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Abstract Floodplains accumulate and store organic carbon (OC) and release OC to rivers, but studies of
floodplain soil OC come from small rivers or small spatial extents on larger rivers in temperate latitudes.
Warming climate is causing substantial change in geomorphic process and OC fluxes in high latitude rivers.
We investigate geomorphic controls on floodplain soil OC concentrations in active-layer mineral sediment
in the Yukon Flats, interior Alaska. We characterize OC along the Yukon River and four tributaries in relation
to geomorphic controls at the river basin, segment, and reach scales. Average OC concentration within
floodplain soil is 2.8% (median 5 2.2%). Statistical analyses indicate that OC varies among river basins,
among planform types along a river depending on the geomorphic unit, and among geomorphic units. OC
decreases with sample depth, suggesting that most OC accumulates via autochthonous inputs from flood-
plain vegetation. Floodplain and river characteristics, such as grain size, soil moisture, planform, migration
rate, and riverine DOC concentrations, likely influence differences among rivers. Grain size, soil moisture,
and age of surface likely influence differences among geomorphic units. Mean OC concentrations vary
more among geomorphic units (wetlands 5 5.1% versus bars 5 2.0%) than among study rivers (Dall Riv-
er 5 3.8% versus Teedrinjik River 5 2.3%), suggesting that reach-scale geomorphic processes more strongly
control the spatial distribution of OC than basin-scale processes. Investigating differences at the basin and
reach scale is necessary to accurately assess the amount and distribution of floodplain soil OC, as well as the
geomorphic controls on OC.

Plain Language Summary Rivers transport organic carbon (OC) from the landscape to the ocean,
but that carbon is deposited along the way in floodplains and remains there for varying lengths of time.
River processes also create bare sediment surfaces on which carbon can accumulate, and that carbon can
then be eroded by the river and transported downstream. Assessing the physical controls on floodplain soil
carbon is important for understanding how carbon is transported from the landscape to the ocean and for
determining the spatial pattern of carbon on the landscape. Soil carbon is particularly important in arctic
and boreal regions, where climate change is modifying permafrost (perennially frozen soil) and releasing
previously frozen carbon to the atmosphere. The hydrology and the amount of nutrients delivered to the
Arctic Ocean by rivers are also affected by climate change, and floodplains are mediators of water and sedi-
ment fluxes. We look at OC concentrations between different floodplains and between different geomor-
phic (physical) environments in the Yukon Flats region in interior Alaska, an area with discontinuous
permafrost. Our results indicate that OC varies among river basins and among geomorphic environments,
highlighting the need to assess OC on different scales.

1. Introduction

Rivers are increasingly recognized as important and active components in the terrestrial carbon cycle, as
sites of carbon processing, transport, and storage (Battin et al., 2009; Cole et al., 2007; Stackpoole et al.,
2017; Sutfin et al., 2016; Wohl et al., 2017). However, less attention has been paid to the geomorphic con-
trols on and quantity of carbon stored in floodplain soils. In addition, most studies of floodplain soil organic
carbon (OC) have been conducted in the temperate zone (Sutfin et al., 2016). Anthropogenic climate
change has resulted in the disproportionate warming of the high latitudes, including Alaska, relative to
other regions (ACIA, 2005; IPCC, 2014; U.S. Environmental Protection Agency, 2016). There is concern that
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permafrost warming and thaw (Jorgenson et al., 2006; Romanovsky et al., 2010, 2013) may result in the
release of subsurface OC into the atmosphere and cause further warming (Koven et al., 2011; Sch€adel et al.,
2016; Schuur et al., 2008, 2015). High latitude permafrost zones store large amounts of carbon in the subsur-
face, in part due to reduced decomposition rates with cold temperatures (Davidson & Janssens, 2006;
Jobb�agy & Jackson, 2000), with estimates indicating that there are approximately 1,035 Pg (1 Pg 5 1 3 109

metric tons) in the top 3 m of soil (Hugelius et al., 2014). This is approximately half of the amount of car-
bon stored in the top 3 m of the subsurface outside permafrost regions (Jobb�agy & Jackson, 2000),
highlighting the importance of determining controls on the spatial distribution of carbon in the subsur-
face in high latitude regions.

Geomorphic processes, such as channel migration, sediment loading to rivers, and bank erosion, may be
altered as the climate continues to warm and permafrost thaws (Rowland et al., 2010), indicating the need
to understand how geomorphology and river processes influence floodplain soil OC in order to detect
ongoing and future changes. We investigate the geomorphic controls on OC concentrations (%) across a
large region in the Yukon Flats (YF) in interior Alaska, an area with discontinuous permafrost in the boreal
zone. Our study area includes the main stem Yukon River and four tributaries, allowing for the assessment
of geomorphic controls on floodplain soil OC across spatial scales, from the reach to the river basin. To our
knowledge, this is the first study to evaluate spatial variations in floodplain OC concentrations in relation to
geomorphic processes across spatial scales, and one of only a very few studies of OC concentrations in the
active layer (seasonally thawed layer) of a floodplain underlain by discontinuous permafrost in the boreal
zone.

Floodplains act as temporary storage areas and exchange sites for sediment and nutrients moving from the
terrestrial landscape to the ocean (Dunne et al., 1998; Junk et al., 1989). The Arctic Ocean receives large
amounts of dissolved organic carbon (DOC) relative to other oceans (Dittmar & Kattner, 2003; Holmes et al.,
2012; Stein & Macdonald, 2004), with the flux of DOC from Arctic watersheds more than double the flux
from temperate watersheds (Raymond et al., 2007). Particulate organic carbon (POC) exports from high lati-
tude rivers, although smaller than DOC exports (McClelland et al., 2016), may be buried in offshore sedi-
ments without being decomposed, resulting in a carbon sink in the ocean (Hilton et al., 2015). In addition,
river POC can be thousands of years old, indicating that POC may be stored for long periods of time before
reaching the Arctic Ocean and sourced from frozen river banks (Guo et al., 2007; Hilton et al., 2015). The
terrestrial-aquatic carbon cycle in the arctic and boreal zones will likely be modified due to anthropogenic
warming and associated permafrost thaw, as the active layer deepens and flow paths through the land-
scape change (Frey & McClelland, 2009; Striegl et al., 2005; Walvoord & Kurylyk, 2016; Walvoord & Striegl,
2007). For example, fluxes of DOC from the Yukon River decreased from the late 1970s to the early 2000s
(Striegl et al., 2005). This reduction in exports may be due to increased proportion of baseflow relative to
surface flow due to permafrost thaw (Walvoord et al., 2012). There is also evidence of active-layer thick-
nesses increasing within the Yukon Basin (O’Donnell et al., 2014). The change in flow paths could result in
greater interaction between DOC and mineral soil and the release of carbon into the atmosphere due to
microbial processing (Striegl et al., 2005). Decrease in DOC export could also result from an increase in
adsorption of OC onto mineral grains as permafrost thaws and flow paths change (Frey & McClelland, 2009;
Kawahigashi et al., 2006). Because floodplains mediate fluxes of water, DOC, and POC, understanding the
geomorphic controls on floodplain soil OC and establishing baseline information on floodplain soil OC is
imperative for understanding and detecting future changes to river exports.

1.1. Potential Geomorphic Controls on Floodplain Soil OC Across Spatial Scales
Existing studies of floodplain OC have been restricted to relatively small rivers or to small spatial extents on
larger rivers (e.g., Cierjacks et al., 2011; Sutfin & Wohl, 2017). Investigating geomorphic controls over large
regions on rivers with differing drainage areas facilitates the interpretation of geomorphic controls on flood-
plain soil OC at spatial scales ranging from a river basin (lengths of 102 to 106 km), to a river segment
(lengths of 101 to 102 km), to a river reach (lengths of 100 km; Figure 1).

Systematic analyses of relationships between geomorphic controls and soil OC concentrations at differing
spatial scales allow us to evaluate whether OC concentrations can be adequately estimated using a top-
down approach based on basin-scale characteristics or whether it is more accurate to use a bottom-up
approach in which OC concentrations characteristic of local patches are aggregated to estimate basin-scale
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OC. In addition, analyses across spatial scales inform our understanding of the geomorphic controls on
floodplain OC concentration. Determining the spatial scale at which there is greater variation in OC concen-
trations, for example, could indicate which geomorphic processes exert the strongest influence on OC con-
centrations. Consequently, we address two primary questions in this research: How do differences in the
spatial scale of analysis influence our quantification of OC concentration across large floodplains? How do
differences in the spatial scale of analysis inform our understanding of the controls on OC concentrations in
the mineral soil of floodplains?

Figure 1 highlights some controls on floodplain soil OC from a geomorphic perspective, although we recog-
nize that floodplain soil OC is controlled by many complicated and diverse factors. Some controls cut across
spatial scales. For example, floodplain soil OC generally increases with finer grain sizes (Appling et al., 2014;
Hoffmann et al., 2009; Pinay et al., 1992), and sediment characteristics can vary between basins and seg-
ments, and within reaches. Similarly, soil OC can vary with surface vegetation (Appling et al., 2014; Jobb�agy
& Jackson, 2000; Van Cleve et al., 1993). River basins can have characteristic vegetation assemblages (e.g.,
boreal and tropical), but vegetation can also vary between segments and within a reach. Disturbances such
as fire, occurring at the scale of a river segment or reach, can also impact floodplain soil OC by burning
organic horizons and deepening the active layer via thawing permafrost (O’Donnell et al., 2011), which
makes previously frozen carbon available for microbial mineralization.

