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Abstract

Arctic riverine fluxes are anticipated to increase as the Arctic warms and have a large impact on
the Arctic ocean. Deltas modify the spatial and temporal distributions of riverine fluxes, but no
thorough studies have been conducted to analyze Arctic delta morphologies to determine their
influence on land-ocean fluxes. We performed an analysis of six high-latitude deltas (Colville,
Kolyma, Lena, Mackenzie, Yenisei, Yukon) to characterize delta morphologies and determine
the influence of morphology on the distribution of fluxes to the coast. All six deltas deliver
material to the coast at discrete locations across small areas, despite differences in delta shoreline
length. Large Arctic deltas exhibit large variability in channel width, which we hypothesize is
due to a feedback with ice cover and retreat that favors the growth of large channels over
geologic timescales. Spatial variability in island sizes suggests variability in channel activity,
island nourishment, and susceptibility to drowning by sea level rise. Potential lake storage is
highest on the Mackenzie delta, thus providing a means for reducing nutrient and sediment
loading of the coastal ocean. Connected lakes are also prevalent on the Colville and Yukon
deltas, suggesting that these deltas can filter riverine fluxes even when the deltas are not flooded.
Differences in Arctic delta morphologies can be explained by varying levels of riverine and
marine influence, antecedent topography, and local channel dynamics. Ice cover also plays a
large role in controlling Arctic delta morphologies and dynamics that has not been previously
represented in interpretations of existing delta metrics.

1 Introduction and background

The Arctic Ocean contains ~1% of the world’s seawater, yet it receives nearly 11% of the
world’s river flow [ACIA, 2004; Holmes et al., 2012]. Riverine fluxes therefore have a large
impact on Arctic ocean temperature, salinity, sea ice, and patterns of freshwater transport and
ocean circulation [Aagaard and Carmack, 1989; Holland et al., 2007; Holmes et al., 2012;
McClelland et al., 2012]. Terrestrial fluxes also have strong effects on near-shore ecosystems
and biogeochemistry [Jickells, 1998; Rabalais et al., 2002; Dittmar and Kattner, 2003; Holmes
et al., 2012]. Arctic warming is predicted to lead to increased precipitation, runoff [Peterson et
al., 2002; ACIA, 2004; Holland et al., 2007; Kattsov et al., 2007; Overeem and Syvitski, 2010;
Rawlins et al., 2010; IPCC, 2013; Stuefer et al., 2017], and permafrost thaw [Lachenbruch and
Marshall, 1986; Osterkamp and Romanovsky, 1999; ACIA, 2004; Jorgenson et al., 2006; Slater
and Lawrence, 2013], all of which will contribute to increased terrestrial fluxes through rivers.
These terrestrial fluxes include water, increased sediment loads due to permafrost thaw and
thermokarst-related mass wasting [Bowden et al., 2008; Gooseff et al., 2009], and nutrients.
Increased sediment loads increase water turbidity, limiting light penetration and primary
productivity [Lloyd et al., 1987; Dyer, 1989; Jickells, 1998; Huret et al., 2005]. Changing
nutrient loads and river chemistry also influences productivity and ecosystem function [Jickells,
1998; Rabalais et al., 2002; Dittmar and Kattner, 2003; Holmes et al., 2012; Mora et al., 2013].
A better understanding of how, when, and where riverine fluxes are delivered to the coast is
therefore required to predict the effects of changing fluxes on the coastal ocean.

Deltas modify the spatial and temporal distributions of riverine fluxes by filtering, partitioning
and/or delaying the delivery of water, sediment, and nutrients to the coast, [Emmerton et al.,
2007; Emmerton et al., 2008; Sawyer et al., 2015; Hiatt and Passalacqua, 2015; Hiatt et al.,
2018]. Over geologic timescales, deltas may maintain an optimal state by which they diversify
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their fluxes to the coast by relatively evenly partitioning their fluxes throughout the bifurcating
network of channels [Tejedor et al., 2017]. Over shorter timescales, however, other
environmental conditions such as wind, tides, vegetation, and channel avulsions change the flow
patterns through deltas [Van Dijk et al., 2009; Reitz and Jerolmack, 2010; Sassi et al., 2011;
Nardin and Edmonds, 2014; Hiatt and Passalacqua, 2015; Hoitink and Day, 2016; Nardin et al.,
2016; Hiatt and Passalacqua, 2017; Sendrowski and Passalacqua, 2017].

However, the channel network alone does not transport riverine fluxes to the coast. Hydrological
connectivity between channels and wetlands or lakes facilitates the exchange of water, sediment,
and nutrients through tie channels, secondary channels, and overbank flow [Larsen et al., 2012;
Hiatt and Passalacqua, 2015; Larsen et al., 2017; Passalacqua, 2017; Sendrowski and
Passalacqua, 2017]. A study on the Wax Lake delta in Louisiana found that surface connectivity
routes nearly 50% of the in-channel flow into lakes and wetlands [Hiatt and Passalacqua, 2015].
Movement of channel flows into these other water bodies greatly increases water residence time
and potential for nutrient cycling [Dettmann, 2001; Yu et al., 2006; Czuba et al., 2018; Hiatt et
al., 2018]. Surface-subsurface hydrological connectivity is potentially important in lower latitude
deltas [Sawyer et al., 2015], but ice saturation limits hydraulic permeability and surface-
subsurface connectivity in Arctic soils [Walvoord and Kurylyk, 2016].

Due to a lack of observational data, we have a limited understanding of Arctic delta dynamics
and how Arctic delta morphologies influence the temporal and spatial patterns of riverine fluxes.
Hydrologic and geomorphic studies of Arctic river deltas are sparse compared to those of
temperate deltas, but several studies on the Mackenzie delta indicate that lakes and hydrological
connectivity are especially important for understanding coastal hydrology, sedimentation, and
ecosystems on Arctic deltas [Marsh et al., 1999; Emmerton et al., 2007; Lesack and Marsh,
2007; Emmerton et al., 2008; Marsh et al., 2009; Lesack and Marsh, 2010; Vonk et al., 2016].
The extensive lake coverage of the Mackenzie delta is estimated to be capable of holding nearly
50% of the river’s spring flood volume [Emmerton et al., 2007], representing great potential for
transient water storage and fine sediment trapping in lakes. Flow routing through lakes and
wetlands on the delta reduces sediment loads to the coast by nearly 20% and changes nutrient
loads by anywhere from a 15% reduction to increases of over 200% [Emmerton et al., 2008].

In addition to these lake-focused studies, previous research on Arctic delta dynamics suggests
that permafrost and ice cover also play a large role [Walker et al., 1987; Walker, 1998; Lauzon et
al., 2019]. Arctic deltas are ice-covered for much of the year, including during spring snowmelt
floods [Walker, 1998]. Ice cover encourages overbank flooding by increasing water levels
upstream of the ice [Emmerton et al., 2007; Lauzon et al., 2019], resulting in extensive flooding
on the delta plain and in the abundant lakes. Ice cover has also been shown to stabilize channels
in numerical modeling experiments by limiting in-channel deposition in ice-covered channels
and encouraging preservation of small channels that completely freeze to the bed but would
otherwise be abandoned and filled in with sediment [Lauzon et al., 2019]. Both ice and
permafrost are also thought to limit channel mobility, creating deltas with a few dominant
channels that persist for long periods of time [Lauzon et al., 2019] and are responsible for
delivering the bulk of the water and sediment to the shoreline.

