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Abstract

The capacity for floodplains to capture sediment and filter pollutants is spatially vari-

able and depends on the complex interactions of geomorphic, geologic, and hydro-

logic variables that operate at multiple scales. In this study, we integrated watershed-

scale and local assessments to improve our understanding of floodplain depositional

patterns. We developed a dataset of event-scale observations of sediment and phos-

phorus deposition rates distributed at 129 plots across large environmental gradients

of floodplain topography, valley geometry, and watershed characteristics in the Lake

Champlain Basin, Vermont. Plot-scale observations were used to evaluate the cross-

scale influence of environmental factors and were summarized into site-scale aver-

ages to explore regional trends. Consistent with other studies, floodplain deposition

generally scaled with drainage area, but trends were longitudinally discontinuous and

depended on variations in valley width and slope. While variability in deposition pat-

terns at the watershed-scale was large (average of 2.0 (0.2–9.8) kg sediment

m�2 yr�1; average of 1.4 (0.2–6.5) g phosphorus m�2 yr�1), the range in deposition

rates locally across a floodplain was greater (average of 4.6 (0.06–21.7) kg sediment

m�2 yr�1; average of 6.4 (0.1–41.1) g phosphorus m�2 yr�1). Local variables that

described the proximity to water and sediment sources, and frequency with which

the plot was activated by a flood, had the greatest relative contribution to boosted

regression tree models of phosphorus deposition rates, highlighting the importance

of river–floodplain connectivity for floodplain functioning and the profound impact

of human activities that limit such connectivity. Patterns identified in our study may

guide prioritization of restoration and conservation practices designed to capture

sediment and phosphorus on floodplains.
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1 | INTRODUCTION

Floodplains perform numerous functions that support ecosystem

services (Opperman et al., 2010), including the mitigation of water-

related hazards (Gourevitch et al., 2020), improvement of water qual-

ity (Wohl, 2021), and provisioning of riparian and aquatic habitats that

support some of the most biodiverse settings in the world (Ward

et al., 1999). Increasingly, floodplains are recognized as an important

component of watershed management plans aimed at mitigating

degraded water quality in receiving waters, such as excess nutrient

runoff contributing to harmful algal blooms (Gordon et al., 2020;

Tschikof et al., 2022). Floodplains can be leveraged for their storage

of sediment and nutrients, to reduce downstream flux of these con-

stituents (Johnson et al., 2016; Noe & Hupp, 2005; Noe et al., 2022).

When well connected to their rivers, floodplains can be targeted for

conservation to preserve this function and, where historic land uses
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have reduced river–floodplain connection, floodplains may be

restored to enhance their storage capacity (Opperman et al., 2009;

Tockner et al., 1999). To best focus conservation or restoration efforts

in a watershed, river managers need to know where floodplains can

be most effective at attenuating watershed fluxes and maximizing

sediment and nutrient retention from floodwaters.

In this paper we explore spatial patterns of modern (i.e., recent

decades) sediment and sediment-bound nutrient deposition, impor-

tant for understanding the impact of watershed management

actions. Over longer timescales, depositional and erosional processes

define the net storage of sediment in floodplains and determine

their current distribution and morphology (Church, 2002; Jain

et al., 2008; Wohl, 2021). This structural organization influences the

strength of hydrologic and sediment connections (i) between flood-

plains and the upstream watershed (longitudinal), (ii) between flood-

plains and the adjacent river channel (vertical), and (iii) across the

floodplain (lateral) (Ward, 1989; Wohl et al., 2019). The stronger

these connections, the more efficient is the transfer of water and

sediment, and the greater the expected deposition in floodplains

(Bartsch et al., 2022; Opperman et al., 2009; Tockner et al., 1999).

The relationship between floodplain structural organization and con-

nectivity that influences deposition can be characterized at various

spatial scales.

At the watershed scale, total floodplain deposition increases with

watershed area as rivers and their floodplains increase in size

(Magilligan, 1985; Swinnen, Daniëls, et al., 2020). However, longitudi-

nal variation in valley width from changes in lithology and bedrock

characteristics, relict glacial deposits, or geologic structures

(Wohl, 2021) results in wider segments with a lower gradient and high

sediment retention interspersed with steep, laterally confined seg-

ments where there is little space to accommodate floodplain deposi-

tion (Stanford et al., 1996; Wohl et al., 2018). Trends in sediment

storage and deposition also vary within and between watersheds

because of hydrologic and sediment regimes that influence the longi-

tudinal connectivity, and determine the timing, concentration, and vol-

umes of sediment supplied (Wohl et al., 2015).

At the valley scale, trends in deposition may be described by the

geometry of the channel and floodplain, which influences the strength

of the connection between floodwaters and the floodplain. Wider

floodplains capture greater volumes of sediment, but deposition is

also greater, on a per area basis in wider valleys (Hupp et al., 2013).

Shallower channels, or those with lower bank heights relative to

floodplain widths, tend to have greater river–floodplain connectivity

and higher deposition rates (Schenk et al., 2013), although high, unsta-

ble banks may also locally enhance sediment loads, leading to elevated

deposition rates (McMillan & Noe, 2017). While some have docu-

mented a negative relationship between channel gradient and deposi-

tion (Hupp et al., 2013; Schenk et al., 2013), deposition rates have

also been correlated with sediment loads, a function of gradient and

the river’s transport capacity (Gellis et al., 2008).

At the local scale, floodplain topography and landcover influence

the routing of floodwaters that disperse sediment across the flood-

plain (Middelkoop & Asselman, 1998). Areas that are highly connected

to sediment-laden floodwaters have high deposition rates that

decrease rapidly with distance (Hupp et al., 2015; Pizzuto

et al., 2008). Elevated deposition has been associated with areas

closer to the river or floodplain channel (Swanson et al., 2008), lower

on the floodplain (Hupp & Bazemore, 1993; Kleiss, 1996), or inun-

dated the most frequently (Hupp et al., 2008), and can be associated

with distinct geomorphic surfaces (Kaase & Kupfer, 2016; Steiger &

Gurnell, 2003). Vegetation growing on floodplains can interrupt flow

patterns, enhancing deposition within some plant communities (Olde

Venterink et al., 2006), introducing micro-topography (Temmerman

et al., 2005), and altering seasonal depositional patterns (Brunet &

Astin, 1998).

Rivers, however, are complex systems governed by interactions

among variables operating across these spatial scales, resulting in

nonlinear or threshold patterns (Phillips, 2003; Soranno et al., 2014).

Human modifications to the landscape exacerbate the complexity of

cross-scale interactions, variably altering hydrologic and sediment

connectivity depending on the type, extent, and intensity of the activ-

ities (De Vente et al., 2007; McCluney et al., 2014). For example, sedi-

ment supplies are governed by watershed geologic and land use

characteristics, which in turn influence sediment loads and deposition

patterns (Gellis et al., 2008). Yet the caliber and nature of the sedi-

ment supplied also influence floodplain typology, as described by

Nanson and Croke (1992), determining the strength and distribution

of floodwater connectivity across the floodplain.

