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ABSTRACT

SPATIOTEMPORAL VARIABILITY OF FLOODPLAIN SEDIMENT
AND ORGANIC CARBON RETENTION IN MOUNTAIN STREAMS

OF THE COLORADO FRONT RANGE

Organic carbon retention along river corridors is an important regulator of ecosystem
processing and a growing body of research indicates that carbon storage in floodplains can be a
significant component of the terrestrial carbon cycle. The first part of this dissertation reviews
the literature on carbon storage along floodplains and presents a conceptual model that highlights
how sediment accumulation on floodplains in cool, high-elevation mountainous environments
could result in some of the highest organic carbon per area among rivers in diverse regions.
Investigation of floodplain sediment along three study reaches of mountain streams in the
Colorado Front Range indicates that depth-averaged mean soil organic carbon content of ~3
5 % is accurately estimated using systematic random sample at ~10 sampling locations.
Sediment samples from an additional 21 study reaches indicate correlations between organic
carbon content and soil moisture, sample depth, grain size, relative elevation of the floodplain
surface, thickness of soil at the sampling location, and valley confinement. Older mean pooled-
radiocarbon ages of charcoal in floodplain sediment at two study reaches above 2900 m (>1200 y
BP) compared to ages at two study reaches below 2400 m (<700 y) suggest an elevational
control on floodplain disturbance regime in the Front Range. Observations of floodplain
disturbance, which occurred during regional floods in September 2013, indicated an exponential

increase in the amount of floodplain area disturbed with decreasing elevation and increasing



distance downstream. These results suggest potential correspondence with a previously
documented shift in hydroclimatic disturbance regime at ~2300 m. Investigation of landscape-
scale controls on organic carbon storage per area through comparisons of five different valley
types (24 total study reaches) indicated that unconfined valleys may store more carbon per area
and the dynamic environment in valley segments with multiple sub-parallel channels limits the
capacity of floodplains to store sediment and associated carbon. The occurrence of multithread
channels is dependent upon the presence of beavers or persistent logjams as biotic rivers of
channel planform. Floodplains of single thread channels in unconfined valleys tend to be
saturated and dominated by grasses and sedges, lacking the density of trees necessary to ensure
continued recruitment of wood to the channel and into logjams. These results indicate that
mountain streams are an important component of the terrestrial carbon cycle through carbon
storage in unconfined single thread channels and ecosystem processing in more complex

multithread channels.
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Chapter 1: Introduction

Knowledge of physical processes in river corridors is crucial for understanding how
rivers shape the landscape and support aquatic and riparian ecosystems and ecosystem services
that societies depend upon. Understanding of riverine processes grows increasingly important as
human population growth continues to encroach upon river corridors, land-use practices and
flow regulation within rivers alter natural flow and sediment regimes (Poff et al., 1997; Wohl et
al., 2015), and hydroclimatic regimes shift with a changing climate (Bates et al., 2008;
Alexander, 2014). Although factors that influence the distribution and transport of organic matter
and carbon in river corridors are important for aquatic and riparian ecosystems (Naiman et al.,
2005; Allan and Castillo, 2007), they also have implications for global carbon cycling and
terrestrial carbon reservoirs. Rivers have received considerable attention recently as significant
components of global carbon budgets, partly because inland waters may serve as a medium for
carbon storage within the geosphere (Cole et al., 2007; Battin et al., 2009; Aufdenkampe et al.,
2011; Wohl et al., 2012). Understanding the spatial and temporal variability of floodplain
sediment and associated organic carbon retention thus provides insight into hotspots for
ecosystem processing of carbon and potential for long-term storage.

Projected warming, decreased snowpack, earlier annual snowmelt, increased frequency of
severe wildfire (Westerling et al., 2006), insect infestation (Kurz et al., 2008), increased
likelihood of severe storms (Bates et al., 2008), altered flow regimes, decline in hydrologic
connectivity (Alexander, 2014), and land-use disturbances (Wohl, 2006) make relatively
unaltered, small mountain streams at high elevations in the western United States especially

vulnerable to future climate and land-use changes. As the primary sources of allochthonous



organic matter to rivers, headwater streams provide the foundation for riverine food webs (Allan
and Castillo, 2007). The spatial distribution of organic carbon in river corridors also depends
upon localized physical characteristics and geomorphology of rivers and valley bottoms. |
discuss river channel complexity in the context of spatial variations in bedforms, channel
planform, and valley-bottom geometry, and examine how these variations influence organic
carbon retention and distribution.

To investigate the spatial and temporal variability of organic carbon in riverine corridors,
I investigate the role of hydroclimatically driven fluvial disturbance regime, elevation,
longitudinal position within a watershed, reach-scale (10'-10% m lengths) valley geometry,
floodplain topography, and biogeomorphic drivers of channel planform along floodplains of
mountain streams in the Colorado Front Range. My research focused on North Saint Vrain Creek
and its tributaries and also included study reaches along Mill Creek, Big Thompson River, the
South Fork Cache La Poudre River, and numerous reaches along Glacier Creek in Rocky
Mountain National Park. Extensive fieldwork to survey floodplains and sample floodplain
sediment and charcoal along 24 study reaches provides insight into floodplain sediment
dynamics and associated organic carbon retention in mountain streams. Extreme precipitation
and widespread floods across the Colorado Front Range in September of 2013 provided a unique
opportunity to combine data that represent average long-term conditions in floodplain sediment
and charcoal with direct observations of floodplain sediment dynamics.

This research, which developed as a continuation of a small pilot study, investigates
additional hypotheses and tests our original findings by increasing the sample size and expanding
the coverage of study sites across multiple basins. In an examination of carbon storage per area

along 8 different combinations of valley types and forest stand age, Wohl et al. (2012) found that



relatively unconfined valley segments that hosted streams with multiple, subparallel channels
(multithread channels) across the valley bottom stored a disproportionately large amount of
carbon per area as standing biomass, litter, humus, and especially, sediment and downed wood.
Multithread channels stored 85% of the estimated carbon across valley bottoms, but constituted
only 25% of the total river kilometers in North Saint Vrain Creek watershed. Although earlier
work had not distinguished river corridors when estimating regional carbon stocks (e.g.,
Bradford et al., 2008), Wohl et al. (2012) estimated that rivers could store as much as 25% of the
carbon in uplands within only 1% of the surface area of a watershed. These inferences, however,
were based on a single study reach for each of the eight categories of valley and channel
geometry.

I begin by synthesizing other studies that quantify carbon storage in rivers to compare
these results to current work on rivers in other regions. Chapter 2, Banking Carbon, provides an
extensive introduction, background, and literature review of organic carbon storage and the
physical factors influencing retention in floodplains and riparian ecosystems. In this chapter, |
outline the significance of carbon in rivers and highlight the potential importance of mountain
rivers in terrestrial carbon budgets. Previous research on carbon storage in floodplains does not
provide guidelines for sampling floodplain sediment to estimate reach-average global mean
organic carbon content, so | examine this topic in chapter 3.

Based on extensive sampling of floodplain sediment along three study reaches in North
Saint Vrain Creek watershed, | assess the variability in the estimate of mean organic carbon
content along each study reach using depth-averaged arithmetic mean, inverse distance
weighting, and kriging in chapter 3. | then conduct a statistical analysis to determine how many

samples are needed to reduce variability and bias of the estimated mean organic carbon content



along each study reach using the preferred method. Additionally, I investigate soil characteristics
and spatial relationships across the floodplain as covariates and potential predictors of soil
organic carbon content at all study sites.

Recognizing that organic carbon content of floodplain soil may have little significance in
long-term storage if the residence time of the host sediment is very short, | investigate floodplain
disturbance regime in chapter 4. Using radiocarbon ages of charcoal from floodplain sediment,
observed floodplain disturbance from the 2013 flood, and volume estimates of net erosion and
deposition at two study reaches along North Saint Vrain Creek, | examine the potential
implications for floodplain sediment transit time associated with a hydroclimatic shift and
distinct change in magnitude and frequency of peak flows and debris flows at 2300 m elevation
(Jarrett, 1990). I test the hypothesis that floodplain sediment transit time is positively and non-
linearly correlated with elevation. The rationale behind this hypothesis is that extreme events
resulting from large convective thunderstorms below 2300 m on the Colorado Front Range result
in lower transit time of floodplain sediment compared to higher elevation sites where extreme
events are not documented as exceeding snowmelt-dominated hydrographs.

Placing floodplain disturbance and organic carbon content of floodplain soils into a
spatial context, chapter 5 examines the potential role of valley geometry and channel complexity
on organic carbon storage per area of valley bottom. | test two a hypotheses valley confinement
and floodplain sediment transit time. The first hypothesis states that floodplain sediment transit
time is positively correlated with valley confinement. The second hypothesis is that channel
avulsion and erosion associated with multithread channels (Collins et al., 2012) limits the mean
age of floodplain sediment, resulting in shorter transit times compared to single thread channels

in unconfined valley segments. In presenting my results and differences among the study reaches,

%



I provide a conceptual model to explain the observations and importance of geomorphic drivers
of organic carbon storage in mountain streams. Finally, | conclude by placing these findings into

perspective and providing insights into floodplain carbon storage and suggestions for future work.
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Chapter 2: A review of organic carbon storage and physical factors

influencing retention in floodplains and riparian ecosystems

Summary

Rivers are dynamic components of the terrestrial carbon cycle and provide important
functions in ecosystem processes. Although rivers act as conveyers of carbon to the oceans,
rivers also retain carbon within riparian ecosystems along floodplains, with potential for long-
term (> 10? y) storage. Research in ecosystem processing emphasizes the importance of organic
carbon (OC) in river systems, and estimates of OC fluxes in terrestrial freshwater systems
indicate that a significant portion of terrestrial carbon is stored within river networks. Studies
have examined soil OC on floodplains, but research that examines the potential mechanistic
controls on OC storage in riparian ecosystems and floodplains is more limited. | emphasize three
primary OC reservoirs within fluvial systems, 1) standing riparian biomass, 2) dead biomass as
large wood (LW) in the stream and on the floodplain, and 3) OC on and beneath the floodplain
surface, including litter, humus, and soil organic carbon (SOC). This review focuses on studies
that have framed research questions and results in the context of OC retention, accumulation and
storage within the three primary pools along riparian ecosystems. In this paper, I (i) discuss the
various reservoirs for OC storage in riparian ecosystems, (ii) discuss physical conditions that
facilitate carbon retention and storage in riparian ecosystems, (iii) provide a synthesis of
published OC storage in riparian ecosystems, (iv) present a conceptual model of the conditions
that favor OC storage in riparian ecosystems, (v) briefly discuss human impacts on OC storage in

riparian ecosystems, (vi) and highlight current knowledge gaps.



2.1 Introduction: Why does river organic matter matter?

Rivers distribute and deliver sediment and organic carbon through the landscape. Spatial
distribution of carbon within riparian ecosystems regulates delivery to the ocean and atmosphere,
retention and storage within the geosphere, and ecosystem processing for the foundation of
foodwebs (Vannote et al., 1980; Allan and Castillo, 2007; Aufdenkampe et al., 2011). | frame this
discussion regarding distribution and retention of organic carbon in rivers around floodplains and
riparian ecosystems.

I refer to floodplains as the relatively flat topographic surfaces adjacent to rivers that
experience inundation on annual to decadal time scales, to be distinguished from adjacent
uplands that are not regularly inundated. Floodplains are estimated to cover between 0.8 x 10°
and 2 x 10° km? globally (Leopold et al., 1964; Tockner and Stanford, 2002; Mitsch and
Gosselink, 2015). | refer to riparian ecosystems as the biota and biogeochemical processes
occurring at the interface of terrestrial and freshwater ecosystems along floodplains (Gregory et
al., 1991; Naiman et al., 2005). Riparian ecosystems provide ecological and societal benefits
such as flood attenuation and denitrification, which is largely dependent on carbon content
(Devito et al., 2000; Hill et al., 2000; Wohl, 2000a, 2000b; Craig et al., 2008), but this discussion
focuses on the physical attributes of rivers and factors that regulate retention of OC as influenced
by climate, geology, hydrology, and geomorphology. First, | briefly review relevant aspects of
riparian ecosystems and the services they provide to create the context for more detailed
discussion of OC dynamics in rivers including ecosystem processing of OC and terrestrial carbon

budgets.



2.1.1 Physical complexity and river ecosystem processing of OC

Position along river networks and resulting channel and floodplain characteristics
regulate components of riparian ecosystems, the local source of OC inputs, distribution and
transportation (Tank et al., 2010) of OC, biogeochemical processing (Battin et al., 2008), and
resulting ecosystem services.

| adopt the river-centric convention of stream ecologists when referring to allochthonous
organic matter (OM) as that which is derived from outside of the channel including riparian
vegetation (e.g., leaves, needles, wood), and autochthonous organic matter as that which is
produced through primary production in the stream (e.g., algae, periphyton). Allochthonous and
autochthonous OM provide the trophic foundation for river ecosystems (Vannote et al., 1980;
Allan and Castillo, 2007). Organic matter is the primary source for organic carbon (OC) within
rivers when compared with fossilized carbon (kerogen; Allan and Castillo, 2007). Approximately
45-50% of OM by mass, depending on species, is OC (Allan and Castillo, 2007). Usage of OM
and OC throughout this manuscript is not interchangeable, but instead specifically refers to one
or the other.

Terrestrial allochthonous detrital material entering headwater streams is the primary
source of OM input to river systems (Vannote et al., 1980; Gomi et al., 2002; Allan and Castillo,
2007; Hilton et al., 2008; Chapin Il et al., 2011). These OM inputs are a major source of OC and
provide the foundation for biogeochemical processing and foodwebs in aquatic and terrestrial
environments (Allan and Castillo, 2007). Narrow headwater channels receive high inputs of plant
debris as coarse particulate organic matter (CPOM, > 1 mm) from riparian ecosystems and

uplands, which is broken down into fine particulate organic matter (0.5 y m < FPOM <1 mm)

by aquatic invertebrates and microbes within the channel, on the floodplain, and within the
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subsurface (Wagener et al., 1998; Allan and Castillo, 2007; Chapin Il1 et al., 2011). Dissolved

organic carbon (DOC; < 0.5 gy m) can be derived from living biomass or leached from POM, and

can remain in channel and floodplain sediment through adsorption to mineral grains, constituting
a significant amount of OC in sediment and soil (Allan and Castillo, 2007). Downed large wood
(LW; >10 cm in diameter and 1m in length) also provides a significant source of particulate
organic matter (POM; including CPOM and FPOM) to river systems (Ward and Aumen, 1986).
In larger rivers that receive more abundant sunlight, autochthonous primary production is a more
significant source of OM present in the channel.

The degree of physical channel complexity along a river segment influences the
distribution and concentration of POM and OC. | refer to channel complexity qualitatively as the
(1) magnitude of channel boundary irregularities, (2) sinuosity, radius of curvature and wave
length of channel meanders and bends, (3) number of channels across the valley bottom, (4)
number and spacing of flow obstructions, (5) variation in bed slope and bedforms, (6) size and
variation in bed material, (7) type, abundance, and density of aquatic and riparian vegetation, and
the (8) number and spacing of steps, pools and riffles for any stream or river segment. Many
factors of channel complexity are analogous to Manningls channel roughness coefficient
(Arcement and Schneider, 1989), which incorporates roughness components as well as slope,
planform, and bedforms. Thus, a highly incised, straight channel lined by concrete would have a
very low complexity. In contrast, a sinuous headwater stream of the same size with channel
spanning logjams approximately every few meters, 4-5 threads of channelized flow across the
valley bottom, abundant steps and backwater pools, channel substrate alternating from boulders
and cobbles, and lined with abundant willows and trees would have a very high degree of

channel complexity.
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Rivers with a high degree of channel complexity (1) increase the residence time of water,
sediment, large wood, and POM within sites of flow separation and off-channel areas such as the
floodplain and hyporheic zone, (2) maintain biological hotspots that facilitate breakdown of OM,
and (3) effectively filter excess nutrients and DOC from surface and shallow subsurface waters
(Bilby, 1981, Stallard, 1998; Kasahara and Wondzell, 2003; Battin et al., 2008, 2009; Hilton et
al., 2008). Riparian ecosystems, particularly those with high degrees of channel complexity,
facilitate retention and complex biogeochemical processing of pollutants and excess nutrients
(Devito et al., 2000; Battin et al., 2008; Tank et al., 2010), which can be present in high
concentrations in highly impacted watersheds (Devito et al., 2000; Allan and Castillo, 2007,
Craig et al., 2008). High dissolved organic carbon (DOC) concentrations in surface waters create
potential risks for human consumption because carcinogenic disinfectant byproducts are
produced when DOC is combined with chlorine at water treatment plants (Trussell and Umphres,
1978; Coffin et al., 2000; Sapkal and Valunjkar, 2013). In watersheds with a substantial
proportion of agricultural land use, C content of riparian soils is an important factor for water
quality and amelioration of high nitrate concentrations because denitrification can be C limited
(Hill, 1996; Hill et al., 2000) and is largely dependent on availability of OM in riparian soils
(Devito et al., 2000).

River fluxes of OM and thus OC exert an important control on freshwater and nearshore
ecosystems and the ecosystem services they provide. Physical and biological processes in rivers
influence OC retention over varying time scales (Battin et al., 2008, 2009; Aufdenkampe et al.,
2011; Wohl et al., 2012a), and understanding these processes is crucial for determining potential
impacts of global climate change, land use, and land-cover changes on OC dynamics within river

systems. Improved understanding of the distribution and retention of OC in river systems can
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continue to inform river management practices and foster opportunities for ecosystem processing

of excess nutrients.

2.1.2 Rivers and the global carbon cycle

Global C budgets, which estimate the annual exchange of C between short-term
reservoirs (i.e., atmosphere, vegetation, soil, near-surface sea water), do not fully account for
CO, released to the atmosphere annually. A significant portion of OC (~ 2 Pg C yr™) is assumed
to be taken up by terrestrial sources (Le Quéré et al., 2009; Ballantyne et al., 2012). However,
current estimates of oceanic and terrestrial C sinks do not fully account for the total C released
annually to the atmosphere through burning of fossil fuels.

The terrestrial C component contains the largest uncertainty of all aspects of the global C
cycle (Gregory et al., 2009), yet appears to be able to absorb an increasing amount of CO,
(Ballantyne et al., 2012). Battin et al. (2009a) and Aufdenkampe et al. (2011) estimate that a
significant portion (~22%) of C entering headwater streams is unaccounted for by delivery to the
oceans or CO, outgassing from metabolism by aquatic biota. This suggests that C is being stored
somewhere within the terrestrial environment along river systems (Figure 2.1; Stallard, 1998;
Battin et al., 2009; Aufdenkampe et al., 2011; Hoffmann et al., 2013). This represents a potential
C reservoir previously unaccounted for in C stock estimates, which may help to close the missing
terrestrial C sink (Cole et al., 2007). Wetlands have been identified as significant C reservoirs
(Kayranli et al., 2010) and the largest source of net ecosystem productivity among land surface
types (Schulze et al., 2005), but forest inventories of vegetation and soil organic carbon (SOC)
have not examined surfaces adjacent to rivers as distinct landforms with different SOC content

than those of the adjacent uplands. Despite being a dynamic component of the terrestrial C cycle,
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river systems are among the least investigated freshwater landscape features as potential long-
term C reservoirs (Cole et al., 2007). Limited research conducted to date, however, suggests that
river networks might store a significant proportion of terrestrial C (Jaramillo et al., 2003; Walter

and Merritts, 2008; Cierjacks et al., 2010; Wohl et al., 2012b; Hoffmann et al., 2013, 2014a).
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Figure 2.1. Modified from Aufdenkampe et al. (2011; Figure 3). Values represent carbon fluxes
in petagrams of carbon per year (Pg C yr™) based on calculations from Battin et al. (2009).
Surface water facilitates fluxes between terrestrial carbon reservoirs, delivering carbon to the
atmosphere and the ocean. Recent research has shown that only a relatively small proportion of
carbon makes it to the ocean after i) outgassing to the atmosphere following metabolism by biota
and ii) sinks to the geosphere. This suggests that rivers facilitate terrestrial carbon storage.

The objectives of this paper are to (i) summarize the primary reservoirs for OC in river
systems, (ii) discuss differences in fluvial environments that can influence OC storage with
respect to landscape- and local-scale controls, (iii) summarize published data of OC stocks in
riparian ecosystems, and (iv) discuss gaps in existing knowledge of OC in fluvial systems.

Although human activities very likely strongly affect OC dynamics in fluvial environments, |

address these potential effects only briefly in this review.



2.2 Organic carbon reservoirs in riparian ecosystems

Organic carbon is stored along river networks in four primary reservoirs: (1) Standing
riparian biomass, (2) large downed wood, (3) sediment, including OM, litter and humus on or
beneath the surface within the channel and across the floodplain, and (4) instream biomass
(Figure 2.2). Work to quantify and compare autochthonous net primary production in stream and
allochthonous litter inputs indicates wide differences among climatic regions, such that OC
values per area are dominated by primary productivity in warmer climates and allochthonous
OM in cooler climates (Allan and Castillo, 2007). Comparison of values from sediment, wood,
and above-ground biomass with those of instream biomass (i.e., benthic invertebrates,
filamentous algae, fine benthic organic matter, and fish) of boreal streams from Naiman et al.
(1987) shows that storage within instream OC stocks per area is relatively insignificant (Figure
2.2; 0.8-4.8 Mg C ha-1). Comparison with values from work by Findlay et al. (2002) in arid,
temperate, and tropical streams indicates similar low values for instream biomass (0.21-1.9 Mg C
ha-1). Organic carbon delivered by streams can contribute to riparian ecosystems during high
flows (Pinay et al., 1992; Hall et al., 2009; Tank et al., 2010) and when physically removed from
the channel by biotic activities. However, because OC fluxes from the channel to the floodplain
are incorporated into surface and subsurface sediment and instream biomass values are small
compared to the other three reservoirs, | do not focus on OC within active channels as a major
reservoir for OC in river ecosystems. Additionally, instream biomass and OC fluxes are variable
spatially and temporally, making instream OC reservoirs extremely transient. Standing biomass
in riparian ecosystems, on the other hand, is much larger (7 - 2794 Mg C ha™) and can include

trees that store carbon for 10? b 10* years. For these reasons, | focus in this paper on the largest
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and most persistent OC reservoirs in riparian ecosystems: (1) standing riparian biomass, (2) large

downed wood (LW), and (3) floodplain sediment and OM.

Figure 2.2. Organic carbon is stored within four primary reservoirs in river systems: above- and
belowground standing biomass as riparian vegetation (A), large instream and downed wood on
the floodplain (B), sediment on the floodplain surface and in the shallow subsurface, including
soil organic carbon, litter and humus (C), and in-stream biomass including filamentous algae,
periphyton, benthic invertebrates, fish, and particulate organic matter (D). Values indicate the
estimated range of organic carbon per area (Mg C ha™*) from studies cited in this review. Values
from Naiman et al. (1987) and Findlay et al. (2002) show that instream biomass (D) accounts for
a relatively small portion of carbon stored in river systems per area when compared to the other
three reservoirs.

River valleys, floodplains, and riparian ecosystems funnel water, sediment, and
associated OC through the landscape. Geologic, climatic, hydrologic, and geomorphic
characteristics of the landscape influence the travel time and retention of water, sediment, and
OC along this journey and provide opportunities for storage. Riparian ecosystems tend to contain

more moisture than adjacent uplands, and commonly exhibit distinct vegetation types. This

means that riparian ecosystems may store more OC per area than other, more thoroughly
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examined components of the landscape such as upland forests, grasslands, and agricultural plots.
Work in tropical regions, for example, indicates that floodplains store more OC than drier,
adjacent uplands (Jaramillo et al., 2003).

Quantitative comparisons among sites will be discussed later, following a review of OC
storage in riparian ecosystems. First, | discuss potential controls on OC retention along river
systems (Figure 2.3). | discuss factors that dictate OC storage in a variety of settings, which can

result in widely different magnitude or direction of influence, depending on the region.

2.3 Landscape-scale controls on organic carbon in riparian ecosystems

The distribution of OC at the landscape scale (10°-10° km?) depends largely upon factors
that influence gross primary production and the decay, transport, and accumulation of OM
(Dodds et al., 2015). These large-scale drivers include geologic setting and ecoregion (Figure
2.3). Geologic setting refers to tectonic history, lithology, and geologic structure. Ecoregions or
biomes characterize biogeographic regions by climate, soil type, and biotic communities.
Differences in climate influence physical and chemical weathering of rocks and sediment,
available moisture, vegetation communities within a given biome, soil development, and

decomposition of organic matter.
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Figure 2.3. A conceptual diagram of regional and local controls on organic carbon reservoirs in
riverine systems. Potential influences are highlighted here, but the mechanism, direction, and
magnitude of each influence varies greatly across different geologic settings and climatic regions.

Ecoregions are characterized by distinct vegetation on regional scales, but they do not
differentiate vegetation in riparian ecosystems from adjacent uplands. Riparian vegetation
communities, however, vary in association with each ecoregion and differ in rates of gross
primary production (Naiman et al., 2010). Vegetation type regulates the form, quality, and
seasonality of OM inputs available for breakdown or storage in riparian ecosystems (Schulze et
al., 2005; Chapin Il et al., 2011). Decomposition of OM is highly dependent on temperature and
moisture, which also control the rate of chemical and physical weathering of soil and rock. Grain
size distributions in rivers affect the availability of mineral facies for adsorption of OC, and thus
influence relative differences in rates of OC mineralization by microbes and aquatic invertebrates
(Schulze et al., 2005; Allan and Castillo, 2007).

Together with climate, geologic setting controls topography, elevation, and drainage

basin and valley characteristics. These factors in turn influence local climate, hydrologic
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disturbance regime, aqueous and soil chemistry, soil type, and rates of primary production
(Figure 2.3). Thus, the direction and magnitude of the influences on OC sources, retention, and
fluxes in riparian ecosystems vary greatly across Earth(s surface depending on both regional and

local characteristics.

2.3.1 Climatic influences of organic carbon in riparian ecosystems

As a source of energy and water, regional climate plays a crucial role in regulating
primary productivity, decomposition, and disturbance, thus determining sources, transport,
accumulation, and breakdown of OM. Globally, the major control of climate is solar energy, and
thermally defined zones can be broadly delineated by latitude (Bailey, 2009). | define
hydroclimatic differences in river systems across broad climatic regions including (1) boreal or
subarctic, (2) temperate, (3) arid, and (4) tropical. It becomes apparent when classifying
published values of OC in riparian ecosystems using even these generalized climatic regions that
large gaps are present in all but the temperate regions. Using data from temperate regions,
Woodall and Liknes (2008) identified the highest OC stocks occurring in areas with cool
summers, suggesting temperature-limited decay rates, whereas the lowest OC stocks are found in
semi-arid areas, suggesting water-limited primary productivity and OM inputs. Carbon reservoirs
are positively correlated with available moisture and negatively correlated with maximum
temperature (Woodall and Liknes, 2008). Flow variability of rivers influences riparian vegetation
community structure and the sources and distribution of OM along floodplains (Camporeale and
Ridolfi, 2006). For these reasons, | briefly cover climatic controls on OC accumulation and
mobilization, including general trends in regional flow regimes. Flow regimes specific to each

climatic region regulate (i) riparian vegetation recruitment and survival, (ii) aggradation and
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degradation of floodplain sediment, and (iii) transport and recruitment of large wood to the

stream and on the floodplain.

Tropical regions

Relatively constant annual temperatures characterize tropical regions, with seasonal
variations dominated by precipitation. The year-round growing season results in high
productivity and abundant vegetation in uplands and riparian areas, with high POM
inputs to streams (Lyons et al., 2002; Alin et al., 2008; Hilton et al., 2008; West et al., 2011,
Wohl and Ogden, 2013). Low variability in temperatures are accompanied by low monthly and
interannual variability of discharge in tropical rivers (Wohl, 2007), providing a regulated
environment for primary production, OM inputs, and exports of OC. Variations in precipitation,
however, may create distinct seasons of increased moisture and peak discharge in some rivers
(Wohl et al., 2012a), which likely influence OC storage along extensive floodplains and riparian
ecosystems in lowland, tropical river systems. Flood pulses deliver sediment and OM to the
floodplain and riparian wetland ecosystems, creating potential for high OC reservoirs. Abundant
moisture and warm temperatures in tropical regions, however, facilitate rapid decomposition of
organic matter. In addition to high decomposition rates, monsoons and heavy precipitation leach
soils of nutrients and OM in tropical environments, resulting in little-to-no organic O- and A-
horizons in soils, which commonly have a litter layer atop B-horizons (Birkeland, 1999).

