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Abstract

Arctic lowlands of Alaska are known to contain large stores of soil organic carbon (SOC)
in organic-rich wetland systems and in the permafrost. Vegetation succession that follows
floodplain and wetland development strongly affects the organic carbon stores and distribution of
permafrost. Due to recent climate warming there has been losses of permafrost, and much of the
SOC stored in Arctic lowlands is at risk for transfer within the global carbon budget. The vast
Arctic lowland system in western Alaska is within the zone of discontinuous permafrost. It is
anticipated to lose most of the permafrost within this century, yet it is inadequately studied due
to the lack of road system connecting the region. This study is the first designed to explore the
relationships between vegetation succession and soil development at different stages of sediment
deposition. The study area is near St. Mary’s at the north part of the Yukon-Kuskokwim Coastal
Plain in western Alaska. Soil development is weak due to frequent flooding events and
prolonged saturation. The irregular distribution of organic carbon and detritus, silt dominated
particle size distribution, and nearly uniform composition of clay minerals with depth attest the
alluvial deposition due to flooding events. Cryaquents were found in poor to very-poorly drained
raised alluvial bars, Cryaquepts were found on somewhat poorly drained levees, Historthels were
found on an abandoned floodplain, and Cryofibrists in very poorly drained depressions. Carbon
stores range from 27.7 kg C m™2 on raised alluvial bars and levees and 40.9 to 45.3 kg C m™2 on
oxbow depressions and the abandoned floodplain. It is crucial to have reliable measurements of
SOC stores in order to estimate the potential impact of climate change on the global carbon
budget. Soil development and nutrient level in response to vegetation succession are also
reported for the area near St. Mary’s, Alaska to add to the current understanding of soils in the

region and the global carbon budget.
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1. Introduction
1.1 Introduction and Background

The Arctic has experienced some of the greatest increases in surface temperatures in the
past century, which has resulted in a decrease in permafrost stability throughout much of this
region (IPCC, 2007; Vaughan et al., 2013). Recent observations of climatic warming and
associated increases in atmospheric CO2 concentrations have raised urgency in understanding the
impact occurring in response to this effect on the Arctic ecosystem and permafrost. Permafrost
has been established as an important reservoir of terrestrial carbon that has a tremendous
potential impact on global CO2 dynamics. Schuur et al. (2008) estimated carbon stores in
permafrost are nearly double the amount that is present in the atmosphere. The thawing and loss
of permafrost has a great potential to contribute to even greater carbon fluxes. Additional factors
confounding the issue of climate warming in arctic regions have been linked to changes in sea
ice extent that contributes to warmer transfers of energy to terrestrial systems that impacts the
stability and persistence of permafrost (Post et al., 2013). Changes in the density and abundance
of shrub vegetation in tundra regions due to warming climate conditions can also impact
permafrost by changing soil environmental conditions (Lawrence & Swenson, 2011). Some
regions are at high risk for accelerated losses of permafrost due to warming climate trends, such
as Arctic lowlands, which could greatly influence the global carbon budget.

Arctic lowlands have been recognized to contain some of the world’s largest stores of soil
organic carbon (SOC) (Ping et al., 2008a). Arctic lowlands are dominated by wetlands and
floodplains that have different state factors influencing soil development and SOC stores in the
region. The wetlands of Arctic lowlands are characterized by water saturated and reducing soil

conditions and tundra vegetation communities that favor organic matter accumulations (Ping et



al., 2008b). Floodplains are characterized by highly productive ecosystems with vegetation
succession occurring in response to soil development (Viereck et al., 1993; Yarie et al., 1998).
Arctic lowlands are favorable for permafrost development, such as in depressions covered by
wet, thick organic layers and in more stable, developed soils on fluvial terraces (Shur and
Jorgenson, 2007). Additionally, vegetation succession occurring in response to soil development
on floodplains and wetland systems in Arctic lowlands plays a major role in the distribution of
permafrost, soil organic matter accumulation, hence SOC stores in the region (Shur and
Jorgenson, 1998). The soil clay mineralogy is another factor that has been recognized to play an
important role in the stabilization of SOC in soils (Baldock and Skjemstad, 2000) with
implications of how this may impact Arctic lowland systems.

In the Arctic lowland system in western Alaska, floodplain dynamics are common with
cryogenic processes strongly influenced by floodplain development, vegetation succession, peat
accumulations, and permafrost aggradation. Common features associated with floodplain
development include the effect of meandering streams and subsequent soil development of
inactive stream channels through formation of stream terraces, levees, oxbow lakes, sloughs, and
islands (Péwé, 1948). These features associated with floodplain development play an important
role in vegetative succession (Péwé, 1948; Drury, 1956; Viereck et al., 1993). Organic matter
accumulations and permafrost development were observed to increase with soil development on
stream terraces in the Tanana floodplain of interior Alaska, much associated with vegetation
succession (Viereck et al., 1993).

