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Cumulative Impacts of Stream Restoration on Watershed-Scale Flood
Attenuation, Floodplain Inundation, and Nitrate Removal

Lucas M. Goodman

(ABSTRACT)

Severe flooding and excess nutrient pollution, exacerbated by heightened anthropogenic pres-

sures (e.g., climate change, urbanization, land use change, unsustainable agricultural prac-

tices), have been detrimental to riverine systems and their estuaries. The degradation of

riverine systems can negatively impact human and environmental health, as well as local,

regional, and even global economies. Floods provide beneficial ecosystem services (e.g., pro-

cessing pollutants, transferring nutrients and sediment, supporting biodiversity), but they

can also damage infrastructure and result in the loss of human life. Meanwhile, eutrophica-

tion can cause anoxic dead zones, harming aquatic ecosystems and public health. To address

the issues facing riverine systems, focus has shifted to watershed-scale management plans.

However, it can prove challenging to quantify the cumulative impacts of multiple stream

restoration projects within a single watershed on flooding and nutrient removal. Previous

studies have quantified the effects of stream restoration on flood attenuation. However, our

first study fills a substantial knowledge gap by evaluating the impacts of different floodplain

restoration practices, varied by location and length, on flood attenuation and floodplain in-

undation dynamics at the watershed scale during more frequent storm recurrence intervals

(i.e., 2-year, 1-year, 0.5-year, and monthly). We created a 1D HEC-RAS model to simulate

the effects of Stage 0 restoration within a 4th-order generic watershed based on the Chesa-

peake Bay watershed. By varying percent river length restored and location, we found that

Stage 0 restoration, especially in 2nd-order rivers, can be particularly effective at enhancing



flood attenuation and floodplain inundation locally and farther downstream. We addressed

the water quality component by using a random forest machine learning approach coupled

with artificial neural networks to find trends and predict nitrate removal rates associated

with spatial, temporal, hydrologic, and restoration features. Our results showed that hy-

drologic conditions were the most important variable for predicting actual nitrate removal

rates. Overall, both studies demonstrate the importance of hydrologic connectivity for flood

attenuation, channel-floodplain exchange, and nutrient processing.
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Attenuation, Floodplain Inundation, and Nitrate Removal
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(GENERAL AUDIENCE ABSTRACT)

Severe flooding and nutrient pollution from sources such as urban and agricultural runoff

have been detrimental to the health of rivers. The degradation of rivers can negatively impact

human and environmental health, as well as local, regional, and even global economies.

Floods can be both helpful, by providing water quality benefits and supporting wildlife, and

harmful, causing damage and even loss of life. Excess nutrients, such as nitrogen, can create

underwater zones void of life, with serious consequences for aquatic life and public health.

To address the flooding and water quality issues facing rivers, focus has shifted to landscape-

level river network management plans. However, it can prove challenging to understand the

impacts of multiple stream restoration projects within a larger river network on flooding

and nutrient removal. We address the flooding component by using a model to simulate

the effects of different floodplain restoration techniques on a medium-sized watershed that is

generally based on streams that flow into the Chesapeake Bay. Our model simulated small,

relatively frequent storm events that, on average, occur every two years to once a month.

By varying restoration length and location, we found that restoration practices with lower

streambanks can be particularly effective at slowing down floods, reducing their overall

severity by allowing more water to access the floodplains. This was especially true when

restoration occurred in smaller streams, and the effects were seen both locally and farther

downstream. We address the water quality component by using a different model to find

patterns and predict nutrient removal rates associated with different landscape, seasonal,



storm event, and restoration features. Our results showed that the most important variable

for predicting nutrient removal rates was whether a stream was experiencing normal flow or

stormflow conditions. Overall, both studies demonstrate the importance of restoring rivers

in a manner that encourages water to flow from the channel into the floodplains during

smaller storm events, because this will reduce the severity of downstream flooding while

simultaneously improving water quality.
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Chapter 1

Cumulative Impacts of Stream

Restoration on Watershed-Scale

Flood Attenuation and Floodplain

Inundation Dynamics via Hydraulic

Modeling

1.1 Introduction

Rivers globally have become increasingly imperiled due to anthropogenic activities such as

land use change (Cooper et al., 2013; James et al., 2022), unsustainable agricultural practices

(Hughes and Vadas Jr, 2021; Mateo-Sagasta et al., 2017; Schürings et al., 2022), urbanization

(Sun and Caldwell, 2015; Yuan et al., 2006), point and non-point source pollution (Kim and

Hong, 2023; Wu and Chen, 2013), water diversion and extraction (Baker et al., 2011; Caskey

et al., 2015), damming (Wolf et al., 2022; Zhang et al., 2022), invasive species (Funk et al.,

2014; Havel et al., 2015), and climate change (Gudmundsson et al., 2021; van Vliet et al.,

2023). This has been the case in the United States since the region was initially colonized,

and it is especially true over the past 150 years due to population growth, rapid indus-

1
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trialization, large-scale industrial agriculture, and a weak regulatory environment prior to

federal legislation protecting waterways in the late 1960s to early 1970s (Keiser et al., 2019;

Keiser and Shapiro, 2019). Healthy and well-managed riverine systems play a critical role

in sustaining effective flood management, adequate water quality, and sediment transport

(Kiedrzyńska et al., 2015; Serra-Llobet et al., 2022; Wohl et al., 2015), which are necessary

to protect infrastructure, provide clean drinking water, and support biodiversity. Flood-

ing, in particular, provides important ecosystem services to humans, such as water quality

regulation (e.g., nitrate load reduction), groundwater recharge, provision of drinking water,

replenishment of reservoirs, irrigation, the creation of vital habits that support biodiversity

at a landscape scale, and the provision of nutrients to terrestrial ecosystems (Postel et al.,

1997; Talbot et al., 2018). Nonetheless, flooding can also result in the loss of human life

and damage to infrastructure. A substantial amount of the human population lives within

close proximity to rivers, and these communities are likely to be at an increased risk as the

climate continues to change, increasing global temperatures and, subsequently, the severity

and frequency of storm events.

To address the issues facing riverine systems and the communities living near or reliant

upon them, stream restoration has become a growing, multibillion-dollar industry (Berg

et al., 2013; Bernhardt et al., 2005). Depending on the goal and scope of the project, stream

restoration can provide an array of benefits, including reducing downstream flood impacts,

improving water quality, creating riparian habitat, and mitigating erosion and downstream

sedimentation through channel and bank stabilization (Bernhardt et al., 2005; Mondal and

Patel, 2018). While floodplain reconnection and channel modifications have become common

techniques in practice, Stage 0 restoration is a relatively novel approach that aims to return

a stream and its valley to a pre-colonial state (Berg et al., 2020; Cluer and Thorne, 2014;

Pizzuto et al., 2023; Powers et al., 2019) by removing legacy sediment within the floodplains
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or raising the streambed to enable frequent overbank flow during smaller, sub-annual storm

events (Altland et al., 2020; Berg et al., 2013). Thus, Stage 0 restoration substantially

increases hydrologic connectivity between the channel and floodplain, providing substantial

reductions in downstream flooding (Federman et al., 2023), improving water quality (Jones

et al., 2015) and habitat availability for native fish and aquatic-riparian biota (Flitcroft et al.,

2022), and raising groundwater storage, which affects baseflow (Flitcroft et al., 2022; Hunt

et al., 2018; Nash et al., 2018). Floodplain reconnection techniques also aim to increase

hydrologic connectivity between channels and floodplains. However, floodplain reconnection

is more practical for larger storm events (Opperman et al., 2009) due to the smaller extent

of bank lowering or streambed raising (McMahon et al., 2021; Opperman et al., 2009). It

should also be noted that not all Stage 0 restoration practices adjust bank or channel height.

Instead, some employ a pond-and-plug technique, which increases overbank flow in a similar

manner (Hunt et al., 2018).

Many studies have looked at the local impacts of Stage 0 restoration (Booth et al., 2009;

Cluer and Thorne, 2014; Flitcroft et al., 2022; Forshay, 2019; Powers et al., 2019; Voosen,

2020), but to our knowledge, few have investigated the impacts of Stage 0 on a watershed

scale. Hartranft et al. (2011) estimated regional flood reduction from a 900-foot Stage 0

restoration project, but our study aims to substantially build upon their findings via a

modeling approach. By adjusting the length and location of Stage 0 restoration in both 1st-

and 2nd-order streams, we aim to fill this knowledge gap by assessing restoration effects on

flood dynamics both locally and downstream throughout a modeled 4th-order watershed.
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1.1.1 Research Objectives

Focus has shifted to the implementation of watershed-scale management plans that fre-

quently include multiple stream restoration practices as well as other best management

practices within a single watershed. Efforts in the Chesapeake Bay watershed, in particu-

lar, have been highly focused on implementing stream restoration practices by developing

innovative protocols in response to the 2010 Chesapeake Bay Total Maximum Daily Load

(Altland et al., 2020; Berg et al., 2013). One challenge for watershed-scale management

plans is quantifying the cumulative impacts of multiple stream restoration projects within a

single watershed on flood attenuation and floodplain inundation. Our study aims to address

this challenge by using HEC-RAS to simulate an array of floodplain reconnection and Stage

0 restoration scenarios (Section 1.2.3) throughout a generic 4th-order watershed based on

the Piedmont physiographic province within the Chesapeake Bay watershed. Dixon et al.

(2016) and Sholtes and Doyle (2011) have quantified the effects of stream restoration on

flood wave attenuation, and Calfe et al. (2022) and Christopher et al. (2017) have looked at

the watershed-scale effects of restoration on water quality. However, to our understanding,

no studies have evaluated the impacts of floodplain reconnection and Stage 0 restoration

on flood attenuation and floodplain inundation at the watershed scale. Therefore, our re-

search objectives were to understand the effects of (1) percent river length restored and (2)

restoration location on flood attenuation and floodplain inundation. We specifically looked

at the effects of increasing the percent river length restored from the most upstream to down-

stream rivers, restoring on a stream-order basis, and moving a 1-kilometer restored segment

of reach throughout the watershed. Additionally, we set out to understand the tradeoffs be-

tween Stage 0 restoration in smaller rives (1st- and 2nd-order) and floodplain reconnection

techniques in larger rivers (3rd- and 4th-orders).
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1.2 Methods

The United States Army Corps of Engineers (USACE) Hydrologic Engineering Center’s

River Analysis System (HEC-RAS) was used to simulate the effects of floodplain reconnec-

tion restoration scenarios (Section 1.2.3) on storm event hydraulics in a generic 4th-order

watershed. The model’s physical and hydrologic characteristics are modeled after streams

in the Piedmont physiographic province within the Chesapeake Bay watershed. We created

synthetic hydrographs for more frequent storm recurrence intervals to use as the basis for 1D

unsteady flow simulations in HEC-RAS. These input hydrographs were generated using gage

data from the United States Geological Survey (USGS), R (v.4.1.0), and a two-parameter

gamma distribution synthetic hydrograph method.

1.2.1 HEC-RAS Model

HEC-RAS v.6.2 was used to create model geometry and unsteady flow files, run unsteady flow

simulations, and produce post-processor data to interpret the effects of different watershed

restoration scenarios. We used a generic, simplified model with input parameters based on

the Piedmont physiographic province of the central Chesapeake Bay watershed so our results

can be generalized to a wide range of watersheds in the region where stream restoration

is common (Cinotto, 2003; Lotspeich, 2009; USDA, 2007). We chose to use HEC-RAS

because it has shown to be an effective modeling software for simulating river and floodplain

hydraulics, particularly for stream restoration (Federman et al., 2023; Sholtes and Doyle,

2011). HEC-RAS is also capable of modeling hydraulics in a network of channels within a

watershed, which is vital for our study as we are modeling a 4th-order watershed containing

1st- through 4th-order rivers. As a public domain software, HEC-RAS is widely used in

industry, academia, and the federal government, so selecting it as our software of choice allows
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Figure 1.1: Geometry of 4th-order generic watershed model created in HEC-RAS (v.6.2).
The highlighted flowpath shows where model output data for time to peak, peak flow, and
calculating floodplain residence time were taken from. Volume data used to calculate the
percent of volume exchanged with the floodplain were taken from the entire watershed.
The stars indicate the location of simulated restoration projects for our 1-km restoration
scenarios, and the difference in colors indicates a difference in stream order.

our model and its results to be applicable, available, and understandable for practitioners.

This increases the likelihood of our stream restoration modeling approaches being adopted

by practitioners in the future. Additionally, this research builds upon the work of previous

studies (Calfe et al., 2022; Federman et al., 2023) regarding model development and setup

as well as conceptual thinking of watershed-scale stream restoration.

Watershed Characteristics and Unrestored Channel and Floodplain Geometry

Our model was based on a 4th-order generic watershed originally developed by Calfe et al.

(2022), and many of the model geometry parameters we adopted remained unchanged (Fig.
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1.1). Going forward, the term “river” is used to describe a single, unbranched channel

and bounding floodplains, while “reach” describes a section of river that has been split by

tributary junctions (Fig. 1.1) (USACE, 2021). Our model consists of one 4th-order (with

one reach), two 3rd-order (each with two reaches), six 2nd-order (each with three reaches),

and 24 1st-order rivers (each with one reach). The parameters adopted and unchanged from

Calfe et al. (2022) include unrestored channel (Table 1.1) and floodplain geometry (Table

1.2) (Fig. 1.2), Manning’s n within the channel, the lengths and slopes of the rivers within

the watershed, and the drainage area of the watershed (Table 1.1). The unrestored bank

height (Table 1.2), bankfull channel width, slope, and drainage area for each stream order

were determined using the Virginia Piedmont USGS Regional Curves (Lotspeich, 2009).

These physical features of the model were originally developed by Calfe et al. (2022). Hack’s

Law for Piedmont Streams (Hack, 1957) was used to determine river length for each order.

We chose a total unrestored floodplain width that corresponds to three times the bankfull

channel width for each given stream order in our 4th-order watershed (USDA, 2007). The

total floodplain includes the floodplain on both sides of the stream’s banks. For simplicity,

all rivers throughout our watershed model contained straight, rectangular channels with a

channel Manning’s n of 0.03 (Chow, 1959). Floodplains had no cross-sectional slope and

a Manning’s n of 0.08, which is representative of forested riparian buffers (Chow, 1959)

often seen in the Chesapeake Bay Piedmont floodplains. These features were also used by

Federman et al. (2023). Tables 1.1 and 1.2 as well as Figure 1.2 list the cross-sectional

dimensions, including channel, floodplain width, and bank height, for each stream order

under unrestored and restored conditions.
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Restored Channel and Floodplain Geometry

Our primary goal was to assess the effects of varying percent river length restored and loca-

tion within the watershed. Therefore, when simulating restoration, cross sections of a given

stream order (e.g., 3rd-order) were assigned uniform cross-sectional geometry to simulate

floodplain restoration. The type of floodplain restoration simulated varied by altering bank

height. We used studies that focused on Stage 0 restoration projects within Big Spring Run

in Lancaster, Pennsylvania (Forshay, 2019; Langland et al., 2020; Mayer et al., 2019; Walter

et al., 2013) to determine a Stage 0 bank height criteria of <22 cm. The Stage 0 restoration

projects within Big Spring Run occurred exclusively in 1st- and 2nd-order rivers, and we

could not find examples of Stage 0 restoration being performed in larger rivers. Therefore,

we made our restored 1st- and 2nd-order rivers in our model fit the criteria for Stage 0

restoration with bank heights of 7.6 cm for 1st-order rivers and 15.2 cm for 2nd-order rivers

(Figs. 1.2a and 1.2b).

In 3rd- and 4th-order rivers, we simulated bankfull floodplain restoration with bank heights

that fit the criteria for floodplain restoration credit in the Chesapeake Bay watershed (≤ 46

cm) (Altland et al., 2020) (Figs. 1.2c and 1.2d). All restored bank heights were 1
3
that of

unrestored conditions to remain consistent across stream orders while also ensuring that 1st-

and 2nd-orders qualified as Stage 0 and 3rd- and 4th-order qualified as floodplain recon-

nection. Restored channel widths remained the same as unrestored widths, while restored

floodplain widths were wider than unrestored floodplains of the same order. This mim-

icked similar, commonly used floodplain restoration techniques, including constructing inset

floodplains, raising the streambed, and legacy sediment removal.

The following model features were initially developed by Federman et al. (2023), which

modeled Stage 0 and floodplain reconnection techniques in a 2nd-order river. We used their
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Table 1.1: 1st- through 4th-order representative drainage areas and cross-sectional and
longitudinal channel dimensions for HEC-RAS stream network model. These values were
the same as those used by Calfe et al. (2022) and Federman et al. (2023).

Stream
order

Drainage area1
(DA) [km2]

Bankfull channel
width2 (W) [m]

Bankfull slope2
(S) [m/m]

HEC-RAS river
length3 (L) [m]

Number of rivers
in watershed

1st 1.77 3.40 0.00656 1,830 24
2nd 9.74 7.00 0.00429 5,030 6
3rd 46.9 13.7 0.00289 12,800 2
4th 202 25.6 0.00200 30,790 1
1 From median filtered NHDPlus dataset.
2 From Virginia Piedmont USGS Regional Curves (Lotspeich, 2009).
3 From Hack’s Law for Piedmont Streams (Hack, 1957).

model geometries and other physical dimensions for our 2nd-order river. We then applied

their methods to suit the additional stream orders within our 4th-order watershed. Re-

stored floodplain widths were determined using the Federal Emergency Management Agency

(FEMA) National Flood Hazard Layer (FEMA, 2021). We used ArcGIS to measure 100-year

floodplain widths surrounding 10 Virginia Piedmont stream gages used to determine other

watershed physical and hydrological characteristics for our model. We developed regression

trend lines for floodplain width measurements and drainage area for each gage and then

used the drainage area for each stream order (Table 1.1) in our model to calculate a restored

floodplain width (Table 1.2). We specifically used minimum upstream 100-year floodplain

width data. Upstream floodplain widths more accurately represented the 100-year floodplain

compared to widths at the gage or downstream, because gages were frequently located at

points where the channel and floodplain were constrained due to anthropogenic structures

such as bridges. Minimum 100-year floodplain widths were selected because smaller restored

floodplain widths are more realistic in practice, particularly when restoring significant por-

tions of a channel network. Restored and unrestored channel and floodplain dimensions for

each order are listed in Table 1.2 and shown in Figure 1.2.
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(a) 1st-order cross-sectional geometries (b) 2nd-order cross-sectional geometries

(c) 3rd-order cross-sectional geometries (d) 4th-order cross-sectional geometries

Figure 1.2: Unrestored (top) and restored (bottom) bank heights, floodplain widths, and
channel widths by stream order. Bank heights and floodplain widths are to scale by stream
order; however, they are not proportional to each other.
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Table 1.2: 1st- through 4th-order restored and unrestored total floodplain widths and bank
heights.

Stream
order

Unrestored floodplain
width1 (m)

Restored floodplain
width2 (m)

Unrestored bank
height3 (cm)

Restored bank
height4,5 (cm)

1st 10.0 36.6 23 7.6
2nd 21.0 39.6 46 15.2
3rd 41.1 45.7 79 26.4
4th 76.8 78.2 137 45.7
1 Based on three times bankfull the channel width (USDA, 2007). Also used by Calfe et al. (2022).
2 Minimum 100-year floodplain width based on drainage area (FEMA, 2021). This method was initially
developed by Federman et al. (2023) for 2nd-order rivers. We then applied it to fit the other stream
orders in our modeled watershed. Data used to inform restored floodplain widths can be found in Table
A.1.
3 From Virginia Piedmont USGS Regional Curves (Lotspeich, 2009).
4 1st- and 2nd-order bank heights represent Stage 0 restoration (<22 cm) based on studies from the Big
Spring Run restoration in Lancaster, Pennsylvania (Forshay, 2019; Langland et al., 2020;
Mayer et al., 2019; Walter et al., 2013).
5 3rd- and 4th-order bank heights were selected to fit the criteria for legacy sediment removal floodplain
restoration credits in the Chesapeake Bay watershed (≤ 46 cm) (Altland et al., 2020).

