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1 | INTRODUCTION

River avulsions occur when a river occupies or creates a new channel

Douglas A. Edmonds?® |

Eli D. Lazarus®

Abstract

The displacement of a river to a new position within its adjacent floodplain is called
avulsion, and here we examine how a newly recognized style, called retrogradational
avulsion, affects the surrounding floodplain in tropical rainforests using remote sensing.
Retrogradational avulsions begin with a channel blockage that causes self-propagating
upstream dechannelization and flooding. While this flooding results in vegetation die-
off and floodplain sedimentation, few quantitative measurements of disturbance by ret-
rogradational avulsions exist. Here, we first focus on land-cover change following a sin-
gle retrogradational avulsion in Papua New Guinea from 2012 to 2021. During the
avulsion, the river dechannelized 892 m upstream, and the parent channel width dou-
bled. Using maximum likelihood image classification, we observed healthy vegetation
fluctuated around 4.3 km?, vegetation regrowth peaked in 2017 at 3.2 km?, dead vege-
tation peaked in 2013 at 2.1 km?, and visible extent of deposited sediment was greatest
in 2015 at 0.44 km?. We also examined 19 other retrogradational avulsions in Papua
New Guinea and South America using NDVI. The area of floodplain disturbance
(i.e., vegetation die-off and possible sedimentation) for each avulsion ranged from <1 to
>13 km? and scaled with the dechannelization area. Comparing our plan-view distur-
bance results with FABDEM digital-elevation data and ICESat-2 surface elevation mea-
surements, we hypothesize floodplain disturbance extent is a function of topographic
relief. Our results also suggest that retrogradational avulsions, on average, perturb larger
areas of forest compared to blowdowns, suggesting this might be an important distur-

bance regime that influences gap-filling regeneration in tropical rainforests.
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Schumm, 1999). During a river avulsion, exceptional sediment erosion,
deposition, and flooding builds floodplain topography over time and
influences the patch mosaic structure of vegetation in densely for-

located on the adjacent floodplain or other fluvial landform (Jones & ested environments such as tropical rainforests (Hupp &
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Osterkamp, 1985; Kalliola et al., 1991). The sudden influx of flood
water and sediment disturbs the floodplain (e.g., oxygen starvation and
uprooting) and influences ecological heterogeneity by causing local veg-
etation die-off (e.g, deadwood, woody debris, and devegetated
patches). Subsequent colonization of pioneer species in open, bare
areas created by flooding, scouring, and sediment deposition initiates
the turnover of plant communities, leading to primary and secondary
succession of vegetation on the forest floor (Battisti et al, 2016;
Gullison et al., 1996). Avulsions also affect built environments and can
cause catastrophic damage to infrastructure and populations. For exam-
ple, an avulsion on the Indus River in July 2010 displaced 20,000,000
people and caused nearly 2,000 fatalities (Brakenridge et al., 2017;
Syvitski & Brakenridge, 2013). Exactly how avulsions affect the geo-
morphology and ecology of fluvial systems depends on where they
occur and their pattern of movement across the floodplain.

The long-term cause and occurrence of avulsions in fluvial sys-
tems are due to sediment deposition on the channel bed (Brooke
et al., 2022). This so-called setup phase, the conditioning of a river
through fluvial processes that predispose the river for avulsion, marks
the long-term aggradation of sediments onto the channel bed. This
natural build-up of alluvium causes the alluvial ridge of the channel to
rise above the surrounding floodplain. The channel becomes gravita-
tionally unstable when its bed elevation roughly matches the flood-
plain elevation, reaching a state of superelevation (Bridge &
Leeder, 1979; Bryant et al., 1995; Hoyal & Sheets, 2009; Jerolmack &
Mohrig, 2007; Mohrig et al., 2000). If a large enough trigger occurs,
the channel, once superelevated, becomes susceptible to avulsion.
The trigger results from a range of processes, usually associated with
flooding (Jones & Schumm, 1999; Mordn et al., 2017) due to levee
breach (Millard et al., 2017; Slingerland & Smith, 1998, 2004) or over-
bank flow (Edmonds et al., 2009; Field, 2001). The outbreak of water
and the associated conveyance of sediment onto the floodplain initi-
ates the avulsion processes after the trigger event.

As an avulsion progresses, sediment and water organize into a new
or preexisting channel, characterized by three generally accepted styles:
progradation, annexation, and incision (Slingerland & Smith, 2004). Pro-
gradational avulsions consist of a downstream-moving sediment wedge
or crevasse splay. These wedges contain a network of channels, and
the avulsion terminates when a single flow path emerges from the
channel network and reconnects to a fluvial system downstream
(Flood & Hampson, 2014; Slingerland & Smith, 2004; Smith
et al,, 1989; Valenza et al., 2020). Incisional avulsions occur when water
flows toward topographic lows and incises into the floodplain, develop-
ing a new channel that captures flow and sediment from the parent
channel (Hajek & Edmonds, 2014; Mohrig et al., 2000; Slingerland &
Smith, 2004). Annexational avulsions, in contrast, reoccupy pre-existing
active or inactive river channels on the floodplain (Edmonds
et al., 2016; Slingerland & Smith, 2004; Valenza et al., 2020).

