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Degradation of floodplain integrity within the
contiguous United States

Ryan R. Morrison® '™, Kira Simonson', Ryan A. McManamay® 2 & Dan Carver3

Despite the numerous hydrological, geological, and ecological benefits produced by flood-
plain landscapes, floodplains continue to be degraded by human activities at a much higher
rate than other landscape types. This large-scale landscape modification has been widely
recognized, yet a comprehensive, national dataset quantifying the degree to which human
activities are responsible for this degradation has not previously been evaluated. In this
research, we analyze floodplain integrity for the contiguous United States by spatially
quantifying the impact of anthropogenic stressors on almost 80,000 floodplain units. We
demonstrate the prevalence of human modifications through widely available geospatial
datasets, which we use to quantify indicators of floodplain integrity for five essential flood-
plain functions of flood attenuation, groundwater storage, habitat provision, sediment reg-
ulation, and organics and solute regulation. Our results show that floodplain degradation is
spatially heterogeneous and that the integrity of nearly 70% of floodplains in the United
States is poor. We highlight that quantifying the integrity of spatially explicit floodplain
elements can allow for restoration efforts to be targeted to the areas in most desperate need

of preservation.
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for numerous environmental benefits including flood

reduction!-2, groundwater storage>4, sediment regulation°,
organics and solutes regulation®’, and habitat provisioning®?.
Floodplains also provide important ecosystem services, such as
supplying groundwater for consumption and agriculture, ensur-
ing productive soils for farming, supporting fisheries, providing
recreational opportunities, and holding cultural importance!®:11.
Not all floodplains provide the same environmental benefits!!,
but the overall integrity of a particular floodplain can be defined
as the ability of that floodplain to support essential geomorphic,
hydrologic, and ecological functions that maintain biodiversity
and ecosystem services!2. This definition focuses on the holistic
integrity of a floodplain’s condition and its ability to perform
essential functions.

Though necessary for human and environmental wellbeing!3,
floodplains are amongst the most endangered ecosystems, dis-
appearing at a rate much higher than other landscape types!4.
Key environmental functions that floodplains provide are often
seen as incompatible with human development!®, leading to
major modifications of river corridors (which include floodplain
ecosystems), such as the construction of dams and levees!®1”, the
straightening and dredging of channels!8, and the expansion of
agricultural and urban land use!®. In the United State (U.S.)
alone, over 30% of all floodplains have been directly cultivated or
developed!’, and an estimated 98% of the nation’s rivers have
been impacted by human activities?? with detrimental con-
sequences to floodplain ecosystems.

Despite the importance of floodplains and a long history of
human modification, a comprehensive analysis of human-caused
floodplain degradation (i.e., loss of floodplain integrity) within
the contiguous U.S. (CONUS) does not exist. Efforts have been
made to assess floodplain integrity at catchment levels?!, but
these types of assessments typically focus on evaluating the bio-
logical condition of riparian habitat rather than the overall
functionality of a floodplain. A more comprehensive assessment
of floodplain integrity at larger scales is important to reveal the
geographic distributions of floodplain degradation and opportu-
nities for restoration!3, especially assessments using mechanistic
approaches that provide human-environmental linkages and lend
themselves to management actions. Thus, we performed analyses
to assess the influence of human stressors on floodplain integrity
across the CONUS, including the relative impacts of stressors on
five specific floodplain functions of (i) flood reduction, (ii)
groundwater storage, (iii) sediment regulation, (iv) organics and
solute regulation (e.g., water quality benefits), and (v) habitat
provisioning. Our work identifies the functions most impaired by
human activities, and therefore this study is unique among other
broad geographic analyses of floodplains!4?2. We leveraged
publicly available geospatial datasets representing human activ-
ities to quantify the degree and extent of human stressors on
floodplain environments, including both hydrologic and terres-
trial stressors.