Processes in steep tropical uplands deliver OC to lowland environments (Ramos Scharron
et al., 2012). Slope failures in steep uplands of tropical regions likely flush organic matter
through riparian ecosystems relatively rapidly compared to other regions (Lyons et al., 2002;

Hilton et al., 2008, 2010; Ramos Scharron et al., 2012), perhaps simply supplying flatter
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lowlands with OC inputs. Climatic patterns such as the EI Nino Southern Oscillation can be
responsible for rapid deposition of 20 b 80 cm of sediment in a single event on the floodplains of
the Amazon River (Aalto et al., 2003) and aggradation of 2.8 D 3.7 mm yr* has been calculated
for the Amazon River floodplains during 9500 b 3000 y Bp (Mertes and Dunne, 2007). Although
conditions exist for rapid decomposition of C along floodplains in the tropics, work by Alin et al.
(2008) and Goni et al. (2008) suggest that recalcitrant terrigenous OC and aged soil OM can
persist along floodplains for 10? b 10° years without being metabolized. Their work along
floodplains of the Fly and Strickland rivers in Papua New Guinea used radiogenic carbon
isotopes in surface water and floodplain and delta sediment to determine that OC from
headwaters does consist of highly processed OM, but the majority is very old and dominated by
terrigenous sources in streams and on floodplains (Alin et al., 2008) and on the subaqueous Fly

river delta, where marine sources of C were not detected (Goni et al., 2008).

Temperate regions

Distinct seasonality in temperature and discharge within temperate regions is responsible
for consistent annual patterns of productivity, OM inputs, and OC retention in riparian
ecosystems. Temperate regions encompass a range of dominant vegetation types, including
evergreen and deciduous forests, shrublands, and grasslands. Consistent seasonal trends in OM
inputs and temperature regulate biogeochemical processing of OM, such that OC accumulates
more rapidly in soils compared to tropical regions. Moderate interannual variability and low
monthly variability in discharge of temperate rivers (Wohl, 2007), likely dampen variability in
the aggradation and degradation of floodplain sediment and large wood. However, local climate

N and C processing N can be highly variable depending on topography, latitude, and location
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relative to the oceans. Temperate regions encompass the most variability in temperature,
precipitation, discharge and floodplain disturbance regime among the climatic regions covered
here. Consequently, I distinguish arid regions within the temperate latitudes as a separate

category.

Arid regions

Riparian ecosystems typically have increased moisture and greater vegetation density
compared to adjacent uplands, and this trend in generally more pronounced in arid regions
(Friedman and Lee, 2002). Limited primary production, as a result of potential evaporation
exceeding precipitation, limits OM inputs to riparian ecosystems in arid regions. Although a
large portion of vegetation in arid regions includes cacti, succulents, and woody perennial plants
and trees with photosynthetic stems that appear to create limited plant litter, riparian ecosystems
receive a significant amount of OM from seasonal flowers, grasses, seed casings, small leaves,
and wood (Sponseller and Fisher, 2006). Low moisture availability in arid regions limits
productivity, but also hinders decomposition of OM and thus increases opportunities for OC
storage in riparian ecosystems (Harms and Grimm, 2008).

Reservoirs of OC in arid-region riparian ecosystems are highly influenced by timing of
precipitation and flooding, which can occur sporadically throughout the year. Subtropical deserts,
however, typically receive the majority of their moisture as monsoons. This strong seasonality in
precipitation affects productivity, decay rates, local transport and redistribution of OM more
greatly than in temperate regions (Merritt and Wohl, 2003; Stromberg et al., 2010). High spatial
and temporal (i.e., daily, monthly, and annual) variability of discharge in many arid rivers (Wohl,

2007) is likely to provide little predictability of mobility and aggradation of sediment, wood, and
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OM. Flash floods, common in arid regions, redistribute OC in sediment among channels and
floodplains (Valett et al., 2005). Thus, storage of OC is likely highly variable, spatially and

temporally, in arid region riparian ecosystems.

Boreal regions

Boreal or subarctic regions experience large temperature variation between seasons. The
short summers are generally warm and humid, with very long days, resulting in high levels of
seasonal productivity of forest and wetland vegetation in the summer and significant OM inputs
in the autumn months. Rivers in subarctic and boreal regions experience low interannual
variability and large monthly variability in hydrograph peaks as a result of snowmelt and ice
breakup during the spring and early summer months (Wohl, 2007), However, lower snowpack
and earlier snowmelt as a result of increased warming may alter the magnitude of annual peaks
(Costard and Gautier, 2007). Timing of peak flows remains relatively consistent, with the
potential for secondary peaks as ice breakup migrates downstream (Costard and Gautier, 2007).
This seasonal hydrologic disturbance regime is responsible for consistent transport of OC onto
and from floodplains.

Subarctic soils may contain significant amounts of OC in peatlands, permafrost, and from
terrestrial OM inputs (Schuur et al., 2008; Tarnocai et al., 2009). Long, cold winters and shallow
water tables perched above permafrost facilitate saturated conditions that limit aerobic microbial
activity and metabolism of OC pools, contributing to extensive OC storage in soils. Throughflow
in the active layer of periglacial environments, however, causes seasonal flushing during
snowmelt (Koch et al., 2013), which may mobilize shallow SOC in subarctic regions (Striegl et

al., 2005), particularly in floodplains. This mobilization promotes a distinct seasonality of OC
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flushing from the active layer, which may limit OC storage. Ice- and logjams, however, are
common and promote overbank flow, sometimes increasing flow stage by 8-10 m on major
rivers such as the Lena in Russia (Costard and Gautier, 2007).

Permafrost serves as a significant reservoir and source of OC from soils in boreal river
networks, and may include large wood frozen into floodplain deposits (Wohl, 2013a). Bank
erosion and collapse, which are increasingly common with climate change and melting of
permafrost (Costard and Gautier, 2007), may transport OC that has been stored for significant
periods of time (i.e., >10°y). Because (1) permafrost constitutes the highest observed values of
SOC in upland soils (Schuur et al., 2008; Tarnocai et al., 2009), (2) seasonal melt flushes OC
from the active layer (Striegl et al., 2005; Koch et al., 2013), and (3) riparian soils experience
increased depth of melting, abundant hyporheic exchange, and higher magnitude and longer
duration of throughflow, boreal environments may exhibit a reversal of SOC trends in riparian

areas, such that riparian soils have lower OC content compared to surrounding upland soils.

Highlands and mountainous regions

Mountainous terrain within all climatic zones can assume characteristics of other climatic
regions. Topographic influences can alter precipitation regimes, create meso-climates, and
change hydrologic disturbance regimes (Jong et al., 2005). Increased elevation can induce
orographic precipitation such that highlands receive more rain than surrounding lowland regions
(Loukas et al., 2000; Jong et al., 2005). Lower temperatures at higher elevations may result in
seasonal snowpack and limit microbial activity. In general, mountainous environments tend to
change the hydroclimatic regime by decreasing temperature and increasing precipitation, thus

shifting toward a wetter and cooler climate, providing more consistency in hydrologic response
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and disturbance regime (Jong et al., 2005), slowing decomposition of OC, and potentially
increasing retention of OC. Exceptions exist, including steep mountainous environments which
experience rapid denudation, hillslope erosion, and channel incision (Hilton et al., 2008). These

characteristics are regulated by and discussed further in the context of geologic setting.

2.3.2 Geologic Setting

Geologic setting includes tectonic setting, rock type, weathering rates, sediment
production, and ultimately the availability of minerals and nutrients, which can all influence OC
retention along riparian ecosystems. Tectonic setting broadly includes active and passive tectonic
plate boundaries in continental interiors and along continental margins. Active uplift, whether
within the interior or along the margins of continents, encourages steep hillslopes and streams,
more frequent mass wasting, and potential mobilization and subsequent
breakdown/mineralization of OC downslope, with less opportunity for storage along headwater
streams (Hilton et al., 2008; Wohl and Ogden, 2013). Transport of sediment by rivers toward
lower gradient interiors of continents, as in the Amazon and Mississippi River basins, may result
in significant aggradation and storage of sediment (Meade, 2007) and associated OC. Mountain
ranges with steep rivers along continental margins are more likely to transport sediment and OC
to the ocean more rapidly (Hilton et al., 2008, 2010; Leithold et al., 2006).

The tectonic nature of continental margins plays an important role in determining the
duration of storage of OC. Tectonically passive continental margins create potential to store OC
in sediment of deltaic deposits or within estuaries. Riverine environments along low-elevation
coasts constitute potential storage for 10°-10* y, but are subject to tides, changes in sea level rise,

and storm surges (Mertes and Dunne, 2007). Tectonically active margins provide potential for
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much longer storage periods of 10°-10° y, particularly those that occur where subduction of
oceanic tectonic plates beneath continental plates moves sediment and OC into the mantle to be
recycled through volcanic processes (Dasgupta and Hirschmann, 2010). Although it is important
to note differences in potential storage between continental interiors and active and passive
continental margins, | do not cover additional details regarding the fate or storage of OC once it
reaches the ocean.

Geologic setting controls topography and influences local climate and hydroclimatic
disturbance regime. Topography influences potential transport and storage of sediment, soil, and
OM. In rivers flowing through low-lying, relatively flat regions, floodplains are likely to retain
OM for longer periods of time (Noe and Hupp, 2009) compared to steep, mountainous terrain
with more rapid downstream movement of OM (Benda et al., 2005; Hilton et al., 2010).
Similarly, geologic setting dictates the energy gradient between any given point along a river and
base level, which influences channel slope and the balance between water and sediment inputs,
and thus channel incision and floodplain and channel aggradation (Lane, 1955; Schumm, 1977,
Leopold and Bull, 1979; Schumm, 1993).

Geologic and climatic controls on base level play a major role in whether rivers aggrade
or incise the landscape through which they flow and thus potential for OC storage along
floodplains. Local base level associated with knick points, lakes, inland seas, reservoirs, and sea
level influences stream gradients, erosion, and aggradation. Changes in local base level and sea
level have the ability to influence OC storage in riparian ecosystems because active uplift and
steep slopes facilitate hillslope mass wasting and floodplain erosion (Hilton et al., 2010). Limited
research suggests that floodplains in low-relief environments within the interior United States

(Guyette et al., 2008), and even smaller, steep streams in the tectonically passive interior U.S.
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Rocky Mountains (Wohl et al., 2012a), are more likely to retain OM within the terrestrial
environment for a longer period than streams in regions of active tectonic uplift. Thus, tectonic,
topographic, and climatic setting creates the template for local characteristics and factors such as
channel form and complexity, which influence distribution and fluxes of OM within river

systems.

2.4 Localized controls on the distribution of organic matter in riparian ecosystems

As with the landscape scale, the distribution of OC at the local scale of individual valley
segments 10'-10% m in length depends on factors that influence gross primary production and the
decay, transport, and accumulation of OM. At the local scale, these factors include valley and

channel geometry as well as biotic influences.

2.4.1. Valley and channel geometry

Climate interacts with geology to create the topography that influences fluxes of water,
sediment, and OM through the landscape (Schumm, 1977; Benda et al., 2005). Channel form
changes downstream along an idealized progression from primarily erosive, steep, coarse-
grained headwater streams toward lower-gradient channels with finer-grained substrate
(Schumm, 1977; Montgomery and Buffington, 1997). However, this downstream progression
may take the form of spatially discrete zones, with distinctly different hillslope processes,
degrees of sediment and water connectivity between hillslope and channels, and channel
characteristics that influence OM dynamics, so that downstream changes in OC reservoirs can be
characterized via geomorphic process domains (Montgomery, 1999). Process domains help to

identify the relative degree of connectivity between hillslopes and channels and categorize
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spatially distinct regions by the dominant geomorphic processes responsible for sediment
dynamics and ecosystem disturbances (Wohl, 2010a; Polvi et al., 2011; Bellmore and Baxter,
2014).

Hillslope-river connectivity, valley confinement and channel geometry (i.e., cross-
sectional geometry, planform, bedforms, bank irregularities) influence fluxes of water, sediment,
living biomass, POM, and OC (Schumm, 1977; Montgomery, 1999; Gomi et al., 2002; Benda et
al., 2005; Hilton et al., 2008). Although river and hillslope coupling of water and sediment may
be expected to decrease with increasing distance downstream (Montgomery, 1999; Brierley and
Fryirs, 2005), spatial heterogeneity of lithology and geomorphic processes interrupt this
idealized progression (Benda et al., 2005). Spatial heterogeneity in bedrock jointing, for example,
facilitates longitudinal heterogeneity in valley geometry (Ehlen and Wohl, 2002; Wohl, 2008), as
does glaciation (Amerson et al., 2008).

Valley confinement regulates the distribution of hydraulic forces responsible for sediment
transport and resulting channel form (Dunne and Leopold, 1978; Leopold et al., 1964;
Montgomery, 1999; Wohl et al., 2012b). Narrowly confined valleys concentrate flow and
promote rapid increases in hydraulic force with increasing discharge, which limits deposition of
sediment and OM. Broad, unconfined valleys dissipate transport energy during flood flows,
facilitate deposition and storage of OM, and promote the development of multithread channel
planforms (Wohl, 2000a; Naiman et al., 2005; Wohl, 2013a). Multithread channels increase
channel complexity and create positive feedbacks as flow diverges around channel obstructions,
islands and bars, resulting in accumulation of OM (Bilby, 1981; Montgomery et al., 2003; Quinn
et al., 2007; Richardson et al., 2009; Wohl and Cadol, 2011; Camporeale et al., 2013; Polvi and

Wohl, 2013; Wohl, 2013a; Beckman and Wohl, 2014a; Wohl and Beckman, 2014). Hydraulic



backwaters and pools immediately downstream of obstructions delay downstream transport of
OM and provide the physical complexity that facilitates biological hotspots in which microbes
and aquatic biota mineralize OC and nutrients (Battin et al., 2008). These types of channel
structures are particularly important in headwater streams with high inputs of OM (Conners and
Naiman, 1984; Baron et al., 1991; Richardson et al., 2009; Tank et al., 2010).

Characteristics of riparian soils and plant communities correlate strongly with valley
form, the catchment hydrologic regime, hillslope and floodplain geomorphic processes, and
distribution of geomorphic surfaces (e.g., floodplains, berms, banks) across the valley bottom
(Sollins et al., 1985; Gregory et al., 1991). Heterogeneity in riparian vegetation and soils is
closely linked to connectivity of water on and beneath the stream bed and floodplain, which is
influenced by valley geometry, channel planform, gradients in soil moisture, and redox potential
in the riparian corridor (Tabacchi et al., 1998; Polvi et al., 2011). Thus, the amount of OC stored,
and the relative contribution of different OC pools, may vary considerably in different portions
of a given watershed. Heterogeneity of drainage networks, the natural disturbance regime,
process domain, and land management activities affect channel form and influence the variability
of riparian vegetation community structure (National Council for Air and Stream Improvement,
2005). Riparian vegetation plays a key role in the distribution of OM throughout a watershed by
contributing OM to riparian ecosystems as instream and floodplain wood, leaf litter, and
decaying roots, and by influencing flow characteristics and channel geometry.

For the purpose of our discussion, | define hydrologic connectivity as fluxes of water i)
longitudinally within channels, ii) laterally between floodplains and channels, and iii) vertically
between surface water, hyporheic flow, and groundwater (Wainwright et al., 2011; Bracken et al.,

2013). While hydrologic connectivity influences the connectivity of sediment, | refer to these
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concepts separately and refer to sediment connectivity primarily as the downstream transport of
sediment and lateral exchange and potential storage on the floodplain (Fryirs, 2013; Hoffmann et
al., 2009). Each of these facets of connectivity influences the distribution and biogeochemical
processing of OM in river systems (Stanford and Ward, 1993; Pringle, 2003; Wohl, 2010b,
2014b). Lateral and longitudinal hydrologic connectivity, for example, facilitate the transport,
accumulation, retention, and breakdown of OM (Bilby, 1981; Montgomery et al., 2003; Battin et
al., 2008; Wohl, 2013a). Increased lateral and vertical connectivity facilitate saturated conditions
in floodplains, thus increasing vegetative production but limiting decomposition of OM.
Saturated conditions limit microbial metabolism and mineralization of SOC (Falloon et al., 2011;
Moyano et al., 2012) and foster the accumulation and long-term storage of OC (Polvi and Wohl,
2012; Wohl, 2013b). Hyporheic exchange promotes aeration, microbial metabolism of OC
(Edwards, 1998; Zarnetske et al., 2011), and adsorption of DOC onto soil mineral facies
(Schulze et al., 2005).

Precipitation and flow regimes influence all forms of hydrologic connectivity, as does the
topography that governs water routing through a catchment (Dunne and Leopold, 1978; Benda et
al., 2005). Hydrologically flashy systems that respond quickly to rainfall flush OM and OC
through the catchment quickly (Dunne and Leopold, 1978), limiting opportunities for
decomposition (Battin et al., 2008) and potential for long-term storage (Aufdenkampe et al.,
2011; Wohl et al., 2012b). Conversely, catchments with significant interception, high infiltration,
and high channel complexity, produce longer flow paths and increase lag times for hydrograph
response (Dunne and Leopold, 1978). This delay in downstream conveyance of water facilitates

accumulation of fine sediment and POM (Montgomery et al., 2003; Sear et al., 2010; Wohl,
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2013a; Wohl and Beckman, 2014), hyporheic exchange, mineral adsorption of DOC (Schulze et

al., 2005), and fosters hotspots for decomposition of OM (Battin et al., 2008).

2.4.2. Biotic influences on channel geometry

Biotic influences on channel geometry include: (1) riparian vegetation (Tabacchi et al.,
1998; Camporeale et al., 2013; Merritt, 2013), (2) riparian grazing and browsing (Kauffman et
al., 1983; Clary, 1999), (3) large wood (Abbe and Montgomery, 2003; Collins et al., 2012; Wohl,
2013a), (4) beavers (lves, 1942; Persico and Meyer, 2013; Polvi and Wohl, 2013; Westbrook et
al., 2013; Wohl, 2013b), and (5) aquatic biota (Butler, 1995; Montgomery et al., 1996; Statzner
et al., 2000, 2003; Jones, 2012). In this discussion, I focus on major changes to channel form that
influence the major reservoirs of OC by biotic drivers including riparian vegetation, large wood,
and beavers. Although fauna can influence channel geometry through grazing, major changes to
channel form are typically a function of intensive grazing associated with livestock and thus are
related to land use, which is discussed in section 7.

Interactions between channel geometry and riparian vegetation affect channel cross-
sectional form, planform, spatial variations in flow velocity (Trimble, 2004; Nepf and
Ghisalberti, 2008; Camporeale et al., 2013; Merritt, 2013), and therefore the distribution and
fluxes of OM. Lateral connectivity to the floodplain, for example, partly reflects channel
geometry and significantly influences germination, establishment, and survival of many riparian
species (Cooper et al., 1999; Merritt and Poff, 2010; Camporeale et al., 2013). Some riparian
plant species are adapted to tolerate high shear stress during high flows (Camporeale et al., 2013)
and provide stability to channel banks by increasing soil cohesion through root tensile strength

(Abernethy and Rutherfurd, 2001). This resistance to bank erosion creates a positive feedback:
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flow velocity decreases along banks and vegetated islands, and this facilitates sediment
deposition immediately downstream and creates new germination sites for riparian plants, which
then contribute to bank stability and continued aggradation (Tabacchi et al., 1998; Naiman et al.,
2005; Camporeale et al., 2013; Merritt, 2013).

In forested environments of the northern hemisphere, beavers can play an important role
in storage of OM along riparian ecosystems (Naiman et al., 1986; Correll et al., 2000; Wohl,
2013b). Alligators and hippopotamuses can also influence channel form by constructing canals
and small water holes or ponds to aid their travel, predation, and foraging, but these effects are
still relatively insignificant compared to the extensive geomorphic engineering of the beaver
(Butler, 1995). Beavers greatly alter channel geometry and valley bottoms in what has been
termed the beaver meadow complex (lves, 1942). Beavers engineer an extensive series of
terraced dams, ponds, and canals, which greatly increase channel complexity, promote lateral
connectivity to the floodplain, encourage floodplain aggradation, raise riparian water tables, and
thus contribute to the rapid colonization and growth of wetland riparian plant species (Westbrook
et al., 2006; Polvi and Wohl, 2013; Westbrook et al., 2013; Wohl, 2013b). In Rocky Mountain
National Park, USA, valleys with beaver meadows (Morgan, 1868) contain deeper
accumulations of fine sediment and higher OC content than valleys without beaver activity
(Kramer et al., 2012; Wohl et al., 2012b). These beaver-influenced sediments can persist for
thousands of years (Persico and Meyer, 2009, 2013; Polvi and Wohl, 2012). The geomorphic
effects of beaver activities on the distribution of OM and associated OC storage are similar to
those created by instream wood and logjams.

Channel planform, disturbance regime, and riparian vegetation dynamics impact the

wood load in channels and floodplains, and the resulting OC dynamics. Feedbacks between
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hydraulics and vegetation mentioned above also apply to wood with regard to the dissipation of
energy and accumulation of sediment (Montgomery et al., 2003; Sear et al., 2010; Wohl, 2013a;
Beckman and Wohl, 2014; Wohl and Beckman, 2014). Instream wood not only facilitates
channel complexity and flow divergence, but also provides refugia for aquatic invertebrates and
microbes that break down and metabolize CPOM and FPOM (Allan and Castillo, 2007).
Channel-spanning logjams create pools and trap sediment and POM for time periods of 10°-10*
years (Montgomery et al., 2003; Sear et al., 2010; Wohl, 2013a; Beckman and Wohl, 2014;
Wohl and Beckman, 2014). Large pieces of wood and abundant wood associated with old-
growth forests, in particular, can form persistent channel-spanning logjams that facilitate the
development of multithread channels (Brummer et al., 2006; Collins et al., 2012; Wohl et al.,
2012b). Continuous avulsion and shifting of channels occur partly as a response to undercutting
of standing trees during high flows, which ensures continued recruitment of instream wood
(Collins et al., 2012; Wohl, 2013a). Increased channel complexity as a result of riparian
vegetation, beaver dams, and persistent logjams increases sediment deposition, accumulation and
retention of OM (Polvi and Wohl, 2012; Wohl et al., 2012b; Wohl, 2013a, 2013b; Polvi and

Wohl, 2013; Wohl and Beckman, 2014).

2.5 A review of organic carbon stocks in riparian ecosystems

In this section, I discuss influential factors and relative differences in three primary pools
for OC storage in river systems: 1) standing riparian biomass, 2) dead biomass as LW in the
stream and on the floodplain, and 3) floodplain surface (i.e., litter) and subsurface (i.e., humus
and soil) sediment and OM. In this context, | summarize existing knowledge of floodplain and

riparian components of river systems. I do not include specific discussion of other wetland



environments, lakes, reservoirs, alluvial fans, estuaries, and deltas, even though these
depositional environments are likely substantial storage areas for OC (Chmura et al., 2003; Cole
et al., 2007; Bianchi and Allison, 2009; Kayranli et al., 2010). Reported values of OC specific to
riparian ecosystems and floodplains are published in journals of diverse disciplines and do not
necessarily frame findings as carbon storage in riparian ecosystems or floodplains. | gather this
information and present it in a way that highlights the primary reservoirs and influential factors

for potential long-term (10?- 10*y) storage.

2.5.1 Riparian vegetation

Vegetation constitutes a significant OC reservoir in riparian ecosystems and provides the
source for much of the LW and CPOM that is stored on the floodplain. A limited number of
studies have examined OC pools in riparian biomass (Table 2.1; Figure 2.4), each with specific
objectives that influenced the biomass components measured (e.g., Fierke and Kauffman, 2005).
Reported values for total riparian biomass OC, which includes vegetation and LW in some
studies, are wide-ranging (<1 to 2794 Mg C ha'), and directly reflect the vegetation structure
and successional stage (Table 2.1). Published research has largely focused on temperate regions
(Table 2.1; Figure 2.4), including several studies that examined streams impacted by disturbance
(Giese et al., 2000, 2003; Fierke and Kauffman, 2005; Ruffing et al., in press). Highest values
were observed for mesic, old growth, conifer-dominated riparian forests in the Southern Rocky
Mountains (Figure 2.4, Wohl et al., 2012), while lowest values occurred in early successional
cottonwood stands (Fierke and Kauffman, 2005), herbaceous-dominated meadows (Dwire et al.,
2004; Cierjacks et al., 2010; Wohl et al., 2012b), and willow shrub stands (Wohl et al. 2012). At

disturbed temperate sites, alteration or removal of riparian vegetation resulted in notably lower



OC pools (Giese et al., 2000, 2003; Fierke and Kauffman, 2005; Ruffing et al., in press). Mature
temperate hardwood forests include a wide diversity of tree and understory species, yet total OC
storage in riparian biomass consistently ranges from ~100 b 300 Mg C ha™* (Tablel)

Studies of estimated riparian biomass were limited primarily to temperate regions,
leaving few data for other climatic regions. No published estimates of riparian biomass OC were
found for arid regions. However, pioneer species of willow and cottonwood trees are common in
the floodplains of many desert rivers in North America (Stromberg et al., 2013), and values may
be comparable to those reported for mature cottonwood forests in Oregon (190 -218 Mg C ha™;
Fierke and Kauffman, 2005). In tropical floodplain forests, total biomass OC values appear at the
higher end of those in temperate riparian ecosystems (Figure 2.4; Jaramillo et al., 2003). To
improve understanding of riverine OC storage, more riparian vegetation types in different
ecoregions need to be sampled for a complete suite of biomass components.

Field-based estimation of OC pools in riparian vegetation involves intensive sample
collection and processing. To facilitate more rapid assessment of riverine biomass and OC stocks,
different remote sensing techniques have been applied (Filippi et al., 2014). Suchenwirth et al.
(2012, 2014) distinguished riparian vegetation types and used high spatial resolution remote
sensing data to estimate carbon stocks along the Danube River, Austria, which proved
comparable to field-based estimates (Figure 2.4; Cierjacks et al., 2010). With increased focus on
regional carbon budgets, development of remote sensing tools holds promise for estimating OC

stocks for different vegetation types globally, including riparian floodplains.



Table 2.1. Published values of organic carbon pools from biomass and carbon inputs via litterfall in alluvial riparian ecosystems.

Total
. . Biomass Components Riparian vegetation Biomass
Location Climate Measured type Carbon Reference
(Mg C ha™)
Tropical floodplain
Ch_amela Blo_loglcal Station, Tropical Treeg (live), vines, forest (combination of 119-188*  Jaramillo et al. 2003
Jalisco, Mexico seedlings, roots evergreen and
deciduous species)
Pen Branch
Fourmile Branch ;I?trfe?‘, islh;ubs,:]ﬁrbacefgus, fBottotméglch hartdwocl)d " L 2000
Meyerls Branch Temperate itterfall, forest floor, fine ores ( ifferent sera 75D 108.8 iese et al. ,
i ) ) roots, submerged aquatic stages; deciduous 2003
(3" order tributaries to Savannah vegetation species)
River, South Carolina, USA)
Meyer(s Branch
Savannah River Temperate Trees, shrubs, herbaceous Cypress-tupelo forest 174 -192°  Muzika et al. 1987
South Carolina, USA
Mature hardwood,
. ] conifer & cottonwood 160 b 280 o
Danube River, Austria Temperate Trees, shrubs forests: Cierjacks et al. 2010
Young reforestations 35
Black cottonwood Fierke and
Williamette River, Oregon, USA  Temperate Trees (live & dead) (chronosequence of 5 <1p 218
. Kauffman 2005
successional stages)
. Temperate . .
6 'z‘ttreamsﬁdSE Wyoming USA (mountains) Trees, shrubs, herbaceous, Conifer-dominated 53-166 Ruffing et al., in
(1™ and 2™ order) forest floor press
North St. Vrain & Big TemperaTte Trees. shrubs. herbaceous Conifer-dominated,; 194-360
Thompson Rivers, Colorado, (mountains) ' ’ ’ willow-dominated; 57 Wohl et al. 2012
forest floor
USA herbaceous meadow 42
West Chicken Creek Temperate Herbaceous (above & below
Limber Jim Creek, (mountains) Herbaceous meadow 7p215° Dwire et al. 2004

northeast Oregon, USA

ground)

% Estimated from reported biomass values using a conversion factor of 0.5 (assuming 50% C content).
|
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Jaramillo et al. (2003)
Fierke and Kauffman (2005)
Cierjacks et al. (2010)
Muzika et al. (1987)

Giese et al. (2000,2003
Dwire et al. (2004)

Ruffing et al. (in press)
Wohl et al. (2012)

Jaramillo et al. (2003)
Cadol et al. (2009)
Chen et al. (2005)

Comiti et al. (2008)
Ruffing et al. (in press)
Cierjacks et al. (2010)
Comiti et al. (2008)
Wohl et al. (2011)
Wohl et al. (2012)
Naiman et al. (1987)

Jaramillo et al. (2003)
Rieger et al. (2014)
Ricker et al. (2012)

Geise et al. (2000,2003)
Wiggington et al. (2000)
Walter and Merritts (2008)
Latterel et al. (2006)
Cierjacks et al. (2010)
Hoffmann et al. (2007,2009)
Appling et al. (2014)

Wohl et al. (2013)

Wohl et al. (2012)
Hoffmann et al. (2014)

Tropical

SOC (Mg C ha™")

Figure 2.4. Studies cited here that quantify carbon reservoirs in riparian ecosystems and

floodplains. Black bars indicate ranges of values reported by each study of organic carbon
storage in biomass, large downed wood, and soil organic carbon. Note the different scale on x-
axis of SOC figure. More details described in Tables 1-3.
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2.5.2 Large downed wood

Large downed wood (LW) provides an important source of OM to river systems and
floodplains. In a tropical Costa Rican forest, large dead wood accounted for a third of the OC in
above-ground woody biomass within the entire watershed (Clark et al., 2002). Dead wood in
subalpine forests in the Colorado and Wyoming Rocky Mountains ranged from 2.8 b 60 % (1.3 -
34.3 Mg ha''; Kueppers et al., 2004) and 12.9 b 56% (Bradford et al., 2008) of that in above-
ground woody biomass. Long residence times of LW in streams and on the floodplain provide
potential for long-term storage of OC and sources of POM. Numerous factors influence the
volume and residence time of stored wood in river systems, including characteristics of the
riparian forest stand age, stem density, species, wood decay rate, hydroclimatic disturbance
regime and floods, and wood recruitment mechanisms, which include individual tree topple,
disturbance-related mortality, bank and floodplain erosion, and transport from adjacent uplands
and channels (Benda and Sias, 2003; Collins et al., 2012). Thus, the recruitment, residence time,
and stored volume of floodplain and instream wood are largely dictated by climate, geologic

setting, and local controls on channel form.