To understand the spatial variability of deposition patterns, it is

therefore necessary to take a cross-scale perspective. McMillan and

Noe (2017) demonstrated these cross-scale patterns within a limited

geographic scope. In five small urban watersheds in the Southeast-

ern USA, they found that lateral connectivity influenced the reten-

tion of sediment and nutrients, but that deposition rates depended

on the location along the stream network. The relative importance

of—and interactions among—the structural organization, connectiv-

ity, and the human impact on deposition remain relatively under-

studied, notably across a larger range of spatial scales and for a

variety of land uses.

The goal of this paper was to characterize the cross-scale interac-

tions manifesting in variable spatial patterns of floodplain deposition

across a broad range of environmental conditions, with a particular

focus on metrics of longitudinal–vertical–lateral (dis)connectivity

resulting from post-glacial and human-caused channel and floodplain

disturbance. We collected sediment and sediment-bound phosphorus

observations at the plot scale (100 m2) that capture variability in local

floodplain topography and connectivity and aggregated it to develop a

site-scale (102–103 m2) dataset that captures a range of valley- and

watershed-scale characteristics. With this nested dataset, we applied

machine learning techniques that are well adapted for identifying

threshold and nonlinear relationships characteristics of complex Earth

systems (Bergen et al., 2019) to investigate which factors, over which

scales, are important for describing observed deposition patterns. We

worked in the Lake Champlain Basin of Vermont in the northeastern

USA, where the US Environmental Protection Agency has set a Total

Maximum Daily Load target of 34% reduction in phosphorus export

to the lake (EPA, 2016) and where phosphorus loading to the lake is

dominated by particulate forms, notably during larger floods (Vidon

et al., 2018). The region has a complex glacial and human land use his-

tory that has variably disconnected floodplains from their rivers

(Kline & Cahoon, 2010). Disconnected floodplains likely contribute to

degraded water quality (Langendoen et al., 2012), and improving

river–floodplain connectivity may help to capture sediment and

sediment-bound phosphorus.
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2 | METHODS

2.1 | Study area and design

To evaluate the spatial patterns of floodplain deposition across a large

environmental gradient, we developed a regional dataset of sediment

and sediment-bound phosphorus for the Lake Champlain Basin (LCB;

12,000 km2) in the Northeastern USA, which drains much of western

Vermont and includes part of eastern New York and southern Quebec

(Figure 1). In Vermont, the basin spans six diverse physiographic

regions (Stewart & MacClintock, 1969), from the relatively wet

(127 cm yr�1) and forested Northern Green Mountains dominated by

northern hardwoods to the dryer (81 cm yr�1) Champlain Valley domi-

nated by agriculture along low-relief plains (Randall, 1996). While

annual floods on the rivers that drain to Lake Champlain occur pre-

dominately from spring snowmelt, with nearly one-half of the annual

streamflow concentrated in a 6- to 8-week period, fall and early win-

ter storms are responsible for a second mode of less common, but

intense floods (Collins et al., 2014; Shanley & Denner, 1999).

Rivers and floodplains in the region have been affected during

the past few centuries as a result of ongoing postglacial, isostatic

rebound of Vermont landforms and a history of land use impacts

(Stewart & MacClintock, 1969; Underwood et al., 2021). Uplands

cleared for logging and agriculture resulted in increased flooding and

encroachment, which led to management actions such as dredging,

channelization, berm building, and wood removal, which altered the

river channels and floodplains (Kline & Cahoon, 2010). Elevated levels

of phosphorus, from a long history of land clearing and associated soil

erosion and agricultural practices, along with current land uses, have

degraded water quality (Isles et al., 2015; Smeltzer et al., 2012).

We established a floodplain monitoring network located within

the six major watersheds in the Vermont portion of the LCB. Nineteen

sites were located on streams draining from 10 km2 to 2800 km2

(Figure 1). These sites were chosen to capture a range of watershed-

to valley-scale controls on floodplain sediment and phosphorus depo-

sition and represent hydroclimatic, geologic, and topographic gradi-

ents, as well as differing upstream land use and land cover

characteristics (Medalie et al., 2012; Underwood et al., 2017; Table 1).

We located sites in areas of the watershed where sediment accumula-

tion is likely to occur, determined by each site’s position on a drainage

area–slope plot, often used to identify major transitions in river char-

acter and behavior (Church, 2002; Jain et al., 2008; Sklar &

Dietrich, 1998) (Figure 2). Approximately half of the floodplains are

considered low energy and half medium energy, based on the Nanson

and Croke (1992) classification, indicative of differences in form and

depositional processes. We chose floodplains with moderate to full

vertical connection to the river, as measured by the degree of channel

incision (i.e., incision ratio less than 1.6), to assure inundation during

the study period, although one site had an incision ratio greater than

1.6. See Section 2.3 and Supporting Information Figure S2 for the def-

inition of incision ratio. We then sited monitoring plots (3–12 per site,

total of 140) across topographic and hydrologic gradients at each site

to represent local controls (Figure 3). Each plot consisted of four 15 �
15 cm square artificial turf pads (8 mm bristles) spaced orthogonal to

each other, 1 m from a central bamboo pole (Figure 3).

In addition to exploring the cross-scale controls on deposition

across the Lake Champlain Basin, we performed a scenario analysis

on two contrasting headwater watersheds to evaluate how an

understanding of the spatial patterns of deposition can inform

watershed management plans that target improved floodplain func-

tioning to mitigate poor water quality (Figure 1). Absent human

impacts, we assumed that floodplains in our study may achieve full

vertical and lateral hydrologic connectivity with floodwaters, defined

as no incision and regular inundation. Black Creek (BC) drains

230 km2 of predominately forested land (70%), with 9% wetland

cover, in the Missisquoi River Watershed in northern Vermont. Due

to wide, flat valleys, 40% of the river corridor is cultivated or man-

aged as pasture. The Mad River (MR), a slightly larger watershed

(368 km2), is in the headwaters of the Winooski River Watershed in

central Vermont. The watershed is largely forested (87%), with less

wetland cover (3.7%), and has less agriculture through the river cor-

ridor (17%). Reaches in the Mad River watershed are steeper than

those in Black Creek (MR mean = 0.03 and SD = 0.03; BC

mean = 0.007 and SD = 0.008; t[226] = 5.16, p < 0.001), and their

channels are more incised (MR mean = 1.5 and SD = 0.37; BC

mean = 1.3 and SD = 0.29; t[226] = 2.09, p = 0.04).