Hydraulic Governing Equations

We utilized HEC-RAS’s 1D hydraulic modeling function to perform unsteady flow analyses

because it allowed us to vary the timing, magnitude, and location of flow throughout the

watershed. HEC-RAS uses the law of conservation of mass (continuity equation) and mo-

mentum (momentum equations) as the governing equations for 1D unsteady flow analysis

(Equations 1.1 and 1.2, respectively) (USACE, 2021). The continuity equation is

∆Q+
∆Ac

∆t
∆xc +

∆Af

∆t
∆xf +

∆S

∆t
∆xc −Ql = 0 (1.1)

where t is the time step for the hydrograph, Q is flow rate in the channel (m3/s), Ql is

average lateral inflow between two cross-sections (m3/s), Ac is the cross-sectional area of

the channel (m2), Af is the cross-sectional area of the floodplain (m2), xc is the length of
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the main channel between two cross-sections (m), xf is the length of the floodplain between

two cross-sections (m), and S is the storage from non-conveying portions of the cross-section

(m3) (USACE, 2021). The momentum equation is

∆(Qc∆xc +Qf∆xf )

∆t∆xe

+
∆(βV Q)

∆xe

+ gA

(
∆z

∆xe

+ Sf

)
= 0 (1.2)

where Qc is the flow rate in the channel (m3/s), Qf is the flow rate in the floodplain (m3/s),

xe is the equivalent flow path (m), β is a velocity distribution factor (-), V is velocity (m/s), g

is acceleration due to gravity (m/s2), A is the total average cross-sectional area between two

cross sections (m2), z is the channel bed elevation, Sf is the average friction slope between

two cross sections (m/m) (USACE, 2021).

Unsteady Flow Boundary Conditions and Calibration

The boundary conditions for our unsteady flow analyses included a constant flow hydrograph

at the upstream reaches of the watershed, three uniform lateral inflow hydrographs for each

reach (refer to Section 1.2.1 and Fig. 1.1 for definition of reach), and a Normal Depth down-

stream boundary condition set to a slope of 0.00262 m/m, which is the average slope of the

entire 4th-order watershed weighted by stream order length (Table 1.3). Arbitrary constant

flow hydrographs were required at the upstream-most cross section of all 1st-order rivers

to avoid computational instability and model error or failure. These 15-minute arbitrary

constant flow hydrographs were set to a flow rate of 0.0028 m3/s, equivalent to 0.01 cfs, as

that is the smallest flow rate that can be inputted into our HEC-RAS model. Collectively,

these constant flow hydrographs only made up a maximum of 0.001% of the outflow of the

4th-order river at any given time.

The equation for Sw (average watershed slope as function of stream order length) is shown
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Table 1.3: Average watershed slope as a function of the length of stream orders within the
longest flowpath in the watershed (weighted average) (highlighted in Fig. 1.1). The 1st-
through 3rd-order watersheds are nested within the 4th-order watershed model. “Start”
locations are at the most upstream point of the specified order river, and “end” locations
are at the most downstream point.

Watershed
size (order)

Start of
longest flowpath

End of
longest flowpath

Flowpath
length (Lf ) (m)

Average watershed
slope (Sw) (m/m)

1st 1st-order 1st-order 1,830 0.00656
2nd 1st-order 2nd-order 6,860 0.00490
3rd 1st-order 3rd-order 19,660 0.00359
4th 1st-order 4th-order 50,460 0.00262

below using Sw4 (weighted average 4th-order watershed slope) as an example,

Sw4 = S1

(
L1

Lf

)
+ S2

(
L2

Lf

)
+ S3

(
L3

Lf

)
+ S4

(
L4

Lf

)
(1.3)

where S1−4 and L1−4 are the slopes and lengths of the 1st- through 4th-order rivers and Lf

is the length of the longest flowpath within the watershed. Using a weighted average that

incorporates the length of each stream order within the flowpath and its associated slope

provides a more accurate depiction of the average watershed slope. This is because larger

stream orders within a flowpath account for a noticeably larger portion of the entire flowpath

length (i.e., the 4th-order order river comprises 30,800 m out of the 50,460 m flowpath for

the 4th-order watershed). The values for Sw1−3 were calculated using the same setup as

Equation 1.3, except they did not incorporate the slopes or lengths of downstream stream

orders. This provided a weighted average slope for every stream order, a necessary input

during model calibration.

We incorporated groundwater baseflow gaining, which is the groundwater inflow that con-

stantly contributes to surface water baseflow, as one of the three uniform lateral inflow hy-

drographs for each reach. Through a calibration process, Calfe et al. (2022) determined that
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Table 1.4: Groundwater baseflow gaining rates by stream order.

Stream order Groundwater baseflow gaining along each river (m3/s)
1 0.00850
2 0.0144
3 0.110
4 0.662

using uniform lateral inflow hydrographs was the most effective way to accurately distribute

baseflow evenly throughout every cross section in the model (USACE, 2021). Therefore, we

applied their method to our unsteady flow analyses. The constant groundwater baseflow

gaining rates were determined on a per-order basis based on mean baseflow characteristics

of Piedmont streams in Virginia (Calfe et al., 2022; Lotspeich, 2009). The baseflow gaining

rates for 1st-, 2nd-, 3rd-, and 4th-order rivers were set to 0.0085 m3/s, 0.0045 m3/s, 0.055

m3/s, and 0.662 m3/s, respectively (Table 1.4).

We simulated 2-year, 1-year, 0.5-year, and monthly storm events by creating synthetic unit

hydrographs for each stream order (Fig. 1.5) and inputting the 1-minute synthetic unit hy-

drographs as uniform lateral inflow. Since the 2nd- and 3rd-order rivers contained multiple

reaches, the flow values for the uniform lateral inflow hydrographs were divided by the num-

ber of reaches within the river. The synthetic unit hydrographs represented our expectation

of flow throughout the storm event at the most downstream ends of each stream order. The

unsteady flow model was calibrated on a stream-order basis starting in the upstream por-

tion of the watershed with the 1st-order streams and working downstream until reaching the

4th-order.

Figures 1.3 and 1.4 provide a visual depiction of the following calibration process. To get

the downstream hydrographs to best match our synthetic unit hydrographs, our calibration

process started by running an unsteady flow analysis that included the following boundary

conditions: constant flow hydrograph at the upstream end of the 1st-order reaches, ground-
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water baseflow gaining uniform lateral inflow (Table 1.4), and the synthetic unit hydrographs

for each stream order entered as uniform lateral inflow (Figs. 1.3 and 1.5). When the model

run was complete, we took the difference in flow for every 1-minute timestep between the

HEC-RAS output (pre-calibration) hydrograph at the most downstream 1st-order cross sec-

tion and the synthetic unit hydrograph (Fig. 1.4). The difference in flow values was used as

our calibration hydrograph, and it was inputted into our unsteady flow data as a uniform

lateral inflow hydrograph for every 1st-order reach. The initial pre-calibration HEC-RAS

output hydrographs contained less volume and smaller peak flows compared to the synthetic

unit hydrographs (Tables A.2 and A.3). This was expected because we had yet to account for

other contributors to the stormflow such as interflow, increased baseflow, or surface runoff.

The unsteady flow simulation was performed again with the newly entered “difference”

hydrographs, and then the same process was repeated to create the “difference” hydrographs

for the 2nd-order reaches. This process was repeated two more times until all four stream

orders were calibrated. It was then repeated for all four storm recurrence intervals. Before

moving on to calibrate the next rivers of higher stream orders, the post-calibration output

hydrograph for the downstream end of the stream order being calibrated was compared to

the synthetic hydrographs to ensure that the total volume, peak flow, and time to peak

were comparable to the synthetic unit hydrographs before moving on to calibrating the next

stream order (Tables A.2 and A.3). Many of the peak flow values for the post-calibration

hydrographs matched relatively well with the synthetic unit hydrographs. However, we

determined that total volume was a better metric to calibrate to because the synthetic

hydrographs did not account for the tributaries and calibrating to total volume would more

accurately depict floodplain inundation processes for each storm event. The post-calibration

flow files were saved and used for all unrestored and restored scenario model runs.

All HEC-RAS model runs were set to a 48-hour simulation time to allow the stormflow to
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pass through the entire watershed and ensure that all reaches returned to baseflow condi-

tions. Computational settings, including computation interval, mapping output interval,

hydrograph output interval, and detail output interval, as well as their rationale, are as

follows. A computational interval of 12 seconds was selected to minimize numerical errors,

and 48 out of 50 restoration scenarios for each recurrence interval storm ran successfully.

The only two restoration scenarios that experienced computational instability were when

restoration ended at 40% of the 2nd-order rivers for the (1) stream order and (2) full wa-

tershed restoration scenarios. Therefore, output data from these model runs were omitted

from the results. The mapping output interval and detailed output interval were both set

to 15 minutes so we could check for model instability and flood wave behavior while main-

taining an appropriate model run time. The hydrograph output interval was set to 1 minute

to allow for finer resolution output data, which provides a more detailed representation of

flood propagation and floodplain inundation dynamics throughout the watershed. Setting

the hydrograph output interval to 1 minute was particularly important for 1st- and 2nd-order

reaches where the stormflow passes through more quickly.

1.2.2 Generic Watershed Recurrence Interval Storms

Comparing Stage 0 restoration to traditional floodplain reconnection practices was an im-

portant aspect that we aimed to capture within this study. Stage 0 restoration is particularly

beneficial for allowing water to access the highly reactive floodplains during smaller, more

frequent storm events compared to traditional floodplain reconnection (Berg et al., 2020;

Cluer and Thorne, 2014; Powers et al., 2019; Walter and Merritts, 2008). Therefore, we gen-

erated synthetic unit hydrographs for 2-year, 1-year, 0.5-year, and monthly storm events to

compare the effects of Stage 0 restoration and bankfull floodplain reconnection strategies on

flood attenuation and floodplain inundation (Section 1.3). USGS has regional curves avail-
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Figure 1.3: Visualization of the iterative, step-wise calibration process for the HEC-RAS
model’s unsteady flow hydraulics. Calibration began in the most upstream (1st-order) rivers
and ended in the most downstream (4th-order) rivers. This process was done separately for
all four storm events. Synthetic unit hydrographs were unique to each stream order and
storm event. The calibration process took place with unrestored watershed channel and
floodplain geometry. Refer to Figure 1.4 for a more detailed description of how hydrographs
were calibrated and Tables A.2 and A.3 for quantitative comparisons between the synthetic
unit, pre-, and post-calibration hydrographs’ characteristics (e.g., volume, peak flow, time
to peak).
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Figure 1.4: Visualization of the hydrograph calibration process, using the 1st-order rivers as
an example. After running the model using the synthetic unit hydrographs as the primary
hydrologic input, the difference was calculated between that synthetic unit hydrograph and
the HEC-RAS output (pre-)calibration hydrograph (blue dots) at the downstream end of
the river. Incorporating the “difference” hydrograph and synthetic unit hydrograph into the
model provided a HEC-RAS output (post-calibration) hydrograph that best matched the
synthetic unit hydrograph. This process was repeated for each stream order (Fig. 1.3).
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able for peak flows that coincide with specific physiographic provinces within the Chesapeake

Bay watershed (Austin et al., 2011a,b; Lotspeich, 2009; Nelms et al., 1997). However, these

regional curves and associated peak flows are only available for recurrence intervals >1 year.

This required us to develop regional curves and subsequent synthetic storm hydrographs for

the sub-annual storms. Our process directly built on previous research by Federman et al.

(2023), but we extended their methods to include calculated peak flows and synthetic unit

hydrographs for the downstream end of our 1st-, 2nd-, 3rd-, and 4th-order rivers within

our generic watershed model, as opposed to just the 2nd-order river. The peak flows and

synthetic unit hydrographs for each stream order were made for recurrence intervals between

a monthly and 2-year storm. They were each calculated based on watershed characteristics

specific to each order, such as slope and reach length.

Regional Curves for Recurrence Interval Peak Flows

Due to a limited amount of peak flow data from our USGS gages (Table 1.4), we determined

that using maximum likelihood estimation (MLE) was the optimal method for creating

regional curve equations. Justification for not using alternative methods, such as Least

Squares Estimation or synthetic unit hydrographs can be found in Federman et al. (2023)

(Supporting Information S3). We used the bbmle R package (v.1.0.24) (Bolker and Team,

2010) to perform the MLE analysis, which required peak flow at the gage and drainage area

upstream of the gage as the sole regressor variable (Austin et al., 2011a,b; Nelms et al., 1997).

We validated our MLE approach for each recurrence interval by calculating standardized

residuals, of which 88.6% lay within ±3 standard deviations. This warranted validation of

the data being used to formulate our regional curves (Helsel et al., 2020; Pardoe et al., 2018).

Peak flow (Q) can be calculated for any given location within the watershed using the

resulting regional curves:
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Table 1.5: Definitions of variables within regional curve equations.

Variable Definition
Q2 Peak flow for 2-year storm (m3/s)
Q1 Peak flow for 1-year storm (m3/s)
Q0.5 Peak flow for 0.5-year storm (m3/s)

Qmonth Peak flow for monthly storm (m3/s)
DA Drainage area (km2)

Q2 = 0.475(DA) + 0.761 (1.4)

Q1 = 0.381(DA) + 0.281 (1.5)

Q0.5 = 0.229(DA) + 0.360 (1.6)

Qmonth = 0.015(DA) + 0.313 (1.7)

Using the regional curves presented above, we calculated peak flows corresponding to the

downstream end (i.e., outflow location) of all stream orders (1st-4th) within our modeled wa-

tershed (Table 1.6). These regional curve equations were derived from 10 Virginia Piedmont

stream gages (Table 1.7) that were also used to inform model geometry (Section 1.2.1) and

partial duration series (Section 1.2.2). Representative drainage areas for each stream order

were derived from NHDPlus and drainage area datasets (Pierson et al., 2008) for 1st-4th-

order streams within the Piedmont physiographic province of the Chesapeake Bay watershed

(Calfe et al., 2022). Supplemental information on how regional curves were created and val-

idated is available in Federman et al. (2023) (Supporting Information S3).
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Table 1.6: Peak flows for recurrence intervals and drainage areas at downstream end of each
stream order for our generic watershed. Peak flows were derived from MLE regional curves.

Peak flow at the downstream end of river (m3/s)
Recurrence

interval storm 1st-order 2nd-order 3rd-order 4th-order

2-year 1.6 5.4 23 97
1-year 0.95 4.0 18 77
0.5-year 0.76 2.6 11 47
Monthly 0.34 0.45 1.0 3.3

Partial Duration Series for Recurrence Interval Peak Flows

We used partial duration series (PDS) to estimate peak flow for the 2-year, 1-year, 0.5-

year, and monthly storm events. When creating the PDS, we followed the same methods

as Federman et al. (2023) because our project utilizes the same model but scales it up to a

4th-order watershed rather than a single 2nd-order river. We used PDS rather than annual

maximum series because previous work by USGS and others recommend using PDS for storm

events that are more frequent than 10-year storms (i.e., annual exceedance probabilities >

0.10).

Our model geometry and flow data used to create the regional curves were based on previous

work (Calfe et al., 2022; Federman et al., 2023). We used gages from the Virginia Bankfull

Geometry USGS report (Lotspeich, 2009) and created PDS for each gage using the R package

hydrostats (v.0.2.8) (Bond, 2015). We also used the dataRetrieval R package (v.2.7.10) (De

Cicco et al., 2022) to import web-based USGS gage data from the gages of interest within

the Virginia Piedmont physiographic province. Out of 17 initial gages, 10 gages had enough

peak flow data available to create the PDS (Table 1.7). These 10 gages were also used to

inform channel geometry (Section 1.2.1). Additional information on how PDS were created

and where flow data was obtained from is available in Federman et al. (2023) (Supporting
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Information S3).

Synthetic Hydrographs for a Generic Watershed

When creating our synthetic hydrographs for each storm event, we used parametric probabil-

ity distribution functions (PDFs) originally developed by Federman et al. (2023). The PDF

method is more appropriate for our generic watershed model, followed by more traditional

sythetic hydrograph approaches (e.g., Nash, 1957; Snyder, 1938; Taylor and Schwarz, 1952)

(Singh et al., 2014) because our watershed model lacks detailed topography. To generate full

storm hydrographs, we employed a simplified two-parameter gamma distribution synthetic

unit hydrograph method (Bhunya et al., 2003) using the peak flows in Table 1.6. We chose

the gamma PDF because it is one of the most popular PDF methods. It accounts for physical

catchment characteristics while reducing subjectivity in fitting the hydrograph shape, and

it requires less data than other commonly used methods (Bhunya et al., 2007, 2003, 2011;

Nadarajah, 2007; Singh et al., 2014).

The following equations used to create our synthetic unit hydrographs are the same as those

presented by Federman et al. (2023). We estimated tp (time to peak) (hrs) using Equation

1.8 (Mays, 2019),

tp = 0.67tc (1.8)

which is reliant on tc (time of concentration) (hrs). We estimated tc using the Kirpich (1940)

method

tc = 0.0078L0.77S−0.385 (1.9)



1.2. METHODS 23

Table 1.7: Recurrence Interval Peak Flows and Drainage Areas for USGS Gages
(Lotspeich, 2009) from Partial Series Analysis.

Station
number

Station
description

Qmonth

(m3/s)
Q0.5

(m3/s)
Q1

(m3/s)
Q2

(m3/s)
Drainage
area (km2)

1658500 South Fork Quantico
Creek at Route 619
near Independent Hill,
VA

0.6 6.6 9.3 13.1 19.7

1660000 South Branch
Chopawamsic Creek
below Marine Road
1 near Garrisonville,
VA

0.2 2.7 6.8 8.4 6.4

1660400 Aquia Creek at Route
641 near Garrisonville,
VA

2.0 32.2 48.1 58.6 90.6

1670300 Contrary Creek below
Route 522 near Min-
eral, VA

0.2 1.9 2.7 4.9 14.5

2031000 Mechums River at
Route 614 near White
Hall (Ivy), VA

5.4 64.8 105.1 130.8 246.8

2032640 North Fork Rivanna
River at Route 606
near Earlysville, VA

6.6 86.6 123.5 140.5 279.7

2036500 Fine Creek at Route
711 at Fine Creek
Mills, VA

0.3 7.6 11.7 16.3 58.0

2039000 Buffalo Creek at
Route 658 near Ham-
pden Sydney, VA

1.3 17.2 34.3 45.9 180.3

2050500 North Meherrin River
at Route 687 near
Keysville, VA

0.6 4.2 5.2 6.7 23.5

2071530 Smith River at Smith
River Church (Route
798) near Woolwine,
VA

4.5 25.7 36.8 59.5 68.1



24
CHAPTER 1. CUMULATIVE IMPACTS OF STREAM RESTORATION ON WATERSHED-SCALE FLOOD

ATTENUATION AND FLOODPLAIN INUNDATION DYNAMICS VIA HYDRAULIC MODELING

using L (length of the channel from the most upstream point to the point of interest) (ft) and

S (weighted average slope of the watershed up to the point of interest) (ft/ft) (Mays, 2019).

We calculated qp (peak runoff depth per unit time per unit of effective rainfall according to

the approach outlined in Bhunya et al. (2003) using Equation 1.10 developed for the Snyder

unit hydrograph method (Snyder, 1938).

qp =
C2Cp

tp
(1.10)

C2 is a constant (640 US units, 2.75 SI units) and Cp is a factor that accounts for watershed

characteristics, and it ranges from 0.4 to 0.8 (Mays, 2019). The value for qp is initially in

units of cfs/in/mi2 but then converted to units of 1/hr. Studies have shown that Cp can vary

greatly within a watershed (McEnroe and Zhao, 1999). However, since we created a generic

watershed that should be broadly applicable to the Piedmont region of the Chesapeake Bay

watershed, we used a constant value of 0.6 that is based on the degree of development within

the watersheds used to inform our channel geometry (Table 2 in Lotspeich, 2009) and the

weighted average watershed slope (Table 1.3) (Calfe et al., 2022; of Governments, 2014).

The model coefficient βB was calculated using Equation 1.11 (Bhunya et al., 2003),

βB = qptp (1.11)

which determines the equation for the unit hydrograph from the following,

q

qp
= exp

[(
5.53β1.75

B + 0.04
)
f

(
tB
tp

)]
for 0.01 < βB < 0.35 (1.12)
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q

qp
= exp

[(
6.29β1.998

B + 0.157
)
f

(
tB
tp

)]
for βB ≥ 0.35 (1.13)

f

(
tB
tp

)
=

[
1−

(
tB
tp

)
+ ln

(
tB
tp

)]
(1.14)

The dimensionless unit hydrograph is created by plotting t/tp vs q/qp, and it is used to

calculate the dimensioned unit hydrograph (Fig. 1.5) by multiplying the values by the peak

flows at the downstream end of each stream order (Table 1.6).

1.2.3 Restoration Scenarios and Model Simulations

Due to the scale of our 4th-order watershed model, we focused on varying the length and

location of restoration projects within the watershed. We made this decision because our

generalized model is designed to be practical and adaptable for managers, planners, and

practitioners undertaking stream restoration projects that consider watershed-scale implica-

tions. Other model parameters such as restored bank height and restored floodplain width

remained consistent for each stream order (Table 1.2), while channel and floodplain Man-

ning’s n remained consistent through the watershed for unrestored and restored scenarios

(Section 1.2.1).