Table 2.2. Published values of ages and carbon storage as downed wood on floodplains and in active channels

OC content
Location Climate v'\;“o%e; ?;) ocC Cg”;:ﬂ; (Mg (Mg (% Reference
100m™)
Floodplains
Southeastern Australia Temperate 240 £ 40 Webb & Erskine, 2003
Ontario, Canada Temperate 350-800 Guyette et al., 2002
Missouri, USA Temperate 35152 Guyette et al., 2008
Colorado, USA Temperate 800-2500 Wohl et al., 2012
South Carolina, USA Temperate 25.5-445" Wohl et al. 2011
Quebec, Canada Temperate 57.3 Naiman, 1987
Central Chili Temperate 23D 158" Comiti et al., 2008
Tierra del Fuego, Argentina Temperate 30° Comiti et al., 2008
Danube River, Austria Temperate 5-40 Cierjacks et al. 2010
SE Wyoming USA (1% and 2" order) Temperate 1-26 Ruffing et al., this issue
Chamela Biological Station, Jalisco, Mexico Tropical 13-23°¢ Jaramillo et al. 2003
Active channels
Quebec, Canada Boreal 0.8 - 60, 23.2f Naiman et al., 1987
British Columbia, Canada Temperate 10.9 - 83.9° Chen et al. (2005)
Washington, USA Temperate 19%,>1400 ¢ Hyatt and Naiman, 2002
b

Washington, USA Temperate 055 Zfi’f; Fox & Bolton, 2007
Italy Temperate i 0.1-0.7°  Comiti etal., 2006
Central Chili 28D 163 o
Tierra del Fuego, Argentina Temperate 28" Comiti et al., 2008
La Selva, Costa Rica Tropical 9-139° 1.4-158°  Cadol et al., 2009

& wood buried by floodplain aggradation

reported median value

b
C
¢ maximum age reported
e
f

calculated mean from published values

VH#

estimated from reported values and wood density for reported species assuming 50% of mass as C

estimated range from reported wood volumes, reported mean wood densities, and reported error



The amount of OC stored on the floodplain and in the channel as wood varies with
drainage area, ecoregion, forest stand characteristics, and valley and channel characteristics.
Limited research suggests that in smaller rivers (i.e., drainage areas <1000 km?) downed
instream and floodplain wood can constitute the primary reservoir of stored OC (Naiman et al.,
1987), particularly in unconfined valley segments wider than ten times the bankfull channel
width (Wohl et al., 2012a). Larger rivers (i.e., >1000 km?), in which channel width typically
exceeds the length of individual pieces of wood, historically had substantial wood accumulations
in the form of wood rafts (Triska, 1984; Wohl, 2014a), although wood rafts are now rare because
of systematic wood removal from rivers.

Volumes of instream wood tend to be greatest in temperate environments, which have
larger trees than boreal regions, but longer decay times than tropical regions (Table 2.2, Figure
2.4; Cadol et al., 2009; Wohl, 2013a). Although studies of decay rates within rivers are almost
non-existent, decay rates for logs on a forest floor vary from 50 to 100 years in dry climates
(O0Connell, 1997; Ellis et al., 1999), 10 to 100 years in humid temperate climates (Boyce, 1961;
Harmon, 1982), and less than 10 years in the tropics (Delaney et al., 1998; Clark et al., 2002;
Lewis et al., 2004). These differences between regions correspond to the potential for long
residence times of LW in temperate rivers and the relative mass of OC stored in living vegetation
and Hyatt and Naiman (2001) documented LW that had been in the Queets River of Washington
for up to 1400 years, although most pieces were < 50 years old. In the redwood forests of
northwestern California, LW residence times can exceed 200 years (Keller et al., 1995). In old
growth, conifer-dominated riparian forests of the Southern Rocky Mountains, standing trees
account for only 7-22% of the total stored OC, whereas downed wood accounts for 77-93%

(Figure 2.4; Wohl et al. 2012). Although tropical floodplain forests also store notable amounts



of OC (Figure 2.4), over 90% comes from standing riparian biomass (trees and vines), whereas
downed wood contributes only about 8%, presumably due to rapid decay rates (Jaramillo et al.
2003).

Forest stand characteristics that influence the storage of OC as LW include species
composition and stand age. Species composition and stand age influence susceptibility to
disturbances such as wildfire, blowdowns, and insects (Turner, 2010). Species composition and
stand age also influence piece size and shape of LW, and therefore mobility and residence time
of LW on floodplains and in channels (Montgomery et al., 2003; Wohl et al., 2011). Finally,
species composition and stand age influence mortality rate and rates of LW decay and abrasion
(Keim et al., 2000; Hyatt and Naiman, 2001; Latterell and Naiman, 2007; Wohl and Goode,
2008).

Channel geometry and instream wood play an important role in the retention and
ecosystem processing of OC because wood obstructing channelized flow can facilitate complex
flow paths and hydrologic connectivity to the floodplain and floodplain retention of OM (Sear et
al., 2010; Wohl et al., 2011, Collins et al., 2012; Polvi and Wohl, 2013; Wohl, 2013a; Beckman
and Wohl, 2014), delay the downstream transport of POM (Bilby, 1981; Montgomery et al.,
2003; Quinn et al., 2007; Battin et al., 2008; Sear et al., 2010; Wohl et al., 2011; Polvi and Wohl,
2013; Wohl, 2013a; Beckman and Wohl, 2014a), and create biological hotspots that provide
opportunities for biota to metabolize OC (Gomi et al., 2002; Allan and Castillo, 2007; Hilton et
al., 2008; Tank et al., 2010).

Large instream and floodplain wood can persist for thousands of years (Guyette et al.,
2002, 2008; Webb and Erskine, 2003), can constitute the majority of the OC stored on

floodplains (Wohl et al., 2012b). Persistent large downed wood can also serve as a continued



source of POM for riparian and aquatic ecosystems (Ward and Aumen, 1986; Guyette et al.,
2002, 2008; Webb and Erskine, 2003). Accurate estimates of the natural range of variability in
contribution of wood to OC reservoirs are impractical because a long history of human

modification has resulted in substantial reductions in wood loads (Wohl, 2014a).

2.5.3 Litter, POM, humus, and soil organic carbon

The floodplain surface and shallow subsurface host a large reservoir for OC, including
surface organic layers and soil organic carbon (SOC). Surface organic layers, frequently termed
the forest floor, consist of plant litter in various stages of decay (Perry et al., 2008). Litter is the
OM that comprises the top layer of the forest floor, and is composed of small branches, twigs,
and recently fallen needles and leaves that are still identifiable and little altered by
decomposition (Naiman et al., 2005; Lutes et al., 2006). The litter layer may also include OM
from shrubs, grasses, and forbs that have recently died. Litterfall is the OM that falls to the
floodplain forest floor or the allochthonous material that enters streams from riparian vegetation.
On the forest floor, the humus layer underlies the litter layer and is comprised of partially
decomposed OM and litter, which is no longer recognizable as discrete plant parts.

Floodplain litter and humus layers reflect riparian vegetation type, successional stage,
local productivity of vegetation, and the climatic and edaphic factors that regulate decomposition
(Benfield, 1997). In uplands, the highest litterfall rates are found in tropical equatorial forests
(~5.3 Mg C ha yr'*; Vitousek, 1984; Vitousek and Sanford, 1986), followed by tropical
montane (~3.1 Mg C ha™* yr'; Veneklaas, 1991) and warm temperate forests (Table 2.3; ~2.5 Mg
C ha' yr'"; Bray and Gorham, 1964; Naiman et al., 2005). The lowest litterfall rates have been

observed in boreal and cool temperate forests (<1 to ~1.5 Mg C ha™ yr*:Bray and Gorham,
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1964; Naiman et al., 2005). Reviews of allochthonous litterfall to rivers show the same
geographical trends as litterfall to the forest floor and reveal an inverse relationship between
riparian litter production and latitude (Xiong and Nilsson, 1997) and a positive relationship
between litterfall and annual precipitation (Benfield, 1997). Riparian vegetation is generally
characterized by higher plant diversity, biomass, and higher rates of litter production than
adjacent upland vegetation (Xiong and Nilsson 1997).The majority of published information on
litterfall by riparian vegetation is limited to warm, temperate forest floodplains in North America,
where annual litter inputs range from approximately 2.8 to 4 Mg C ha™ (Table 2.3), indicating
higher productivity in riparian forests relative to uplands.

In most riparian areas, however, the forest floor organic layers, especially the litter layer,
are much more dynamic than in upland environments. During high flows, OM from upstream
riparian sources and instream primary productivity can be deposited and local floodplain OM
redistributed (Pinay et al., 1992; Hall et al., 2009). Hillslope erosion and debris flows can deliver
OM from upslope and bury riparian OM under mineral sediment (Ramos Scharrén et al., 2012).
Erosional and depositional disturbances contribute to the mosaic of OC distribution in riparian
areas and the creation of biogeochemical hotspots (McClain et al., 2003), partly through the
redistribution of litter and POM by fluvial processes.

Riparian vegetation litter is a major source for POM for lotic foodwebs, particularly
along headwater streams where channels are narrow and allochthonous inputs are high (Vannote
et al., 1980; Conners and Naiman, 1984; and Aumen, 1986; Gomi et al., 2002; Allan and Castillo,
2007; Hilton et al., 2008; Richardson et al., 2009; Tank et al., 2010). Discontinuities due to

tributary variation in valley form, and anthropogenic and natural disturbances, disrupt an



idealized downstream pattern in which autochthonous C inputs grow progressively more

important than allochthonous inputs (Tabacchi et al., 1998; Allan and Castillo, 2007).



Table 2.3. Published values for carbon accumulation rates and total storage on floodplains.
Sediment organic

. . Drainage Accumulation rate

Location Climate a - carbon content Reference
area (km?) (Mg C ha'y?) (Mg C ha')
Alberta, Canada Boreal 10.4-45, 23.6° Hoffmann et al. (2014)
. b
Ichauwaynochaway Creek, Georgia, Temperate 2600 0.18 (over 30y) Craft and Casey (2000)
USA 1.07 (over 100 y)
Headwaters in southern New 0.03 .
England, USA Temperate <600 ha 0.007 pre-colonial 262, (117-400) Ricker et al. (2012)
Rhine River, Germany Temperate 185,000 0.034-0.254 538-671 Hoffmann et al. (2009, 2007)
Chickahominy, Virginia, USA 1210 1.4
Choptank 290 0.7
Dragon Run 360 0.9
Mattaponi Temperate 2360 1.4 Noe and Hupp (2009)
Pamunkey 2800 0.7
Patuxent 900 0.7
Pocomoke 970 0.3
Atchafalaya River, Louisiana, USA Temperate 5670 8 Hupp et al. (2008)
Tar River, North Carolina, USA Temperate 8056 2.8 Brinson et al. (1980)
. . 57-622 °
North St. Vrain & Big Thompson Temperate 20-36 224-3365¢  Wohl etal. (2012)
Rivers, Colorado, USA 1014 ¢
Beaver Brook and Upper Poudre 300- 400"
River, Colorado, USA Temperate 3.8-110 1150 - 1400 ¢ Wohl (2013)
6 rivers southwestern England Temperate 276-1124 0.7-1.1 Walling et al. (2006)
aosireams, mid-Atlantic Piedmont, Temperate 11-1230 250-1350 Walter and Merritts (2008)
Savannah River, South Carolina, USA  Temperate 51-57 1.4-2.9 Wigginton et al. (2000)
thlé(lee Fork Flathead River, MT, Temperate 2300 7735 Appling (2012)
ueets River, , emperate -4. atterell et al.

Q River, WA, USA Temp 1153 2-4.1 L Il et al. (2006
Danube River, Austria Temperate 104,000 2.9 Tockner et al. (1999)
Ebro River, Spain Temperate 40,434 1.4-3 Cabezas et al. (2009)
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Kankakee River, Illinois, USA Temperate 0.6 Mitsch et al. (1979)
Cache River, Illinois, USA Temperate 0.6 Mitsch et al. (1977)
Appalachicola River, Florida, USA Temperate 0.2 Mulholland (1981)
154-186
Danube River, Austria Temperate 176 Cierjacks et al. 2010
212

Pen Branch
Fourmile Branch
Meyerls Branch Temperate 12-20¢ Giese et al., 2000, 2003
(3" order tributaries to Savannah
River, South Carolina, USA)
Danube, Austria Temperate 188-313 Rieger et al. (2014)
Jalisco, Mexico Tropical 132-162° Jaramillo et al. (2003)

Amazon River, Brazil Tropical 3660 1-25

Moreira-Turcq et al. (2004)

& Mean (range in parentheses, when available)

® Greater historical rates are interpreted to reflect land use and lack of soil conservation practices in the past
¢ floodplain sediment; forested site

¢ floodplain sediment and downed, dead wood; forested site

¢ active beaver meadow

" relict/abandoned beaver meadow

9 calculated mean of reported means
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The distribution, accumulation, and type of POM influence the rate of decomposition and
mineralization of nutrients (Vannote et al., 1980; Gomi et al., 2002; Allan and Castillo, 2007;
Hilton et al., 2008; Tank et al., 2010). Allochthonous carbon inputs in headwater streams are
composed primarily of CPOM in the form of pieces of wood, litter, and humus (Vannote et al.,
1980; Ward and Aumen, 1986; Allan and Castillo, 2007; Richardson et al., 2009; Tank et al.,
2010). Microbes and aquatic invertebrates break down CPOM to FPOM, contributing OC and
nutrients to aquatic and terrestrial foodwebs that include numerous vertebrate, invertebrate, and
microbial taxa (Vannote et al., 1980; Wagener et al., 1998; Allan and Castillo, 2007). Litter and
redistributed POM pools can be dynamic by means of hydraulic redistribution, but continued
aggradation can facilitate decomposition and storage as humus and SOC.

Soils are the third largest reservoir in the global carbon cycle after the deep ocean and
geologic storage, and store more carbon than living biomass and the atmosphere combined
(Ruddiman, 2001). Abundant research has examined SOC content in various landscapes, but
work focusing on river systems is limited (Figure 2.4). The majority of research has occurred in
temperate and subtropical regions, whereas boreal, arid, and tropical regions have received
considerably less attention. Although OC studies in floodplain sediment are very limited in
tropical regions, Moreira-Turcq et al. (2004) and Jaramillo et al., (2003) suggest that tropical
riparian ecosystems contain SOC values comparable to the lower end of values in temperate
regions (Table 2.3). Cabezas et al. (2009) indicate that Mediterranean temperate climates may
have similar trends, whereas temperate and subtropical climates appear to have much variability
in SOC storage.

Hydrologic disturbance, particle sorting and potential accumulation of fine sediment

make riparian ecosystems a dynamic component of the terrestrial carbon cycle, with implications



for SOC processing and potential long-term storage. Soil moisture and percent clay content are
positively correlated with SOC content (Pinay et al., 1992; Jobbagy and Jackson, 2000;
Wigginton et al., 2000; Hoffmann et al., 2009; Moyano et al., 2012), so that dry, coarser textured
soils typically contain less OC. Dissolved organic carbon (DOC) transported through riparian
soils may be adsorbed to clay mineral surfaces (Schulze et al., 2005).Typical soil
chronosequences exhibit a decrease in SOC content with depth (Birkeland, 1999; Jobbagy and
Jackson, 2000). This relationship does not appear as strong in floodplain soils (Cole et al., 2007;
Gurwick et al., 2008b), although it can be present (Walling, 2006).

SOC distribution in riparian ecosystems can be complex because surface and subsurface
microbial activity and mineralization of OC can be disconnected. Much OC can be stored as
roots and in buried A-horizons (Blazejewski et al., 2009) and SOC content may become more
stable with burial (Cole et al., 2007) because it is farther from intense microbial activity at the
surface (Gurwick et al., 2008a; Ricker et al., 2012). Because microbial activity is regulated by
temperature, seasonal and diurnal variations influence microbial metabolism of OC. The moist
conditions of riparian soils facilitate increased metabolism of SOC by microbes (Billings et al.,
1998), whereas saturated conditions associated with shallow water tables decrease metabolism
and increase potential for long-term storage (Falloon et al., 2011). Continued aggradation and
burial of floodplain soils may contribute to high rates of OC sequestration (Gurwick et al.,
20084a).

Potential for long-term storage of SOC depends on the source and form of the OC
(Gurwick et al., 2008b) and the residence time of floodplain sediment (Oost et al., 2012). DOC
may travel through river networks in ~10 b 10% years, whereas POM may take much longer (i.e.,

>10°years; Raymond and Bauer, 2001), presumably being stored within floodplain sediment.



Residence time of SOC is influenced by biologic and physical factors. Our discussion is framed
primarily within the context of physical drivers that influence residence time of sediment and
organic debris on floodplains in riparian ecosystems, with only limited mention of the
biogeochemical factors that influence metabolism. The biologically-driven residence times
typically of interest to ecologists and biogeochemists, however, are dependent on other factors
discussed above, including moisture content, temperature, and characteristics of riparian
vegetation communities.

Although researchers have examined OC storage and dynamics in river systems, work
investigating mechanistic and geomorphic controls on OC storage in riparian ecosystems is
limited. Pinay et al. (1992) were among the first to examine carbon storage in riparian soils, with
explicit distinction of geomorphic influence on sediment size distributions and associated SOC
(Figure 2.4.). Examination of three segments of the Garonne River in France indicated that
confined, erosional segments dominated by sandy soils contained less SOC than less confined,
depositional segments dominated by silty clay soils (Pinay et al., 1992). However, a much larger
fraction of the OC in the erosional, sandy soil reach was available for biological uptake. Fineb
grained sediments can serve as nutrient and OC sinks, whereas sandy soils readily release
available carbon during high flows (Pinay et al., 1992).

Channel geometry and the degree of valley confinement and relative width of the
floodplain to the channel can play a crucial role in the aggradation of sediment and accumulation
of POM and SOC (Fryirs et al., 2007). Several studies indicate that wider valley bottoms and
lower-gradient channels store more fine sediment, POM, and SOC compared to steeper and more
laterally confined valley segments (Blazejewski et al., 2009; Noe and Hupp, 2009; Wohl et al.,

2012b).
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Reach characteristics associated with hydroclimate, flow regime, and valley geometry,
including riparian valley width, duration of inundation, sediment sources, distance from the
active channel, and flow velocity, may also account for significant differences in POM and SOC
storage (Hupp et al., 2008). Although floodplains have received some attention as sites of OC
accumulation, less frequently inundated surfaces such as terraces should also be evaluated for
OC content (Latterell et al., 2006). Spatial differences in OC content among geomorphic surfaces
in various landscapes will likely depend on climate, vegetation type, distance from the channel,
and land use before, during, and after the time of aggradation and abandonment. Gurwick et al.
(2008a) emphasize the importance of the abundance of OC at the time of deposition, rather than

the time since deposition, with regard to controls on current OC content.

2.6 Regional comparisons of floodplain OC storage and a first-order estimate of global
floodplain OC storage

Reported accumulation rates and mass of OC calculated per area within riparian
ecosystems (Figure 2.4) reveal that OC reservoirs in riparian ecosystems are highly variable
across and within particular climatic regions. This indicates that other factors such as geologic
setting and local-scale variables play an important role in OC storage within riparian ecosystems.
Temperate regions exhibit the most variability, but this could reflect the fact that most of the
work done to quantify OC storage in riparian ecosystems comes from temperate regions, as well
as the diversity of temperature, moisture, and meso-climate conditions within temperate latitudes.
Highlands in various climatic regions, for example, suggest the potential for large OC reservoirs
along small mountainous streams (Aguado and Burt, 2007), which might have OC storage per

unit area at least an order of magnitude higher than most lowland rivers (Wohl et al., 2012b;
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Wohl, 2013b; Hoffmann et al., 2014a, 2014b), except for those highly impacted by land use and
legacy sedimentation (Walter and Merritts, 2008).

Drawing on the literature cited in Tables 1- 3 and Figure 2.4, | propose a conceptual
model of the conditions under which OC retention is maximized in riparian ecosystems (Figure
2.5). Although these conditions encompass the regional and local characteristics discussed above
and in Figure 2.3 and their influence on the three primary reservoirs for moderate-to-long-term
OC retention and storage, Figure 2.5 does not capture the full complexity of OC dynamics
associated with all potential factors. The most notable of these complexities are moisture and
temperature. As discussed above, an intermediate level of moisture provides optimal conditions
for the decomposition of OC, such that saturation of limited moisture hinders decomposition
(Jobbagy and Jackson, 2000; Falloon et al., 2011). Rivers in tropical forests provide an example.
Although higher temperatures facilitate increased growth of riparian vegetation in the tropics,
they also increase decomposition rate, which lowers OC storage as indicated in Figure 2.3 and
the optimal conditions captured in Figure 2.5. This is why | suggest that colder environments
store more carbon. Cold and wet environments provide another example of the complexity of
influences on OC storage: wet conditions are required to produce vegetation, but cold conditions
regulate decomposition. The combined factors of wet and cold environments increase OC
storage. The schematic illustration in Figure 2.5 is not meant to imply linear relationships
between OC storage and temperature, moisture, or other factors, but rather to illustrate the
directional trends in these relationships and the optimal conditions for OC storage.

Currently, limited data in most climatic regions constrain our ability to examine potential
differences across Earth0s surface. From the studies cited here, it appears that large primary

productivity in tropical regions results in large reservoirs of standing biomass, but high rates of
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decomposition limit large wood and SOC reservoirs compared to temperate regions (Figure 2.4,
Jaramillo et al., 2003). Although work indicates large SOC reserves in boreal regions outside of
riparian areas (Tarnocai et al., 2009), the limited work cited here (Hoffmann et al., 2014a) does
not indicate these difference along boreal floodplains. | emphasize that inferences are
constrained by currently published work, but I draw on this work to discuss potential conditions
for optimal OC storage.

Warmer temperatures and increased moisture increase decomposition rates and
metabolism of OC (Trumbore and Czimczik, 2008; Falloon et al., 2011). Although warm moist
tropical climates have high primary productivity and standing biomass, high decomposition rates
and the lack of distinct seasonal fluxes of litter timed with redistribution from seasonal flow
regimes likely limit total carbon storage in soil, litter, and large wood (Clark et al., 2002; Cadol
et al., 2009). Conversely, metabolism of riparian ecosystems in boreal regions is temperature
limited. Moisture controls are more complicated because microbial respiration increases with
increasing moisture content, but saturated conditions limit aerobic respiration and metabolism of
OC. Abundant moisture and saturated conditions from snowmelt and shallow water tables
overlying permafrost in alpine and boreal regions also limit metabolism. Low primary
productivity in boreal regions, however, limits potential uptake of OC to soils and storage within
large trees and large wood. Limited work along boreal and alpine floodplains indicates a
relatively small range of SOC storage in riparian ecosystems (1.8 - 234.6 Mg C ha™; Hoffmann
et al., 2014a, 2014b), but very high SOC contents in boreal peatlands and permafrost (322 b 696
Mg C ha™; Tarnocai et al., 2009) suggest that the limited work on boreal floodplains (Table 2.3;

Figure 2.4) may not capture the true range of variability in subarctic rivers.
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Moisture

condition's Temperatuie

Channel
Complexity

Figure 2.5 Optimal conditions for high organic carbon (OC) retention (in the center of the
diagram) in river systems based on relationships between regional and local controls in Figure
2.3. Arrows denote the gradient toward optimal conditions with regard to valley width, channel
complexity, moisture, temperature, and disturbance. Figure 2.3 illustrates the interrelations
between other factors that influence these optimal conditions. Channel complexity, for example,
is influenced by biotic drivers such as vegetation, beavers, and large downed wood; whereas
moisture conditions are influenced by ecoregion, valley characteristics, channel complexity, and
soil type. This model indicates that optimal conditions for organic carbon retention are low
gradient river segments in broad unconfined valleys with high levels of channel complexity N
which facilitates hydrologic connectivity, saturated conditions, and sediment aggradation N in
cooler climates. Each component in this conceptual model can be influence by various factors is
Figure 2.3. For example, moisture conditions can be influences by climate, valley geometry,
channel form, and hydrologic connectivity.



Valley geometry influences available space for energy dissipation and the aggradation of
alluvial sediment, which can influence primary productivity, abundance of riparian vegetation,
and complexity of channel geometry. With room to move in relatively wide valleys and atop
alluvial plains, channels can adjust their bedforms, width:depth ratio and cross sectional form,
slope, channel planform, and grain size distribution (Leopold et al., 1964; Knighton, 1998; Wohl,
2014b) to develop complex geometries and floodplains that help to slow the movement of water,
and facilitate moist conditions and deposition of sediment, OM, and OC.

Increased lateral and vertical hydrologic connectivity should ensure increased OC storage,
as reflected in the highest SOC contents listed in this review (Wohl et al., 2012b; Wohl, 2013b),
but this is dependent on the magnitude and frequency of hydrologic and geomorphic
disturbances and the variability of moisture conditions. As long as connectivity between the
floodplain and the channel facilitates aggradation, continued accumulation and storage of OC is
ensured. Erosion of the floodplain during high magnitude floods can displace OC stored in
floodplain sediment and remove riparian vegetation, hence the significance of wide valleys and
open plains, which can dissipate energy and limit erosion of the floodplain.

| expect that low gradient, wide floodplains in old-growth forests with complex channel
geometry, a high degree of lateral hydrologic connectivity between channels and floodplains,
saturated soil conditions, and slow rates of organic decay associated with relatively cold
temperatures will have the greatest per unit area storage of OC. Although the data presented in
this review do not necessarily support this, I hypothesize that boreal, alpine, and cool temperate
regions that exhibit the above-mentioned physical attributes are likely to store more OC per unit
area compared to other regions, primarily because of low temperatures and rates of

decomposition. Additional, field-based quantifications of OC storage are needed to examine the



validity of this conceptual model and our proposed optimal conditions of OC storage in riparian
ecosystems.

An accurate approximation of global carbon storage in riparian ecosystems requires
additional information in under-represented regions, the use of common metrics for sampling
and reporting values, and utilization of advanced computational resources capable of analyzing
large quantities of remotely sensed data and modeling the various influential factors discussed
here. Because temperate regions have received the large majority of attention with regard to OC
in riparian ecosystems, the ability to extrapolate values across Earths surface is limited. Despite
the paucity of data and shortcomings in the state of reported OC values, a first order
approximation can be made. Floodplains are estimated to cover approximately 0.8 x 10° to 2 x
10° km 2 globally (Leopold et al., 1964; Tockner and Stanford, 2002; Mitsch and Gosselink,
2015). As a conservative estimate across all climatic regions, and using the median for both the
minimum and maximum values of organic carbon stored in riparian ecosystems (i.e., 202 b 386
Mg C ha™) from each study cited above, riverine ecosystems could store as much as 16 - 125 Pg
C globally. Because SOC is the largest reservoir of OC in riparian ecosystems (Figure 2.4), | use
the same method to estimate that floodplain SOC may account for 12 - 80 Pg C globally. When
compared with modeled estimates of potential OC in soils globally (991 b 2469 Pg C; Hiederer
and Kochy, 2011), our rough estimate suggests that riparian ecosystems could account for 0.5-
8% of global SOC storage, even though they cover only 0.5-1% of the land surface. | emphasize
that this is a first order approximation that must be refined with additional quantification from
less represented climatic regions, as well as better use of remote sensing data to quantify total
floodplain area and proportions of that total area associated with differing sizes of rivers and

differing valley geometry and flow regime.
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2.7 Human influences on OC reservoirs in riparian ecosystems

In this section, | briefly review human alterations of OC dynamics in river systems.
Although human-induced changes in process and form within uplands and river corridors have
likely exerted a substantial influence on OC transport to, and processing and storage within,
rivers, this topic has received minimal attention. This section is intended to highlight the major
categories of human influence and emphasize the need for more focused research on this topic.