2.2 | Sediment and phosphorus deposition dataset

Turf mat plots installed in the summer of 2019 were monitored for

flood-deposited sediments for 2 years. Following individual flood

events, turf mats were evaluated for evidence of inundation and depo-

sition, excavated, and collected, and replaced with new pads. Sedi-

ments were dried and weighed to identify event-scale deposition (Dep;

kg m�2), which generally refers to both sediment and phosphorus

deposition. To build a dataset of phosphorus concentrations at the plot

F I GU R E 1 Map of Lake Champlain Basin, Vermont [Color figure
can be viewed at wileyonlinelibrary.com]
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scale, samples from two of the four mats within each plot were

composited into one sample. The sample was sieved (2 mm) and gro-

und to pass a 0.5 mm sieve. A representative 0.5 g subsample was ana-

lyzed for total phosphorus using a microwave-assisted nitric acid

digest following EPA method 3050B (US EPA 1996). Digests were ana-

lyzed for total phosphorus by ICP-OES (Avio 300, Perkin Elmer Corp,

Norwalk, CT, USA). Total phosphorus concentrations (P_conc; mg kg�1)

of the analyzed sediment were used to convert sediment deposition

(Sed_Dep; kg m�2) to phosphorus deposition (P_Dep; g P m�2).

To aggregate deposition measurements at a single plot resulting

from multiple flood events during the study period, we defined an

annual deposition rate that accounts for the variability in the magni-

tude of observed flood events. In any given year, the annual probabil-

ity, p, of a flood event of a defined recurrence interval occurring is

1/T, where T equals the expected recurrence interval (see the second-

to-last paragraph in this section for more information). Because these

flood events are independent of each other, multiple flood events can

occur in a single year. To estimate the annual deposition rate (Depyr;

kg m�2 yr�1), we integrated the deposition associated with observed

flood events at each plot, with respect to p:

Depyr ¼
ð1

0

Dep pð Þdp ð1Þ

Based on the methods in Olsen et al. (2015), we solved the integral

using the trapezoidal rule (Equation 2). In this equation, j represents

the flood recurrence interval:

T AB L E 1 Environmental characteristics used to evaluate variability in floodplain deposition, measured for each site (watershed and valley)
and plot (local)

Representative scale Characteristics Median Min. Max.

Watershed Drainage area (km2) DA 184 10 2,745

% Watershed in wetland WSWET 7% 3% 17%

% Watershed in agriculture WSAG 9% <1% 47%

% Watershed in development WSDEV 1.4% <1% 2.50%

% Watershed with HSGDa WSHSGD 54% 26% 84%

Valley Slope (m m�1) S 0.0009 0.00001 0.0063

Specific streampower (W m�2) SSP 37.2 0.8 137

Incision ratio IR 1.2 1 1.9

Floodplain widthb (m m�1) WFP 12.0 2.2 35.1

Local Distance from channelb (m m�1) D 0.47 0.01 4.8

Annual inundation probability Inun 0.46 0.01 1.0

aHydrologic soil group D (HSGD) are soils with high runoff potential.
bNormalized by channel width.

F I GU R E 2 Nineteen study sites plotted on drainage area–slope
plot. All sites fall below the threshold identified by Jain et al. (2008),
as a general determinant of shift in process domain. Open circles
indicate sites classified as “medium energy” and closed circles as “low
energy” according to Nanson and Croke (1992)

F I G U R E 3 Example of a typical site (top), with transects of
monitoring plots (orange squares). Each monitoring plot (bottom, left)
consists of four 15 � 15 cm turf mat pads (green squares), 1 m from a
central pole. Following inundation, we excavated each pad (bottom,

right) for analysis [Color figure can be viewed at wileyonlinelibrary.com]
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Depyr ¼
X
j

pjþ1�pj
� �

Depjþ1þDepj
� �� �
2

ð2Þ

Because each plot had between one and three observations asso-

ciated with flood events of a range of recurrence intervals, we extrap-

olated the observations by assuming that the relationship between

recurrence interval and deposition approximated a logarithmic func-

tion. If the plots at a site were only inundated once during the study

period, we assumed that the 1-year flood (p = 1.0) deposited

0 kg m�2. Similarly, if some plots experienced inundation and deposi-

tion during a flood, while other plots at the same site did not, we

assigned a deposition value of 0 kg m�2 to those plots not inundated.

To identify the recurrence interval of each flood event, we related

relevant site and storm characteristics (e.g., drainage area, basin outlet

coordinates, precipitation total) at each ungauged site to nearby USGS

stream gages, where flood frequency curves have been developed

(see Olson, 2014). For each flood event, we downloaded interpolated

maps of observed precipitation totals measured by the National

Weather Service (NOAA, 2021a) and of modeled snow water equiva-

lent values from the National Snow and Ice Data Center

(NOAA, 2021b), and calculated basin average precipitation totals for

each site affected by that flood. Basin average precipitation totals

were used to scale measured discharge, and the associated flood fre-

quency, at USGS gages to the ungauged sites.

From plot-scale Depyr observations of sediment and phosphorus,

we calculated a floodplain-average deposition value (Depsite;

kg m�1 yr�1), which represents the likely total annual deposition of

sediment and phosphorus per length of river. Trends in the annual

deposition rate for each plot and the distance from the stream chan-

nel, commonly understood to have an exponential decay

(e.g., Walling & He, 1998), were used to determine the relationship

between distance and deposition for the 100-year floodplain, along

one valley side. A unique relationship between Depyr and distance was

developed for each of the 19 sites. We used this relationship to inter-

polate deposition across the site, aggregating across the floodplain to

calculate the floodplain-average deposition.

2.3 | Watershed, valley, and local characteristics

We identified a suite of characteristics with potential for influencing

spatial variability in sediment and sediment-bound phosphorus sourcing

and deposition at the watershed and valley setting of each floodplain

site, and additional characteristics that may be important for describing

local variability in deposition among plots (Table 1). At the watershed

scale, we calculated the drainage area (DA) and the percent of the

upstream watershed with soils in hydrologic soil group D that have high

runoff potential (WSHSGD; USDA 1986), and whose land cover is classi-

fied as wetlands (WSWET), impervious (WSIMP), or agriculture (WSAG;

Vermont Center for Geographic Information, 2018). Land use and

cover data provide insight into sources of sediment and phosphorus as

well as the longitudinal connectivity of the watershed. The potential for

storing water (i.e., high WSWET or low WSHSGD) or accelerating runoff

(i.e., high WSIMP or WSAG) may influence hydrograph shapes and sedi-

ment regimes and may be important for understanding nutrient runoff.