Floodplains are critically important ecosystems responsible

Results

An index of floodplain integrity. We use a quantitative frame-
work, referred to as the index of floodplain integrity (IFI)!?, for
assessing the influence of human activities on floodplain eco-
systems. The IFI approach is a numerical method for quantifying
floodplain conditions using geospatial extents or occurrence of
floodplain landscapes and overlapping human stressors. We
estimated the spatial extent of floodplains within the CONUS
using results from two-dimensional hydrodynamic modeling of
the 1% recurrence interval (100-year) flood based on regionalized
flood frequency estimates and 90 m resolution topography?3.

Individual floodplain units were created by dividing the flood-
plain extent along 12-digit hydrologic unit code boundaries
(HUCI12). Only HUCI2 areas with boundaries completely within
the U.S. border were included in the analysis due to the lack of
availability of comparable datasets outside of the U.S. This pro-
cess created 78,304 unique floodplain units within the CONUS,
with a total area of 662,566 km? and a resulting average flood-
plain unit area of 8.46 km2.

Furthermore, we compiled datasets relevant to human activities
in floodplains that impact each of the five floodplain functions
(Table 1) and scaled the datasets according to their coverage
density within each floodplain unit. For point, polyline, and
polygon, and raster datasets, we calculated the number (count/
km?2), length (km/km?), or area (km2/km?2) of each stressor
dataset within the floodplain unit. We then rescaled all stressor
datasets from zero to one, with a value of zero indicating the
absence of the stressor in the floodplain, and one representing the
90th percentile of the stressor amount in the CONUS. For the
three datasets that had no stressor present at the 90th percentile
(canals and ditches, leveed area, and groundwater wells), we
scaled the density values based on the maximum observed value
in the CONUS. This stressor rescaling was done to create a
consistent scale of comparison for stressor prevalence amongst all
types of stressor datasets!2,

Using the stressor densities within each floodplain unit, we
calculated the IFI for each floodplain unit by assuming that
floodplain integrity was inversely related to the cumulative
density of stressors within a floodplain unit. This allowed us to
calculate IFI on a scale between zero and one, where one indicates
little floodplain degradation and zero indicates loss of one or
more floodplain functions. We assessed the IFI values for each of
the five previously mentioned floodplain functions, and we also
calculated an overall IFI that accounts for the relative impact of
each floodplain function.

Floodplain degradation in the CONUS is concentrated in the
southeastern U.S., throughout major river corridors such as the
Mississippi River, and within the Central Valley of California
(Fig. 1a). The distribution of IFI values (Fig. 1b) indicate that 68%
of the total floodplain area in the CONUS are in poor condition
based on an IFI threshold value of 0.7. We recognize that a single
IFI threshold value does not indicate the transformation of
floodplains from healthy to degraded, so it is necessary to evaluate
the full spectrum of values within the CONUS. For the entire
CONUS, the median IFI value is 0.762 (mean = 0.740, standard
deviation = 0.152). Furthermore, the function IFI values all show
a high correlation, ranging from 0.7 to 0.91 (Supplementary
Fig. 1), with sediment regulation having the lowest median IFI
score and flood reduction having the highest score (Table 2).

To better understand how IFI values may vary on a regional
scale, we analyzed function and overall IFI values for three
subregions within the CONUS that represent a range of human
alterations (Fig. 2; Supplementary Tables 2-4). First, the San
Joaquin subregion, with a total floodplain area of 8248 km? and
435 individual floodplain units, has an average overall IFI value of
0.691. Spatial variability in average IFI values in the San Joaquin
subregion can be seen in Fig. 2, with a concentration of low IFI
values in the western section of the subregion contrasting against
the moderate to high IFI values of the eastern section. This
distribution of IFI values reflects the densely populated western
portion of the subregion and the intense agricultural development
in the Salinas Valley. Both high and low IFI values can be seen in
the floodplain units of the subregion, showing how strongly
human development is impacting floodplain integrity.

