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Abstract
Rivers interact with their valleys from headwaters to mouth, but nowhere as
dynamically as in their floodplains. Rivers deliver water, sediments, and solutes onto
the floodplain land surface, and the land in turn supplies solutes, leaves, and woody
debris to the channel. These reciprocal exchanges maintain biodiversity and
productivity in both the river and the floodplain. In this dissertation I examine riverfloodplain exchanges on the well-studied Nyack Floodplain, a dynamic, gravel-bedded
floodplain along the Middle Fork Flathead River in the mountains of northwest
Montana. I quantify exchanges at multiple timescales, from moments to centuries, to
better understand how connectivity between aquatic and terrestrial habitats shapes their
ecology.
I first address connectivity in the context of a long-standing question in
ecosystem ecology: What determines the rate of ecosystem development during primary
succession? Rivers have an immediate effect on floodplains when scouring floods
remove vegetation and nutrients such as nitrogen (N) and reset ecosystem succession,
but they might also have a more gradual effect via the delivery of N and other materials
to developing floodplain soils. I quantify N inputs to successional floodplain forest soils
of the Nyack Floodplain and find that sediment deposition by river flood water is the
dominant source of N to soils, with lesser contributions from dissolved N in the river,
biological N fixation, and atmospheric deposition. I also synthesize published rates of
iv

soil N accumulation in floodplain and non-floodplain primary-successional systems
around the world, and I find that western floodplains often accumulate soil N faster
than non-floodplain primary successional systems. My results collectively point to the
importance of riverine N inputs in accelerating ecosystem development during
floodplain primary succession.
I next investigate the role of river-floodplain exchanges in shaping the spatial
distribution of a suite of soil properties. Even after flood waters have receded, dissolved
N, carbon (C), and moisture might be delivered from the river to floodplain soils via
belowground water flow. Alternatively, C inputs and N withdrawals by floodplain
vegetation could be a dominant influence on soil properties. To test these hypotheses, I
excavated and sampled soil pits from the soil surface to the water table (60-270 cm)
under forests, meadows, and gravel bars of the Nyack Floodplain. Near-surface soils
had C and N pools and N flux rates that varied predictably with vegetation cover, but
soil properties below ~50 cm reflected influence by neither vegetation cover nor aquifer
delivery. Instead, soil properties at these depths appear to relate to soil texture, which in
turn is structured by the river’s erosional and depositional activities. This finding
suggests the revised hypothesis that soil properties in gravel-bedded alluvial floodplains
depend more on the decadal-scale geomorphic influences of floods than on short-term
influences of floodplain vegetation or groundwater flow.
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Lastly, I explore the potential sources of organic C to the diverse and active
community of aquatic organisms in the large aquifer underlying the floodplain, where
the lack of light prohibits in-situ organic C production by photosynthesis. I quantify
floodplain carbon pools and the fluxes of organic carbon connecting the aquifer, river,
and overlying forest. Spring flood waters infiltrating the soil are responsible for the
largest dissolved carbon flux into the aquifer, while very large floods are essential for
the other major C input, the burial of woody carbon in the aquifer. These findings
emphasize the importance of a dynamic river hydrograph – in particular, annual floods
and extreme annual floods – in delivering organic C to the aquifer community.
Overall, this dissertation demonstrates that floodplain function is simultaneously
shaped by processes operating at many spatial and temporal scales. Over hours, a large
flood can tear down a floodplain forest and feed an aquifer community. Over years,
rivers supply nutrients to regenerating forests. Over centuries, floods transform whole
soil profiles via large and small episodes of erosion and deposition. To fully understand
these dynamic ecosystems, we must pay attention not just to the current exchanges of C,
N, water, and sediment but also to the legacies of past floods and their roles in
delivering solutes, eroding forests, depositing sediments, and physically shaping the
floodplain environment.
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1. Introduction
1.1 Why study floodplains?
Human activities have dramatically altered riverine floodplains around the
world, often by altering the interactions between these floodplains and the surrounding
landscape and river network. River flow regulation is common (Lehner et al., 2011) and
fundamentally alters the function of these flow-pulse-dependent ecosystems (Valett et
al., 2005), reducing productivity and biodiversity and sometimes facilitating species
invasions (Stromberg et al., 2007). Floodplains can serve as fertile spawning grounds for
migratory fish, and fish may in turn fertilize floodplain soils (Ben-David et al., 1998), but
dams have interrupted fish migration patterns, ocean overfishing has reduced source
populations, and stocking for recreational fishermen alters species composition and can
completely restructure aquatic food webs (Ellis et al., 2011). Nutrient loading to rivers
worldwide has caused us to increasingly rely on the ability of rivers and floodplains to
extract those nutrients; at the same time, greater loads diminish these systems’ efficiency
of nutrient extraction (Mulholland et al., 2008).
Aside from their utility and increasing rarity, many western floodplains also
invite study for their dynamism and complexity (Figure 1). In a matter of hours, large
floods can scour portions of these floodplains’ thickly vegetated surfaces to bare cobble
or sand alluvium, and river channels can expand, shift, or be abandoned for a new river
course. Because each flood disturbs a different fraction of the floodplain area, floodplain
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Figure 1: Changing vegetation cover and river routes as seen in aerial images of the
Nyack Floodplain, Middle Fork Flathead River, Montana, at approximately 20-year
intervals. Images courtesy of the Flathead Lake Biological Station, University of
Montana.
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landscapes are perpetually shifting mosaics of terrestrial and aquatic habitat patches
(Figure 1). These dynamics make floodplains ideal sites to investigate ecosystem
responses to disturbance. Although changes in forests and soils may occur over many
decades, space-for-time substitutions across the floodplain habitat mosaic allow us to
study ecosystem changes over these long timescales.
Hydrologic processes govern the dynamics of alluvial floodplain ecosystems at
both long and short timescales. The floods most responsible for creating habitat mosaics
occur once every few years to decades, but they are often simply the largest of the
annual or seasonal floods that routinely transport sediments and solutes across the
floodplain surface. The Flood Pulse Concept (Junk et al., 1989; Tockner et al., 2000)
emphasizes the importance of such floods in creating a hydrologic and biogeochemical
connection between the aquatic and terrestrial components of the floodplain, i.e., the
river channel and the adjacent vegetated soils. Where the floodplain surface is
inundated, there are subsidies of water and nutrients that drive bursts of microbial
activity (Gergel et al., 2005) and the growth of flood-tolerant plant species (Predick et al.,
2009). Conversely, receding flood waters carry organic matter back to the river channel
where it subsidizes the aquatic food web.
In addition to the aquatic-terrestrial connection on the floodplain surface, several
other interfaces help structure the biogeochemistry and ecology of floodplains. In
particular, the hyporheic zone is by definition the volume of saturated sediment at the
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interface where river water mixes with groundwater. Here, as on the floodplain surface,
accelerated microbial activity is common (Hedin, 1998; McClain et al., 2003). The extent
of the hyporheic zone varies widely across floodplain ecosystems, from a thin layer of
sediment along a river bed to a region of gravel alluvium that can extend many
hundreds of meters laterally from the river channel and many meters below the river
channel and land surface (reviews by Valett et al., 1993; Boulton et al., 2010). With larger
hyporheic zones, also sometimes termed hyporheic aquifers, there may be yet another
interface: the horizontal plane separating the aquifer from the overlying soils and forest.
Water and solutes are transported across this interface via downward leaching, plant
uptake, or rising and falling aquifer water tables (Clinton et al., 2002; Bechtold et al.,
2003; Schade et al., 2005).
Exchanges of water across these three interfaces vary greatly over time and
space. During the spring flood season, areas of the land surface nearest the river channel
typically have high biogeochemical connectivity with the river, i.e., they receive large and
frequent inputs of river water, sediments, and solutes, and they may supply substantial
quantities of solutes, leaves, or woody debris to the channel. Compared to land areas
farther from the channel, these high-connectivity areas more strongly influence river
chemistry and temperature, and they are more likely to be subsidized by river inputs or
damaged by strong floods. Spatial and temporal variation in connectivity may be
similarly important at the river-aquifer and soil-aquifer interfaces, with implications for
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biotic productivity in each compartment of the floodplain ecosystem. Characterizing the
biogeochemical connectivity across each interface is an essential first step to
understanding the ecology of these dynamic ecosystems and predicting their responses
to human influence.