At the valley scale, we identified channel slope (S) adjacent to a

site, measured from a LiDAR-derived DEM (0.7 m resolution QL2;

Vermont Center for Geographic Information, 2019) for a reach that

was no less than 10 channel widths long and had no significant breaks

in elevation (i.e., relatively consistent slope). Specific stream power

(SSP) in this reach was calculated as Q2 � S � 9810, using the dis-

charge of the 2-year flood (Q2; Olson, 2014). We characterized the

100-year floodplain width (based on Diehl, Gourevitch, et al., 2021) as

a ratio (WFP) expressed relative to channel width measured from air

photos and the DEM. Additionally, we identified a channel incision

ratio (IR), defined as the ratio of the floodplain low-bank height, indic-

ative of the historical floodplain, to the bankfull depth defined as the

flow at the 1.5-year recurrence interval (Beechie et al., 2008; Kline

et al., 2009) (Supporting Information Figure S1). Values less than 1.3

indicate low incision and regular access of floodwaters to the flood-

plain, whereas values greater than 1.6 indicate significant incision and

low connectivity with floodwaters. Where available, field-measured

data from Vermont stream geomorphic assessments were used

(Vermont Agency of Natural Resources, 2021). Otherwise IR values

were estimated from LiDAR-derived DEMs (Palaseanu-lovejoy

et al., 2016). We note that within a given site, WFP and IR may vary

among the plots because of cross-sectional differences.

At the local scale, we measured the nearest distance (D) of each

plot from the edge of the river channel (normalized by channel width).

We also identified the annual likelihood of inundation (Inun) for each

plot—a measure of the lateral connectivity, derived from a dataset of

probabilistic floodplain maps developed for the Lake Champlain Basin

from LiDAR-derived DEMs (Diehl, Gourevitch, et al., 2021). Using a

low-complexity mapping approach these maps were created to iden-

tify the likely inundation extent of a range of recurrence interval

floods, from the 2- to 500-year flood. From this dataset, we created a

composite map of annual inundation probabilities (Diehl, Wemple,

et al., 2021). We note that even though the floodplain maps did not

identify the threshold between floods that occur once every 2 years

and those that occur more frequently, annual flood observations

allowed for modifications to Inun when Inun > 0.5.

2.4 | Data analyses

We first evaluated simple bivariate trends in the plot-scale dataset,

calculating the Spearman rank correlation between the physical char-

acteristics of the watershed, valley, and local floodplain, and field-

measured values of sediment and sediment-bound phosphorus con-

centrations (Sed_Dep, P_conc; Table 1).

2.4.1 | Boosted regression trees (BRTs)

We then used a BRT modeling approach: (1) to analyze the key vari-

ables driving annual plot-scale phosphorus deposition rates (P_Depyr)

and reduce the dimensionality of our dataset in order to highlight the

most important drivers of floodplain deposition and understand their

relationships; and (2) to predict P_Depyr for a scenario analysis within

two watersheds. We developed two distinct models to achieve these

objectives, as described below.

The BRT is a powerful, ensemble method for exploring data from

complex, nonlinear systems with many, sometimes correlated, predic-

tor variables that interact across multiple scales. BRTs are particularly

DIEHL ET AL. 805



well suited for analysis and prediction in complex problem domains

because they are flexible (e.g., handle missing data and multiple types

of data with non-normally distributed residuals) and inherently con-

sider interactions among factors (Elith et al., 2008; Pittman

et al., 2009). BRTs combine regression trees with boosted machine

learning to adaptively improve model performance (Elith et al., 2008).

The boosting technique builds hundreds to thousands of statistical

trees that iteratively fit the residuals of prior trees. As a result, BRTs

provide an estimate of the relative importance of each predictor vari-

able to explain variation in the dependent variable and partial depen-

dence plots that communicate the effect of each predictor variable

after accounting for the average effects of all other variables in the

model. The relative influence of predictor variables is based on the

number of times that variable is selected for splitting (e.g., added to

the model), weighted by the squared improvement to the model

resulting from each split, and averaged over all trees. We executed

the BRT model with the DISMO package in R (Hijmans et al., 2015)

following the guidelines of Elith et al. (2008). Because of a relatively

low sample size (n = 128), we raised the default bag fraction of 0.5 to

0.6, where 60% of the sample is drawn at random, without replace-

ment, from the full training set at each iteration. Tree complexity and

learning rate were optimized based on model predictive performance

during validation using cross-validation.

In the first BRT model, we evaluated the best drivers of P_Depyr,

from the suite of physical characteristics identified for this study

(Table 1). After initial model calibration with all input parameters, sub-

sequent model simplification successively dropped those parameters

that contributed the least to total error prediction. Once all variables

had more than 3% relative influence, we then removed the correlated

predictors (Spearman rank correlation coefficient > 0.7) with the

lower influence to prevent overfitting of the model.

We developed a second, simpler, BRT model to use as a predic-

tive tool in the scenario analysis. From the top variables identified in

the first model, we kept those variables that had more than 10% rela-

tive influence, and specifically included IR and Inun to assure charac-

terization of vertical and lateral hydrologic connectivity. To remove

some of the noise in the data, and better understand trends in deposi-

tion, we classified the variables based on thresholds evident in the

partial dependence plots of the first model.

2.4.2 | Predicting existing and potential phosphorus
deposition

We applied the predictive BRT model to the Black Creek and Mad

River watersheds (Figure 1) and calculated average annual floodplain

deposition rates (g P m�2 yr�2) at the reach scale, for reaches with a

DA up to 25 km2 (i.e., 10 mi2, to match flood inundation maps; Diehl,

Gourevitch, et al., 2021) that met the DA–slope threshold indicative

of settings that support floodplains (Figure 2). Because we expect that

floodplain deposition depends on distance from the river channel, we

calculate a spatial average for each reach, integrating across the full

100-year floodplain based on the modeled relationship between dis-

tance from the channel and annual deposition.

We applied the model for two scenarios: existing and potential

conditions. The existing scenario used current values, including mea-

sured IR and Inun values. The potential scenario assumed full connec-

tivity, defined as no incision and frequent inundation, representative of

a fully functioning floodplain, or one that may be achieved absent

human impacts. For the potential scenario, we used updated IR

(IR = 1.0) and Inun values. We shifted the median annual probability of

inundation based on the shift in the IR, assuming that, by restoring ver-

tical connectivity, the lateral connectivity would also improve. The

change in Inun scaled with the change in IR and was based on observa-

tions from the existing relationship between IR and median Inun in the

study watersheds (Supporting Information Figure S2). We acknowl-

edge that this approach does not account for all lateral constraints nor

improvements to land cover and topography that also may enhance

connectivity and change deposition patterns, and that disconnectivity

can also exist without anthropogenic perturbations, such as from land-

slides or in response to base-level shifts (Schumm, 1999).

3 | RESULTS

3.1 | Inundating floods and floodplain deposition
rates

We measured deposition following six localized and one widespread

flood event (Table 2). Localized flooding occurred because of spring

snowmelt and rain on snow events in 2021 and convective storms in

2019 and 2021. Heavy rainfall on October 31 to November 1, 2019

resulted in significant flooding across the study area. Flood events

had recurrence intervals that ranged from 1 to 130 years. Floods that

occurred in the winter and early spring scaled to watershed-average

snow water equivalent, while those that occurred because of localized

rain were a function of watershed-average precipitation. Because the

1 November rainstorm and resulting flooding had a geographic signa-

ture (e.g., greater precipitation in the north and along the western por-

tion of the state), we also found high predictive capability for

determination of the recurrence interval based on location (Table 2

and Supporting Information Table S1).