We divided our restoration scenarios into three general categories: (1) restoration on stream

order basis (Section 1.2.3) , (2) full watershed restoration (Section 1.2.3), and (3) moving a 1-

km restoration project through the watershed (Section 1.2.3). Simulating these three general

restoration categories across four storm events required creating and running 168 HEC-RAS

plans (i.e., 42 geometry files each paired with four flow files). Since a HEC-RAS project can

only contain 99 plans, we split our simulations across two projects. The unrestored scenarios
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(a) 1st-order
(b) 2nd-order

(c) 3rd-order (d) 4th-order

Figure 1.5: Dimensioned synthetic unit hydrographs at the downstream end of the (a) 1st-
, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The 4th-order synthetic hydrograph is the
outflow of the entire watershed model. All synthetic hydrographs were created and entered
into HEC-RAS as 48-hour hydrographs to allow enough time for all storm events to pulse
through the watershed and return to baseflow. However, the x-axes shown here are limited
to 12 hours for the 1st-, 2nd-, and 3rd-order rivers and 30 hours for the 4th-order river to
increase the graphical resolution for comparative purposes.
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consisted of one geometry file (four plans). Stream order and full watershed restoration

scenarios each consisted of 20 geometry files (80 plans) with five of the geometry files (20

plans) being used for both restoration categories because they were 1st-order restoration

scenarios. The 1-km restoration scenarios consisted of six geometry files (24 plans). Out of

the 168 plans, eight plans containing geometry files with restoration ending at 40% of the

2nd-order rivers (i.e., stream order restoration scenarios with 40% of 2nd-order river restored

and full watershed restoration scenarios with all of the 1st-order and 40% of 2nd-order rivers

restored) were omitted from our results because, when ran, they experienced computational

instability that we could not correct to the best of our ability. The computational instability

created abnormal and unrealistic perturbations in flow and stage for all four storm events.

Category 1: Stream Order Restoration Scenarios

Simulating restoration practices on specific stream orders allowed us to understand the lo-

cal and downstream impacts of restoring specific stream orders within the watershed. We

varied the portion of a stream order that was restored by 20% increments starting in the

most upstream portion until reaching the full restoration of the stream order of interest.

Adjusting the percent river length restored for a specific stream order helps determine the

necessary extent of stream restoration to achieve desired outcomes such as flood attenuation

or floodplain inundation. The resulting lengths of restored sections of river by stream order

basis are in Table A.5.

Category 2: Full Watershed Restoration Scenarios

The scenarios that simulated a full watershed restoration started by restoring the most

upstream portions of the watershed in the 1st-order rivers. Each new model scenario in-
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crementally increased the percent river length restored by 20% of the stream order where

restoration was taking place. percent river length restored increased uniformly throughout

every river of the same stream order in the watershed. For example, the first full watershed

restoration scenario consisted of restoring the most upstream 20% of all 1st-order rivers in

the watershed, and the following scenarios increased percent river length restored by 20%

(0.366 km) of every 1st-order river. Once 100% of all 1st-order rivers were restored, the next

scenario included the restoration of all 1st-order rivers as well as the upstream 20% (1.006

km) of all 2nd-order rivers within the watershed. This pattern continued until the entire

4th-order watershed was restored (Table A.6). The percent river length restored of individ-

ual rivers of each stream order is the same as in Table A.5a. Increasing percent river length

restored until the entire watershed was restored allowed us to understand the incremental

effects of restoring a watershed from the most upstream reaches to the watershed outlet.

It also provides an opportunity to compare the restoration of multiple connected rivers of

different orders (e.g., a continuous restoration of 1st- through 2nd-order rivers) versus only

restoring a single river (e.g., only 2nd-order restoration) to understand whether it is possible

to achieve similar benefits with less restoration and, subsequently, less cost.

Category 3: 1-km Restoration Scenarios

The third category of restoration scenarios consisted of moving a 1-km restoration project

through the watershed, which allowed us to examine the effects of a single restored segment

of reach of constant length along a 1st- through 4th-order flowpath. We ran a simulation

with the 1-km restored segment of reach placed at six locations along the flowpath: the

upstream portion of the 1st-, 2nd-, 3rd-, and 4th-order rivers as well as the mid-point and

downstream end of the 4th-order river (Fig. 1.1). We used a restoration project length of 1

km and justified this length based on our prior literature review (Goodman et al., 2021) where
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we found the length of restoration projects ranging up to 1.4 km. Bernhardt et al. (2005)

also found that a typical stream restoration project was 1 km in length, further supporting

our decision. Additionally, a Stage 0 restoration project on Big Spring Run in Pennsylvania

restored approximately one kilometer of channel (Forshay, 2019; Langland et al., 2020; Mayer

et al., 2019; Walter et al., 2013), which supports our selection of a 1 km restoration project

in our 1st- and 2nd-order rivers where we are simulating Stage 0 restoration. Simulating

the restoration of a single 1-km portion of river within the watershed has the potential to

provide valuable insight into the watershed-scale effects of a single restoration project and

how those effects may vary depending on restoration location within the watershed.

1.2.4 Output Data

To understand the effects of stream order, full watershed, and 1-km restoration scenarios on

flood attenuation and floodplain inundation dynamics, we focused on four output variables

from our HEC-RAS simulations: (1) cumulative volume of water exchanged with the flood-

plain, (2) floodplain residence time, (3) time to peak, and (4) peak flow. Volume data and

data needed to calculate floodplain residence time (i.e., floodplain depth, floodplain flow

rate) were extracted from our HEC-RAS model’s Summary Output Tables as .txt files and

converted to .csv files. Time to peak and peak flow data were extracted from the stage and

flow hydrographs in our HEC-RAS model, and the values were manually entered into a .csv

file. Once in .csv file format, all output data were processed in plotted in R (v.4.2.1 and

v.4.2.2).
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Time to Peak and Peak Flow

Time to peak and peak flow are critically important for understanding flood attenuation and

propagation dynamics. Time to peak and peak flow data were taken from the downstream

cross section of each river (i.e., every stream order) along a single flowpath within the model

domain (Fig. 1.1), allowing us to compare the downstream end of the longest rivers of

each order within the watershed for every model scenario. The flowpath selected was the

same as that for residence time. We extracted raw time to peak and peak flow data and

subtracted each value from the unrestored scenario value for the same location and recurrence

interval storm. Then, we plotted the resulting data to highlight differences represented as

the percent difference compared to unrestored conditions. This enabled us to analyze the

impact of multiple restoration scenarios (i.e., stream-order basis, full watershed, or 1-km

reach restoration scenarios, each being on a single plot) on time to peak and peak flow at

multiple locations throughout the watershed.

Cumulative Volume Exchanged with Floodplain

To determine the volume of water exchanged between the channel and the floodplain, we

calculated the cumulative percentage of exchange throughout the given model scenario. We

started by calculating the ratio of the total volume within the floodplains (V fi) to the total

volume in every reach (V ti) at each timestep within the simulation. By integrating the

curve of these ratios across the entire model duration, we obtained the percentage of volume

exchanged during the entire simulation (cumulative exchange, Ve) (Equation 1.15). This

provided us with an understanding of how much water is inundating the floodplain relative

to the total volume within the watershed throughout the duration of the storm event for

every restoration scenario.
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Ve =

∫
V fi∫
V ti

Ve × 100 = Ve (as a %)

V fi = total volume in floodplains at each time step

V ti = total volume in HEC-RAS model domain at each time step

(1.15)

Floodplain Residence Time

Residence time plays a crucial role when considering the impact of floodplain exchange on

water quality, as greater floodplain residence times are an indication that water can spend

more time interacting with highly reactive floodplain soils. However, since our model is 1D,

HEC-RAS does not directly calculate the residence time of water in the floodplain (i.e., the

duration between water entering and exiting the floodplain). Therefore, we approximated

the average floodplain residence time across the entire model domain at the peak water sur-

face elevation (WSE) using the same methods as Federman et al. (2023). Selecting data that

corresponded to peak WSE allowed us to capture when floodplains were experiencing max-

imum inundation for each cross section throughout the watershed. We estimated overbank

inundation between consecutive pairs of cross sections by extracting hydraulic depth data

for the floodplain (i.e., Hydr Depth L in HEC-RAS Summary Output Tables). Then, we

multiplied floodplain hydraulic depth (i.e., depth of water in the floodplain) by the distance

between cross sections (15.24 m), which is uniform throughout the model domain, and total

floodplain width to obtain the volume of water in the floodplain. We then divided each

volume by the corresponding flow rate in the floodplain at each location, leaving us with

time. The resulting floodplain residence times were then averaged across every consecutive

pair of cross sections to obtain an average floodplain residence time for each model scenario
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(Equations 1.16, 1.17, and 1.18). Hereafter, we refer to the average residence time of water

in the floodplain at peak WSE as “residence time.”

Volume reported in HEC-RAS is cumulative volume downstream. To get the volume (V )

in the portion of river directly downstream of a cross section (XS) (i):

Vi−peak WSE = Depthi−floodplain ×Widthfloodplain × distance between XSs (1.16)

Floodplain flow rate at the cross section (i):

Qi−peak WSE = Qi−floodplain (1.17)

Residence time for a cross section (i):

RTi−peak WSE =
Vi−peak WSE

Qi−peak WSE

(1.18)

Average residence time (RT i−peak WSE) for all cross sections in the watershed.

1.3 Results

1.3.1 Restoration Effects on Time to Peak

Unlike volume and residence time, time to peak and peak flow for restored scenarios were

directly compared against the unrestored scenarios and represented as the percent difference,

which is reflected in the following discussions. Time to peak was calculated at the down-

stream end of the river of the specified stream order along a single flowpath that started at
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Table 1.8: Summary of key findings across all three restoration categories for time to peak
(Tp).

Stream order Full watershed 1-km reach
(1) 2nd-order Stage 0
restoration had the greatest
collective increase on Tp

throughout the watershed
(Fig. 1.7). The largest
increases occurred when
100% of 2nd-order rivers
were restored, with Q0.5

having the greatest in-
creases overall. (2) The
greatest effects of restora-
tion were localized (Figs.
1.6a, 1.7b. 1.8c, and 1.9d).

Same trend as stream order
restoration, but the increase
in Tp was even greater
as restoration was extended
throughout the watershed
(Fig. 1.10).

(1) 2nd-order Stage 0
restoration was most im-
pactful at increasing Tp

(Fig. 1.11b), with Q0.5

and Q2 Tp decreases due
to two distinct flood waves
passing through. (2) 3rd-
and 4th-order restoration
had minimal effect on Tp

(Figs. 1.11c and 1.11d).

the most upstream 1st-order reach to the watershed outlet at the downstream end of the

4th-order river (Fig. 1.1). Table 1.8 summarizes the key findings across the three restoration

categories for time to peak. The following sections provide greater detail on these findings

and other important results. results.

Stream Order Restoration Scenarios

When restoration occurred in any given stream order, the downstream end of that stream

order experienced the most substantial increases in time to peak (Figs. 1.6a. 1.7b, 1.8c,

and 1.9d). This meant that flood wave propagation took longer when restoration occurred,

but this was not always the case. Restoring 100% of the 2nd-order rivers substantially

increased time to peak at downstream locations throughout the watershed (i.e., downstream

end of the 2nd-, 3rd-, and 4th-order rivers), with the greatest overall increases occurring at

the downstream end of the 2nd-order rivers (Fig. 1.7). Although the impact of 2nd-order

restoration on time to peak was minimal for the 1st-order rivers (100% 2nd-order restoration:
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Q2, Q0.5, and Qmonth 0% difference; Q1 -2.0% difference) (Fig. 1.7a), the 2nd- (Fig. 1.7b),

3rd- (Fig. 1.7c), and 4th-order (Fig. 1.7d) rivers experienced increases in time to peak when

the 2nd-order rivers were restored for all but two of the scenarios (these being 20% restoration

of the 2nd-order rivers at (a) the downstream end of the 2nd-order rivers during the 0.5-year

storm and (b) the downstream end of the 3rd-order rivers during the 2-year storm) (Figs.

1.7b and 1.7c). Restoration of 20% of the 2nd-order rivers resulted in a 11.3%, 18.6%, -14.6%,

and 22.5% difference in time to peak, respectively, at the downstream end of the 2nd-order

rivers for the 2-, 1-, 0.5-year, and monthly storms (Fig. 1.7b). Meanwhile, 100% 2nd-

order restoration resulted in a 67.7% (Q2), 100.0% (Q1), 130.1% (Q0.5), and 58.5% (Qmonth)

increase in time to peak at the downstream end of the 2nd-order rivers. The restoration of

100% of the 2nd-order rivers also caused a 16.9% (Q2), 13.3% (Q1), 21.1% (Q0.5), and 7.9%

(Qmonth) difference in time to peak for the downstream end of the 3rd-order rivers (Fig.

1.7c). For the downstream end of the 4th-order river, 100% restoration of the 2nd-order

rivers caused a 5.6% (Q2), 6.4% (Q1), 8.2% (Q0.5), and 2.1% (Qmonth) difference in time to

peak (Fig. 1.7d).

Variations in percent river length restored of the 1st-order rivers had mixed effects on time to

peak depending on where in the watershed time to peak was measured, with the exception

of 100% 1st-order restoration. When 100% of the 1st-order rivers were restored, time to

peak increased for every stream order during every storm event except for the downstream

end of the 2nd-order river during the 2-year storm (-1.5% difference). This increase in time

to peak was particularly notable for the 1st-order rivers (Q2 25.0%, Q1 18.0%, Q0.5 24.5%,

Qmonth 21.3% difference) (Fig. 1.6a). Restoring 20% to 80% of the 1st-order rivers caused a

decrease in time to peak at the downstream end of the 1st-order rivers, meaning that peak

flows came sooner for nearly all storm events (20% to 80% 1st-order restoration: Q2 -4.2%

to -10.4%; Q0.5 -8.2% to -22.5%; Qmonth -8.5% to -19.2% difference, respectively. 20% to
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60% 1st-order restoration: Q1 -8.0% to -20.0% difference, respectively) except for the 1-year

storm at 80% 1st-order restoration (50% difference). A similar but substantially dampened

decrease in time to peak occurred at the downstream end of the 2nd-order rivers during the

2- and 1-year storms (20% to 80% 1st-order restoration: Q2 -0.8% to -9.0%; Q1 -0.9% to

-9.3% difference, respectively) (Fig. 1.6b), as well as the downstream end of the 4th-order

river during the monthly storm (20% to 80% 1st-order restoration: Qmonth -1.7% to -0.2%,

respectively) (Fig. 1.6d).

Restoration of the 3rd-order rivers had the greatest effect on time to peak during the 0.5-year

storm scenarios at the downstream end of the 3rd- (20% to 100% 3rd-order restoration: Q2

11.6% to 22.6%; Q1 11.5% to 38.8%; Q0.5 14.5% to 81.4%; Qmonth 1.0% to 8.6% difference,

respectively) and 4th-order rivers (20% to 100% 3rd-order restoration: Q2 3.6% to 10.6%;

Q1 4.3% to 15.8%; Q0.5 5.1% to 22.6%; Qmonth 0.3% to 4.1% difference, respectively) (Figs.

1.8c and 1.8d). Restoring the 3rd-order rivers had minimal to no effect on the downstream

end of the 2nd-order rivers (20%, 40%, 60%, 80%, and 100% 3rd-order restoration: Q0.5

all 1.9% difference. 80% 3rd-order restoration: Q1 0.9% difference. All other scenarios had

0% difference.) (Fig. 1.8b). Generally speaking, restoring the 3rd-order rivers caused the

greatest increases in time to peak during the 0.5-year storm followed by the 1-year, 2-year,

and monthly storms (Fig. 1.8). For the monthly storm, restoring up to 40% of the 3rd-

order rivers had no effect on time to peak at any location in the watershed. Time to peak

for the monthly storm scenarios increased at the downstream end of the 3rd-order rivers as

restoration increased from 60% to 100% (7.1% to 27.3% difference, respectively) (Figs. 1.8c).

Time to peak for the monthly storm also increased at the downstream end of the 4th-order

river but only when the 3rd-order rivers were 100% restored (4.1% difference) (Fig. 1.8d).

Restoring the 4th-order river was most impactful at the downstream end of the 4th-order

river, so this location is the focus of the rest of this section (Fig. 1.9d). The extent of
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.6: Effects of percent/length of 1st-order river restoration on time to peak at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Time to peak data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.7: Effects of percent/length of 2nd-order river restoration on time to peak at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Time to peak data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.8: Effects of percent/length of 3rd-order river restoration on time to peak at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Time to peak data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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restoration’s influence on time to peak varied by storm event with the greatest increase in

time to peak occurring during the 0.5-year storm, and this was true for every restoration

scenario (20%, 40%, 60%, 80%, and 100% restoration: 15.5%, 20.1%, 36.8%, 50.5%, and

64.1% difference, respectively). For the 2-year storm, the restoration effect on time to peak

plateaued at a 10.3% difference once 40% of the 4th-order river was restored and decreased to

a 5.9% difference at 100% restoration. This same plateauing effect happened for the 1-year

storm at 60% restoration with a 22.6% difference in time to peak and decreased to a 18.4%

difference at 100% restoration. Restoring the 4th-order river in any capacity had no impact

on time to peak for the monthly storm scenarios.

Restoring rivers of a given stream order had only a marginal effect or none at all on the

stream order directly upstream (e.g., 100% 2nd-order restoration caused a -2.0% difference

in time to peak at the downstream end of the 1st-order rivers during the 1-year storm and

no effect during other storm events - Fig. 1.7a; 100% 4th-order restoration caused a -0.3%

and -0.8% difference in time to peak at the downstream end of the 3rd-order rivers during

the 2- and 0.5-year storms and no effect during the 1-year or monthly storms - Fig. 1.9c).

These slight decreases in time to peak are due to a backwater pooling effect that occurs

when the sudden increase in bank height of the upstream unrestored reach behaves similarly

to a weir for water in the floodplains, slowing down the water and slightly delaying time to

peak for upstream reaches. Restoring the 3rd- and 4th-order rivers had no effect on time to

peak at the downstream end of the 1st-order rivers (Figs. 1.8a and 1.9a). Restoration of the

4th-order river had minimal effect on time to peak at the downstream end of the 2nd-order

rivers for the 0.5-year storm and no effect for the other three storm events (Fig. 1.9b).
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.9: Effects of percent/length of 4th-order river restoration on time to peak at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Time to peak data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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Full Watershed Restoration Scenarios

Since the restoration scenarios for the 1st-order rivers were the same between the full wa-

tershed and stream order restoration categories, the results from the 1st-order restoration

scenarios were the same as those in Section 1.3.1 and are omitted from this section. When the

watershed was restored from the most upstream 1st-order reaches into the 2nd-order rivers,

there was a substantial increase in time to peak at the downstream end of the 2nd-order

rivers for all storm events as restoration extended to include 20%, 60%, 80%, and 100% of

the 2nd-order rivers (Fig. 1.10b). The only exception was a decrease in time to peak for

the monthly storm when restoration was extended to 20% of the 2nd-order rivers (-12.9%

difference). When considering the downstream end of all stream orders, restoration had the

greatest effect on time to peak for the downstream end of the 2nd-order rivers when restora-

tion was extended to 100% of the 2nd-order rivers (Q2 81.2%, Q1 102.5%, Q0.5 133.0%, Qmonth

62.6% difference). Aside from one model scenario (restoration up to 20% of the 2nd-order

rivers during the monthly storm), time to peak gradually increased at the downstream end of

the 3rd- and 4th-order rivers (Figs. 1.10c and 1.10d) for every storm event as restoration was

extended throughout the 2nd-order rivers. However, these increases were marginal compared

to what was seen at the downstream end of the 2nd-order rivers (Fig. 1.10b). For example,

during the 0.5-year storm, time to peak at the downstream end of the 3rd-order rivers only

increased from 5.0% to 20.3% difference, respectively, as restoration increased from 100%

of the 1st-order to 100% of the 2nd-order and 3.6% to 6.7% difference, respectively, at the

downstream end of the 4th-order river. Meanwhile, time to peak at the downstream end of

the 2nd-order rivers increased from 19.4% to 133.0% difference, respectively, for the same

scenarios.