At the river basin scale, climate can influence OC via temperature, precipitation, and resulting vegetation.
For example, decomposition is generally slowed in cold, wet conditions, resulting in higher OC content
(Chapin et al., 2012; Davidson & Janssens, 2006; Jobb�agy & Jackson, 2000; Johnson et al., 2011). The geology
of a river basin can influence OC in floodplains through controls on lithology and tectonics, and thus the

Figure 1. The varying spatial scales of influences on floodplain soil OC, from the river basin to the reach, with examples of
factors that control soil OC at each scale.
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weathering, delivery, and grain size distribution of sediment entering river systems (Sutfin et al., 2016). In
addition to influencing inputs to the floodplain surface, the vegetation of a river basin influences inputs of
OC to the river network and OC exported from the basin. For example, the characteristics and quantity of
exported DOC from Arctic river basins can vary with the relative proportions of wetlands or peatlands versus
forests within the basin (Amon et al., 2012; Frey & Smith, 2005). Thus, vegetation and resulting riverine DOC
concentrations and fluxes may also influence the character of floodplain soil OC due to floodplains acting as
mediators of nutrient fluxes and sites of nutrient exchange. Subsurface flow paths within the drainage basin
influence the travel time of water through the subsurface and the type of sediment through which water
flows; these characteristics can influence OC inputs to the river network as well (Kawahigashi et al., 2006;
O’Donnell et al., 2012; Walvoord & Striegl, 2007). Permafrost extent within a river basin can control floodplain
soil OC through influencing drainage patterns in the landscape (Walvoord & Kurylyk, 2016), DOC loads in rivers
(Frey & Smith, 2005; Kawahigashi et al., 2004), and the degree and extent of microbial respiration of unfrozen
carbon within the soil (Schuur et al., 2008). In addition, permafrost influences the degree and rate of bank
erosion (Costard et al., 2014), which can release OC from floodplains into the river network.

At the river segment scale, channel planform type and migration rate may influence OC within floodplains.
Different channel planforms imply different magnitudes of lateral movement, with braided channels more
laterally active compared to wandering or high-energy meandering channels, which are more laterally
active compared to stable meandering or straight channels (Nanson & Knighton, 1996). Increased lateral
activity and migration rate can result in more frequent floodplain disturbance and resetting of floodplain
vegetation primary succession (Viereck et al., 1993). Erosion and redeposition of bare sediments can also
restart the accumulation of OC in soil from vegetation inputs (Van Cleve et al., 1993; Zehetner et al., 2009).
Channel planform can also imply differences in grain size. Braided rivers carry coarser loads in general com-
pared to meandering channels (Schumm, 1981) and grain size influences OC content (Pinay et al., 1992).

At the river reach scale, geomorphic units could influence OC via differences in grain size and soil moisture.
Previous studies have indicated that depositional environments have higher carbon content compared to
erosional environments (Pinay et al., 1992), and OC can increase with increasing distance from the channel
(Cierjacks et al., 2011). These trends have been linked to variations in grain size, with finer depositional and
overbank deposits containing more OC (Cierjacks et al., 2011; Pinay et al., 1992). Soil moisture can vary
among geomorphic units within a floodplain, as different geomorphic units can be located at different ele-
vations relative to the water table (Hughes, 1997; Taylor et al., 1999). Grain size differences among geomor-
phic units may also result in differences in soil moisture, as finer grain sizes are able to retain more moisture
compared to coarser grain sizes (Dingman, 2008). Geomorphic units also reflect the time since surface for-
mation and associated time for OC to accumulate, e.g., with higher floodplain surfaces formed earlier than
bar surfaces. Vegetation at the reach scale reflects geomorphology, with floodplain primary succession
occurring from bare alluvial surfaces created via river migration and vegetation reflecting processes of sedi-
mentation, flooding, and fluvial disturbance (Viereck et al., 1993; Whited et al., 2007).

1.2. Research Objectives
We assess the geomorphic controls on OC concentration within the floodplains of five rivers over a cumula-
tive distance of �750 river km in the YF region, located in the central Yukon River Basin in interior Alaska.
The large spatial extent allows for investigating controls at the basin, segment, and reach scales using
statistical analyses of data from sediment samples within the YF floodplains. The basic research objectives
are to determine whether (1) significant differences exist in floodplain soil OC concentration among river
basins located in the same climate and with similar permafrost characteristics, (2) river planform influences
OC concentration, with more energetic planform types (e.g., braided or wandering) containing lower OC
concentrations, (3) significant differences in OC concentration are present among geomorphic units (e.g.,
bars, fills, higher-standing floodplain surfaces, or wetlands) at the reach scale, and (4) the magnitude of vari-
ation in OC concentration differs among scales. If differences exist, the final objective is to explain these dif-
ferences and examine the implications.

2. Study Area

The YF region is a Cenozoic sedimentary basin with surrounding uplands, located in the boreal zone in inte-
rior Alaska (Figure 2a; Nowacki et al., 2003; Williams, 1962). The climate is continental subarctic, with winter
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temperatures ranging from 234 to 2248C, summer temperatures ranging from approximately 0 to 228C,
and a mean annual precipitation of approximately 170 mm (Gallant et al., 1995). Lake sediments (silt and
clay) almost 90 m thick underlie alluvial deposits in the basin (Williams, 1962). The YF did not experience
Pleistocene glaciation (Gallant et al., 1995; Pewe, 1975). The region is located in the discontinuous perma-
frost zone (50–90% coverage; Jorgenson et al., 2008; Romanovsky et al., 2013), and the region contains
many thaw and oxbow lakes. Permafrost extends to approximately 90 m below the surface near Fort Yukon,
located near the center of the study region (Clark et al., 2009).

Soils within the region are classified as Entisols (young soils lacking well-developed horizons and formed in
alluvium or outwash), Inceptisols (young soils with slightly better horizon development), and Gelisols (soils
with permafrost within 2 m of the surface; Brabets et al., 2000). Vegetation within the floodplains includes
shrub vegetation (willows [Salix spp.] and alders [Alnus spp.]), deciduous trees (balsam poplar [Populus
balsamifera], aspen [Populus tremuloides], and birch [Betula papyrifera]), white spruce forest (Picea glauca),

Figure 2. (a) Study area showing the floodplain sampling locations along five study rivers within the Yukon Flats. Cluster-
ing of samples facilitates examination of segment-scale controls. (b) Geomorphic units sampled in the floodplains of the
Yukon Flats region. Illustration by Mariah Richards.
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mixed forests (spruce and deciduous), black spruce forest (Picea mariana), and wetlands (sedges and
shrubs). Frequent fires influence vegetation dynamics, and fire return intervals range from 37 to 166 years,
with a mean of about 90 years (Drury & Grissom, 2008). Floods in the YF can be caused by ice jams or from
snowmelt (the spring freshet). Flood frequency is not well known in the region due to limited accessibility
and the remote nature of the basin, but four ice jam floods have occurred between 1949 and 1994 in Fort
Yukon (Nakanishi & Dorava, 1994) prior to the construction of a levee, and local observations and river stage
data in Fort Yukon indicates there may have been as many as 15 overbank flooding events in the past 35
years along the river near Fort Yukon (NOAA, 2017). River flow declines through the summer to baseflow,
which occurs throughout the winter underneath frozen river surfaces (Walvoord et al., 2012).

We conducted fieldwork along five rivers with drainage areas ranging from 2,200 to 508,000 km2: the Dall
River (3,700 km2; sampled length � 80 river km), Preacher Creek (4,000 km2; sampled length � 160 river km),
the Draanjik (Black) River (16,500 km2; sampled length � 75 river km), the Teedrinjik (Chandalar) River
(29,000 km2; sampled length � 80 river km), and the Yukon River (508,000 km2 at Steven’s Village, the down-
stream end of the study region, sampled river length � 350 river km; Figure 2a). As the Yukon River enters the
YF region, the planform of the river is braided, becoming a wandering anabranching river beginning after Fort
Yukon (Clement, 1999). We use the term wandering to denote a relatively laterally active anabranching plan-
form (Desloges & Church, 1989; Nanson & Knighton, 1996). Clement (1999) defines a transitional segment in
between braided and wandering segments on the Yukon, occurring from Fort Yukon downstream for approxi-
mately 90 km. However, we lump this transitional reach in with the wandering segment, as our samples for
this segment occur well downstream of Fort Yukon and the transition to fully wandering is gradual. The Dall,
which empties into the Yukon River, and the Draanjik, which flows into the Porcupine River, are single-thread
meandering rivers with finer bed sediments and steep, high banks. Preacher Creek is a wandering river
through most of its course, becoming meandering just before joining Birch Creek, a major tributary of the
Yukon. The Teedrinjik River is a wandering river near Venetie, which was the upstream extent of sampled
reaches (Figure 2a). The Teedrinjik displays anabranching meandering and single-thread meandering plan-
forms before flowing into the Yukon River.

3. Materials and Methods

3.1. Fieldwork
In Summer 2014, we sampled along the Dall River and Preacher Creek. We stopped at intervals of tens of
kilometers to sample sediment within the floodplain along a transect perpendicular to the channel. At inter-
vals of 20–30 m along each transect, depending on the channel width at the transect location, we sampled
floodplain sediment at intervals that captured the variation in geomorphic and vegetation type. Each tran-
sect was associated with one river reach. We sampled at five reaches along the Dall River (total sampled
locations 5 62) and four reaches along Preacher Creek (total sampled locations 5 65). We sampled along
the Draanjik, Teedrinjik, and Yukon Rivers in Summer 2015. The rivers sampled in Summer 2015 are larger
and the floodplains more complex, thus we modified our sampling procedure from a sampling transect to a
sampling block (designated as a river reach). Within a reach of river, samples were located within patches
representing the vegetation and geomorphic types present along the river reach. We sampled four reaches
along the Draanjik River (sampled locations 5 43), five reaches along the Teedrinjik River (sampled
locations 5 63), and four reaches along the Yukon River (sampled locations 5 74). Two samples were taken
within each patch: one near the river bank and one sample 100 m into the floodplain. Samples were coded
from both fieldwork years with the following identifications: river, reach, patch or point along a transect,
sample ID number, depth ID number.

We also noted the geomorphic unit and surface vegetation of the sampled location. Geomorphic units
include bars, fills (filled side channels and swales), higher floodplain surfaces that are not similar to any
other geomorphic type, and wetlands that generally have permafrost or standing water (Figure 2b). All geo-
morphic units are located within the floodplain, and thus the wetland geomorphic unit denotes floodplain
wetlands. The number of sampling locations in each geomorphic unit in each river basin is shown in sup-
porting information Table S1. Vegetation types include deciduous forest/shrub vegetation, white spruce for-
est, mixed deciduous and spruce forest, black spruce forest (usually containing permafrost), and wetland
vegetation (grasses and shrubs). We noted whether there was evidence of disturbance, such as charred
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downed logs indicating recent fire, for each sampled location. In addition to capturing variability in geomor-
phic unit and vegetation type within the floodplains, we located reaches within different planform types if
planform changed downstream along the river.