We collected 188 unique observations of sediment and phospho-

rus deposition, which occurred on 129 turf mat plots (out of 140) at

19 sites. Of the remaining 11 plots, eight were not inundated during

the study period and three were not relocated. Erosion was noted

around four plots, and three plots were either partially or fully eroded

through bank retreat. We assigned these instances a value of “0”
kg m�2 in the dataset.

Field-measured sediment and phosphorus deposition (Sed_Dep

and P_Dep) varied by three and two orders of magnitude, respectively

(Table 3). Measured concentrations of phosphorus in sampled sedi-

ments were less variable than deposition rates, although some sam-

ples had relatively low phosphorus concentrations (e.g., 426 mg kg�1),

while others were notably elevated (e.g., 1506 mg kg�1). Accounting

for flood frequency, annual sediment and phosphorus deposition at

the plot scale ranged from 0.06 to 21.7 kg m�2 yr�1 and from 0.1 to

41.1 g P m�2 yr�1, respectively. Sediment deposition was negatively

correlated with P concentration (rho = �0.23; p < 0.01). Sediment

deposition rates explained 95% of the variability in phosphorus depo-

sition rates (p < 0.001). Because of this close correlation in sediment

and phosphorus deposition, and the overall importance of phosphorus

in driving algal blooms in freshwater systems, we focused the analyses

of general trends on phosphorus deposition rates.

Extrapolated to the site scale for the full 100-year floodplain

width, based on within-site trends, Sed_Depyr and P_Depyr averaged
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2.0 kg m�2 yr�1 and 1.4 g P m�2 yr�1, respectively. As a result, at the

19 sites, Sed_DepFP and P_DepFP averaged 249 kg m�1 yr�1 and 198 g

P m�1 yr�1 (Table 3).

3.2 | Multi-scale controls on spatial patterns of
floodplain deposition

Sediment deposition (S_Dep) and phosphorus concentration (P_conc)

were correlated with environmental variables at multiple scales. A

watershed’s land use and land cover characteristics were important

for both sediment deposition and phosphorus concentrations. WSWET

was negatively correlated with S_Dep, and WSHSGD, WSAG, and WSIMP

were positively correlated with P_conc (Table 4). Slope and specific

stream power, which are indicators of the potential energy expendi-

ture, were positively correlated with S_Dep and negatively with

P_conc. Locally we found that plots further from the channel had

greater P_conc but smaller S_Dep.

When multi-scale characteristics were evaluated together in the

BRT model to describe variability in annual plot-scale phosphorus

deposition (P_Depyr), local controls had the greatest relative contribu-

tion to the model (Figure 4). Together, the probability of inundation

and distance from the channel were chosen nearly half the time (23%

and 21%, respectively) in determining the full ensemble model. In

total, the first BRT model described 81% of the variability in P_Depyr,

and cross-validation of the BRT model (resampling without replace-

ment) showed that the model was moderately predictive (0.58 CV

correlation). Valley (S, WFP, and IR) and watershed-scale attributes

(WSWET, DA, WSHSGD) described the remaining 32% and 25% of the

variability, respectively.

Important thresholds existed in many of the relationships

between explanatory variables and P_Depyr. Notably, settings where

S < 0.0015 and WSWET > 5% had significantly lower P_Depyr. For

floodplains whose DA was less than 150 km2, WSHSGD was greater

than 40%, and when IR was greater than 1.6, P_Depyr was also

smaller.

Phosphorus deposition rates increased with increasing probability

of inundation; deposition rates on surfaces inundated regularly

(i.e., every 1–2 years) were two to four times greater than those inun-

dated less frequently (i.e., less than every 10 years; Figure 4).

T AB L E 2 Summary of flood events that inundated at least one of the 19 study sites, resulting in measurable deposition

Flood Date Mechanism # of sites Inundated # of plots collected Estimated flood recurrence interval

June 20, 2019 Rain 1 7 <5-year

October 17, 2019 Rain 2 13 <10-year

November 1, 2019 Rain 19 128 1.5- to 130-year

December 25, 2020 Rain 5 9 <2-year

March 11, 2021 Snowmelt 1 1 <5-year

March 26, 2021 Rain and snowmelt 6 16 <5-year

May 1, 2021 Rain 2 14 <5 -year

T AB L E 3 Sediment and phosphorus deposition measured during the study period

Units Median Min. Max. Avg. SD

Plot-scale field measures

Sediment deposition Sed_Dep kg m�2 8.5 0.3 162 17 21.5

Phosphorus concentration P_conc mg kg�1 723 426 1506 751 214

Phosphorus deposition P_Dep g P m�2 5.7 0.3 82 11.9 14.4

Plot-scale annual deposition

Sediment deposition rate Sed_Depyr kg m�2 yr�1 2.5 0.06 21.7 4.6 4.9

Phosphorous deposition rate P_Depyr g P m�2 yr�1 3.7 0.1 41.1 6.4 7.2

Site-scale annual deposition

Sediment deposition rate Sed_Depyr kg m�2 yr�1 0.9 0.2 9.8 2.0 2.5

Phosphorus deposition rate P_Depyr g P m�2 yr�1 0.7 0.2 6.5 1.4 1.7

Floodplain sediment deposition Sed_DepFP kg m�1 yr�1 156 7.5 1098 249 275

Floodplain phosphorus deposition P_DepFP g P m�1 yr�1 147 6.8 637 198 187

T AB L E 4 Spearman rank correlations between plot-scale
measurements of sediment mass and phosphorus concentration and
environmental variables. Statistically significant relationships
(p < 0.05) are shown in italics

Sediment deposition
(kg m�2)

P concentration
(mg kg�1)

DA 0.12 �0.13

% Watershed wetland �0.22 �0.10

% Watershed agriculture �0.17 0.39

% Watershed HSGD �0.12 0.41

% Watershed developed �0.01 0.39

Floodplain width/channel

width

�0.02 0.20

Slope 0.18 �0.18

SSP 0.27 �0.28

Distance/channel width �0.24 0.18

IR 0.03 �0.14

Inundation probability 0.11 0.20
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Phosphorus deposition rates decreased rapidly with increasing dis-

tance from the channel; within one channel width, rates were two to

three times greater than they were at two channel widths. Beyond

that, the partial dependence plot suggests that deposition rates

remain relatively constant and small in magnitude, although very little

of our data were collected beyond two channel widths (e.g., 90% of

the plots had D values < 2).