When restoration was extended into the 3rd-order rivers, major increases in time to peak

occurred at the downstream end of the 3rd-order rivers for the 2-, 1-, and 0.5-year storms
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(100% 2nd-order to 100% 3rd-order restoration: Q2 16.6% to 41.9%; Q1 11.5% to 50.4%;

Q0.5 20.6% to 95.9% difference) (Fig. 1.10c). For the monthly storm, extending restoration

into the 3rd-order rivers had little to no positive effect on time to peak at the downstream

end of the 3rd- or 4th-order rivers (Figs. 1.10c and 1.10d). For the same locations during the

monthly storm, there was an 11.8% and 4.5% difference in time to peak, respectively, when

restoration was extended to include 100% of the 2nd-order rivers. Restoring up to 60% of the

3rd-order rivers actually decreased time to peak compared to 100% 2nd-order restoration,

with the largest decreases seen during 40% 3rd-order restoration with a 2.5% and 1.9%

difference, respectively. It was not until restoration was extended to 80% of the 3rd-order

rivers that an increase in time to peak compared to 100% 2nd-order restoration occurred at

the downstream end of the 3rd- and 4th-order rivers for the monthly storm (16.0% and 6.9%

difference, respectively). However, extending restoration to 100% of the 3rd-order rivers

resulted in decreased time to peaks compared to 80% 3rd-order restoration for both 3rd- and

4th-order rivers (12.1% and 4.5% difference, respectively). Comparing across storm events,

the greatest increases in time to peak at the downstream end of the 3rd-order rivers occurred

during the 0.5-year storm with the exception of 20% 3rd-order restoration (40%, 60%, 80%,

100% 3rd-order restoration for Q0.5: 46.7%, 60.7%, 75.2%, 95.9% difference, respectively).

When comparing 3rd-order restoration effects at the downstream end of the 3rd-order rivers

for the 2- and 1-year storms, restoring the upstream portions (20-60%) was more impactful

for the 2-year storm (20%, 40%, 60% 3rd-order restoration: Q2 28.6%, 29.9%, 36.9%; Q1

17.5%, 24.8%, 32.2%, respectively). However, once restoration was extended to include 100%

of the 3rd-order rivers, a greater increase in time to peak occurred during the 1-year storm

(Q2 41.9%, Q1 49.7%). Restoring the 3rd-order rivers had a slight positive effect on time to

peak at the watershed outlet (4th-order river) for the 2-, 1-, and 0.5-year storms and minimal

impact for the monthly storm (Fig. 1.10d).
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.10: Effects of incremental restoration of the entire watershed on time to peak at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. Time to peak
data were extracted from the flowpath in Fig. 1.1. The color of the points corresponds to
the specified stream orders or the unrestored scenarios, and they indicate where restoration
ceases. For all restoration scenarios, restoration begins at the upstream ends of the 1st-order
rivers. Note that y-axes have different scales.
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Extending restoration into the 4th-order river caused notable increases in time to peak at

the downstream end of the 4th-order river for the 2-, 1-, and 0.5-year storms and a slight

decrease in time to peak for the monthly storm when compared to 100% 3rd-order restoration

(Fig. 1.10d). However, time to peak began to decrease as restoration was extended past

40% and 80% for the 2- and 1-year storms, respectively (Q2 40%, 60%, 80%, 100% 4th-

order restoration: 29.8%, 29.6%, 27.2%, 24.5% difference, respectively. Q1 80%, 100% 4th-

order restoration: 43.3%, 40.2% difference, respectively.). For the 0.5-year storm, time to

peak at the downstream end of the 4th-order river continually increased as percent river

length restored increased along the 4th-order river (20%, 40%, 60%, 80%, 100% 4th-order

restoration: 27.3% 54.2%, 70.3%, 81.7%, 95.0% difference, respectively).

When considering general trends for the downstream end of all four stream orders, time to

peak for all storm events plateaued once restoration was fully extended to the downstream

end of the specified stream order (e.g., time to peak did not change at the downstream end of

the 2nd-order rivers once 100% of the 2nd-order rivers were restored). Restoration anywhere

in the watershed typically led to an increase in time to peak for downstream locations, with

the exception of 20-80% 1st-order restoration, which most frequently resulted in a negative

effect on time to peak with some scenarios having only slightly positive or no effect.

1-km Reach Restoration Scenarios

The largest increases in time to peak occurred when the 1-km restored segment of reach was

at the upstream ends of the 2nd-, 3rd-, and 4th-order rivers (Figs. 1.11b, 1.11c, and 1.11d).

The largest decreases in time to peak took place when the 1-km restored segment of reach

was at the upstream end of the 1st- and 2nd-order rivers, although this was only true for

the the 2- and 0.5-year storms for 2nd-order restoration (Figs. 1.11a and 1.11b). When the

1-km restored segment of reach was placed at the upstream end of the 2nd-order river, there
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.11: Effects of moving a 1-km segment of restored reach along a single flowpath
within the 4th-order watershed (Fig. 1.1) on time to peak at the downstream end of the
(a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. Points indicate the center of the
1-km segment of restored reach along the flowpath, encompassing the most upstream to
downstream ends of the longest flowpath within the watershed. Point color corresponds to
the specified stream orders or the unrestored scenarios. Note: y-axes have different scales.
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was a substantial increase in time to peak at the downstream end of the 2nd-order river for

the 1-year and monthly storms (20.3% and 14.3% difference, respectively) and a substantial

decrease for the 2- and 0.5-year storms (-25.6% and -13.6% difference, respectively) (Fig.

1.11b). This was the greatest collective impact, both positive and negative, that a 1-km

restored segment of reach had on time to peak at any location within the watershed. Having

the 1-km reach at the upstream end of the 2nd-order river had little impact on time to peak

at the downstream end of any river other than the 2nd-order.

Restoring the most upstream 1-km stretch of the 3rd-order river increased time to peak at

the downstream end of the 3rd-order river for the 2-, 1-, and 0.5-year storms (5.0%, 5.2%,

and 4.1% difference, respectively) but had no effect during the monthly storm (Fig. 1.11c).

Placing the 1-km restored segment of reach at the upstream end of the 3rd-order river had

little to no effect at the downstream end of the other stream orders. When the 1-km restored

segment of reach was in the 4th-order river (upstream end, mid-point, and downstream end),

the impact on time to peak at the downstream end of the 4th-order river varied considerably

based on restoration location and storm event (Fig. 1.11d). The largest increase was during

the 0.5-year storm when the 1-km restoration was upstream (3.6% difference), while the

largest decrease was during the same storm with restoration at the mid-point of the 4th-

order river (-3.1% difference). The rest of the 4th-order 1-km restoration location and storm

event scenarios had minimal effect on time to peak at the downstream end of the 4th-order

river and little to no impact on any upstream stream orders.

1.3.2 Restoration Effects on Peak Flow

Peak flow data were taken at the downstream end of the 1st-, 2nd-, 3rd-, and 4th-order rivers

along the flowpath shown in Figure 1.1. The values shown are the percent difference in peak
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Table 1.9: Summary of key findings across all three restoration categories for peak flow
(Qp).

Stream order Full watershed 1-km reach
(1) Restoring 100% of the
1st-order rivers (Stage 0)
was highly effective at re-
ducing Qp for Qmonth (Fig.
1.12, particularly 1.12c and
1.12d). (2) Restoring
the 2nd-order rivers (Stage
0) caused a similar re-
duction in Qp in 3rd-
order rivers as restoring the
3rd-order rivers themselves
(bankfull floodplain recon-
nection) (Figs. 1.13c and
1.14c).

Restoring multiple stream
orders resulted in substan-
tially greater decreases in
Qp (Figs. 1.16b, 1.16c, and
1.16d) compared to restor-
ing only a single stream or-
der (Figs. 1.13, 1.14, and
1.15).

1-km (20%) of 2nd-order
restoration caused a greater
decrease in Qp for the 2nd-
order river than extending
restoration from 1 to 5 km
(20% to 100%) (Fig. 1.13b).

flow compared to unrestored conditions. Table 1.9 summarizes the key findings across the

three restoration categories for peak flow. The following sections provide greater detail on

these findings and other important results.

Stream Order Restoration Scenarios

Increasing percent river length restored of the 1st-order river decreased peak flow at the

downstream ends of the 1st-, 2nd-, and 3rd-order rivers for the 2-, 1-, and 0.5-year storm

events (Figs. 1.12a, 1.12b, and 1.12c). A decrease in peak flow was also seen for the monthly

storm at the downstream end of the 1st-order river (20% to 100% 1st-order restoration: -

1.1% to -60.2% difference, respectively), the 2nd-order river when 80% to 100% was restored

(-8.2% to -28.3% difference, respectively), and the 3rd-order river when 100% was restored (-

21.7% difference). Any degree of 1st-order restoration (20%, 40%, etc.) was most effective at

decreasing peak flow for the downstream end of the 1st-order river compared to downstream
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stream orders. For the 2-, 1-, 0.5-year, and monthly storms, 100% restoration of the 1st-order

river resulted in -57.8%, -57.5%, -58.1%, and -60.2% difference in peak flow, respectively, for

the downstream end of the 1st-order river.

The 1st-order restoration scenarios that caused the greatest increases in peak flow were

during the monthly storms at the downstream end of the 2nd-, 3rd-, and 4th-order rivers

(20% to 40% 1st-order restoration: 2nd-order downstream end 6.8% to 4.3% difference,

respectively. 20% to 80% 1st-order restoration: 3rd-order downstream end 13.5% to 9.0%

difference; 4th-order downstream end 7.3% to 2.3% difference, respectively.) (Figs. 1.12b,

1.12c, and 1.12d). This increase in peak flow was likely because 1st-order Stage 0 restoration

created a backwater phenomenon when restoration did not include 100% of the 1st-order

river. Additionally, 1st-order Stage 0 restoration allowed water to flow into the floodplains

rather than be confined to the channel, like in the unrestored scenario. This allowed a greater

volume of water to move downstream more quickly until it was obstructed by the taller banks

and a narrower floodplain of the unrestored 1st-order river segment. This explains why this

increase in peak flow at the downstream end of the 2nd-, 3rd-, and 4th-order rivers does

not occur when 100% of the 1st-order rivers are restored (Figs. 1.12b, 1.12c, and 1.12d).

Instead, there are substantial decreases in peak flow. The effects on peak flow from this

backwater phenomenon are negligible on a single 1st-order river. However, the effect on

peak flow is more substantial in downstream rivers because it is compounded (i.e., we are

seeing the downstream effect of 24 1st-order rivers experiencing this backwater phenomenon

rather than one 1st-order river). For the downstream end of 2nd-, 3rd-, and 4th-order rivers,

this resulted in slightly lower flows at the start of the storm event but a higher peak flow

compared to unrestored conditions. Aside from the monthly storm, restoring any length of

the 1st-order river had little to no effect on peak flow at the downstream end of the 4th-order

river.
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.12: Effects of percent/length of 1st-order river restoration on peak flow at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Peak flow data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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Increasing restoration from 0% to 20% (1 km) of the 2nd-order river resulted in a greater

change in peak flow at the downstream end of the 2nd-order river than extending restoration

from 20% to 100% of the 2nd-order river for all storm events (Fig. 1.13b). For the 2-, 1-,

0.5-year, and monthly storms, there was a -21.2%, -22.0%, -27.2%, and -21.9% difference

in peak flow, respectively, at the downstream end of the 2nd-order river when 20% of the

2nd-order river was restored. Meanwhile, restoring 100% of the 2nd-order river resulted in a

-29.4%, -33.3%, -36.0%, and -22.9% difference, respectively. Increasing 2nd-order restoration

also continually decreased peak flow at the downstream end of the 3rd-order river for all four

storms and the 4th-order river for the monthly storm (Figs. 1.13c and 1.13d). Restoring the

2nd-order river had minimal impact on peak flow at the downstream end of the 4th-order

river for the 2-, 1-, and 0.5-year storms.

The greatest impact caused by restoring the 3rd-order river took place at the downstream end

of the 3rd-order river where peak flow continually decreased with an increase in restoration for

the 0.5-year storm (20%, 60%, 100% 3rd-order restoration: -7.0%, -19.9%, -25.3% difference,

respectively), and peak flow decreased until reaching 80% restored for the 2- and 1-year

storms (Q2 -9.2%, Q1 -14.5% difference) (Fig. 1.14c). However, the most substantial change

in peak flow for this same location and the same storms took place when restoration was

extended from 20% to 40% of the 3rd-order river (Q2 -3.1% to -7.5%, Q1 -4.2% to -10.4%,

Q0.5 -7.0% to -18.8% difference, respectively). During the monthly storm, peak flow at

the downstream end of the 3rd-order river increased at 60% 3rd-order restoration (7.2%

difference) and did not noticeably decrease until 100% was restored (-8.9% difference). A

continuous, yet minimal decrease in peak flow occurred at the downstream end of the 4th-

order river for the 2- and 1-year storms (40%, 60%, 80%, 100% 3rd-order restoration: Q2

-2.5%, -3.5%, -4.3%, -4.7%; Q1 -1.3%, -2.7%, -4.3%, -5.9% difference, respectively) (Fig.

1.14d). For the same location, the 0.5-year storm only experienced decreases in peak flow
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.13: Effects of percent/length of 2nd-order river restoration on peak flow at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Peak flow data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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at 80% and 100% 3rd-order restoration (-2.7% and -7.6% difference, respectively), while the

monthly storm only had decreases in peak flow up to 40% 3rd-order restoration (20%, 40%

3rd-order restoration: -1.2%, -2.8% difference, respectively).

Restoring 100% of the 4th-order river had the most substantial impact at the downstream

end of the 4th-order river during the 0.5-year storm (-17.0% difference) (Fig. 1.15d). How-

ever, 20% 4th-order restoration initially increased peak flow for the 0.5-year storm at the

same location (2.6% difference) before steeply dropping. Restoration of the 4th-order river

effectively decreased peak flow at the downstream end of the 4th-order river for the 2- and

1-year storms until reaching 60% and 80% restored, respectively (Q2 -3.3%, Q1 -7.7% differ-

ence, respectively). Extending restoration to 100% had no additional effects on peak flow

(Q2 -1.6%, Q1 -6.0% difference). For the monthly storm, any length of 4th-order restoration

had very little to no effect on peak flow at any location throughout the watershed (Fig.

1.15).

Restoring a river of any given stream order had practically no effect on peak flow of upstream

rivers with only a few minor exceptions where peak flow slightly increased (Figs. 1.13a, 1.14a,

1.14b, 1.15b, and 1.15c). Generally speaking, these increases in upstream peak flow with

downstream restoration were most common during the 0.5-year storm.

Full Watershed Restoration Scenarios

The 1st-order restoration scenarios for the full watershed restoration category are the same

as restoring by stream order basis, therefore, results from 1st-order restoration can be found

in Section 1.3.2. Extending restoration into the 2nd-, 3rd-. and 4th-order rivers resulted in

greater decreases in peak flow for the downstream end of these rivers compared to restoring

just the individual stream orders (Figs. 1.16b, 1.16c, and 1.16d vs. 1.13, 1.14, and 1.15).
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.14: Effects of percent/length of 3rd-order river restoration on peak flow at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Peak flow data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.



54
CHAPTER 1. CUMULATIVE IMPACTS OF STREAM RESTORATION ON WATERSHED-SCALE FLOOD

ATTENUATION AND FLOODPLAIN INUNDATION DYNAMICS VIA HYDRAULIC MODELING

(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.15: Effects of percent/length of 4th-order river restoration on peak flow at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Peak flow data were
extracted from the flowpath described in Fig. 1.1. Note that y-axes have different scales.
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Restoring through the 2nd-order rivers substantially decreased peak flow at the downstream

ends of the 2nd- (100% 2nd-order restoration: Q2 -42.3%, Q1 -44.9%, Q0.5 -50.2%, Qmonth

-49.3% difference) (Fig. 1.16b) and 3rd-order (100% 2nd-order restoration: Q2 -14.4%,

Q1 -13.8%, Q0.5 -21.1%, Qmonth -33.6% difference) (Fig. 1.16c) rivers for all four storm

events. However, extending restoration into the 2nd-order rivers had very little impact at

the downstream end of the 4th-order river except during the monthly storm (100% 2nd-order

restoration: -14.5% difference) (Fig. 1.16d).

Extending restoration into the 3rd-order rivers caused sizable decreases in peak flow at the

downstream end of the 3rd-order river until reaching 60% 3rd-order restoration for the 2-, 1-,

and 0.5-year storms (-26.2%, -28.9%, -39.3% difference, respectively) (Fig. 1.16c). The rate

of decrease in peak flow caused by extending restoration from 60% to 100% of the 3rd-order

rivers was noticeably less for the same storms (100% 3rd-order restoration: -27.2%, -30.8%,

-42.3% difference, respectively). For the monthly storm, restoring past the 2nd-order rivers

had little to no effect on peak flow at the downstream ends of the 3rd- and 4th-order rivers.

Excluding the monthly storm, the downstream end of the 4th-order river experienced the

greatest overall decreases in peak flow when restoration was extended through the 3rd-order

rivers (100% 3rd-order restoration: Q2 -8.7%, Q1 -9.3%, Q0.5 -11.7% difference) (Fig. 1.16d).

Restoring the entire watershed into the 4th-order river substantially decreased peak flow

at the downstream end of the 4th-order river for all but the monthly storm. The largest

decreases occurred during the 0.5-year storm, most notably as the first 20% of the river was

restored (-23.0% difference) and then as restoration continued to 100% of the 4th-order river

(-32.5% difference) (Fig. 1.16d). For the 2- and 1-year storms, initially extending restoration

into 20% of the 4th-order river resulted in the largest incremental decreases in peak flow at

the downstream end of the 4th-order river (-13.7%, -16.2% difference, respectively). However,

continuing restoration of the 4th-order river past 20% had little to no effect on peak flow at
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.16: Effects of incremental restoration of the entire watershed on peak flow at the
downstream end of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The percent
differences shown are a comparison against the unrestored scenarios. Peak flow data were
extracted from the flowpath in Fig. 1.1. The color of the points corresponds to the specified
stream orders or the unrestored scenarios, and they indicate where restoration ceases. For all
restoration scenarios, restoration begins at the upstream ends of the 1st-order rivers. Note
that y-axes have different scales.
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the downstream end of the 4th-order river for the same storms (100% 4th-order restoration:

Q2 -13.5%, Q1 -18.6% difference). Compared to only restoring up to 100% of the 3rd-order

rivers, restoration of the 4th-order river up to 80% actually increased peak flow at the

downstream end of the 4th-order river for the monthly storms (100% 3rd-order restoration:

-14.5% difference. 80% and 100% 4th-order restoration: -11.8% and -14.5% difference).

Meanwhile, 100% 4th-order restoration resulted in similar peak flows to 100% 2nd- and 3rd-

order restoration for the monthly storm. Similar to the stream order restoration category,

extending full watershed restoration into downstream rivers had practically no effect on peak

flow at upstream locations.

1-km Reach Restoration Scenarios

As a 1-km restored segment of reach was moved along a flowpath from the most upstream

to downstream portion of the watershed (Fig. 1.1), decreases in peak flow were greatest

when it was placed at the upstream end of the 1st- and 2nd-order rivers (Figs. 1.17a, 1.17b,

and 1.17c). Placing the 1-km restored segment of reach at the upstream end of the 1st-

order river substantially altered peak flow at the downstream end of the 1st-order river by

-31.7%, -27.8%, -26.7%, and -23.0% for the 2-, 1-, 0.5-year, and monthly storms, respectively

(Fig. 1.17a). The effects of the 1st-order 1-km restored segment of reach on peak flow

were minimal for the downstream end of the 2nd-, 3rd-, and 4th-order rivers, with the most

affected location being the 2nd-order river (Q2 -4.7%, Q1 -2.6%, Q0.5 -2.2%, Qmonth -3.5%

difference).

For the monthly storms, placing the 1-km restored segment of reach anywhere along the

flowpath slightly increased peak flow at the downstream end of the 3rd- (1-km restored

segment of reach location: 1st-order 1.9%, 2nd-order 2.4%, 3rd-order 2.3% difference) (Fig.