Land use and land cover changes are transforming landscapes at an accelerating rate
throughout the world and are recognized as a critical gap in the current understanding of the
terrestrial carbon cycle (Houghton, 1994; Tappeiner et al., 2008). Land use can play a significant
role in sediment and carbon supply to rivers, as well as accumulation rates within riparian
ecosystems. Although largely undocumented, the conversion of fertile floodplains to other land
uses, particularly agriculture, has likely caused significant carbon releases, reducing the amount
of stored carbon (Mitra et al., 2005). Land use can also influence biomass and SOC by altering
the age of riparian forests (Giese et al., 2000, 2003). SOC increases with stage of forest
succession (Wigginton et al., 2000), although rates of OC accumulation can decline with time
(Zehetner et al., 2009).

Land use can increase floodplain accumulation of OC, particularly forest harvest and
agricultural practices that accelerate erosion and downslope movement of sediment (Noe and
Hupp, 2005; McCarty et al., 2009). In a study of land-use trends in watersheds of southern New
England, USA, Ricker et al. (2012) related patterns of riparian sedimentation and carbon
sequestration rates to three major land-use periods: precolonial, colonial-agrarian, and modern.
Although results varied across watersheds, they found that most of the stored sediment and SOC

in riparian soils originated during the postcolonial period, and that net SOC sequestration rates
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have increased nearly 200-fold since precolonial times (pre-1800), likely due to regional
deforestation and conversion to agricultural use. In contrast, Norton et al. (2011) found that
degraded montane riparian meadows of the Sierra Nevada Mountains of California, USA, stored
lower amounts of SOC than meadows in Oproperly functioning condition0. Degradation was
attributed to logging, a legacy of heavy, unregulated livestock grazing, and more recently,
recreational vehicle use. Loss of biodiversity in riparian ecosystems (Tockner and Stanford,
2002) can greatly influence OM inputs to riverine ecosystems and potential carbon stocks.

Flow regulation can also influence OC dynamics within riparian ecosystems. Structures
such as dams and diversions interrupt downstream transport of OM and DOC. Walter and
Merritts (2008) document legacy sediment and OC storage of 250-1350 Mg C/ha behind
thousands of abandoned milldams in Pennsylvania and Maryland, USA. Bank erosion of this
legacy sediment redistributes OC along downstream floodplains (Schenk et al., 2013). Sediment
aggradation in inland lentic waters including lakes and man-made reservoirs can store as much as
33% of the carbon moving through fluvial systems (Tranvik et al., 2009). Flow diversion also
alters flow characteristics that support riparian vegetation and entrain and transport OM. In an
examination of temporal effects of hydrologic connectivity on nutrient dynamics along a
floodplain in the Danube River within Austria, for example, Tockner et al. (1999) determined
that accumulation of OM occurred primarily during large flood pulses, whereas export of DOC
occurred primarily during moderate flood levels with limited connectivity to the floodplain.

Channel manipulation in the form of channelization, straightening, dredging, bank
stabilization, and construction of levees can influence OC dynamics by encouraging incision and
altering longitudinal and lateral fluxes of water and fine sediment, OM, and DOC. These types of

channel manipulation are commonly done to reduce flooding and to more efficiently convey
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water. By increasing longitudinal connectivity, these types of channel manipulations increase
downstream fluxes and decrease vertical connectivity between the channel and hyporheic zone,
and lateral connectivity between the channel and floodplain. This alters fluxes of dissolved and
particulate OC by reducing retention of water and sediment in riparian areas and entire
watersheds. Decreased retention of water and sediment reduces biological uptake and storage of
OC within riparian ecosystems (Naiman et al., 1986). Current efforts in process-based channel
restoration, however, aim to increase lateral connectivity of water and sediment to the floodplain
and facilitate increased hyporheic exchange (Collins and Montgomery, 2002; Beechie et al.,
2010; Burchsted et al., 2010).
2.8 Knowledge gaps and discussion

Although OC retention in floodplains and riparian areas is important for OC reservoirs
and ecosystem processing, many gaps exist within our collective understanding of riparian OC
pools. Gaps in knowledge include: (i) the magnitude of differences across regions and biomes,

(i) effects of a changing climate, (iii) residence time, and (v) human influences.

2.8.1 Data paucity

The most notable knowledge gap, apparent from this review, is the lack of global
coverage of studies across diverse climates and geologic settings. Most studies, including
surveys of OC in standing biomass, downed large wood, and soil in riparian ecosystems, lie
within temperate climates, and few to no studies have been conducted in boreal, tropical, and
arid regions. Most studies have been conducted in North America and Europe, but it is difficult
in these regions to study landscapes that have not been highly impacted by human activities.

Examining the natural processes responsible for OC retention in river systems requires working
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in less human-altered regions before these natural processes become too highly impacted. Work
in these areas may also provide a baseline for future restoration. Additionally, data are limited in
(1) more tectonically active landscapes, including the South American Andes and the Himalaya,
(ii) areas which are difficult to study, such as large tropical rivers like the Amazon, and boreal
rivers, (iii) mountainous environments, which are particularly sensitive to climate change, and
(iv) arid and semi-arid regions, which may represent future conditions for many regions of the
world following desertification and over-comsumption of freshwater resources. Although I
propose general patterns of climatic and landscape controls on OC retention in riparian
ecosystems, more research is needed to examine these relationships, test proposed influences,
understand relevant processes, and establish baseline conditions for OC retention along river
networks. This is important not only for the terrestrial carbon cycle and storage, but also for

ecosystem processing, food webs, ecosystem integrity, and ecosystem services.

2.8.2 A changing climate

As climate change alters precipitation regimes, changes in seasonal hydrologic
connectivity will likely influence the ability of individual landscapes to retain OC. Rising mean
annual temperatures, declining snowpack, and earlier snowmelt in mountainous regions (Bates et
al., 2008; Pederson et al., 2011) are expected to decrease hydrologic connectivity (Allison et al.,
1990; Schulze and Walker, 1997; Alexander, 2014), and thus may impact ecosystem processing
of OC and nutrients. Organic carbon with potential for long-term storage becomes more
bioavailable as wetland soils dry completely or for longer periods throughout the year. This loss
of moisture impacts soil microbial activity and the productivity of aquatic biota by altering

connectivity, as well as changes in surface water temperature. Similarly, loss of connectivity
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causes shifts in riparian vegetation community structure and resulting leaf litter and POM. The
directional shift caused by specific changes in processing of OC within riparian ecosystems is
uncertain because of higher global average temperatures (Trumbore and Czimczik, 2008) and
potential increase in the frequency of extreme storms (Bates et al., 2008). Increased intensity of
feedbacks between riparian vegetation and channel planform impacts the natural ability of the
landscape to delay, filter, and store POM, nutrients, and DOC from surface waters.

Projected sea level rise as a response to climate change has the potential to influence
floodplain aggradation through changes in base level. Decline in the elevation of base level
encourages channel incision, decreases lateral hydrologic connectivity, and may promote the
decline of local water tables and abandonment of floodplain surfaces (Mertes and Dunne, 2007;
Wohl, 2015). Periods of aggradation and degradation along the Mississippi River floodplain, for
example, are closely tied to glacial cycles that regulate sea level (Knox, 2007). A rising sea level
may mean less erosion of river channel beds, banks, and floodplains, and thus potentially more
OC storage in riparian ecosystems.

Although disturbances such as insect infestations and wildfire occur naturally, their
frequency and intensity are increasing with climate change (Westerling et al., 2006; Bentz et al.,
2010). These factors influence the age, size, and abundance of wood available for recruitment
and sources of CPOM (Amiro et al., 2010; Turner, 2010). Increased loss of old-growth forest as
a result of increased frequency of these disturbances limits CPOM inputs, decreases standing
biomass, and limits the size of large trees that can facilitate persistent, channel-spanning log jams

(Wohl, 2013a).



2.8.3 Residence time

As mentioned above, residence time of OC in riparian ecosystems is regulated by the
residence time of floodplain sediment and OM, as well as by microbial metabolism.
Quantification of floodplain sediment turnover rates can help determine how long OM and
associated OC remain in riparian ecosystems, but understanding rates of decomposition and
mineralization of OC is required to fully quantify potential OC storage. The form in which OC is
retained in riparian ecosystems influences potential for ecosystem processing or long-term
storage. Recalcitrant and more stable forms of SOC may be retained for longer periods of time
within the terrestrial carbon reservoir, whereas more labile and more easily processed forms of
SOC serve as a source for metabolism by soil and aquatic biota (Blazejewski et al., 2005;
Gurwick et al., 2008a). Hoffmann et al. (2013) identify three components of OC fluxes in
sediment that warrant attention: i) increases in bioavailable OC following disaggregation, ii)
adsorption of OC to mineral facies, and iii) increased stability of OC following aggradation and
burial. These topics beg the question; Which factor most limits OC storage in floodplains,
residence time of floodplain sediment or rate of microbial metabolism? These topics may
become increasingly important as riparian soils dry and sea levels rise. More research is also
needed to understand how and when the composition of microbial communities changes and how
shifts in microbial communities influence processing of OC. It is also important to emphasize the
large-scale and local influences on potential aggradation, long-term storage, and fate of OC in
river systems. What are the tradeoffs between OC storage along complex channels, for example,

versus increased hotspots for microbial mineralization of OC?
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2.8.4 Land use in the Anthropocene

Although geologic setting and a changing climate regulate conditions for OC retention in
riparian ecosystems, human activities that decrease channel complexity and hydrologic
connectivity have the ability to greatly decrease OC retention in river systems. However, the
relative magnitude of these human-induced effects is undetermined for diverse regions and
biomes. As | establish a baseline understanding the natural processes of OC storage along river
networks, | can begin to examine the impacts of land use more thoroughly. Work in human-
altered areas is needed to determine whether process-based river restoration (Collins and
Montgomery, 2002; Wohl et al., 2005, 2015; Beechie et al., 2010) and the use of green
infrastructure in urban watersheds could mimic natural processes to increase carbon retention in
riparian ecosystems.

The challenges facing freshwater sustainability under a warming climate are exacerbated
by growing populations and increasing demand for freshwater as land-use managers continue to
increase freshwater reservoirs and flow diversions. Flow alterations and unsustainable
groundwater pumping may also lower the elevation of groundwater tables connected to rivers
and streams and induce drying of riparian wetlands. Uncertainties regarding changes to the
hydrologic regime, population growth, and land use leave many questions regarding the future of
carbon in river systems.

Berhe et al. (2007) and Oost et al. (2012) suggest that erosion following disturbance
increases the capacity of the landscape to take up carbon by removing vegetation and OC stored
in soils. Uptake then increases as vegetation grows more rapidly and soils begin to develop. Thus,
if human activities such as agriculture and urbanization increase erosion rates (Wolman, 1967) or

severe storms and floods occur more frequently with the onset of climate change (Bates et al.,
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2008), more rapid terrestrial OC uptake may occur. If the transported sediment and associated
OC is eventually delivered to a floodplain, delta, estuary, or subduction zone for longer-term
storage, this provides space for more sediment and associated OC to accumulate, and therefore
could provide a net increase in OC storage. If erosion simply makes the OC more available for
decomposition and metabolism, storage capacity of OC would decrease following the

disturbance.

2.9 Conclusion

Current research suggests that rivers play a significant, albeit currently poorly quantified,
role in the global carbon cycle. Limited studies indicate that riparian ecosystems and floodplains
can store a significantly larger amount of carbon per area compared to surrounding uplands. The
primary reservoirs for OC in riparian ecosystems are i) aboveground standing biomass, ii) large
downed wood, iv) OM and sediment on and beneath the floodplain surface. The relative
importance of these pools varies with scale, ecoregion, and geologic setting to the extent that no
significant patterns have yet emerged. Land use, flow regulation, and channel manipulation
greatly impact i) water and sediment regime, ii) hydrologic connectivity, iii) channel complexity,
and iv) inputs and accumulation of OM that control retention of OC in riparian ecosystems. |
propose that broad unconfined valleys with complex channel geometry and wet conditions in
cool regions are optimal conditions for OC retention and storage in riparian ecosystems. Further
investigation of a wide range of rivers across various scales and climates is necessary to
determine global significance of river systems in the terrestrial carbon budget. Not all river
systems are created equal N some types of rivers and some portions of each river are likely

disproportionately important with respect to OC storage N but we need additional basic field
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data to begin to understand these differences. If research quantifies these differences, and
particularly if we can identify hot spots of OC storage, such knowledge can be used to inform
river management and restoration, not least because OC storage zones are also likely to be highly

biologically productive for instream and riparian communities (Bellmore and Baxter, 2014).
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Chapter 3: Quantifying soil carbon content along floodplains

of mountain streams in the Colorado Front Range, USA

Summary

River corridors along small mountain streams have the potential to store substantial
organic carbon in floodplain sediment, but quantifying this storage can be time- and labor-
intensive, given the spatial heterogeneity of floodplain stratigraphy and organic carbon content
within and between successive valley segments. Here, | use a dataset consisting of 660 sediment
samples from three intensively sampled primary valley segments and 21 less intensively sampled
secondary valley segments to (i) assess the variability in three spatial statistical techniques to
estimate global mean organic carbon content, (ii) quantify the minimum number of systematic
random samples needed to estimate mean floodplain soil organic carbon (SOC) content, (iii)
identify potential covariates of SOC content based on spatial position with respect to the channel
and soil state variables, (iv) and examine SOC patterns across various floodplain geomorphic
features to identify potential hotspots for OC content in the study area and along similar
mountain streams. Reach-average floodplain SOC content of ~3-5% can be accurately estimated
by collecting only 15 randomly selected samples at various depths and locations or all depths at
10 sampling locations across the floodplains in this study area. Regression analyses indicate that
SOC content correlates with soil moisture, grain size distributions, soil depth, elevation of the
floodplain surface, and valley confinement. Principle component analysis indicates that the
geomorphic floodplain features and topography could regulate distribution of predictors of soil

organic carbon content. | find that mean floodplain soil organic carbon (6.1 = 7%) is greater than
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those in uplands of the study area (1.5 £ 0.08% to 2.2 = 0.14%) and greater than other studies

along floodplains in other regions.

3.1 Introduction

Soils are the third largest reservoir for organic carbon (OC) on Earth, exceeded only by
the ocean and deep geologic storage, and the largest terrestrial reservoir (Jobbagy and Jackson,
2000; Ruddiman, 2001). Thus, soils are a significant component of the terrestrial carbon cycle,
but feedbacks among Earths surface, atmosphere, and biosphere make quantification of
terrestrial carbon reservoirs difficult and ridden with the greatest uncertainty among the primary
OC reservoirs (i.e., surface ocean, deep ocean, atmosphere, deep geologic storage) (Ballantyne et
al., 2012). The mechanistic source of an increasing uptake of atmospheric carbon occurring at
the land surface has yet to be identified and has been termed the terrestrial carbon sink
(Ballantyne et al., 2012; IPCC 2007 et al., 2007).

Terrestrial carbon budgets identify freshwater systems as a mediator to storage within the
geosphere (Cole et al., 2007; Battin et al., 2009; Aufdenkampe et al., 2011; Hoffmann et al.,
2013) and recent work has identified the potential for at least some riparian ecosystems and
floodplain soils, previously unaccounted for in carbon stocks, to be a component of the missing
terrestrial carbon sink (Hoffmann et al., 2009; Wohl et al., 2012; Sutfin et al., 2015).
Furthermore, current understanding and quantification of the vertical distribution of global soil
OC (SOC) (Jobbagy and Jackson, 2000) do not take into account dynamic fluvial environments
and discontinuities in SOC content with increasing depth along floodplains.

Recent reviews of soil organic carbon in floodplains indicate that cool, wet conditions are

likely to result in the highest per unit values of OC storage along river networks (Sutfin et al.,



2015). Optimal conditions occur in cold, wet environments because available moisture supports
vegetation growth and high organic matter inputs, whereas the potential for saturated conditions
and cooler temperatures are likely to limit decomposition and microbial metabolism of OC
(Falloon et al., 2011; Jobbagy and Jackson, 2000). These conditions are met at high latitudes and
high altitudes, particularly where wetlands are present. Because small headwater streams account
for the majority of river kilometers globally, small mountain streams could be a significant
component of OC storage along river networks.

Because of the strong relationship among soil moisture, temperature, and carbon content,
future changes in SOC stocks associated with global climate change are complicated by
uncertainty in anticipated changes in moisture as well as temperature (Falloon et al., 2011,
Trumbore and Czimczik, 2008). Uncertainty associated with these changes in moisture is
particularly large for floodplain soils and sediment, which may experience extreme shifts in
erosional and depositional patterns as a response to changes in hydroclimatic disturbance regime
and more frequent or extreme storms (Alexander, 2014; Bates et al., 2008). Snowmelt-dominated
mountain streams are highly susceptible to these changes in hydroclimatic regime because of
decreased annual average snowpack and earlier timing of snowmelt, which could leave
floodplain sediment drier for longer periods of time throughout the year (Alexander, 2014).

Identifying variability, spatial patterns, and statistical relationships with other
sedimentation characteristics across floodplain soils is a necessary step to quantifying the amount
of carbon stored in these mountainous environments and the accuracy of estimates of OC storage
based on limited sampling. Hoffmann et al. (2014) analyzed spatial variability of OC within an
alpine catchment including floodplains, but did not examine spatial relationships and differences

in SOC across specific geomorphic floodplain features. Examining spatial patterns of sediment
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and OC accumulation associated with hydrologic and geomorphic floodplain features across
transects on the Atchafalaya River (5, 670 km?) in the southeastern US, Hupp et al. (2008) found
the highest sediment accumulation rates at topographic lows that were frequently inundated for
long periods of time with multiple sources of sediment-laden water. However, they did not
examine spatial relationships and differences in SOC in the context of geomorphic surfaces.
Hoffmann et al. (2009) found an increase in organic carbon content from the channel bed, up the
sloped river bank, in the overbank, and in channel fill, respectively, along the Rhine river,
Germany (>20,000 km?). Questions remain regarding the variation in SOC among floodplain
features of small rivers (<500 km?) and the number of samples needed to accurately estimate
mean SOC content of floodplains, particularly where limited work has been conducted, as in
small mountain streams.

| address these issues by examining spatial statistical patterns in SOC across floodplains
of small, steep mountain streams and relationships between SOC and specific geomorphic
floodplain features such as stream banks, overbank channels, and beaver meadows. Exhaustive
systematic sampling of floodplain soils, which can be highly variable in OC content (Sutfin et al.,
2015), is costly and time- and labor-intensive. Identifying the minimum number of soil samples
needed to minimize bias and accurately estimate mean OC content saves time and money when
quantifying potential SOC reservoirs in floodplains. The objectives of this study are to (1)
quantify the minimum number of systematic random samples needed to estimate mean
floodplain SOC content along three primary study reaches, (2) identify potential covariates of
SOC content based on spatial position with respect to the channel and soil state variables, (3) and
examine SOC patterns across various floodplain geomorphic features to identify potential

hotspots for OC content in the study area and along similar mountain streams.



3.2 Study area

The study area in north-central Colorado, USA lies primarily within Rocky Mountain
National Park (RMNP). Established in 1915, RMNP has limited development and has preserved
natural conditions along mountainous streams. The underlying geology of RMNP is a core of
granite and schistic gneiss (Braddock and Cole, 1990), containing little to no CaCO3 with few
outliers (~0.01- 12.7%, mean = 0.43%, median = 0.33%, and standard deviation = 0.6%), as
evidenced in sediment and soil analysis analyses along study reaches.

Study reaches are located along streams on the eastern side of the continental divide,
where Pleistocene alpine glaciation extended down-valley to as low as 2300 m in elevation
(Anderson et al., 2006). Vegetation differs with elevation. Forests in the subalpine zone (3500 b
2850 m elevation) are dominated by Engelmann spruce (Picea englemannii), subalpine fir (Abies
lasiocarpa), lodgepole pine (Pinus contorta), aspen (Populus tremuloides), and limber pine
(Pinus flexilis). Forests in the montane zone (2850 b 1750 m elevation) are dominated by
ponderosa pine (Pinus ponderosa var. scopulorum) and Douglas-fir (Pseudotsuga menziesii)
(Veblen and Donnegan, 2005). Vegetation in riparian areas differs from adjacent uplands and
includes willow (Salix spp.), blue spruce (Picea pungens), aspen (Populus tremuloides), river
birch (Betula fontinalis), grasses and sedges (Carex spp.) (Veblen and Donnegan, 2005). Distinct
vegetation communities are located within fluvial process domains in the study area, with

process domains defined by elevation and lateral valley confinement (Polvi et al., 2011).
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Figure 3.1 Twenty-four study reaches are concentrated in the southeastern portion of Rocky
Mountain National Park in northern Colorado, USA and located within two primary study basins.
A single study reach (SFPABG), located approximately 20 km to the north in another basin, is
not indicated on this map. The three primary study sites (CF1, PC1, and MT1) are labeled
Nineteen study reaches are located in the southeastern portion of RMNP along North
Saint Vrain (NSV) and Glacier Creeks (Figure 3.1), and five additional study reaches extend
eastward outside of the park and downstream along NSV, and into other drainages in the region.

All study reaches are located in the subalpine and montane vegetation zones and encompass a

range of drainage areas (10 D 180 km?) and channel gradients (1 D 15%). Although dynamic
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conditions along floodplains of the mountainous study area interrupt the stability required to
develop well-defined soil horizons, shifts in seasonal and inter-annual erosional and depositional
patterns leave organic-rich deposits and lenses, including buried wood, beneath the surface of

floodplains.

3.3 Methods
3.3.1. Field-based data collection

Twenty-four study reaches were defined by 11 transects spaced one bankfull channel
width apart (Figure 3.2). Channels surveyed included primarily straight, single-thread channels,
but three study reaches had complex channel planform with multiple subparallel, or
anabranching, channels (Nanson and Knighton, 1996) that spread across the valley bottom and
contain flow throughout the year around semi-stable, vegetated islands. Disturbances such as tree
throw from high velocity winds and bank erosion create dynamic environments with channel
avulsions and periodic shifts in island configuration, channel planform and cross sectional
profiles (Collins et al., 2012; Polvi and Wohl, 2013). These shifts in channel geometry are also
facilitated by the presence of large, abundant logjams that persist for years to decades. | refer to
these sites as multithread channels. Where beaver (Castor canadensis) are present in the study
area, they engineer dams to obstruct flow, which may result in changes in channel planform and
sedimentation patterns analogous to those associated with logjams (lves, 1942; Persico and
Meyer, 2009; Polvi and Wohl, 2013). | refer to logjams and beaver dams as biotic drivers of
channel planform.

Stratification across categories of valley confinement and the influence of biotic drivers

of channel planform was conducted to capture the variability in floodplain hydrologic conditions
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and connectivity of water and sediment between the channel and the floodplain (Bracken et al.,
2013; Wainwright et al., 2011). For the sake of this study, I consider floodplains or valley
bottoms to be regularly inundated at least every decade, as indicated by riparian vegetation
species in the study area (Merritt et al., 2010; Veblen and Donnegan, 2005). I define mean valley
confinement as the width of the valley (wy) or floodplain divided by the width of the channel (w).
I define valley segments as confined (w, < 2 X w¢), partly confined (w, = 2 to 5 X w¢), unconfined
(wy > 5 X we), as having a multithread channel planform induced by logjams, or as influenced by
past or contemporary presence of beaver.

Topography of the floodplain was surveyed at each study reach along 11 transects
perpendicular to the down-valley direction using a Laser Technology TruPulse 360B laser
rangefinder. The rangefinder is accurate to + 0.1 m and was used to calculate relative elevation,
horizontal distance of each transect point from the active channel, and soil sampling location. |
distinguished three primary study reaches in which soils were sampled more extensively, and 21
secondary study reaches for which sample size was minimized.

The three primary study reaches were located within a confined, partly confined, and
multithread valley segment. At these reaches, soils were sampled more extensively in order to
examine bias in sampling associated with sample size. At the multithread reach, which had an
average valley width of 60 m, soil samples were collected every 20 m. Where sampling locations
fell into an active channel, samples were not collected or were shifted to a random selection on
either bank of the channel. This resulted in a total of 31 sampling locations across the valley
bottom and a total of 51 soil samples at various depths. At the confined and partly confined sites

(16.5 and 32 m wide, respectively), one sample was taken at a random location on the left and
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right bank of the channel (12-18 m wide) where possible, resulting in 15 and 14 sampling

locations and 38 and 34 soil samples, respectively.

Contour interval:
Low : 0.21 02m

Figure 3.2 Example of a study reach with multiple channels of flow from frame left to right
across the valley bottom (multithread reach; MT1) with eleven transects ~8-10 m apart and
perpendicular to the down-valley direction. Black dots represent survey points along each
transect and white triangles represent soil sampling locations, in this case approximately every
20 m where soil or sediment was present. The black and white underlay is the result of inverse
distance weighting of soil organic carbon (OC) content where the lightest and darkest colors
represent OC contents of ~18% (in the top right corner of the figure) and 0.2%, respectively.
White contour lines indicate soil depth.

At the 21 secondary study reaches, systematic random sampling was used, such that a
random location was selected for a soil sample along each transect (Figure 3.2). This was done
by measuring the width of the valley bottom in the field using the laser range finder or by
estimating the width between two points on either side of the valley using a GPS. The width was
then divided into segments of a meter and a random location was selected by increments of a

meter from the valley edge using a random number generator in the field. Where random
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locations fell within the channel, another location was selected randomly. Where sediment or soil
was not present along an entire transect (primarily within highly confined valleys), an additional
randomly located sample was collected on a different transect with greater floodplain area.
Where possible, each secondary study reach had 11 sampling locations, but in some reaches
confined by bedrock, samples were collected at as little as five sampling locations.

Random samples were collected from a total of 294 locations along the 24 study reaches.
At each sampling location, litter (identifiable organic matter such as leaves, cones, needles) and
humus (unidentifiable and partially decomposed organic matter) were removed from the surface
of the soil profile before sampling. I do not include litter and humus (organic horizon) in this
analysis because they are relatively transient and vary greatly in thickness within this dynamic
fluvial environment. Sediment below the organic horizon captures the long-term average of
organic matter and OC. At all sampling locations, soils were sampled at 15-cm depth increments
using a 2.5-inch (~6.4 cm) diameter stainless steel hand auger. Augering penetrated to the depth
of bedrock or gravel or to a maximum depth of 180 cm in finer sediment. A total of 660 collected
soil samples were frozen until analyzed for SOC content by the Colorado State University Soil
and Water Testing Laboratory. Once dried, soil samples were homogenized and subsampled for
SOC analysis using a LECO TruSpec CN furnace. Each sample was then analyzed for CO3-C by
treating the sample with 0.4 N HCI and measuring the CO, loss gravimetrically. Total organic

carbon content by weight was calculated as total carbon minus CO3-C.
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Grain-size analysis was conducted on a subset of samples for all depths at randomly
selected sampling locations for each study reach. Four soil sampling locations were selected
from each study reach and all depth increments for each location were processed. A total of 186
samples were sieved for grain size analysis to determine percent gravel >2mm, coarse sand (0.5
b 2mm), medium-to-fine sand (0.062 b 0.5 mm), and silt and clay finer than sand (< 0.062 mm)

by weight.

3.3.2 Statistical analyses

General statistics and correlations between study reaches, SOC content, and grains size
were examined using R statistical software [R Core Team, 2009]. Pairwise t-tests were
conducted using the stats package in R, for which correction for unequal sample size uses the

Holm method.

Estimate reach-average SOC

To determine differences between methods for estimating reach-average soil organic
carbon content and determine the best method, I (1) calculated the arithmetic mean of all samples
along each study reach, (2) calculated arithmetic depth-averaged mean, (3) conducted ordinary
kriging, and (4) conducted inverse distance weighting at the three primary study reaches. Depth-
averaged mean was calculated by averaging the samples at all depths for each sampling location
before taking an average of those means. The number of neighbors and ordinary kriging method
used were determined by minimizing the mean squared error prediction (MSEP) for all study
reaches. Leave-one-out analysis was conducted to determine MSEP with increasing number of

neighbors for Gaussian, spherical, and exponential models in R. Kriging was then conducted
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using the kriging model output of the range, sill, and nugget in the advanced option parameters
of the kriging tool in ESRI ArcMap GIS software. Similarly, the best parameters for inverse
distance weighting (IDW) were determined by simultaneously minimizing bias and MSEP using
leave-one-out validation for the nearest number of neighbors and using a distance decay
exponent of 1 and 2. Inverse distance weighting was conducted in ESRI ArcMap GIS software. |
compare results of these methods of estimating mean SOC, the global arithmetic mean of all
samples regardless of sampling location and sample depth, and the arithmetic mean of depth-
averaged samples at each sampling location for the three primary study reaches in order to
choose the best possible method to represent the Otrue0 population mean for additional statistical

analyses.