Inun had a strong interaction with S, and to a lesser degree with

D. The importance of inundation probability on deposition differed in

settings where channel gradient was low from those settings that

were steeper and depended on the proximity to the stream channel.

Even though areas closer to the channel tended to be inundated more

frequently than those further away, Inun and D were not correlated

(rho = �0.12, p = 0.18), likely because of other confounding factors

such as variability in vertical connectivity or floodplain topography.

Annual site-scale floodplain phosphorus deposition (P_DepFP; g

m�1 yr�1) increased with drainage area, but this relationship differed

based on channel slope and depended on valley confinement

(Figure 5). In unconfined settings, P_DepFP was greater when channel

slope was steeper than 0.0015 than for sites where channel slopes

were less than 0.0015 (ANOVA, p = 0.01). Two sites are located

within confined valleys (i.e., WFP < 4 channel widths; Vermont Agency

of Natural Resources, 2009), and as a result their floodplains are much

narrower than the other sites for a given drainage area (Figure 5).

Here, P_DepFP was much less than would be predicted given their

location in the watershed and the slope of the channel.

3.3 | Scenario analysis in two headwater
watersheds

The simpler, predictive, BRT model included five variables representa-

tive of cross-scale physical characteristics of the watershed, valley,

and local setting, as well as the three dimensions of hydrologic

connectivity (longitudinal (WSWET), vertical (IR), and lateral (Inun);

Figure 6). Variables were classified into three or four categories, based

on apparent breaks in partial dependence plots from the original

model (see Figure 4 and Table 5). Because we limited the number of

F I GU R E 4 Results of boosted regression tree analysis, indicating the relative contribution (%) of physical characteristics (upper corner of
each plot) to the total model of annual phosphorus deposition rate (g P m�2 yr�1). Partial dependence plots communicate the effect of each
predictor variable after accounting for the average effects of all other variables in the model

F I G U R E 5 Annual site-scale floodplain phosphorus deposition
scales to drainage area, but the relationship differs based on channel
slope and confinement (top). Floodplain width scales with drainage
area for all but two sites that are located in confined settings

(floodplain width < 4� channel width). Solid lines indicate significant
(p < 0.01) relationships between log drainage area and log phosphorus
deposition (top) and log floodplain width (bottom) with 95%
confidence interval (dashed lines)
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variables and converted them to categorical variables, the predictive

BRT model described less variability (50%) than the full BRT and was

moderately predictive (51% of CV).

Application of the predictive model to the Mad River and Black

Creek watersheds demonstrated how cross-scale physical characteris-

tics and hydrologic (dis)connectivity influenced floodplain deposition.

Existing phosphorus deposition rates (g P m�1 yr�1) and total mass of

phosphorus deposited within the watershed (kg P yr�1) were similar

for the Mad River and Black Creek (Table 6). Higher gradient reaches

along the Mad River, which are associated with greater floodplain

deposition rates were offset by greater vertical (IR) and lateral (Inun)

disconnectivity. Because of the Mad River’s generally larger IR and

lower Inun values as compared to Black Creek, the difference in phos-

phorus deposition rates between existing and potential scenarios was

greater; median deposition rates increased 110% on the Mad River

from existing to potential and 20% on the Black Creek (Table 6). On a

per stream length basis, potential deposition rates were similar

between the watersheds because 100% of the Black Creek’s stream

length in our study area supports floodplains compared to 61% of the

Mad River study area.

4 | DISCUSSION

4.1 | Spatial patterns of floodplain deposition

Event-scale measurements of sediment and phosphorus deposition,

collected across large environmental gradients, demonstrate that

strong spatial trends exist in floodplain deposition and therefore in

the functioning of these landforms. Through a watershed, we would

expect total floodplain deposition to scale with drainage area

(Magilligan, 1985; Swinnen, Daniëls, et al., 2020), in part because

floodplain width determines accommodation space, and floodplain

width generally increases along the longitudinal profile of a river.

Through the Lake Champlain Basin, we documented changes in depo-

sition that scaled with drainage area, but these trends were

F I GU R E 6 Partial dependence plot
summarizing results from boosted
regression tree analysis developed to
predict P deposition patterns through a
watershed

T AB L E 5 Categories for classification of variables used in simplified BRT model used to make predictions about deposition patterns for
existing and potential conditions in two watersheds

Variable Class Value Description

WSWET A <5% Low storage

B 5–10% Moderate storage

C >10% High storage

S A <0.001 Low gradient

B 0.001 to 0.002 Moderate gradient

C >0.002 High gradient

IR A 1.0 to 1.3 Well-connected floodplain

B 1.3 to 1.6 Moderately-connected floodplain

C >1.6 Disconnected floodplain

Dist A <0.5 m m�1 Near-channel region

B 0.5 to 1.0 m m�1

C 1.0 to 1.5 m m�1

D >1.5 m m�1 Distal floodplain

Inun A <0.20 Rarely inundated

B 0.20 to 0.50 Infrequently inundated

C 0.5 Two-year floodplain

D >0.50 Annual floodplain
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discontinuous and depended on variations in valley width and slope.

Discontinuous downstream changes in valley geometry affect the

presence and character of floodplains (Brierley, 2009; Jain

et al., 2008; Van Appledorn et al., 2019) and the capacity to store sed-

iment, nutrients, and carbon (Lininger & Wohl, 2019; Swinnen,

Daniëls, et al., 2020) and support diverse aquatic and riparian ecosys-

tems (Bellmore & Baxter, 2014; Goebel et al., 2003).

Nanson and Croke (1992) defined floodplain types based on the

geomorphic context, framing their classification as the balance

between stream power and sediment character. In higher-energy set-

tings, larger quantities of coarser sediment sizes may be moved more

efficiently. Our event-scale observations indicate that deposition rates

are greater where stream power, and relatedly slope, is moderately

large. We found that this threshold in process occurs for channel

slopes around 0.001 to 0.002 m m�1 and is consistent with transitions

in river character and behavior documented elsewhere, including the

shift from low-energy to medium-energy floodplains in the Nanson

and Croke Classification, and from sand to gravel bed rivers (Sklar &

Dietrich, 1998; Figure 2). In lower-gradient watersheds of the Lake

Champlain Basin dominated by glaciolacustrine deposits, the finer-

grained deposits sourced from cohesive channel boundaries are asso-

ciated with smaller depositional thickness (and mass) in adjacent

floodplains. Fine-grained streambank sediments (silts, clays) tend to

have a greater affinity for phosphorus due to their greater surface

area (McDowell et al., 2002), and therefore are generally characterized

by greater phosphorus concentrations than coarse-grained sediments

in Vermont streambanks (Ishee et al., 2015; Young et al., 2012) consis-

tent with findings from other regions, such as the Chesapeake Bay

(Lutgen et al., 2020). Flood-deposited sediments sampled in this study

were weakly associated with percent fines (Triantafillou, 2021), and

total phosphorus deposition was strongly associated with deposit

thickness, where thicker deposits tend to have coarser grains.