In the absence of direct field observations and/or models, numerous studies have attempted to
infer deltaic processes and evolution by quantifying a range of morphometric attributes of deltas.
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In temperate delta systems several researchers have developed various metrics that can be used
to describe delta morphologies and/or interpret hydrological and geomorphological processes
from planview imagery or model output (e.g., Syvitski and Saito, 2007; Edmonds et al., 2011;
Passalacqua et al., 2013; Tejedor et al., 2015; Liang et al., 2016; Tejedor et al. 2017).

Several quantitative delta metrics focus on the channel network. The distributary network of
channels is often described by the number of channels and distribution of channel widths. The
number of channels has been shown to scale with the maximum monthly discharge and inversely
with marine power [Syvitski and Saito, 2007]. Both tides and waves act to limit the number of
channels that develop on a delta either by widening existing channels (tides) [Langbein, 1963,;
Wright et al., 1973; Syvitski and Saito, 2007] or reworking sediment deposits to confine existing
channels (waves) [Wright, 1977; Jerolmack and Swenson, 2007; Syvitski and Saito, 2007;
Geleynse et al., 2011; Nardin and Fagherazzi, 2012]. Thus, deltas with high maximum discharge
and little marine influence are expected to have a greater number of distributary channels
[Syvitski and Saito, 2007]. However, tides have also occasionally been shown to increase the
number of distributary channels by preventing abandonment of small channels [Fagherazzi,
2008; Hoitink et al., 2017]. The distribution of channel widths is also indicative of marine
influence, as tides create funnel-shaped channels near shore, resulting in a downstream widening
of channels in the distal part of the delta [Langbein, 1963; Wright et al., 1973; Syvitski and Saito,
2007; Nienhuis et al., 2018].

Island size distribution is similarly thought to indicate some measure of channel dynamics
[Edmonds et al., 2011]. A delta with many channels and bifurcations is hypothesized to be built
by mouth bar deposition and will have a larger fraction of smaller island sizes. A delta with a
more avulsive behavior and fewer bifurcations may instead have an island size distribution with
larger islands [Edmonds et al., 2011]. Nearest edge distance (i.e., how far points on delta islands
are from channels or water bodies) indicates the likelihood that parts of the delta receive water,
nutrients, or sediment from the channel network. This metric is closely related to island size but
also depends on island shape, as islands with a high area can be long and narrow, such that
nearest edge distance is relatively small compared to the island area. Parts of deltas with high
nearest edge distances are less likely to receive water, sediment, and nutrients and are therefore
more susceptible to drowning over time [Edmonds et al., 2011].

Overall delta shape is related to the down-delta patterns in the number of channels and
bifurcations [Tejedor et al., 2015]. The down-delta trend in number of channels relative to the
maximum number of channels provides some insight to delta shape and channel patterns. If the
number of channels consistently increases downstream, this is indicative of consistent bifurcation
and delta expansion. A downstream decrease in number of channels indicates channel
convergence, while a constant number of channels indicates delta confinement [Tejedor et al.,
2015].

While existing metrics to define delta morphologies provide valuable information regarding delta
form and function, there are few metrics that describe the spatial variability in channels near
shore that influences the spatial variability in fluxes at the coast. Further, the applications of
existing metrics has been limited in Arctic environments where coastal dynamics are heavily
impacted by ice and a strong seasonality, such that no systematic, quantitative comparison of
Arctic delta morphologies exists. To address this knowledge gap, we conducted a remote sensing
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analysis of six high-latitude river deltas and compared the deltas using both established and
newly defined metrics to evaluate Arctic delta morphologic variability, infer differences in delta
dynamics across these high-latitude systems, and discern how Arctic deltas affect riverine fluxes
to the coast.

2 Materials and Methods

Our selection of six high-latitude deltas includes the two largest river systems (i.e. Yenisei and
Lena) by drainage area and discharge volume in the Arctic [Holmes et al., 2012] and several
intermediate and smaller rivers to expand the range of hydrologic and climatic conditions. Table

1 provides a summary of the local environmental conditions for each of the six river deltas

selected: Colville, Kolyma, Lena, Mackenzie, Yenisei, and Yukon.

Delta Delta Easting | Northing | Drainage | Mean Mean Mean Mean River % Tidal
area (m) (m) area” annual annual annual annual continuous | range
(km?) (km?) discharge | sediment sediment temperature | permafrost | (m)
(m%fs) load® (T/yr) | yield® (°C)
(T/km?/yr)
Colville 600° | 351330 | 7789110 50000 280° 6000000 120.0 -8.9° 100* 0.1°
Kolyma 3200° | 361170 | 7645530 660000 3354¢ 12100000 18.3 9.2 99° 0.1°
Lena 32000° | 354685 | 8008183 | 2490000 17149° | 18000000 7.2 -11.0° 7 0.4°
Mackenzie | 13000° | 548460 | 7489710 | 1787000 9299° | 100000000 56.0 -7.3¢ 13" 0.3
Yenisei 4500° | 572610 | 7710000 | 2590000 20685" 9450000 3.6 7.5 31 0.7
Yukon 3000° | 560790 | 6917490 849000 6465° 56850000 67.0 117 19" 1.2°

Table 1. Local environmental conditions for each river and delta. Easting and northing refer to
that of the “origin” used for spatial calculations. *Walker (1998). "Peucker-Ehrenbrink (2009).
“United States Geological Survey. “Shiklomanov. ®Water Survey of Canada, Real Time
Hydrometric Data. "Harris et al. (2014). °Burn and Kokelj (2009). "Holmes et al. (2012).

2.1 Image selection and classification

We used Landsat 8 satellite imagery (30 m resolution; scenes listed in Supplemental Table S1)
for our analysis of high-latitude deltas. Landsat scenes were compiled for late summer 2014,
such that the deltas would be neither ice-covered nor flooded. Due to extensive cloud cover on
the Lena and Yenisei deltas for summer 2014, we used images from 2013 for the Yenisei and
2016 for the Lena. Landsat scenes were first manually cropped to minimize cloud cover and
overlap between multiple scenes on each delta. Scenes were then classified individually, prior to
mosaicking the classified images. We used a minimum number of scenes for each delta while
maintaining complete delta coverage with minimal cloud cover.