Recently, researchers have identified a new, fourth style of river
avulsion. Edmonds et al. (2022) and Lombardo (2017) identified
upstream-migrating avulsions in the tropical rainforests of Papua New
Guinea and South America that dechannelize and self-propagate

upstream over time as they find a new flow path. These so-called

retrogradational avulsions are most likely initiated by a channel block-
age, such as a logjam, though this has never been conclusively
observed. The blockage causes a local backwater that raises the water
level upstream, leading to water spilling overbank. The overbank flow
creates a chevron-shaped flooding pattern on the forest floor, subse-
quently depositing sediment and killing vegetation (e.g., woody mate-
rial and grass) (Edmonds et al., 2022; Figure 1a). As water spills
overbank, discharge in the channel decreases and flow decelerates
near the blockage, causing sediment to aggrade on the channel bed,
filling the channel and forcing the wave of dechannelization to migrate
upstream (Figure 1b). The wave of upstream-migrating dechanneliza-
tion continues until overbank flow establishes a new flow path by
either incision or annexation (Figure 1c,d).

All avulsion styles disturb the floodplain and change land-cover
through time by flooding and associated hydrosedimentological pro-
cesses that cause vegetation die-off and shape floodplain architec-
ture. These disturbances impact the spatiotemporal distribution of
surrounding ecological biodiversity (Assine et al., 2016; Richards
et al, 2002; Stanford et al, 2005; Tockner et al, 2010; Valente
et al., 2013; Valenza et al., 2022; Van Asselen et al., 2017; Ward
et al., 2002). Progradational avulsions create widespread floodplain
disturbance from flooding and sediment deposition, and annexational
or incisional avulsions result in little floodplain disturbance as they
only reoccupy pre-existing channels (Valenza et al., 2020, 2022). Com-
paratively, disturbances from retrogradational avulsions remain under-
examined, and while some studies exist (Edmonds et al., 2022;
Gullison et al., 1996; Lombardo, 2017; Valenza et al., 2022), a need
for basic information regarding the characteristic size of disturbance
and the mechanics of the avulsion process remains.

In this paper, we quantitatively describe planimetric areal extents
of disturbance that retrogradational avulsions leave on the floodplain
(measured in square meters/kilometers). Recently, the use of high- to
medium-resolution and multispectral satellite imagery has trans-
formed our understanding of river avulsions, capturing remotely
sensed data of the avulsion process at multiple temporal and spatial
scales useful for morphological and ecological observations (Brooke
et al., 2022; Buehler et al., 2011; Edmonds et al., 2016; lacobucci
et al., 2020; Lee et al., 2022; Valenza et al., 2022). Additionally, histor-
ical remote sensing data has proven to be a critical tool in assessing
both small- and large-scale (<0.001 and >0.001 km?, respectively) dis-
turbances in forests (Frolking et al., 2009). Following this methodol-
ogy, we used high-resolution eight-band multispectral WorldView-2
satellite imagery and a maximum likelihood image classification
method in ERDAS Imagine to investigate the retrogradational avulsion
process at a fine spatiotemporal scale of a single river in Papua New
Guinea (avulsion R3.2 from Edmonds et al., 2022). To look more
broadly at how these avulsions disturbed the floodplain, we used har-
monized NDVI Landsat imagery of 19 retrogradational avulsions in
Google Earth Engine (GEE), a multi-petabyte cloud storage platform
composed of global temporal satellite imagery expanding more than
40 years (Kumar & Mutanga, 2018). We aim to describe retrograda-
tional avulsions and the disturbances they create on the surrounding

floodplain.
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FIGURE 1 Temporal evolution of a retrogradational avulsion in Papua New Guinea (R3.2) (a-g). Schematic representation of R3.2 through
time depicting temporally banded chevrons (h). The tip of the chevron in (a) is at 9.435°S, 149.095°E. Figure from Edmonds et al. (2022). [Color
figure can be viewed at wileyonlinelibrary.com]

2 | METHODS
satellite imagery to study the associated land-cover change and flood-
21 | Study areas plain disturbance. The avulsions in this study occurred in Papua New
Guinea and the Amazon Basin. Two avulsions (including R3.2, studied
Edmonds et al. (2022) created a dataset of 69 retrogradational avul- in detail) were in Papua New Guinea north of Mt. Suckling, part of the
sions. Using their data, we looked at 20 avulsions that had sufficient Owen Stanley Range, in Oro (Northern) Province. These two avulsion
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sites were in the Papuan Peninsula covered by the Southeastern
Papuan rain forests that are of the tropical and subtropical moist
broadleaf biome (Olson et al., 2001). The mean annual temperature
ranges from 24 to 27°C and the average yearly precipitation is
>2,500 mm, with the heaviest rainfall occurring in the highlands
(World Bank Group, 2022). We used the 30 arc-second climate data-
set WorldClim to estimate the temperature values, which contained
global climate data from 1970 to 2000 (Hijmans et al., 2005). The
avulsion activity in Papua New Guinea occurred at 36-45 m above
sea level (Figure 2a).