Second, the Missouri-White subregion spans Nebraska and
South Dakota has a total floodplain area of 1740 km2 with 594
individual floodplain units. The average overall IFI value within
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Fig. 1 Index of floodplain integrity (IFI) values in the CONUS. a IF| values are mapped to 12-digit HUC boundaries for easier visualization. Values near the
blue end of the scale represent high integrity, and values near the red end of the scale represent low integrity. b Distribution of IFl values according to total
floodplain area (gray columns) and percentage of all floodplains with IFl values less than or equal to a given value (diamond points).

Table 2 Summary statistics of overall IFl values for the CONUS.
Statistical Measure Overall IFl Flood reduction Groundwater storage Sediment Organics and solutes Habitat
regulation regulation provision

Minimum 0.000 0.013 0.363 0.015 0.000 0.074
Maximum 1.000 1.000 1.000 1.000 1.000 1.000
Median 0.762 0.893 0.867 0.697 0.712 0.712
Mean 0.740 0.831 0.862 0.676 0.675 0.699
Std. Dev. 0.152 0.168 0.109 0.176 0.179 0.159

the region is 0.860. Most of the land cover in this subregion is
classified as grassland or herbaceous vegetation?%. This lack of
major anthropogenic alteration to the subregion is reflected in the
high IFI values observed in the region (Fig. 2).

Third, the Lower Mississippi-Yazoo subregion, which has a
high percentage of leveed areas compared to other regions of the
U.S,, is in the lower Mississippi River Basin and spans Arkansas,
Louisiana, Mississippi, and Tennessee. The total floodplain area
within the subregion is 17,969 km? with 391 individual floodplain
units. The average overall IFI value within the region is 0.561.
This low IFI value reflects the major loss of floodplain
connectivity in the basin. Within the Lower Mississippi-Yazoo
subregion, more than 68% of the floodplain intersects with
levees?®. The high density of levees in the lower Mississippi basin
has been shown to impact the sediment transportZ® and the flood
reduction?” capacity of the system. The prevalence of this stressor
is reflected in the spike of lower flood reduction and sediment
regulation function IFI values seen in Fig. 2.

Distribution of IFI across stream and land attributes. Human
alterations to floodplain ecosystems can vary across river size8
and degree of land cover develompent?, so we further analyzed
the distributions of floodplain degradation across these domains.
We assessed the overall IFI values in both urban (n =9352) and
rural (n=758,565) areas’® and found that floodplains are sig-
nificantly (P <0.0001) more degraded within urbanized regions
(Fig. 3). The IFI values of floodplains that intersected urban areas
(median = 0.557, mean = 0.561, standard deviation = 0.142) are
lower than the IFI values of floodplains that did not (median =
0.790, mean = 0.769, standard deviation = 0.127).

We also compared overall IFI values between stream sizes (e.g.,
Strahler stream orders®!) associated with each floodplain (Fig. 4),
and we found there were not significant differences in mean IFI
values between stream orders except between third- and fourth-
order streams. In general, IFI values tend to decrease with increasing
stream order, especially for stream orders larger than eight. It is
worth noting that for the orders which do not exhibit a decrease in
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Fig. 2 Index of floodplain integrity values for subregions representing the Missouri-White Basin, Lower Mississippi-Yazoo Basin, and San Joaquin
Basin. Values near the blue end of the scale represent high integrity, and values near the red end of the scale represent low integrity. Density plots for each
functional IFl are shown next to each basin (Key: Overall = aggregate IFI value, HP habitat provisioning, OSR organics/solutes regulation, SR sediment

regulation, GS groundwater storage, and FR flood reduction).

average IFI value as stream order increases, the sample size is small
relative to those orders that follow the trend of decreasing IFI with
increasing stream order (Supplementary Table 5).