Determine sample size to minimize bias

To determine the minimum number of samples needed to accurately estimate mean OC
content of floodplains soils for each reach, I examined bias by conducting random bootstrap
sampling with replacement along each of the three primary study reaches using a total of 122 soil
samples from 60 sampling locations (Table 3.1). In doing this, | calculated the bias for each
bootstrapped mean. Bias is the difference of the modeled or estimated mean, in this case the
bootstrapped mean, from the Otrue0 mean. Bootstrap trials varied by the total number of
randomly selected samples, such that the number of random samples increased incrementally by
one for each trial, up to the total number of samples collected at each reach. Bootstrap
resampling was conducted 10,000 times for each trial, for which the mean, bias, and variance of
the mean SOC content were calculated from each of the 10,000 bootstrap samples. The same

bootstrap analysis was conducted for each study reach using randomly selected individual
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samples and a separate analysis was conducted using depth-averaged values from each sampling
location along each reach.

In completing this analysis, I use the results from estimating the reach-average organic
carbon content described above as an estimate of the true mean. The best estimate of the true
mean, however, would be one based on an infinite number of samples until all sediment along
each study reach has been analyzed for OC content to determine the true mean. This can be seen
in a plot of bias as a result of sample size, such that the estimated mean and bias converge toward
the true population mean (Figure 3.3). Analyzing this many samples is impractical and costly, so
I conduct this analysis to determine the number of samples at which bias and variance converge
within a reasonable sample size based on a subset of study reaches with higher sampling density

than | planned to conduct for additional reaches.
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Figure 3.3 Bias (deviation of the estimated mean from the true population mean) and variance
are reduced with increasing sample size, converging toward a single value.
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Multiple linear regression

Multiple linear regressions were conducted using the stats package in R statistical
software (R Core Team, 2012) on two datasets to examine potential relationships between SOC
and other variables in two separate analyses. In regression analysis 1, soil sample data for all 24
study reaches were used to examine spatial relationships including horizontal distance from the
active channel (DFC), valley confinement (\VC), total maximum soil depth or thickness at a
sampling location (ST), relative floodplain surface elevation along the sampling transect (SE),
relative elevation of the sample from the active channel (EFC), and average sample depth of each
15-cm long soil sample (SD). Soil moisture content (M) was also used in regression 1 because
the data were available for all samples and M is largely dependent on position within the
floodplain. Regression analysis 2 was conducted using the subset of soil analyzed for grain size
to examine relationships between SOC and soil moisture, grain size, and all the spatial variables
listed above. Soil characteristic inputs included all the spatial relationships listed above and the
various size fractions of gravel (>2 mm), coarse sand (0.5 b 2 mm), fine sand 0.062 b 0.5 mm),
total sand 0.062 B 2 mm), and finer than sand (i.e., silt and clay, <0.062 mm).

For each of the two regression analyses, multiple linear regression including all variables
was conducted to examine the relative significance of each variable and stepwise multiple linear
regression (a combination of backward and forward regression) was used to determine the best
possible regression model. The optimal number of variables used in each regression model was
identified, in order to choose the most important variables, by determining at what point there
was no significant reduction of the Akaike information criteria (AIC) with inclusion of additional
variables. In both regression analyses, the number of variables indicated using the AIC as

described above agreed with the number of variables selected by the stepwise multiple linear



regression models. This resulted in five variables in regression 1 and eight variables in regression
2. In the regression 2 model, elevation from the channel was eliminated as a variable because of

co-linearity with average sample depth and surface elevation (r* = 0.43 and 0.86, respectively).

Principle component analysis

Principle component analysis was conducted on the two separate datasets described
above to examine the potential for differences in soil characteristics and spatial relationships
with floodplain geomorphic features. The Im and step functions of the stats package in R
statistical software were used to conduct multiple linear regression and stepwise multiple linear
regression (R Core team). Inputs included spatial and soil characteristic variables described
above that were identified as significant in the regression models. These inputs are depicted in
principle component space to provide qualitative interpretation and comparison of potential
patterns in floodplain geomorphic surfaces with regard to controls on SOC content. Geomorphic
floodplain features identified in the field and included in this analysis are stream banks (BK),
overbank channels (OB), grassy meadows (GM), elevated tree berms or hummocks (HM),
beaver meadows (BM), standing water (SW), islands (IS), the valley edge (VE), and the generic

classification of floodplains (FP).

3.4. Results
3.4.1 Reach-average soil organic carbon content

Results for estimating reach-average SOC content indicated that the arithmetic mean
consistently underestimated, whereas kriging overestimated, reach-average SOC content for all

three primary study reaches, resulting in relative error (bias from the mean of means for all
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methods; Table 3.1). Depth-average arithmetic mean and IDW resulted in values within the
range of the latter two methods and depth-average mean resulted in the lowest overall error. In a
more detailed comparison of spatial averaging methods to calculate mean SOC content, Hoffman
et al. (2014) found similar results, such that no significant difference existed among IDW,
ordinary Kkriging, and regression kriging.

Table 3.1. Percent soil organic carbon content for the three primary study reaches calculated (i)
as the mean of all soil samples in each study reach regardless of sample depth; (ii) as depth-
averaged mean at each sampling location; (iii) using ordinary kriging; and (iv) using inverse
distance weighting (IDW). Kriging and IDW were calculated using the listed optimized
parameters, where p is the exponential parameter in IDW and n is the number of nearest
neighbors. Error indicates the percent difference of the estimated mean for each method and the
mean of all means. This is used to identify the least biased method from the three primary study
reaches. Depth-average arithmetic mean was identified as the best estimate with the least
variations from all other estimation methods (highlighted in dark grey).

Study reach Method of estimating mean Min Max Mean Std Error
Mean across all samples 0.41 6.85 2.72 1.82 6%

CF1 Depth-average mean 122 4.90 3.02 1.29 4%
(confined) IDW (p=2, n=10) 1.23 4.90 2.93 0.78 1%
Kriging (Gaussian, n=5) 2.16 4.08 2.93 0.54 1%

Mean across all samples 0.44 20.94 3.16 3.50 27%

PC1 Depth-average mean 0.88 20.94 4.38 4.99 1%
(partly IDW (p=1, n=8) 1.20 19.04 4.71 1.68 9%
confined) Kriging (exponential, n=10) 0.81 17.55 5.10 3.21 18%
Mean across all samples 0.18 18.49 4.80 3.87 6%

MT1 Depth-average mean 0.18 18.49 5.22 4.12 2%
(multithread)  IDW (p=1, n=15) 018 1631 | 544 1.40 1%
0.18 17.98 5.25 3.16 3%

Kriging (Gaussian, n= 26)

Comparison of soil organic carbon (SOC) content from 660 soil samples, across 24 study
reaches, and between five valley types indicates a wide range of reach average values, but
significant differences only between unconfined and other valley types (Table 3.2). Depth-
average SOC contents for study reaches ranged from 2.31% along a beaver meadow to 18.96%

along a single-thread channel in an unconfined valley (Table 3.2). A pairwise t-test of depth-
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averaged mean SOC content for all 24 study reaches indicated that SOC content of only
unconfined valleys varied significantly from confined, partly confined, beaver influenced, and
multithread channels (p < 0.0012).

Based on the results from various methods in estimating reach-average mean organic
carbon content, depth-averaged arithmetic mean was chosen to represent the Otrue0 population

mean in the following analysis of bias with sample size.
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Table 3.2. Description of 24 study reaches including valley type, sample size, basic statistics for soil organic carbon content, and size
fraction based on grain-size analysis of a subset of samples. Sample size indicates the number of sampling locations at each study
reach (Location), total number of soil samples collected at various depths for each location (Total n), and the subset of samples from
various depths sieved for grain-size analysis (Grain size). Calculated values for SOC content include the minimum (Min), median
(Med), maximum (Max), and standard deviation (SD). Three study reaches highlighted in grey indicate the three primary study

reaches.
Sample size Depth-averaged arithmetic mean SOC Grain size fraction (%)
;g;i{] Valley Type Location  Total n i?;én Min  Med Max Mean SD (>g ércé?) r%r?]G(zsagdZ) < O.ngcg)r/r; (silt
AB1 Beaver meadow 12 28 6 0.6 121 274 11.7 7.9 7.4 81.4 9.8
AB2 Beaver meadow 10 18 4 5.3 12.9 18.3 125 45 15 75.4 22.8
AB4 Beaver meadow 13 49 9 3.0 4.2 9.1 5.2 2.0 8.5 70.0 20.7
AB5 Beaver meadow 11 49 27 1.2 2.3 34 2.3 0.7 4.2 80.2 151
ABG6 Beaver meadow 11 39 11 1.2 2.9 4.0 2.8 0.8 9.1 75.5 15.3
CF1 Confined 15 38 8 1.2 3.2 4.9 3.0 13 3.1 88.8 7.4
CF2 Confined 9 11 2 35 6.5 10.6 6.6 2.0 15.0 69.1 15.7
CF3 Confined 5 10 3 1.8 5.2 41.9 144  16.8 22.6 70.8 5.0
CF4 Confined 8 16 3 2.7 7.2 29.5 9.7 8.8 7.5 81.9 10.6
CF5 Confined 8 19 4 0.3 2.7 5.5 2.6 1.7 1.0 89.0 9.4
CF7 Confined 9 10 6 1.2 8.9 17.8 8.7 5.2 13.0 73.0 13.6
MT1 Multithread 31 51 16 0.2 3.8 18.5 5.2 4.1 10.7 68.5 20.8
MT2 Multithread 11 24 5 0.2 6.8 29.0 9.6 10.0 2.2 83.0 14.7
MT3 Multithread 11 15 4 2.6 6.7 20.0 8.9 6.3 0.9 83.6 15.3
PC1 Partly Confined 14 34 5 0.9 2.8 20.9 4.4 5.0 17.2 73.7 8.6
PC2 Partly Confined 8 11 4 0.3 6.3 33.1 9.2 10.6 12.7 74.5 12.8
PC3 Partly Confined 14 22 6 1.1 2.8 14.5 4.1 3.4 10.7 81.1 7.3
PC4 Partly Confined 10 20 5 1.0 25 6.1 3.2 1.8 17.5 71.3 4.7
PC5 Partly Confined 11 30 7 1.1 2.8 5.7 3.0 1.3 3.3 88.4 7.0
PC6 Partly Confined 11 36 8 3.0 10.4 425 132 120 12.1 62.8 25.0
PC7 Partly Confined 10 34 16 1.5 24 11.5 3.4 3.02 55 84.8 9.1
UC1 Unconfined 11 22 6 3.1 18.0 47.6 19.0 132 15.7 62.1 20.8
ucz2 Unconfined 11 35 13 3.7 10.0 26.5 135 7.3 15.1 61.0 23.6
ucCs Unconfined 9 39 17 3.6 4.8 13.3 55 3.1 3.4 75.3 21.2
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3.4.2 Sample size, bias, and variance

Bootstrap analysis indicates that bias, which is the distance between the bootstrap-
estimated mean and the population mean, decreases with increasing sample size for all three
primary study reaches, as expected (Figure 3.4). Similarly, variance of the bootstrapped means
decreases as sample size increases. The bias values in these plots are not fixed values
representative of the bias for each consecutive number of samples, because the bias was
calculated as a mean of 10,000 bootstrapped means (Figure 3.4). These plots can, however, be
used to interpret at what point sampling bias becomes constrained within a specific range from
the number of samples analyzed. Similarly, these plots indicate at what sample size variance of
the mean converges to a minimum or levels out based on our estimate of the population depth-
averaged mean.

Although bias is still present throughout all trials, based on the number of samples
analyzed in this study, bias and variance level out for both the bootstrapped mean of all
individual samples and the bootstrapped depth-average means from all sampling locations. The
bias of bootstrapped means from all samples collected (three plots on the left, Figure 3.4) level
out from values as high as 0.04 to a range of 0.02 at approximately 15 samples for all reaches.
Bias of the bootstrapped depth-averaged mean SOC content (three plots on the right; Figure 3.4)
displayed the same convergence toward the estimated true mean, such that at approximately 8 -
10 sampling locations, the bias is constrained within some bounds and the variance of estimated

means levels out.
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Figure 3.4 Differences between the bootstrapped mean and the population mean (bias) for soil
organic carbon content as a result of the number of random samples selected for each trial
iteration. The bias was calculated as the mean of 10,000 bootstrapped means for each
consecutive number of randomly selected samples. The population mean, from which the
bootstrapped means deviate and which is indicated by the horizontal line where bias = 0 in each
plot, was estimated by the arithmetic depth-averaged mean. The variance represents the variance
of bootstrapped means for each trial. The three plots on the left were based on bootstrapped
means of every sample along each reach, regardless of sample depth and location, whereas the
three plots on the right are bootstrapped depth-averaged means. Thus, the plots on the left
represent the total number of samples randomly selected at various depths along each transect,
whereas the plots on the right represent the number of sampling locations at which soil samples
are collected at all incremental depths.

These results indicate that, given the possibility of collecting 34 - 51 samples at various

random depths and locations or 15-cm incremental samples at all depths for 14 - 31 sampling
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locations across the floodplains of the study area, approximately the same bias and variance
would be achieved by sampling only 15 samples at random depth and locations or sampling at

every depth at ~10 randomly selected sampling locations along systematically spaced transects.

3.4.3 Predictors of SOC content: Regression analysis

As expected, SOC content correlates with moisture content (r* = 0.66) and silt and clay
content (r* = 0.54), but correlation with depth is less than those found in upland soils (r* = -0.32;
Table 3.3). Grain size analysis indicates that all study reaches are dominated by sand (>60%
sand; Table 3.1). Unconfined valley segments contain on average more clay than other channel

types, although the difference is not significant (Table 3.3). !
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Table 3.3 Correlation matrix among all possible predictors used in regression analysis (with the exception of elevation from the
channel, which was eliminated due to co-linearity with sample depth and surface elevation).

m = 3
- = O 18 5 < o Y ® 5 0 AL I (@] o 2 S
® < ~S 2o 2% =% 3 §$S33 ©7 a L g 3s S g
—~Q =z 3= = S > 3 35 92 2= 588 @ S =a 32 ~3 =
555 23 S5 32 25 35 225382 &8 2 3% 38 2:s
=52 23 2§ 83 ZIL Tg SE3 T30 2 2 Tg 23 TSE

= —~ ~ = L@ = ) ) o = =4
2¢ % 3 Zg 25 g &°% 3% 3% & 73 £8

Elevation from the channel (m) 1 -0.8 -0.17 -0.55 -0.28 -1 0.06 0.12 0.05 0 -0.06 -0.11 0.32
- 1 0.27 0.21 0.58 0.09 0.15 0.14 -0.05 -0.22 -0.08 -0.05

Confinement (m/m)

Surface elevation (m) - - 1 0.27 0.54 0.18 -0.2 -0.2 -0.03 -0.01 0.03 0.02 -0.06

Maximum soil thickness (m) - - - 1 0.46 0.55 0.18 0.17 -0.1 -0.12 -0.1 -0.02  -0.07

Distance from channel (m) - - - - 1 0.29 -0.05 0.12 0.07 -0.01 -0.1 -0.09 -0.14

Sample depth (cm) - - - - - 1 -0.07 -0.12  -0.05 0 0.06 0.11 -0.32

Moisture content (%) - - - - - - 1 0.65 0.02 -0.27  -0.28 -0.28 0.33

Silt and clay, <0.062 mm (%) - } - - - - - 1 0.13 -039 -052 -044 0.54

Fine sand (%) : - - - - - - - 1 0.59 -066 -068 -0.06

Sand (%) ) - - - - - - - - 1 022 -066 -0.35

Coarse sand (%) ) ) - - - - - - - - 1 021  -0.23

Greater than 2mm (%) ) ) ) - - - - - - - - 1 -0.12

Total organic carbon content
(%)
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Multiple linear regression 1 included all 660 soil observations to investigate relationships
between SOC content, soil moisture, and position across floodplains of the 24 study reaches.
Regression 1 analysis including all variables indicated that only valley confinement (VC) and
soil moisture (M) were significant (p < 0.001) variables in predicting SOC content when all
possible variables were included. After the addition of approximately five variables, the AIC no
longer decreased significantly. This result agreed with the best model selection from step-wise
multiple linear regression (in which moisture was expressed as %, confinement was a
dimensionless ratio, and all other variables were in m), which resulted in equation 3.1,

SOC =-1.8464 + 0.2693(M) - 0.0399(SD) + 2.9267(EFC)

- 0.2154(VC) + 0.4536(ST) (3.1)
where SD is the sample depth, EFC is the elevation from the channel, and ST is the total
maximum soil depth or thickness at the sampling location.

Regression analysis 2 conducted on a subset of samples, which included all spatial
variables and grain size, indicated that soil moisture content (p < 0.001), floodplain surface
elevation (SE; p = 0.003), gravel content (p = 0.003), sample depth (p = 0.005), silt and clay
content (p = 0.006), valley confinement (p = 0.018), and soil thickness at the sampling location
(p = 0.081) were all significant in predicting SOC content when including all variables in the
regression model. The AIC agreed with stepwise multiple linear regression in identifying eight
variables for the best regression model.

SOC = 96.052 + 0.203(M) - 0.047(SD) - 0.991(Sand) - 0.143(VC) - 2.310(SE)

-0.912(Gravel) - 0.839(Silt-Clay) - 2.005(ST) (3.2)
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Figure 3.5 Percent soil organic carbon content generally decreases with depth, but the best fit
logarithmic regression line explains only ~%15 of the variability in this relationship.

Although the best model from multiple linear regression includes soil depth as a predictor,
it only explains a small portion of the variability in SOC content (Figure 3.5). Greater variability
and maximum values of SOC content are present at shallow depths, but depth explains only
~15% of the variability in SOC content. Standardizing organic carbon content by the depth
average mean at each sampling location yielded a similar relationship with an increase in r’ by
only ~0.03. Considering other predictors, however, such as elevation of the floodplain surface
and grain size, the seemingly weak relationship may be significant across floodplains of

mountain streams.
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Figure 3.6 Principle component analysis of spatial and grain size variables identified as
significant from regression 2, which include soil moisture, sample depth, percent sand, valley
confinement, surface elevation, gravel content, percent silt and clay, and total soil depth at the
sampling location. The upper plot is each observation plotted by the first two principle
components using an abbreviation and different color for each geomorphic floodplain feature, as
follows: banks (BK), overbank channels (OB), grassy meadows (GM), hummocks (HM),
elevated tree berms or hummocks (HM), beaver meadows (BM), standing water (SW), islands
(1S), valley edge (VE), and the generic classification of floodplains (FP). The lower plot is a
biplot indicating the magnitude and direction of each variable on the first two principle
components axes.
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To summarize, multiple linear regression analysis indicated that soil moisture, soil
sample depth, percent sand, valley confinement, floodplain surface elevation, gravel content, silt
and clay content, and the maximum soil depth of thickness at each sampling location are
potential predictors of soil organic carbon content. Using these significant variables as an input
to principle components analysis, | investigate potential differences across geomorphic

floodplain features.

3.4.4 Linking floodplain geomorphic features with SOC

Principle component analysis (PCA) using only spatial data identified as significant from
regression 1 plus SOC content did not separate significant groups according to floodplain
geomorphic feature. More clear groupings are illustrated, however, with inclusion of grain size
from the variables identified as significant from stepwise linear regression 2 into PCA (Figure 6).
Although grouping on a plot of the first two principle components and an explanatory biplot do
not indicate that total organic carbon content (TOC) is distinct among geomorphic features alone,
clustering of some groups suggest that variables with which OC is correlated may be organized
by geomorphic floodplain features. Notable distinctions include samples from channel banks
(BK, at the lower right) and grassy meadows (GM, just beside BK toward the upper left). From
the biplot at the bottom of Figure 6, this can be interpreted as differences in percent sand content.
The more general class of floodplain samples (FP) are concentrated in the lower right as well,
but contain more spread across the plot. The location of overbank channels (OB) in the bottom
right quadrant indicates coarser material, which is in agreement with boxplots of grain size
fractions by geomorphic feature (Figure 7). Samples located in wet beaver meadows (BM) and

where standing water was present (SW) seem to be constrained within the right portion of the
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plot and generally not overlap with more dry, grassy meadows or samples from the channel
banks. Examination of the biplot alone (Figure 7) illustrates the strongest correlations with OC
content, including a positive correlation with moisture and percent silt and clay content, and an
inverse correlation with percent sand and percent gravel.

Results from this PCA do not clearly define groups such that particular geomorphic
features exhibit distinct differences in SOC content or capture the variables identified as
predictors for organic carbon content. Close examination of plots of the first two principle
components and the biplot, however, display grouping of some geomorphic features, suggesting

differences in at least some predictors of SOC across floodplain geomorphic surfaces.
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Figure 3.7 Boxplots of grain size fractions and soil organic carbon content across different
geomorphic features as follows: banks (BK), overbank channels (OB), grassy meadows (GM),
hummocks (HM), elevated tree berms or hummocks (HM), beaver meadows (BM), standing
water (SW), islands (IS), valley edge (VE), and the generic classification of floodplains (FP).
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Figure 3.8 Boxplots of grain size fractions and soil organic carbon across the different valley
types.
Differences in grain size distributions among valley types are not significant, although

channels in unconfined valleys (beaver meadows, multithread, and single thread unconfined
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channels) accumulated greater silt and clay content, whereas confined and partly confined
valleys contain more sand and gravel (Figure 8). Although not significantly different, single

thread channels in unconfined valleys have the highest mean organic carbon content.

3.5 Discussion

Although I find that depth-average arithmetic mean provides the best estimate of the
global reach-average mean over other spatial statistical methods, depending on the goals of other
studies, these methods may be preferred. If reducing the bias of mean SOC content is crucial in
other studies and a greater number of samples is an option, for example, kriging and IDW may
result in more accurate estimates given a more intensitve sampling campaigns than those
presented here.

Spatial statistical methods of estimating mean SOC content across floodplain surfaces of
this study area (~3-5%) fall within an acceptable range (~1%) required to estimate SOC stocks.
Bootstrap random sampling analysis and bias plots in which bias and variance converge indicate
that the reach-average mean SOC content estimated using approximately 15 soil samples
selected at random depths and locations or all incremental sampling depths at 10 randomly
selected sampling locations would fall within the same range of estimates as those using up to 50
samples and 30 sampling locations, respectively. This means that unless more than 50 samples
are going to be analyzed, an investigator can capture the variability of the mean SOC content
without an increase in bias by collecting only 15 randomly selected samples at various depths
and systematic locations across the floodplains in this study area and perhaps other mountainous

streams as well. Alternatively, sampling all depths at approximately 10 sampling locations
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should provide a similar estimate of the mean, at least within the accuracy provided by 30
sampling locations.

Regression analysis supports the general understanding that OC content is largely
correlated with moisture content, grain size distributions, and soil depth. Relationships with soil
depth in previous studies, however, are generally stronger than those presented here (Jobbagy
and Jackson, 2000). This is likely a result of the dynamic fluvial environment of mountainous
floodplains along which surfaces are rarely stable for the long periods of time that lower relief,
stable environments can experience. Understanding more specifically the mechanistic influences
of how and where carbon is stored on floodplains could provide more insight into carbon storage
along river corridors and potential importance of rivers in terrestrial carbon stocks and the global
carbon budget.

Our principle components analysis suggests that geomorphic floodplain features could
play a significant role in controlling the spatial variability of SOC content in floodplain soils,
although these results did not define distinct features with significantly higher carbon content
over others. Regression analysis indicates that floodplain surface elevation relative to the cross
valley direction and surface water elevation correlates strongly with SOC content, which
supports findings by (Hupp et al., 2008) along the much larger and lower-gradient Atchafalaya
River. Soil characteristics, however, dominate the controls on OC content and it is not obvious
that spatial attributes play a very strong role. The relative effect of spatial variables on organic
carbon content blended with and is perhaps overshadowed by covariates of grain size distribution,
as indicated from the biplot.

Our results indicate potential differences in the variables that correlate with OC content

across geomorphic features. The subset sample size on which grain size analysis was conducted
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was relatively small and does not provide the large dataset needed to investigate these
relationships thoroughly or identify distinct differences. Further work with stratified random
sampling of grain size across geomorphic floodplain features could determine the minimum
sample size needed, as | have done here, but constrain bias of estimated means with more
certainty than resulted from this study.

Observed differences in SOC content across valley type and the potential for differences
among geomorphic floodplain features highlight the presence of localized controls on SOC
content in floodplains of mountain streams. Single-thread channels in unconfined valleys, for
example, exhibit significantly higher organic carbon content than all other stream types (Holm-
corrected p < 0.001) and accumulate finer sediment, likely as a result of decreased flow velocity
across relatively wider floodplains (Figure 8). This work provides guidelines for sampling
regarding the number of samples and suggests that stratifying sampling across geomorphic
floodplain features may provide greater detail in differences associated with drivers of SOC
content in floodplains of mountain rivers.

Our results indicate a significant difference in soil organic carbon content of floodplains
(6 £ 7%) relative to those of uplands in the study area (Table 3.4). Licata and Sanford (2012)
examined upland soil carbon content along a gradient from the foothills to the subalpine zones in
the Colorado Front Range, including ponderosa forests to spruce and subalpine fir forests (which
encompasses our study area), and found SOC contents of 1.5 +0.08 to 2.2 + 0.14%. Our values,
however, are much smaller than those from (Wohl et al., 2012), who found organic carbon
contents along floodplains in the Colorado Front Range of 10 b 14%. Much higher mean SOC

contents could have been a result of fewer study sites in the earlier study. Our systematic random



sampling scheme and greater number of study sites provide a more accurate estimate of SOC
content along floodplains of the Front Range.

Table 3.4. Values of soil organic carbon content of floodplains from studies in other regions and
uplands and floodplains (including this study) of the Colorado Front Range

Location Mean SOC (%) Std dev (%) Study
Licata and Sanford,

Colorado, USA (uplands)?® 15t02.3 +0.08t00.14 2012
Colorado, USA 10to 14 - Wohl et al., 2012
Colorado, USA* 6 +7 This study
MidAtlantic USA (piedmont
floodplains) Walters and Merritts,

-mineral top soil 1to2 - 2008

-buried organic horizon 2t09 -
Alberta, Canada 1.3t01.5 +0.14t05.8 Hoffmann et al., 2014
Chamela, Mexico 16t03.1 - Jaramillo et al., 2003
Rhine River, Germany 0.2to2 - Hoffman et al., 2009

* values from this study
% values from uplands in the study area
® only selected values from floodplains cited

Mean organic carbon content at our study sites fall within the higher range of those from
other studies examining floodplain carbon content (Table 3.3). Our results are comparable to
organic horizons in the MidAtlantic region of the US (2 -9%) buried by milldam sedimentation
during the industrial period (Walter and Merritts, 2008). This implies that humans have greatly
altered carbon storage along river corridors with alterations of the sediment regime (Wohl et al.,

2015; Wolman, 1967).

3.6 Conclusion

Quantifying OC retention and storage along floodplains may significantly contribute to
identifying the missing terrestrial carbon sink. Floodplain sediment in mountain streams of the
Colorado Front Range have higher organic carbon content than those in adjacent uplands and

those in floodplains in other regions. ldentifying how and where rivers retain OC is important for
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understanding ecosystem processing of carbon, aquatic and riparian foodwebs, and potential
long-term storage of carbon in fluvial systems. Our analysis shows that depth average means
should estimate SOC content relatively accurately. | outline methods to reduce the number of
samples required to estimate floodplain OC content and provide values from 24 study reaches
with various characteristics, which indicate higher OC content in floodplain soils compared to
adjacent uplands. A limited subset of samples on which grain size analysis was conducted
suggests that geomorphic floodplain features correspond to grain size distribution and resulting
SOC content. Further investigation may prioritize stratified random sampling to investigate these

relationships in greater detail.
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Chapter 4: An elevational-driven shift in floodplain disturbance regime

Summary

The extreme flooding of September 2013 in the Colorado Front Range presents an
opportunity to examine the geomorphic implications of elevational differences in floodplain
disturbance regime. At eight study reaches along North Saint Vrain Creek, Colorado, I used
radiocarbon ages of charcoal as a proxy for floodplain sediment residence time to examine
differences in floodplain dynamics between high-elevation sites dominated by snowmelt peak
flows and lower elevation sites below 2300 m that also have rainfall floods. Of the ~16 ha of
floodplain disturbed during the 2013 flood, >85% were below 2300 m. Cumulative area of
disturbed floodplain increased exponentially with increasing drainage area, rising dramatically
below 2300 m. Detailed surveys of a site above 2300 m indicate net deposition (830 m’),
whereas the site below 2300 m had net erosion (670 m®). Reach-average, pooled mean
radiocarbon ages are an order of magnitude higher at high elevation sites (> 1200 y BP)
compared to low elevation sites (< 700 y BP), indicating shorter sediment residence times in low
elevation floodplains. Results suggest that similar elevational controls may influence floodplain
sediment dynamics in other mountainous regions with longitudinal differences in hydroclimatic

regime.