The remaining 18 avulsions occurred in the northeastern foothills
of the Andean Mountains, with one in Madre de Dios, Peru (R15), and
17 distributed throughout the Beni and La Paz plains in Bolivia. All
18 avulsions were in the southwestern Amazon Rainforest Ecotone,
an ecologically diverse region between the terra firme rainforest of
the Amazon and the tropical savannahs of the Moxos plains in Bolivia
(Maezumi et al., 2022). Specifically, the avulsions were in the densely
vegetated ecoregions of the Southwest Amazon moist forests and
Bolivian Yungas, both of which are composed of tropical and subtropi-
cal moist broadleaf forest biomes (Olson et al., 2001). The mean

annual temperature ranges from 22 to 27°C and the precipitation
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FIGURE 2 Locations of retrogradational avulsions in this study in

Papua New Guinea (a) and parts of South America (b). Avulsion IDs
are from Edmonds et al. (2022). Elevation data were acquired by the
FABDEM (Hawker et al., 2022). [Color figure can be viewed at
wileyonlinelibrary.com]

varies between 1500 and 2100 mm per year (Singh et al., 2022). The
avulsion activity in South America occurred at 180-280 m above sea

level (Figure 2b).

2.2 | Land-cover change and floodplain
disturbance
221 | High-resolution examination of R3.2

The R3.2 avulsion in Papua New Guinea migrated upstream from
2002 to 2014 (Edmonds et al., 2022). We chose to study this avulsion
in detail because it had the most expansive multi-temporal high-
resolution data available, with seven WorldView-2 high-resolution
8-band multispectral satellite images, collected from Maxar Technolo-
gies, that record its later evolution. This satellite provided images with
1.8-2.0 m resolution with eight spectral bands covering the visible to
near-infrared spectrum. We found only seven suitable images of this
avulsion due to the high cloud coverage within the satellite archive.
The images used were captured on 4 April 2012, 5 April 2013,
3 November 2013, 12 May 2014, 24 August 2015, 9 August 2017,
and 30 June 2021.

We used ERDAS IMAGINE 2018 (64-bit) to create supervised
maximum likelihood image classifications for each WorldView-2 image
to observe the geomorphic and ecological signatures of land-cover
change associated with the retrogradational avulsion. The maximum
likelihood classifier is widely used because it chooses the most proba-
ble spectral class, has a computationally efficient algorithm, can
account for natural variation in spectral patterns, and has high accu-
racy over variable conditions and environments (Bolstad &
Lillesand, 1991). The classifier assumes normally distributed spectral
data and calculates the mean and variance of each class to estimate
the highest probability for each pixel.

We clipped the seven images to focus on the avulsion area to
reduce noise in the classifier and oversampling of background fea-
tures. Based on the visual inspection of this avulsion, we subdivided
land-cover change into seven spectral class types associated with
healthy vegetation, low-lying vegetation (e.g., grasses) that we
referred to as “regrowth,” vegetation die-off (e.g., deadwood, woody
debris, and devegetated patches), sediment, water, clouds, and unclas-
sified areas. To define each class, we selected multiple polygons that
covered the land-cover class type. For each image, we had to augment
our procedure because the classes showed a large spectral range due
to natural noise and variable sizes of specific land-cover. Since the
maximum likelihood classifier assigns pixel values based on the mean
and variance calculated by the program, pixels outside these statistics
due to the large spread of values were inaccurately assigned. The aug-
mented procedure consisted of subdividing the spectral distribution
into multiple classes and selecting multiple polygons for each subdi-
vided class; therefore, the final class was the combination of the sub-
divided classes. For each image, the first subdivided class for a given
spectral class type contained 20 sample polygons. Each subsequent

subdivided class contained five sample polygons until the classifier
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produced satisfying visual inspections and accuracy assessment
values.

We assessed the accuracy with two different methods. For the
first assessment, we used a stratified random sampling method with
250 validation points for each image and for the second assessment,
we used an equalized random sampling method using five validation
points for each class. Validation points were identified visually in the
high-resolution images. The stratified random sampling method
emphasized the representation of the larger classes (i.e., healthy
vegetation, vegetation regrowth within the chevron, and vegetation
die-off), and the equalized random sampling method assured a repre-
sentation of the smaller classes (i.e., water and deposited sediment).
For each assessment, we measured the overall accuracy (OA) and
Cohen's kappa coefficient (K) as the final accuracy scores. We contin-
ued image classification until accuracy assessment scores reached
90% or greater for OA and 0.90 or greater for K (Congalton, 1991).

In addition to the image classification method, we measured avul-
sion morphometrics of the retrogradational avulsion in Papua New
Guinea (R3.2) using ArcGIS Pro. We first measured the cumulative
sediment plug migration from 2003 to 2009 by tracking the distance
it moved upstream from one image to another. We then measured
the average channel width from 2003 to 2021 by averaging 19 times
at three different cross-sections ~5 km upstream of the final chevron
tip position.

2.2.2 | Medium-resolution examination of
19 retrogradational avulsions

We focused on 19 retrogradational avulsions throughout Papua New
Guinea and South America based on available 30 m resolution Landsat
5, 7, and 8 images without cloud cover and anthropogenic influences
(e.g., agricultural land and preexisting unvegetated land) using GEE.
Due to the lack of suitable high-resolution Maxar images for these
avulsions, a detailed examination of land-cover classification was
impossible. Instead, we used Landsat to get a first-order assessment
of the total floodplain disturbance (i.e., vegetation die-off and possible
sedimentation) caused by the upstream-migrating wave of flooding. In
this way, the area measured was a minimum value of the floodplain
disturbance as there might have been sub-canopy disturbances that
did not always create vegetation die-offs.