We used eCognition — an object-based image analysis software [Flanders et al., 2003; Blaschke,
2010] - to classify channels, land, lakes, and other water bodies. Methods of classification were
guided by those in Rowland et al., [2016]. To classify water bodies, scenes were segmented into
large objects via contrast filter segmentation using the near infrared and shortwave infrared
bands. We then used the normalized difference water index (NDW!I) to separate land from water
with the threshold NDWI value chosen manually by investigating the range of values that existed
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on known land and known water within the scene. The delta, in terms of its channel network,
includes any connected linear water bodies between the delta apex (~1 channel width upstream
of the first bifurcation) and the ocean. The remaining disconnected water objects were classified
as lakes.

To minimize detection of small areas of standing water potentially from seasonal flooding rather
than more permanent lakes, we performed a morphological opening operation (i.e., shrinking
objects around their perimeters, followed by re-growing objects into the perimeter pixels) on the
lake objects. This operation involved a 2-pixel erosion (shrinking) and subsequent dilation (re-
growing) of the classified lake objects. Water bodies that remained disconnected after the
opening operation (i.e., water bodies < 4 pixels wide) were classified as “small water”. The small
water class also includes narrow and/or abandoned channels that were not clearly connected to
the main channel network. Pixels connected to lakes but not recovered in the dilation operation
were added back to the lakes, since those pixels represented irregularly shaped parts of lakes that
were still a part of the main lake water body.

Following the small water classification, we screened the channels class to identify any lakes that
were connected to the channel network and had therefore been classified as channels. We first re-
segmented the channels class, weighting by both spectral values and shape. We manually
reclassified channel objects as lakes if the objects were either rounder than neighboring channel
objects, had an abrupt change in width near the object boundary (e.g., channel 5 pixels wide
connected to object 20 pixels wide), and/or had no additional inlets or outlets.

Once the initial classification and separation of land, channels, lakes, and small water was
complete, we used a lee sigma edge detection scheme to refine the edges of the classified water
objects. Previous uses of this algorithm indicate that it successfully extracts the boundaries
between light and dark objects [Sherba et al., 2014]. While our initial classification successfully
mapped the general regions of channels, land, lakes, and other water, detection of land-water
boundaries on channel edges is difficult [Priestnall and Aplin, 2006; Rowland et al., 2016]. We
ran the edge detection separately on the channels, lakes, and small water classes. The edge
detection method searched for the largest local spatial gradients in normalized difference
vegetation index (NDVI) within 10 pixels of an existing land-water boundary (including 10
pixels channel-ward of the boundary and 10 pixels land-ward). Boundary pixels were reclassified
as necessary (i.e., changed land to water or water to land), depending on the pixel NDVI values
relative to pixels on either side of the boundary. This method therefore ensured that any
unvegetated land was classified as water, most often resulting in the reclassification of in-
channel or mouth bars as channels. The inclusion of unvegetated land in the channels class
ensured that the widths of channels or the size of islands was not dependent on water levels in
each Landsat scene, such that the more stable vegetation line represented the land-water
boundary [Gurnell, 1997; Mount and Louis, 2005; Richard et al., 2005; Fisher et al., 2013,
Rowland et al., 2016].

This article is protected by copyright. All rights reserved.



219
220
221
222
223
224
225

226

227
228
229
230

231

232

233

234
235
236
237
238
239
240
241
242
243
244

Finally, each scene’s classification was manually inspected and cleaned as necessary. This
included removing any clouds or cloud shadows, disconnecting any remaining lakes from the
channel network, and classifying tie channels, small channels, or wet areas between lakes as
small water, such that lakes could be counted as individual water bodies. Following
classification, the masks were mosaicked and exported as binary masks for further spatial
analysis [Piliouras and Rowland, 2019]. Figure 1 presents images of the final mosaicked
classifications for each delta.

7.70E6
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7.65E6

3.2E5 3.6E5 4E5
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J (d)
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Figure 1. Image classifications. Channels and ocean are light blue. Lakes are dark blue. Land is
green. Small water bodies (< 4 pixels in width) are yellow. Black represents areas not considered
in the delta analysis. Axis labels are UTM coordinates. (a) Colville; (b) Kolyma; (c) Lena; (d)
Yukon; (e) Mackenzie; (f) Yenisei.

2.2 Metric calculations
2.2.1 Channels

We assigned the location of the delta apex on the channel masks as the center point of the largest
channel approximately one channel width upstream of the first bifurcation. This apex served as
the origin of the delta channel network. Calculations on the channel masks were performed in 5
km-wide circular bins, with the delta apex as the origin of the circular bins. The two
downstream-most bins were excluded in our analyses to avoid irregularities in delta shape near
the shoreline. There are two exceptions to this binning in our calculations. First, the Lena delta
has an irregular shape due to the angle of the Lena River relative to the coast (see Figure 1C).
Therefore, we manually defined an origin (see Figure S1) for the Lena that was on land, midway
between the most seaward extent of the two channels that bounded the channel network. Second,
the Yenisei has a very elongate shape and a fairly linear shoreline. Binning in circular bins
resulted in grouping pixels and channels that were not representative of the same down-delta
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distance, as well as intersecting channels obliquely rather than approximately perpendicular to
the down-delta direction. We therefore binned the Yenisei from downstream to upstream in 5
km-wide linear bins set by distance from the shoreline, rather than distance from the delta apex.

We measured the maximum channel spread as the maximum linear distance between two bank
pixels along the boundary of each 5 km-wide bin in the channel mask. The number of channels
was counted as the number of continuous white (mask value = 1) segments along the bin
boundary. The inter-channel spacing was calculated as the linear distances between the
midpoints of neighboring channels (continuous white segments) along each bin boundary. We
adapted the Spatially Continuous River Erosion and Accretion Measurements (SCREAM)
method [Rowland et al. 2016] for delta channel networks to calculate channel widths at each
bank pixel.

To quantify the spatial structure of the channel networks near shore, we introduce a new
dimensionless metric to calculate the evenness of the channel distribution across the delta front.
We refer to this new metric as the evenness number (Ng), calculated as:

where  is the mean inter-channel spacing, sp is the standard deviation in inter-channel
spacing, is the mean channel width, sg is the standard deviation in channel width, CVp is the
coefficient of variation of channel spacing, and CVj is the coefficient of variation of channel
width. The evenness number is therefore equal to the product of inverses of the coefficients of
variation of channel spacing and channel width. Although discharge is not necessarily linearly
proportional to channel width, here we assume that relative flux is proportional to relative width
by comparing the relative distributions of widths via the coefficient of variation of width. We
interpret this metric such that a higher value of N (i.e., low variability in channel spacing and/or
channel width) indicates an even distribution of channelized fluxes across the delta front. A
lower value of Ng indicates fluxes are less evenly distributed, driven by large variability in
channel width and/or channel spacing, such that the delta consolidates much of its fluxes in a few
discrete locations.