1.2 Research objectives and approach
In this dissertation I investigate the patterns and transfers of carbon (C), nitrogen
(N), and water across and between the floodplain surface, river, and hyporheic aquifer
of the Nyack Floodplain of the Middle Fork Flathead River, northwest Montana. The
Nyack is among the best characterized and best instrumented floodplains in the world
(Boulton et al., 1998), with over three decades of research history (Stanford and Gaufin,
1974; Harner et al., 2004; Stanford et al., 2005). The vegetation (Malanson and Butler,
1991; Poole et al., 2002; Mouw and Alaback, 2003; Whited et al., 2007) and aquatic
communities (Stanford and Ward, 1988; Ellis et al., 1998; Craft et al., 2002; Reid, 2007)
have been well described, as have the hydrology and geomorphology of the floodplain
(Poole et al., 2002; Diehl, 2004; Harrison, 2004; Helton et al., In press).
Despite the vast quantity of information we have about Nyack Floodplain, large
and seemingly simple questions remain: How much C or N is exchanged among the
river, hyporheic aquifer, and floodplain soils and vegetation? How do floodplain forests
recover so rapidly from scouring floods? How strongly do floodplain organisms depend
on biogeochemical connectivity for their nutritional and energetic needs? We still lack
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answers largely because of the scales at which gravel-bedded alluvial floodplains
operate. River water can spend years in the hyporheic aquifer, and floods and forest
development operate on timescales from seasons to centuries. The Middle Fork Flathead
River transports ~2.0 billion cubic meters of water through the Nyack Floodplain reach
each year (Poole et al., 2004), and this water follows complex routes through the metersdeep hyporheic aquifer (Helton et al., In press) and transforms many hectares of the land
surface per decade (Figure 1 and Whited et al., 2007). Field studies give us only
snapshots from which we must infer ecosystem processes at these often prodigious
scales.
In this dissertation I take a biogeochemical budgeting approach to investigate the
patterns and drivers of ecosystem function in the Nyack Floodplain. Following an
introduction in Chapter 1, I estimate pools, fluxes, and balances of C and N in the
floodplain forest (Chapter 2), soils (Chapter 3), and aquifer (Chapter 4) by conducting
several of my own field studies and drawing together results from many others. A
budgeting approach has allowed me to not just synthesize but also evaluate these field
data: Each individual flux estimate within a budget must be consistent with the other
fluxes and pools of the budget, and comparison among fluxes directs our attention to
those that are most influential and those that remain most uncertain. Although alluvial
floodplains will present scientific challenges for many years to come, this dissertation
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brings us one step closer to understanding the biogeochemistry of these complex
ecosystems.

1.3 Dissertation outline
In Chapter 2, I investigate the mechanisms by which floodplain forests acquire N
during succession. I present (1) an in-depth budget of N inputs and exports from
successional floodplain forest stands on the Nyack Floodplain and (2) a synthesis of
published soil N patterns in floodplain and non-floodplain primary-successional
systems around the world. I find that sediment deposition is the dominant source of N
to soils of the Nyack Floodplain, with lesser contributions from riverine N subsidies,
biological N fixation, and atmospheric deposition. It is particularly remarkable that the
Nyack Floodplain accumulates N as fast as most floodplains in my literature synthesis,
despite the absence of substantial N fixation or marine-derived N subsidies at the Nyack
and their presence in many of the floodplains described in the literature. In general,
western floodplains appear to accumulate soil N faster than non-floodplain primary
successional systems. This observation, together with the primacy of river sediment and
solute inputs for N accumulation at the Nyack, indicates that river-floodplain
connectivity can strongly influence ecosystem development throughout primary
succession.
In Chapter 3, I investigate the role of river-floodplain exchanges in shaping the
spatial distribution of a suite of soil properties. Even after flood waters have receded,
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dissolved N, carbon (C), and moisture could be delivered from the river to floodplain
soils via belowground water flow. Alternatively, C inputs and N withdrawals by
floodplain vegetation might be a dominant influence on soil properties. To test these
hypotheses, I excavated and sampled soil pits from the soil surface to the water table
(50-270 cm) under forests, meadows, and gravel bars of the Nyack Floodplain. I had
initially expected to find elevated microbial activity, especially denitrification, at the
interface where the aquifer delivered water and solutes to carbon-rich vegetated soils.
Although such conditions have been documented in other systems (Hedin, 1998; Harms
and Grimm, 2008), in the Nyack Floodplain the larger spatial separation between plant
roots and aquifer water prevented the formation of a highly active interface. Forest soils
at 0-10 cm had higher C and N pool sizes and denitrification potentials (DEAs) than
those of grassland or gravel bar sites, but soil C and N pools and DEAs below ~50 cm
were typically small regardless of vegetation cover or their position relative to the
aquifer water table. Instead, soil C and N pools and DEAs below ~50 cm were most
closely related to soil texture, which in turn is structured by the river’s erosional and
depositional activities. This finding suggests the revised hypothesis that soil properties
in gravel-bedded alluvial floodplains may depend more on the decadal-scale
geomorphic influences of floods than on short-term vertical interactions with floodplain
vegetation or aquifer water. My study also provided support for the importance of
hydrologic connectivity between the river and floodplain aquifer: Although aquifer
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sediments are less organic and biogeochemically active than surface soils, these
sediments might substantially alter N exports to the river simply because the aquifer is
large and perennially connected to the river.
In Chapter 4, I explore the potential sources of organic C to the diverse and
active community of aquatic organisms in the floodplain aquifer. I draw from 17
datasets, including several of my own, to quantify the fluxes of organic C connecting the
aquifer, river, and overlying forest. Aerobic respiration by aquifer organisms is by far
the largest flux of dissolved and bioavailable C in the aquifer, exceeding hydrologic
losses to the river, leaching inputs from overlying soils, and the burial of woody C by
large floods. A modest fraction of C cycling might be explained by chemoautotrophic
pathways including nitrification and methanotrophy. However, most biotic activity in
the aquifer ultimately comes from photosynthetic C fixation on the land surface and in
the river channel. My findings emphasize the importance of a dynamic river hydrograph
– in particular, annual floods and occasionally extreme floods – in transporting C from
soils to the aquifer. Four fifths of the DOC that is leached from soils into the aquifer is
leached not by precipitation but by infiltrating flood waters. Extreme floods are essential
for log-jam formation and wood burial. As in Chapters 2 and 3, these results
demonstrate that river-floodplain interactions at multiple temporal and spatial scales are
influential drivers of productivity and diversity in the Nyack Floodplain.
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2. Patterns and mechanisms of nitrogen accumulation
during floodplain primary succession
2.1 Introduction
Nitrogen (N) availability is a principal control on biomass accumulation in
ecosystems (Vitousek and Howarth, 1991; LeBauer and Treseder, 2008). N limitation is
particularly acute in primary succession, because early-successional soils hold little N
(Vitousek et al., 1989). Consequently, N accumulation has long been recognized as
fundamental to ecosystem succession (Cowles, 1911). One of the most commonly cited N
sources is N2 fixation associated with plant species such as Alnus spp. (Walker, 1989;
Anderson et al., 2004; Densmore, 2005), Shepherdia canadensis (Rhoades et al., 2008),
Pleurozium schreberi (DeLuca et al., 2002), and Dryas drumundii (Lawrence et al., 1967;
Chapin et al., 1994). However, there are numerous potential sources of N to ecosystems,
from rock weathering (Morford et al., 2011) to volcanically fixed N (Vitousek, 2004) to
atmospheric deposition (Fenn et al., 2003).
Among primary successional systems, alluvial floodplains accumulate N from an
especially long list of sources due to their strong hydrologic connectivity with rivers.
Floodplain habitat patches may receive N subsidies in the form of sediments, organic
particulates, and solutes from upstream (Adair et al., 2004; Olde Venterink et al., 2006;
Lisuzzo et al., 2008) or marine-derived (i.e., salmon-borne) nutrients from downstream
(Helfield and Naiman, 2001). The amounts of these inputs vary across the floodplain
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according to the elevation of each patch and its proximity to an active river channel
(Middelkoop and Asselman, 1998; Morris and Stanford, 2011). Because the main
succession-resetting disturbance in floodplains is scouring of the land surface by floods,
new habitat patches are at low elevations and near active channels, and they may
therefore also receive relatively large amounts of N from the river. As succession
proceeds after flood scour and soils accumulate, these patches become elevated and
therefore decreasingly connected to the river; their potential N sources thus become
increasingly similar to upland systems. Even in these elevated sites, however, the
juxtaposition of early- and late-successional sites makes it possible for river-borne N to
be deposited in mature forests with the help of floods and biological vectors such as
bears and eagles (Ben-David et al., 1998).
Among floodplain primary successional sequences, the magnitudes of gross N
inputs and losses vary widely, often by several orders of magnitude across researched
sites (Figure 2). These differences in individual fluxes could drive wide divergence in the
net rates of N accumulation in floodplain primary successional sequences globally.
However, attempts to compile N budgets in floodplains are very rare (but see Wassen
and Olde Venterink, 2006), and such budgets have not been compared to observed rates
of N accumulation during succession. Further, a synthesis of net N accumulation rates
across sites is still lacking in the floodplain succession literature.
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Figure 2: Potential nitrogen inputs and losses for floodplain soils in kg N ha-1 yr-1,
with high and low values reported in the literature for each flux. References: (a) Adair
et al. (2004), (b) Morris and Stanford (2011), (c) Brenner et al. (2006), (d) Olde
Venterink et al. (2006), (e) Dezzeo et al. (2000), (f) Van Cleve et al. (1971), (g) Bormann
and Sidle (1990), (h) Luken and Fonda (1983), (i) Wassen and Olde Venterink (2006),
(j) Bechtold and Naiman (2009), (k) Klingensmith and Vancleve (1993), (l) Roach and
Grimm (2011).