At each floodplain sample location, we separated the organic layer from the mineral sediment. We define
the organic layer as material comprised of moss, litter, peat, and organic soil horizons above the boundary
with mineral soil and excluding buried organic soil horizons (Pastick et al., 2014). At the beginning of the
mineral sediment layer, we sampled with an auger (Summer 2014) or a sediment corer (Summer 2015) at
increments of approximately 18 cm. The total sample depth at each location ended once we reached frozen
soil (50.8% of sampled locations), gravels/cobbles/coarse sand (24.8% of locations), or 1 m in depth (18.2%
of locations), or if we were unable to retrieve more due to wet conditions or unknown reasons (6.2% of sam-
pled locations). The analyses presented in this paper focus only on the mineral soil samples, as this soil car-
bon stock is more stable over longer time periods (O’Donnell et al., 2011). In addition, the subsurface
mineral soil is less subject to changes due to fire (O’Donnell et al., 2011). Organic layer depths varied by
geomorphic unit, averaging 2.3 cm in bars, 3.4 cm in fills, 6.5 cm in floodplain surfaces, and 17.2 cm in
wetlands.

3.2. Laboratory Analyses
OC concentration was determined by the Soil, Water, and Plant testing lab at Colorado State University. The
samples were sieved to separate the <2 mm fraction from the >2 mm fraction, and the total carbon con-
centration (%) in each <2 mm sample was found with a LECO TruSpec CN furnace (Nelson & Sommers,
1982). Each sample was also analyzed for inorganic carbon concentration through treating the sample with
0.4 HCl and measuring the CO2 loss gravimetrically (Soil Survey Laboratory, 1996). Subtracting the inorganic
carbon from the total carbon resulted in the OC concentration (%). A very small number of near-surface
samples thought to be mineral soil in the field with very high OC concentrations were reclassified as organic
soil materials according to NRCS guidelines (Soil Survey Staff, 1999) and left out of these analyses.

Soil moisture was found by drying each sample for 24 h at 1058C and is expressed as the percent of mass
lost divided by the initial, wet sample mass. We completed texture analyses on all mineral samples follow-
ing USDA Natural Resources Conservation Service guidelines and the texture class was converted to an
average percent fines (silt 1 clay) for that class using a texture triangle (Thein, 1979).

3.3. Statistical Analyses
We modeled OC concentration using a general linear mixed effects model in R to determine correlations
between predictor variables and OC (R Core Team, 2014) with the lme4, lmerTest, and lsmeans packages
(Bates et al., 2015; Kuznetsova et al., 2016; Lenth, 2015). The model included river, geomorphic unit, the
interaction between river and geomorphic unit, the middle depth of each sample increment (cm), and the
distance from the river channel (m) as fixed effects. We modeled the percent fines (silt 1 clay) and percent
soil moisture as response variables using the same predictor variables above in order to determine whether
there were significant differences in grain size and soil moisture among rivers and among geomorphic
units. For each river on which multiple planforms were sampled (the Yukon and the Teedrinjik), we modeled
OC concentration with planform, geomorphic unit, the middle depth of each sample increment (cm), and
the distance from the river as fixed effects in order to determine whether there were significant differences
in OC among planform types. The reach identification, patch or point along a transect, and the sample loca-
tion (core location) were included as random effects in all models. The residuals of all models were checked
for homogeneity of variances and response variables (%OC, %fines, and % soil moisture) were log trans-
formed if necessary. To test for significance of fixed effects (alpha 5 0.05), we used type III tests. To deter-
mine whether significant differences existed for pairwise comparisons within river and geomorphic unit,
the Tukey method to adjust for multiple comparisons was used. The associations between OC concentration
and % fines and OC concentration and soil moisture were determined through visual inspection of plots.

In order to assess whether there are peaks in OC at depth within the floodplain, we assessed the percent
change for each sample relative to the overlying sample. We used the consistent criteria that a sample
should be at least 50% greater than the overlying sample and at least 0.5% OC concentration in order to be
identified as a peak of OC at depth (Appling et al., 2014). This assessment informs whether there are buried
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OC layers within the soil caused by buried forest floors or the delivery of organics into the floodplain via
flooding.

Because the vegetation types identified in the field are highly associated with geomorphic types, vegetation
as a predictor variable was left out of the models. For example, deciduous/shrub vegetation was the only
vegetation type on bars, black spruce forests were located only in wetlands, and white spruce forests were
located only on higher-standing floodplain surfaces (supporting information Table S2). Vegetation on the
surface is susceptible to fire disturbance, and thus the vegetation at the time of sampling may not accu-
rately reflect the most dominant vegetation over the time scale of carbon accumulation in the mineral sub-
surface due to the influence of fire. Studies have demonstrated the vegetation within floodplains reflects
river dynamics and flooding patterns (e.g., Whited et al., 2007), with primary succession starting from unve-
getated bars to forested floodplain surfaces (Chapin et al., 2006; Viereck et al., 1993). Also, previous studies
have suggested that vegetation may influence near-surface carbon storage, but not necessarily deeper car-
bon storage (Appling et al. 2014). As our focus is on deeper mineral carbon stocks, we focus on geomorphic
units. In addition, we did not separate samples into those with recent evidence of fire and those without, in
part because fire has more influence on organic layer carbon compared to deeper mineral sediment
(O’Donnell et al., 2011), and our analyses are restricted to mineral sediment. Because fire is a frequent natu-
ral disturbance in the YF, our samples included locations with recent and past fires that we were not able to
age or identify, and thus our analyses assume that fire can occur throughout the landscape at regular
intervals.

4. Results

The mean OC concentration and standard error of the mean of the entire data set is 2.8% 6 0.1, with a
median of 2.2% (basic summary statistics for OC%, % fines, and % soil moisture included in supporting
information Table S3). Average depths reached for sampled locations by river and by geomorphic unit are
included in supporting information Table S4. Two of the study rivers have different planform types along
the sampled areas, the Yukon and the Teedrinjik Rivers, and OC concentration was modeled for each river
using planform as a predictor variable. Planform does not significantly influence OC concentration on the
Teedrinjik River (p 5 0.29) (supporting information Figure S1 and supporting information Tables S5 provides
model summary). Along the Yukon River, the influence of planform depends on the geomorphic unit (sup-
porting information Figure S1 and supporting information Table S6 provides model summary). Significant
differences in planform types exist for two of the geomorphic units: bars have higher OC concentrations in
the wandering segment (p 5 0.025), and wetlands have higher OC concentrations in the braided segment
(p 5 0.049), but there are no differences between the wandering and braided segments in fill and floodplain
surfaces (p 5 0.141 and p 5 0.205, respectively).

Using the entire data set, river, geomorphic unit, and middle sample depth influence OC concentration
(supporting information Table S7 summarizes model results for models of OC concentration, % fines, and
% soil moisture). Pairwise comparisons among rivers indicate that the Dall River has significantly higher OC
concentration than the Teedrinkjik Riverand Preacher Creek (Figure 3). A comparison between the Draanjik
River and the Teedrinjik River results in a p value of 0.072, which does not meet the significance level of
0.05 but indicates that differences may exist between the two rivers. The Yukon River OC concentration is
not statistically different than any other river. Pairwise comparisons among geomorphic units show that
wetlands have the highest OC concentration, followed by floodplain surfaces and fills, with bars having the
lowest OC concentration (Figure 3). There is a greater difference in the highest and lowest OC concentra-
tions among geomorphic units (wetlands 5 5.1% versus bars 5 2.0%) than among rivers (Dall River 5 3.8%
versus Teedrinjik River 5 2.3%). The distance from the channel for the sample was not a significant influence
on OC concentration. Summary statistics of OC concentrations, % fines, and % soil moisture by river and by
geomorphic unit are included in supporting information Tables S8 and S9.

As sampling depth increases, OC concentration decreases (p< 0.0001) (supporting information Table S7
and supporting information Figure S2), and the magnitude of the effect is strong relative to the variation in
OC % across all samples (b 5 20.185; supporting information Table S7; note that OC model is log trans-
formed). Analyses of potential peaks of OC in the subsurface indicate that there are very few sampling incre-
ments at depth that show large increases of OC relative to overlying samples. The percentage of samples in
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which OC concentration is greater than 50% of the concentration in the overlying sample is 4.2% for
Preacher Creek, 4.3% for the Dall River, 5.5% for the Draanjik River, 8.0% for the Yukon River, and 10.7% for
the Teedrinjik River. These data support the model results demonstrating a decrease in OC concentration
with increasing depth.

In order to determine whether different rivers or different geomorphic units have significantly different grain
sizes, we modeled the % fines (silt 1 clay) using river, geomorphic unit, the interaction between river and geo-
morphic unit, the middle depth of each sample (cm), and the distance from the channel (m). As the middle
depth of each sample increases, the % fines decreases (p< 0.0001), although the effect is relatively small
relative to the magnitude of changes in % fines (b 5 20.185; supporting information Table S7), indicating that
a unit increase in depth has a relatively small unit decrease in % fines. Due to the significant interaction term
of river 3 geomorphic unit, the differences in % fines among geomorphic units depend on the river sampled,
and the differences found in % fines among rivers depend on the geomorphic unit. Table1 shows the signifi-
cant differences among geomorphic units given each river and the significant differences among rivers given
each geomorphic unit. Although the interaction term creates difficulties in interpretation, in general, Preacher
Creek has coarser sediment than the other sampled rivers, except in the wetland geomorphic unit. In addition,
except for the Draanjik River, bars have coarser sediment compared to other geomorphic units.

River, geomorphic unit, and the middle depth of the sample are significant predictors of % soil moisture
(supporting information Table S7). As the sample depth increases, soil moisture decreases (p< 0.0001). The
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Figure 3. (a) OC concentration (%) and (c) soil moisture (%) for rivers across all geomorphic units. D, Dall; Dr, Draanjik; Y,
Yukon; P, Preacher; T, Teedrinjik. (b) OC concentration and (d) soil moisture for geomorphic units across all rivers. W, wet-
land; FP, floodplain; B, bar. Letters in bars indicate significant differences at a 5 0.05. Bars containing the same letter have
no significant differences, while bars that do not share a letter indicate significant differences. Bars show the mean 6 the
standard error. Values of means and medians are shown within bars.
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Dall has significantly higher soil moisture in samples compared to Preacher Creek and the Teedrinjik River,
and wetland and fill geomorphic units are significantly higher in soil moisture compared to floodplain surfa-
ces and bars (Figure 3). Summary statistics for % fines and soil moisture are included in tables S3, S8, and
S9. As soil moisture and % fines increase, OC concentrations of samples generally increase (supporting infor-
mation Figure S3).