We measured the parameters for Ng along a transect parallel to the convex hull of the delta (a
proxy for the shoreline, or most seaward extent of the delta) at 80% of the distance from the apex
to the convex hull. We chose 80% of the down-delta distance to avoid irregularities in delta
shape at the shoreline but still be close enough to the delta front to make a representative
measurement of how fluxes are partitioned at the coast. While this distance may still be well
within the realm of tidal influence on some deltas, we are interested in understanding how
channelized fluxes exit the delta at its front. It is therefore necessary to examine variability in
channel width and spacing along a transect near the shoreline. The transects in this case were not
circular but rather parallel to the convex hull to represent the shape of the actual outlet of the
delta. This shoreline-parallel transect therefore allows us to estimate the spatial distribution of
fluxes entering the coastal ocean at a constant distance from the land-ocean interface. Any
continuous white segments along the transect that were clearly not channels, such as the segment
of ocean on the western side of the Lena that is cut by the transect, were manually removed. See
Supplemental Figure S1 for images of the channel masks with the convex hull and the 80%
transect.
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2.2.2 Islands

Delta islands were isolated from the surrounding land by extracting objects completely
surrounded by channels. We exclude islands smaller than 4 pixels in area because the
classification of objects this small has high relative uncertainty due to possible variations in
water levels at the time of image acquisition. We first calculated the distribution of island sizes
for each delta. On the Lena delta, we excluded Arga Island (large land mass in the northwest
corner of the delta) and its associated neighboring islands from island distributions, as they were
not created as part of the delta. Arga Island is a sandy terrace that sits 20 to 30 m above sea level
and is likely an uplifted fluvial deposit that predates the modern delta [Schwamborn et al., 2002].
We similarly exclude the terraces adjacent to the Tuktoyaktuk Lowlands on the northeast portion
of the Mackenzie delta, which predate the modern delta [Hill et al., 2001].

We measured the nearest-edge distance for all delta islands [Edmonds et al., 2011], by
determining the shortest straight-line distance from each island pixel to a channel pixel. We first
measured nearest-edge distance for all island pixels, including lakes and small water in the
“island” pixels, as lakes and small channels are also capable of receiving nourishment from the
channel network and are part of the island domain. We then measured a second nearest-edge
distance as distance from a land pixel on an island to any water pixel. This allows us to estimate
channel density with the first method, as well as water body density with the second method.

2.2.3 Lakes

The boundaries between delta plains and non-delta land can be difficult to discern from imagery,
and the degree of difficulty in detecting that boundary varies between deltas and scenes,
depending on the surrounding landscape. To avoid manually and subjectively mapping delta
plain extents to estimate land area, we instead calculated the percent lake coverage on only the
delta islands.

Lake-channel distances were calculated as the shortest straight-line distance from a lake centroid
to a channel pixel. The distribution of lake-channel distances represents the proximity of lakes to
the channel network and therefore the likelihood that lakes will receive overbank flow. However,
this does not account for differences in elevation across the delta plain because the quality of
elevation data across Arctic deltas is insufficient to resolve subtle but hydrologically important
elevation changes.

Structurally connected lakes are those that have a direct physical connection to the channel
network at the delta surface [Passalacqua, 2017]. This includes lakes that are (1) in direct
contact with a distributary channel, (2) connected to a channel through a small surface water
link, such as a tie channel (i.e., a narrow channel that connects a river to a floodplain lake
[Rowland et al., 2009]), or (3) connected to another lake that is connected to a distributary
channel. To determine the lake connectivity, we identified the number of lakes connected to
channels either directly or through a small surface water link. We calculated the area of
connected lakes by multiplying the total number of pixels in connected lakes by pixel area.
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327  We estimated the available storage in lakes by multiplying the lake areas by an estimated change
328 in lake depth (1 m) based on observed lake level changes on the Mackenzie delta during spring
329  floods [Marsh and Lesack 1996; Lesack and Marsh, 2007; Marsh et al., 2009]. In the absence of
330  available, consistent, and extensive lake level data, this choice of a single lake level change

331 magnitude is a simplification of system dynamics but allows us to estimate differences in lake
332  storage across systems. We compared these storage volumes to the mean annual flood volumes
333 of the rivers (calculations presented below) to estimate relative storage capacity of all lakes and
334  the connected lakes (Table 2).

335
336 2.3 Bankfull flow and flood volume calculations

337  We compiled daily discharge data for the six Arctic rivers to determine the bankfull discharge
338  and average seasonal flood volume (Supplemental Table S3). All river gauges record discharge
339  upstream of the delta apexes; in some cases, the reported discharge may therefore underpredict
340  the actual discharge at the delta apex. To calculate the total flood volumes, we used a 1.5-year
341 recurrence interval as a bankfull reference discharge [Leopold et al., 1964]. To determine the
342 flood frequency distribution for each river, we ranked the yearly maximum discharges from
343 lowest to highest, and the recurrence interval for each value was calculated as

+

344 =— 2

345  where R; is the recurrence interval of the flood in year i, N is the total number of years, and r; is
346 the rank of the maximum discharge for year i.

347  We calculated the total flood volume for each year on each river by summing the daily
348  discharges greater than the bankfull discharge. The mean annual flood volume was calculated as
349  the average of the non-zero annual flood volumes.

350
351 4 Results
352 4.1 Channels and Channel Patterns

353  On all of the deltas, the number of channels increases down-delta as channels bifurcate (Figure
354  2a), creating more transport pathways to the coast. In the Mackenzie, Yenisei, and Yukon deltas,
355  however, the number of channels fluctuates with distance down-delta, and the number of

356  channels at the downstream-most bin is not the maximum number of channels (Figure 2b). These
357  deltas have an anabranching structure, where channels continually bifurcate and re-join

358  downstream (as seen in Figure 1). The Yukon has a more complex channel network, with

359  sections of anabranching channels and sections of continually bifurcating channels, as well as
360  several small channels that exist near the shoreline but terminate on the delta plain and do not
361  connect to the main channel network.

This article is protected by copyright. All rights reserved.



362

363
364
365
366
367
368
369
370

371
372
373
374
375
376

100 T T T T 2
(a) (b)
|| == Colville o0
80 —— Kolyma qé 1.5¢
2 | = Lena 8
£ 60| - Mackenzie :
S Yenisei 5 |
- 407 Yukon é’
©
o0l g 0.5
0 0
250 2
—~ 200t
g § 1.5
< 1501 S
o o 1t
& 100t g
x P
® s |
€ ol 05
0 0
2000 5 0 u u u
B £
= S 4|
% 1500 i
3 g 3
2 1000} £
G o 2!
< N "
[$) = 1‘? i
5" B S5
e [
0 , , , , | 0 , : : ,
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
normalized distance down delta normalized distance down delta

Figure 2. Number of channels (a-b), maximum channel spread (c-d), and mean channel width (e-
f) with normalized distance down-delta. A down-delta distance of 1 represents the shoreline,
while O represents the delta apex. Data are binned in 5 km semi-circular bins, beginning at the
delta apex. Legend applies to all subplots. (a) Number of channels; (b) number of channels
normalized by the number of channels in the downstream-most bin; (c) maximum channel
spread; (d) maximum channel spread normalized by the square root of the total island area; (e)
mean channel width; (f) mean channel width normalized by the mean channel width in the
downstream-most bin.