1.17c) and 4th-order rivers (1-km restored segment of reach location: 1st-order 1.1%, 2nd-
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(a) 1st-order downstream end (b) 2nd-order downstream end

(c) 3rd-order downstream end (d) 4th-order downstream end

Figure 1.17: Effects of moving a 1-km segment of restored reach along a single flowpath
within the 4th-order watershed (Fig. 1.1) on peak flow at the downstream end of the (a)
1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers. The points indicate the center of the 1-
km restored segment of reach along the flowpath, which encompasses the most upstream to
most downstream ends of the longest flowpath within the watershed. The color of the points
corresponds to the specified stream orders or the unrestored scenarios. Note that y-axes
have different scales.
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order 1.2%, 3rd-order 1.4%, 4th-order upstream 1.6%, 4th-order mid-point 1.4%, 4th-order

downstream 1.3% difference) (Fig. 1.17d). When the 1-km restored segment of reach was at

the upstream end of the 2nd-order river, substantial decreases in peak flow took place for all

storms at the downstream end of the 2nd-order river (Q2 -18.7%, Q1 -21.5%, Q0.5 -24.8%,

Qmonth -13.7% difference) (Fig. 1.17b). Additionally, peak flow decreased marginally for the

2-, 1-, and 0.5-year storms at the downstream end of the 3rd-order river (-1.3%, -1.5%, -2.8%

difference, respectively). However, 1-km restoration at the upstream end of the 2nd-order

river had little to no impact on peak flow at the downstream end of the 4th-order river (Q2

0%, Q1 0%, Q0.5 0.4%, Qmonth 1.2% difference).

Placing the 1-km reach at the upstream end of the 3rd-order river had very little effect on

peak flow, with only slight increases seen at the downstream end of the 3rd- (Q2 -0.1%, Q1

0.3%, Q0.5 1.9%, Qmonth 2.3% difference) (Fig. 1.17c) and 4th-order (Q2 -0.1%, Q1 0.1%,

Q0.5 0.9%, Qmonth ) (Fig. 1.17d) rivers for the 1-, 0.5-year, and monthly storms. Moving

the 1-km restored segment of reach into the 4th-order river (upstream end, mid-point, and

downstream end) had similar to even less of an effect on peak flow compared to placing

it in the 3rd-order. Not once did restoring 1-km of the 4th-order river reduce peak flow

at any location throughout the watershed. However, placing the restored segment of reach

at the upstream end of the 4th-order river resulted in marginal increases in peak flow at

the downstream end of the 4th-order river during the 0.5-year and monthly storms (2.2%

and 1.6% difference, respectively). Otherwise, the 1-km restored segment of reach in the

4th-order river had very little to no effect on peak flow anywhere in the watershed. Similar

to the other restoration categories, restoring a downstream portion of river had little to no

effect on peak flow at upstream locations.
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1.3.3 Restoration Effects on Percent Volume Exchanged with Flood-

plains

Table 1.10 summarizes the key findings across the three restoration categories for cumulative

volume exchanged with the floodplains, represented as a percentage of total volume within

the model domain throughout the entire duration of the storm event. The following sections

provide greater detail on these findings and other important results.

Stream Order Restoration Scenarios

From our stream order restoration scenarios, we found that restoring higher order streams

resulted in a higher percentage of volume exchanging with the floodplains except for monthly

storm events. During monthly storms, there were no distinguishable differences in the percent

of volume exchanged with the floodplains between unrestored scenarios and all restoration

scenarios for all four stream orders (Fig. 1.18) due to minimal overbank flow. Excluding the

monthly storm scenarios, the percentage of volume exchanged with the floodplain increased

with percent river length restored in the 3rd- and 4th-order streams (Figs. 1.18c and 1.18d).

The greatest increase in volume exchanged with the floodplains was when the 4th-order river

was restored, and percent exchange relative to water in the river network increased almost

linearly as percent river length restored increased from 0% to 100% of the river for all but the

monthly storm (Qmonth). For the 2- (Q2), 1- (Q1), and 0.5-year (Q0.5) storms, the percentage

of volume exchanged increased between the unrestored and 100% restored 4th-order river

scenarios from 9.5% to 48.6%, 4.5% to 44.6%, and 0% to 34.7%, respectively (Fig. 1.18d).

When restoring 100% of the 3rd-order river, the percentage of volume exchanged increased

from 9.5% to 15.4%, 4.5% to 9.8%, and 0% to 4.6%, respectively, for the same storms (Fig.

1.18c). Incrementally increasing percent river length restored from 0% to 100% of the 1st-
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Table 1.10: Summary of key findings across all three restoration categories for cumulative
volume exchanged with the floodplains (Ve).

Stream order Full watershed 1-km reach
Bankfull floodplain recon-
nection restoration in larger
stream orders (3rd- and 4th-
orders) resulted in greater
Ve (Figs. 1.18c and 1.18d).

(1) Restoring multiple
stream orders resulted
in little to no additional
increases in Ve compared to
restoring individual stream
orders (Fig. 1.19 vs. 1.18).
(2) For all restoration
scenarios, Ve was negligible
during Qmonth (Fig. 1.19).

4th-order 1-km restoration
was most effective at in-
creasing Ve (Fig. 1.20).

order rivers had a negligible effect on volume exchanged with the floodplains for the 2- (9.5%

to 9.8%, respectively) and 1-year (4.5% to 4.7%, respectively) storms and no effect for the

0.5-year and monthly storms (Fig. 1.18a). For the 2-, 1-, and 0.5-year storms, restoring the

2nd-order rivers from 0% to 100% resulted in gradual increases from 9.5% to 11.2%, 4.5%

to 5.7%, and 0% to 0.8%, respectively (Fig. 1.18b).

Full Watershed Restoration Scenarios

When simulating the full watershed restoration scenarios, percent river length restored in-

creased from the upstream end of the watershed to the downstream end by increments of

20% of the stream order being restored. Similar to the stream order restoration scenarios,

restoration did not affect the percentage of volume exchanged with the floodplains during

the monthly storm (Fig. 1.19). Under the unrestored scenarios, the percentage of volume

exchanged with the floodplains for the 2-, 1-, and 0.5-year storms was 9.5%, 5.6%, and 0%,

respectively. Notable increases occurred for these storm events when 60-100% of the 3rd-

order rivers were restored (60%, 80%, 100% restored: Q2 12.4%, 14.0%, 15.7%; Q1 7.0%,

8.4%, 10.1%; Q0.5 2.2%, 3.5%, 5.1%, respectively). More substantial increases in the percent
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(a) 1st-order restoration (b) 2nd-order restoration

(c) 3rd-order restoration (d) 4th-order restoration

Figure 1.18: Cumulative volume exchanged with the floodplains represented as a percentage
for stream order restoration scenarios of the (a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order
rivers. The percentage of cumulative exchange volume was calculated by taking the ratio
cure of the total volume in the floodplain at each time step over the total volume in the
entire HEC-RAS domain at each time step.
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of volume exchanged took place as restoration was extended to and then increased steeply

along the 4th-order river (20%, 100% restored: Q2 19.8%, 51.1%; Q1 13.9%, 47.3%; Q0.5

8.0%, 37.4%, respectively). Restoration of the 1st- through 2nd-order rivers had minimal

to no effect on the percentage of volume exchange (unrestored, 100% 1st-order restored,

100% 2nd-order restored: Q2 9.5%, 9.8%, 10.8%; Q1 4.5%, 4.7%, 5.6%; Q0.5 0%, 0%, 0.7%,

respectively).

1-km Reach Restoration Scenarios

For the 1-km restoration scenarios, the location of a 1-km restored segment of reach varied

throughout the watershed along a single flowpath from the most upstream end of a 1st-order

river to the most downstream end of the 4th-order river (i.e., watershed outlet) (Fig. 1.1).

The 1-km restoration scenarios were simulated at the upstream end of the 1st-, 2nd-, 3rd-,

and 4th-order rivers, as well as the mid-point and downstream end of the 4th-order river.

Excluding the monthly storm event, moving the restoration location farther downstream into

larger stream orders resulted in slight increases in the percent of total volume exchanged with

the floodplains. However, the change was only marginal when the 1-km restored segment

of reach was in the 1st-, 2nd-, and 3rd-order rivers (Fig. 1.20). During the unrestored

scenario for the 2-, 1-, and 0.5-year storms, 9.8%, 4.7%, and 0% of the cumulative volume

was exchanged with the floodplains, respectively. Increases from unrestored conditions were

most notable when the 1-km restored segment of reach was moved down the 4th-order

river (upstream, mid-point, downstream: Q2 10.9%, 11.9%, 12.6%; Q1 5.6%, 7.0%, 7.9%;

Q0.5 0.5%, 1.8%, 3.0%, respectively). The location that was most effective at increasing

cumulative volume exchanged with the floodplains was the downstream end of the 4th-order

river, which resulted in a 31.6% and 68.1% increase, respectively, relative to unrestored

conditions for the 2- and 1-year storms. Monthly storm scenarios had no exchange with
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Figure 1.19: Cumulative volume exchanged with the floodplains represented as a percentage
for full watershed restoration scenarios. The color of the points corresponds to the specified
stream orders or the unrestored scenarios, and they indicate where restoration ceases. For
all restoration scenarios, restoration begins at the upstream ends of the 1st-order rivers.
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Figure 1.20: Cumulative volume exchanged with the floodplains represented as a percentage
for 1-km reach restoration scenarios. Restoration occurred along a single flowpath (Fig. 1.1),
and volume calculations used only the rivers in that flowpath rather than the entire watershed
to more clearly highlight the differences among restoration locations. The points indicate
the center of the 1-km restored segment of reach along the flowpath, which encompasses the
most upstream to most downstream ends of the longest flowpath within the watershed.
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Table 1.11: Summary of key findings across all three restoration categories for floodplain
residence time (RT ).

Stream order Full watershed 1-km reach
(1) RT increased dur-
ing Qmonth when Stage 0
restoration occurred in the
1st- and 2nd-order rivers,
which was caused by a back-
water effect from a sudden
increase in bank height and
decrease in floodplain width
when going from restored
to unrestored conditions
(Figs. 1.21a and 1.21b).
(2) Q0.5 had the greatest
RT ; however, unrestored
conditions had the highest
RT , overall (Fig. 1.21). (3)
Restoration did not affect
RT during Q2 or Q1.

Similar trends were seen
as those for stream order
restoration (Fig. 1.22a).

During Q0.5, 1 km of re-
stored segment of reach at
the most upstream end or
mid-point of the 4th-order
river (Fig. 1.22b) resulted
in greater RT than restor-
ing >1 km of the 4th-order
river (Fig. 1.21d).

the floodplains regardless of where the 1-km restored segment of reach was placed along the

flowpath.

1.3.4 Restoration Effects on Residence Time

Table 1.11 summarizes the key findings across the three restoration categories for floodplain

residence time. The following sections provide greater detail on these findings and other

important results.
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Stream Order Restoration Scenarios

General trends for the stream order restoration scenarios showed that residence time was

consistently greater during the 0.5-year storm compared to all other storm events regardless

of restoration status, location, and length with the exception of 2nd-order restoration. When

2nd-order rivers were restored, residence times for monthly storms were comparable to 0.5-

year storms at 20% and 60% restored (Qmonth 7.0 min, 5.4 min; Q0.5 7.3 min, 4.7 min,

respectively) and greater for 80% and 100% restored (Qmonth 6.0 min, 6.9 min; Q0.5 4.3

min, 3.9 min, respectively) (Fig. 1.21b). For the 0.5-year storm, residence times for the

unrestored scenarios were greater than those for any degree of restoration for all four stream

orders. Residence times during the 0.5-year storm remained the greatest when 1st-order

rivers were restored (Fig. 1.21a), and the rate of change decreased as percent river length

restored increased for the 2nd-, 3rd-, and 4th-order restorations (Figs. 1.21b, 1.21c, and

1.21d).

Stage 0 restoration in the 1st- and 2nd-order rivers increased residence times for the monthly

storm for all scenarios except 20%, 40%, and 100% 1st-order restoration (Fig. 1.21a). How-

ever, when 60% and 80% of the 1st-order rivers underwent Stage 0 restoration, residence

time for the monthly storm increased from being non-existent for the unrestored scenario

(i.e., 0 minutes) to 8.0 and 5.0 minutes, respectively. During these monthly storm scenarios,

restoration of the 2nd-order river increased residence time for all four 2nd-order restoration

scenarios (20%, 60%, 80%, and 100%) to 7.0, 5.4, 6.0, and 6.9 minutes, respectively (Fig.

1.21b). All restoration scenarios for 1st- through 4th-order rivers had little to no effect on

residence time for the 2- and 1-year storms (Fig. 1.21). Additionally, 3rd- and 4th-order

restoration had no impact on residence time for the monthly storm (Figs. 1.21c and 1.21d).

Residence times were only marginally greater for the 1-year versus the 2-year storm, and

this trend was consistent across all unrestored and restored scenarios.
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(a) 1st-order restoration (b) 2nd-order restoration

(c) 3rd-order restoration (d) 4th-order restoration

Figure 1.21: Effects of percent/length of stream order restored on residence time from the
downstream end of the model domain (i.e., watershed outlet). Restoration scenarios of the
(a) 1st-, (b) 2nd-, (c) 3rd-, and (d) 4th-order rivers as well as the unrestored scenario (0%)
are shown. Average (spatially across the watershed) peak water surface elevation (WSE)
residence time was estimated per method in Section 1.2.4.
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Full Watershed Restoration Scenarios

When comparing across storm events, residence time was greatest during the 0.5-year storm

scenarios, particularly when restoration occurred in the 1st- and 2nd-order rivers. However,

the unrestored 0.5-year storm scenario had the greatest residence time across all model

scenarios (12.4 min). Generally speaking, residence time for the 0.5-year storm decreased

as percent river length restored increased down the watershed. Once 40% of the 3rd-order

rivers were restored, residence time decreased substantially for the 0.5-year scenarios (20%

and 40% 3rd-order restoration: 4.4 and 1.9 min, respectively), and it continued to slowly

decrease as restoration extended into the rest of the 3rd- and 4th-order rivers (Fig. 1.22a).

Similar to the stream order restoration scenarios (Fig. 1.21), residence time was 0 minutes

for every monthly storm scenario except for the scenarios where 60% and 80% of the 1st-

order rivers were restored (8.0 and 5.0 min, respectively) (Fig. 1.22a). When restoring the

watershed through the 2nd-order rivers, residence time trends for the 2-, 1-, and 0.5-year

storms were similar to those seen when restoring just the 2nd-order rivers (Fig. 1.21b).

Percent river length restored had little effect on residence time for 2- and 1-year storms.

Restoring the watershed through the 3rd- or 4th-order rivers had minimal impact on residence

time for any of the storm events. As restoration increased in the 4th-order river, residence

time actually decreased for the 2-, 1-, and 0.5-year storms (100% 3rd-order to 100% 4th-order

restoration: Q2 1.6 to 0.8 min; Q1 2.1 to 1.0 min; Q0.5 1.9 to 1.3 min, respectively).

1-km Reach Restoration Scenarios

The residence time trends for the 1-km restoration scenarios were similar to those shown in

both the stream order and full watershed restoration scenarios (Figs. 1.21 and 1.22a). The

0.5-year storm had the highest residence time for every restored and unrestored scenario.
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(a) Full watershed restoration scenarios

(b) 1-km reach restoration scenarios

Figure 1.22: The effects of (a) incremental restoration of the entire watershed and (b) moving
a 1-km section of restored segment of reach along a single flowpath within the 4th-order
watershed (Fig. 1.1) on floodplain residence time (represented as average peak water surface
elevation residence time). Residence time is calculated as the average duration of time
floodplains are inundated for each cross section (Section 1.2.4). Note that the x-axes are
not perfectly aligned because the (b) 1-km reach restoration is along a single flowpath, while
the (a) full watershed restoration includes all rivers within the watershed. Nevertheless,
comparisons can still be made based on stream order location within the full watershed.
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Meanwhile, the monthly storms had no residence time for every scenario except for when the

1-km restored segment of reach was at the upstream end of the 2nd-order river (5.3 min).

Restoration location had almost no effect on residence time for 2- and 1-year storm scenarios

(range for all scenarios: Q2 1.9-2.1 min; Q1 2.3-2.4 min) (Fig. 1.22b).

The overall greatest residence time was during the 0.5-year storm, specifically when the

upstream end of the 1st-order river was restored (12.6 min), although this was only marginally

greater than unrestored conditions (12.4 min). For the 0.5-year storm scenarios, residence

time dropped by nearly half when the 1-km restored segment of reach was moved to the

upstream end of the 2nd-order river (6.9 min). Residence time remained similar as the 1-km

restored segment of reach was moved to the upstream end of the 3rd- (7.7 min) and 4th-order

(6.7 min) rivers as well as the mid-point of the 4th-order river (7.7 min). When the 1-km

restored segment of reach was at the downstream end of the 4th-order river, residence time

decreased to 2.9 minutes.

1.4 Discussion

1.4.1 Impacts of Stream Restoration on Flood Attenuation and

Floodplain Inundation

Our results indicate that floodplain restoration (i.e., Stage 0 and bankfull floodplain re-

connection) can be an effective tool for managing flooding in a 4th-order watershed during

small recurrence interval storms (i.e., 2-, 1-, 0.5-year, monthly). More specifically, we have

shown that floodplain restoration can be beneficial for enhancing flood attenuation (i.e.,

reducing peak flow and increasing time to peak) and floodplain inundation (i.e., increasing

volume exchanged with the floodplains and floodplain residence time). The greatest impacts
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of restoration were typically localized, meaning that the stream order being restored expe-

rienced the greatest restoration benefits. Overall, restoration was most effective at altering

watershed-scale flood attenuation and floodplain inundation during the sub-annual storms,

which is similar to previous studies (Mayer et al., 2022; Sholtes and Doyle, 2011). This was

especially true for the 0.5-year storm (Figs. 1.6b, 1.7b, 1.7c, 1.7d, 1.8c, 1.8d, 1.9d, 1.10b,

1.10c, 1.10d, 1.13b, 1.14c, 1.15d, 1.16c, and 1.16d). Restoration had mixed effects during

monthly storms but was highly effective at enhancing flood attenuation at the downstream

ends of the 3rd- and 4th-order rivers when restoring 100% of the 1st-order (Figs. 1.6a, 1.6c,

1.6d, 1.12c, and 1.12d) or any percentage of the 2nd-order rivers (Figs. 1.13c and 1.13d).

Stage 0 restoration of the 1st- and 2nd-order rivers was also effective for floodplain inunda-

tion during the monthly storms due to increasing floodplain residence times in these smaller

stream orders (Figs. 1.21a and 1.21b).

The largest decreases in peak flow took place at the downstream end of the 1st-order rivers

when 100% 1st-order Stage 0 restoration occurred (Fig. 1.12a). Restoring by stream-order

basis compared to full watershed restoration (i.e., incrementally increasing restoration down-

stream throughout the entire watershed) had similar effects on peak flow, with decreases

occurring for the majority of scenarios and especially at the downstream end of the stream

order being restored. However, peak flow reduction was magnified when restoration contin-

ued down the length of the watershed (i.e., full watershed restoration) as opposed to only

restoring a single stream order at a time (e.g., Figs. 1.16b vs. 1.13b, Figs. 1.16c vs. 1.14c).

Meanwhile, the 1-km restoration scenarios showed that a 1-km restoration project can be

effective for reducing peak flow and increasing time to peak for the smaller stream orders

(i.e., 1st- and 2nd-orders). However, placing the 1-km restored segment of reach in the larger

stream orders (i.e., 3rd- and 4th-orders) proved to be ineffective at decreasing peak flow (Fig.

1.17) and only marginally effective for increasing time to peak (Fig. 1.11), because 1 km is
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a much smaller portion of the entire river compared to the smaller stream orders. Changes

in peak flow and time to peak became more substantial as percent river length restored

increased beyond one kilometer, as seen in the full watershed and stream order restoration

scenarios.

When comparing the collective impact of restoring different stream orders on flood attenua-

tion, our stream order and full watershed restoration scenarios show that 2nd-order Stage 0

restoration had the greatest collective impact on enhancing flood attenuation (i.e., decreas-

ing peak flow and increasing time to peak) at downstream locations (i.e., end of 2nd-, 3rd,

and 4th-order rivers). Restoration of only the 2nd-order rivers decreased peak flow by up to

25.4% and 10.2% at the downstream end of the 3rd- and 4th-order rivers, respectively (Figs.

1.13c and 1.13d). Similar trends were seen when for the full watershed restoration scenarios

when restoration was extended to include the 2nd-order rivers. Our stream order restora-

tion scenarios show that restoring 2nd-order rivers to Stage 0 typically provided greater

peak flow reductions for the 3rd-order rivers than restoring the 3rd-order rivers themselves

(Figs. 1.13c and 1.14c). This was particularly true for the monthly storms for both the 3rd-

and 4th-order rivers for peak flow and time to peak. This can be attributed to the lower

bank heights seen in our Stage 0 restoration technique compared to bankfull floodplain re-

connection in the larger orders, resulting in more water slowing down when accessing the

floodplains, subsequently causing greater flood attenuation. Our findings underscore the ad-

vantages of targeting restoration efforts towards smaller order streams. As an operationally

focused study, our investigation also helps fill a research gap by creating a foundation for

the development of specific guidance on management and restoration for small stream orders

(Biggs et al., 2017).