Studies have shown distinct differences in watershed integrity
across ecoregions®2, but similar distinctions in floodplain land-
scapes are unclear. Therefore, we compared IFI values between
nine aggregated Omernik Level III ecoregions in the U.S?3. based
on similar analyses from other studies®”. The highest IFI values
occurred in the Northern Plains ecoregion (median = 0.878,
mean = 0.855, standard deviation = 0.079), while the lowest IFI
values occurred in the Coastal Plains ecoregion (median = 0.625,
mean = 0.607, standard deviation = 0.142). Differences between
mean overall IFI in each ecoregion is statistically significant for all
ecoregions (Fig. 4; Supplementary Table 6). We observed similar
spatial patterns of overall IFI and a metric for watershed
integrity>> within the nine aggregated Omernik Level III
ecoregions. The three regions with the highest IFI and watershed
integrity values (Northern Plains, Xeric, and Western Mountains)
are consistent among datasets. The two ecoregions with the
lowest IFI and watershed integrity values are also the same
(Temperate Plain and Coastal Plain). This similarity in spatial
distribution by ecoregion between IFI values and watershed
integrity values suggests that, although watershed integrity may

not be a good way to validate floodplain functionality, the IFI
methodology is successful in identifying the spatial patterns of
broader river corridor conditions across the CONUS.

All three of the ecoregions with the highest IFI values have high
percentages of grassland/shrub land cover type (NPL = 68%, XER =
76%, WMT = 37%). Fifty-four percent of the Western Mountains
ecoregion is characterized as forested. This high proportion of
undeveloped land may be responsible for the higher IFI values seen in
the three regions. Of the two regions with the lowest IFI values, 69% of
the Temperate Plain ecoregion and 26% of the Coastal Plain is
classified as cultivated/pasture. The high percentage of agricultural
development reflected by this land use is potentially driving the lower
IFI values seen in the region. The Coastal Plain ecoregion is made up
of many different land use types, as it encompasses the Mississippi
Delta, Gulf Coast, the entire state of Florida, a portion of eastern
Texas, and the Atlantic coast from Florida to New Jersey. The large
variety in land use types and geospatial variability in the degree of
anthropogenic modification seen through the Coastal Plain ecoregion
may explain the low IFI values observed.

Comparison of IFI results to other datasets. We found it par-
ticularly challenging to assess the accuracy of our results for
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Fig. 3 Comparison of IFl values within urban and rural areas. The bottom
of the boxes represents the 25th percentile and the top of the boxes
represents the 75th percentile. The line through the box represents the
median value, and the diamond points represent the mean value. Error bars
above and below the boxes represent the 90th and 10th percentiles,
respectively, and black dots represent data outliers.

numerous reasons including, (1) lack of quantitative assessments
of floodplain conditions around the U.S., (2) incongruities in
dataset scales, and (3) scarcity of published data. The lack of such
information was the primary motivation for this study.

However, we found two datasets that were best suited to
compare to our IFI result. First, we used a 2018 index of
watershed integrity (IWI) dataset produced by Thornbrugh3?
because it is similarly geographically distributed throughout
CONUS at a catchment scale and implicitly includes floodplain
landscapes in its assessment of watershed processes. Second, we
used a 2015 geographic study by Konrad*, which evaluated
similar floodplain functions in the Pudget Sound basin of
Washington State using discrete numerical categories.

A comparison between overall IFI and TWI values3? yielded no
meaningful relationships. However, after comparing our IFI
functions of “flood reduction”, “sediment regulation”, and “habitat
provisioning” to data from Konrad34, we found that our method
estimated higher integrity values for “flood reduction” and
“sediment regulation” and similar values for “habitat provisioning”
compared to similar floodplain functions in floodplains along
major rivers of the Pudget Sound basin (Supplementary Figs. 3-5).
This comparative analysis was comprised of approximately
2338 km? of floodplain area (from the Konrad dataset) depending
on the particular floodplain function we evaluated.
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Fig. 4 Overall IFl values for across different stream orders and ecoregions. a Analysis of IFI by maximum stream order. b Analysis of IFl by aggregated
Level Ill Ecoregions. (Key: NPL Northern Plains, XER Xeric, WMT Western Mountains, UMW Upper Midwest, SPL Southern Plains, NAP Northern
Appalachians, SAP Southern Appalachians, TPL Temperate Plains, CPL Coastal Plain). The bottom of the boxes represents the 25th percentile and the top
of the boxes represents the 75th percentile. The line through the box represents the median value, and the diamond points represent the mean value. Error
bars above and below the boxes represent the 90th and 10th percentiles, respectively, and black dots represent data outliers.
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Discussion