To analyze the floodplain disturbance, we created composite images
from all suitable Landsat data during each retrogradational avulsion (time
periods reported in Edmonds et al., 2022). For the composite images, we
harmonized atmospherically corrected Landsat 5, 7, and 8 Surface
Reflectance Tier 1 images (Figure 3a). We corrected the spectral differ-
ences in the different Landsat sensors using coefficients provided by
Roy et al. (2016) that harmonized the Landsat 5, 7, and 8 satellite
archives into one image collection spanning from 1984 to the present
developed from the GEE platform (https://developers.google.com/
earth-engine/tutorials/community/landsat-etm-to-oli-harmonization).
The harmonization of the three sensors reduced error produced by
the Landsat 7 ETM+ SLC-off data and cloud coverage, while also

providing a longer observational period spanning nearly four
decades. To further reduce the error produced by the presence of
clouds in images, we applied a cloud mask and cloud cover filter to
each composite.

With a harmonized image collection, we spectrally transformed
all data into normalized difference vegetation index (NDVI) images
to visualize the floodplain or vegetation disturbance and performed
a 10th percentile reducer to select only “disturbed” pixels for a
given location within an image stack (Figure 3b). To capture differ-
ent phases of disturbance, we subdivided the avulsion duration into
2-year periods (Figure 3b2-4). This meant a single avulsion con-
tained multiple 2-year composites, anywhere from three
(e.g., R11.1) to 16 (e.g., R12). On each 2-year composite, we manu-
ally adjusted an NDVI classification threshold to isolate the dis-
turbed pixels and clipped the thresholded area of interest (Figure 3,
where b1 is b5 4+ b6 + b7). The threshold varied for each avulsion,
but it generally ranged from NDVI <0.6 to 0.75. The final step
included mosaicking the 2-year thresholded composites into a sin-
gle composite to contain the total disturbance area caused by the
avulsion (Figure 3c). Due to cloud cover variability among years, we
divided some composites into one-year periods and then
mosaicked them into a regular 2-year period composite (e.g., we
mosaicked 2016-2017 and 2017-2018 1-year composite periods
to form the 2-year composite period 2016-2018 for R10.3). Addi-
tionally, some 2-year composite periods may actually contain a
1-year composite period but represent the area of floodplain dis-
turbance in a 2-year period (e.g., R10.2 had a 1-year composite
period from 1994 to 1995 but had total floodplain disturbance rep-
resentation from 1994 to 1996 due to 1996 resulting in no new
disturbance and greater cloud coverage in the area of interest), and
we thus recorded it as a 2-year composite in our analysis for meth-

odological continuity.

3 | RESULTS

3.1 | Detailed examination of land-cover change
from avulsion R3.2

We performed an in-depth study of retrogradational avulsion R3.2 in
Papua New Guinea. The avulsion began in 2002, but our high-
resolution satellite image collection started in 2012 and by 2021 the
river started re-establishing itself into a new channel on the floodplain
farther downstream. On each image, we first measured the geometry
and morphodynamics of the river channel to gain insight as to how
the avulsion style affects the channel itself and then examined the
floodplain disturbance from 2012 to 2021.

3.1.1 | Channel setting and morphodynamics

In satellite imagery, the most conspicuous and observable phase of

the retrogradational avulsion is the upstream-migrating wave
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of dechannelization. Interestingly, the upstream-migrating wave of
dechannelization seems to have far-field effects on the parent channel
and floodplain over time. On avulsion R3.2, the dechannelization
wave moved upstream, water spilled onto the adjacent floodplain and
deposited sediment on the flanks of the channel as floodwater
expanded and decelerated through the vegetation (Figure 1). Simulta-
neously, the parent channel itself is filled with sediment. This sedi-
ment “plug” probably consisted of rapidly deposited bed material load
due to deceleration of flow that resulted in a local backwater
upstream of the plug (Edmonds et al., 2022). The movement of the
sediment plug upstream defined the key characteristic of this feed-
back loop as it forced flooding and overall avulsion activity. From
2003 to 2009, the plug migrated upstream 892 m (Figures 1 and 4a).

Our measurements indicated an unsteady rate of plug migration. From
2003 to late 2004, the sediment plug had an upstream migration rate
of 71 m/yr, whereas from 2005 to mid-2006, the plug migration
rate increased to 297 m/yr, and then from 2006 to 2009, the rate of
upstream migration decreased to approximately 113 m/yr. Note that
plug movement stopped after 2009 as the channel selected a new
flow path on the floodplain.

The width of the parent channel increased in response to the
dechannelization wave, but it lagged behind by about 2-3 years
(Figure 4b). From 2003 to 2005, the channel width had a constant
average width of 29 m. Then from 2005 to 2013, the width linearly
increased from 34 to 60 m in 8 years. After 2013, the average channel

width eventually stabilized at 60 m.
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FIGURE 4 Cumulative distance of upstream sediment plug
migration from 2003 to 2009 (a) and average channel width measured
upstream of the avulsion from 2003 to 2021 (b).

3.1.2 | Land-cover change through time

Additionally, we mapped the land-cover change associated with R3.2
from 2012 to 2021. In each image, we classified healthy vegetation,
vegetation die-off, vegetation regrowth within the chevron, sediment,
water, and clouds (Figure 5). In general, the land-cover changes appear
to agree with observations by Edmonds et al. (2022) in that the retro-
gradational avulsion is comprised of distinct phases. Whereas
Edmonds et al. (2022) only distinguished between two phases—
upstream-migrating dechannelization and pathfinding—we further
subdivide those into flooding, channel breakout, channel establish-
ment, and stabilization. The first two are part of the upstream migra-
tion and the latter two are part of pathfinding.