In this study we sought to quantify drivers of N accumulation within a single
floodplain and to compare patterns of N accumulation among primary successional
systems globally. Because floodplains without substantial N fixation and marinederived N inputs are underrepresented in the literature, we constructed our own
chronosequence from observations at the Nyack Floodplain of northwest Montana,
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where N-fixing alder (Alnus incana) grow sparsely and spawning salmon are absent. We
then estimated all floodplain N sources and sinks for the Nyack Floodplain to explain
the observed rate of N accumulation. Finally, in a preliminary attempt to identify global
patterns in the rates and mechanisms of N accumulation during floodplain succession,
we synthesized patterns of N accumulation for both floodplain and non-floodplain
primary-successional chronosequences in the literature.

2.2 Methods
2.2.1 Site description
To better understand the drivers of N accumulation in floodplains, we conducted
a case study of N inputs, losses, and net accumulation on the Nyack Floodplain (Figure
3), which lies along the Middle Fork of the Flathead River in northwest Montana
(48°27’30” N, 113°50’ W, 1010 m elevation). Along the floodplain reach, the river is 5thorder and has a 2300-km2 catchment draining the mountains of Glacier National Park
and the Bob Marshall Wilderness Complex (Poole, 2006). Subsurface flow along the
Nyack reach is unaltered by human activity and is laterally extensive: the glaciallyderived gravel-and-sand alluvium conducts river water hundreds of meters from the
main channel, and at least one third of the river water passes through the aquifer and
rejoins the main channel within the 9 km floodplain stretch (Stanford et al., 2005).
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Figure 3: Location of the Middle Fork Flathead River watershed and Nyack
Floodplain. Aerial photograph courtesy of the Flathead Lake Biological Station,
University of Montana.

The Nyack Floodplain surface is a mosaic of habitat patches with different ages
since disturbance. Cottonwoods (Populus trichocarpa) and willows (Salix spp.) dominate
the early successional patches of the floodplain where floods and flood scouring are
common, while mixed conifers (primarily Picea engelmannii, P. glauca, and Pseudotsuga
menziesii) and mature cottonwoods and birches (Betula papyrifera) dominate stands
where disturbances have occurred less recently (Poole et al., 2002). The dominant form
of disturbance is flood scour; major floods are documented for 1894, 1899, 1916, 1948,
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1954, 1964, 1975, and 1997 and explain much of the variation in stand ages across the
floodplain (Boner and Stermitz, 1967; Malanson and Butler, 1990; Whited et al., 2007).
Additionally, human disturbances (logging for pasture and hay production, plus the
presence of a road and railway) have altered approximately 15% of the floodplain area.
We only assessed unlogged, forested areas in this study (within the unaltered 85% of the
floodplain).

2.2.2 Field sampling and measurements
To measure changes in soil and forest N pools during succession, we identified a
chronosequence of 54 study sites across the floodplain. We began with aerial-photobased estimates of stand age (Whited et al., 2007) and randomly selected sites within
each age class to achieve a stratified random distribution of stand ages. We then
established 20 x 20 m plots at each site and more precisely estimated stand age using
tree cores from the 3 largest cottonwoods and 3 largest spruces in each plot. When tree
cores excluded the pith, we used core angle corrections (Duncan, 1989; Baker et al., 2005)
or a diameter-age regression relationship from the other trees in our dataset to adjust
age estimates. Of our 284 cores, 33% were angle corrected (average adjustment = 1.8
years), 28% were regression corrected (average adjustment = 20 years), and 38%
intersected the pith and needed no correction. There is some uncertainty in our stand
age estimates due to these corrections and to the imperfect assumption that the largest
trees in the stand were among the first to sprout after a scouring flood.
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We recorded tree species and diameter at breast height (DBH) for every tree
taller than 1 m in the 20 x 20 m plots. Engelmann and white spruce hybridize on the
floodplain; for the purpose of this N budget we categorized any tree along the
Engelmann-white spruce continuum as Engelmann spruce. We also surveyed
understory vegetation, including tree seedlings, in four 50 cm x 1 m quadrats per plot.
We used coverage classes of <1%, 1-5%, 5-15%, 15-25%, 25-50%, 50-75%, 75-95%, and 95100% (after Daubenmire, 1959) to estimate the abundance of bare soil, litter, rock, and
each non-vascular, herbaceous, or woody plant species. Leaves were collected from
cottonwoods and Engelmann spruces whenever those species were present at a site.
Sunlit, fully-expanded leaves and second-year needles were harvested with a shotgun or
pole pruner from the south side of 2-3 trees per species per site. Samples were oven
dried at 60°C for 7 days and then combined into one composite sample per species per
site.
To quantify total N and carbon (C) pools, we collected 1 soil core (15 cm deep, 5
cm in diameter) from the center of each site on June 27-30, 2010. We also collected nine
samples from fresh sediment deposits on gravel bars along the main river channel.
Subsamples were air-dried, ground with mortar and pestle, and combusted in a
ThermoQuest NC 2100 CHN analyzer at 1050°C to measure total %N and 600°C to
measure the organic C fraction (i.e., %C without carbonates). We also weighed, oven
dried, and reweighed ~5 g subsamples for soil moisture, and we computed bulk density
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by dividing oven-dry mass by soil core volume. We measured depth to cobble within
the soil profile by twisting an auger into the soil at the center of each site until the auger
hit a cobble layer and could not be driven further by hand.
On July 21-23, 2010 we collected 3 fresh 5-cm-deep, 5-cm-wide soil cores per plot
and assayed soil N fixation and denitrification concurrently in undisturbed cores using
the acetylene reduction method (Hardy et al., 1968) and static-core acetylene block
method (Groffman et al., 1999), respectively. Acetylene blocks the conversion of N2 to
N2O (by denitrifiers) and is reduced by nitrogenase to ethylene (by nitrogen fixers). We
punched nail holes in canning jar lids and attached butyl septa over the holes with
silicone aquarium glue. We gently extracted soils from the core sleeves into 135 mL glass
jars, removed surface plant biomass and litter, and then sealed the jars. We included
four empty jars as controls. At the start of the experiment, we injected 13.5 mL acetylene
(C2H2, generated from calcium carbide) into each jar with a glass syringe and
hypodermic needle. Jars were incubated for 24 hours in the shade at the floodplain site.
We collected a pair of 10mL headspace samples at T=0 from one of the three replicate
cores per plot. We collected similar pairs of samples at T=24 hours from all three
replicates. All samples were stored in evacuated 9 mL gas vials until analysis. To assess
N fixation, one sample from each pair was analyzed for ethylene (C2H4) on a gas
chromatograph (Shimadzu, Kyoto, Japan) with a flame ionization detector (330°C) and a
Poropak N column (110°C; Supelco, Bellefonte, PA, USA). To assess denitrification, the
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second sample per pair was analyzed for nitrous oxide (N2O) on a gas chromatograph
with an electron capture detector (SRI instruments, Torrance, CA).