Applying the IFI methodology at the national scale allows for a
quantitative measure of individual floodplain integrity relative to
other floodplains across the country. The geospatial results of the
integrity index provide a visual indication of the degree to which
anthropogenic activity has impeded floodplain functionality.
Since the IFI methodology provides quantitative information on
floodplain conditions compared to other floodplains within the
scope of study, those areas most in need of restorative efforts
nationally can be identified. Additionally, the flexibility of the IFI
methodology means that it can be repeated at smaller scales to
gain a better understanding of the variability in floodplain
functionality at a more localized level.

The observed spatial heterogeneity in IFI across the CONUS
(Fig. 2) suggests that the IFI methodology is successful in iden-
tifying the floodplains most impacted by human development. It
is not surprising to see that IFI values tend to be lower in higher
order streams (Fig. 4), as this is historically where human
development and anthropogenic activity are concentrated3. This
negative relationship between human development and flood-
plain integrity30-39 is also seen when comparing floodplains in
rural areas to floodplains in urban areas (Fig. 3). The lower
average IFI values observed in urban areas confirm that flood-
plain condition is degraded by human modifications.

The IFI methodology is limited by the availability, validity, and
scope of the stressor datasets included in the index of integrity
calculation. There are many other anthropogenic stressors that
may exist within the floodplain not included in IFI methodology
due to dataset unavailability or uncertainty driven by legacy
effects. Such stressors may include the presence of pesticides,
non-native vegetation, extirpation of beavers, historical removal
of large wood, bank stabilization, and watershed land cover
changes. The IFI methodology also only accounts for the presence
of anthropogenic stressors within the floodplain itself and does
not consider the impact of surrounding stressors that may impact
floodplain functions. The IFI methodology provides a broad
quantitative assessment of floodplain conditions on a large-scale,
but the limitations of the methods used must be acknowledged
when assessing the results of the integrity index.

The application of the IFI methodology at the CONUS scale
allowed for a better understanding of the spatial variability in
floodplain integrity across the CONUS. However, a more robust
understanding of floodplain integrity at the localized level will be
necessary before explicitly selecting the floodplains most in need
of restorative efforts. The CONUS IFI results are intended to be
used as a tool to understand the heterogeneity in floodplain
functionality for the nation as a whole and do not provide a
detailed picture of floodplain conditions on a localized level.
However, since the methodology was designed to be adaptable
and flexible, it can be repeated at these smaller scales to analyze
floodplain functionality at a finer resolution.

In our comparison of CONUS IFI results to an independent
floodplain functional analysis in the Pudget Sound basin,
Washington, we found that our results may be overpredicting
floodplain integrity for some functions. For instance, compared to
Konrad’s estimates of “flood storage” and “sediment regulation”
in major rivers throughout the Pudget Sound basin, our func-
tional IFI values were nearly always larger for all floodplain areas
that overlapped in the two studies. However, comparable datasets
for the floodplain function of “habitat provisioning” were more
linearly related (Supplementary Table 4). Because we were
required to lump discrete classification data from the Konrad
study before making a comparison to our results, interpreting
these findings can be challenging. But our comparison indicates
that, depending on the floodplain function of interest, our results
may be adequate to assess floodplain integrity, yet finer spatial

data of human stressors may be required in areas where our
results predict especially high IFI values.