4.1 Introduction
The role of extreme precipitation and floods in the riverine transport of sediment through
the landscape has been emphasized in paleohydrologic studies (Jarrett, 1990; McCain and

Shroba, 1979) and recently highlighted by the occurrence of anomalous precipitation and river
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flooding (e.g., (Magilligan et al., 2015). The magnitude and frequency of such extreme events
are predicted to increase with global climate change (Bates et al., 2008). This may be particularly
important in high-relief terrains in which elevation limits between predominantly snowmelt
versus rainfall runoff could change. Rainfall runoff can generate higher magnitude, shorter
duration flood peaks with substantial erosive potential, so shifts in the location of rainfall
flooding could alter the stability of river corridors, with consequences for sediment yield, water
quality, natural hazards, and river ecosystems.

Floodplains are a particularly important component of river response during floods.
Beyond attenuating peak flows, floodplains can serve as sediment sources during extreme events,
but also as sediment reservoirs, even in steep mountain streams (Lancaster et al., 2010; Lancaster
and Casebeer, 2007). This complicates comparison of denudation rates and sediment yield.
Floodplain sediment storage and transit time are poorly understood (Hoffmann, 2015), but are
recognized as interruptions to longitudinal sediment connectivity (Fryirs, 2013) that provide
opportunities for sediment storage and closing sediment budgets (Schenk et al., 2013).
Quantifying floodplain sediment residence time and identifying spatial patterns and the role of
hydrologic disturbance in mountain streams provides information critical to modeling landscape
evolution and predicting flood hazards and contaminant transport.

Previous work on large river floodplains has demonstrated that floodplain dynamics
(sedimentation and erosion) significantly influence sediment storage (Aalto et al., 2008; Dunne
et al., 1998) and riverine sediment budgets (Dunne et al., 1998; Schenk et al., 2013), and are
influenced by climate forcing (Aalto et al., 2003). Few studies, however, have examined how
elevational differences in disturbance regimes in high-relief environments influence floodplain

dynamics. Floodplain sediment mean residence time is expected to increase downstream with
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increasing drainage area and average width and longitudinal extent of floodplains (Wohl, 2013).
I examine the differences in floodplain sediment residence time along mainstem and tributary
basins (10 - 20 km?) nested within a 200-km? drainage. Floodplain study reaches are located
along a longitudinal gradient across a distinct elevation boundary at 2300 m in the Colorado
Front Range (CFR), which has well-documented implications for flood magnitude and duration
(Jarrett, 1991). Here, I present the first quantification of floodplain sediment age and the
geomorphic implications for floodplain dynamics associated with this hydroclimatic boundary.
I use randomly collected radiocarbon ages of charcoal in floodplain sediment to estimate
floodplain sediment residence time along a gradient with decreasing elevation and increasing
drainage area to test the hypothesis that high-elevation mountain streams exhibit increased
sediment residence time relative to lower elevation sites in the CFR. I estimate floodplain
sediment erosion and deposition at two study sites and the area of floodplain disturbance in the
study catchment as a result of the 2013 CFR storm. Finally, I discuss the implications of the
results for understanding floodplain dynamics in the context of sediment yield, natural hazards,

and climate change in mountainous regions where similar elevational controls exist.

4.2 Regional Setting

A Precambrian core of granite, gneiss, and schist makes up the Colorado Front Range
(Braddock and Cole, 1990). The range was uplifted during the Laramide orogeny (Dickinson et
al., 1988) and has *'’Be- derived denudation rates of 20-30 mm/ky (Dethier and Lazarus, 2006;
Foster et al., 2015). Rapid exhumation rates (Anderson et al., 2006) have recently been attributed

to widespread hillslope and bank erosion following extreme events (Anderson et al., 2015) using

"#%



observations and LiDAR analysis after the September 2013 storm, which caused >1138 debris
flows along the northern CFR (Coe et al., 2014).

The CFR is characterized by an elevation-driven shift in precipitation and hydroclimatic
disturbance regime, as reflected in paleohydrologic indicators of large floods (Grimm et al.,
1995), gage records (Jarrett, 1990), and indirect discharge estimates from recent large floods
(McCain and Shroba, 1979) (Ogden et al., 2000). Hydrographs at elevations above 2300 m are
dominated by seasonal snowmelt with peak unit discharge up to 1.1 m*/s/km?, whereas sites at
lower elevations have a secondary peak resulting from large convective thunderstorms that can
produce peak unit discharge up to 40 m*/s/km* {Citation} (Jarrett, 1990).

Localized response, including floodplain sediment residence time, to these extreme
precipitation and floods depends largely on geology and geomorphic process domains associated
with longitudinal variation in lateral valley confinement (Polvi et al., 2011; Wohl, 2010).
Relatively unconfined valley segments, which tend to be located in the CFR where rivers cut
across densely spaced bedrock joints (Wohl, 2008), dissipate flood energy and accumulate

sediment (Wohl et al., 2012).
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Figure 4.1 Eight study reaches within the North Saint Vrain Creek watershed in the southeastern
portion of Rocky Mountain National Park (RMNP), Colorado, USA.

The study area lies within the North Saint Vrain Creek (NSV) watershed, extending from

Ralph Price Reservoir upstream to headwaters at the continental divide. Radiocarbon analysis
focuses on two study sites above Route 7 (PC4 at 3027 m and AB1 at 2905 m) and two study
reaches ~2 and 7 km downstream of Route 7 and ~ 150 and 80 m above and below the 2300-m
elevation contour, respectively (Figure 4.1). The NSV watershed has limited anthropogenic
disturbance relative to other watersheds in the region. Estimated recurrence intervals from the
2013 flood on NSV are ~2 and >200 years at Allenspark and Lyons, respectively (Figure 4.1;
(Yochum, 2015). Three study reaches (PC1, PC4, PC5) have a floodplain width (w,) between 2

and 5 times the bankfull channel width (wc), whereas wy is nearly nine times W at ABI.
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4.3 Methods

Remotely sensed photography from USDA NAIP aerial imagery collected in 2012 and
2013 before and after the 2013 flood was used with field observations and surveys to estimate
the area of floodplain surfaces disturbed during the flood along NSV downstream from State
Route 7. Interpreted disturbance here does not distinguish between erosion and deposition, but
only observable differences as indicated by changes in vegetation in NAIP aerial imagery from
2012 and 2013. Post-event LiDAR collected by FEMA was used to verify the contemporary
position of the channel and floodplain, which reduced uncertainty where the valley was heavily
shadowed in the imagery. Heavy shadows limited detection of floodplain disturbance,
particularly at higher elevations and small drainage areas where channels are very narrow. Field
observations verified floodplain disturbance at higher elevations, but these results are presented
as order of magnitude estimates primarily as a method of comparison at different elevations.
Reconditioned NHD flowlines of the NSV main stem (Nagel et al., 2014) were segmented into
100-m segments in ArcMap and the corresponding elevation from the DEM and cumulative area
of disturbed floodplain surfaces was obtained for each point that intersected a 50-m buffer of the
floodplain polygons.

Each study reach was defined by 11 transects spaced one bankfull channel width apart.
The topographic floodplain surface was surveyed along each transect using a Laser Technology
TruPulse 360B laser range finder. The depth of floodplain sediment was measured using the
depth of penetration of a 1-cm diameter rebar pounded into sediment until refusal at bedrock or
clasts larger than coarse sand, which typically have an abrupt boundary with overlying finer
sediment. Sediment volumes were estimated from measured depths using irregular triangular

networks (TINs) in ESRI ArcMap. Total mass of sediment along each study reach was calculated
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using mean bulk density (0.9 g/cm’) estimated from 23 measurements across floodplains in the
study area.

Pre-event, 2013 topographic surveys along each transect of the two study reaches farthest
downstream (PC1 and PC5) allowed me to anchor post-event surveys along the valley endpoints
of at least 6 transects observed to have experienced little to no change after the flood. The
differences between pre-event surveys and post-event LIDAR were calculated to estimate net
change in floodplain surface topography. The volume of net displacement from the previous
floodplain was estimated by cutting out the location of the active channel and using TINs in
ERSI ArcMap to calculate the volume of the difference between pre-event ground surveys and
post-event LiDAR. Although estimated values are rough approximations with inherent error,
relative values provide information about net erosion or deposition. Positive values indicate a
decrease in floodplain surface elevation and are interpreted as net erosion. Negative values
indicate an increase in floodplain surface elevation and are interpreted as net deposition.

Systematic random sampling of floodplain sediment was conducted along 8 study reaches
for the full depth of the floodplain soil profile until refusal using a stainless steel hand auger. A
single sampling location was randomly selected along each transect using a random number
generator to select the number of meters from the valley edge for each sample location. Where
charcoal samples were limited, all possible charcoal samples collected from each reach were
processed by accelerated mass spectrometer of '*C. After selection of the 5 deepest samples
along study reach PC1, random selection of four samples was conducted out of a remaining 11
samples. Where charcoal and sample size were limited, additional sampling locations were
selected where sediment depths were greatest. Individual radiocarbon ages were calibrated using

OxCal software (Bronk Ramsey, 2001) and the IntCal13 calibration curve (Reimer et al., 2004)
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and summed probabilities were normalized for all samples from each study reach. Pooled mean
radiocarbon ages for each study reach were calibrated using Calib software (Stuiver and Reimer,
1993) and the IntCall3 curve. These calibration methods result in standard deviations for pooled
mean radiocarbon ages based on the probability distribution for each radiocarbon age. Pooled
mean radiocarbon age of charcoal in floodplain sediment was used to constrain a maximum

value for mean floodplain sediment residence time of floodplain sediment.

4.4 Results

Of floodplain area disturbed by the 2013 flood, approximately 16.1 ha were eroded
during the event and ~85% of the disturbed floodplain area occurred below 2300 m (Figure 4.2).
Cumulative area of disturbed floodplain increases with decreasing elevation and increasing
cumulative drainage area by a non-linear relationship (Figure 4.2). As elevation decreased along
the mainstem NSV, the relative area of disturbed floodplain following the 2013 flood increased
by a power of ~17.4. Noticeable increases in floodplain disturbance occur at the confluence of
NSV and significant tributaries including Rock Creek, Cabin Creek, and Dry Saint Vrain Creek.
Floodplain disturbance remains constant for short distances along NSV where the valley is

highly confined by steep canyons walls and no floodplain was present prior to the flood.
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Figure 4.2 Cumulative area of disturbed floodplains with decreasing elevation along North Saint
Vrain Creek following the 2013 flood indicate a power-law relationship (r*= 0.94) captures more
of the variability than a linear regression (1= 0.81). Gray triangles indicate locations of
significant debris flows from adjacent hillslopes and tributaries (indicated as dashed vertical
lines) and white diamonds indicate the location of study reaches. The vertical black line indicates
the location of 2300 m elevation, and the shaded area indicates what I interpret as the long-term
average transitional zone for floodplain disturbance regime in the study basin.

Estimated net erosion and deposition along the floodplains of study reaches PC1 and PC5
indicate significant mobilization and change in the volume of floodplain sediment during the
2013 flood (Table 4.1, Figure 4.3, 4.4). Both study reaches were impacted by debris-flow
sediment input. PC1 experienced net deposition, whereas PC5 experienced net erosion, although

the channel experienced significant erosion and deposition, respectively, in each reach
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Table 4.1 Net change in elevation of floodplain surfaces following the 2013 event from
difference in pre-event field surveys and post-event FEMA LiDAR.

Change PC1 PC5
Erosion (m’) 259 828
Deposition (m”) 1090 150

Deposition ~ Erosion
(830m’) (678 m’)

Net change (m”’)

Figure 4.3 Before and after (A and B, respectively) photographs of effects of the 2013 flood on
study reach PC1 (~2470 m elevation), illustrating net deposition from a debris flow that filled a
side channel from valley left. Photographs were taken looking downstream from the white dot on
valley left indicated in the middle frame, where flow is from west to east. The debris-flow scar is
visible in the right frame, with a raster file indicating change in floodplain topography. Light
colors and positive values indicate a decrease in floodplain surface elevation and net erosion,
whereas dark colors and negative values indicate an increase in floodplain surface elevation and
net deposition. Erosion from the debris flow



Figure 4.4 Numerous debris flows greatly impacted the lower elevations of North Saint Vrain
Creek in the 2013 event and are visible in these pre- and post- event aerial images used to
delineate the area of impacted floodplains along the river corridor. White outlines study reach
NSVPCS, in both photographs. Light colors and positive values of the inset raster images
indicate a decrease in floodplain surface elevation and net erosion, whereas dark colors and
negative values indicate an increase in floodplain surface elevation and net deposition. The inset
photograph in the lower frame illustrates in-channel deposition of gravels and boulders that
encouraged erosion of the floodplain.

) 5

Summed probabilities of all samples from each study reach indicate decreasing
variability of calibrated radiocarbon ages with decreasing elevation, with the exception of the
highest elevation study reach (PC4; Figure 4.5). Residence time of floodplain sediment reflects
the same pattern, such that a positive correlation exists between maximum floodplain sediment
residence time and study reach elevation, with the exception of PC4. A distinct difference exists
between high elevation (>2500 m) and low elevation (<2500 m) study reaches, resulting in
residence times >1355 y BP and <700 y BP, respectively (Figure 4.5, Table 4.2). Coefficient of
determination from linear regression of pooled mean radiocarbon age indicates a significant
power-law relationship with elevation and contributing drainage area (r* = 0.82 and 0.79,

respectively; Figure 4.6).
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Figure 4.5 Summed probabilities of all samples from each study reach. The variability or spread
in ages between each charcoal sample indicates potential for storage or lack of storage of old
sediment. Although UC1 and AB4 have very small sample sizes (2 and 3, respectively), pooled
mean ages for all study reaches indicate two separate populations above and below 2500 m
elevation with pooled mean ages >1200 y BP and <700 y BP, respectively.
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Figure 4.6 Pooled reach-averaged mean radiocarbon age indicates two distinct populations with
different residence times. Floodplains above 2500 m in elevation have residence times > 1200 y
BP (with the exception of a reach burned in 1978), whereas 2 study sites below 2500 m have
ages < 600 y BP. The best fit regression line excluding the study reach recently burned in 1978
(OCKPC2) indicates a power-law relationships with elevation and drainage area (r* = 0.79) .

Table 4.2 Site characteristics, pooled mean radiocarbon age, and calculated values used to
estimate floodplain sediment residence time.
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4.5 Discussion

Pooled mean radiocarbon ages do not differ in relation to valley confinement or stream
gradient, but do reflect two distinct groups differing in elevation. This suggests an elevation
control on floodplain sediment residence time, such that higher elevations store sediment for
much longer periods than lower elevation reaches, with a threshold occurring somewhere
between 2300 and 2500 m. Even with a higher number of samples at the lower elevation sites
and increasing probability of re-worked charcoal and carbon that provide only a maximum
limiting age for floodplain sediment, the higher elevation sites have much greater ages. These
differences are interpreted as more rapid turnover of floodplain sediment at lower elevations
because even deeper samples at the lower elevation sites include only younger charcoal (i.e., 46
and 69 cm at PC5 and PCl, respectively). Additionally, even small sample sizes at high
elevations yield much older pooled mean ages.

An abrupt increase in floodplain disturbance during the 2013 flood occurred just below
2300 m elevation, which suggests a shift in fluvial disturbance regime at the same elevation as
the previously identified shift in hydroclimatic regime (Jarrett, 1990; Figure 4.2). Estimated
changes in floodplain sediment area and inferred erosion and deposition at two study reaches
during the 2013 flood suggest greater event-driven floodplain change at lower elevations because
PC1 was dominated by deposition at 2469-m elevation, whereas PC5 was dominated by erosion
at 2219-m elevation. Although both reaches were affected by debris-flows initiated from
adjacent hillslopes, increased unit stream power accompanying larger discharge at lower
elevations appears to have mobilized sediment inputs at PCS5, whereas the relatively lower

magnitude of stream power at PC1 did not mobilize debris-flow sediment.
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Erosion and deposition at NSVPC1 and NSVPCS5 can, however, also be influenced by the
relative confinement and channel planform at each reach, although both reaches are located
along bends in the channel. There appears to be a downstream trend in the mean age of
floodplain sediment, but inference of a distinct shift in sediment residence time associated with
the disturbance regime may require analysis of additional sites below 2300 m. However,
substantially greater anthropogenic impacts to the channel and floodplain at lower elevations
limit the ability to perform such an analysis.

Although distinct zonation of flood magnitudes has been attributed to upper elevation
limits on convective thunderstorms in the CFR (Gochis et al., 2014; McCain and Shroba, 1979),
other transitions along this boundary may influence floodplain disturbance and sediment
dynamics. The shift from lower montane to upper montane vegetation communities occurring at
~2350 m includes an increase in the abundance of Douglas-fir relative to the ponderosa pine
forests of the lower montane zone, as well as more persistent snowpack and greater return
intervals for wildfires (Veblen and Donnegan, 2005) and associated debris flows.

Anderson et al. (2015) state that debris flows during extreme events may be responsible
for the majority of floodplain erosion in the Front Range, but Coe et al. (2014) suggest no
significance differences in spatial frequency of debris flow initiation at the 2300 m elevation
hydroclimatic transition. Data presented here, however, suggest that differences in floodplain
disturbance regime occurring between 2300 and 2500 m may result in different responses to
debris-flow sediment inputs. These observations illustrate potential mechanisms of floodplain
evolution through filling of side channels and creation of new islands in PC1 and PCS5,
respectively. Greater hydraulic force at lower elevations may be the driver needed to evacuate

debris-flow deposits from floodplains on the Front Range.
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These results provide insight into the importance of floodplain sediment storage in
sediment budgets of mountain streams. Discrepancies between basin-wide erosion rates and
sediment yield can be reduced by considering significant loss of longitudinal sediment
connectivity by floodplains (Fryirs, 2013), even in small mountain streams. Elevational
differences in floodplain dynamics of mountain streams can result in substantially greater
floodplain erosion, sediment yields, and natural hazards at lower elevations during extreme
storms, as well as decreased retention of organic carbon and nutrients in floodplain sediment
(Wohl et al., 2012; Sutfin et al., 2015). If changing climate results in upward shifts in the
elevational boundary between snowmelt and rainfall floods, floodplains that are relatively stable,
retentive sediment reservoirs at time spans of 10%-10° years under existing climate could become

net sediment sources.

4.6 Conclusion

I test potential differences in floodplain disturbance regime and sediment residence time
along an elevational gradient in the Colorado Front Range. Estimated floodplain disturbance and
calculated net change in floodplain sediment volume along North St. Vrain Creek (NSV) during
the 2013 flood support the geomorphic record from radiocarbon ages of charcoal in floodplain
sediment. These results suggest that high elevation streams with relatively smaller drainage areas
experience less floodplain disturbance and exhibit longer residence times, compared to lower
elevation sites with much larger drainage areas in the NSV watershed, contrary to trends in
floodplain dynamics with increasing drainage area documented for river networks in other
regions. Because many mountain ranges experience topographic-controlled boundaries in

hydroclimatic and hydrologic runoff regimes, similar differences in fluvial disturbance likely
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influence floodplain sediment dynamics and storage in high elevation stream networks of other

mountain regions.
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Chapter 5: Geologic and geomorphic controls on spatial variability

of organic carbon retention along mountain streams

Summary

I quantify storage of organic carbon in downed wood, litter and humus on the floodplain surface,
and floodplain sediment along valley segments of diverse geometry in the Southern Rockies. My
objectives are to: investigate the roles of valley geometry, channel planform, contributing
drainage area, and elevation on reach-scale organic carbon storage; identify mechanisms that
facilitate or limit organic carbon storage; and present a conceptual model to explain spatial and
temporal variability of organic carbon stocks. | find that floodplain sediment is the primary
reservoir for organic carbon along river corridors of 24 study reaches in the study area. Based on
660 sediment samples from 273 locations, laterally unconfined valley segments with a single
channel store significantly more carbon than either confined valley segments or unconfined
valleys with multiple, subparallel channels. Elevation and stream gradient are the most
significant predictors of organic carbon per unit area, and | infer that these relationships reflect
differences in hydroclimatic disturbance regime and soil temperature. | interpret the observed
patterns of organic carbon storage via a conceptual model that focuses on how differences in
spatial density of bedrock joints influence valley geometry and riparian water tables, which in
turn influence riparian vegetation, bank erodibility, and channel planform. These differences in
channel form facilitate either frequent channel avulsion, floodplain erosion, and limited organic
carbon content of soils in valley segments with multiple channels, or relatively stable single

channels, floodplain deposition, and higher carbon content.
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5.1 Introduction

Storage of organic carbon within sediments of river corridors and lakes has been
increasingly recognized as a significant component of the terrestrial carbon cycle (Aufdenkampe
et al., 2011; Battin et al., 2009; Cole et al., 2007; Hoffmann et al., 2013; Tranvik et al., 2009). A
river corridor includes the active channel and floodplain. Organic carbon can be stored within
diverse reservoirs in river corridors, including living biomass, downed wood, and floodplain
sediment of sand size and finer, although sediment organic carbon has received the most
attention and constitutes the largest reservoir in most studies (Sutfin et al., 2015). Quantifying
spatial variations in organic carbon storage within river networks and identifying how
geomorphic processes influence spatial variations may help to constrain terrestrial carbon
budgets and provide insight into carbon dynamics in river systems. This in turn has implications
for understanding riverine food webs and biogeochemical cycles (Battin et al., 2008; Gurwick et
al., 2008) and potential changes in floodplain carbon storage associated with land use, river
restoration, and climate change (Cole et al., 2007).

Because upland erosion has been linked to increased potential for new sediment storage,
burial of organic carbon, and rapidly growing carbon sinks in depositional environments (Berhe
et al., 2007; Oost et al., 2012), erosion and sedimentation along dynamic river corridors may
promote increased rates of carbon uptake by the geosphere. These processes may be shifted in
either direction by land-use and river manipulation (Hoffmann et al., 2010) or restoration
(Bullinger-Weber et al., 2014) and anticipated increases in storm severity as a result of climate
change (Bates et al., 2008). This erosion-induced carbon storage may help to account for the
growing terrestrial carbon sink (Ballantyne et al., 2012; Le Quéré et al., 2009) and high

uncertainty in terrestrial global carbon budgets (Gregory et al., 2009). Continued floodplain
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aggradation and burial remove particulate and dissolved organic carbon from physical
breakdown and active microbial communities, creating potential for storage over time spans of
10%-10° years (Blazejewski et al., 2005). Floodplain carbon retention is also important for aquatic
and riparian ecosystems, particularly along headwater streams and small mountain rivers with
limited floodplain area and net primary productivity (Allan and Castillo, 2007; Battin et al.,
2008; Naiman et al., 2005).

Small mountainous streams are particularly important because they receive the majority
of allochthonous terrestrial OC (Vannote et al., 1980; Battin et al., 2008). Riparian corridors
receive significant organic litter-fall into relatively narrow streams (Vannote et al., 1980) and
retain OC derived from surficial hillslope erosion and landslides that release ancient OC in
sedimentary bedrock (Hilton et al., 2008, 2010; Gomez et al., 2010). The U.S. Rocky Mountains
are a focus of high carbon uptake, with 70% of the carbon sink at elevations above 750 m, which
comprises 20-40% of the total uptake for the lower 48 states (Schimel and Braswell, 2005).
However, many aspects of carbon dynamics in the U.S. Rocky Mountains remain poorly
understood, including the role of mountain streams. Studies thus far (Bradford et al., 2008) have
likely underestimated carbon stocks because values are derived from upland soils and vegetation
only, while headwater stream processes have been ignored. The research described here
addresses this underestimation by quantifying organic carbon storage in diverse channel
segments in the Southern Rocky Mountains.

The majority of existing work on floodplain organic carbon storage focuses on shallow
sediment organic carbon reservoirs along floodplains of large rivers (Hoffmann et al., 2009;
Jaramillo et al., 2003; Noe and Hupp, 2005, 2009). Limited work has investigated (i)

relationships between floodplain sediment carbon content and grain-size distributions (Bullinger-
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Weber et al., 2014; Hoffmann et al., 2009; Wigginton et al., 2000), and (ii) spatial variability of
estimated carbon content, accumulation rates, and stocks across floodplain surfaces (Noe and
Hupp, 2009). Although (Sutfin et al., 2015) suggest potential landscape-scale controls on spatial
variation in floodplain organic carbon storage, most existing work has not quantified differences
in carbon storage in relation to valley and channel geometry or sediment connectivity. However,
the longitudinal disconnectivity of sediment (Fryirs, 2013; Fryirs et al., 2007) and residence time
on the floodplain (Hoffmann, 2015), which are influenced by hydroclimatic disturbance regime
(Chapter 4 of this dissertation) and lateral valley confinement, largely control the potential for
organic carbon storage.

In a pilot study of mountain stream networks of the northern Colorado Front Range,
Wohl et al. (2012) identified laterally unconfined valley segments as storing disproportionately
large amounts of organic carbon in downed wood and floodplain sediment relative to higher
gradient, laterally confined portions of the river network. The pilot study found that the majority
of the organic carbon was stored in downed wood in laterally unconfined valley segments
flowing through old-growth forest in which numerous channel-spanning logjams created
multithread (anabranching) channels. Floodplain sediment accounted for the majority of organic
carbon storage in beaver meadows in which beaver dams created multithread channels. The pilot
study left numerous unanswered questions, however, regarding spatial variability in organic
carbon storage. The more extensive and detailed research summarized here addresses these
questions.

I quantify organic carbon stocks in three primary floodplain carbon reservoirs b downed
wood, litter and humus, and floodplain sediment finer than sand size b in multiple valley

segments classified into five types based on lateral valley confinement and channel planform.
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My objectives were to: investigate the roles of valley geometry, channel planform, contributing
drainage area, and elevation on organic carbon storage at the reach scale; identify mechanisms
that facilitate or limit organic carbon storage in mountain streams; and present a conceptual
model to explain variability of organic carbon stocks in diverse valley segments. In doing so, |
test the hypothesis that valley and channel geometry exert a significant influence on floodplain
sediment organic carbon storage. | hypothesize that valley segments above 2500 m elevation and
with multithread channels store more carbon compared to single-thread unconfined valley
segments at similar elevations. The dynamic fluvial environment of multithread channel
segments, which are characterized by development of logjams, beaver dams, islands, and channel
avulsion, may limit organic storage capacity and be largely responsible for the pattern observed
in the pilot study, in which multithread valley segments had shallower accumulations of organic-
rich fine sediment than single-thread channels in unconfined valleys.

I address the research objectives by calculating average organic carbon storage per area
across diverse valley segments; testing differences between valley types using corrected t-tests;
and conducting multiple linear regression to examine relations between potential control
variables and organic carbon storage per floodplain area. | conclude with a conceptual model that
explains observed spatial variation in floodplain organic carbon storage as a function of valley
geometry, forest stand age, geomorphic channel complexity, position in the watershed, and

fluvial disturbance regime.

5.2 Study Area

The Colorado Front Range is composed of an igneous and metamorphic Precambrian

core of granite, gneiss, and schist (Braddock and Cole, 1990), within which spatial variation in
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bedrock jointing facilitates longitudinal variation in lateral valley confinement and the formation
of strath terraces (Wohl, 2008). Rivers along the Front Range have incised deep canyons on the
flanks of the mountain range and through tilted sedimentary strata at the eastern margin of the
Precambrian core (Anderson et al., 2006). Pleistocene glaciation on the eastern side of the Front
Range extended downslope to elevations of approximately 2300 b 2500 m, marked by terminal
moraines.