Although variability in deposition through a watershed can be

large, local differences through a reach or across a floodplain are often

greater (e.g., Lininger et al., 2018). In our study, local characteristics of

water and sediment transport dynamics, including distance to the

channel and frequency of inundation, had greater relative influence

on the BRT model than valley and watershed characteristics. Most

sediment falls out of suspension as water crosses the river–floodplain

threshold, resulting in a rapid decrease in deposition with distance

from the channel (Middelkoop & Asselman, 1998; Moody

et al., 1999). Floodplain areas close to the channel, or which are

directly connected to the channel through levee breaches or preferen-

tial side channels, consistently experience greater deposition, espe-

cially when flooded frequently (Kaase & Kupfer, 2016; Pizzuto

et al., 2016; Renshaw et al., 2014). The rate of change of deposition is

large with increasing distance from a water and sediment source, or

with decreasing activation frequency. We documented a rapid drop in

deposition more than one to two channel widths away from the chan-

nel bank, and with inundation occurring less frequently than every 1–

2 years. A large proportion of the deposition that occurs on flood-

plains, therefore, occurs within a relatively limited spatial zone and

time frame, in areas where the transfer of floodwaters from the river

channel to floodplain is relatively efficient. Our data suggest that

deposition rates in these highly connected spots are at least two to

five times greater than other zones of the floodplain. Actions that limit

connectivity within this zone have a disproportionate impact on flood-

plain deposition.

4.2 | Interactions between natural and
anthropogenic factors and opportunities for restoring
the natural functioning of floodplains

While the capacity of a floodplain to capture sediment may be deter-

mined by its geomorphic setting, human impacts are ubiquitous and

imprinted on most watershed rainfall–runoff patterns and sediment

transport processes (Noe et al., 2020; Walling, 2009). Land use

T AB L E 6 Watershed and phosphorus deposition characteristics for two test-case watersheds for existing and potential (e.g., full hydrologic
connectivity) conditions. Listed values are medians with minimum and maximum in parentheses. Watershed characteristics do not change
between the existing and potential scenarios

Mad River Black Creek

Existing Potential Existing Potential

Watershed characteristics

Total stream length (DA > 25 km2; km) 51 51

% of stream length with floodplain deposition 61% 100%

Slopea 0.01 (0.0003–0.06) 0.001 (0.0001–0.02)

% Watershed in wetland 3.7% 9.0%

Hydrologic connectivity metrics

Annual probability of inundation 0.19 (0.03–0.50) 0.39 (0.11–0.99) 0.50 (0.10–0.50) 0.55 (0.11–0.76)

Incision ratio 1.6 (1.0–2.8) 1.0 1.3 (1.0–2.0) 1.0

Reach averages

P deposition rate (g P m�2 yr�1) 2.3 (0–8.0) 4.8 (0–13.9) 2.1 (0.8–6.6) 2.5 (1.2–10.8)

Annual P deposition (g P m�1 yr�1) 213 (0–693) 448 (0–1,133) 169 (45–398) 252 (49–521)

Watershed total

Annual P deposition (g P m�1 yr�1) 146 266 226 262

Total annual P deposition (kg P yr�1) 7478 13,664 11,521 13,325

aFor all streams within watershed with DA > 25 km2.

810 DIEHL ET AL.



conversions or direct channel manipulations, for example, can cause

substantial shifts in expected deposition patterns (Swinnen,

Broothaerts, et al., 2020) and persist for decades or longer (Hupp

et al., 2015; Pizzuto et al., 2016). These disturbances may be

described by their enhancement of sediment supplies and nutrient

concentrations or by the decrease to river network connectivity longi-

tudinally through a watershed, vertically across the river channel/

floodplain interface, and laterally over the floodplain. In our study, we

found a positive correlation between phosphorus concentration and

percent of upstream land uses in agriculture and development, but no

significant correlation to total deposition of sediment or phosphorus.

Because of the documented importance of connectivity to deposition,

at both the watershed scale (Pringle, 2001) and locally

(i.e., Section 4.1), restoration practices that increase connectivity can

greatly improve functioning (Bartsch et al., 2022; Covino, 2017;

Magilligan et al., 2016; McMillan & Noe, 2017). Developing an under-

standing of the departure in expected hydrologic connectivity can

help to prioritize watershed management efforts that address water

quality concerns, flood resiliency, and ecological integrity. This exer-

cise may be complicated, however, because of natural discontinuities

and large variability in floodplain inundation thresholds and patterns

(Burchsted et al., 2014; Petit & Pauquet, 1998; Pizzuto, 1986).

Watershed management interventions may differ based on the

balance between differences in existing and potential deposition, but

also in the magnitude of existing deposition. Programs targeting the

preservation or conservation of valuable floodplains may target areas

where existing deposition rates and connectivity are high. Active res-

toration may have the biggest impact where differences in existing

and potential are greatest. In the scenario analysis, the interactions of

the natural setting and hydrologic (dis)connectivity help to highlight

how watershed management priorities may play out across the land-

scape. Floodplains in the Mad River watershed that support deposi-

tion (e.g., below slope–DA threshold; Figure 2) have the potential for

greater deposition of sediment and phosphorus on a per area basis,

suggesting that restoration of individual floodplains may help to fur-

ther goals associated with sediment and phosphorus attenuation. Yet,

because of a greater degree of hydrologic disconnectivity (e.g., higher

incision ratios) and less floodplain area in total, the overall storage

capacity of the Mad River is less than that of Black Creek, and conser-

vation efforts to achieve downstream water quality benefits may be

better directed towards the Black Creek.

Prioritizing watersheds and floodplains for restoration or conser-

vation depends on the management objective and the process-based

and temporal frame of reference, and therefore may differ from what

is highlighted in our study. Conclusions drawn in this paper are based

on a spatially robust dataset of floodplain deposition, measured over a

narrow window of time (2 years) and focused exclusively on deposi-

tional environments. One of our main conclusions is that floodplains

located in moderately steep valleys and in watersheds with low water

storage capacity have higher deposition rates. These settings are likely

to have flashier hydrology and potentially greater, or at least coarser-

grained, sediment loads, but higher energy settings that move large

fluxes of material are also highly dynamic. Significant sediment depo-

sition on floodplains is likely to be matched with high rates of bank

erosion or resuspension of bed and floodplain sediments (Hupp

et al., 2013)—thus, net sediment and nutrient retention at a watershed

scale may be less in these settings. Over longer timescales, such as

decades to centuries, lower energy settings may become more impor-

tant for storage of sediment and nutrients (e.g., Swinnen, Daniëls,

et al., 2020). Deposition rates may also shift through time, in response

to decadal variability in hydrology, changes in land use patterns, or

channel recovery from perturbations such as channelization (Hupp &

Bazemore, 1993). Finally, because deposition rates are dependent on

the incoming load, evident in the relationships between transport

energy (SSP or S) and deposition magnitude, it is important to

acknowledge that deposition will shift with a change in sediment or

phosphorus loads because of changes in land use patterns, hydrology,

or with recovery from past perturbations (e.g., Owens &

Walling, 2002).