2.2.3 N budget for Nyack Floodplain soils undergoing succession
Overall Approach. We estimated a net N accumulation rate and the magnitudes
of individual inputs and exports (Figure 2) for Nyack Floodplain forest patches
undergoing primary succession. Where our data indicated that a flux rate changed as a
function of stand age, we identified a constant approximation of that flux rate over the
first 75 years of succession. We chose this time period partly for compatibility with our
literature synthesis (see below). Also, the first ~75 years are a period of relatively rapid
soil N accumulation during succession, so N input during this period is of particular
interest as a constraint or driver of ecosystem development. For each term in our N
budget, we computed a single best estimate given the available data. We also wanted to
quantify the uncertainty in each estimate, and we report standard errors wherever
possible. However, many uncertainties were due to methodological constraints rather
than analytical variability, so in some cases we report high and low estimates that
encompass a greater range than the 95% confidence interval based on the available
standard errors.
Our best estimate of the budget balance is the sum of the best-estimate fluxes to
the floodplain soil, where exports from that pool are treated as negative inputs. As
explained above, not all of our low and high estimates are based on normal distributions
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around the best estimates. However, a simple sum of N fluxes would overestimate the
extremity of the low and high budget balances, because it is unlikely that the
contributing fluxes are all simultaneously at the lowest or highest values within their
respective ranges. To calculate low and high budget balances we therefore treat the low
and high estimates for individual fluxes as the 95% confidence interval bounds for
normally distributed estimates. We propagate error though the sum of fluxes as follows:

Equation 1

Equation 2

where B is a budget balance estimate, Fj is the jth flux in J, J is the set of all fluxes into or
out of the soil N pool, and BLow and BHigh may be thought of as the bounds of the 95%
confidence interval of the budget balance.
Total N Accumulation. We fitted a logarithmic curve to model soil N as a
function of stand age:
Equation 3
Where Nsoil is the mass of N in soil and Age is the number of years since a stand was
scoured and succession was initiated. We averaged the total N accumulation rate over
the first 75 years of succession to arrive at a constant mean rate of N accumulation in
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that period. Because stands up to 75 years old are typically close to an active or
ephemeral channel, these are the stands for which we expect the most active exchange of
N between riverine N sources and floodplain forest soils. On the Nyack Floodplain, we
estimate that forest in this age range accounts for approximately a fifth of the total
forested area of the floodplain: Coverage information for 60-to-75-year-old stands is
unavailable, but stands 0-60 years old cover 16% of the forested area (data from Whited
et al., 2007). To quantify upper and lower bounds of a 95% confidence interval for our
estimate of the N accumulation rate, we also averaged N accumulation over the first 75
years after replacing the slope coefficient β1 with β1-1.96*SE(β1) (low estimate) and
β1+1.96*SE(β1) (high estimate).
To make our estimate of N accumulation on the Nyack Floodplain fully
comparable with those for other primary successional sites (see “Cross-site comparison
of N accumulation rates” below), we binned our N estimates by 20-year increments of
stand age before fitting the logarithmic curve. This binning had a minimal effect on the
fitted coefficients (β0=-1843, β1=988 for binned data and β0=-1858+ β09=999 for unbinned
data).
We directly measured soil N in the top 15 cm of soil (“Field sampling and
measurements” above) and then extrapolated to total N in the full soil profile at each
site. Data from a previous study at the Nyack Floodplain indicate that on average, 48%
(standard error (SE) = 13%) of the N in the entire soil profile is concentrated in the top 15
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cm (Appling, Chapter 3). We divided the accumulation rate for soil N in the top 15 cm
by 0.48 (SE=0.13) to estimate the total soil N accumulation rate, propagating uncertainty
through the product of the 15-cm accumulation rate and the profile fraction by classical
methods (Lehrter and Cebrian, 2010).
Migratory-Fish-Derived N. There are no salmonids in the Middle Fork Flathead
River and few fish carcasses of any kind visible on the Nyack Floodplain. We therefore
assumed this input was negligible.
Biological N Fixation. We used the data from our tree and vegetation surveys to
identify all plant species present on the Nyack Floodplain that are known N fixers. We
assumed for this budget that all individuals of N-fixer species were hosts to active Nfixing bacteria, although we recognize that this is not always the case. We searched the
literature for published N-fixation rates for each N-fixer species on the floodplain and
grouped results by plant category (alder, N-fixing herb, moss/lichen). We estimated
alder tree biomass from stem diameters using allometric equations for deciduous North
American trees (Jenkins et al., 2004). We added alder seeding biomass by assuming that
100% percent cover by seedlings was equivalent to 5 Mg ha-1 (DeBell and Giordano,
1994). We then estimated alder N fixation by multiplying tree + seedling biomass by the
mean, minimum, and maximum annual N fixation rates found in our literature search,
assuming that a pure alder stand has a biomass density of 40 Mg ha-1 (as in Van Cleve et
al., 1971). For N-fixing herbs and moss/lichen, we multiplied the mean percent cover of
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the plant category by the mean and range of published rates for that category. To
estimate N fixation in soils, we used results from our acetylene reduction assay. We
assumed the theoretical ratio of 1 mol N2 fixed per 3 mol C2H2 reduced. To reach annual
rates for heterotrophic N fixation, we assumed that annual N fixation rates were half the
daily rate measured in our July assay, multiplied by 365 days in a year. Alder and
herbaceous N fixation estimates were usually reported in annual rates. Where they were
not, we again divided the summertime rate in half before scaling to an annual rate.
Atmospheric Deposition. We downloaded data on inorganic N deposition rates
from the US EPA Clean Air Status and Trends Network (CASTNet;
http://www.epa.gov/castnet). Data were available from 1990 to 2009 for the West Glacier
monitoring site (GLR468), which is 10 miles west of the Nyack Floodplain. Because we
were interested in N inputs over many decades of succession, and because the data
showed no significant trend in deposition rates, we assumed that atmospheric
deposition is constant with the mean and standard error of the annual rates reported in
the CASTNet dataset.
Net Dissolved N Input. River total dissolved N (TDN) concentrations in bedrockconstrained canyons just upstream and downstream of the floodplain were available
from previous studies (unpublished data from Flathead Lake Biological Station, M.
Wright, and A. Helton). Samples at each end of the floodplain reach were collected 16
times between 20 Aug 2004 and 20 Aug 2005 and 15 times between 20 Aug 2008 and 20
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Aug 2009. Samples were analyzed for TDN by persulfate digestion and colorimetric
analysis on a Seal Analytical Autoanalyzer III (Mequon, WI).
To reach annual rates of riverine TDN import and export to the floodplain reach,
we multiplied discharge-weighted concentrations by total annual discharge. We
estimated discharge at these two points and in five tributaries along the floodplain reach
using rating curves for the site (Poole et al., 2004) and USGS data for the Middle Fork
Flathead River at the West Glacier gage 12 km downstream of the floodplain (U.S.
Geological Survey, 2001). We computed imports as the sum of mainstem inflow and
tributary inflow, assuming that the TDN concentrations of tributary water are the
average of upstream and downstream mainstem concentrations on any given sampling
day. We estimated net TDN import to the floodplain as the difference between total
imports and mainstem exports. To quantify uncertainty from analytical error and the
choices of sampling dates, we bootstrapped the mean and standard error of net TDN
import, resampling from the 31 sampling dates in each bootstrap iteration.
Sediment N Input. We followed the methods of Adair et al. (2004) to estimate N
inputs from sediment deposition. We estimated sediment N inputs as the product of the
nitrogen content of freshly deposited sediments, soil bulk density, and the rate of
increase in the thickness of fine sediments (depth to cobble) observed over our
chronosequence. Unlike Adair et al., we found no significant trend in bulk density
during succession and therefore used the mean value across our chronosequence.
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Because we could estimate the standard error around each of the three terms above, our
high and low estimates for this flux are 95% confidence interval bounds reflecting the
propagation of uncertainty through the multiplication process.
Denitrification. We used two sources of denitrification data for this estimate:
results from the static-core assay described above, and results from a separate study of
glucose-and-nitrate-amended denitrification potentials (Appling, Chapter 3). Our best
and low estimates assume that denitrification rates from our jar assay are constant
throughout the year at the mean and mean-1.96*SE of the denitrification rates measured
in the static-core assays. Our high estimate assumes that these rates hold for most of the
year, but that for 1 month of the year, soils are inundated with resource-rich flood water
and made anoxic so that denitrification occurs at the potential rate.
Immobilization in Plant Biomass. We estimated biomass N immobilization as
the rate of N accumulation in trees. We started with our tree diameter measurements
and used allometric equations (Olson, 2002; Jenkins et al., 2003) to estimate tree biomass
at each site. We converted to biomass N using stoichiometric constants from the
literature (Laiho and Prescott, 1999; Rueth et al., 2003; Wargo and others, 2003; Creed
and others, 2004) for woody stem and root biomass. We used our own foliar
stoichiometry data to model a linear increase in leaf %N as a function of stand age. We
estimated biomass N accumulation as the linear slope of tree biomass N (stems, roots,
and leaves) versus stand age. The relationship between biomass increment and stand
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age is typically modeled as a nonlinear function (Zak et al., 1990; Scheller and
Mladenoff, 2004). However, our budget required a constant mean N flux throughout
primary succession, so we settled on the slope of a linear model of biomass versus stand
age to represent this flux. Our high and low estimates reflect the propagation of
uncertainty from the rates of change in total biomass and foliar N content, and for lack
of additional site-specific data we ignore uncertainty in allometric equations and in the
stoichiometry of tree roots and stems.