5. Discussion

Returning to the research objectives, (1) there are differences in floodplain soil OC concentration among
river basins in the YF, (2) river planform exerts some influence on OC concentration along the Yukon River
in some geomorphic units, but not along the Teedrinjik River, (3) there are differences in OC concentration
among geomorphic units (e.g., bars, fills, higher floodplain surfaces, or wetlands) at the reach scale, and (4)
the magnitude of difference in mean OC concentration is greatest among geomorphic units as opposed to
among study rivers (Figures 3), indicating that the magnitude of variation in OC concentration differs
among scales. In addition, our analyses indicate that OC concentration decreases with depth but does not
vary with distance from the channel (supporting information Table S7).

5.1. OC in Floodplain Soil May Be Mostly Due To Inputs From Surface Vegetation, With Different
Starting Points Depending on River Basin
The reduction of OC concentrations with depth suggests that much of the OC inputs to floodplain soil,
across all geomorphic units, come from surface vegetation (i.e., autochthonous inputs) with little evidence
for substantial buried organic horizons. Peaks of OC at depth relative to overlying samples occur only in
4–10% of all samples across study rivers. These few peaks may be buried forest floors or carbon-rich lenses
from overbank flooding (Appling et al., 2014; Blazejewski et al., 2009). However, other studies have found
stronger evidence of buried OC layers within floodplain soils (e.g., Blazejewski et al., 2009). OC concentra-
tions in bar environments on the Dall and Draanjik Rivers (3.1% and 2.9%) are higher than OC concentra-
tions in bars on Preacher Creek and the Teedrinjik River (1.7% and 1.4%), indicating that freshly deposited
sediment on bars varies with river basin. Thus, although much of subsequent OC accumulation may come
from surface vegetation, the starting concentration may depend on the river basin.

The slight upward fining in the floodplain (supporting information Table S7) may also influence the
decrease of OC concentration with depth, as finer grain sizes are associated with more OC because finer
grains better stabilize OC (Jobb�agy & Jackson, 2000; Pinay et al., 1992). The upward fining indicates some
signature of overbank flooding delivering fines to the floodplain over time, but the effect of increasing
depth on % fines is relatively small. Because our measurement of % fines is based on texture classes, detec-
tions of upward fining in the floodplain may be limited, but we did not see strong upward fining in the field
or with statistical modeling. Due to our samples being restricted to the active layer, we did not frequently
reach coarse gravel layers that could be interpreted as coarse laterally accreted or channel fill deposits deep
within the floodplains. Bars, which are lateral accretions, are sometimes coarser than other geomorphic
units, although this depends on the river (Table 1). The relatively weak upward fining in floodplain soil

Table 1
Summary of Significant Pairwise Comparisons (p< 0.05) for Model of % Fines for River Given Each Geomorphic Unit and for
Geomorphic Unit Given Each River

Geomorphic unit Significant differences among rivers

Bar Preacher< Yukon 5 Teedrinjik 5 Dall 5 Draanjik
Floodplain Preacher 5 Teedrinjik<Draanjik
Fill Preacher< Teedrinjik 5 Draanjik
Wetland None

River Significant differences among geomorphic units

Dall Bar 5 floodplain<wetland
Draanjik None
Yukon Bar< fill
Preacher Bar< floodplain 5 fill<wetland
Teedrinjik Bar 5 floodplain< fill
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supports the idea that OC accumulation results from vegetation inputs (indicated by a relatively strong
decrease of OC with depth) and is not strongly controlled by upward fining.

The YF may be similar to the Tanana River floodplain, located in the boreal zone in interior Alaska, where
soil carbon stocks increase with successional age of the floodplain surfaceand vegetation (Van Cleve et al.,
1993). This suggests that river migration and erosion, as opposed to overbank flooding, are the dominant
geomorphic controls on sedimentation, surface creation, and associated OC increases in the subsurface, at
least within the active-layer sediment. Distance from the channel does not significantly influence OC con-
centration, which may reflect the fact that these floodplains are complex, with avulsions, secondary chan-
nels, and bars being accreted to the floodplain (Clement, 1999), resulting in floodplains with a patchwork of
geomorphic units.

5.2. Planform Variations Along Rivers Is Not Strongly Correlated With OC Concentrations
The mixed results for the influence of planform on OC concentration (no difference among planform types
on the Teedrinjik, and some differences on the Yukon depending on geomorphic unit) could indicate that
planform categories are actually on a continuum in terms of fluvial process and form. The lower OC concen-
tration on bars in the braided segment compared to the wandering segment on the Yukon could be par-
tially explained by differences in grain size, as bed sediment fines slightly from the entrance to the YF to
the end of the sampled extent (Clement, 1999). In addition, Clement (1999) found that migration rates
decreased from the braided segment to the wandering segment within the Flats, and more frequent ero-
sion of bars in the braided segment could result in less time for OC to accumulate from vegetation. The
higher OC concentration in wetlands in the braided segment could be a result of the river in the braided
segment migrating in a narrower band, with wetland geomorphic units occurring on slightly higher eleva-
tional surfaces that are more stable compared to those surfaces in the wandering segment, although this is
speculative.

5.3. Basin-Scale Differences in OC Among River Basins
Because rivers are integrators of their upstream contributing area, the differences among study rivers could
result from many factors. The Dall River has a higher OC concentration compared to Preacher Creek and the
Teedrinjik River, and although the difference is not significant at a significance level of 0.05, the Draanjik
River may have higher OC concentration compared to the Teedrinjik River (p 5 0.072; Figure 3). Grain size
and soil moisture may play a role in these differences. Our results demonstrate that Preacher Creek gener-
ally has coarser sediment compared to the other study rivers, although the significant interaction between
river and geomorphic unit makes these results somewhat difficult to generalize (Table 1). Difference in grain
size has been an influencing factor for other studies of floodplain OC, with coarser sediment containing
lower OC concentrations (Appling et al., 2014; Pinay et al., 1992; Sutfin & Wohl, 2017). The Dall River samples
also have higher soil moisture than Preacher Creek and the Teedrinjik River, which could also influence OC
concentration (Figure 3). Wetter soils tend to have higher OC concentrations until soils are fully saturated
(Chapin et al., 2012; Jobb�agy & Jackson, 2000). The associations between grain size and OC concentration
and soil moisture and OC concentration are also shown in our sample data (supporting information Figure S3).
In addition, soil moisture and grain size are related, as finer grain sizes are better able to retain moisture
(Dingman, 2008).

Although planform does not influence OC concentration on the Teedrinjik River and partly influences OC
concentrations on the Yukon River, planform may influence the differences among rivers. The Dall and
Draanijik Rivers are single-thread meandering, whereas Preacher Creek and the Teedrinjik River are wander-
ing rivers for at least some portion of the sampled extent. If much of the OC inputs into the floodplain
come from autochthonous vegetation growing on the floodplain surface, the greater lateral mobility of
Preacher Creek and the Teedrinjik River compared to the meandering Dall and Draanjik Rivers could result
in less time for OC accumulation before river migration erodes the floodplain (Lininger et al., 2016).

Another difference among river basins that could influence floodplain OC concentrations is the DOC con-
centration of the study rivers. River samples from 2002 indicate that the Draanjik and Dall Rivers have high
DOC concentrations (12.0–15.0 and 12.2 mg C L21, respectively; Dornblaser & Halm, 2006). In contrast, the
DOC concentrations on the Teedrinjik River have been measured at 1.6–2.5 mg C L21 (Dornblaser & Halm,
2006), and concentrations in Preacher Creek have been reported as 8.9 mg C L21 (O’Donnell et al., 2012).
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The DOC of the Yukon River throughout the study region ranges from 5.6 to 6.9 (Dornblaser & Halm, 2006).
High concentrations of DOC could result in adsorption of DOC onto mineral grains in transport (e.g.,
McKnight et al., 2002) that are then deposited on the floodplain in bars or via overbank flow. Because flood-
plain soil OC concentrations may be influenced by DOC concentrations within the river, the baseline con-
centration of OC within floodplain sediments may depend on differences in freshly deposited sediment,
while the subsequent accumulation of more carbon in the floodplain could be the result of autochthonous
inputs. The differences in bar OC among rivers support this inference.

The lack of significant difference between the Yukon River and the other study rivers could reflect its large
drainage area. The Yukon River integrates sediment inputs and water fluxes from a large number of tributar-
ies with varying characteristics, including the four tributary rivers in this study. Thus, the lack of statistically
significant differences indicates that OC concentrations on the Yukon are influenced by the tributary contri-
butions and by upstream inputs.

5.4. Reach-Scale Differences in OC Among Geomorphic Units
At the reach scale, wetlands have higher OC concentrations than bar environments (Figure 3). Bars have
coarser sediment and lower soil moisture compared to wetlands on most rivers (Table 1 and Figure 3),
which likely contributes to this difference. In addition, wetlands in boreal floodplains of interior Alaska tend
to be older surfaces, either with black spruce and a higher permafrost table (woody wetlands) or with her-
baceous vegetation in thaw ponds or bogs. These older surfaces likely have had more time for OC to accu-
mulate in the subsurface (Van Cleve et al., 1993). In addition, wetland environments in high latitude regions
have reduced OC respiration rates due to wet and cold conditions, which inhibit mineralization and release
of OC (Davidson & Janssens, 2006; Douglas et al., 2014). Floodplain primary succession in interior Alaska
supports the assertion that wetlands are older surfaces. Surfaces with bar vegetation (shrubs and deciduous
vegetation) develop after approximately 1–100 years depending on the type of vegetation, and woody wet-
lands with black spruce and bog vegetation may not develop for over 500 years after a surface is first cre-
ated by river deposition (Chapin et al., 2006; Viereck et al., 1993).

The lack of difference in OC concentrations between fills and floodplain surfaces may also be informed by
the time since deposition and creation. Fills have higher soil moisture compared to floodplain surfaces and
bars (Figure 3), potentially reflecting a lower topographic position on the landscape. This suggests that
these environments would have higher OC concentrations due to the association between soil moisture
and OC. But, floodplain surfaces, which contain white spruce stands, are likely older than fills, which have a
mixture of deciduous, shrub, and wetland herbaceous vegetation (supporting information Table S2). White
spruce stands commonly do not develop on floodplains for 200–500 years (Chapin et al., 2006; Viereck
et al., 1993), indicating that they may be older than filled secondary channels and have been able to accu-
mulate higher concentrations of OC. In the Rhine River basin, channel fill environments have higher OC con-
centrations when compared to other types of overbank deposits, which contrasts with the results of this
study (Hoffmann et al., 2009).