Down-delta trends in maximum channel spread (Figure 2c-d) show that the Lena has the largest
spread and, therefore, the largest length of coastline over which it distributes its channelized
fluxes. The Colville and Kolyma gradually widen, similar to the Lena, with the Colville having
the smallest maximum spread and therefore the shortest coastal length receiving material from
the delta. The Yukon has minimal lateral spreading until halfway down the delta, at which point
the channel network rapidly expands and the delta fans out along the coast. The Mackenzie has
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an initial widening upstream and then maintains a relatively constant channel spread for the
length of the delta. The increases in spread on the Yenisei at 20% and 40% down-delta distance
are the result of several small tributaries that enter the delta at these positions (see Figure 1f).

The maximum channel spread normalized by the square root of island area (Figure 2d) provides
an indication of delta shape. For reference, a delta shaped as an equilateral triangle would have a
value of 1.5 in the most distal bin. Figure 2d shows that the Colville and Kolyma deltas most
closely approximate this shape, while the Lena delta is much wider near shore, even for its large
size. The Yukon delta widens in the distal part of the delta before narrowing again. The Yenisei
delta is the narrowest for its size, and the Mackenzie stays narrow for most of the delta length but
fans out in the most distal portion near the coast.

Down-delta patterns in channel width show that there is no detectable downstream trend for the
Kolyma and Mackenzie deltas. The Mackenzie does have an abrupt decrease in mean width that
coincides with the start of the section of the delta with a relatively constant maximum spread,
followed by a gradual increase in channel width in the nearshore region. The Colville and Yukon
deltas show a slight decrease in mean width towards shore. The Lena and Yenisei deltas have a
lot of variability in mean channel width, but the Lena shows a slight decrease in width with
down-delta distance while the Yenisei shows a slight increase.

The spatial structure of the channels near shore provides insight into the spatial distribution of
channelized fluxes to the coast and can be described by the variability in channel width and
spacing and the dimensionless evenness number (Ng, equation 1). The coefficient of variation of
channel spacing increases approximately linearly with maximum channel spread, such that the
larger deltas exhibit more variability in channel spacing (Figure 3a). There is no detectable
relationship between maximum channel spread and the coefficient of variation of channel width,
but the Colville does show two to three times lower variability in channel width compared to the
other deltas (Figure 3b). These two metrics combined comprise the evenness number (Figure 3c).
We observe that Ng is inversely correlated with delta channel spread: the wider deltas have less-
evenly distributed channels across the delta fronts (Figure 3). The Colville has the most even
distribution of channels (highest Ng) and the smallest channel spread, while the Lena and
Mackenzie have the lowest evenness values and the highest channel spread values. This relation
appears to be most strongly driven by the variability in channel spacing, as shown in Figure 3a,
but the high CVg for the Kolyma, Mackenzie, Yenisei, and Yukon deltas clearly contributes to
the nonlinear decrease in Ng with increasing channel spread.
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Figure 3. Coefficients of variation (CV) of (a) channel spacing and (b) channel width, and (c)
the dimensionless evenness number as a function of maximum channel spread for each of the six
deltas. Values are computed along the 80% down-delta transect. Individual values contributing to
evenness are shown in Supplemental Table S2.

4.2 Islands

Maps of island sizes (Figure 4) illustrate the spatial variability in island sizes as well as the
variability between deltas. Small islands are found predominantly in the nearshore regions and
along channel boundaries where rates of marine and channel activity are high and new islands
form. Small islands are especially abundant on the eastern side of the Lena delta. Large islands
are notably absent from the Colville delta, while the Kolyma has several prominent large islands
comprising much of the delta. Delta islands are largest on the Yenisei and smallest on the
Colville, on average.

When island size is normalized by the total island area (Figure 4g-l, Figure S4), the Colville,
Kolyma, and Yukon deltas show a larger variability in normalized island size compared to the
Lena, Mackenzie, and Yenisei. Islands on the Lena, Mackenzie, and Yenisei deltas are each <
10% of total delta size, while a single island on the Colville and Kolyma deltas comprises ~30%
of the total delta area.
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Figure 5. Cumulative distribution function of nearest edge distances normalized by mean
channel width (a-b), also plotted as probability of exceedance (c-d). (a, c) Distances from all
island pixels to channels. (b, d) Distances from island land pixels to any water body.

The central tendency of the distribution of normalized nearest edge distances for channels
(Figure 5a) is lowest on the Yenisei and highest on the Mackenzie and Yukon, while the other
three deltas have fairly similar distributions to each other. There is a longer tail on the Lena delta
(Figure 5c), owing to a very large island within the delta that is another old terrace but was not
removed from this analysis because it is entirely contained within the delta channel network.
Normalized nearest edge distances for all water bodies (Figure 5b) indicates that the Kolyma,
Mackenzie, and Yenisei have the highest overall density of water bodies (i.e., smallest
normalized nearest edge distances). The Yukon again has the largest normalized nearest edge
distances. Maps of nearest edge distance can be found in Supplemental Material (Figures S2,
S3).
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4.3 Lake Cover and Lake Connectivity

Figure 6 shows masks of channels and lakes for each of the six deltas. The top panels show all
lakes in orange, while the bottom panels show only the structurally connected lakes in green. The
Mackenzie (28%) and Colville (25%) deltas have the highest overall lake coverage, and the
Yenisei has the lowest coverage (8%) (Table 2, Figure 6). Potential storage in all lakes is highest
on the Mackenzie delta, with an estimated storage volume of 16% of the total flood volume. All

other deltas have potential lake storage of < 6% (Table 2).

Delta Lake area % Lake % Lakes Area Mean Total lake Connected | Connected
(km?) coverage connected connected annual storage lake lake
lakes flood water | volume/ storage storage/total
(km?) volume flood volume/ lake storage
(km?) volume flood
volume

Colville 80.3 25 7.8 28.1 15 0.05 1.9 x 107 0.38
Kolyma 300.8 17 1.2 4.3 234 0.01 1.8 x 10 0.02
Lena 2888.4 14 1.5 186.4 477 0.06 3.9x10° 0.07
Mackenzie 3201.8 28 5.9 637.1 19.9 0.16 3.2x107 0.20
Yenisei 326.8 8 1.6 15.2 88.3 <0.01 [ 1.7x10* 0.01
Yukon 380.1 12 0.5 64.7 315 0.01 2.1x10° 0.21

Table 2. Data for lake coverage, connectivity, and potential storage. Lake area and % lake
coverage refer to lakes on islands only, while structurally connected lakes can be on any land.