2.2.4 Cross-site comparison of N accumulation rates
We compiled a database of N accumulation rates from published
chronosequences and long-term studies. We searched the literature for papers reporting
estimated stand age and soil N content by volume for multiple sites across a floodplain
or other (non-floodplain) primary-successional system. Studies differed in the sampling
depths for which soil N was analyzed. When N content was reported for soil cores to
multiple depths, we selected the soil core depth closest to 15 cm. We make no
mathematical corrections for soil core depths; instead, we report the sampling depth
along with the soil N concentrations for each study and invite the reader to interpret soil
N patterns with these depth differences in mind.
For a quantitative comparison of N accumulation rates we fit a logarithmic curve
to the available data for each site (Equation 3). Just as in our N accumulation estimate
for the Nyack Floodplain, we computed the mean slope of the logarithmic curve in the
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first 75 years of succession and estimated the 95% CI of that slope using the 95% CI of
the slope coefficient for the logarithmic curve. We computed quantitative metrics for just
the first 75 years because this was the approximate length of the shortest
chronosequence in our literature synthesis (65 years: Hoh River; Luken and Fonda,
1983), and because accumulation rates at all sites begin to slow visibly around this point
in succession.

2.3 Results
2.3.1 Changes in vegetation composition and soil properties during
succession
Overstory vegetation patterns in succession on the Nyack Floodplain are typical
for the region: In early succession Populus trichocarpa was dominant in both stem counts
and biomass, and Pinus Engelmanii and P. glauca became increasingly dominant over
time (Figure 4). These species were by far the most dominant across the sites we
sampled, comprising 59% (Populus trichocarpa) and 35% (Pinus Engelmanii plus P. glauca)
of total aboveground biomass (AGB) in our sites. Other tree species we observed, in
order of decreasing mean biomass, include Betula papyrifera, Pseudotsuga menziesii, Abies
grandis, Larix occidentalis, Populus tremuloides, Alnus incana, Abies lasiocarpa, Crataegus
douglasii, Prunus virginiana, and Salix spp. Total AGB was below 5 Mg ha-1 for all sites
less than 25 years old and increased with stand age up to ~468 Mg ha-1 at the 148-yearold sites (Figure 4).
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Figure 4: Successional patterns in total tree biomass (top left) and biomass and stem
density for the four dominant tree species (center and bottom left), and representative
sites at 20, 70, and 150 years since scouring disturbance (right, top to bottom).
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Figure 5: Top: soil N content in the top 15 cm of soil at 55 sites across the Nyack
Floodplain. Parameters for the fitted logarithmic curve (p < 0.001, adjusted R2 = 0.45)
are reported in Table 2. Bottom: successional trends in foliar %N in cottonwoods
(circles: %N = 0.0035*Age + 2.00, p < 0.001, R2 = 0.21) and Engelmann and white spruces
(triangles: %N = 0.0014*Age + 0.69, p < 0.001, R2 = 0.34).
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Percent N in the top 15 cm of soil ranged from 0.02 to 0.34%, and total N
increased significantly with stand age in a logarithmic model (p < 0.001, R2 = 0.453) at a
mean rate of 29.4 kg N ha-1 yr-1 in the first 75 years of succession (Figure 5). Foliar N
increased in both Populus and Picea along the same successional trajectory (Figure 5).
Despite a visible shift from sand-cobble soils to more silt-clay-dominated soils, bulk
density showed no significant linear trend with stand age (p=0.46). Soil moisture
increased (p < 0.01) at a rate of 1.2 mg H2O (g dry soil)-1 yr-1, and elevation above the
river channel surface increased (p < 0.05) at a rate of 0.49 cm yr-1.

2.3.2 Successional N budget for the Nyack Floodplain
Budget Overview. Based on direct measurements of soil N content in the top 15
cm and our estimate of the fraction of whole-profile N contained in the top 15 cm, we
estimate mean N accumulation in the full soil profile at 62 kg N ha-1 yr-1 (SE=31) during
the first 75 years of succession (Table 1). The Nyack Floodplain receives little N from
migratory fish or biological N fixation (0 kg N ha-1 yr-1 and 5 kg N ha-1 yr-1 (1-12),
respectively; Table 1). Instead, N accumulation at this site is primarily attributable to
sediment deposition (55 kg N ha-1 yr-1, SE=28) and possibly also dissolved inputs (14 kg
N ha-1 yr-1, SE=13). Denitrification and biomass immobilization account for modest losses
of 0.02-0.97 kg N ha-1 yr-1 and 8.3-14.0 kg N ha-1 yr-1, respectively. The balance of all
fluxes is 64 kg N ha-1 yr-1, and the propagation of the uncertainty represented in our high
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Table 1: Nitrogen budget for soils undergoing succession on Nyack Floodplain, MT.
We present plausible “Low” and “High” estimates (95% CI bounds or their equivalent
as detailed in the Methods) for each flux. Low estimates are those that minimize the
net soil N influx, and high estimates are those that maximize it. The final row reports
our chronosequence-based estimate of N accumulation, while the penultimate row
reports the balance of individually-estimated fluxes in the center of the table (best).
N Flux Type

N Influx (kg N ha-1 yr-1)
Best
Low
High
0.00
0.00
0.00
5.10
0.80
11.70
1.50
1.40
1.60
13.60
-12.30
39.50
54.50
-0.60
109.70
-0.04
-0.97
-0.02
-11.10
-14.00
-8.30
63.60
2.40
125.00
61.60
26.90
96.20

Migratory-fish-derived N inputs
Biological N fixation
Atmospheric deposition
Dissolved inputs – exports
Sediment deposition
Denitrification
Biomass immobilization
Sum of above fluxes (∆Ncalc)
Observed N increase (∆Nobs)

and low estimates (see Methods) yields a 95% CI of 45-181 kg N ha-1 yr-1 for the budget
balance (Table 1).
Migratory-Fish-Derived N. Fish carcasses are very seldom visible on the Nyack
Floodplain, and we therefore assumed that inputs from migratory species are 0 kg N ha-1
yr-1 (Table 1).
Biological N Fixation. We estimate total biological N fixation on the Nyack
Floodplain at 5.1 (0.8-11.7) kg N ha-1 yr-1 (Table 1, Figure 6). In our vegetation surveys we
found gray alder (Alnus incana) in 52% of our plots (29 of 56), but Alnus was never
dominant and never exceeded a density of 2.3 kg biomass ha-1 in our plots, with an
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Figure 6: Estimates of N fixation in alders, moss and lichen, herbaceous legumes, and
soil, each plotted against stand age.