5.5. Conceptual Model of Geomorphic Influences on Floodplain Soil OC
Figure 4 summarizes the main processes occurring in the Yukon Flats that contribute to OC concentrations
in floodplain soil. Figure 4a demonstrates the two main pathways for OC to accumulate within the flood-
plain. Rivers deposit sediment and organics directly onto the floodplain, either via lateral accretion and bar
deposition or via vertical accretion of finer sediments with overbank flooding (dark grey arrow). This direct
river deposition contributes a certain amount of OC within the soil (dark grey OC bar), and this amount
varies depending on river basin characteristics such as the grain size of sediment in transport and the DOC
concentration within river water. Also shown in Figure 4a, vegetation provides inputs of OC into the soil
(light grey arrow and OC bar). Vegetation inputs are likely the primary input of OC relative to either lateral
accretion deposition in bars or overbank flooding, and this assumption is supported by the lack of peaks of
OC at depth and the decrease of OC with depth within the samples. With channel migration and erosion of
the floodplain, OC reenters the river network and is carried downstream. Figure 4a does not include miner-
alization of OC and the release of carbon into the atmosphere via microbial respiration because our focus is
on the geomorphic processes occurring within the floodplain.
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Figure 4b demonstrates some of the influences on OC accumulation within different geomorphic units.
Through lateral accretion and river migration, rivers deposit bars (right side of Figure 4b), which are coarser,
drier, and contain less OC compared to other geomorphic units. The river slowly migrates away from the
bars, which develop into other geomorphic units (floodplain and wetland). Over time, vegetation succession
occurs, contributing more OC to the soil; overbank flooding may contribute fines to the soil, which help sta-
bilize OC; and the permafrost table may rise, impeding soil drainage and reducing mineralization rates due
to wet conditions. Channel migration rates, which differ among planform types, likely influences this pro-
cess, because migration rates determine how long the surface will be stable before being reeroded by the
river. All of these factors likely influence the increase of OC in the subsurface. Rivers also avulse, creating
filled secondary channels, or scour low points on bars that are then filled (left side of Figure 4b). These fills
are many times at a lower elevation in the landscape, and have higher soil moisture, which contributes to
the OC contained in the soil.

5.6. Comparison of OC Concentration Values With Other Environments
The YF OC concentrations have a larger range (<0.5–14.96%) for mineral sediment compared to OC concen-
trations reported from non-floodplain locations in interior Alaska (Figure 5). Ping et al. (1997) report the per-
centage of OC in upland environments in interior Alaska, including a hillslope bog, glaciated upland forest,
and forested outwash plain. Their values for mineral soil horizons range from 0.5 to 4.2%, with the highest
in the hillslope bog location with mineral horizon OC concentrations of 1.9 and 4.2%, and the lowest OC%
in a forested outwash plain with 0.5–2.8% in mineral horizons (Ping et al., 1997). The highest OC concentra-
tions in our study were from wetland environments, with a mean of 5.1 6 0.5% and a median of 3.6%.

Figure 4. Conceptual models demonstrating the controls on OC within the floodplain in the Yukon Flats. (a) The primary
ways in which OC is delivered to floodplain soil include direct deposition of sediment and organics by the river via lateral
and vertical accretion (dark grey arrow and associated dark grey OC) and the creation of floodplain surfaces, vegetation
growth, and the delivery of OC via vegetation inputs (light grey arrow and associated light grey OC). (b) Two scenarios
demonstrate the mechanisms for OC accumulation within geomorphic units in relation to other factors that influence OC
in the subsurface. See text for additional details.
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O’Donnell et al. (2011) report a mean and standard error of 3.4 6 0.7%
for mineral soil in black spruce stands from burned and unburned
upland slopes in interior Alaska. These sites from the uplands may be
most comparable to wetlands in our study, as both sites have perma-
frost and impeded drainage. Thus, wetlands with black spruce may
have higher concentrations of OC compared to upland black spruce
sites. However, the similarity between the OC concentrations in
upland environments and the floodplains in the YF also provides sup-
port for the assertion that much of the OC in the subsurface in flood-
plains comes from surface vegetation inputs. For example, if
vegetation is similar in upland and floodplain environments, the OC
concentrations may also be similar. The larger range in OC in flood-
plains could reflect the diversity of geomorphic units (reflecting both
river processes and differences in time since deposition) within the
floodplains relative to upland locations or the different starting points
of OC concentration. In the Tanana River floodplain, also located in
boreal interior Alaska, OC concentration values range from <0.5% in
early successional vegetation to 8% in older, white spruce vegetation
(Van Cleve et al., 1993), and these results are similar to this study.
Floodplain lowlands in the boreal zone may have higher OC concen-
trations than mountainous rivers in the boreal zone, with 1.3–1.5% OC
in floodplains of mountains in Alberta, Canada (Hoffmann et al., 2014).

Comparing the YF to floodplains in other regions, YF may have lower
OC concentrations than semiarid mountain environments but may
have similar or higher OC concentrations compared to other locations
(Figure 5). Sutfin and Wohl (2017) report a mean OC concentration of
6.3% for floodplains in the eastern side of the Rocky Mountains, which
is higher than the mean OC concentration of our study (2.8%). How-
ever, the median OC % from their study (3.7%) is more similar to the

median in the YF (2.2%).The higher OC concentrations in the Rocky Mountains could be due to higher pri-
mary productivity in the warmer climate compared to the boreal zone (Bradford et al., 2008). A comparison
with temperate lowland floodplains such as the Rhine River Basin (Hoffmann et al., 2009) or the Mid-
Atlantic Piedmont (Walter & Merritts, 2008) indicates that the YF may have higher OC concentrations (Figure
5). YF floodplains also contain higher or a larger range of OC concentrations than subtropical and tropical
floodplains (Figure 5), which may reflect higher decomposition rates in warmer climates that enhance car-
bon mineralization in tropical and subtropical floodplains compared to boreal floodplains (Chapin et al.,
2012; Jobb�agy & Jackson, 2000).

5.7. Implications
Our results indicate that it is important to consider both large-scale differences among river basins and
small-scale differences among geomorphic units when assessing floodplain soil OC concentrations. The pat-
terns in OC concentration among geomorphic units are similar across study rivers, but different baselines of
OC concentrations occur for separate river basins. In addition, the larger differences in OC concentration
among geomorphic units (between wetlands and bars) compared to among study rivers (between the Dall
River and the Teedrinjik River) indicate that reach-scale controls may have a stronger overall influence on
the spatial distribution of OC within the floodplain. Segment scale differences in planform may be impor-
tant to consider depending on the river studied, but are also dependent on geomorphic unit. Our results
suggest that most of the OC accumulated in floodplain soil in the YF comes from autochthonous inputs of
vegetation, although freshly deposited floodplain differs in OC concentration among rivers. Because vegeta-
tion reflects geomorphic processes and time since surface creation (supporting information Table S2;
Chapinet al., 2006; Viereck et al., 1993; Whited et al., 2007), fluvial processes exert a strong control on OC
concentrations within floodplains. The dominant influence of geomorphic units on OC concentrations also
points to the opportunity to utilize high-resolution topography and remote imagery when assessing OC dis-
tribution and stocks within floodplain landscapes.

Figure 5. OC concentrations in boreal regions and in floodplains in other cli-
matic zones. Black dots indicate means, and lines indicate ranges. References
for values are cited in the text and include Yukon Flats (this study), Tanana
River (Van Cleve et al., 1993), upland black spruce (O’Donnell et al., 2011),
upland (Ping et al., 1997), semiarid mountains, Colorado, USA (Sutfin & Wohl,
2017), Rhine River Basin, Germany (Hoffmann et al., 2009), temperate lowlands,
mid-Atlantic piedmont, USA (Walter & Merritts, 2008), subtropical lowlands,
Atlantic coastal plain, USA (Ricker & Lockaby, 2015), tropical lowlands, Tana
River, Kenya (Omengo et al., 2016), and tropical dry floodplains, Mexico (Jara-
millo et al., 2003).
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6. Conclusions

Floodplains act as sites of OC accumulation and storage, and as a source of OC to river networks. Determin-
ing the geomorphic controls on floodplain soil OC is important for assessing the spatial distribution of car-
bon in the high latitudes as permafrost warms and temperatures continue to increase (IPCC, 2014;
Romanovsky et al., 2010). In addition, climate change and associated permafrost degradation will likely
influence riverine fluxes of OC and geomorphic processes (Frey & McClelland, 2009; Rowland et al., 2010),
highlighting the importance of understanding floodplain soil OC dynamics in the context of geomorphol-
ogy. Studies suggest that flow paths, the relative contributions of groundwater versus surface water, and
nutrient fluxes from the YF may be already changing due to anthropogenic climate change (O’Donnell
et al., 2014; Striegl et al., 2005; Walvoord & Striegl, 2007), and the location of the YF in the discontinuous
permafrost zone may make it highly sensitive to future changes.

We initially asked how differences in the spatial scale of analysis influence quantification of OC concentra-
tions across large floodplains and how differences in the spatial scale of analysis inform our understanding
of the controls on OC concentrations in the mineral soil of floodplains. We assessed OC concentrations at
the scale of drainage basins, river segments, and river reaches. We find that there are few significant differ-
ences at the segment scale. There are differences among drainage basins, but the greatest differences in
OC concentrations occur among geomorphic units within a river reach. This suggests that the most accurate
way to quantitatively estimate floodplain OC concentrations across large floodplains is a bottom-up
approach in which the distribution of individual units is mapped and the cumulative spatial extent of each
unit is used with a median or mean value for OC concentration. We also infer that OC in floodplain mineral
sediment results primarily from autochthonous inputs of floodplain vegetation, so that time over which the
surface has been stable and type of vegetation, as these influence OC inputs, and grain size and soil mois-
ture, as these influence OC retention within soil, all control OC concentration. This implies that the history
of river erosion and deposition within a reach ultimately controls the spatial distribution and concentration
of organic carbon in floodplain soils, even though direct riverine deposition of organic carbon may not exert
the primary control on floodplain OC concentrations.