The Mackenzie and Colville deltas also have the most structurally connected lakes, but
structurally connected lake area is highest on the Mackenzie and Lena deltas (Table 2). The
Kolyma and Yenisei deltas have the lowest ratios of connected lake storage volume to flood
water volume, while the Mackenzie and Colville deltas have the highest connected lake storage
volume relative to their flood water volumes (Table 2). The storage in connected lakes on the

Colville comprises 38% of the total potential storage in all lakes, compared to 20% on the

Mackenzie and 21% on the Yukon. This value is < 7% for the Kolyma, Lena, and Yenisei (Table

2).
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Figure 6. Masks of each delta showing lake features. Top panels (a-f) show channels and ocean
in white, delta islands in black, other land (not islands) in gray, and all lakes on delta islands in
orange. Bottom panels (g-1) show channels and ocean in white, all land in black, and connected
lakes in green. (a, g) Colville; (b, h) Kolyma; (c, i) Lena; (d, j) Yukon; (e, k) Mackenzie; (f, I)
Yenisei.
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For the majority of the deltas, normalized lake-channel distances indicate that most lakes are
within a few channel widths of a channel (Figure 7). On the Yukon delta, however, < 60% of its
lakes are within 10 channel widths of a channel. The Yenisei delta, on the other hand, has ~90%
of its lakes within 10 channel widths of a channel. The Lena and Mackenzie deltas similarly have
80-90% of their lakes within 10 channel widths.
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Figure 7. Cumulative distribution functions of lake-channel distances normalized by mean
channel width.

5 Discussion

The metrics described above highlight the variability in Arctic delta morphologies in terms of
their channel network structures, delta shapes, and lake abundance. These delta characteristics
are relevant to the spatial and temporal distributions of land-ocean fluxes, and differences in
delta morphology can be explained by marine influence, channel dynamics, and local
environmental conditions. Here we provide thorough descriptions and explanations of the
differences observed in Arctic delta morphologic characteristics and how these may affect land-
ocean fluxes.

The Mackenzie and Yenisei deltas have notably different morphologies than the other four
deltas. These deltas have anabranching channel networks (rather than continually bifurcating)
and elongate shapes that lack the downstream increase in channel spread typical of more fan-
shaped deltas, such as the Lena. Both the Mackenzie and Yenisei grew into structurally confined
embayments [Hill, 1996; Walker, 1998]. This confinement inhibits channel bifurcations and
lateral expansion, limiting the spatial extent over which the Mackenzie and Yenisei deltas
distribute their channelized fluxes along the coast. Anabranching channel networks in confined
depositional systems are not unique to these Arctic systems, and are also seen in deltas growing
into estuaries (e.g., Mobile Bay, Alabama, USA), reservoirs (e.g., Lewis and Clark Lake,
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Missouri River, USA), or other geologically constrained systems (e.g., Parana delta, Argentina).
The Lena and Mackenzie deltas also have very uneven channel spacings due to the presence of
older islands or terraces that are interspersed with the delta islands [Murton, 2009; Bolshiyanov
et al., 2015]. These terraces limit where delta channels develop and therefore where riverine
fluxes enter the coastal ocean. Thus, antecedent conditions, such as confinement and remnant
topography, are strong controls on large-scale channel network patterns and the spatial
distribution of fluxes to the coast.

The channel network structure and island size distributions also provide insight to channel
dynamics, the level of marine vs riverine influence, and delta resilience in the face of sea level
rise. The increase in mean channel width in the nearshore region indicates that the level of tidal
influence [Wright et al., 1973; Syvitski and Saito, 2007] appears to be highest on the Mackenzie
and Yenisei deltas. The tidal range is highest on the Yukon delta, yet this delta does not display
the characteristic increase in mean channel width downstream. We suspect this is due to the
competition between development of small tidal channels that terminate on the delta plain in the
distal parts of the delta and widening of individual channels downstream, such that the mean
channel width does not show much change with distance down-delta. The number of channels
scales inversely with marine power but positively with river discharge [Syvitski and Saito, 2007].
The Lena delta has one of the highest river discharges (Table 1), such that both river discharge
and limited marine influence may both contribute to the large number of channels present on the
Lena delta. The competing influences of tidal forcing discouraging channel development and
high river discharge encouraging channel bifurcation may have led to the intermediate number of
channels present on the Yenisei delta, which has the highest mean annual river discharge (Table
1).

The down-delta trends in number of channels and maximum spread (Figure 2a-d) — both
indicative of the level of confinement on deltas — show that some Arctic deltas share similarities
with temperate systems. The confined Mackenzie and Yenisei deltas exhibit a similar channel
network structure to that of the Parand, while the more radial and continually bifurcating
networks of the Colville and Lena deltas are more similar to those of the Wax Lake, Mossy, and
Niger deltas [Tejedor et al., 2015].

The amount of channel bifurcation is closely related to island size distribution and nearest edge
distance, both of which relate to the likelihood of areas to receive water, sediment, and nutrients
via overbank flooding. These metrics therefore provide information regarding nourishment
patterns on the deltas and the resilience of deltas in the face of sea level rise. The Yenisei delta
has the highest likelihood of nourishment across all of its islands (Figure 5), suggesting that if
sediment supply is sufficient, it has a greater chance to keep up with increasing rates of sea level
rise. The other deltas, on the other hand, have many large islands relative to channel width whose
centers are less likely to frequently receive water and sediment, suggesting areas that are more
susceptible to drowning than on the Yenisei. However, normalized nearest edge distance
measured considering all water bodies (Figure 5b) shows that the Mackenzie and Kolyma also
have relatively high water body density, owing to the relatively high degree of lake coverage
(Figure 6, Table 2), such that these deltas’ islands have a high likelihood of nourishment when
considering supply from both channels and lakes. While lakes are unlikely to provide
nourishment to islands in the form of sediment to aid in aggradation in the face of sea level rise,
they can provide water and nutrients critical to supporting local ecosystems on the islands.
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The differences in spatial distributions of island and channel sizes between deltas indicate
differences in the dynamics and growth of these six systems. The Colville and Lena deltas are
both characterized by many small islands, a downstream decrease in channel width, and a
downstream increase in number of channels, suggesting consistent channel bifurcation and
mouth bar growth [Edmonds et al., 2011]. However, the Colville also contains several islands
that are anomalously large given the small size of the delta, as shown by the maps of normalized
island area (Figure 4g). This suggests that either channel bifurcation has failed on the western
portion of the delta or that the western portion of the Colville delta is currently less active than
the eastern portion following an avulsion. The Lena delta’s actively bifurcating channel network
is represented by the down-delta trends in number of channels and channel width (Figure 2a and
e). This created a system with many small islands, especially on the eastern side and near the
shoreline. The distributions of nearest edge distances (Figures 5, S2) and island sizes (Figures 4,
S4) on the Lena have a wide range, but there is a clear geographical difference between the less
active western side and the more active eastern side [Schwamborn et al., 2002; Bolshiyanov et
al., 2015] with a more complex channel network and many more intermediate and small-sized
islands (Figure 4c). The eastern portions of both the Colville and Lena deltas may therefore be
more resilient than their western portions, as the likelihood of nourishment and resilience is
expected to be higher on smaller islands.