The Yukon-Kuskokwim Coastal Plain contains actively braiding and anastomosing
rivers that have left much evidence of changes in stream paths by the vegetation succession

stages that mark the streams prior path along the floodplain. In active-floodplain deposits, raised



alluvial bars form where stream materials accumulate to heights that eventually exceed the
stream stage. The alluvial bars continue to build up as more sediment is deposited during
periodic flooding events. Vegetation aids in stabilizing alluvial bars, such as willow (Salix spp.)
with their elaborate rooting system that also provides surface roughness allowing for collection
of sediment during floods (Bliss and Cantlon, 1957). Over time in inactive-floodplain deposits,
surfaces can reach heights that rarely encounter floods and are fairly stable and form levees.
These levees act as barriers to prevent flood waters from reaching regions beyond these surfaces
that are rarely flooded and surfaces develop in abandoned-floodplain deposits. Floodplain
systems are dynamic and as a stream courses change over time, stable floodplain deposits can
be eroded away as new alluvial bars form.

For interior Alaska floodplain systems, patterns of vegetation communities are found in
response to phase of floodplain development and subsequent soil development after stream
abandonment (Péwé, 1948; Drury, 1956, Viereck et al., 1993). Péw¢ (1948) and Drury (1956)
observed that the initial geomorphic processes in floodplain development progress from the
presence of bare alluvium bars (Phase 1) that are frequently flooded to later stage processes in
floodplain development characterized by stable stream terraces that have only rare flooding
events (Phase III and IV). These stable stream terraces are older surfaces and high in elevation
(>3m) (Van Cleve et al., 1993) that consist of floodplain deposits no longer within the current
flooding regime, left from the river down cutting. The different stages in floodplain development
are attributed by changes in deposition and erosion of materials from flooding events that
influence soil chemical and physical properties. These factors influence the ability for vegetation
communities to persist and the formation of permafrost in later phases of floodplain

development. Poorly drained soils developing in Phases I-IV have common occurrence of wet



meadow vegetation or willow (Salix spp.) - alder (A/nus spp.) dominated vegetation
communities. Thick organic layers accumulate following the succession and gradually insulate
the ground, which can lead to the development of permafrost and formation of Gelisols (Ping et
al., 2004). In moderately well to well-drained soils, the base-rich Haplocryepts form when
dominantly willow and cottonwood (Populus balsamifera var. tricocarpa) vegetation
communities change to white spruce (Picea glauca) mixed forests (Shaw et al., 2001; Van Cleve
et al., 1993). These conditions can eventually lead to permafrost development when the forest
canopy provides shade that favor moss growth. Final stages in stream terrace development are
dominated by mixed white spruce and black spruce (P. mariana) forests with common wetland
species such as sedges and mosses in relic oxbow lake surfaces and thermokarst depression
environments (Péw¢, 1948; Drury, 1956; Viereck et al., 1993). Thus in the final stages of
floodplain development the environment becomes increasingly more favorable for organic matter
accumulation, and portions of the surface accumulated organic matter will end up in permafrost
due to permafrost aggradation and/or cryoturbation resulting in high SOC stores in this
ecosystem (Ping et al., 2008a).

The changes in clay mineralogy with depth in soils on the floodplain can represent
changes in mineral composition from types of deposition events characteristic of spring flooding
or summer flash floods. Additionally, chemical weathering of primary minerals to secondary
minerals have the potential to occur due to optimal moisture levels for chemical alterations that
can be found in soils on the floodplain (Johnsson and Meade, 1990).

The impact of the floodplain system on soil clay mineralogy could have a variety of
effects. In some locations there is reduced stability of the environment when soils are eroded

away before chemical alterations could occur. The older developed soils on the floodplain are



anticipated to contain permafrost in shallower regions of the soil, which would reduce the
temperature of the active layer in soil and reducing the speed of chemical alterations in clay
mineralogy.