4.3 | Applicability of observations from regional
datasets

The regional dataset described in this paper contributes to an increas-

ing number of studies that document floodplain deposition rates and

the functioning of floodplains in the USA (e.g., Knox, 2006; Noe &

Hupp, 2005), Europe (e.g., Kronvang et al., 2007; Middelkoop &

Asselman, 1998), and elsewhere (e.g., Grenfell et al., 2009; Park &

Latrubesse, 2019). We highlight the importance of characteristics

such as gradient, watershed water storage, soil characteristics, and

hydrologic connectivity that vary significantly among watersheds and

from one region to the next, where geologic, climatic, and land use

histories differ. Questions remain, however, about the transferability

of documented rates and observed spatial patterns from one regional

dataset to another.

In Figure 7, we compare our dataset to others in the Chesapeake

Bay Region, where significant work has been done in characterizing

trends in deposition (Gellis et al., 2008; Noe & Hupp, 2005, 2009;

Noe et al., 2019; Schenk et al., 2013). Both regions experienced sub-

stantial shifts in land use patterns in the colonial and post-colonial

periods, contributing to the storage and subsequent erosion of legacy

sediments, and in the contribution of pollutants from agricultural and

developed runoff (Kline & Cahoon, 2010; Noe et al., 2020), even

though the glacial history of the regions differs substantially

(Stewart & MacClintock, 1969; Williams & Reed, 1972). On average,

sediment and phosphorus deposition rates in the Lake Champlain and

Chesapeake Bay regions are comparable (averaging 2.0 kg m�2 yr�1 in

the LC and 2.3 kg m�2 yr�1 in the CB (t[32] = �0.48, p = 0.64), and

1.4 g P m�2 yr�1 in the LC and 1.1 g P m�2 yr�1 in the CB (t[33]

= 2.4, p = 0.55)) and have similar landscape-scale trends. Floodplains

located in the depositional plains of both regions (Champlain Valley or

Coastal Plain) have lower depositional rates than the more upland

physiographic province (Green Mountain or Piedmont). When the

datasets are combined across regions for sediment deposition, differ-

ences in uplands are twice that of depositional plains (average deposi-

tional plain = 1.5 kg m�2 yr�1, SD = 2.6, and average

upland = 3.1 kg m�2 yr�1, SD = 1.5 t[33] = 2.4, p = 0.02). The transi-

tion from upland to lowland provinces in the two regions correspond

to a decrease in gradient, and a shift in floodplain type (from medium-

to low-energy) and deposition.

At the watershed scale, observations of distinct process domains

may be transferrable and help in understanding coarse patterns in

expected deposition. Findings from this study may be used outside of
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the region to rank the potential functioning of floodplains in, for

example, a watershed management plan to meet water quality goals.

Our work highlights the important consideration of physiographic

province, and slope more generally, as a determinant of where sedi-

ment and sediment-bound phosphorus deposition may be greater

(upland settings, where slopes are moderate), but also the impact of

well-connected floodplains on reducing watershed sediment and

nutrient fluxes. While some general trends may be extracted from our

study, additional empirical studies of this type in other settings will

continue to build the place-based context needed to constrain deposi-

tion rates for use in more granular-scale planning.

5 | CONCLUSIONS

This study developed a dataset on the functioning of floodplains in

the Lake Champlain Basin in Vermont, the first dataset of its kind in

the region. Average rates were comparable with the nearby Chesa-

peake Bay region, averaging approximately 1.3 kg m�2 yr�1 of sedi-

ment and 2.1 g m�2 yr�1 of phosphorus. Floodplains in the Lake

Champlain Basin can capture as much as 22 kg m�2 yr�1 of sediment

or 42 g P m�2 yr�1 in areas of the floodplain that are close to the river

and are frequently flooded, and where channel slopes in valleys that

support floodplains are moderately steep (�0.002 m m�1). In contrast,

deposition rates can range as low as 0.1 kg m�2 yr�1 of sediment or

0.1 g m�2 yr�1 of phosphorus. Such low rates may be associated with

increased distance from the channel, or lower inundation frequency,

and where particle sizes are smaller because of less transport energy

and/or the nature and genesis of channel boundary materials.

The results of this work highlight how the watershed and valley

setting, and the frequency with which the floodplain is inundated, are

correlated with variability in sediment and phosphorus deposition on

floodplains. By developing a novel dataset of event-scale measure-

ments collected across large environmental gradients that account for

the frequency of depositional events, we were able to analyze spatial

patterns in floodplain deposition in a robust way. A cross-scale per-

spective that merged local and watershed assessments highlighted

spatial patterns in an integrated way. Our findings suggest that vari-

ability through a watershed, or across a region, can be large, but that

greater variability exists locally across a floodplain, because of differ-

ences in the proximity to water and sediment sources, and frequency

of inundation.

There is growing interest in restoring the capacity of the natural

infrastructure of a watershed or using nature-based solutions to meet

water quality goals, especially when these actions may have additional

co-benefits of increasing flood resiliency for communities and improv-

ing the quality of riparian habitats. The characterization of spatial pat-

terns and quantification of deposition rates will help to highlight the

importance of conserving functioning floodplains as well as rec-

onnecting floodplains, especially in settings where the natural capacity

to capture sediment and nutrients is great. Because of the interrelated

nature of depositional and erosional processes and the complex

dynamics of phosphorus movement through a watershed, future work

should focus on a more holistic characterization of floodplain retention,

to better inform sediment and nutrient management. Such perspectives

would account for not only floodplain deposition, as our study has, but

also bank erosion, sediment and nutrient resuspension, and nutrient

transformations that contribute to the net capture and storage.
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F I GU R E 7 Sediment and phosphorus deposition rates in Lake Champlain and Chesapeake Bay regions are, on average, similar. Box plots
indicate upper quartile (white shading) and lower quartile (gray shading), as well as sample average (“x”) and minimum and maximum values
(whiskers). In both regions, deposition rates are larger in the upland provinces, where channel gradients are steeper than in the lowland provinces.
Sediment deposition rates for the Chesapeake Bay are from Gellis et al. (2008), Noe et al. (2019), and Schenk et al. (2013). Phosphorus deposition
rates are from McMillan and Noe (2017), Noe and Hupp (2005, 2009), and Noe et al. (2019), and are all located in the Coastal Plain of the
Chesapeake Bay. Two of the nine Lake Champlain “lowland” sites are in low-lying physiographic provinces different from the Champlain Valley
(Hudson Valley and Valley of Vermont)
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