The first phase, flooding, initiates floodplain disturbance. In
Figure 5a, we observed the floodplain 10 years after avulsion initia-
tion and the predominant features included the areas of vegetation
regrowth (1.5 km?) and deposited sediment in the parent channel
downstream of the active avulsion site (0.07 km?). A year later in
2013, flow dechannelized again, forming a chevron-shaped flooding
pattern, killing 1.7 km? of vegetation in the diagnostic chevron shape,
resulting in over 900% increase in vegetation die-off from the previ-
ous image (Figure 5b). The chevron, classified by the red pixels,
showed that the vegetation die-off roughly equaled that on either
limb of the chevron in surface area, possibly indicating equal distribu-
tion of floodwaters to either side.

We observed that channel breakout and channel establishment
coincided with each other. In 2013, the channel breakout phase of the
avulsion began once the fluvial levee breach resulted in a crevasse

splay (Figure 5c¢). This caused vegetation disturbance with alluvial sed-
iment deposition on the floodplain; healthy vegetation had its lowest
extent with only 3.7 km? on the floodplain, and 0.41 km? of exposed
sediment covered the forest floor (Figure 5d). As flow diverted onto
the floodplain at the breakout location, alluvial sediment deposited on
the forest floor (Figure 5d). The crevasse splay contained a multi-
thread water flow that scoured the floodplain between trees and
other vegetation, predisposing a zone on the floodplain for channel
establishment. Vegetation die-off experienced a sharp decline
(0.7 km?), healthy vegetation increased (5.1 km?), and deposited sedi-
ment also increased (0.44 km?) in the following year (Figure 5e).
Sediment nearly covered all the splay area, and the scour channels
filled with sediment. Once sediment choked the zone of channel
establishment to divert the flow path downstream, the river rechanne-
lized, marking avulsion termination. Confined within the sediment-
filled parent channel in the middle of vegetation regrowth, avulsion-
induced floodplain sedimentation halted and water flowed down-
stream, forming a single-threaded meandering channel.

When the channel establishment terminated, the stabilization
phase began. Figure 5f,g show large vegetation regrowth surface
areas (3.2 and 2.21 km?, respectively) with minimal vegetation die-off
(0.47 and 0.23 km?, respectively) within the forest canopy gap created
by the avulsion. Rainforest growth completely covered the sediment-
rich zone of channel establishment by 2021, and we observed minimal
vegetation die-off with a decrease in vegetation regrowth. The flow
continued to incise into the floodplain while gradually forming a
meandering and fully channelized flow path farther downstream.

Over time, these changes revealed patterns on the floodplain
(Figure 6). During flooding (phase A), dead vegetation increased at the
highest rate measured with minimal sediment deposited. Channel
breakout (phase B) contained peak vegetation die-off in 2013, a steep
decrease in healthy vegetation, rapid sediment deposition, and a con-
tinued increase in regrowth. Channel establishment (phase C) marked
the highest area of healthy vegetation with a decrease in regrowth,
peak sedimentation in 2015, and a rapid decrease in die-off. Stabiliza-
tion (phase D) primarily consisted of nearly nonexistent deposited
sediment and die-off by 2021, with a steady rate of healthy vegeta-

tion and a decrease in regrowth.

3.2 | Examination of floodplain disturbance across
19 different avulsions

The most conspicuous change associated with R3.2, and from visible
inspection of other retrogradational avulsions, is the immense flood-
plain and forest disturbance that occurs during flooding and dechan-
nelization. On R3.2, this disturbance perturbed forest ecology and
provided a minimum area over which flooding and sediment deposi-
tion occurred. We looked at 19 other retrogradational avulsions
worldwide and used Landsat images from Google Earth Engine to
measure the total floodplain disturbance (as tracked by dead vegeta-
tion and possible sedimentation) created during upstream migration

and flooding.
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FIGURE 5

Il Healthy vegetation (green)

I Vegetation die-off (red)

1 Regrowth within chevron
(aquamarine)

[ Deposited Sediment (yellow)

B Water (blue)

1 Clouds (white)

I Unclassified (brown)

Multitemporal eight-band multispectral WorldView-2 satellite images of R3.2 captured on 4 April 2012 (a), 5 April 2013 (b),

23 November 2013 (c), 12 May 2014 (d), 24 August 2015 (e), 9 August 2017 (f), and 30 June 2021 (g) with a RGB band combination of 432 to
show natural color (a1-g1) and a thematic map classifying land-cover change derived from supervised maximum likelihood image classification
(a2-g2). Rectangle in c1/2 outlines crevasse splay. [Color figure can be viewed at wileyonlinelibrary.com]

For the additional 19 avulsions measured, we classified Landsat
images across the retrogradational avulsion date range to create a
detailed image and measurable area of the total floodplain disturbance
(Figure 7). We visually showed the temporal change in the
disturbance area by superimposing earlier composites over later ones,
and graphically by plotting the disturbance area for each 2-year period
for avulsions with four or more composites. Some of these distur-
bances showed the classic chevron shape (e.g., R11.1, R22.2, R26, and
R23.1), whereas others showed a shape that we described as more
confined (R12, R15, and R32.2) or just lacking a pronounced “V”
shape (e.g., R23.3 and R30.2). Conceptually, Figure 1h illustrates the

classic chevron shape, whereas a confined chevron would be similar

except that it exhibits a narrower angle. Over time, nearly all distur-
bances grew progressively, creating temporally banded chevrons simi-
lar to R3.2 (Figure 5). The inset time series showed that the
disturbance area fluctuates greatly from year to year (Figure 7).