Increasing time to peak is another important indicator of enhanced flood attenuation, be-

cause it demonstrates a reduced rate of peak attenuation and the slowing down of flood
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wave propagation (Asselman et al., 2022). However, our results show that increases in time

to peak did not always correspond with decreases in peak flow, which was the case for 1st-

order restoration (Figs. 1.6 and 1.12). Similar to our peak flow results, restoring only the

2nd-order rivers caused increases in time to peak at the downstream end of the 2nd-, 3rd-,

and 4th-order rivers of up to 130.1%, 21.1%, and 8.2%, respectively (Fig. 1.7). This pro-

vides strong support for the claim that downstream river reaches benefit from increases in

upstream peak attenuation (Asselman et al., 2022). Our results specifically highlight the

downstream flood attenuation benefits caused by upstream Stage 0 restoration.

Across all three restoration categories, restoring the 4th-order river any farther than ap-

proximately halfway downstream provided no additional flood attenuation benefits with the

exception of the 0.5-year storm. This was likely due to differences among the total volume

of water cycling through the watershed during each storm event. For the monthly storms,

stage was never high enough to induce overbank flow. For the 1- and 2-year storms, over-

bank flow was induced, but there was a threshold of approximately 50% 4th-order restoration

where peak flow and time to peak no longer changed. Once this restoration threshold was

exceeded, the flow rate across the entire storm hydrograph was greater on the lagging end

(i.e., post-time to peak and post-peak flow) and less on the leading end (i.e., pre-time to

peak and pre-peak flow), and this was magnified as 4th-order restoration increased to 100%.

This means that, for storms exceeding 0.5-year, even though peak flow and time to peak

were similar whenever 4th-order restoration exceeded approximately 50% of the river, in-

creasing restoration caused a temporal delay for the total volume of storm water reaching

the watershed outlet.

Floodplain inundation plays a crucial role in maintaining the health of river ecosystems,

recharging groundwater sources, and removing nutrients, sediment, and other pollutants

(Postel et al., 1997; Powers et al., 2019; Talbot et al., 2018). However, when managing
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rivers or watersheds dominated by human land use, it is important to balance the benefits

of floodplain inundation with the risks to communities and property. We assessed the effects

of restoration on floodplain inundation using the percent of volume exchanged with the

floodplains and average residence time of water in the floodplains at peak WSE (hereafter,

residence time). Monthly storms produced minimal overbank flow throughout the watershed

even under restored conditions. However, Stage 0 restoration reaching 60-80% of the 1st-

order rivers and any extent in the 2nd-order rivers substantially increased floodplain residence

times during the monthly storm. This effect was attributed to a backwater phenomenon

occurring during the transition from restored to unrestored conditions, where the abrupt

change in floodplain width and bank height constrained the flow of water. This impediment

caused pooling in the floodplains, substantially increasing floodplain residence times. The

same phenomenon was observed in 1-km restoration scenarios when implemented at the

upstream and mid-point of the 4th-order river. This observation aligns with the common

occurrence of rapid channel and floodplain dimensional constraints seen in practice (e.g.,

bridges, buildings, roads, canals, ditches, levees).

As to be expected, the more intense a storm event was, the greater the exchange volume,

which was a product of greater overbank flow. Our results from the 2-, 1-, and 0.5-year

storms for all three restoration categories show that floodplain inundation as a measure of

exchange volume was most prominent when the 4th-order river was restored. Restoring

100% of the 4th-order river caused 48.6%, 44.3%, and 34.7% of the cumulative volume to

be exchanged with the floodplains, respectively, while restoring the entire watershed caused

51.1%, 47.3%, and 37.5% exchange, respectively.

The 1-km restoration scenarios showed similar trends with the highest percentage of exchange

volume occurring when the 1-km restored segment of reach was at the downstream end of

the 4th-order river, resulting in 12.6%, 7.9%, and 3.0% exchange for the 2-, 1-, and 0.5-year
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storms, respectively. However, these values were only marginally larger than unrestored

conditions (9.8%, 4.7%, and 0%, respectively), indicating that one kilometer of restoration is

not large enough to have a substantive effect on cumulative exchange volume within a 4th-

order watershed. The greater cumulative exchange volumes caused by 4th-order restoration

are likely because the 4th-order river takes substantially longer to return to baseflow com-

pared to smaller stream orders, resulting in greater cumulative volume in both the channel

and floodplains within the 48-hour model time period. Additionally, the 4th-order rivers

have the greatest difference between restored and unrestored bank heights (45.7 cm vs. 137

cm, respectively), which would enable more overbank flow and, subsequently, volume in the

floodplains.

Exchange volume gives a sense of how much water enters the floodplains, while floodplain

residence time allows us to understand the temporal dimensions of floodplain inundation,

specifically duration of inundation. Higher floodplain residence times are important because

they indicate that water is able to spend a greater amount of time interacting with flood-

plain soils, which could induce higher rates of denitrification (Scott et al., 2019). Stage 0

restoration scenarios (i.e., 1st- and 2nd-order) during the monthly storm were the only sce-

narios that had a positive impact on residence time across all three restoration categories.

Specifically, restoration was only effective at increasing residence times to levels greater than

unrestored conditions when only the 2nd- (20-100%) or 1st-order (60-80%) rivers were re-

stored (Figs. 1.21b, 1.21a, and 1.22). The longest residence time was 12.4 minutes for the

unrestored scenario during the 0.5-year storm. However, when considering only the restored

scenarios that had greater residence times than their unrestored counterparts, the longest

residence time was 8.0 minutes when 60% of the 1st-order rivers were restored. Although not

the longest residence time overall, this increase was quite substantial compared to unrestored

conditions during the monthly storm scenarios, which resulted in no residence time due to
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no overbank flow anywhere in the watershed throughout the 48-hour simulation time.

Even though 2nd-order restoration did not produce the longest residence times, it was the

only stream order where restoration of any length caused greater residence times than un-

restored conditions. One of the most important takeaways regarding floodplain inundation

was that 20% (1-km) 2nd-order restoration was more effective at increasing residence time

than restoring up to 100% of the 2nd-order rivers (Figs. 1.21b and 1.22b). This shows

that even one kilometer of 2nd-order Stage 0 restoration within a 4th-order watershed is an

effective means not only for getting water onto the floodplain but also for slowing it down,

allowing for more reaction time with floodplain soils, potentially increasing water quality.

1.4.2 Practical Restoration Implications and Tradeoffs Among Ben-

efits

We demonstrated that floodplain restoration, especially Stage 0 techniques, can be highly

effective for improving flood attenuation and floodplain inundation. These improvements

can mitigate the hydrologic impacts of urbanization that exacerbate downstream flooding,

including heightened peak flow rates, reduced time to peaks, increased volume exchanged

with the floodplains, and increased floodplain residence time (Leopold, 1968; USDA, 1986).

Previous research looks at the impacts of floodplain restoration on a single reach (Federman

et al., 2023), but our work takes this a step further by examining the benefits for a wide

range of floodplain restoration scenarios on a 4th-order watershed scale. Stage 0 restoration

of 2nd-order rivers had the widest reaching downstream impacts throughout the watershed

on both flood attenuation and floodplain inundation. Many of these benefits, including

increases in residence time, increases in time to peak, and decreases in peak flow, can be

seen even when only one kilometer of a 2nd-order river is restored (Figs. 1.22b, 1.11, and
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1.17).

Our results highlight the differential benefits and tradeoffs of Stage 0 restoration in smaller

order rivers versus bankfull floodplain restoration in larger order rivers within a watershed

context. For example, bankfull floodplain restoration of larger stream orders can induce a

greater volume of overbank flow. However, velocities are so high that water spends little time

in the floodplains, resulting in reduced residence times. Restoring these larger stream orders

can provide downstream flood mitigation benefits by decreasing peak flow and increasing

time to peak, but it is less effective at fostering water quality benefits when compared to

restoring the upstream portions of the watershed (Hogan et al., 2023). When considering

floodplain inundation across the entire 4th-order watershed, Stage 0 restoration of smaller

order streams proved more effective, indicating a greater potential for enhancing nutrient

removal (Callender and Hammond, 1982; Thouvenot et al., 2007) and settling of particulate

and particulate-bonding pollutants (Ferguson and Church, 2004; Maggi, 2013; Rubey, 1933)

particularly during sub-annual storm events (i.e., monthly and 0.5-year) due to decreased

floodplain velocities and, subsequently, increased residence times (Cunha et al., 2018; Hester

et al., 2020; Kaushal et al., 2008).

When designing stream restoration projects, it is important to consider the watershed con-

text in relation to restoration goals and budgetary or logistical constraints. Our study shows

that restoration location and length have a substantial, but often differential impact on flood

attenuation and floodplain inundation depending on where in the watershed you measure.

For example, extending Stage 0 restoration through the 1st-order rivers resulted in tradeoffs

between flood attenuation and floodplain inundation. While there were minimal flood atten-

uation benefits beyond the 1st-order rivers, 1st-order restoration yielded greater benefits for

floodplain inundation and potential water quality benefits, especially during more frequent

storms.
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Our study shows that floodplain restoration, particularly Stage 0 techniques, can be an

effective method for enhancing flood attenuation and floodplain inundation. Additionally,

we show that restoration location and length are critically important factors to consider for

both sub-annual and higher frequency recurrence interval storms. Our study exemplifies how

stream restoration planning and design can be done in a holistic manner by critically con-

sidering the length and location of restoration within a watershed to maximize restoration

benefits at a specific or multiple locations throughout the watershed. By strategically consid-

ering restoration location and length, practitioners can employ a single stream restoration

project that fosters a variety of benefits at different locations within the watershed, thus

maximizing watershed-scale flood mitigation and water quality benefits while minimizing

project cost. For example, encouraging overbank flow through Stage 0 restoration of smaller

stream orders can have immediate impacts at the restoration location, such as decreasing

channel and floodplain velocities, increasing hydrologic exchange between the channel and

floodplains, and increasing local species diversity through increased riparian habitat avail-

ability (Powers et al., 2019). Simultaneously, it can also harbor downstream benefits for

larger stream orders, such as protecting downstream infrastructure (e.g., bridges, culverts)

by reducing peak flows and decreasing channel bank erosion (Bhuiyan et al., 2010; Johnson

et al., 2001; Tafarojnoruz et al., 2012), increasing water quality through the processing and

settling of upstream pollutants, and reducing downstream flood risk.

1.4.3 Model Constraints and Future Directions

When creating our model, certain assumptions were made so it could be generalizable and

because there were not always existing data or best practices for reference. It is possible that

these assumptions could have affected model outputs. Our model geometry remained un-

changed for every scenario aside from changes in bank height in restored reaches. We chose
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a planar floodplain (Calfe et al., 2022) to simplify the model and make our results more

generally applicable (Ghavasieh et al., 2006; Sholtes and Doyle, 2011). Our unresotred total

floodplain widths were three times the channel widths (USDA, 2007). However, restored

total floodplain widths were based on minimum 100-year floodplains of the same Virginia

Piedmont streams used to create the synthetic hydrographs (Federman et al., 2023; FEMA,

2021; Lotspeich, 2009). We used minimum values because our largest recurrence interval

storm was far less than a 100-year storm. When restored, the smaller order streams had

floodplains two to four times wider than unrestored conditions, but the floodplains of larger

order streams were not much wider than their unrestored floodplains (Table 1.2). We be-

lieve these discrepancies were appropriate because, in practice, it is unlikely for restoration

to change the size of the floodplain in larger river systems due to financial, property, or

topographic constraints (Abell et al., 2023; Beechie et al., 2010; Serra-Llobet et al., 2022).

Additionally, raising the streambed and removing legacy sediment from the floodplains are

the two primary floodplain reconnection restoration practices (Altland et al., 2020; Goodman

et al., 2021). These practices decrease channel bank height rather than floodplain width,

which was a primary focus of our study. Wider restored floodplains in the larger order

streams could have resulted in greater increases in exchange volume, floodplain residence

times, and time to peaks as well as greater decreases in peak flow with 3rd- and 4th-order

restoration.

Our drainage pattern (e.g., river confluence locations, number of tributaries) was symmetrical

and all rivers of the same order were the equal length. This is unlikely to occur in a real-

world watershed. However, our simplified models allows for greater generalization of results.

Lastly, our channel and floodplain Manning’s n values remained constant throughout the

watershed. In a real-world river system, these are likely to vary spatially.

Future studies should attempt to validate our model by adjusting model parameters as well
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as geometry and applying it to a real-world watershed within the Piedmont physiographic

province of the Chesapeake Bay watershed. A promising potential site could be the water-

shed encompassing Big Spring Run in Lancaster, Pennsylvania, as it is located within the

Piedmont province and Chesapeake Bay watershed and contains well-studied Stage 0 restora-

tion projects (Forshay, 2019; Hartranft et al., 2011; Langland et al., 2020; Mayer et al., 2019;

Voosen, 2020; Walter et al., 2013). Additional recommendations include building upon the

model’s current state to incorporate a water quality component, such as nitrate removal, as

well as channel engineering restoration practices in addition to floodplain restoration.

1.5 Conclusions

We developed a 1D HEC-RAS model of a 4th-order watershed to assess the effects of a

variety of floodplain restoration scenarios on flood attenuation and floodplain inundation for

high frequency storm recurrence intervals (i.e., 2-, 1-, 0.5-year, and monthly storms). The

hydrology and geometry of our generalized watershed model was based on streams in the

Piedmont physiographic province within the Chesapeake Bay watershed. Our restoration

scenarios consisted of three categories: restoration on stream-order basis (i.e., restoring only

a single stream order at a time), full watershed restoration (i.e., incrementally increasing

percent river length restored starting in the most upstream, headwater reaches until reaching

the watershed outlet), and 1-kilometer reach restoration (i.e., moving a 1-km segment of

restored reach down a single flowpath from the most upstream end of the 1st-order river to

the most downstream end of the 4th-order river). In smaller order streams (i.e., 1st- and

2nd-order), we implemented Stage 0 restoration because it has shown to be a highly effective

technique for inducing overbank flow during high frequency storm events (Forshay, 2019;

Hartranft et al., 2011; Langland et al., 2020; Mayer et al., 2019; Voosen, 2020; Walter et al.,
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2013). Stage 0 restoration increases hydrologic exchange between the channel and floodplain,

which has great potential for mitigating downstream flooding and increasing water quality

(Langland et al., 2020; Mayer et al., 2019; Powers et al., 2019; Voosen, 2020; Walter et al.,

2013). In larger order streams (i.e., 3rd- and 4th-order), we applied bankfull floodplain

restoration techniques, which have proven to be effective at increasing channel-floodplain

connectivity, floodplain inundation, water quality, habitat availability and suitability, and

biodiversity (Childs et al., 2020, 2022). We also ensured that restored bank heights of all

stream orders qualified for floodplain restoration credits in the Chesapeake Bay watershed

(≤ 46 cm) (Altland et al., 2020).

Restoration location and length are critically important factors when considering the cumu-

lative effects of restoration, both immediate and downstream, within a watershed context.

We found that 2nd-order Stage 0 restoration can be particularly effective at enhancing flood

attenuation and floodplain inundation locally, as well as downstream by decreasing peak

flows and increasing time to peak in the 3rd- and 4th-order rivers (Figs. 1.13 and 1.7).

Restoring just one kilometer of the 2nd-order river(s) also resulted in a substantial increase

in floodplain residence time for the monthly storm event (Figs. 1.21b and 1.22b). Restor-

ing other stream orders to varying degrees also resulted in enhanced flood attenuation and

floodplain inundation. Though, tradeoffs between the two often occurred depending on per-

cent river length restored and location as well as the location of measurement within the

watershed (i.e., for time to peak and peak flow).

Floodplain restoration, particularly Stage 0 techniques, have great potential for enhancing

flood attenuation and floodplain inundation on a watershed scale. Our study serves as an

illustration of a holistic, watershed-scale approach to stream restoration planning and design.

It is important to critically consider the length and location of restoration efforts within a

watershed to optimize their benefits across various spatial scales. By strategically select-
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ing where restoration occurs and its length, practitioners can implement a single stream

restoration project that yields a range of advantages at different points throughout the wa-

tershed. This approach aims to maximize flood mitigation and water quality improvements

at a watershed scale while keeping project costs to a minimum. We hope that this model

will serve as a tool for practitioners, planners, and policymakers, particularly those within

the Chesapeake Bay watershed, to help address flooding and water quality concerns in this

rapidly urbanizing region.



Chapter 2

Macro-Scale Factors Influencing

Nitrate Removal Rates Assessed

Using a Random Forest Machine

Learning and Artificial Neural

Network Approach

2.1 Introduction

Excess anthropogenic nutrient loading, particularly nitrogen, causes eutrophication of down-

stream rivers, lakes, and estuaries. This often creates anoxic dead zones, which can lead to

the collapse of fisheries and aquatic ecosystems, as well as create harmful or toxic algal

blooms that can contaminate local drinking water sources (Alexander et al., 2000). Eu-

trophic waterways can prove detrimental to public and environmental health, and they can

negatively impact local and regional economies, including commercial fishing and tourism

industries (Burkholder and Glasgow, 2001; Novotny, 2002). Additionally, the removal of

excess nitrogen to meet EPA drinking water standards can increase operational costs for

water treatment plants by millions of dollars per year (Vedachalam et al., 2019).

84
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It is imperative that we find cost-effective solutions to address excess nutrient loading in a

timely manner. However, there are still many unknowns regarding how efficient streams and

floodplains are at processing and removing nitrate from the water and soil. Understanding

how riverine systems process nitrogen across spatial and temporal scales is a critical step

for maximizing nitrogen removal before reaching downstream water bodies. The difficulty

in understanding nitrate removal efficiency in riverine systems is largely due to spatial and

temporal variability, degradation of stream systems from human activities and land use, and

variability among stream restoration practices.

Previous studies have looked at the effects of individual factors on nitrate removal, including

seasonality (Babur et al., 2022; Fellman et al., 2009; Florsheim et al., 2011; Hernandez and

Mitsch, 2007; Jones et al., 2015; Masclaux-Daubresse et al., 2010; McGill et al., 2010; Wu

et al., 2021; Zhang et al., 2020), hydrologic conditions (e.g., discharge, baseflow, stormflow)

(Alexander et al., 2009; Berg et al., 2013; Böhlke et al., 2009; Hester et al., 2016; Hill,

2023; Klocker et al., 2009; Mahl et al., 2015; Newcomer Johnson et al., 2014; Roley et al.,

2012), nitrogen concentration (Böhlke et al., 2004; Comer-Warner et al., 2020; Hill, 2023;

Lammers and Bledsoe, 2017; Mulholland et al., 2008, 2004), and restoration practices (e.g.,

channel engineering, floodplain reconnection, Stage 0 restoration, riparian buffer restoration)

(Lammers and Bledsoe, 2017; Newcomer Johnson et al., 2014). However, to our knowledge,

no previous studies have collectively analyzed the effects of spatial, temporal, hydrologic,

and restoration features on nitrate removal rates in streams and floodplains. This is likely

because many of these variables are often correlated, negating the ability to use traditional

statistical approaches (e.g., linear regressions, ANOVAs).
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2.1.1 Research Objectives

Our study adopts a relatively novel approach of coupling random forest (RF) machine learn-

ing models with artificial neural networks (ANNs) to (1) understand trends in nitrate removal

rates and the importance of different spatial, temporal, hydrologic, and restoration features

and (2) accurately predict nitrate removal rates based on these features. RF models and

ANNs have been used for hydrologic and water quality studies in the past (Bae et al., 2011;

Baudron et al., 2013; Francke et al., 2008; on Application of Artificial Neural Networks in

Hydrology, 2000; Peters et al., 2007), and these machine learning approaches have only be-

come more popular in recent years (Behrouz et al., 2022; Lammers and Bledsoe, 2017; Price

et al., 2021; Shortridge et al., 2016). We specifically investigated the effects of nitrogen con-

centration, stream order, seasonality, hydrologic condition, specific runoff, sample location,

restoration status, and restoration type on actual and potential nitrate removal rates.

2.2 Methods

2.2.1 Nitrate Removal Rate Data Collection, Content, and Prepa-

ration

We generated a comprehensive nitrate removal database to understand the role of local,

watershed-scale, and temporal factors in influencing nitrate removal rates as well as how

nitrate removal rates vary across different restoration scenarios and watershed conditions.