With increasing elevation above the plains, steppe vegetation transitions into montane
forest (1830-2740 m elevation), subalpine forest (2740-3400 m), and eventually alpine
vegetation (Veblen and Donnegan, 2005). This study focuses on the subalpine and montane
zones. The subalpine zone is dominated by subalpine fir (Abies lasiocarpa), lodgepole pine
(Pinus contorta), limber pine (Pinus flexilis), Engelmann spruce (Picea englemannii), and aspen
(Populus tremuloides), whereas the montane zone primarily includes ponderosa pine (Pinus
ponderosa var. scopulorum) and Douglas-fir (Pseudotsuga menziesii) (Veblen and Donnegan,
2005). Riparian communities in both zones also include large numbers of aspen, willow, and
river birch. The primary, stand-killing disturbances in the region are wild fires, insect infestations,
and blowdowns (Veblen and Donnegan, 2005). Fire severity and coverage are positively
correlated, and frequency is inversely correlated, with elevation, ranging from > 100 y between
stand-replacing fires in the subalpine to 5-30 y between ground-surface fires in the lower
montane zone (Veblen and Donnegan, 2005). Stand-Kkilling disturbances affecting different
portions of the study area date prior to 1654, 1676, 1695, 1730, 1748, 1859, 1880, 1900, 1902,
1915, and 1978 CE (Sibold et al., 2006). A major infestation of mountain pine beetles is
currently causing widespread die-off of lodgepole pines in the region, but is not yet resulting in

substantial increases in tree mortality or topple within riparian zones.
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Mean annual precipitation of ~ 50 cm in the foothills increases with elevation to ~ 100
cm at the continental divide (Barry, 1973). Most of the study sites are within Rocky Mountain
National Park (RMNP). The primary drainages on the eastern side of RMNP are the Big
Thompson River (BTR), North Saint Vrain Creek (NSV), and the extensive tributary network for
these two trunk streams. Snowmelt runoff during May-July dominates the annual hydrograph of
rivers within RMNP. At elevations below ~2300 m, summer convective storms can create flash
floods with much larger discharge per unit drainage area (Jarrett, 1990), as seen in substantial
floods across the Front Range in Sept. 2013.

Although flash floods from convective storms have recurrence intervals of ~300 years,
they can result in extensive floodplain reworking (McCain and Shroba, 1979). Analysis of the
2013 floods along rivers of the Colorado Front Range indicate a power-law relationship between
drainage area and floodplain disturbance along North Saint Vrain Creek, such that floodplain
disturbance increases exponentially with decreasing elevations below 2300 m (Chapter 4 of this
dissertation). Radiocarbon ages of charcoal from floodplain sediment along four study reaches
on North Saint Vrain Creek also indicated much longer reach-average residence times of
floodplain sediment at elevations above 2500 m (1365 + 10 and 1931 + 10 y BP) compared to
sites near and below 2500 m (680 £ 6 and 609 + 11 y BP). Channel morphology is
predominantly cobble- to boulder-bed step-pool and pool-riffle sequences (Livers and Wohl,
2015), and floodplain deposits are dominated by the sand fraction (Chapter 3 of this dissertation).
Floodplain development is longitudinally discontinuous and most floodplain segments are < 100
m wide. Substantial longitudinal variability in wood loads and downstream spacing of channel-

spanning jams reflects variability in valley geometry and forest age (Wohl and Cadol, 2011).
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I define the relative confinement of valleys in the study area by the ratio between the
width of the valley bottom or floodplain (wy) and the bankfull channel width (w), to include
confined (wy < 2 wg), partly confined (2 w, < w, <5 w¢), and unconfined (w, > 5 w). In
unconfined valleys, beaver dams and persistent channel-spanning logjams can facilitate multiple,
subparallel channels across the valley bottom in a form of anabranching (Nanson and Knighton,
1996), which I refer to as multithread channels. These multithread systems exhibit increased
channel complexity, defined primarily as high variability in streambed profiles and irregular
channel boundaries. Beavers engineer floodplains and increase channel complexity to create
beaver meadows (lves, 1942; Polvi and Wohl, 2012), which raises riparian water tables
(Westbrook et al., 2006) and facilitates saturated sediments and organic carbon storage (Falloon
et al., 2011). Although channels incise and transition back to single-thread channels when beaver
dams fall into disrepair, these valley bottoms still have potential for organic carbon storage
(Wohl, 2013b). Logjam-forced development of multithread channels occurs only in unconfined
valley segments with dense old-growth forest stands where downed trees are large and numerous
enough to create persistent, closely spaced, channel-spanning logjams (Beckman and Wohl,
2014b; Wohl, 2013a).

Prior work by Wohl et al. (2012) and my field observations indicate multithread channels
do not occur in unconfined valleys where old-growth forests are not present or where old-growth
trees do not densely populate the floodplain. Unconfined single-thread channel segments occur
within old-growth forests of the study area where grassy meadows dominate the floodplain and

forest stands are not sufficiently dense to ensure continued recruitment of wood to the channel.
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Figure 5.1 Study area in Northern Colorado includes 24 study reaches indicated by white
diamond markers in and near Rocky Mountain National Park. Most reaches are focused on the
main stem and tributaries of North Saint VVrain Creek with other reaches located along Glacier
Creek and other tributaries to Big Thompson River, as well as South Fork Cache La Poudre
River.
5.3 Methods

| surveyed 24 study reaches along the main stem and tributaries of North Saint Vrain
Creek, Glacier Creek, Big Thompson River, and the South Fork Cache La Poudre River (Figure
5.1, Table 5.1). At each study reach, 11 transects were oriented perpendicular to the down-valley

direction and spaced one bankfull-width apart. Topographic surveys of the floodplain surface

were conducted along each transect using a stadia rod and a Laser Technologies TruPulse 360B
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laser rangefinder at points of topographic change with spacing between each point being less
than 11 m. At each survey point, the depth of soil and fine sediment was measured using a 3/8-
inch diameter rebar until refusal at bedrock or gravel. Systematic random sampling of sediment
was conducted such that one sampling location was selected along each transect for most study
reaches. More intensive sampling and prior bootstrap analysis indicated that bias in estimates of
reach-average mean was reduced at approximately 10-11 sampling locations (Chapter 3 of this
dissertation). A random number generator was used in the field to select the sampling location by
distance in meters starting from the valley edge, for a total of 273 sampling locations.
Volumetric samples of organic matter, which was partially decomposing but identifiable
or decomposed to a degree beyond recognition (litter and humus, respectively), were collected as
a single sample of the organic horizon at each sampling location using an aluminum can. A total
of 660 mineral soil samples were collected at 15-cm depth increments at the same sampling
location beneath the litter and humus using a stainless steel hand auger until refusal or depths
exceeded 180 cm, which occurred at only 3 sampling locations. Volumetric soil samples were
collected horizontally in small trenches excavated along the floodplain to estimate bulk density
where possible using a soil sampling tube 7 cm in diameter. Abundant roots made sampling
difficult and most bulk density samples were determined to be unreliable, resulting in 21 total
samples. Refer to Chapter 3 of this dissertation for additional details regarding soil sampling and

characteristics.



Table 5.1. Mean values for characteristics and covariates of 24 study reaches. Valley and channel width and valley confinement were
calculated as means of the surveyed and calculated values along 11 transects. Elevation and drainage area represent values derived
from the down-stream most portion of each study reach.

Study Valley type Valley Channel Valley Gravimetric Stream Elevation Drainage
Reach width width (m) confinement soil moisture  Gradient (m/m) (m) Area (km?)
(m) (m/m) content (%)

NSVAB1 Beaver 67 6.8 10 55 0.037 2901 19.1
OCKAB2 Beaver 43 7.0 8 65 0.04 2978 10.6
NSVAB4 Beaver 247 14.1 22 40 0.012 2547 82.2
BTRAB5 Beaver 180 17.3 11 29 0.006 2462 93.7
SFPABG6 Beaver 77 10.6 7 25 0.011 2410 180.6
NSVCF1 Confined 18 13.0 1 16 0.032 2385 9.8

OCKCF2 Confined 9 5.3 2 35 0.095 2971 10.7
GCKCF3 Confined 12 8.5 3 34 0.13 2845 21.0
NSVCF4 Confined 11 6.2 2 38 0.085 2951 17.9
NSVCF5 Confined 19 14.1 1 20 0.026 2162 20.5
GCKCF7 Confined 10 5.6 2 42 0.09 3071 9.7

NSVMT1 Multithread 61 6.5 10 44 0.063 3035 14.8
GCKMT?2 Multithread 34 6.7 6 39 0.03 3068 9.8

OCKMT3 Multithread 53 5.2 10 53 0.033 2990 10.5
NSVPC1 Partly confined 33 17.1 2 21 0.037 2420 96.4
OCKPC2 Partly confined 14 51 3 38 0.063 2927 11.1
GCKPC3 Partly confined 33 8.5 4 25 0.027 2701 332
HCKPC4 Partly confined 15 3.7 4 30 0.069 3013 10.1
NSVPC5 Partly confined 27 12.7 2 23 0.023 2226 20.0
NSVPC7 Partly confined 43 145 3 48 0.016 2573 77.4
GCKPC6 Partly confined 14 4.2 4 34 0.02 3118 71

CCKuUC1 Unconfined 26 5.6 5 58 0.028 3054 12.7
GCKUC2 Unconfined 32 5.1 7 54 0.013 3053 10.3
MCKUC3 Unconfined 47 7.8 10 41 0.01 2797 3.0
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Contributing drainage area for each study reach was calculated using USGS digital
elevation models (DEMs) and the watershed tool in ERSI ArcMap. Stream gradient was
calculated as the slope of the linear regression line between horizontal and vertical distance down
stream. Values for stream gradient were derived for 2 reaches using USGS 10-m digital elevation
models (i.e., AB1, PC3) and 2 reaches using FEMA LiDAR (i.e., CF1, AB4). For all other study
reaches, surface water slope was measured in the field using the laser range finder. Triangular
irregular networks (TINS) were created in ArcMap to estimate the volume of sediment along

each study reach. Average bulk density across all reaches (p , = 0.9 + 0.24 g/cm®) was

multiplied by the volume of floodplain sediment to determine the mass of sediment along each
study reach.

Soil samples were frozen until analyzed for SOC content by the Colorado State
University Soil and Water Testing Laboratory. Once dried, soil samples were homogenized and
subsampled for SOC analysis using a LECO TruSpec CN furnace. Each sample was then
analyzed for COs-C by treating the sample with 0.4 N HCI and measuring the CO; loss
gravimetrically. Total organic carbon content by weight was calculated as total carbon minus
CO3-C. The difference between the total mass of soil after drying at 105 C for 24 hours and the
pre-dried soil mass was used to determine the gravimetric soil moisture content. Mean carbon
contents of samples averaged across all depths at each sampling location were used to calculate
organic carbon storage at each reach because prior analysis indicated that the results are
comparable to estimates of mean organic carbon content derived from inverse distance weighting
and ordinary kriging (Chapter 3 of this dissertation). Total mass of sediment along each study
reach was multiplied by the depth-averaged gravimetric soil carbon content along each reach to

calculate the total mass of organic carbon storage.
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Litter and humus samples were dried at 105; C for 24 hours, weighed, burned in a muffle
furnace at 550 C for 24 hours, and then weighed again. Organic matter content was calculated
as the difference in pre-burned and post-burned weight, 50% of which was interpreted as organic
carbon. Total reach volume of litter and humus was calculated by multiplying the average depth
measured at each reach by the TIN-derived surface area. Averages across all reaches for bulk
density (0.20 + 0.17 g/cm®) and organic carbon content (24 + 13%) of litter and humus were used
to estimate mass of organic matter and carbon stored, respectively, along each study reach.

The length and diameter of downed floodplain wood greater than 1-m in length and 10-
cm in diameter was surveyed and wood volumes were calculated as the volume of a cylinder
using the average diameter of the two end measurements. The mass of carbon stored in each
piece was estimated using 400 g/cm? for softwood species in the area (Forest Service Products
Laboratory and USDA Forest Service, 2010) and assuming 50% carbon by mass. Total mass of
carbon in all floodplain reservoirs (i.e., sediment, litter and humus, and wood) was divided by the
surface area of each TIN to estimate total carbon storage per area along each study reach.

Prior research using multiple regression analyses showed that organic carbon content of
soils in the study area is correlated with percent silt and clay fraction, sand fraction, and size
fraction greater than 2 mm as well as soil moisture, degree of valley confinement, maximum
depth of sediment deposits at the sampling location, the relative elevation of the floodplain
surface, and soil sample depth (Chapter 3 of this dissertation). Although moisture content and
silt and clay fraction had the only individual r* values greater than 0.5 (r* = 0.66 and 0.54,
respectively), multiple regression indicated significance at the 99% confidence level for all but
valley confinement and maximum soil depth at the sampling location (p = 0.018 and 0.081,

respectively).
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| tested differences between valley types using Holm-corrected t-tests, and conducted
multiple linear regression to examine potential drivers in organic carbon storage per area.
Potential predictors in multiple linear regression included reach-averaged valley confinement,
stream gradient, drainage area, and elevation. Although drainage area and elevation are
correlated and both covariates are linked to floodplain hydrologic disturbance regime in the
study area (Chapter 4 of this dissertation), these two variable are not equivalent (r* = 0.30)
because study reaches are spread along tributaries with similar drainage areas at different
elevations and vice versa. The rationale for using all four covariates is to capture factors that
influence the supply and movement of water and sediment, and by extension organic matter and
carbon, for each reach within a relatively homogenous geologic setting (Bracken et al., 2013;

Fryirs, 2013; Hoffmann, 2015; Wainwright et al., 2011).

5.4 Results

Mean carbon storage per area as downed wood does not differ significantly across the
five valley types (Figure 5.2; p >0.57), and litter and humus differ significantly only between
multithread and partly confined channels (p = 0.10). Approximately equal or more carbon is
stored in litter and humus as in wood across all valley types. The amounts of variability across
each valley type are wide and show little distinction, except that multithread valley segments
generally store abundant wood with little variation (~40 b 45 MgC ha; Table 5.2), and store
more OC as litter and humus compared to all other reaches. Although differences are not
significant, beaver-influenced valleys generally store less organic carbon in litter and humus
relative to unconfined single-thread and multithread channels in unconfined valleys (Table 5.2;

Figure 5.2).
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Table 5.2. Carbon storage in sediment, duff, and wood along 24 study reaches

Wood Litter and humus Sediment Total
Valle Carbon Carbon Mean Mean Carbon Carbon
Iitel:gl Valley type areay V?il;)ne (M%C V?Ii;l;;le (M%C SOC  depth V?Iilgl;le (MgC (MgC
(ha) ha™) ha™") (%)  (cm) ha™) ha™)
NSVAB1  Beaver 0.58 23.0 7.9 546.1 55.1 11.6 54 3126.2 565.1 628.1
OCKAB2  Beaver 0.30 79.5 534 265.5 55.7 12.5 26 773.7 292.5 401.6
NSVAB4  Beaver 5.04 14.7 0.6 2109.6 18.1 52 57 28798.5  266.3 285.1
BTRAB5  Beaver 3.27 16.4 1.0 1090.6 6.5 2.3 60 19501.1 124.0 131.6
SFPAB6 Beaver 0.81 14.6 3.6 91.5 1.9 2.8 51 4187.5 130.4 135.9
NSVCF1 Confined 0.09 16.8 36.5 82.4 22.7 3.0 25 229.8 67.7 147.7
OCKCF2  Confined 0.02 6.6 61.7 19.3 324 6.6 22 47.3 130.8 237.0
GCKCF3  Confined 0.01 0.6 14.1 7.3 35.8 14.4 9 7.9 112.3 162.1
NSVCF4  Confined 0.03 2.1 14.7 26.1 435 9.7 15 41.4 128.8 187.0
NSVCF5  Confined 0.04 0.8 3.8 18.0 6.5 2.6 21 90.3 50.5 60.8
GCKCF7  Confined 0.04 0.9 4.6 27.6 33.0 8.7 16 59.4 124.5 162.1
NSVMT1  Multithread 0.49 103.1 42.0 558.5 58.1 52 26 1269.3 121.5 221.6
GCKMT2  Multithread 0.12 26.8 455 106.0 41.9 9.6 23 268.6 196.9 284.4
OCKMT3  Multithread 0.37 74.1 39.9 452.4 73.0 8.9 24 881.7 190.7 303.6
NSVPC1 Partly confined 0.30 17.5 11.5 209.9 14.7 44 19 590.0 76.7 102.9
OCKPC2  Partly confined 0.06 15.8 55.5 47.4 32.8 9.2 18 100.6 146.3 234.6
GCKPC3  Partly confined 0.26 28.2 21.4 200.3 23.4 4.0 19 509.2 70.2 115.0
HCKPC4  Partly confined 0.05 10.7 422 40.0 47.7 32 33 169.1 96.9 186.8
NSVPC5  Partly confined 0.26 3.5 2.7 51.8 44 3.0 32 815.6 85.0 92.1
GCKPC6  Partly confined 0.05 1.1 4.7 14.4 25.2 13.2 42 193.0 492.8 522.7
NSVPC7  Partly confined 0.43 17.7 8.3 299.6 14.5 34 46 1966.3 139.0 161.8
CCKUC!1  Unconfined 0.13 18.4 27.8 471 21.4 19.0 30 402.4 516.9 566.1
GCKUC2  Unconfined 0.15 5.0 6.7 80.1 41.0 13.5 49 729.5 595.7 643.5
MCKUC3  Unconfined 0.21 7.4 7.1 173.6 55.1 54 57 1186.3 279.1 341.2
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By a significant majority, the primary component of organic carbon storage in
floodplains of the study area is sediment (Table 5.2, 5.3; Figure 5.2). Unconfined single-thread
valley segments store a larger amount of organic carbon per area than other valley types, on
average (Table 5.3, Figure 5.2) and significantly more carbon than confined and partly confined
valley segments at the 95% confidence level (p = 0.02 and 0.04, respectively). Although single-
thread channels in unconfined valleys store more OC per area on average compared to beaver
meadows and multithread channels, these differences are not significant (p = 0.46 and 0.36,

respectively).
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Figure 5.2. Average total organic carbon storage by valley type as proportions of wood, litter
and humus, and sediment.
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Table 5.3. Mean values and standard deviations of organic carbon reservoirs in sediment, duff,
wood, and total storage per area for 5 valley types. All values are in ¥ "$%"(
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Examination of channel and watershed characteristics as potential control variables for
total carbon storage per area indicates that elevation is a key factor (r* = 0.61, p < 0.002; Table
5.4). Although not significant (r* > + 0.21), elevation, drainage area, and confinement are all
weakly correlated with TOC storage per area. Multiple linear regression using all possible
variables indicates that elevation and stream gradient are the most significant predictors of OC
storage per area (p < 0.01) and multiple stepwise linear regression identifies the best regression

model as having only elevation and stream gradient.

Table 5.4. Matrix of correlation coefficients for channel and watershed characteristics and total
organic carbon storage per area

Confinement Stregm Drainage  Elevation Total
gradient 2 Carbon
(m/m) (%) area (km°) (m) (MgC ha'))
Confinement 1 0.4 0.27 0.04 0.31
(m/m)
Stream
gradient (%) 1 -0.36 0.4 -0.21
Drainage
area (km?) - - 1 -0.54 -0.34
Elevation i i 1 0.61
(m)
Total
Carbon - - - - 1
(MgC ha™)
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5.5 Discussion

Drainage area and elevation are correlated, as expected (r* = 0.59), and both are the most
significant predictors of TOC storage per unit area among the study reaches. The significance of
elevation in predicting OC storage per area of floodplain may reflect two factors. The first is
hydroclimatic disturbance regime. As detailed in Chapter 4, larger magnitude rainfall floods at
lower elevations likely decrease floodplain sediment transit time and limit the abundance and
duration of OC storage in floodplain sediment.

The second factor related to elevation is air temperature and associated differences in
snow and canopy cover that could influence temperature-dependent microbial activity and
fixation of organic carbon in soil (Trumbore and Czimczik, 2008). Soil temperatures below
freezing for a greater portion of the year and potential saturated conditions during snowmelt may
limit microbial consumption at high elevations, making high elevation mountain streams
potential hotspots for organic carbon storage (Sutfin et al., 2015). Similar conditions regulate
differences in microbial metabolism and carbon content between highly shaded (multithread or
confined) and un-shaded (single-thread unconfined) floodplains.

Stream gradient, indicated in multiple regression as significant along with elevation,
drives the hydraulic forces on the floodplain and banks. Critical stream power is driven by
stream gradient and facilitates erosion or allows deposition, such that low stream gradient is
likely to facilitate accumulation of sediment and organic matter on the floodplain. Greater depth
of sediment and higher soil organic carbon content, as well as increased organic carbon storage
per area, are reasonable results of low hydraulic forces on the floodplain where stream gradient is

low.
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Recent research emphasizes the efficiency with which microbes fix carbon as the
dominant factor for soil carbon retention. This is not a matter of whether microbial activity is
high or low, but rather the ratio between how much carbon microbes consume and how much
they fix into the soil (Cotrufo et al., 2015). Thus, if soil development and burial (Gurwick et al.,
2008) and moisture regimes (Falloon et al., 2011; Trumbore and Czimczik, 2008) influence
microbial efficiency and soil organic carbon, the greater erosion in valley segments with
multithread channels or at lower elevations may explain not only decreased mean soil depth, but
also lower organic carbon content relative to unconfined, single-thread channels at higher

elevations.

5.5.1 Potential long-term storage of organic carbon

Mean residence time of floodplain sediment along rivers in the Front Range is associated
with a shift in floodplain disturbance regime occurring between 2300 b 2500 m, such that
elevations below the boundary exhibit maximum floodplain sediment residence times <700 y BP
(chapter 4 of this dissertation). This shift correlates with and is likely related a documented shift
in hydroclimatic regime, such that large convective thunderstorms below ~2300 m result in high
magnitude floods (Jarrett, 1990). Smaller streams at higher elevations do not experience such
high magnitude floods and have longer floodplain sediment residence times (>1500 y BP). Long
residence time of floodplain sediment at high-elevation, partly confined and unconfined streams
of various channel form may translate to long-term OC storage at high elevations, but this is also
regulated by other factors controlling residence time of soil OC. The stability of floodplain

surfaces and the available moisture associated with each valley type could influence the

¢



efficiency of microbes and their ability to fix or respire carbon as CO,: stable, consistently moist

floodplain sediments would be expected to result in carbon storage rather than respiration.

5.5.2 Biogeomorphic limitations on floodplain carbon retention

Although mountainous streams are commonly thought of as erosive systems, floodplain
deposition constitutes a significant component of organic carbon storage and creates much higher
organic carbon concentrations in floodplain sediments compared to upland sediments (Wohl et
al., 2012). The dynamic environment of floodplains may result in atypical relationships of
organic carbon with depth (Gurwick et al., 2008). This is true in mountain streams, in particular,
as seen in this study area (Chapter 4 of this dissertation).

My results suggest that geologic controls on valley geometry significantly influence
carbon storage along river corridors because unconfined valley segments tend to store more
carbon than more confined valleys. However, carbon storage in unconfined valleys is
significantly greater than confined and partly confined valleys only where single-thread channels
are present. This raises the question of why unconfined valley segments with old-growth forest
and single-thread channels store more organic carbon per area than those with multithread
channels that result from either beaver activity or persistent, channel-spanning logjams. In this

context, I consider other local controls on floodplain organic carbon storage.
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Figure 5.3 Moisture content of soil samples along the study reaches in the study indicate that

single thread channels in unconfined valleys have significantly higher moisture content (p <
0.001).

Unconfined valleys with single-thread channels differ from those with logjam-induced,
multithread channels in having abundant grassy meadows, lower tree density, lower gradients
(0.03-0.06% and 0.01-0.03%, respectively), saturated soils, less active channel area, deeper
average maximum floodplain sediment (45 cm compared to 24 cm), and higher reach-average
organic carbon content (12.7% compared to 7.9%; Table 5.1; Figure 5.3, 5.6). From these
observations, | develop a conceptual model of how geomorphic processes associated with
floodplain and instream wood limit the capacity of multithread-channel valley segments to store
sediment and organic carbon over longer time periods.

Widely spaced riparian trees, as observed in unconfined single-thread valley segments
(Figure 5.4), limit large wood (LW) recruitment to the channel and the capacity to develop
channel-spanning logjams that are closely spaced along the channel (Wohl, 2013a). Although
sediment deposition upstream of logjams in multithread reaches stores organic matter and carbon
(Beckman and Wohl, 2014a), logjams also facilitate overbank flow and channel avulsion
(Collins et al., 2012). This locally erodes the preexisting floodplain, undercuts banks, and
recruits more wood to the channel, analogous to processes documented in larger rivers in low-

relief environments (Collins et al., 2012). Additionally, multiple channels effectively maximize
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surface area available for bank erosion. Other disturbances that disproportionately affect the
tallest old-growth trees, such as microbursts (Wohl, 2013c) and beetle Kkill, uproot trees abruptly
or over time and create large depressions in the surface adjacent to channels, facilitating
concentration of overbank flow and channel avulsion. Because extreme floods do not appear to
completely excavate floodplain sediment at high elevations where multithread channels are
present, unlike lower elevations (Chapter 4 of this dissertation), typical annual snowmelt peak
flows over time likely result in continuous reworking of channel configuration and erosion of
valley bottom sediment. This limits the depth of accumulated sediment across the valley bottom,

as well as duration and volume of organic carbon storage per area.
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Figure 5.4 An example of the differences in stem density of trees along the floodplain at
multithread (GCKMT2) and single thread (GCKUC2) channels in unconfined valleys.

Laterally unconfined valley segments in the study area are associated with more closely
spaced bedrock joints (Ehlen and Wohl, 2002) and observations following rainfall and during

snowmelt indicate that joints form important conduits for subsurface flow in the study area. This
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suggests that unconfined valley segments could have greater subsurface flow inputs from
adjacent uplands than do confined valley segments. However, during periods of base flow, the
relatively coarse-grained floodplain sediment and multiple channels spaced at comparatively
small lateral distances across a valley bottom likely contribute to floodplain drainage and lower

riparian water tables in multithread channel reaches.
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Figure 5.5 Conceptual model of controls on the formation and limited sediment storage of
multithread channels (lower row) compared to single-thread channels (upper row) in unconfined
valleys. Multithread channels form only in old-growth forests where trees are large enough to
create persistent channel-spanning logjams and closely spaced enough to encourage continued
recruitment to the channel (lower row). Along single-thread channels in unconfined valleys, the
greater root density of grasses and higher silt and clay content limit bank erosion (upper row).
Fine stippling in subsurface indicates sand and finer sediment, open circles indicate cobbles and
boulders, and x marks indicate bedrock.

Densely growing tussock grasses, sedges, and rushes are abundant in valley segments
with younger or less abundant trees. These non-woody plants form laterally continuous root mats
that increase bank resistance to erosion (Polvi et al., 2014) and create substantial hydraulic

roughness during shallow overbank flows, encouraging floodplain deposition of fine sediment
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and organic matter (Nepf and Ghisalberti, 2008). The greater erosional resistance of stream
banks and floodplain surfaces, and limited wood recruitment to the channel, likely result in
formation of a single channel rather than a multithread channel planform. Limited lateral erosion
of this single channel, relative to multiple channels, facilitates vertical floodplain accretion and
accumulation of relatively thick sequences of fine sediment. | have also observed that these
meadow areas remain saturated throughout the year, even during periods of drought. This
suggests relatively abundant groundwater inputs from adjacent uplands and limited drainage of
the floodplain during periods of base flow, presumably as the result of relatively fine-grained
floodplain sediment and the presence of only one channel. Saturated sediments help to maintain
reducing conditions and enhance organic carbon storage in floodplain sediment (Moyano et al.,
2012).

Using these concepts, | adapt the large-wood floodplain cycle hypothesis developed by
Collins et al. (2012) for larger, floodplain rivers in the Pacific Northwest. Abundant logjams and
dispersed LW in mountain streams of the Colorado Front Range facilitate channel avulsion and
erosion of the floodplain and vegetated islands, and limit accumulation of fine sediment and
organic matter along some segments of the valley bottom (Figure 5.5). Where tree stand density
is low in unconfined valley segments, possibly as a result of groundwater inputs that create
saturated conditions and hinder tree growth, LW recruitment is not sufficient to create logjams
and multithread channels. Thus, high flows have very different effects in unconfined valley
segments with single thread river segments and grassy floodplains versus multithread river
segments with dense forests. High flows in single-thread channels overtop the banks and disperse
energy across a grassy meadow floodplain, which may result in bank erosion, but likely

facilitates floodplain aggradation. High flows in a multithread channel segment dissipate energy
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through bank erosion and hydraulic roughness from LW. Increased channel complexity and
diversion of flow around logjams within multithread channel segments exposes stream banks to
flow energy available for erosion and undercutting, which facilitates continued recruitment of
LW, more logjams and multithread channels.

The low density of trees and high percent of sediment organic carbon content in
unconfined single thread valley segments may also be related to available moisture and
chemistry. Average sediment organic carbon content is much higher in single-thread unconfined
segments compared to multithread channels, but this is primarily driven by two study reaches,
GCKUC2 and CCKUC1, which have wet grassy meadows with saturated conditions that may
limit tree growth and metabolism of organic carbon. A partly confined reach, GCKPCS6, also
contains wet grassy meadows along both sides of the valley and has anomalously high organic
carbon content (13.2%) compared to the mean of other partly confined reaches (4.5 £ 2.3 %).
The third unconfined single-thread study reach, MCKUC3, contains groups of more densely-
packed trees, greater wood loads per floodplain area, significantly lower sediment organic carbon
content, and has significantly higher CaCOj3 values than all other stream types (P < 0.001).