average across plots of 0.37 kg biomass ha-1. Our literature search yielded an annual
mean N fixation rate in alders of 400 (40-1000) kg N (40 Mg biomass)-1 yr-1 (Van Cleve et
al., 1971; Luken and Fonda, 1983; Cleveland et al., 1999), implying that alder fix 3.7
(0.4-9.3) kg N ha-1 yr-1 on the Nyack Floodplain.
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In addition to alder, we also found several herbaceous species known to host Nfixing bacteria: sweet clover (Melilotus alba and M. officinalis), clover (Medicago lupulina
L., Trifolium pretense, and T. repens), sweetpea (Lathyrus ochroleucus), and vetches
(Hedysarum boreale, Vicia americana). Herbaceous N-fixer presence was widespread, with
the most common species (M. lupulina, L. ochroleucus, and T. pratense) present at 57%,
24%, and 24% of plots, respectively. Mean percent cover ranged from <0.01% (H. boreale)
to 0.69% (M. lupulina) for individual species, and was 1.4% for all herbaceous species
combined. Published fixation rates for these herbs are 41 (3.6-71) kg N ha-1 yr-1 (Paul et
al., 1971; Holter, 1984; Blundon and Dale, 1990; Cleveland et al., 1999). N fixation in
herbaceous species therefore accounted for 0.6 (0.1-1.0) kg N ha-1 yr-1.
At many sites we observed mosses and lichens, including the N-fixing species
Pleurozium schreberi, Peltigera canina, and Cladonia sp. (Gadd, 1995; DeLuca et al., 2002).
Combined moss and lichen cover was 10.9% across the floodplain. Based on published
estimates that some species fix 1.1 (0.2-2.5) kg N ha-1 yr-1 (Kurina and Vitousek, 2001;
DeLuca et al., 2002; Zackrisson et al., 2004), we estimate that moss and lichen account for
0.1 (0-0.3) kg N ha-1 yr-1 of fixed N.
In addition to estimating autotroph-associated N fixation, we directly measured
N fixation in undisturbed soil cores. Fixation rates ranged from 0 to 2 kg N ha-1 yr-1 in
individual cores, yielding a mean rate across our plots of 0.7 kg N ha-1 yr-1 (SE = 0.1).
Contributions of each N-fixer category (alder, herbs, moss & lichen, soil) showed no
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definite trends over successional time, except that the very youngest sites showed little
to no N fixation, and herbaceous N-fixers may decline after 100 years of succession
(Figure 6).
Atmospheric Deposition. The total of wet and dry atmospheric N deposition
from 1990 to 2009 ranged from 1.1 to 1.9 kg N ha-1 yr-1, and there was no significant
linear trend over this period (p > 0.1). We therefore estimate atmospheric deposition
according to the mean and standard error of the annual data for this period: 1.49
(SE=0.06) kg N ha-1 yr-1, with a 95% CI of 1.4-1.6 kg N ha-1 yr-1.
Net Dissolved N Input. Differences in TDN concentrations in the upstream
versus downstream bedrock canyons are small relative to the seasonal changes in
riverine TDN (Figure 7). We estimate that the net TDN import to the floodplain is 13.6
kg N ha-1 yr-1 (SE=13.2, 95% CI=-12.3 to 39.5).
Sediment N Input. Freshly deposited sediments from 9 points on floodplain
gravel bars contained 0.044 %N on average (Figure 8A). Bulk density in the top 15 cm of
soil averaged 1.36 g cm-3 (SE=0.05; Figure 8B) across our 30 study sites under 75 years old
and showed no significant trend with stand age (p>0.1). Soil thickness (depth to cobble)
increased with stand age at a rate of 0.91 cm soil yr-1 (p=0.03, R2=0.13; Figure 8C). The
product of these terms yields a sediment-borne N input of 55 kg N ha-1 yr-1 (SE=28).
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Figure 7: River dissolved N concentrations and discharge at locations bracketing the
floodplain reach. Two complete years of data were used to estimate net retention of
dissolved N in the floodplain.

Denitrification. Denitrification rates in our static-core assays were very low at all
sites, with a mean of 0.038 kg N ha-1 yr-1 (SE=0.008). Mid-summer denitrification
potentials in a separate study of 0-10 cm soils suggest the possibility of much higher
losses of 11 kg N ha-1 yr-1 (Appling, Chapter 3). Because the static-core assays reported
here are actual rates rather than potential rates, we use the mean and mean-1.96*SE of
these assay results for our best and low estimates of denitrification N losses (0.038 and
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Figure 8: N content of freshly deposited sediment, bulk density of all soils in the
chronosequence, and sediment deposition rate estimated as the rate of change in
depth-to-cobble over successional time. These data were used to estimate sediment N
inputs to the Nyack Floodplain.

0.023 kg N ha-1 yr-1, respectively). However, for our high estimate we consider the
possibility that the mean+1.96*SE rate applies to just 11 months of the year, and for the
other month soils reach their potential denitrification rate of 11 kg N ha-1 yr-1. This
calculation yields a high rate of 0.97 kg N ha-1 yr-1.
Immobilization in Plant Biomass. Foliar N concentrations increase (and C:N
ratios therefore decrease) during succession at approximately linear rates of 0.0035 and
0.0014 g N (100 g soil)-1 yr-1 for cottonwoods and Engelmann & white spruce,
respectively (p < 0.001 for both; Figure 5). We estimate that with increasing stand age, N
accumulates in aboveground wood biomass at a rate of 7.8 kg ha-1 yr-1 (SE=1.1). Root
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biomass increases at 2.4 kg ha-1 yr-1 (SE=0.3), and foliar biomass N increases at 0.9 kg N
ha-1 yr-1 (SE=0.1). Total forest biomass N, as the sum of these three biomass
compartments, accumulates at a rate of 11.1 (SE=1.5) kg N ha-1 yr-1, yielding a 95% CI of
8.3-14.0 kg N ha-1 yr-1.

2.3.3 Literature review
We found 7 published accounts of total soil N changes during floodplain
succession (Figure 9, Table 2). Of the described sites, four are located in the mainland
western United States (Hoh River, WA: Luken and Fonda, 1983; Green and Yampa
Rivers, CO: Adair et al., 2004; Queets River, WA: Bechtold and Naiman, 2009), two are in
Alaska (Tanana River, AK: Walker, 1989; Kugururok River, AK: Rhoades et al., 2008),
and one is in eastern Russia (Kol River, Kamchatka: Morris and Stanford, 2011). We
found no comparable accounts of soil N accumulation in floodplains outside of western
North America and eastern Asia.
Assuming that soil N exists only to the depths reported by each study, we find
that in the first 75 years of succession, the mainland U.S. and Russian floodplains in our
review accumulate N at mean rates of 16 to 27 kg N ha-1 yr-1, and the Alaskan sites
accumulate N somewhat more slowly at 8 and 14 kg N ha-1 yr-1 (Table 2). The Yampa
River has the lowest accumulation rate of the non-Alaskan sites (16 kg N ha-1 yr-1)
primarily because the first measured N concentration is high. The Nyack Floodplain
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Figure 9: Soil N patterns during floodplain primary succession. Data as in Table 2.
Error bars are one standard error in each direction.

(our data) shows an accumulation rate similar to those of the other non-Alaskan sites (29
kg N ha-1 yr-1; Table 2 and Figure 9). At all 8 sites, N accumulation is most rapid in the
first 50 or 75 years of succession and slows in later years (Figure 9) such that logarithmic
curves fit each dataset reasonably well (R2 = 0.788 – 0.993; Table 2).
We also sought out published accounts of N accumulation in non-floodplain
primary succession (Figure 10, Table 3). We found chronosequences for primary
successional sequences on sand dunes in Michigan (Robertson and Tiedje, 1983) and
Indiana (Robertson and Vitousek, 1981), volcanoes in Hawaii (Vitousek et al., 1983) and
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Table 2: Rates and mechanisms of nitrogen accumulation during floodplain
succession. Mean N accumulation rates in the first 75 years of succession and
logarithmic model parameters for full soil chronosequences on 8 floodplains in the
U.S. and Russia. Coefficients and R2 values are for models of SoilN = β0 +
β1*ln(StandAge). Range for the mean N accumulation rate in the first 75 years is
calculated as the mean slope in that interval for the logarithmic curves with slope
coefficients of β1-1.96*SE(β1) and β1+1.96*SE(β1). Data sources: (a) Rhoades et al. (2008);
(b) Walker (1989); (c) Adair et al. (2004); (d) Morris and Stanford (2011); (e) Luken and
Fonda (1983); (f) Bechtold and Naiman (2009); (g) this study.
Chronosequence
site

Country- Core depth
State
(cm)

Kugururok Rivera
Tanana Riverb
Green Riverc
Yampa Riverc
Kol Riverd
Hoh Rivere
Queets Riverf
M.F. Flatheadg

US-AK
US-AK
US-CO
US-CO
RU-KAM
US-WA
US-WA
US-MT

10
20
20
20
10
15
20
15

75-year rate of
accumulation
(kg N ha-1 yr-1)
14 (10-18)
8 (4-13)
26 (13-38)
17 (12-21)
28 (23-32)
21 (18-23)
26 (19-33)
29 (23-36)

β0

β1

R2

-1750
407
-944
95
-1019
281
825
-1843

668
144
858
555
764
318
453
988

0.939
0.788
0.884
0.968
0.979
0.993
0.926
0.925

Washington (Halvorson and Smith, 2009) and California , a dump for refuse from a steel
mine in central India (Roy and Singh, 2003), landslides in Puerto Rico (Zarin and
Johnson, 1995), and land exposed by glacial retreat in southern Alaska (Chapin et al.,
1994). Comparison of these sequences (Table 3 and Figure 10) to floodplain sequences
(Table 2 and Figure 9) suggests that in the absence of floodplain-specific N inputs, N
may indeed accumulate more slowly than in the presence of those inputs. Note that the
sampling depths for these sequences were sometimes shallower than those for the
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Figure 10: Soil N patterns during non-floodplain primary succession. Data sources as
in Table 3. Error bars, where available, are one standard error in each direction.