The database contains actual and potential rates associated with different stream restora-

tion scenarios, watershed conditions, and seasonality, among other variables. Actual nitrate

removal rates are measured in situ and represent the nitrate removal rate actually occurring

in the system of interest accounting for limiting conditions present (i.e., nitrogen availability,
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flow rate, etc.) (Mulholland et al., 2008). Potential nitrate removal rates are ex situ mea-

surements determined by soil or sediment samples originally collected from the field. These

samples are then taken to a lab where the acetylene block technique is applied (Hanson et al.,

1994). They represent the maximum nitrate removal rate under no limiting conditions. We

generated this database through a systematic literature review process.

Understanding the influence that these variables have on nitrate removal rates through the

use of traditional statistical approaches (e.g., ANOVA, linear regression) does not work due

to covariation among “independent” variables, hence, negating their independence. When

testing for covariance within our database, we found that many of the variables that we

wanted to test against our nitrate removal rates were significantly correlated with one an-

other, and this was especially true for stream order. Therefore, we elected to use a random

forest (RF) machine learning approach because this approach does not require variable in-

dependence. RF allows us to understand patterns in nitrate removal rates that cannot be

easily distinguished using traditional statistical methods. Rodriguez-Galiano et al. (2015)

and Nitze et al. (2012) found that RF outperformed other machine learning algorithms, in-

cluding regression trees and support vector machines, by showing greater stability of results.

Their results, along with other RF studies focusing on landscape-level environmental data

(Ahmed et al., 2021; Mohammady et al., 2019; Price et al., 2021), provided justification for

RF being a good methodological approach for our study. We then coupled the outputs of

our RF models with artificial neural networks (ANNs) to formulate predicted nitrate re-

moval rates based on specific temporal, spatial, hydrologic, and restoration criteria, as well

as testing the predictive power of our RF-ANN coupled models.
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Nitrate Removal Rate Database Content

Hereafter, we differentiate between a “database” and a “dataframe” by defining our nitrate

removal database as all of the data obtained during our data collection phase. This database

contains 701 potential and actual nitrate removal rates with 62 additional columns of data

associated with the rates. However, not all nitrate removal rates were used in the analyses

due to insufficient data for variables of interest associated with the nitrate removal rates. The

“dataframes” refer to subsets of the nitrate removal database that are complete dataframes

of the variables of interest (i.e., no NAs) and contain specific nitrate removal rates for each

random forest analysis. Random forest analyses were performed on six distinct dataframes,

all of which contained the same associated variables (i.e., variables other than nitrate removal

rates), relatively speaking, but different subsets of nitrate removal rates. We performed

six different RF and ANN analyses, each using different subsets of nitrate removal rate

data because (1) we cannot include actual and potential rates in the same analysis, (2)

we wanted to analyze restored streams and all available streams (i.e., restored, unrestored,

reference) separately, and (3) we wanted to see the effect of including versus excluding

nitrogen concentration for actual rates. Actual and potential nitrate removal rates cannot

be included in the same analysis because they are inherently different measurements.

Pre-Analysis Data Preparation

The goal of our study was to capture the effect of spatial, temporal, hydrologic, and restora-

tion effects on nitrate removal rates. However, because our initial nitrate removal rate

database was highly extensive but also contained data gaps (i.e., NAs), we narrowed down

the final predictor variables to include in our RF input dataframes by testing for collinearity

among all potential predictor variables. Prior to testing for collinearity, all nitrate removal
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rate data were log transformed, and normality was assessed using the Shapiro-Wilk test.

Testing for collinearity among predictor variables before performing the RF analysis is a

necessary step, because including multiple highly correlated variables (|r| ≥ 0.7) can in-

duce bias, particularly when interpreting variable importance after running the RF models

(Boulesteix et al., 2012; Gregorutti et al., 2017; Moriasi et al., 2007; Price et al., 2021).

Therefore, we used |r| ≥ 0.7 as our cutoff for determining variable exclusion, following the

work of previous scholars (Gregorutti et al., 2017; Price et al., 2021). We excluded sample

location (i.e., whether the sample taken from the floodplain or channel) from analyses using

actual nitrate removal rates (i.e., A, B, C, D) because it was highly negatively correlated

with two variables in our actual nitrate removal rate database: hydrologic condition (base-

flow or stormflow) (r = -0.86) and stream order (r = -0.70). However, sample location was

included for analyses using potential rates, as it was not highly correlated with any other

variables.

Our remaining seven predictor variables included in the RF input dataframes included ni-

trogen concentration (mg N/m2/hr), stream order (1st- through 8th-order depending on

data availability), season (winter, spring, summer, or fall), hydrologic condition (baseflow or

stormflow), specific runoff (i.e., mean annual flow / drainage area), and either restoration

status (restored, unrestored, or reference) or restoration type (bankfull floodplain, channel

engineering, or both) associated with each nitrate removal rate. We believe that these vari-

ables adequately capture spatial, temporal, hydrologic, and restoration effects on nitrate

removal rates. Most importantly, data on these variables are easily accessible, increasing the

reproducibility of our study.

The six RF-ANN coupled analyses are titled Analyses A through F (Table 2.1). Analyses A

and B evaluated the predictive strength and variable importance when including and exclud-

ing nitrogen concentration, respectively, as it has shown to be an important driver of nitrate
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removal rates (Tuttle et al., 2014). Nitrogen concentration is only a limiting factor for actual

nitrate removal rates and not potential rates. Therefore, Analyses A and B both contained

actual nitrate removal rates. Since Analyses A and B focused on the inclusion or exclusion

of nitrogen concentrations, both analyses included rates for all restoration statuses, resulting

in a more data rich analysis. Analyses C and D are the same setup as Analyses A and B

except they include actual nitrate removal rates for only restored streams, providing a more

precise understanding of nitrate removal rates specifically for different stream restoration

techniques (i.e., channel and floodplain restoration). Analyses E and F include potential

nitrate removal rates rather than actual rates. The difference between the two is that Model

E includes potential rates for all restoration status, while Model F contains only potential

rates for restored streams.

2.2.2 Random Forest Machine Learning and Artificial Neural Net-

work Analysis

Random Forest Machine Learning Model Setup and Outputs

Going forward, the term RF “model” refers to a single model run (Fig. 2.1), and RF “anal-

ysis” refers to 100 iterations of RF models that use the same original dataframe for the

analysis. RF machine learning has shown to be a great method for performing data classifi-

cation analyses using pattern recognition algorithms (Chen et al., 2013). Its effectiveness is

attributed to its foundation in a simple mathematical theory, fast computation times, stable

outputs, insensitivity to noise, minimal risk of overfitting, and an automatic compensation

mechanism for biased group sample sizes (Amaratunga et al., 2008). The RF analysis rec-

ognizes patterns in the data by subsetting the original dataframe into a training dataframe

containing 80% of the data and a testing dataframe containing 20% of the data (Fig. 2.1).



2.2. METHODS 91

Using the training dataframe, each RF model learns by subsetting additional dataframes to

see which variables are most important in predicting nitrate removal rates by finding the

simplest way to categorize rates into the largest bins possible (e.g., 65% of rates were for

3rd-order streams or smaller and 35% were for 4th-order streams or larger). This process is

called a decision tree, and we set each RF model perform 10,000 decision trees to account

for variability. Each RF model then produces variable importance (VI) values as an output.

VI values show how influential each type of variable (e.g., seasonality, stream order, hydro-

logic condition) is on nitrate removal rates. In total, each of the six RF analyses consists

of 1,000,000 decision trees. The ’randomForest’ R package (v.4.7.1.1) was used to perform

random forest analyses and calculate model outputs, including VI scores.

Coupling Artificial Neural Networks, Predicting Nitrate Removal Rates, and

Assessing Predictive Strength

A RF model recognize patterns in the data. Then, its outputs are used as inputs for an ANN

to make predictions based on those patterns. Incorporating the RF model’s outputs into

an ANN allowed us to test the RF model’s predictive capability by producing a theoretical

predicted dataframe as the ANN output. This predicted dataframe is based on what the

ANN has learned from the RF model outputs, which consists of VI values for each variable

type and nitrate removal rates associated with different arrangements of variables (e.g., 1st-

order restored stream in summer during baseflow conditions). We then tested the predicted

dataframe produced by the ANN against the testing dataframe to understand the predictive

capabilities of the coupled RF and ANN model.

The predictive capabilities of the RF-ANN coupled models were measured with a Nash-

Sutcliffe efficiency (NSE) value, which is commonly used to evaluate the predictive capabil-

ities of hydrologic and water quality models including RF (Fang et al., 2021; Moriasi et al.,
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Figure 2.1: Schematic diagram describing how the random forest (RF) models were coupled
with artificial neural networks (ANNs) to produce predicted dataframes. The models were
then evaluated based on their predictive capability by calculating NSE values using the
predicted data against the training and testing data. NSE values using training data show
model performance, and those using testing data show predictive strength. Each RF-ANN
coupled analysis contained 100 of these models, and the median NSE values were used for
interpreting results. N = 10,000 decision trees.
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2007, 2015; Shortridge et al., 2016). By running 100 iterations of the RF model in a single

analysis, we were able to measure NSE variability and obtain a median NSE values for the

training data and testing data. The training and testing NSE values were calculated by

comparing the predicted data produced from the ANNs against (1) the training data used

for each RF and ANN model and (2) the testing data that was not included in the model.

The NSE values for the training data show us whether the models are running and perform-

ing adequately in the training stage. The NSE values associated with the testing data show

the predictive strength of the RF-ANN coupled models. NSE values range from negative

infinity to 1.0. Higher NSE values (>0.25) are a sign satisfactory model performance for

watershed-scale nitrogen models (Moriasi et al., 2015) (Table 2.2); however, an NSE value

at or very close to 1.0 indicates that a model is overfit.

The median testing NSE value of each analysis (n = 100) showed us which RF-ANN coupled

model had the most accurate predictive strength assessment. By selecting the RF-ANN

coupled model associated with the median NSE value, we obtained the most accurate VI

values from each analysis. We also used the predicted dataframe produced from the median-

NSE model to obtain predicted nitrate removal rates associated with a variety of stream

restoration scenarios and watershed characteristics. This predicted dataframe includes the

same types of variables associated with nitrate removal rates as what was used to train

the model. For example, we can obtain a predicted actual nitrate removal rate for a 2nd-

order restored stream during stormflow conditions. Through the 100 iterations of our model

within a single analysis, we can be confident that the predicted nitrate removal rate of x mg

N/m2/hr is reflective of what we would generally expect to see under those conditions.
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2.3 Results

2.3.1 Best Fit Models and Their Predictive Strengths

Out of the six random forest-artificial neural network (RF-ANN) analyses, all but one per-

formed satisfactorily (median NSE > 0.25) during the testing phase (Table 2.1). An NSE

> 0.25 indicates that the analysis’s predictive strength is great enough to produce reliable

results (Moriasi et al., 2015). However, it is important to note that the higher an NSE value

is for an RF-ANN analysis, the greater its predictive strength and, subsequently, the relia-

bility of predicted nitrate removal rates. Analyses using only potential nitrate removal rates

(E and F) had a ‘satisfactory’ performance (0.25 < NSE < 0.40) (Fig. 2.2c). Meanwhile,

three of the four analyses using actual nitrate removal rates (B, C, and D) showed ‘very

good’ performance (NSE > 0.55) (Figs. 2.2a and 2.2b). The performance of Analysis A

was deemed ‘not satisfactory’ (median NSE = 0.1712), which substantially weakened the

analysis’s predictive strength and subsequent results (Fig. 2.2a). This should be considered

when interpreting results. All analyses showed ‘very good’ performance in their training

stages (NSE > 0.55), indicating that the models were robust and predicted nitrate removal

rates were closely aligned with those in the training data (Fig. 2.2).

2.3.2 Variable Importance

Variable importance (VI) scores, also called ‘random forest feature importance’ scores, pro-

vide a functional understanding of how machine learning models make their predictions by

showing what variables are driving the model’s predictions (Greenwell et al., 2020). Specif-

ically, VI scores represent the extent to which a variable has a ”meaningful” impact on the

predicted outcome. They are relative to each specific model, therefore, comparisons between
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(a) Analysis A vs. B: With versus without nitrogen concentration, including all restoration
statuses (actual nitrate removal rates)

(b) Analysis C vs. D: With versus without nitrogen concentration, including only restored
reaches (actual nitrate removal rates)

(c) Analysis E vs. F: Potential nitrate removal rates, all restoration statuses vs. restored
reaches only

Figure 2.2: NSE distribution of all six random forest-artificial neural network (RF-ANN)
analyses. Testing analyses show the predictive strength. Training analyses indicate model
performance during the training phase. Refer to Table 2.1 for NSE performance evaluation.
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Table 2.1: Description of data used for each random forest-artificial neural network coupled
analysis. “All” in the “Reaches included” column indicates that the analysis included
unrestored, restored, and reference reaches. The n column indicates the total number of
nitrate removal rates included in the dataframe. The n values vary based on the data
availability for predictor variables, because only complete dataframes could be used.
Analyses A and B contained the same nitrate removal rate data to allow for comparison.
The same is true for Analyses C and D.

Analysis
Nitrate
removal
rate type

Reaches
included

Nitrogen
concentration n

Median
NSE Performance1

Mean
predicted
nitrate
removal
rate

(mg/m2/hr)

A Actual All Yes 114 0.1712 Not satisfactory 2.683
B Actual All No 114 0.5563 Very good 1.980
C Actual Restored Yes 78 0.5772 Very good 1.937
D Actual Restored No 78 0.6659 Very good 2.718
E Potential All No 183 0.2758 Satisfactory 2.389
F Potential Restored No 100 0.3116 Satisfactory 2.066

1 From Moriasi et al. (2015).

Table 2.2: NSE performance criteria for watershed-scale nitrogen models (Moriasi et al.,
2015).

Not satisfactory Satisfactory Good Very good
NSE ≤ 0.25 0.25 < NSE < 0.40 0.40 ≤ 0.40 NSE ≤ 0.55 NSE > 0.55
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VI scores cannot be made across RFF-ANN analyses. It is important to note the VI scores

for each variable within a single model are not directly relative to one another. For example,

a variable with a VI score of 1.0 does necessarily mean that the variable is twice as important

as one with a VI score of 0.5. Instead, it is more appropriate to focus on ranking rather than

the absolute value of the scores. Also, relatively lower VI scores do not necessarily indicate

a lack of importance. Rather, they show that the variable is less important compared to

others in the model. Even variables with relatively lower VI scores can provide valuable

insights or contribute to the overall understanding of the system being modeled. Negative

VI scores suggest that incorporating that variable does not improve model performance, as

seen in Analysis D with season (Table 2.4).

Hydrologic condition had the highest VI score and season had the lowest for all four RF-ANN

analyses using actual nitrate removal rates (Analyses A, B, C, and D). For Analysis C, which

focused on actual nitrate removal rates for restored reaches, nitrogen concentration had rela-

tively lower importance compared to all variables other than season (Table 2.4). Contrarily,

for Analysis A, which focused on restored and unrestored reaches, nitrogen concentration

had relatively higher importance than all variables with the exception of hydrologic condi-

tion (Table 2.3). However, Analysis A’s testing performance was not satisfactory (Fig. 2.2a),

meaning the interpretive strength of its results is relatively weak.

Analysis A and B show the difference between including versus excluding nitrogen concen-

tration, respectively, when including actual nitrate removal rates for all restoration statuses

(restored, unrestored, and reference) (Table 2.3). When nitrogen concentration was removed

from the model, specific runoff increased in relative ranking, surpassing stream order. The

rank of all other variables remained the same. Input data for Analyses C and D were the same

format as A and B, except C and D only included restored reaches (Table 2.4). However,

Analyses C and D both had very good performance in the testing stage, making comparisons
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Table 2.3: Variable importance (VI) scores and ranking of predictor variables associated
with nitrate removal rates for Analysis A vs. B: with versus without nitrogen
concentration, including all restoration statuses (actual nitrate removal rates). VI values
were selected from the model with the median NSE for each analysis.

Analysis A Analysis B
Rank Variable VI Variable VI
1 Hydrologic condition 1.242 Hydrologic condition 1.697
2 Nitrogen concentration 1.179 Specific runoff 1.326
3 Stream order 0.993 Stream order 0.855
4 Specific runoff 0.609 Restoration status 0.074
5 Restoration status 0.060 Season 0.067
6 Season 0.051 NA NA

Table 2.4: Variable importance (VI) scores and ranking of predictor variables associated
with nitrate removal rates for Analysis C vs. D: with versus without nitrogen
concentration, including only restored reaches (actual nitrate removal rates). VI values
were selected from the model with the median NSE for each analysis.

Analysis C Analysis D
Rank Variable VI Variable VI
1 Hydrologic condition 1.225 Hydrologic condition 1.203
2 Restoration type 0.808 Restoration type 0.796
3 Stream order 0.733 Stream order 0.517
4 Specific runoff 0.428 Specific runoff 0.373
5 Nitrogen concentration 0.364 Season -0.001
6 Season 0.002 NA NA

more reliable (Fig. 2.2b). Removal of nitrogen concentration resulted in no change in vari-

able ranking. Restoration type had the second highest VI score for both analyses, indicating

that it played an important role in predicting nitrate removal rates.

Analyses E and F examined potential nitrate removal rates, and they differed in their in-

clusion of restored, unrestored, and reference reaches (Analysis E) or solely restored reaches

(Analysis F). These analyses also differed from the rest by incorporating sample location of

the nitrate removal rate (i.e., floodplain or channel). Across both analyses, specific runoff,

stream order, and season ranked as the top three variables (Table 2.5). Contrary to the ac-
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Table 2.5: Variable importance (VI) scores and ranking of predictor variables associated
with nitrate removal rates for Analysis E vs. F: potential nitrate removal rates, all
restoration statuses (E) vs. restored reaches only (F). VI values were selected from the
model with the median NSE for each analysis.

Analysis E Analysis F
Rank Variable VI Variable VI
1 Specific runoff 0.736 Specific runoff 0.555
2 Stream order 0.287 Stream order 0.282
3 Season 0.155 Season 0.145
4 Sample location 0.148 Restoration type 0.101
5 Restoration status 0.101 Hydrologic condition 0.059
6 Hydrologic condition 0.045 Sample location 0.042

tual nitrate removal rate analyses (A, B, C, and D), hydrologic condition played a diminished

role, ranking sixth and fifth in Analyses E and F, respectively. The key distinction between

Analyses E and F was the ranking of sample location, as it ranked fourth in Analysis E and

last (sixth) in Analysis F when considering only restored rates. In Analysis F, focusing on

restored rates, restoration type had a higher VI score than hydrologic condition and sample

location. In Analysis E, encompassing rates from all reaches, restoration status was only

outranked by hydrologic condition.

2.3.3 Predicted Nitrate Removal Rates by Predictor Variable

Stream Orders

Analyses A, B, C, and D, which focused on actual nitrate removal rates, generally predicted

higher rates in smaller streams (1st- through 4th-order) than larger streams (6th- through

7th-order). With the exception of Analysis A, which performed unsatisfactorily, our analyses

predicted the highest actual nitrate removal rates in 1st-order streams, with mean rates of

4.119, 4.272, and 4.766 mg N/m2/hr for Analyses B, C, and D, respectively (Table 2.6). It
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Table 2.6: Mean predicted nitrate removal rates by stream order for each random
forest-artificial neural network analysis. Refer to Tables 2.1, 2.3, 2.4, and 2.5 for more
information on each analysis, including input data and model performance. Analyses A, B,
C, and D are actual rates, and Analyses E and F are potential rates.

Mean predicted nitrate removal rate (mg/m2/hr)
Stream order A B C D E F

1st 1.151 4.119 4.274 4.766 2.739 2.260
2nd 3.714 1.813 3.641 4.226 5.941 4.713
3rd 1.918 2.156 2.378 1.969 1.338 0.624
4th 5.405 2.334 2.642 2.143 NA* 0.749
5th NA* NA* NA* NA* 6.119 4.839
6th 0.867 0.568 0.783 0.544 1.929 1.402
7th 0.939 NA* 1.225 0.696 2.184 2.467
8th NA* NA* NA* NA* 4.849 NA*

*NAs are due to an insufficient amount of input data.

is important to note that these analyses using actual nitrate removal rates lacked sufficient

input data for rate predictions of some larger streams (5th- through 8th-order) and no

predictions for 5th- and 8th-order streams. However, when predictions could be made, a

consistent trend emerged showing lower predicted rates in larger streams. For the analyses

using potential nitrate removal rates (E and F), 2nd- and 5th-order streams exhibited the

highest predicted rates. Specifically, 2nd-order mean predicted potential rates were 5.941 and

4.713 mg N/m2/hr for Analysis E (all reaches) and Analysis F (restored reaches), respectively.

Furthermore, 5th-order streams demonstrated even greater mean predicted potential rates

at 6.119 and 4.839 mg N/m2/hr, respectively (Table 2.6).