Unconfined valley segments with beaver dams are also likely to be more changeable
environments than unconfined valleys with single-thread channels. Although active beaver dams
commonly maintain high riparian water tables, beavers allow some dams to fall into disrepair
and build new dams elsewhere, creating more spatial and temporal fluctuations in the riparian
water table than appear to occur in groundwater-fed grassy valley bottoms. Beavers also
excavate canals across the floodplain, locally enhancing bank erosion and the formation of
secondary channels. The combined effects of greater bank erosion and greater fluctuations in the

riparian water table relative to single channels in unconfined valley segments may limit organic



carbon storage in beaver meadows. It is important to note, however, that beaver meadows
formed upstream from Pleistocene glacial moraines can store significant total amounts of organic
carbon because of their very large surface areas and greater soil depths (Wohl, 2013b).
Additionally, total OC storage per area in beaver meadows could be underestimated here with
regard to wood volumes. Only large wood visible on the floodplain surface was surveyed in this
study, but abundant downed wood partly buried beneath grasses and floodplain sediment in
various stages of decomposition is likely to be present in beaver meadows. Although only large
pieces of wood (> 1 m in length and >10 cm in diameter) were surveyed, the abundance of

smaller wood likely to be concentrated in buried beaver dams and lodges may be significant.

Table 5.5. Mean (and range) organic carbon storage per area along floodplains and in adjacent
uplands of the study reaches and from other work cited in subalpine regions of the study area in
the northern Colorado Rocky Mountains. All values are in units of Mg C ha™.
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In summary, the conceptual model in Figure 5.5 illustrates how multiple geologic and
biotic variables interact to influence floodplain organic carbon storage in streams of the Southern
Rocky Mountains. These variables include (i) valley geometry, which largely reflects joint
geometry and glacial history, (ii) elevation, which correlates with hydroclimatic disturbance
regime, soil temperature, soil microbial activity, and riparian vegetation, (iii) riparian vegetation,
which reflects disturbance history (fires, insects, blowdowns) and groundwater inputs, and (iv)

channel planform, which reflects wood recruitment, beaver activity, and erosional resistance of
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stream banks. These variables interact in complex, nonlinear fashion to facilitate or limit organic
carbon storage in floodplain sediment. The patterns and interactions that I document for streams
of the Colorado Front Range are likely to apply to mountainous stream networks in other regions.
Mountain streams across diverse lithologies and biomes commonly exhibit substantial
longitudinal variation in valley geometry, channel planform, riparian vegetation, and wood loads,
as well as elevational gradients in disturbance regime (e.g. Wohl, 2010). These findings suggest
that multithread channels could be a significant component of ecosystem processing of carbon,
because aquatic and riparian biota can more easily access carbon retained within the floodplain
compared to otherwise analogous valley segments with single channels.

Total carbon storage per area is higher in floodplains and association riparian ecosystems
(261 + 172 Mg C ha*) compared to adjacent uplands (Bradford et al., 2008; Table 5.5). Although
uplands have higher OC storage per area as wood, litter and humus, floodplains constitute a
much higher storage per area in mineral soil. This is likely a result, in part, of much deeper soils
along floodplains compared to hillslopes and the tendency of river corridors to accumulate
sediment, debris, and coarse particulate organic matter from uplands and adjacent hillslopes.
Hydraulic forces that redistribute litter, humus, and large wood along floodplains, however, may
limit accumulation or simply result in higher temporal variability such that conditions at the time
of the survey do not reflect the long-term average. Regardless of these potential mechanisms,
riverine corridors of the study area store a significant portion of carbon per area, which exceeds
that of the greater uplands in the study region. This suggests that floodplains of mountain streams
are a significant component of aquatic and riparian ecosystem processing of organic carbon and

terrestrial carbon reservoirs.
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Organic carbon reservoirs in floodplains along an elevational gradient are likely to
respond differently to climate change. Study reaches below 2500 m tend to store much less OC
per area as wood, litter, and humus compared to other study reaches at higher elevations. As
noted above, this may be a result of increased hydraulic forces in more confined valleys, which
mobilize wood and sediment during high flows. Anticipated warming and increased frequency of
severe storms are likely to increase the elevation of the floodplain disturbance transitional zone,
which could reduce surficial OC retention at increasingly higher elevations. Additionally,
anticipated increases in global average atmospheric temperature are likely to decrease snowpack,
cause earlier snowmelt, and increased mean annual soil temperature at high elevations. As soils
warm and remain saturated for shorter durations throughout the year, microbial activity could
increase substantially and decrease SOC content. The supply of litter and duff to floodplains
along high-elevation mountain streams may increase as a result of increased productivity in a
warmer climate, but decomposition of wood, litter, and humus as well as metabolism of SOC is

likely to occur more rapidly. This may result in a decrease in OC storage at high elevations.

5.6 Conclusion

Further collaboration is needed across disciplines to effectively link watershed- to reach-
scale geomorphic and biogeochemical processes. Although these links have commonly been
ignored, current research emphasizes the need for such collaborations (Viles, 2012). Mountain
streams in the Colorado Front Range store a significant amount of carbon per area and |
investigate potential controls on the variability of that storage. Unconfined valleys have the
capacity to store sediment for >1000 y even in small erosive mountain streams, and associated

carbon is higher than adjacent upland storage in the Colorado Front Range. Carbon retention is
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largely dependent upon valley confinement and local biogeomorphic drivers of channel planform.
Single-thread channels in unconfined valleys segments store a significantly larger amount of
carbon per area than those with multiple sub-parallel channels across the valley bottom. | present
a conceptual model that explains how the dynamic environment along valley bottoms where
logjams and beavers are present, including fluctuations in local water tables and increased

erosion, may limit the capacity of floodplains to store organic carbon storage.
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Chapter 6: Synthesis

Research that quantifies organic carbon storage in riparian ecosystems and floodplains is
limited, particularly in regions outside of the temperate latitudes (Sutfin et al., 2015). The role of
river carbon dynamics in foodwebs and ecosystem processing has been well documented and the
importance of rivers in carbon dynamics has recently received considerable attention (Cole et al.,
2007; Battin et al., 2009; Tranvik et al., 2009; Aufdenkampe et al., 2011; Hoffmann et al., 2013;
Regnier et al., 2013; Galy et al., 2015; Hilton et al., 2015), but the majority of this work focuses
on the flux of carbon to the ocean via rivers. Although some researchers have investigated
carbon storage along river networks and emphasized this role in terrestrial carbon cycling
(Hoffmann et al., 2009; Wohl et al., 2012), the number of these studies is limited (Sutfin et al.,
2015).

Existing studies and the work presented here show floodplains store significantly more
carbon per area than adjacent uplands. Although drainage topography and networks act as
funnels for water and carbon, rivers are not simply conduits for these components crucial to life.
Physical channel complexity, as defined by high spatial variability in channel boundaries,
planform, and bedforms, is likely to facilitate conditions that encourage at least temporary
storage of sediment and coarse particulate organic matter. Gravity and hillslope hydrologic
processes deliver organic matter from uplands to valley bottoms, where high primary
productivity of riparian vegetation, relative to adjacent uplands, further concentrates organic
carbon along river corridors. Increased hydrologic connectivity and shallow water tables provide
mobilization and available moisture for the physical and biological breakdown of organic matter,

although saturated conditions can limit microbial metabolism of OC. Similarly, longer seasonal
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durations of cooler temperatures and snow pack in mountainous regions may limit microbial
activity. This means that mountain stream corridors may provide a significant carbon sink, and
are highly vulnerable to changes in temperature and moisture conditions anticipated under a

changing climate.

6.1 Summary of work presented

The results of this study indicate that mountain rivers may store a significant amount of
OC previously unaccounted for in carbon stocks. Multiple linear regression indicated that soil
moisture and depth, grain size distribution, valley confinement, the elevation of the floodplain
surface, and the total thickness of floodplain sediment at the sampling location are significant
predictors of soil organic carbon content. Although there are no distinct relationships between
geomorphic floodplain features and soil organic carbon content, principle components analysis
suggests that geomorphic features may influence the variables that regulate soil organic carbon
content along floodplains in the Colorado Front Range. This means that the spatial variability of
carbon storage along river corridors may reflect geologic, hydrologic, and geomorphic processes
along valley bottoms.

Radiocarbon ages and analysis of effects from the 2013 floods in the Colorado Front
Range show that floodplain sediment residence time is longer in high elevation streams, as a
result of floodplain disturbance regime. This may be driven in part by a shift in hydroclimatic
regime at ~2300 m, such that large convective thunderstorms create extreme floods at low
elevations that erode floodplain sediment and result in shorter floodplain sediment residence
times. Analysis of floodplain disturbance during the 2013 Front Range flood along North Saint

Vrain Creek suggests a relatively abrupt boundary at which floodplains become more intensively
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disturbed at ~2300 m. Radiocarbon ages, however, suggest a transitional boundary between
2300-2500 m along which floodplain sediment captures a long-term average of flood
characteristics and impacts. Floodplain sediment residence times at elevations above 2500 m
indicate potential long-term storage of sediment and associated organic carbon.

Investigation of carbon storage per area in downed wood, litter and humus, and sediment
indicate that floodplains and riparian ecosystems may be a significant terrestrial reservoir for
carbon storage previously unaccounted for in carbon stock estimates of adjacent uplands. Reach-
average carbon storage per area (260 Mg ha™) at my study reaches is significantly higher than
values of carbon stocks per area in uplands of the region (170 Mg ha™; (Bradford et al., 2008).
These results suggest that floodplain carbon storage may help fill the missing terrestrial carbon
sink (Ballantyne et al., 2012; Hoffmann et al., 2013) and constrain the estimated value of carbon
storage within the geosphere via rivers, lakes, and wetlands (Tranvik et al., 2009; Aufdenkampe
etal., 2011). Battin et al. (2008) and Aufdenkampe et al. (2011) proposed that rivers account for
an estimated storage of 0.9 Pg C yr™* within the geosphere via floodplains, lakes, and wetlands,
but (Tranvik et al., 2009)) suggest a broad range of uncertainty between ~0.2 and 1.6 Pg C yr™.
Because work investigating potential carbon storage in floodplains is relatively new and focuses
primarily on large rivers, storage within small streams, primarily those in mountainous
environments, may constitute a largely overlooked component of floodplain storage. Work
presented here indicates significant storage along mountainous floodplains and suggests
terrestrial carbon storage within the geosphere is likely on the higher end of the range (1.6 Pg C
yr') estimated by (Tranvik et al., 2009)).

In Chapter 2, | presented a conceptual model for the optimal conditions for organic

carbon storage in floodplains, which include relatively cool, wet, unconfined valleys, with high
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channel complexity and conditions that favor aggradation over erosion. Because these conditions
are met in high elevation mountain streams with snowmelt-driven hydrographs, | expected to
find higher carbon storage per area in the mountain streams of the Colorado Front Range
compared to floodplains of other regions. Comparison of carbon storage along other floodplains
indicates that carbon storage per area in mountain streams of the study area (146-517 Mg C ha™)
is on the higher end of storage along floodplains from other studies in lower relief environments
(Sutfin et al., 2015). The geomorphic conditions optimal for carbon storage, however, may need
to be adjusted.

Although I suggested that high channel complexity would result in the highest carbon
content per area, multithread channel reaches in this study did not store the highest OC per area.
Single-thread channels in unconfined valleys stored the highest amount of OC per area. Although
observations and results show that greater silt and clay content and higher soil moisture are
correlated with higher SOC content and that deeper floodplain sediment in unconfined valley
segments are likely the causes of higher OC storage per area, questions remain regarding why.
Evidence of ground water inputs in grassy meadows within the study area, and work in other
regions indicating grasslands have relatively higher SOC content, suggests that these differences
need to be investigated further. These differences, however, do not appear to be driven by the
residence time of floodplain sediment.

Organic carbon storage per area at elevations above 2500 m is regulated by valley
confinement, channel planform, and biotic drivers. Unconfined valleys in young forests or where
floodplains are dominated by grasses rather than densely spaced trees, host single-thread
channels and wet meadows that store almost twice the amount of carbon per area on average as

other valley types. In old-growth forests with densely spaced trees large enough to create
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persistent, channel-spanning logjams, multiple sub-parallel channels may develop, which limit
sediment storage and organic carbon storage per area. The seasonal wetting and drying of
multithread channels likely facilitate rapid decomposition of organic matter and soil organic
carbon. Similarly, beaver activity, which diverts flow to different portions of a valley bottom,
creates a dynamic environment for water and sediment that may increase the metabolism of
organic carbon. These unconfined valleys still store a significantly large amount of carbon per
area. Although the dynamic environment of multithread channels limits the capacity to store
carbon long term, these valley segments likely serve vital functions in ecosystem processing and

sustaining food webs by creating hotspots for metabolism of organic carbon.

6.2 Recommendations for future work

Carefully focused future work can help to answer additional questions regarding carbon
storage along river corridors in mountainous regions. Questions of particular importance include
the relative influence of individual drivers of higher organic carbon content along single-thread
channels in unconfined valleys, and how valley-bottom dynamics control the residence time of
organic carbon in floodplain sediment of mountain streams. With regard to my study in
particular, an additional study reach on an unconfined single-thread channel for intensive
sampling used to determine the necessary number of samples needed to estimate mean SOC
content could have provided more insight into spatial variation in organic carbon in this valley
type. More extensive sampling across a beaver meadow could also be beneficial in identifying
variation across the valley and the appropriate number of samples necessary to accurately
estimate sediment organic carbon, as well as potential differences in geomorphic floodplain

features. Because the spatial density of trees along floodplains drives channel form and the



apparent potential to store organic carbon, surveying basal density of the floodplain forest and
locating more unconfined single-thread channels is highly recommended. In surveying the
floodplain topography, I now acknowledge that continuing the survey across the active channel
(rather than not surveying the active channel) would have provided the data necessary to estimate
hydraulic forces, such as bed shear stress and stream power, in the channel and floodplain during
large floods. This could provide beneficial insight and facilitate quantitative analysis of sediment
dynamics across floodplains with changes in elevation.

With regard to future directions and research in other regions, increased understanding of
many aspects of sediment and carbon dynamics is needed to fully quantify carbon storage in
floodplains globally and to integrate floodplains into the terrestrial carbon budget. Of significant
importance is quantifying differences in OC inputs, metabolism, and storage across various
climatic regions and biomes. Storage and flux of carbon along floodplains are largely regulated
by sediment dynamics with regard to hydroclimatic regime, floodplain accretion, and bank
erosion. Quantification of carbon accretion on floodplains and understanding the implications of
carbon dynamics associated with the rate of bank erosion on larger rivers, in particular, are
necessary to fully quantify riverine carbon storage and flux.

The role of biogeochemistry and microbial efficiency is a crucial component to
understanding carbon dynamics along river corridors and the potential for long-term storage of
organic carbon. Although quantifying sediment residence times and flux provide a basis for
understanding potential for long-term carbon storage, more work needs to be done to investigate
carbon dynamics associated with the stability of floodplain environments. Interdisciplinary
collaboration to investigate the form of carbon stored in floodplains, the relative likelihood that

the carbon will be metabolized, and the residence time of carbon, are necessary to fully
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understand the importance of small streams in the terrestrial carbon cycle and the role of geology,
geomorphology, and hydrology in the biogeochemical processing of organic carbon along river
networks.

Quantifying natural processes that store carbon along river corridors in various regions is
the first step, but identifying anthropogenic impacts on these processes is crucial for estimating
storage and flux of carbon in global rivers and predicting changes in river carbon dynamics.
Anthropogenic impacts on river corridors, including sediment dynamics in particular, are
superimposed over natural processes that regulate carbon flux in rivers. Alteration of rivers likely
influences the ability of rivers to retain carbon along floodplains. Land-use changes and
channelization of rivers reduce channel complexity and opportunities for metabolism of organic
carbon in rivers, hindering ecosystem functioning (Battin et al., 2008). This may be an
underlying cause in the observed decline in ecosystem integrity of highly impacted streams.
Similarly, a historic decline in beaver populations and forest stand disturbances such as
deforestation, wildfire, and beetle kill limit the age and size of trees, hindering the development
of multithread channels. Where rivers are channelized and artificial levees prevent overbank

flow, aggradation of floodplain sediment and accumulation of stored carbon are limited.

6.3 River carbon and climate change

Controls on organic carbon retention along river corridors, which are regulated by
temperature, moisture, and hydraulic disturbance, are likely to change substantially with
projected increase in global average temperature, snowpack and snowmelt, and the frequency of
extreme events. Projected changes in hydroclimatic regime and frequency of extreme events

associated with climate change (Bates et al., 2008) are likely to alter sediment dynamics and the
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stability of floodplains (Sutfin et al., 2015). Extreme events, for example, could result in shorter
residence time of sediment. This could be significant for extreme floods on large rivers in low-
relief environments as well as increasing elevation of hydroclimatic boundaries in mountainous
regions, as suggested by work presented here. Results from this study indicating higher OC
storage along single-thread versus multithread channels suggest that short-term stability of
floodplain surfaces and hydrologic connectivity regulate floodplain carbon storage. Although all
high-elevation sites are stable for long durations (i.e., residence times >1200 y), multithread
channels store less carbon even though they experience short-term instability through channel
avulsions, bank erosion, and increased lateral hydrologic connectivity, as inferred from shallower
water tables. Anticipated decreases in hydrologic connectivity anticipated with climate change
(Alexander, 2014), in addition to those resulting from land use and flow regulation, are likely to
influence carbon dynamics in rivers (Sutfin et al., 2015). The direction of these potential changes

IS uncertain and requires investigation.

6.4 Conclusion

Whether through long-term storage or ecosystem processing of organic carbon, mountain
streams provide important functions and services in carbon dynamics. Differences in
hydroclimatic regime associated with mountainous areas and those of low relief are likely to
create similar conditions in floodplain sediment dynamics in other regions. Floodplains in cooler
mountain regions, particularly where glaciers and snow are primary drivers of moisture regimes,
are likely to store significantly larger amounts of organic carbon per area compared to adjacent

uplands. Because moisture and hydroclimatic regime are significant drivers of organic carbon

"$)



storage at the landscape scale, carbon dynamics are highly susceptible to changes as a result of
anticipated changes in snowpack, snow melt, and increased intensity and frequency of extreme

storms and floods.
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JIKDIHFIGE
JIKD I GFIKE
JJIKD I GFMLE
JIKD I GFKGE
JIKDILFILE
JJIKDDCFKEL
JJIKDDCFGKi
JJIKDDJIFMME
JJIKDDMFJLE
JJIKDDHFIKE
JJIKDDHFHCE
JJIKDDHFLJE
JJIKDDJFCCE
JJIKDDJFGEL
JJIKDDMFDJ
JJIKDJEFDLE
JJIKDJEFHEL
JJIKDJICFHIE
JIKDJIIFMCE
JILKCJIFEHE
JILKCJIFELE
JILKCJIFCIL
JILKCIFIHE
JILKCIMIE
JJILKCJIFHLE
JJILKCMFEEL
JJILKCGFCEL
JJILKCGFIDE
JJILKCGFMCE
JJILKCGFMME
JILKCGFMME
JJILKCLFCCE

JIMCEDIFIHE
JIMCEDKFICE
JIMCEDKFHLE
JJIMCEDGFCM&
JJIMCEDLFDJ4
JIMCEIKFIME
JIMCE IKFKES
JJIMCEDCFHLE
JJIMCEDDFCE$
JIMCEDJFIHE
JIMCEDJFKHE
JIMCEDMFIM§
JIMCEIEFECE
JIMCEIEFKJE
JIMCEICIDI§
JIMCE I HFKD§
JIMCE THFLME
JIMCE I GFEME
JIMCEILFEES
JIMIMIEFGIE
JIMIMICFIDE
JIMIMICFGDE
JIMIMIMFL TG
JIMIMITHIKTG
JIMIMIGFLCE
JIMIMDDFEES
JIMIMCKFG 1§
JIMIMCGFGCE
JIMIMICFELS
JIMIMICFDLE
JIMIMICFDLE
JIMIMIMFGHE
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HJE
MDé&
CMé
HLE
1Jé
Et
Et
JEL
IL4
1M
JGé
HLE
1D4
DK&
DDk
IC
Et
Et
11§
Ji
JEL
JHE
JGé
DIi
DG
Jli
Et
Et
KCi
CDé
Ké
MK

CFM&
CFK&

Ct
EFGE
EFJé

Et
EFD§
EFK&
EFK&
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EFK&
EFK&
EFK&
EFJé
EFD§

Et

Et
EFJé
EFK&
EFGE
EFMé
EFK&
EFGE
EFGE
EFD§
EFC
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EFMé
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EFK&
EFJé

HFH&
MFCE
Et
CIFLé
CCFDé
CEFH&
HFMé
HFCE
JFLE
JFKE
IFCE
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CMFDé
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CIFGE
CIFL
CIFCi
LFDE
LFDE
GFCé
MFGE
Dé
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CJFGE
CDFHé
CCFL&
CCFL&
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GFG&
HF 14
DFCt
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JJILKCLFCGE
JJILKCLFDKE
JILKIEFEEL
JILKICFEJE
JILKICFIGE
JJILKICFDLE
JILKTIFECE
JILKTIFEKE
JILKTIFIME
JILKTIFILE
JILKTIFHGE
JJILKIDFEEL
JJILKIDFCHE
JJILKIDFMKE
JILKIDFLME
JILKIJFCIE
JILK1JFCKE
JILKIMFEHE
JILKIMFEHE
JILKIMFIJE
JILKTHFCKE
JILKIKFEME
JILKIGFEEL
JILKIHFELL
JILKIHFIDE
JILKIKFEEL
JILKIKFEEL
JILKIGFECE
JILKIGFEJE
JILKIGFLCE
JILKILFLHE
JJILKDCFEEL

JIMIMTHFIME
JIMIMIKFLIG
JIMIMDDFEES
JIMIMCGFIME
JIMIMCLFGDE
JIMIMIEMIG
JIMIMIIFMGE
JIMIMIIFLKE
JIMIMIHFCHE
JIMIMTHFDME
JIMIMIGFLIE
JIMIMDCFEES
JIMIMCHFILE
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JIMIMDEFEES

257

,9ZURS(

RSk
BYI(SN(!

5" L(SN(URSL
BRL™ "4
"WXi

YWXi

BRI
RSU(N(

1 J0RS
RSUNBE*+) . . (It
BYI(SN(!

5 i($N(
RSk

BRL™ "4
"WXi

YWXi

BRL" Vi

RSO M

RSk
RSUNBE*+) . . (It
BYI(SN(!

5" L (SN 1
RSk

BRL™ "0k, 9Zi
"WXi

YWXi

, 9Z0BRI" Yi

RSk
RSUNBE*+) . . (It
5YI(SN(!



829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi
829SzZJi

JEL
DH&
Et
Et
JGé
DCé
MGé
JME
DIi
MIE
Et
Et
JDi
MK
DJi
JEL
JDi
1M
MH&
Et
Et
1M
MIE
1Jé
HG&
Et
DJi
KCi
JGé
DK&
Et
Et

EFMé
EFD§
Et
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CIFDé
KFJé
CFI%
Et
CMé
CJFHE
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JILKILFEGE
JILKILFKLE
JILKILFKLE
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JJILKDIFJLE
JJILKDMFIJi
JJILKDHFEEL
JJILKD IFMKE
JJILKD IFKHE
JJILKD IFKHE
JJILKDJIFEJL
JJILKDJIFIDE
JJILKDJIFLKE
JJILKDKFDKE
JILKJIERICE
JJILKJICFEEL
JJILKDHFEEL
JJILKDHFI Ji
JJILKDHFI Ji
JJILKDGFDJE
JJILKDGFJIHE
JJILKDLFK &
JJILKJIEFGEL
JILKIIFEHE
JILKJIIFKGE
JJILKJIDFGEL
JILKIMFEEL
JJILKDGFMJE
JJILKDLFIME
JJILKDLFIME
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JIMIMCIFCME
JIMIMCMFIKE
JIMIMCMFIKE
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JIMIMCGFIHE
JIMIMIERIGE
JIMIMIMIMLE
JIMIMIKFEES
JIMIMCIFECE
JIMIMCIFDHE
JIMIMCIFDHE
JIMIMCIFHIE
JIMIMCIFLKE
JIMIMCHFIGE
JIMIMITEMME
JIMIMIMFLME
JIMIMIKFEES
JIMIMCCFEES
JIMIMCCID 1§
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JIMIMCIFCIE
JIMIMCIFIGE
JIMIMCMFLHE
JIMIMCKFIES
JIMIMCLFEGE
JIMIMIEFEJS
JIMIMICFIES
JIMIMIDFEES
JIMIMELMJG
JIMIMCEFIME
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JIMIMCED 1§
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JJILKJICFGHE
JILKIIFIHE
JILKJIJFHGE
JILKIMFIGE
JILKJIKFGGE
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JIMIMCEFGME
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CCCFKE
CECFHt
LIFGE
GJFDi
DKFGE
DMFME
IMFCE
CMFJi

JIKIKIFI 1k
JJIKJIKJIFDEL
JIKIKMFKDE
JJIKJIKKFDKE
JIKIKGFGIE
JIKIGEFIDE
JIKIGIFEKE
JIKIGDFMHE
JIKIGIFLLE
JIKIGMFLCE
JJIKIGHFDDE
JIKIGHFDHE
JIKIGLFMDE
JIKIGLFGIE
JIKIKMFIME
JIKIKHFGCE
JIKIKGFIJE
JIKIGEFIDE
JIKIGCFHKE
JJIKIGDFCKi
JIKIGIFE 1L
JIKIGMFLCE
JIKIGKFMHE
JIKIGLFEJE
JIKILEFGJIE
JIKJILIFHEL
JIKILIFCHE
JIKILMFHEL
JJIKMEDFHKE
JIKMEJFEKE
JIKMEMFGGE
JIKMEKFMHE

JIHKJICDFHES
JIHKJICJIFCES
JIHKIT IFGGE
JIHKID IFLMé
JIHKJIJCFLDE
JIHKIMCFKES
JIHKJIHCFKKE
JIHKIKEFGME
JJIHKIKLFHD4
JIHKIGMFIHE
JIHKIGKFG 1§
JIHKIGGFEI§
JIHKMEKFJIHE
JIHKMELFI1J4
JIHKDCJIFGHE
JIHKDIDIK 1§
JJIHKDD IFLGE
JJIHKDJDFCI§
JJIHKDMCFILE
JJIHKDMLFKHE
JIHKDHIMLG
JIHKDKMID I
JIHKDGJIFHGE
JJIHKDLDFEM&
JJIHKJIEDFILS
JIHKJICDFI 34
JIHKJIICFLCE
JIHKJIDEFIGE
JIHKIKHFEKG
JIHKJIKGFDJE
JIHKIGGMGE
JIHKJILGFCDE
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EFL4

Et
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CKGFKE
CHKFKE

JIKMEKFLME
JIKMELFL 1E
JJIKMCEFEME
JIKMCEF1Ji
JIKILIFCCE
JIKILMFMME
JIKILHFGME
JIKILGFCEL
JIKILLFGME
JIKMECFI 1d
JIKMEIFLCE
JIKME JFMME
JJIKMEHFDDE
JIKMEKFL 1E
JJIKMELFHDE
JIKMCEFGHE
JIKMCIFIGE
JIKMCDFGJE
JIKMCMFIJE
JIKMCKFEJE
JIKMCGFHGE
JIKMIEFIEL
JIKMIEFLDE
JJIKMI IFDDE
JJIKMIDFLKE
JIKMI IFKME
JIKMIIFKKE
JIKMIHFGME
JIKMIKFEEL
JIKMCIFMLE
JIKMCHFELE
JIKMCKFGEL

JJIHKMEEFDE4
JIHKMCCIM 1§
JIHKMCIFICE
JJIHKMCDFDE§
JJIHKDI IFJES
JJIHKDDEFKGE
JJIHKDDGFDK§
JIHKDIMFHHE
JIHKDMMFGCE
JIHKDHJFLGE
JJIHKDKDFHMé
JJIHKDGDFICE
JJIHKDLDMHE
JIHKJIE IFGDE
JIHKICIFKGE
JIHKJICLFLGE
JIHKIIGFIME
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JIHKIHMIMCE
JIHKIKIFDGE
JIHKIKGFHI§
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JJIHKMCDFCCE
JIHKMCJIFEES
JIHKDIJFECE
JJIHKDDDFJILG
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7.3 Appendix C. Radiocarbon age data
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