Wetlands dominate the Yukon-Kuskokwim Coastal Plain region with cryogenic
properties affected much by restricted drainage systems. Peat plateaus, palsas, depressions and
shallow basins, connected by subsurface/surface stream networks, and numerous thermokarst
lakes of various sizes characterize much of Arctic lowland systems. Palsas are common in bogs
of discontinuous permafrost regions. They form as mosses, especially Sphagnum moss
accumulate and build-up, which provide insulation resulting in segregation-ice core development
that pushes up the land as the core grows (Zoltai, 1972). Palsas generally grow no larger than
100 m in diameter and up to 10 m in heights and occur in groups (Gurney, 2001). Soils on palsas
are typically better drained with shallow active layers than the surrounding soils but are
susceptible to decay if ice core is weakened from increased snow pack or warmer environmental
conditions (Worsley et al., 1995; Gurney, 2001). An interesting feature of palsas includes the
potential cyclic pathway where after a palsa destabilizes, the soils will typically return to a peat
bog that may eventually reform another palsa within close proximity to the original location
(Zoltai, 1972; Gurney, 2001) and is an example of a system that favors permafrost persistence in
a climate not necessarily favorable for permafrost to occur (Shur and Jorgenson, 2007).

Thermokarst, common in arctic and subarctic lowland regions, develop from thawing of
permafrost with extensive ground-ice, and change the hydrology and topography features that
can initiate changes in vegetative communities, soil chemistry, and over-all system dynamics
(Schuur et al., 2007; Osterkamp et al., 2009). Thermokarst development can lead to subsidence

of the land due to thawing of permafrost, and can expose stored carbon to decomposition or



transfer to some other carbon pool (Schuur et al., 2008). In the Arctic, fine-textured soils are
commonly associated with high ice contents and are increasingly more susceptible to
thermokarst development depending on soil temperature and moisture conditions. Changes
influenced by thermokarst development have a great propensity to affect SOC stores.

The response of permafrost to rising temperatures is not straightforward but a variety of
factors indicate much about permafrost stability/instability during current climate trends.
Shallow active layers can sustain permafrost presence in discontinuous permafrost zones through
greater exposure to winter weather conditions. In soils actively experiencing permafrost
degradation, the active layer is generally increasing in thickness as the upper region of the
permafrost thaws (Kane et al., 1991). Jorgenson et al. (2010) recognized that vegetation
succession can provide a negative feedback effect by protecting permafrost to some increases in
surface temperatures, while surface water can act as a positive feedback reducing permafrost
stability, a response indifferent to warmer temperatures.

On the Yukon-Kuskokwim Coastal Plain, a region located on the fringe of the
discontinuous permafrost zone, earlier studies show there is much variation in permafrost
distribution associated with only slight differences in climate (Péwé¢, 1948; Drury, 1956;
Mungoven, 2008). The permafrost in the Yukon-Kuskokwim Coastal Plain is believed to be
“warm” with surface temperatures of the permafrost to be of the range -0.5 to 0 °C and future
forecasts expects the vast majority of the permafrost to be actively degrading or gone by the end
of this century (Romanovsky et al., 2007). Currently little is known about the soils or permafrost
in this region because the Yukon-Kuskokwim Coastal Plain is scarcely populated and
inaccessible due to the lack of resource exploration. The thawing of permafrost with consequent

changes in soils and hydrology will have significant impact on SOC and nutrient dynamics in



addition to vegetation community and wildlife habitat changes. Thus it is imperative to study the
permafrost-soil-vegetation relationships to understand the carbon and nutrient dynamics in such
a fragile and sensitive region.

The objectives of this thesis research are to describe and characterize soils on the
floodplain near St. Mary’s Alaska and to explore the soil formation and SOC distribution
following vegetation succession.

1.2 Study Area Description

The Yukon-Kuskokwim Coastal Plain, a major portion of the Arctic lowland (Walker et
al., 2005), is geographically located in western Alaska extending from the Yukon River Delta
south to the Kuskokwim River Delta (Figure 1). The climate is maritime with an increase in
continental influence in more interior locations. The study site is located south of the remote city
of St. Mary’s, Alaska near the confluence of the Andreafsky and Yukon Rivers. The mean July
and February temperatures for St. Mary’s between 1976 and 2000 were 18 and -22 °C,
respectively with average annual precipitation at 48 ¢m of rain and 172 ¢cm of snow. The Yukon-
Kuskokwim Coastal Plain lies entirely within the Yukon Delta National Wildlife Refuge and
provides an important habitat to waterfowl and other wildlife populations. The Yukon and
Kuskokwim Rivers host two of the largest salmon fisheries in the world. Additionally, the area is
an important resource for subsistence living of the native/local populations.

The Yukon River at St. Mary’s is 160 rkm (river kilometers) from the mouth at the
Bering Sea. The Yukon River is the primary drainage of the Yukon River Basin, geographically
located between the Brooks Range and the Alaska Range. At Pilot Station, Alaska, 40 rkm
upstream from St. Mary’s, a yearly average of 54,500,000 metric tons of suspended sediment is

carried at this reach of the river (Brabets et al., 2000). The Andreafsky River is the 3™ largest

































































































































































































