The total floodplain disturbance for the 19 avulsions had a mini-
mum value of 0.61 km? (R20.1), a maximum value of 13.67 km? (R12),
and mean and median values of 4.54 km? and 2.59 km?, respectively
(Figure 8). To compare avulsions that occurred on different-sized riv-
ers, we normalized the disturbance area by dividing it by the dechan-
nelization area within the chevron. We calculated the area by
multiplying the dechannelization length by the average river width
(Edmonds et al., 2022). The data for the measured (Figure 8a) and
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FIGURE 6 Time-series analysis of land-cover change on
floodplain plotted from each classified image from 2012 to 2021
including phase boundaries. Phase A is flooding, B is channel
breakout, C is channel establishment, and D is stabilization. [Color
figure can be viewed at wileyonlinelibrary.com]

normalized (Figure 8b) areas of floodplain disturbance had positively-
skewed distributions, with a cluster of data at lower values and few
data points at larger values.

The floodplain disturbance area scaled with the dechannelization
area within the chevron (Figure 9a). This was not necessarily surpris-
ing, since the length of dechannelization (i.e., the channel length
within the chevron) limited the size of the avulsion. Additionally, we
observed consistent event scaling relationships between the flood-
plain disturbance perimeter and the floodplain disturbance area
(Figure 9b). For this analysis, we focused on avulsion events with
three or more images of their disturbance. Any given avulsion gener-
ally showed a temporal increase in disturbance area or perimeter as
vegetation died followed by a decrease in area or perimeter. We also
observed perimeter-area scaling for individual cases of avulsion
(Figure 9c). Furthermore, the plots showed that the perimeter area
typically grew through time as the avulsion progressed and then
shrank as vegetation recovered. These scaling relationships under-
scored that floodplain disturbance had a consistent morphometry
across all measured events.

To investigate other controls on the area of floodplain distur-
bance, we compared the measured and normalized disturbance areas
against four river parameters measured by Edmonds et al. (2022):
dechannelization velocity, river discharge (yearly maximum), drainage
basin area, and slope. We did this to see if other parameters scaled
with floodplain disturbance area produced by the avulsions; how-
ever, there were no meaningful trends in the data suggesting the dis-
turbance area was not a function of these river parameters (data not
shown). We found avulsion R11.1, located in Bolivia, as an outlier for
both river discharge (yearly max) and drainage basin area, and even
removing that or other outliers did not create clear trends in
the data.

4 | DISCUSSION

4.1 | River and floodplain morphodynamics

Our findings presented new observations associated with the process
of retrogradational avulsion. Looking in detail at retrogradational avul-
sion R3.2 (Edmonds et al., 2022), the upstream-migrating dechanneli-
zation wave induced a change in river width (Figure 4b). The avulsion
began in 2002, but the channel width remained constant from 2002
to late 2005, indicating a morphological lag of 3 years for width
adjustment. Afterward, the channel widened at a rate of 3.25 m/yr,
eventually stabilizing when the avulsion selected a new flow path on
the floodplain. It was not exactly clear why the channel widened dur-
ing the upstream-migrating wave of dechannelization, but this is a
plausible response to the rapid bed aggradation (Simon &
Darby, 1997) caused by the backwater effect or an effect of the fre-
quent floods caused by the sediment plug. It remains unclear how
long the channel will remain at the adjusted width, but it appears that
the width stabilized at a value double that of the original (29-60 m) as
the flow velocity and volume of water and sediment equilibrated to
the new river flow path established by the avulsion.

Retrogradational avulsions could efficiently export sediment to
the floodplain. Almost all other styles of avulsion involve some
amount of channel annexation (i.e., finding a pre-existing flow path)
that limits overbank flooding (Valenza et al., 2020, 2022). Retrograda-
tional avulsions seem to always have overbank flooding during the
dechannelization process, as evident by the large area of floodplain
disturbance and associated vegetation die-offs. Flooding associated
with retrogradational avulsion lasts anywhere from less than a year to
36 years (Edmonds et al., 2022), and R3.2 had 12 years of flooding
during the avulsion process. This flooding could be hazardous and also
export sediment to the floodplain causing aggradation and construct-
ing fluvial levees, possibly leading to larger levees and more floodplain
aggradation along the channel reach that experienced dechanneliza-

tion when compared to the non-disturbed upstream reach.

4.2 | Avulsions as an important mechanism for
floodplain disturbance

Although we measured floodplain disturbance differently than land-
cover change in the R3.2 study, the 19 retrogradational avulsion
events were quite similar to R3.2 (our best-documented example of a
retrogradational avulsion) in that they visually appeared to have simi-
lar phases. These 19 avulsions displayed a comparable sequence of
flooding and sedimentation, forming an upstream-advancing chevron
that ceased as vegetation gradually reclaimed the disturbed floodplain
(Figures 3 and 7). In the imagery of R3.2, we clearly saw the flooding
phase caused massive areas of floodplain disturbance that lasted for
more than 3 years from 2013 to 2015 (Figure 5b-e). The most con-
spicuous effects of retrogradational avulsions consisted of floodplain
disturbance via large-scale vegetation die-off and possible sedimenta-

tion. Our Google Earth Engine results showed the area of total
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FIGURE 7 Legend on next page.
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FIGURE 8 Histograms of measured (a) and normalized (b) floodplain disturbance areas produced from 19 retrogradational avulsions
measured in Google Earth Engine. [Color figure can be viewed at wileyonlinelibrary.com]

disturbance associated with a single retrogradational avulsion ranged
from <1 to >13 km?, with the largest measured at 13.67 km?. These
large disturbances had unique spatial patterns on the forest floors
(Figure 7), with most forming a chevron that has an angled opening
downstream of the parent river channel.