References
ACIA. (2005). Arctic: Arctic Climate Impact Assessment (p. 1042). New York, NY: Cambridge University Press. Retrieved from http://www.

amap.no/documents/doc/arctic-arctic-climate-impact-assessment/796
Amon, R. M. W., Rinehart, A. J., Duan, S., Louchouarn, P., Prokushkin, A., Guggenberger, G., et al. (2012). Dissolved organic matter sources in

large Arctic rivers. Geochimica et Cosmochimica Acta, 94, 217–237. https://doi.org/10.1016/j.gca.2012.07.015
Appling, A. P., Bernhardt, E. S., & Stanford, J. A. (2014). Floodplain biogeochemical mosaics: A multidimensional view of alluvial soils. Journal

of Geophysical Research: Biogeosciences, 119, 1538–1553. https://doi.org/10.1002/2013JG002543
Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using LME4. Journal of Statistical Software, 67(1),

1–48. https://doi.org/10.18637/jss.v067.i01
Battin, T. J., Luyssaert, S., Kaplan, L. A., Aufdenkampe, A. K., Richter, A., & Tranvik, L. J. (2009). The boundless carbon cycle. Nature Geoscience,

2(9), 598–600. https://doi.org/10.1038/ngeo618
Blazejewski, G. A., Stolt, M. H., Gold, A. J., Gurwick, N., & Groffman, P. M. (2009). Spatial distribution of carbon in the subsurface of riparian

zones. Soil Science Society of America Journal, 73(5), 1733. https://doi.org/10.2136/sssaj2007.0386
Brabets, T. P., Wang, B., & Meade, R. H. (2000). Environmental and hydrologic overview of the Yukon River Basin, Alaska and Canada (Water

Resour. Invest. Rep. 99–4204, pp. 1–106). Anchorage, AK: U.S. Geological Survey.
Bradford, J. B., Birdsey, R. A., Joyce, L. A., & Ryan, M. G. (2008). Tree age, disturbance history, and carbon stocks and fluxes in subalpine

Rocky Mountain forests. Global Change Biology, 14(12), 2882–2897. https://doi.org/10.1111/j.1365-2486.2008.01686.x
Chapin, F. S., III, Matson, P. A., & Vitousek, P. (2012). Principles of terrestrial ecosystem ecology (2nd ed.). New York, NY: Springer Science &

Business Media.
Chapin, F. S., III, Viereck, L. A., Adams, P., Van Cleve, K., Fastie, C. L., Ott, R. A., et al. (2006). Sucessional processes in the Alaskan boreal forest.

In F. S. Chapin et al. (Eds.), Alaska’s changing boreal forest. Oxford, UK: Oxford University Press.
Cierjacks, A., Kleinschmit, B., Kowarik, I., Graf, M., & Lang, F. (2011). Organic matter distribution in floodplains can be predicted using spatial

and vegetation structure data. River Research and Applications, 27(8), 1048–1057. https://doi.org/10.1002/rra.1409
Clark, A., Barker, C. E., & Weeks, E. P. (2009). Drilling and testing the DOI041A coalbed methane well, Fort Yukon, Alaska (Open File Rep. 2009-

1064, p. 69). Reston, VA: U.S. Geological Survey.
Clement, D. T. (1999). Fluvial geomorphology of the Yukon River, Yukon Flats, Alaska. Calgary, AB: University of Calgary.
Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik, L. J., Striegl, R. G., et al. (2007). Plumbing the global carbon cycle: Integrating

inland waters into the terrestrial carbon budget. Ecosystems, 10(1), 172–185. https://doi.org/10.1007/s10021-006-9013-8
Costard, F., Gautier, E., Fedorov, A., Konstantinov, P., & Dupeyrat, L. (2014). An assessment of the erosion potential of the fluvial thermal

process during ice breakups of the Lena River (Siberia). Permafrost and Periglacial Processes, 25(3), 162–171. https://doi.org/10.1002/ppp.
1812

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature,
440(7081), 165–173. https://doi.org/10.1038/nature04514

Acknowledgments
We are grateful for fieldwork
assistance from Micah Nelson
(Colorado State University) and Steve
Berendzen (US Fish and Wildlife
Service), for laboratory assistance from
Sam Perrine and Sarah Lowe, and for
assistance with statistical analyses
from Ann Hess. We thank the Venetie,
Steven’s Village, and Chalkyitsik Native
Village Corporations for access to their
lands. Funding sources include the
National Science Foundation Graduate
Research Fellowship under grant DGE-
1321845, the Geological Society of
America, the American Geophysical
Union Hydrology Section, the Colorado
State University Dept. of Geosciences
and Warner College of Natural
Resources, the National Geographic
Society under grant 9449-14, P.E.O.
International, and the US Fish &
Wildlife Service Yukon Flats National
Wildlife Refuge and Alaska Division of
Refuges. The data analyzed in this
publication are available online
through the Colorado State University
Digital Repository at https://hdl.handle.
net/10217/185889 and are cited in the
reference list (Lininger, 2018). The
manuscript benefited from reviews by
Patricia Saco and three anonymous
referees.

Water Resources Research 10.1002/2017WR022042

LININGER ET AL. 1948

http://www.amap.no/documents/doc/arctic-arctic-climate-impact-assessment/796
http://www.amap.no/documents/doc/arctic-arctic-climate-impact-assessment/796
https://doi.org/10.1016/j.gca.2012.07.015
https://doi.org/10.1002/2013JG002543
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/ngeo618
https://doi.org/10.2136/sssaj2007.0386
https://doi.org/10.1111/j.1365-2486.2008.01686.x
https://doi.org/10.1002/rra.1409
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1002/ppp.1812
https://doi.org/10.1002/ppp.1812
https://doi.org/10.1038/nature04514
https://hdl.handle.net/10217/185889
https://hdl.handle.net/10217/185889


Desloges, J. R., & Church, M. A. (1989). Wandering gravel-bed rivers. Canadian Geographer/Le G�eographe Canadien, 33(4), 360–364. https://
doi.org/10.1111/j.1541-0064.1989.tb00922.x

Dingman, S. L. (2008). Physical hydrology. (2nd ed.). Long Grove, IL: Waveland Press.
Dittmar, T., & Kattner, G. (2003). The biogeochemistry of the river and shelf ecosystem of the Arctic Ocean: A review. Marine Chemistry,

83(3–4), 103–120. https://doi.org/10.1016/S0304-4203(03)00105-1
Dornblaser, M. M., & Halm, D. (2006). Water and sediment quality of the Yukon River and its tributaries, from Eagle to St. Marys, Alaska, 2002–

2003 (Open File Rep. 2006-1228, p. 202). Reston, VA: U.S. Geological Survey.
Douglas, T. A., Jones, M. C., Hiemstra, C. A., & Arnold, J. R. (2014). Sources and sinks of carbon in boreal ecosystems of interior Alaska: A

review. Elementa: Science of the Anthropocene, 2, 000032. https://doi.org/10.12952/journal.elementa.000032
Drury, S. A., & Grissom, P. J. (2008). Fire history and fire management implications in the Yukon Flats National Wildlife Refuge, interior

Alaska. Forest Ecology and Management, 256(3), 304–312. https://doi.org/10.1016/j.foreco.2008.04.040
Dunne, T., Mertes, L. A., Meade, R. H., Richey, J. E., & Forsberg, B. R. (1998). Exchanges of sediment between the flood plain and channel of

the Amazon River in Brazil. Geological Society of America Bulletin, 110(4), 450–467.
Frey, K. E., & McClelland, J. W. (2009). Impacts of permafrost degradation on Arctic river biogeochemistry. Hydrological Processes, 23(1),

169–182. https://doi.org/10.1002/hyp.7196
Frey, K. E., & Smith, L. C. (2005). Amplified carbon release from vast West Siberian peatlands by 2100. Geophysical Research Letters, 32,

L09401. https://doi.org/10.1029/2004GL022025
Gallant, A. L., Binnian, E. F., Omernik, J. M., & Shasby, M. B. (1995). Ecoregions of Alaska (Prof. Pap. 1567, p. 73). Reston, VA: U.S. Geological

Survey.
Guo, L., Ping, C.-L., & Macdonald, R. W. (2007). Mobilization pathways of organic carbon from permafrost to Arctic rivers in a changing cli-

mate. Geophysical Research Letters, 34, L13603. https://doi.org/10.1029/2007GL030689
Hilton, R. G., Galy, V., Gaillardet, J., Dellinger, M., Bryant, C., O’Regan, M., et al. (2015). Erosion of organic carbon in the Arctic as a geological

carbon dioxide sink. Nature, 524(7563), 84–87. https://doi.org/10.1038/nature14653
Hoffmann, T., Glatzel, S., & Dikau, R. (2009). A carbon storage perspective on alluvial sediment storage in the Rhine catchment. Geomorphol-

ogy, 108(1–2), 127–137. https://doi.org/10.1016/j.geomorph.2007.11.015
Hoffmann, U., Hoffmann, T., Johnson, E. A., & Kuhn, N. J. (2014). Assessment of variability and uncertainty of soil organic carbon in a moun-

tainous boreal forest (Canadian Rocky Mountains, Alberta). CATENA, 113, 107–121. https://doi.org/10.1016/j.catena.2013.09.009
Holmes, R. M., McClelland, J. W., Peterson, B. J., Tank, S. E., Bulygina, E., Eglinton, T. I., et al. (2012). Seasonal and annual fluxes of nutrients

and organic matter from large rivers to the Arctic Ocean and surrounding seas. Estuaries and Coasts, 35(2), 369–382. https://doi.org/10.
1007/s12237-011-9386-6

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E. A. G., Ping, C.-L., et al. (2014). Estimated stocks of circumpolar permafrost car-
bon with quantified uncertainty ranges and identified data gaps. Biogeosciences, 11(23), 6573–6593. https://doi.org/10.5194/bg-11-
6573-2014

Hughes, F. M. R. (1997). Floodplain biogeomorphology. Progress in Physical Geography, 21, 501–529. https://doi.org/10.1177/
030913339702100402

IPCC. (2014). Climate change 2014: Synthesis report. Contribution of Working Groups I, II, III to the fifth assessment report of the Intergovern-
mental Panel on Climate Change (p. 151). Geneva, Switzerland: Author.