Our approach is also based on a negative linear relationship
between stressor density and critical floodplain function, which is
an oversimplification of the complex relationship between
anthropogenic development and floodplain integrity. Non-linear
floodplain stressor-function relationships may change functional
and overall IFI results!2. Unfortunately, given the current literature
on floodplain responses to human activities, we simply do not have
the information necessary to determine the appropriate non-linear
relationships. In addition, our understanding of floodplain pro-
cesses is still limited regarding functional thresholds and alternate
states that may occur due to human stressors in river corridors*0.
Capturing these thresholds would require better knowledge of
legacy effects, threshold criteria, and functional-stressor relation-
ships. Ultimately, we chose to use a linear relationship to relate
stressors to floodplain integrity for two reasons: (1) a linear rela-
tionship provides an unbiased estimate of declines in floodplain
integrity such that it will estimate intermediate floodplain integrity
values compared to values calculated using various non-linear
relationships!2; and (2) similar linear relationships were used in
studies that evaluated watershed integrity3>#!. Our methodology
could be revised with a more robust stressor density to floodplain
integrity relationship!2. The type of relationship established
between stressor prevalence and floodplain integrity may change
the range and magnitude of values reflected in the resulting index,
but the IFI methodology was designed to be iteratively improved
upon and revised in this manner.

Methods

Floodplain delineation. We obtained floodplain boundaries from a 30 m resolu-
tion shapefile dataset of the 100-year undefended (without levees) floodplain across
the U.S?3. The floodplain boundaries in this shapefile were developed using a 2D
hydrodynamic model and regionalized flood frequency estimates>>. We processed
the floodplain shapefile by clipping it to the 2-digit hydrologic code Watershed
Boundary Dataset for the CONUS*2, removing isolated pixel groups less than
2700 m? (3 pixels), and filling gaps of 2700 m? or less. If the subdivision of the
floodplain map resulted in an area of less than 2700 m?, the area was removed. This
reduced the overall floodplain area from 740,967 km? to 721,799 km? (approxi-
mately a 2.5% reduction).

We further divided the floodplain map along 12-digit hydrologic unit code
boundaries (HUC12) located within the U.S. border. This process created 78,304
unique “floodplain units” within the CONUS, with a total area of 662,566 km? and
a resulting average floodplain unit area of 8.46 km?2.

We determined the maximum stream order within each floodplain unit by
using the National Hydrography Dataset Plus Version 2 (NHDplusV2) flowlines*3.
For each streamline that intersected the floodplain, a unique COMID for that
streamline was also associated with a floodplain unit. Due to discrepancies between
the NHD flowlines dataset and the floodplain delineation developed by Wing
et al.23, 2,855 floodplain units do not intersect with any flowlines. This means that
for these units there is not an associated maximum stream order.

Selection of anthropogenic stressor datasets. Of the datasets used by Karpack
et al.!2 for the state of Colorado, we confirmed that the resolution of the data was at
least that of the floodplain map (30 m) and publicly available at a national level.
Only one of the previously selected datasets, groundwater wells, was unavailable at
the national level. For this missing dataset, we identified a similar dataset at the
national scale. It is important to note that only some datasets are direct mea-
surements of their associated stressor, such as the representation of loss of wood
and vegetation being measured directly by the forest loss cover events dataset*4. For
other stressors, we used highly representative datasets due to the limited availability
of direct measurement data at the national scale. An example of this is using the
prevalence of groundwater wells in the floodplain as a representation of ground-
water depletion.

A key stressor dataset used to numerically quantify floodplain integrity is a
collection of data estimating the degree of hydrologic alteration for a range of
metrics to the NHDPlus V2 streamlines dataset. We associated the hydrologic
alteration metrics for each maximum order streamline with the floodplain dataset.
To account for hydrologic alteration within the index of integrity calculation we
used the hydrologic alteration metric “alteration to mean annual maximum flows
divided by catchment area” (MH20) as a representation of the peak flow conditions