reported floodplain sequences (Table 2 and Table 3), introducing a possible source of
bias in this comparison. However, in two cases the core depth of these non-floodplain
soil samples was restricted by bedrock or a rock-like surface (Vitousek et al., 1983; Roy
and Singh, 2003) such that those soil cores represent the entire soil profile. Additionally,
three of the non-floodplain sites were sampled to depths that equal or exceed those
reported for the floodplain sites in our review (Table 2 and Table 3).
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Table 3: Nitrogen accumulation at non-floodplain primary successional sites. Mean N
accumulation rates in the first 75 years of succession and logarithmic model
parameters for full soil chronosequences on 7 non-floodplain primary successional
sites. Data sources: (a) Roy and Singh (2003); (b) Chapin et al. (1994); (c) Robertson and
Vitousek (1981); (d) Zarin and Johnson (1995); (e) Vitousek et al. (1983); (f) Halvorson
and Smith (2009); (g) Robertson and Tiedje (1983); (h) Lilienfein et al. (2003).
Chronosequence
site
Blastfurnace Dumpsa
Glacier Bayb
Indiana Dunesc
Luquillo Forestd
Mauna Loae
Mount St. Helensf
Warren Dunesg
Mount Shastah

Country- Core depth 75-year rate of
β0
State
(cm)
accumulation
(kg N ha-1 yr-1)
IN-CT
8-10
16 (11-20)
-166
US-AK
10
14 (2-26)
-1070
US-IN
15
8 (5-11)
-230
US-PR
10
12 (11-13)
-92
US-HI
1.5-20
9 (4-15)
-4290
US-WA
5
14 (10-18)
-409
US-MI
20
10 (-12-32)
-866
US-CA
70
21 (13-29)
-3148

β1

R2

200
434
160
307
936
211
423
1004

0.894
0.720
0.851
0.994
0.836
0.915
0.425
0.900

2.4 Discussion
In our study site and across temperate western floodplains, nitrogen plays an
important role in biomass accumulation during primary succession. At the Nyack
Floodplain we found declining foliar C:N ratios in both of the dominant species,
implying a capacity for plant N uptake that exceeds soil N availability throughout most
or all of this successional sequence. There is already abundant evidence that most
terrestrial systems are N limited (LeBauer and Treseder, 2008), and regardless of
whether N is necessary to floodplain succession or primary productivity, N accumulation
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is clearly characteristic of floodplain succession in that it occurs reliably in every
chronosequence we surveyed.
N accumulated at somewhat similar rates in Nyack Floodplain and seven other
floodplains described in the literature (Figure 9), especially relative to N accumulation
rates in the non-floodplain primary successional systems for which we found data
(Table 3). Despite the consistency in the rate of N accumulation across the surveyed
floodplains, our synthesis reveals widely differing fluxes of N entering and leaving these
floodplains. Below we explore the degree to which these individual fluxes are
understood and quantitatively constrained, both at the Nyack Floodplain and at other
floodplain sites. While acknowledging the uncertainties in these fluxes and in the global
generalizability of the literature thus far available, we end with a tentative proposal that
there may be common mechanisms at work in all of these floodplains that serve to
constrain the net rate of N accumulation during succession, even as particular fluxes
diverge across sites.

2.4.1 Successional N budget for the Nyack Floodplain
Budget Overview. Our budget represents a careful but still imperfect attempt to
account for N accumulation in floodplain successional sequences. Nitrogen fixation,
atmospheric deposition, denitrification, and biomass immobilization are fairly well
constrained in our budget (Table 1). In contrast, we cannot yet say whether the net
contribution of dissolved nitrogen is positive or negative; more direct measurements of
41

leaching and floodwater N retention would improve the precision of this estimate. We
also note substantial uncertainty in our estimate for the sediment deposition rate.
Overall, however, we are confident that sediment deposition is the major N input to the
Nyack Floodplain.
Migratory-Fish-Derived N. Although N inputs from migratory fish were
negligible at the Nyack Floodplain, marine-derived nitrogen can reach 90 kg N ha-1 yr-1
early in succession in Russian floodplains (Morris and Stanford, 2011) and are thought to
be tremendously important to N accumulation in the Pacific Northwest (Helfield and
Naiman, 2001). There are no anadromous fish species along the Nyack Floodplain, but
freshwater migratory fish species could conceivably import N from the productive
Flathead River and Flathead Lake downstream when they spawn and die in the Nyack
reach. Although few fish carcasses have so far been visible on the floodplain surface in
the 21st century, kokanee salmon were abundant in Flathead Lake from the 1920s to
1980s (Ellis et al., 2011); kokanee carcass deposition on the floodplain could have been
substantial during that period.
Biological N Fixation. We may have somewhat overestimated N fixation on the
Nyack Floodplain by assuming no overlap between our soil-core N fixation estimate
from the jar assays and our biomass- and literature-based estimates of plant-associated
N fixation, because nodulated roots and soil-embedded mosses were not picked from
the cores before incubation. We also acknowledge substantial and unquantifiable
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uncertainty in our assumption that N fixation rates published for other sites reflect N
fixation by those same species at our site. With these caveats in mind, we infer from our
budget estimates that N fixation was neither alder-dominated nor a primary source of N
to soils of the Nyack Floodplain. In contrast, of the nitrogen that enters the Tanana
Floodplain in Alaska over 100 years of succession, roughly 60% can be attributed to
nitrogen fixation in alder nodules in the first 25-30 years, when rates average 164 kg N
ha-1 yr-1 in alder thickets (Klingensmith and Vancleve, 1993; Van Cleve et al., 1993). At
the other extreme, Adair et al. (2004) found almost no N-fixing plants in their study of
the Green and Yampa rivers of northern Colorado.
Atmospheric Deposition. At 1.5 kg N ha-1 yr-1, atmospheric N deposition is
relatively low in Montana compared to rates exceeding 30 kg N ha-1 yr-1 in parts of
China, India, and central Europe (Reay et al., 2008). While researchers have documented
an important N input via atmospheric deposition to mowed European floodplains
(Wassen and Olde Venterink, 2006), the floodplains in our synthesis had concentrations
similar to that of the Nyack Floodplain region, ranging from 0.5-1 kg N ha-1 yr-1 in
Alaska and Kamchatka to 1-3 kg N ha-1 yr-1 in Colorado and Washington (Reay et al.,
2008).
Net Dissolved N Input. Our current best estimate is that the Nyack Floodplain is
a net sink of dissolved riverine N at 14 kg N ha-1 yr-1, with a wide 95% confidence
interval of -12 to 40 kg N ha-1 yr-1. Other studies have reported lower inputs (6 kg N ha-1
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yr-1, Tanana River, AK (Lisuzzo et al., 2008)) and have sometimes estimated large net
losses (78 kg N ha-1 yr-1, Queets River, WA (Bechtold and Naiman, 2009)). River water
concentrations tells us only about floodplain-wide net retention of N, rather than sitespecific N retention, so we are unable to determine whether our estimate is reflective of
forest stands in the first ~75 years of succession. N saturation models predict that after
forests accumulate sufficient N they become less retentive of dissolved N (Aber et al.,
1989). Plot-based field measurements or laboratory experiments to measure N retention
and leaching in the soils of Nyack Floodplain would allow us to look at such patterns
and would help to reduce the uncertainty in this estimate.
Sediment N Input. As a fundamental feature of alluvial floodplain
geomorphology, sediment deposition is a likely mechanism for N input in any
floodplain primary-successional sequence. Such is the case for the Nyack Floodplain,
where sediment N inputs are the dominant N source by our best and high estimates
(Table 1). According to Adair and others, the nitrogen contained in deposited sediments
could account for 60% to 100% of the nitrogen observed to accumulate on these
floodplains (115 kg N ha-1 yr-1 on the Yampa (CO) in the first 70 years; (Adair et al.,
2004)). Sedimentation along the Tanana (AK) also appears to be substantial (Yarie et al.,
1998), though sediment N inputs are not yet quantified for this site. Several other studies
around the world have found high rates and wide ranges of sediment N input (Waal
and Ijssel Rivers in The Netherlands: 43-112 kg N ha-1 yr-1 (Olde Venterink et al., 2006);
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US Atlantic Coastal Plain: 35-134 kg N ha-1 yr-1 (Noe and Hupp, 2005); Orinoco River,
Venezuela: 21-272 kg N ha-1 yr-1 (Dezzeo et al., 2000)).
Sedimentation inputs, like other N inputs, are almost certainly non-uniform over
successional time; for example, Nanson and Beach (1977) found a steep decline in
sediment inputs from 6.10 cm yr-1 in the first 50 years to 0.80 cm yr-1 for the next 150
years along the Beatton River in British Columbia. These rates bracket our sedimentation
estimate of 0.91 cm yr-1 for the Nyack Floodplain in the first 75 years of succession.
Denitrification. Temporal patterns in denitrification rates are complex and often
pulsed (Nelson et al., 1995; Austin et al., 2004), making it challenging to scale accurately
from assay results to an annual rate or even to quantify uncertainty in a scaled estimate.
We chose to scale our assay results simply, assuming in our best and low estimates that
the mean denitrification rate in that one drizzly July week was representative of an
annual rate, and acknowledging in our high estimate that rates could be higher during
the spring flood season.
Denitrification in floodplains can be substantially higher than the 0.02-1.0 kg N
ha-1 yr-1 that we estimated for the Nyack Floodplain. Instantaneous rates as high as 5261227 kg N ha-1 yr-1 (6-14 mg N m-2 h-1) were observed during overbank flooding on the
Wisconsin River floodplain (Forshay and Stanley, 2005). Annual rates range from “low
to undetectable” along the Tanana River of interior Alaska (Klingensmith and Vancleve,
1993) to moderately low (8 kg N ha-1 yr-1 along the Rhine River in The Netherlands; Olde
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Venterink et al. (2006)) to quite high relative to the net N accumulation rates we report in
this study (133 kg N ha-1 yr-1 in an urban Arizonan floodplain; Roach and Grimm (2011)).
Immobilization in Plant Biomass. We estimate that N accumulation in biomass
is 11 kg N ha-1 yr-1 (8-14) in the Nyack Floodplain. We used generic rather than Nyackspecific allometric equations and stoichiometric assumptions, and some empirical
confirmation of these equations could help to make this flux estimate more accurate.
However, the budget is only moderately sensitive to uncertainty in biomass N
accumulation: Even 50% bias in this estimate would only comprise 9% of the balance of
all N fluxes in Table 1. Our estimated rate is somewhat lower than along the Hoh River
in Washington (15 kg N ha-1 yr-1; Luken and Fonda (1983)) and higher than in primary
succession following glacial retreat in Alaska (7.2 kg N ha-1 yr-1; (Bormann and Sidle,
1990, assuming a total:aboveground ratio of 1.3:1)).