Jaramillo, V. J., Kauffman, J. B., Renter�ıa-Rodr�ıguez, L., Cummings, D. L., & Ellingson, L. J. (2003). Biomass, carbon, and nitrogen pools in Mex-
ican tropical dry forest landscapes. Ecosystems, 6(7), 609–629. https://doi.org/10.1007/s10021-002-0195-4

Jobb�agy, E. G., & Jackson, R. B. (2000). The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecological
Applications, 10(2), 423–436.

Johnson, K. D., Harden, J., McGuire, A. D., Bliss, N. B., Bockheim, J. G., Clark, M., et al. (2011). Soil carbon distribution in Alaska in relation to
soil-forming factors. Geoderma, 167–168, 71–84. https://doi.org/10.1016/j.geoderma.2011.10.006

Jorgenson, M. T., Shur, Y. L., & Pullman, E. R. (2006). Abrupt increase in permafrost degradation in Arctic Alaska. Geophysical Research Letters,
33, L02503. https://doi.org/10.1029/2005GL024960

Jorgenson, M. T., Yoshikawa, K., Kanevskiy, M., Shur, Y., Romanovsky, V., Marchenko, S., et al. (2008). Permafrost characteristics of Alaska. Fair-
banks: Institute of Northern Engineering, University of Alaska Fairbanks. Retrieved from http://www.cryosphericconnection.org/resour-
ces/alaska_permafrost_map_dec2008.pdf

Junk, W. J., Bayley, P. B., & Sparks, R. E. (1989). The Flood Pulse Concept in River-Floodplain Systems. In Proceedings of the International Large
River Symposium (pp. 110–127). D. P. Dodge. Retrieved from http://swrcb2.swrcb.ca.gov/waterrights/water_issues/programs/bay_delta/
bay_delta_plan/water_quality_control_planning/docs/sjrf_spprtinfo/junk_et_al_1989.pdf

Kawahigashi, M., Kaiser, K., Kalbitz, K., Rodionov, A., & Guggenberger, G. (2004). Dissolved organic matter in small streams along a gradient
from discontinuous to continuous permafrost. Global Change Biology, 10(9), 1576–1586. https://doi.org/10.1111/j.1365-2486.2004.00827.x

Kawahigashi, M., Kaiser, K., Rodionov, A., & Guggenberger, G. (2006). Sorption of dissolved organic matter by mineral soils of the Siberian
forest tundra. Global Change Biology, 12(10), 1868–1877. https://doi.org/10.1111/j.1365-2486.2006.01203.x

Koven, C. D., Ringeval, B., Friedlingstein, P., Ciais, P., Cadule, P., Khvorostyanov, D., et al. (2011). Permafrost carbon-climate feedbacks accel-
erate global warming. Proceedings of the National Academy of Sciences of the United States of America, 108(36), 14769–14774. https://doi.
org/10.1073/pnas.1103910108

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2016). lmerTest: Tests in linear mixed effects models (version R package version 2.0–30).
Retrieved from http://CRAN.R-project.org/package5lmerTest

Lenth, R. (2015). lsmeans: Least-squares means (version R package version 2.20–23). Retrieved from http://CRAN.R-project.org/
package5lsmeans

Lininger, K. B. (2018). Data Associated with Geomorphic controls on floodplain soil organic carbon in the Yukon Flats, interior Alaska, from
reach to river basin scales. Available through the Colorado State University Digital Repository. Retrieved from https://hdl.handle.net/
10217/185889

Lininger, K. B., Wohl, E., Benshoof, J., & Rose, J. R. (2016). The influence of channel migration rate and grain size on difference in floodplain
organic carbon storage between two rivers in Interior Alaska. Paper presented at the Geological Society of America Annual Meeting, Den-
ver, CO.

McClelland, J. W., Holmes, R. M., Peterson, B. J., Raymond, P. A., Striegl, R. G., Zhulidov, A. V., et al. (2016). Particulate organic carbon and
nitrogen export from major Arctic rivers. Global Biogeochemical Cycles, 30(5), 2015GB005351. https://doi.org/10.1002/2015GB005351

McKnight, D. M., Hornberger, G. M., Bencala, K. E., & Boyer, E. W. (2002). In-stream sorption of fulvic acid in an acidic stream: A stream-scale
transport experiment. Water Resources Research, 38(1). https://doi.org/10.1029/2001WR000269

Water Resources Research 10.1002/2017WR022042

LININGER ET AL. 1949

https://doi.org/10.1111/j.1541-0064.1989.tb00922.x
https://doi.org/10.1111/j.1541-0064.1989.tb00922.x
https://doi.org/10.1016/S0304-4203(03)00105-1
https://doi.org/10.12952/journal.elementa.000032
https://doi.org/10.1016/j.foreco.2008.04.040
https://doi.org/10.1002/hyp.7196
https://doi.org/10.1029/2004GL022025
https://doi.org/10.1029/2007GL030689
https://doi.org/10.1038/nature14653
https://doi.org/10.1016/j.geomorph.2007.11.015
https://doi.org/10.1016/j.catena.2013.09.009
https://doi.org/10.1007/s12237-011-9386-6
https://doi.org/10.1007/s12237-011-9386-6
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1177/030913339702100402
https://doi.org/10.1177/030913339702100402
https://doi.org/10.1007/s10021-002-0195-4
https://doi.org/10.1016/j.geoderma.2011.10.006
https://doi.org/10.1029/2005GL024960
http://www.cryosphericconnection.org/resources/alaska_permafrost_map_dec2008.pdf
http://www.cryosphericconnection.org/resources/alaska_permafrost_map_dec2008.pdf
http://swrcb2.swrcb.ca.gov/waterrights/water_issues/programs/bay_delta/bay_delta_plan/water_quality_control_planning/docs/sjrf_spprtinfo/junk_et_al_1989.pdf
http://swrcb2.swrcb.ca.gov/waterrights/water_issues/programs/bay_delta/bay_delta_plan/water_quality_control_planning/docs/sjrf_spprtinfo/junk_et_al_1989.pdf
https://doi.org/10.1111/j.1365-2486.2004.00827.x
https://doi.org/10.1111/j.1365-2486.2006.01203.x
https://doi.org/10.1073/pnas.1103910108
https://doi.org/10.1073/pnas.1103910108
http://CRAN.R-project.org/package=lmerTest
http://CRAN.R-project.org/package=lmerTest
http://CRAN.R-project.org/package=lsmeans
http://CRAN.R-project.org/package=lsmeans
http://CRAN.R-project.org/package=lsmeans
https://hdl.handle.net/10217/185889
https://hdl.handle.net/10217/185889
https://doi.org/10.1002/2015GB005351
https://doi.org/10.1029/2001WR000269


Nakanishi, A. S., & Dorava, J. M. (1994). Overview of environmental and hydrogeologic conditions at Fort Yukon, Alaska (Open File Rep. 94–
526, p. 133). Anchorage, AK: U.S. Geological Survey.

Nanson, G. C., & Knighton, A. D. (1996). Anabranching rivers: Their cause, character and classification. Earth Surface Processes and Land-
forms, 21(3), 217–239. https://doi.org/10.1002/(SICI)1096-9837(199603)21:3<217::AID-ESP611>3.0.CO;2-U

Nelson, D. W., & Sommers, L. (1982). Total carbon, organic carbon, and organic matter. In Methods of soil analysis. Part 2. Chemical and
microbiological properties (pp. 539–579). Madison, WI: American Society of Agronomy, Soil Science Society of America. Retrieved from
https://dl.sciencesocieties.org/publications/books/abstracts/agronomymonogra/methodsofsoilan2/539

NOAA. (2017). Historical River Observations Database. Retrieved from https://www.weather.gov/aprfc/rivobs
Nowacki, G. J., Spencer, P., Fleming, M., Brock, T., & Jorgenson, T. (2003). Unified ecoregions of Alaska: 2001 (USGS Numbered Series No.

2002–297). Reston, VA: U.S. Geological Survey. Retrieved from http://pubs.er.usgs.gov/publication/ofr2002297
O’Donnell, J. A., Aiken, G. R., Walvoord, M. A., & Butler, K. D. (2012). Dissolved organic matter composition of winter flow in the Yukon River

basin: Implications of permafrost thaw and increased groundwater discharge. Global Biogeochemical Cycles, 26, GB0E06. https://doi.org/
10.1029/2012GB004341

O’Donnell, J. A., Aiken, G. R., Walvoord, M. A., Raymond, P. A., Butler, K. D., Dornblaser, M. M., et al. (2014). Using dissolved organic matter
age and composition to detect permafrost thaw in boreal watersheds of interior Alaska. Journal of Geophysical Research: Biogeosciences,
119, 2155–2170. https://doi.org/10.1002/2014JG002695

O’Donnell, J. A., Harden, J. W., McGuire, A. D., Kanevskiy, M. Z., Jorgenson, M. T., & Xu, X. (2011). The effect of fire and permafrost interac-
tions on soil carbon accumulation in an upland black spruce ecosystem of interior Alaska: Implications for post-thaw carbon loss. Global
Change Biology, 17(3), 1461–1474. https://doi.org/10.1111/j.1365-2486.2010.02358.x

Omengo, F. O., Geeraert, N., Bouillon, S., & Govers, G. (2016). Deposition and fate of organic carbon in floodplains along a tropical semiarid
lowland river (Tana River, Kenya). Journal of Geophysical Research: Biogeosciences, 121, 1131–1143. https://doi.org/10.1002/
2015JG003288

Pastick, N. J., Rigge, M., Wylie, B. K., Jorgenson, M. T., Rose, J. R., Johnson, K. D., et al. (2014). Distribution and landscape controls of organic
layer thickness and carbon within the Alaskan Yukon River Basin. Geoderma, 230–231, 79–94. https://doi.org/10.1016/j.geoderma.2014.
04.008

Pewe, T. L. (1975). Quaternary geology of Alaska (USGS Numbered Series No. 835). Washington, DC: U.S. Government Printing Office.
Retrieved from http://pubs.er.usgs.gov/publication/pp835

Pinay, G., Fabre, A., Vervier, P., & Gazelle, F. (1992). Control of C,N,P distribution in soils of riparian forests. Landscape Ecology, 6(3), 121–132.
https://doi.org/10.1007/BF00130025

Ping, C. L., Michaelson, G. J., & Kimble, J. M. (1997). Carbon storage along a latitudinal transect in Alaska. Nutrient Cycling in Agroecosystems,
49(1–3), 235–242. https://doi.org/10.1023/A:1009731808445