The spatial distribution of islands sizes on the Kolyma and Yukon show several large islands that
comprise a large fraction of the total delta size, similar to the pattern seen on the Colville. These
large islands indicate portions of the delta that have not been recently visited by the channel
network, thus leaving large swaths of land undisturbed [Edmonds et al., 2011]. Many of these
large islands do, however, have tidal channels within them, such that tidal fluctuations may aid in
delivering water, sediment, and nutrients to these islands.

There is a stark contrast in normalized island size distributions between the Lena, Mackenzie,
and Yenisei deltas versus the Colville, Kolyma, and Yukon deltas (Figure 4 g-1). While the
Colville, Kolyma, and Yukon show a few large islands comprising much of the delta area, the
other three show that each of their delta islands is < 5% of the total delta area, with the exception
of one terrace on the Lena that is ~10% of the total delta area. Previous research showed that
small islands (i.e., those with areas < 5% of the total delta area) comprised ~50% of the delta on
the Wax Lake and Mossy deltas [Edmonds et al., 2011]. For the Lena, Mackenzie, and Yenisei
deltas, these small islands comprise the entire delta, suggesting that island sizes are especially
small in these systems. One possible explanation for this is that the Wax Lake and Mossy deltas
are fairly young, such that each island makes up a relatively large fraction of the delta. Another
explanation, however, is the role of ice cover in Arctic delta dynamics, which has been shown to
preserve small channels by inhibiting channel infilling that would otherwise erase small channels
[Lauzon et al., 2019] and result in the merger of small islands into larger islands. Numerical
modeling results from Lauzon et al., [2019] show that the distribution of island sizes on ice-
covered deltas is shifted toward lower values than on deltas with no ice, and that deltas without
ice have a larger fraction of large islands (Figure S5). Channel in-filling on the Colville and
Yukon deltas could be aided by the relatively higher sediment yields of these rivers (Table 1),
thereby reducing preservation of small channels and islands and creating several larger islands
(Figure 4 g, j). On the Kolyma delta, marine reworking by waves may be responsible for limiting
development of new small islands and instead accreting sediment onto existing islands.
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Near the shoreline, spatial variability in channels and islands is described by the coefficients of
variation in channel spacing and width, which comprise the dimensionless evenness number
(Figure 3). A high evenness number indicates that the delta channels have little variability in
width and/or spacing across the delta front, such that channelized fluxes are more evenly
partitioned across the delta shoreline. The trend of decreasing evenness with increasing delta
width (Figure 3c) indicates that the more laterally expansive deltas favor a few flow paths, such
that the larger deltas do not evenly partition their fluxes at the shoreline. For example, while the
Lena delta has a large length of coastline over which its channels convey fluxes to the coast
(Figure 2 c-d), the large variability in channel width (Figure 3b) and channel spacing (Figure 3a)
indicates that the channelized fluxes are not evenly distributed (Figure 3c) and are instead
concentrated in a few discrete channels and locations near shore. The Colville delta, on the other
hand, has the lowest variability in channel spacing (Figure 3a) and channel width (Figure 3b) and
therefore the highest evenness number, suggesting that the Colville does evenly convey fluxes to
the ocean through its channels. Thus, these six deltas appear to convey their fluxes over
relatively small, discrete areas since the larger deltas display an uneven distribution of fluxes to
the coast and deltas that do have an even channelized flux distribution are relatively small (e.qg.,
Colville).

A similar result of uneven distribution of channelized sediment fluxes across the delta front was
also found on the non-Arctic Wax Lake and Mossy deltas by Edmonds et al., [2011] using a
different metric. Edmonds et al., attributed this result to soft-avulsion, the idea that some
channels are more dominant than others in transporting sediment but that this dominance shifts
over time to favor other existing channels without ever completely abandoning an active channel.
We hypothesize that the large variability in channel width on large Arctic deltas is influenced by
ice cover, which is not present at the mid-latitudes, but may drive a different type of soft
avulsion on Arctic deltas.

Time series of Arctic river discharge indicates that the rivers are flashy, with a single spring
snowmelt flood that typically occurs in early June (Figure 8d) [Woo, 1986; Holmes et al., 2013].
During the spring flood, the deltas are covered by ice that breaks up and retreats over the course
of the flood [Walker, 1974; Reimnitz, 2002; Walker and Hudson, 2003; Lesack et al., 2014] due
to both radiative forcing from the atmosphere and river discharge. The larger channels should
have faster rates of ice retreat, as ice is unlikely to freeze to the bed [Walker, 1974; Walker and
Hudson, 2003], and the rate of ice melt is proportional to the flow velocity [Searcy et al., 1996].
This may lead to a feedback over long timescales, whereby initially larger channels become
larger, capturing a larger portion of the flux over time and remaining geomorphically active for a
longer period of time than the smaller channels. In contrast, small channels with bedfast ice do
not convey flow until later in the season when either the ice melts and detaches from the bed or it
completely melts and opens a new pathway to the coast [Lauzon et al., 2019], representing an
ice-mediated soft avulsion. These small channels that would normally be abandoned and filled in
with sediment over long timescales are instead preserved by ice cover that limits the time during
which sediment can fill the channels, thereby encouraging continued reoccupation of these small
channels [Lauzon et al., 2019] and creating a large variability in channel width across the delta.
The fact that Arctic deltas are ice-covered for 8-9 months of the year and are therefore only
geomorphically active for the summer months [Walker, 1998] decreases the likelihood that a
more traditional soft avulsion could occur to reorganize the channel network. However, as the
Arctic warms and ice cover thins and retreats, the influence of ice on channel dynamics may
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decrease, such that a longer open water period allows for greater reorganization of the channel
network [Lauzon et al., 2019], including the hypothesized soft avulsions that may occur in
temperate systems [Edmonds et al., 2011]. The feedback between channel size, rate of ice melt,
and flow duration should also lead to temporal variability in the number of active transport
pathways, as smaller channels become active later in the season. Based on our conceptual model,
we propose this testable hypothesis that Arctic deltas have a high degree of spatial variability in
channelized fluxes due to the influence of ice cover on the channel network.

Support for this hypothesized interaction between channel size, ice, and discharge can be found
in observations of the Kolyma river delta in the spring of 2013 (Figure 8 a-c). Ice in the largest
channels begins to melt early in the season (Figure 8a, open water is dark blue, ice is cyan) when
river discharge starts to increase (Figure 8d). A small channel on the western side of the delta
(arrow) is still ice-covered at this time and is therefore not visible in Figure 8a. Ice in the small
channel does not melt until a week later, exposing the channel as dark blue and ice-free, but ice
cover is still present at the channel mouth at this time (Figure 8b). Much of the delta remains ice-
covered through the peak flood, and the ice in numerous smaller channels melts only after the
time of peak discharge, such that many more areas of dark blue can be seen later in the season
(Figure 8c). There is also evidence that smaller channels (regardless of ice cover) become active
only at higher river stages when they connect to the larger distributary channels [Walker et al.,
1987].

