant transport on a watershed scale is a first step in creating comprehensive approaches to manage those contaminants and possibly flow regimes as well. The more we understand about how watersheds operate, the better we can protect and manage our water resources.
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