R Core Team. (2014). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from http://www.R-project.org/

Raymond, P. A., McClelland, J. W., Holmes, R. M., Zhulidov, A. V., Mull, K., Peterson, B. J., et al. (2007). Flux and age of dissolved organic car-
bon exported to the Arctic Ocean: A carbon isotopic study of the five largest Arctic rivers. Global Biogeochemical Cycles, 21, GB4011.
https://doi.org/10.1029/2007GB002934

Ricker, M. C., & Lockaby, B. G. (2015). Soil organic carbon stocks in a large eutrophic floodplain forest of the southeastern Atlantic Coastal
Plain, USA. Wetlands, 35(2), 291–301. https://doi.org/10.1007/s13157-014-0618-y

Romanovsky, V. E., Smith, S. L., & Christiansen, H. H. (2010). Permafrost thermal state in the polar Northern Hemisphere during the interna-
tional polar year 2007–2009: A synthesis. Permafrost and Periglacial Processes, 21(2), 106–116. https://doi.org/10.1002/ppp.689

Romanovsky, V. E., Smith, S. L., Christiansen, H. H., Shiklomanov, N. I., Streletskiy, D. A., Drozdov, D. S., et al. (2013). Permafrost [in Arctic
Report Card 2013]. Retrieved from http://www.arctic.noaa.gov/reportcard/

Rowland, J. C., Jones, C. E., Altmann, G., Bryan, R., Crosby, B. T., Hinzman, L. D., et al. (2010). Arctic landscapes in transition: Responses to
thawing permafrost. Eos, Transactions American Geophysical Union, 91(26), 229–230. https://doi.org/10.1029/2010EO260001

Sch€adel, C., Bader, M. K.-F., Schuur, E. A. G., Biasi, C., Bracho, R., �Capek, P., et al. (2016). Potential carbon emissions dominated by carbon
dioxide from thawed permafrost soils. Nature Climate Change, 6, 950–953. https://doi.org/10.1038/nclimate3054

Schumm, S. A. (1981). Evolution and response of the fluvial system, sedimentologic implications. Society of Economic Paleontologists and
Mineralogists Special Publication, 31, 19-29.

Schuur, E. A. G., Bockheim, J., Canadell, J. G., Euskirchen, E., Field, C. B., Goryachkin, S. V., et al. (2008). Vulnerability of permafrost carbon to
climate change: Implications for the global carbon cycle. BioScience, 58(8), 701-714. https://doi.org/10.1641/B580807

Schuur, E. A. G., McGuire, A. D., Sch€adel, C., Grosse, G., Harden, J. W., Hayes, D. J., et al. (2015). Climate change and the permafrost carbon
feedback. Nature, 520(7546), 171–179. https://doi.org/10.1038/nature14338

Soil Survey Laboratory. (1996). Method 6E1c. Soil Survey Laboratory methods manual (Soil Surv. Invest. Rep. 42 Version 3.0). Lincoln, NE:
USDA NRCS National Soil Survey Center.

Soil Survey Staff. (1999). Soil taxonomy: A basic system of soil classification for making and interpreting soil surveys (2nd ed., U.S. Department
of Agriculture Handbook No. 436, p. 871). Washington, DC: Natural Resources Conservation Service.

Stackpoole, S. M., Butman, D. E., Clow, D. W., Verdin, K. L., Gaglioti, B. V., Genet, H., et al. (2017). Inland waters and their role in the carbon
cycle of Alaska. Ecological Applications, 27(5), 1403–1420. https://doi.org/10.1002/eap.1552

Stein, R., & Macdonald, R. W. (2004). Organic carbon budget: Arctic Ocean vs. global ocean. In R. Stein & R. W. Macdonald (Eds.), The organic
carbon cycle in the Arctic Ocean (pp. 315–322). Berlin, Germany: Springer. Retrieved from http://link.springer.com/chapter/10.1007/978-
3-642-18912-8_8

Striegl, R. G., Aiken, G. R., Dornblaser, M. M., Raymond, P. A., & Wickland, K. P. (2005). A decrease in discharge-normalized DOC export by
the Yukon River during summer through autumn. Geophysical Research Letters, 32, L21413. https://doi.org/10.1029/2005GL024413

Sutfin, N. A., & Wohl, E. (2017). Substantial soil organic carbon retention along floodplains of mountain streams: Organic Carbon in Moun-
tain Floodplains. Journal of Geophysical Research: Earth Surface, 122, 1325–1338. https://doi.org/10.1002/2016JF004004

Sutfin, N. A., Wohl, E., & Dwire, K. (2016). Banking carbon: A review of organic carbon reservoirs in river systems. Earth Surface Processes and
Landforms, 41(1), 38–60. https://doi.org/10.1002/esp.3857

Taylor, J. P., Wester, D. B., & Smith, L. M. (1999). Soil disturbance, flood management, and riparian woody plant establishment in the Rio
Grande floodplain. Wetlands, 19(2), 372–382. https://doi.org/10.1007/BF03161769

Thein, S. J. (1979). A flow diagram for teaching texture-by-feel analysis. Journal of Agronomic Education, 8(2), 54–55.
U.S. Environmental Protection Agency. (2016). Climate change indicators in the United States, 2016 (4th ed., Rep. EPA 430-R-16-004).

Retrieved from www.epa.gov/climate-indicators

Water Resources Research 10.1002/2017WR022042

LININGER ET AL. 1950

https://doi.org/10.1002/(SICI)1096-9837(199603)21:3%3C217::AID-ESP611%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9837(199603)21:3%3C217::AID-ESP611%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9837(199603)21:3%3C217::AID-ESP611%3E3.0.CO;2-U
https://dl.sciencesocieties.org/publications/books/abstracts/agronomymonogra/methodsofsoilan2/539
https://www.weather.gov/aprfc/rivobs
http://pubs.er.usgs.gov/publication/ofr2002297
https://doi.org/10.1029/2012GB004341
https://doi.org/10.1029/2012GB004341
https://doi.org/10.1002/2014JG002695
https://doi.org/10.1111/j.1365-2486.2010.02358.x
https://doi.org/10.1002/2015JG003288
https://doi.org/10.1002/2015JG003288
https://doi.org/10.1016/j.geoderma.2014.04.008
https://doi.org/10.1016/j.geoderma.2014.04.008
http://pubs.er.usgs.gov/publication/pp835
https://doi.org/10.1007/BF00130025
https://doi.org/10.1023/A:1009731808445
http://www.R-project.org/
https://doi.org/10.1029/2007GB002934
https://doi.org/10.1007/s13157-014-0618-y
https://doi.org/10.1002/ppp.689
http://www.arctic.noaa.gov/reportcard/
https://doi.org/10.1029/2010EO260001
https://doi.org/10.1038/nclimate3054
https://doi.org/10.1641/B580807
https://doi.org/10.1038/nature14338
https://doi.org/10.1002/eap.1552
http://link.springer.com/chapter/10.1007/978-3-642-18912-8_8
http://link.springer.com/chapter/10.1007/978-3-642-18912-8_8
https://doi.org/10.1029/2005GL024413
https://doi.org/10.1002/2016JF004004
https://doi.org/10.1002/esp.3857
https://doi.org/10.1007/BF03161769
http://www.epa.gov/climate-indicators


Van Cleve, K., Dyrness, C. T., Marion, G. M., & Erickson, R. (1993). Control of soil development on the Tanana River floodplain, interior Alaska.
Canadian Journal of Forest Research, 23(5), 941–955. https://doi.org/10.1139/x93-122

Viereck, L. A., Dyrness, C. T., & Foote, M. J. (1993). An overview of the vegetation and soils of the floodplain ecosystems of the Tanana River,
interior Alaska. Canadian Journal of Forest Research, 23(5), 889–898. https://doi.org/10.1139/x93-117

Walter, R. C., & Merritts, D. J. (2008). Natural streams and the legacy of water-powered mills. Science, 319(5861), 299–304. https://doi.org/10.
1126/science.1151716

Walvoord, M. A., & Kurylyk, B. L. (2016). Hydrologic impacts of thawing permafrost—A review. Vadose Zone Journal, 15(6), https://doi.org/
10.2136/vzj2016.01.0010

Walvoord, M. A., & Striegl, R. G. (2007). Increased groundwater to stream discharge from permafrost thawing in the Yukon River basin:
Potential impacts on lateral export of carbon and nitrogen. Geophysical Research Letters, 34, L12402. https://doi.org/10.1029/
2007GL030216

Walvoord, M. A., Voss, C. I., & Wellman, T. P. (2012). Influence of permafrost distribution on groundwater flow in the context of climate-
driven permafrost thaw: Example from Yukon Flats Basin, Alaska, United States. Water Resources Research, 48, W07524. https://doi.org/
10.1029/2011WR011595

Whited, D. C., Lorang, M. S., Harner, M. J., Hauer, F. R., Kimball, J. S., & Stanford, J. A. (2007). Climate, hydrologic disturbance, and succession:
Drivers of floodplain pattern. Ecology, 88(4), 940–953. https://doi.org/10.1890/05-1149

Williams, J. R. (1962). Geologic reconnaissance of the Yukon Flats District Alaska (Geol. Surv. Bull. 111-H). Washington, DC: U.S. Geological
Survey.

Wohl, E., Hall, R. O., Lininger, K. B., Sutfin, N. A., & Walters, D. M. (2017). Carbon dynamics of river corridors and the effects of human altera-
tions. Ecological Monographs, 87(3), 379–409. https://doi.org/10.1002/ecm.1261

Zehetner, F., Lair, G. J., & Gerzabek, M. H. (2009). Rapid carbon accretion and organic matter pool stabilization in riverine floodplain soils.
Global Biogeochemical Cycles, 23, GB4004. https://doi.org/10.1029/2009GB003481

Water Resources Research 10.1002/2017WR022042

LININGER ET AL. 1951

https://doi.org/10.1139/x93-122
https://doi.org/10.1139/x93-117
https://doi.org/10.1126/science.1151716
https://doi.org/10.1126/science.1151716
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.1029/2007GL030216
https://doi.org/10.1029/2007GL030216
https://doi.org/10.1029/2011WR011595
https://doi.org/10.1029/2011WR011595
https://doi.org/10.1890/05-1149
https://doi.org/10.1002/ecm.1261
https://doi.org/10.1029/2009GB003481