On the Kolyma delta in spring 2013, sea ice melting at the delta front was highly variable in
space and appears to correspond to the discrete locations of river fluxes, suggesting a feedback
between river discharge and the local melting of sea ice (Figure 8). Isolating coastal sea ice
retreat to small portions of the coast decreases the length of coastline that is susceptible to coastal
erosion during the spring, as the remainder of the shoreline is protected by ice cover for a longer
period of time [Overeem et al., 2011; Barnhart et al., 2014]. This dynamic also limits the amount
of open water near shore, which delays heating of coastal ocean waters during the spring months
but also limits light availability to the coastal ocean that aids in primary production. Finally, the
spatial non-uniformity of fluxes also suggests that only a portion of the delta is receiving a bulk
of the sediment, such that delta regions receiving less sediment have a greater vulnerability to
drowning by sea level rise. This is in agreement with the observed spatial variability in island
sizes that suggests a spatial disparity in channel activity.
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Figure 8. Portions of Landsat 8 scenes depicting the Kolyma delta on (a) May 14, 2013, (b) May
21, 2013, and (c) May 30, 2013, showing the difference in location of melted ice and number of
active channels between the three dates. In these images, ice and snow are cyan, open water is
dark blue, and land (with no ice or snow cover) is brown. (d) Time series of water discharge for
May and June 2013 for the Kolyma river at the Kolymskoye station. North arrow in (a) applies to
all images. Arrow in (a-c) highlights the small channel on the western side of the delta
referenced in the text.

While the channel network exerts a strong control on the spatial distribution of land-ocean
fluxes, lake storage alters the timing and magnitude of delivery to the coastal ocean [Marsh et
al., 1999; Emmerton et al., 2007; Lesack and Marsh, 2007; Emmerton et al., 2008; Marsh et al.,
2009]. We observe a range of lake storage potentials across the six deltas, with low potential on
the Yukon and high potential on the Mackenzie (Figures 6 and 7, Table 2). Transient storage in
lakes is less likely on the Yukon than on other deltas, such that water is more likely to be routed
through the delta relatively quickly. The Yenisei has the lowest lake coverage (Table 2), but its
lakes are closest to the channel network (relative to channel size, Figure 7), such that channel-
lake transport via overbank flow may make lakes a more important storage site than on other
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deltas with higher degrees of lake coverage but large lake-channel distances, such as the Colville.
The Mackenzie delta has the highest lake coverage and the highest lake storage volume to flood
volume ratios. The Mackenzie therefore has a greater capacity to store or route water, sediment,
and nutrients through the lakes and a greater potential to reduce the fine sediment load to the
coast via sediment deposition in lakes. Connected lakes are responsible for 20% of the potential
storage on the Mackenzie delta, suggesting that lakes are an important part of the riverine
transport pathway even when the system is not flooding. While lake coverage is also high on the
Colville, the lakes are relatively far from the channel network and the total potential storage in
lakes is only 5% of the flood volume. Nonetheless, connected lakes account for 38% of lake
storage on the Colville, such that the connected lakes play a relatively large role in filtering
riverine fluxes.

Prior work on the Mackenzie delta suggested that the high degree of lake cover is capable of
holding nearly 50% of the river’s flood volume [Emmerton et al., 2007] and decreasing the
coastal sediment load by up to 20%, [Emmerton et al., 2008]. Our estimate of 16% of the river’s
flood volume is a static estimate that could also be affected by our assumption of a 1 m storage
depth, although this depth is based on field observations [Marsh and Lesack 1996; Lesack and
Marsh, 2007; Marsh et al., 2009]. The estimate by Emmerton et al., [2007], on the other hand,
assumes that lakes continually flood and mix with river water throughout the rising limb of the
hydrograph, such that lake storage is dynamic. Lake levels tend to fluctuate over short timescales
as a result of changing river water levels, evaporation, precipitation, and occasionally
groundwater flow [Mirsh and Bigras, 1988; Marsh and Lesack, 1996; Marsh et al., 2009; Cooley
et al., 2018]. Although subsurface connectivity is currently limited by the presence of permafrost
whose ice limits soil hydraulic permeability, thawing permafrost in a warming Arctic should lead
to increased subsurface connectivity [Walvoord and Kurylyk, 2016] that will affect Arctic delta
hydrology and transport pathways of riverine fluxes. Future research should therefore work to
understand how thawing permafrost will affect transport and storage of riverine fluxes through
Arctic deltas.

The variability in possible transport pathways through deltas with a high degree of lake coverage
and channel-lake connectivity increases the potential buffering or filtering effect of the delta on
riverine fluxes, whereby storage in the delta plain damps water, nutrient, and suspended sediment
loads to the coast [Emmerton et al., 2008]. However, a more thorough and temporal analysis of
connected lakes and transport pathways is required to fully understand the degree of filtering that
occurs across Arctic river deltas.

6 Conclusions

Aurctic river deltas have a range of morphologies that are controlled by antecedent conditions
(i.e., confinement, terraces), marine influence, local channel dynamics, and ice cover. Larger
deltas with broader lateral extents have uneven distributions of channels, such that they focus
their fluxes into a few discrete locations. Conversely, deltas that are less laterally expansive have
more even distributions of channelized fluxes. Thus, the six deltas we studied convey their fluxes
over relatively small, discrete areas.
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We hypothesize that ice cover is a strong control on the distribution of Arctic delta channel
widths. We proposed a conceptual model that describes spatially variable rates of ice retreat that
create a positive feedback by which larger channels expand over time and create a spatial
disparity in channel size and the spatial distribution of fluxes.

Spatial patterns of island sizes also reveal variability in channel activity within each delta. More
active portions of the deltas were identified by an abundance of small islands and are expected to
be more resilient in the face of rising sea levels due to enhanced nourishment and sediment
delivery. Three of the six deltas (Lena, Mackenzie, Yenisei) are comprised entirely of small
islands (< 5% of total delta area), which we hypothesize is the result of ice cover limiting
channel filling and preserving small channels and islands.

Differences in lake coverage and connectivity indicate that some deltas have a higher capacity
for transient storage in lakes. The Mackenzie delta has many lakes that have the potential to hold
a large portion of its river discharge, suggesting a greater potential to alter and/or delay the
delivery of riverine fluxes to the coast. The degree of lake connectivity on Arctic deltas informs
our understanding of transport pathways to the coastal zone and the role of Arctic river deltas in
altering land-ocean fluxes. It also highlights which deltas can more easily transport material to
lakes during non-flood periods. Lake connectivity was shown to be a large component of the
total potential lake storage on the Colville, Mackenzie, and Yukon deltas.

The results of this study highlight the variability in Arctic delta morphologies and provide
insights about delta and channel dynamics that affect channel network structure and the spatial
and temporal patterns of riverine fluxes delivered to the coastal ocean. Our analysis also provides
information on spatial variability in surface water connectivity and channel activity that can
guide future efforts to collect field-based observations. Finally, future research should seek to
quantitatively compare Arctic delta morphologies to temperate and tropical systems to improve
our understanding of delta dynamics and land-ocean connections across latitudes.
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