These disturbances potentially lead to the ecological succession
of pioneer vegetation species that generate diagnostic gap-filling
regeneration patterns within the forest canopy (i.e., the stabilization
phase). The rivers originating in the Andean mountains in the Amazon
are rich in suspended sediment and have high pH and conductivity
values (Godoy et al., 1999). During the avulsion, the sediment-rich
water flows over the surface of the floodplain and causes localized
deposition and erosion on the forest floor, creating patchwork of
microhabitats (Godoy et al., 1999; Wittmann et al., 2006). After vege-
tation die-off, canopy gaps are produced that influence species com-
position and forest structure (Chambers et al., 2013). The regrowth
gives rise to a succession of ecologically biodiverse vegetation, which
includes more resistant pioneer species of trees such as mahogany
(Gullison et al., 1996). In the disturbed area, there are differing levels
of litter depth, nutrient availability, light level, and water availability
compared to the surrounding forest, which leads to gap-phase dynam-
ics that bring forth distinct biological mosaics in the Amazon and
Southeastern Papua rainforests (Bottero et al., 2011). Due to reduced
root and canopy densities in recovering areas, soil water reserves
deplete at a slower rate, rainfall interception by overlying vegetation
lessens, and light availability with associated localized temperature
fluctuation increases (Poorter & Hayashida-Oliver, 2000). The interac-

tion of water and light levels is considered the most important factor

influencing dynamics (Myster, 2009; Pires & Prance, 1985), leading to
greater height and leaf growth rates within the canopy gap compared
to understory plants (Poorter & Hayashida-Oliver, 2000). Canopy
openings in tropical rainforests are an important driver of diversifica-
tion as they control the light levels and soil nutrient/moisture content
of the forest gap, prompting dormant seeds in the forest soil to germi-
nate and for the release of seeds in the understory (Denslow, 1987).
As seeds germinate and colonize the disturbed area, pioneer commu-
nities become dense due to the rapid generation of leaf area for maxi-
mized light interception, which contrasts with the surrounding mature
forests that have a low leaf area density (Bazzaz & Pickett, 1980).
Identifying dense light and water-dependent tropical rainforest can-
opy patches within areas ranging from <1 to >13 km? could be used
to fingerprint relict retrogradational avulsion sites. These sites would
also have fluvial landforms present (i.e., abandoned channels, alluvial
ridges, scour marks, and topographical relief) from past flooding and
sedimentation. This might serve to constrain the prevalence of retro-
gradational avulsions and their impact on species succession post-
disturbance.

It remains to be seen, but retrogradational avulsions could emerge
as an important disturbance regime in tropical rainforests. The distur-
bance size of a retrogradational avulsion is generally larger than other
natural forest disturbance processes such as blowdowns (i.e., areas in
which trees have been blown over by gusts of wind). In the Amazon,
large blowdown events caused by convective cloud downdrafts
(Garstang et al., 1998) destroy areas >0.3 km?, with nearly all areas
<5km? and rare occurrences measured up to 33.7 km? (Nelson
1994); however, small

et al, scale blowdown disturbances,

FIGURE 7 Total area of retrogradational avulsion floodplain disturbance produced by 19 retrogradational avulsions with labeled avulsion ID
(from Edmonds et al., 2022), disturbance start and end year, and arrow representing downstream flow direction. Each different colored area
represents the total disturbance produced within a 2-year period, with the earliest date superimposed over the later dates (color code shown in
the bottom right corner). A time series analysis for avulsion disturbances with four or more 2-year periods is shown, with a single duration period
representing 2 years (chart key shown in bottom right corner). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9

Selected scaling relationships for retrogradational avulsions. (a) The linear relationship between the floodplain disturbance area

and dechannelization area within the chevron. (b) Log-log relationship between perimeter and area of floodplain disturbance for retrogradational
avulsions for which we have at least three observations. Each avulsion example is represented by a different symbol; color denotes the year of
the Landsat image (where darker shades are more recent). (c) Examples from (b) are shown in detail; the scale of axes in all eight subplots are the
same, for comparison. Trajectories of floodplain disturbance perimeter and area over time indicated a persistent morphometric scaling

relationship. [Color figure can be viewed at wileyonlinelibrary.com]

<0.001 km? per year, occur at ~107 orders of magnitude greater than
large scale events >0.3 km? (Espirito-Santo et al., 2014). Blowdowns
occur more frequently and over a larger spatial extent in the Amazon,
while retrogradational avulsions, although surprisingly frequent, are
typically larger: Edmonds et al. (2022) showed that 40% of the rivers
had multiple retrogradational avulsions with an average recurrence

interval of 9 years. Therefore, in certain areas, retrogradational avul-
sions may be as important as large blowdown events. Approximately
0.003 Pg C y~1is released into the atmosphere by large blowdown
events in the Amazon (Espirito-Santo et al., 2014) and if retrograda-
tional avulsions have larger average disturbance areas, then the car-

bon released by the avulsion could be important in local settings.
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FIGURE 10 Topographic observations of rivers R11.1 (classic chevron disturbance structure) and R12 (confined chevron disturbance
structure) in reference to retrogradational avulsion-related canopy gap evolution. (a, d) Current high-resolution satellite imagery from Google
Earth Pro with river centerline and location of ICESat-2 ground track. (b, ) FABDEM hillshade with the transparent area of total floodplain
disturbance produced by the retrogradational avulsion. (c, f) ATLO8 surface elevation profile from the ICESat-2 satellite with track number and
date of measurement on the floodplain (location of river channel identified as a blue star along profile). [Color figure can be viewed at
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4.3 | Topographic controls on flooding and
floodplain disturbance