most likely to activate floodplains*>.
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Calculation of stressor dataset densities. After the identification and evaluation of
the representative datasets (Table 1), the density of each of these stressors within the
floodplain unit had to be calculated. For point, polyline, and polygon datasets, the
number (count/km?), length (km/km?), and area (km2/km?) of each stressor dataset
within the floodplain unit were calculated. For raster data, the process for calculating
density was dataset specific. We computed agricultural area as the percentage of cells in
the floodplain reported as pasture/hay or cultivated crops (NLCD classes 81 and 82)%%.
We computed developed area as the percentage of cells in the floodplain reported as
low, medium, and high intensity development (NLCD classes 22, 23, and 24)%4. We
calculated forest cover loss events as the percentage of cells in the floodplain that
reported forest loss events between 2000 and 2020. Percent imperviousness was
computed by averaging the percent imperviousness values reported for each 30 m cell
for all cells in the floodplain unit. We quantified the prevalence of invasive species by
computing the percentage of cells in the floodplain reported as non-native, introduced
vegetation (LANDFIRE Existing Vegetation Type groups 701-709, 711, and 731)4¢. We
averaged the hydrologic alteration MH20 values® for all the maximum stream order
segments within each floodplain to aggregate the hydrologic alteration metrics for the
floodplain units. All stressor densities within the floodplain were calculated using R
programming scripts (Code Availability).

Once we calculated the prevalence of stressors in the floodplain by the methods
outlined above, the density values needed to be rescaled to comparable metrics
across each dataset. Although the density values reported as percentages (e.g., km?/
km?) have a potential maximum of one, the datasets measured by count and length
have no theoretical maximum value. To address this issue, all stressor datasets were
rescaled from zero to one, with a value of zero indicating the absence of the stressor
in the floodplain, and one representing the 90th percentile of the stressor amount
in the CONUS. For the three datasets that had no stressor present at the 90th
percentile (canals and ditches, leveed area, and groundwater wells), the density
values were scaled to the maximum observed value in the US. This stressor
rescaling was done to create a consistent scale of comparison for stressor
prevalence amongst all types of stressor datasets. Rescaling the stressor datasets
relative to either the 90th percentile or the highest maximum observed value allows
for a consistent comparison of floodplain integrity relative to other floodplains
across the CONUS (Supplementary Fig. 2).

Calculation of functional IFl. We calculated functional IFI values for each of the
five critical floodplain functions based on the rescaled stressor densities. Before
computing the IFI value, we performed a Pearson correlation analysis*’ between
each stressor dataset to avoid overweighing any individual data source (Supple-
mentary Fig. 1). We found correlated datasets were linearly related, which is a
required assumption of Pearson correlation analyses. For any functional IFI cal-
culation that included two datasets with a correlation of over 0.7, only one dataset
was included in the computation.

We computed the function IFI value using the following equation:

w S
IFIi,k =1- Zj;kl ni (1)
ok
where IFI; denotes the integrity value of the i floodplain unit for the k function,
S;j is the scaled stressor value in the ih floodplain unit for the j* stressor, 1 is the
number of stressor datasets, j, that impact the k function.

The results of the functional IFI computation produce a negative linear
relationship between stressor density and function floodplain integrity. This
method assumes an equal impact of each stressor dataset on floodplain
functionality.

Calculation of overall IFI. We computed the overall integrity values for each
floodplain unit by the geometric mean of the function specific IFI values:

IFI, = (HZZIIFI,.JCY @)

where IFI; denotes the overall integrity value of the ith floodplain unit, and IFI; is
the integrity value for the k™ function in the i floodplain unit.

Computing the overall IFI value by geometric mean of the function specific IFI
values reflects the importance of each individual critical floodplain function to
floodplain health. By this method, a function IFI value of zero as produces an overall
IFI value of zero. This emphasizes that each of the five functions is essential to overall
floodplain functionality. See Supplementary Table 1 for sample calculations.

Statistical analyses. We tested for normality of IFI distributions across categories
(e.g., stream orders) using two tailed Kolmogorov-Smirnov tests (a = 0.05) and
found all groups of data were non-normal. We used non-parametric tests to
evaluate significance between data categories, including Kruskal-Wallis and Dunn
tests*’ (stream order and ecoregion datasets) and Mann-Whitney tests?” (urban
datasets). Significance results from the Dunn tests did not change when we applied
Holm or Bonferroni adjustments. See the Supplementary Tables 5-6 for the
complete results for our statistical analyses.