Seasons

The lowest predicted actual nitrate removal rates occurred in winter, except for Analysis D.

However, Analsis D’s mean winter rate was only slightly higher than its spring rate, which

was the lowest, measuring at 2.026 compared to 1.910 mg N/m2/hr, respectively (Table
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Table 2.7: Mean predicted nitrate removal rates by season for each random forest-artificial
neural network analysis. Refer to Tables 2.1, 2.3, 2.4, and 2.5 for more information on each
analysis, including input data and model performance. Analyses A, B, C, and D are actual
rates, and Analyses E and F are potential rates.

Mean predicted nitrate removal rate (mg/m2/hr)
Season A B C D E F
Winter 1.251 0.794 0.691 2.026 2.307 2.936
Spring 3.058 0.989 1.958 1.910 2.534 2.202
Summer 3.178 3.285 1.863 3.626 2.370 0.873
Fall 2.404 2.789 2.941 3.284 2.443 2.811

2.7). Mean predicted rates from Analyses A, B, and C were even lower, at 1.251, 0.794, and

0.691 mg N/m2/hr, respectively. Summer exhibited the highest predicted actual rates for

Analysis A, B, and D, with mean rates of 3.178, 3.285, and 3.626 mg N/m2/hr, respectively.

Notably, Analysis C did not follow this trend, predicting a lower mean rate in the summer. In

contrast, the potential rate analyses (E and F) showed relatively consistent mean predicted

rates across seasons. Other than a low predicted mean summer rate for Analysis F, mean

predicted rates only ranged from 2.307 to 2.534 and 2.202 to 2.936 mg N/m2/hr for Analyses

E and F, respectively.

Restoration Status and Type

When comparing predicted nitrate removal rates by restoration status (Table 2.8a), restored

reaches demonstrated a higher mean potential rate (2.573 mg N/m2/hr). However, un-

restored reaches produced higher mean actual rates, at 3.891 and 3.620 mg N/m2/hr for

Analyses A and B, respectively. Focusing exclusively on predicted rates for restored reaches

and comparing by restoration type, reaches subjected to channel restoration showed higher

actual and potential rates (Table 2.8b). The mean potential channel restoration rate was

2.558 compared to 1.980 mg N/m2/hr for floodplain restoration. In Analysis D, mean pre-
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dicted actual rates were 2.392 and 1.431 mg N/m2/hr for channel and floodplain restoration,

respectively. Analysis C also showed greater predicted actual channel restoration rates but

had a less pronounced difference compared to Analyses D and F.

Table 2.8: Mean predicted nitrate removal rates by restoration status and type for each
random forest-artificial neural network analysis. Refer to Tables 2.1, 2.3, 2.4, and 2.5 for
more information on each analysis, including input data and model performance. Analyses
A, B, C, and D are actual rates, and Analyses E and F are potential rates.

(a) Restored and unrestored reach mean predicted nitrate removal rates

Mean predicted nitrate removal rate (mg/m2/hr)
Restoration status A B E

Restored 2.586 1.263 2.573
Unrestored 3.891 3.620 1.670

(b) Floodplain vs. channel restoration mean predicted nitrate removal rates

Mean predicted nitrate removal rate (mg/m2/hr)
Restoration type C D F

Floodplain 1.279 1.431 1.980
Channel 1.597 2.393 2.558

Hydrologic Condition

Under baseflow conditions, all analyses using actual nitrate removal rates displayed notice-

ably higher predicted rates compared to stormflow conditions (Table 2.9). Mean predicted

actual baseflow rates were 1.8 to 5.8 times higher than stormflow rates, with Analysis D

having both the highest and lowest mean rates of 4.008 and 0.696 mg N/m2/hr for baseflow

and stormflow conditions, respectively. For potential rates of restored reaches (Analysis F),

mean predicted rates were similar for baseflow and stormflow conditions. However, when con-

sidering all reaches (Analysis E), mean predicted potential rates were approximately twice

as high for stormflow conditions compared to baseflow, at 4.211 and 2.104 mg N/m2/hr,
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Table 2.9: Mean predicted nitrate removal rates by hydrologic condition (baseflow or
stormflow) for each random forest-artificial neural network analysis. Refer to Tables 2.1,
2.3, 2.4, and 2.5 for more information on each analysis, including input data and model
performance. Analyses A, B, C, and D are actual rates, and Analyses E and F are
potential rates.

Mean predicted nitrate removal rate (mg/m2/hr)
Hydrologic condition A B C D E F

Baseflow 4.605 3.201 3.172 4.008 2.104 2.114
Stormflow 1.550 1.588 1.801 0.696 4.211 1.983

Table 2.10: Mean predicted potential nitrate removal rates by sample location (floodplain
or channel) for random forest-artificial neural network Analyses E and F. Refer to Tables
2.1 and 2.5 for more information on each analysis, including input data and model
performance.

Mean predicted potential nitrate removal rate (mg/m2/hr)
Sample location E F

Floodplain 2.770 2.114
Channel 1.685 1.983

respectively.

Sample Location

Since sample location could only be included in Analyses E and F, results are limited to

potential nitrate removal rates only (Table 2.10). Both analyses demonstrated elevated pre-

dicted rates in floodplains compared to samples taken in channels. The greatest contrast was

for restored reaches in Analysis E, where the mean predicted rate was 2.770 mg N/m2/hr in

the floodplains and 1.685 mg N/m2/hr and in the channels. This difference was considerably

less in Analysis E when all reaches were included regardless of restoration status.
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2.4 Discussion

Random forest-artificial neural network Analysis A did not perform satisfactorily (median

NSE = 0.1712, Table 2.2) (Moriasi et al., 2015). Therefore, further discussion of trends in

variable importance rankings and predictive strength of nitrate removal rates for Analysis A

should be interpreted as relatively weak.

2.4.1 Performance and Variable Ranking Trends Between Analy-

ses

Comparisons between analyses A and B as well as C and D focused on differences between

including (A and C) and excluding (B and D) nitrogen concentration when looking at actual

nitrate removal rates. In both comparative cases, the exclusion of nitrogen concentration

resulted in greater model performance (Tables 2.1 and 2.2). This indicates that nitrogen

concentration is less influential in predicting actual nitrate removal rates when compared to

other factors, including hydrologic conditions, restoration type, stream order, and specific

runoff (Table 2.4 - Analysis C). Through a field-based experimental study, Jones et al. (2015)

had similar findings suggesting that nitrate concentrations did not limit biogeochemical

processing within the floodplains. Rather, hydrologic factors, including increased hydrologic

exchange with floodplain soils and greater floodwater residence times, played a greater role

in increasing nitrate uptake. These findings, as well as additional studies showcasing the

importance of hydrologic connectivity for nutrient processing and removal (Berg et al., 2013;

Hester et al., 2016; Mahl et al., 2015; Newcomer Johnson et al., 2014, 2016; Roley et al.,

2012), provide support for our results, which show hydrologic condition being the most

important variable for predicting actual nitrate removal rates (Tables 2.3 and 2.4).
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Potential nitrate removal rates represent the maximum rate under no limiting conditions.

Therefore, potential rates are more representative of the soil and sediment conditions where

the samples were taken from; in theory, if these rates are taken from the same exact loca-

tion, they should remain relatively consistent regardless of whether a stream is undergoing

baseflow or stormflow conditions. Our results reflected this, as hydrologic condition was far

less important for potential than actual rates, as it was the last and second-to-last ranked

variable for our potential rate Analyses E and F, respectively.

Our results also showed that specific runoff, stream order, and season were the most im-

portant variables for both potential rate analyses. Specific runoff and stream order reflect

spatial variations in soil or sediment properties, while seasonality is more indicative of tem-

poral variations. Soil and sediment properties within floodplains and channels can differ

substantially within watersheds, impacting water and nitrate exchange between channels

and groundwater, consequently influencing nitrate removal efficiency (Calver, 2001; Hester

and Fox, 2020). Additionally, soil and sediment properties can vary seasonally due to fac-

tors such as the abundance of organic matter (Fellman et al., 2009), fluctuations in the

groundwater table creating redox conditions (Zhang et al., 2020), erosion and sedimentation

(Florsheim et al., 2011), plant uptake (Masclaux-Daubresse et al., 2010; McGill et al., 2010),

and temperature variation, which impact microbial activity (Wu et al., 2021) and decom-

position of organic matter (Babur et al., 2022). Even though season ranked relatively high

(third) in variable importance for potential rate analyses, mean predicted potential nitrate

removal rates only fluctuated marginally (Table 2.7).
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2.4.2 Nitrate Removal Rate Trends Among Predictor Variables

Contrary to our expectations, mean predicted actual nitrate removal rates (Analyses A and

B) were lower for restored reaches compared to unrestored reaches (Table 2.8a). However,

our expectations held true for potential rates, as restored reaches demonstrated noticeably

greater nitrate removal rates. Our results also showed that mean predicted actual and

potential rates were consistently higher for channel restoration than floodplain restoration.

For actual rates, it is possible that channel restoration rates were higher because floodplain

restoration efforts are typically most effective at removing nitrate when the floodplain is

hydrologically connected (Lammers and Bledsoe, 2017; Newcomer Johnson et al., 2014). Our

study showed higher predicted potential nitrate removal rates in the floodplain compared

to the channel (Table 2.10), likely due to floodplains and riparian zones containing highly

reactive soils and serving as nutrient sinks when hydrologically connected to the stream

(Lammers and Bledsoe, 2017).

Regarding seasonality, mean predicted actual nitrate removal rates were typically lowest in

the winter and highest in the summer, which aligns with previous studies (Hernandez and

Mitsch, 2007; Jones et al., 2015). Numerous studies show that nitrate removal depends upon

nitrogen concentration, and relatively small portions of nitrogen are removed in streams with

elevated concentrations seen during stormflow conditions. Additionally, these studies show

that higher discharge can disrupt nitrogen uptake and removal (Alexander et al., 2009; Böhlke

et al., 2009; Hester et al., 2016; Hill, 2023; Klocker et al., 2009). Our results also strongly

support this sentiment, showing higher nitrate removal predicted rates during baseflow versus

stormflow conditions for all but one analysis (E).
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2.5 Conclusions

To our knowledge, our study is the first of its kind to use a random forest (RF) machine learn-

ing approach coupled with artificial neural networks (ANNs) to examine the relationships

between nitrate removal rates in streams and local and watershed-scale variables, including

stream order, season, restoration status, restoration type, hydrologic condition, and sample

location. We demonstrated that this approach can (1) show accurate trends that align with

those found in the literature and (2) answer questions that cannot easily be addressed using

traditional statistical approaches. Additionally, our approach can provide predicted nitrate

removal rates that could prove useful for practitioners, land managers, policymakers, and

other scholars. Given the diverse spatial, temporal, hydrologic, and restoration characteris-

tics covered within our analyses, our predicted nitrate removal rates could contribute valu-

able insights into the denitrifying potential of reach- or watershed-scale hydrologic models, as

well as for practical stream restoration initiatives. Our RF-ANN analyses contained certain

limitations, including a lack of input data for larger stream orders and binning restoration

practices into just two categories: channel and floodplain. However, five of our six RF-ANN

analyses showed ‘satisfactory’ or ‘very good’ performance, demonstrating that, even with

limitations in data availability, machine learning and ANN approaches can be powerful tools

for finding and predicting trends that can be difficult to determine otherwise, particularly

when using environmental data.



Chapter 3

Final Conclusions

These studies underscore the critical role of hydrologic connectivity between the channel

and floodplain in not only effectively managing flooding but also improving water quality.

Chapter 2 illustrates the significance of hydrologic conditions as well as stream orders as

an important variable influencing nitrate removal rates, emphasizing the need for targeted

restoration efforts in smaller order streams to enhance nitrate removal. Furthermore, Chap-

ter 1 highlights the substantial variations in downstream flood attenuation and floodplain

inundation based on the percent river length restored and location. Most notably, our find-

ings shed light on the effectiveness of 2nd-order Stage 0 restoration in watershed-scale flood

management. This specific restoration approach yielded the greatest downstream benefits

for flood attenuation and floodplain inundation when considering percent river length re-

stored. In conclusion, these insights highlight the importance of hydrologic connectivity,

particularly in smaller stream orders, for managing flooding and enhancing water quality—a

crucial consideration for sustainable and resilient watershed management.
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Table A.1: Data used for estimating 100-year floodplain widths for gages in Lotspeich
(2009) using the FEMA National Flood Hazard Layer (FEMA, 2021). The values shown
represent total floodplain width, rather than the width of each side. These data were also
used by Federman et al. (2023) to estimate 2nd-order restored floodplain widths.

Gage
number

Width at
gage (m)

Minimum upstream
width (m)

Maximum upstream
width (m)

Average upstream
width (m)

Drainage
area (km2)

01658500 213 61 305 122 19.7
01660400 152 38 259 107 90.6
01670300 23 15 152 61 14.5
02031000 168 76 457 152 247
02032640 772 91 274 183 280
02036500 61 61 457 213 58.0
02039000 457 152 457 305 181
02050500 107 61 152 91 23.5
02071530 84 46 168 122 68.1
02074500 76 69 198 91 287



132 APPENDIX A. CHAPTER 1 APPENDIX

Table A.2: 2- and 1-year recurrence interval storm synthetic unit, pre-, and
post-calibration downstream hydrograph comparisons. The 1st- and 2nd-order hydrographs
return to baseflow within 12 hours. Thus, we used the first 12-hour duration of the 1st-
and 2nd-order hydrographs for volume calculations to better account for differences during
the stormflow period. The 3rd- and 4th-order hydrographs used all 48 hours for volume
calculations.

(a) 2-year recurrence interval storm

Stream
order

Hydrograph
type

Total
volume (m3)

% volume
of synthetic
hydrograph

Peak
flow (m3/s)

% peak flow
of synthetic
hydrograph

Time to
peak (hr)

1st Synthetic 73.5 NA 1.60 NA 0.483
1st Pre-calibration 79.8 108.6 1.26 78.8 0.917
1st Post-calibration 83.1 113.1 1.87 116.9 0.800
2nd Synthetic 713 NA 5.40 NA 1.517
2nd Pre-calibration 345 48.4 4.24 78.5 2.000
2nd Post-calibration 720 101.1 5.99 110.9 2.217
3rd Synthetic 7,930 NA 23.13 NA 3.850
3rd Pre-calibration 2,580 32.5 12.99 56.2 4.000
3rd Post-calibration 7,920 99.9 25.57 110.5 5.017
4th Synthetic 76,500 NA 97.30 NA 8.967
4th Pre-calibration 18,000 23.6 49.18 50.5 8.333
4th Post-calibration 76,400 99.9 110.69 113.8 11.633

(b) 1-year recurrence interval storm

Stream
order

Hydrograph
type

Total
volume (m3)

% volume
of synthetic
hydrograph

Peak
flow (m3/s)

% peak flow
of synthetic
hydrograph

Time to
peak (hr)

1st Synthetic 46.3 NA 0.96 NA 0.483
1st Pre-calibration 52.7 113.8 0.78 81.3 0.900
1st Post-calibration 55.5 119.9 1.10 114.6 0.833
2nd Synthetic 531 NA 4.01 NA 1.517
2nd Pre-calibration 231 43.6 2.71 67.6 1.783
2nd Post-calibration 534 100.6 4.66 116.2 1.967
3rd Synthetic 6,320 NA 18.27 NA 3.850
3rd Pre-calibration 2,460 38.9 9.75 53.4 3.883
3rd Post-calibration 6,680 105.6 21.13 115.7 4.767
4th Synthetic 61,500 NA 77.92 NA 8.967
4th Pre-calibration 15,400 25.1 38.22 49.1 8.583
4th Post-calibration 61,800 100.5 91.97 118.0 10.917
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Table A.3: 0.5-year and monthly recurrence interval storm synthetic unit, pre-, and
post-calibration downstream hydrograph comparisons. For volume calculations, the first
12-hour duration was used for 1st- and 2nd-order hydrographs, and all 48 hours were used
for 3rd- and 4th-order hydrographs.

(a) 0.5-year recurrence interval storm

Stream
order

Hydrograph
type

Total
volume (m3)

% volume
of synthetic
hydrograph

Peak
flow (m3/s)

% peak flow
of synthetic
hydrograph

Time to
peak (hr)

1st Synthetic 38.3 NA 0.77 NA 0.483
1st Pre-calibration 44.8 117.0 0.64 83.1 0.900
1st Post-calibration 46.5 121.4 0.89 115.6 0.817
2nd Synthetic 348 NA 2.61 NA 1.517
2nd Pre-calibration 195 56.1 2.17 83.1 1.783
2nd Post-calibration 355 101.8 3.46 132.6 1.750
3rd Synthetic 3,990 NA 11.21 NA 3.850
3rd Pre-calibration 1,920 48.2 6.13 54.7 4.283
3rd Post-calibration 4,310 108.0 15.06 134.3 4.033
4th Synthetic 37,900 NA 47.29 NA 8.967
4th Pre-calibration 10,300 27.1 20.52 43.4 9.617
4th Post-calibration 37,900 100.0 62.33 131.8 8.917

(b) Monthly recurrence interval storm

Stream
order

Hydrograph
type

Total
volume (m3)

% volume
of synthetic
hydrograph*

Peak
flow (m3/s)

% peak flow
of synthetic
hydrograph

Time to
peak (hr)

1st Synthetic 20.4 NA 0.35 NA 0.483
1st Pre-calibration 27.3 133.7 0.30 85.6 0.867
1st Post-calibration 26.9 131.5 0.43 122.9 0.783
2nd Synthetic 69.7 NA 0.47 NA 1.517
2nd Pre-calibration 116 166.6 0.77 163.6 2.650
2nd Post-calibration 88.4 126.8 0.73 156.1 2.450
3rd Synthetic 646 NA 1.10 NA 3.850
3rd Pre-calibration 1,130 174.2 1.33 120.0 8.230
3rd Post-calibration 1,140 176.7 1.67 151.1 6.730
4th Synthetic 4,420 NA 3.92 NA 8.967
4th Pre-calibration 3,840 86.9 2.71 69.3 18.983
4th Post-calibration 4,440 100.6 5.54 141.43 16.067

*Larger differences in volume relative to Q2, Q1, and Q0.5 are because synthetic hydrographs return
to baseflow (= 0 m3/s + groundwater baseflow gaining), while HEC-RAS pre- and post-calibration
hydrographs have surface water contributions to baseflow. This difference is magnified for Qmonth.
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Table A.4: Peak flows for recurrence intervals and drainage areas at downstream end of
each stream order for our generic watershed. Peak flows were derived from MLE regional
curves. This table is identical to Table 1.6, except peak flow values are exact rather than
listing significant figures.

Peak flow at the downstream end of river (m3/s)
Recurrence

interval storm 1st-order 2nd-order 3rd-order 4th-order

2-year 1.60 5.38 23.04 96.64
1-year 0.95 3.99 18.15 77.26
0.5-year 0.76 2.59 11.10 46.63
Monthly 0.34 0.45 1.02 3.26

Table A.5: Restoration lengths for stream-order-basis restoration scenarios. The length of
an (a) individual restored segment and (b) cumulative length of restored streams
throughout the watershed are shown. Each value represents a different modeled restoration
scenario. Cumulative restoration length values were calculated by multiplying the
restoration length within an individual river by the number of rivers of that order within
the watershed (Section 1.2.1).

(a) Restoration length within an individual river

Stream
order

20% restored
length (km)

40% restored
length (km)

60% restored
length (km)

80% restored
length (km)

100% restored
length (km)

1st 0.366 0.732 1.098 1.464 1.830
2nd 1.006 2.012 3.018 4.024 6.036
3rd 2.560 5.120 7.680 10.240 12.800
4th 6.158 12.316 18.474 24.632 30.790

(b) Cumulative restoration length throughout entire watershed

Stream
order

20% restored
length (km)

40% restored
length (km)

60% restored
length (km)

80% restored
length (km)

100% restored
length (km)

1st 8.784 17.568 26.352 35.136 43.920
2nd 6.036 12.072 18.108 24.144 30.180
3rd 5.120 10.240 15.360 20.480 25.600
4th 6.158 12.316 18.474 24.632 30.790
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Table A.6: Cumulative length of restored reaches within the full watershed restoration
scenarios. Each value represents a different modeled restoration scenario.

Stream
order

20% restored
length (km)

40% restored
length (km)

60% restored
length (km)

80% restored
length (km)

100% restored
length (km)

1st 8.784 17.568 26.352 35.136 43.920
2nd 49.956 55.992 62.028 68.064 74.100
3rd 79.220 84.340 89.460 94.580 99.700
4th 105.858 112.016 118.174 124.332 130.490
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