Our data and analysis did not pinpoint a clear control on what sets the
disturbance area from a retrogradational avulsion. Given this, we
hypothesize that floodplain topography controls the extent of retro-
gradational avulsion flooding, therefore influencing the geometry of
floodplain disturbance in tropical forests. To test this idea, we used
the 1 arc-second FABDEM (Forest And Buildings removed Copernicus
DEM) dataset (Hawker et al., 2022) to co-analyze floodplain topogra-
phy and associated disturbance. The FABDEM dataset is unique in
that it has been tested on floodplains (Hawker et al., 2022); however,
the DEM used for the FABDEM dataset, the Copernicus GLO-30
DEM, was surveyed between 2011 and 2015. During this time, some
of the rivers studied in this paper underwent avulsion or were in the
stabilization phase, which means the methodology from Hawker et al.
(2022) would underestimate the elevation by assuming uniform vege-
tation in these locations with the surrounding canopy. To circumvent
this issue, we used ICESat-2 surface elevation tracks near-
perpendicular to the studied rivers obtained from ATLO8 (land/vege-
tation) data measured by the Advanced Topographic Laser Altimeter
System (ATLAS), a photon-counting lidar instrument, to provide

additional topographic evidence that validated the FABDEM data
(Neuenschwander & Pitts, 2019). Widespread cloud coverage in the
Southeastern Papua and Amazon rainforests, data availability starting
in 2018, and the orientation of the rivers with respect to the ICESat-2
ground tracks combined to greatly diminish available data for surface
elevation on the floodplains. Due to the lack of data, we present two
examples from retrogradational avulsions R11.1 and R12 to validate
our hypothesis on topography influencing disturbance area.

In our analysis of the rivers, we found two distinct disturbance
patterns, chevron-shaped and confined (Figure 7), and we suggest dif-
ferent topography controls the flooding extent shape (Figure 10).
R11.1 exhibited the classic chevron pattern while R12 exhibited a
more confined pattern. It seems that the chevron shape emerged dur-
ing this process because of enhanced deposition around the channel
during dechannelization. For instance, the higher topography between
the downstream limbs of the chevron (Figure 10b) has a location of
exceptional deposition (Lombardo, 2017). Deposition in this area
caused the flow to split and form the chevron shape. Even without
this extra deposition, flow splitting and chevron formation likely
occurred because the channel had alluvial ridges with lower elevations
on either side. This alluvial ridge helped disperse flood waters away

from the channel.
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The FABDEM suggested that the classic chevron resulted from
wider topographic depressions while the confined chevron had much
narrower depressions on either side of the river channel. The distur-
bance patterns had two limbs of unequal length. The southern limb of
R11.1 and the northern limb of R12 both had steeper gradients that
caused longer disturbance paths and provided further evidence that
topographic influences determine size and structure. This initial analy-
sis suggested that the area of disturbance probably depended on the
topography and the lateral slopes that drive water away from
the channel and out into the surrounding forest. More current and
robust elevation data, along with detailed field study, are needed to
further evaluate the role of floodplain topography in determining
disturbance area.

5 | CONCLUSION

We presented detailed remotely sensed observations on land-cover
change and floodplain disturbance in tropical rainforests caused by a
new style of river avulsion called retrogradational avulsion. We mea-
sured morphological changes in the parent channel and migration rates
of the sediment plug on a large retrogradational avulsion in Papua New
Guinea identified as R3.2. On that avulsion, the sediment plug migrated
upstream ~900 m over 6 years and in response, the parent channel
doubled in width from 2003 to 2021. Using high-resolution satellite
imagery, we quantified land-cover changes and identified four phases:
flooding, channel breakout, channel establishment, and stabilization.
During these phases, channel breakout had the largest vegetation die-
off area, and channel establishment had the largest deposited sediment
area on the floodplain. To understand more broadly how retrograda-
tional avulsions disturb the floodplain, we expanded our scope to
19 retrogradational avulsions in parts of South America and Papua
New Guinea. Using harmonized NDVI Landsat imagery, we found that
the area of total disturbance associated with a single retrogradational
avulsion in our sample ranged from <1 to >13 km?, with the largest
measured at 13.67 km?. The floodplain disturbance area scaled with
the dechannelization area within the chevron, disturbance area and
perimeter trended toward consistent morphometry, and initial analyses
suggested that the geometry of the disturbance was controlled by
floodplain topography. We suggested that this new style of river avul-
sion has a greater disturbance extent, on average, than blowdown
events. Our results suggested that floodplain models of tropical rainfor-
est succession often overlook the significant role of retrogradational
avulsions as an important disturbance regime. Further study is needed
to better understand why retrogradational avulsions occur, what sets
the size and shape of the associated disturbance, and how they might
influence the patch mosaic structure of vegetation in forests.
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