Comparison of IFl across the CONUS. Once we calculated the functional and
overall IFI values for each floodplain, we associated each floodplain unit with a

variety of spatial attributes. Specifically, we associated each floodplain unit with
three geospatial categories: (i) urban vs rural land cover3%; (ii) maximum Strahler
stream order?143; and (iii) U.S. ecoregions?3.

We selected these three characteristics to analyze how IFI values vary regarding
anthropogenic, hydrological, and ecological features in the CONUS. For the
analysis of IFI by ecoregion, we used nine aggregated Omernik Level III ecoregions
in the U.S3348, These aggregated ecoregions were used in the National Rivers and
Streams Assessment?® and similar studies®2, and the ecoregions were developed to
minimize biological and hydrogeological differences within each region. We
selected the aggregated ecoregions so that I could compare IFI values for regions
with similar watershed ecology in the CONUS. Comparing IFI values by ecoregion
allowed us to analyze the relationship between anthropogenic stressor prevalence,
watershed ecology, and floodplain integrity.

We determined the intersection between each floodplain unit and the selected
spatial attributes in ArcMap’. We then analyzed the geospatial distribution of
these attributes and the IFI results for the CONUS.

Comparison of IFI results to other datasets. Our IFI results were compared to
two independent datasets: (1) index of watershed integrity (IWI) dataset produced
by Thornbrugh et al.32, and (2) a geographic study by Konrad?*, which evaluated
similar floodplain functions in the Pudget Sound basin of Washington State using
discrete numerical categories.

We compared our overall IFI results to similar overall IWI results produced by
Thornbrugh3? by graphically assessing linear relationships between the two
datasets (see Karpack et al.!? for a similar comparison).

We compared three functional IFI results to Konrad*: (i) flood reduction; (ii)
sediment regulation; and (iii) habitat provisioning. For this comparison we re-
projected our results to match the coordinate reference system used by Konrad and
cropped our study extent to the area evaluated by Konrad. Because Konrad identified
discrete classifications of floodplain functions rather than functional gradients, such
as this study, we grouped functional classifications based on descriptions provided by
Konrad®4, For example, to compare flood reduction, we grouped classes 1 (connected,
undeveloped high floodplain), 2 (connected, undeveloped low floodplain), and 3
(connected, undeveloped river area) of the “store and convey floods” function from
Konrad. Similarly, to compare sediment regulation, we summed classes 1, 2, 3, and 4
of the “regulate sediment and wood supplies in river networks” function. To compare
habitat provisioning, we grouped classes 1 and 2 of the “support forest ecosystems”
function from Konrad. We also attempted to compare organic and solution
regulation scores to the “retain and transform nutrients and contaminants” from
Konrad, but we were not successful in accessing the data.

We derived a comparable score for each function based on the Konrad dataset by
summing the total floodplain area associated with the appropriate classification and
dividing by the total floodplain area within each HUC12. For instance, if half the
floodplain area for the “store and convey floods” function was classified as a 1, 2, or 3,
the total score for that floodplain was 0.5. This approached allowed us to compare our
functional IFI scores to an equivalent score between 0 and 1 based on the Konrad data.
We only included floodplain data from Konrad in our comparison if it overlapped
fully or partially with our floodplain unit delineations. This resulted in the exclusion of
approximately 370 floodplain units from the Konrad dataset. The total area of
floodplain remaining for comparison was approximately 2338 km?.

We compared our functional IFI scores for the three functions previously noted
to the scores (ranging between 0 and 1) based on the Konrad data by graphically
assessing their fit about a 1:1 equivalence line.

Data availability
All data from this study, including human stressor datasets and IFI calculations, are
available in csv format at https://doi.org/10.5061/dryad.prr4xgxrk.

Code availability

R code used in this study are available at https://doi.org/10.5061/dryad.prr4xgxrk. Code
was run using version 4.1.3 and the R packages sf (v. 1.0), terra (v. 1.7), dplyr (v. 1.1.2),
tictoc (v. 1.2), readr (v. 2.1.4), and purrr (v. 1.0.1).
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