2.4.2 Research needs for N budgets in primary succession
As with any synthesis effort, our cross-site comparison is limited both by the
availability of similar studies and by variation in methods across studies. Most
importantly, soils were sampled to different depths at each site (noted in Table 2 and
Table 3) and probably vary in the vertical distribution of soil N owing to differences in
sedimentation rates, depth to bedrock, and N redistribution by the plant community.
These differences are unresolvable in this synthesis but could be addressed by sampling
consistently across many sites.
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The floodplains for which we found published data on soil N accumulation were
restricted to the western continental United States, Alaska, and eastern Russia. If we are
to understand global patterns in floodplain succession, we clearly need to conduct
studies of N accumulation at sites in a greater diversity of climates and continents. For
example, tropical and arid floodplains are likely to differ markedly in their biological
demand for N and in the hydrologic dynamics driving N delivery via their rivers.
Similarly, the sites in our synthesis receive relatively low atmospheric N deposition
ranging from 1-3 kg N ha-1 yr-1 in Colorado, Montana, and Washington to 0.5-1 kg N ha-1
yr-1 in Alaska and Kamchatka, while deposition rates exceeded 30 kg N ha-1 yr-1 in parts
of China, India, and central Europe in the year 2000 (Reay et al., 2008). A more global
survey of floodplains will be necessary to understand the range of inputs that are
possible for fluxes including biomass immobilization, biological N fixation, atmospheric
deposition, migratory-fish N input rates, riverine N concentrations, and more.

2.4.3 Are there fundamental constraints on N accumulation in
floodplains?
Although succession is one of the oldest concepts in the ecological literature, and
although N has been recognized as essential to community development for more than a
century, we found only 15 datasets describing areal N accumulation patterns in primary
succession, and only 8 in floodplains. Our synthesis is therefore insufficient to draw
strong conclusions about global patterns in succession but ample to suggest hypotheses
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and directions for future research. In our synthesis, most floodplains appear to
accumulate N faster than most non-floodplains, a difference we attribute to riverderived N sources that are possible only in floodplains and certainly not on the volcanic
surfaces and slag dumps on which non-floodplain primary succession occurs. Among
floodplains, the early-to-mid-successional rates of N accumulation are remarkably
similar given the vast differences in the quantity and quality of their N inputs. Based on
these data, we hypothesize that there could be broad constraints on the rates of N
accumulation in such systems, outlined in the next three sections.
1. Regional differences in topology, weathering, and geologic parent material.
Just as there are apparent differences between floodplains and non-floodplain primary
successional sequences in N accumulation rates, there might also be differences in
floodplain N accumulation across regions owing to major differences in the dominant N
sources. Within stream orders, sedimentation rates could be regionally constrained due
to large-scale patterns in watershed steepness and climate. Similarly, the N content of
river-borne sediments is likely driven by the chemistry of geologic parent materials in
the region, a factor that has been shown to influence Californian woodlands (Morford et
al., 2011) and could also be important for floodplains.
2. Biological feedbacks to N input rates. Two biological feedbacks could drive
disparate ecosystems toward similar N accumulation rates: Denitrification losses may be
higher where N is abundant relative to demand, and biotic N fixation may be higher
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where N inputs are especially low. Denitrification is a microbial process controlled in
part by the availability of NO3-; this process could therefore provide a negative feedback
on N accumulation when biotic assimilation and abiotic sorption are slower than N
input rates. In southwest Alaska, for example, N losses via denitrification are reliably
greater in streams where N inputs are high due to biological N fixation or salmon
spawning, possibly due to differences in soil texture and C:N ratios as well as N inputs
(Pinay et al., 2003). Conversely, when biotic demand greatly exceeds abiotic N sources,
N fixers are often at a competitive advantage and become more abundant (Hartwig,
1998). Plants can also respond to N limitation by increasing nitrogen use efficiency,
which causes tighter N cycling and reduces leaching losses (Vitousek, 2004).
3. Physical and biotic controls on soil N retention capacity. N accumulation
could be constrained by the availability of clay particles or soil organic matter that can
retain any added nitrogen and prevent it from being leached away. The rate of soil C
accumulation during succession might therefore determine the rate of soil N
accumulation if soil texture is relatively invariant throughout succession. Bechtold and
Naiman (2009) concluded from a modeling study that soil C constrained N
accumulation along the Queets River. On the other hand, on the Tanana River, C
accumulates faster than N and the C:N ratio increases to 22, suggesting that the
ecosystem has unrealized capacity to retain N (Kaye et al., 2003). A compelling question
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for future research is to what extent soil carbon or texture can explain differences in N
accumulation, both between sites and over time within a site.

2.5 Conclusions
To our knowledge, this study presents the first complete budget of N sources
and sinks during floodplain primary succession. While the magnitudes of individual
fluxes have been estimated for a number of floodplain successional systems, our results
should encourage the development of these estimates into full N budgets that would
improve cross-site comparisons of the mechanisms of N accumulation. Data on the net
rates of soil N accumulation indicate that soil N follows a surprisingly uniform
trajectory across many floodplains, prompting our hypothesis that there may be broad
controls on rates of N accumulation – regional differences in topography and parent
geology, biological feedbacks to N input rates, and controls on soil N retention capacity
– that could help us to understand variation in floodplain succession around the globe.
Although many of the studies presented here are from relatively pristine
floodplains, humans are dramatically altering rates of N deposition and river N
concentrations everywhere (Vitousek et al., 1997; Bouwman et al., 2005). The
consequences of these changes for patterns of ecosystem development in floodplain
succession are not yet understood. Are N losses during succession increasing in
response to increasing N additions? Our analysis suggests that the capacity for
floodplains to assimilate N may be constrained to a relatively narrow range of
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accumulation rates. In-depth N budgets and multi-site syntheses offer two
complementary windows into the balance of N fluxes in primary succession and
possibly also the mechanisms regulating that balance, if those mechanisms exist. Studies
such as ours may ultimately help us to understand how the quantities and forms of N
exports from floodplains are likely to change in the face of changing inputs.

51

3. Floodplain biogeochemical mosaics: a threedimensional view of soil C and N dynamics
3.1 Introduction
Floodplains are notable for their disproportionately high productivity,
biodiversity, and capacity to retain and transform nutrients relative to upland
ecosystems (Brinson et al., 1984; Lowrance et al., 1984; Naiman and Decamps, 1997;
Jaramillo et al., 2003; Galloway et al., 2004). Floodplains are also notoriously
heterogeneous – geomorphically, biologically, and biogeochemically, in both space and
time (McClain et al., 2003; Stanford et al., 2005). To estimate whole-floodplain
biogeochemical function from field measurements, scientists must choose field and
analytical methods that are robust to that heterogeneity or that incorporate it explicitly.
One promising approach is to extrapolate biogeochemical properties according to their
horizontal, vertical, and temporal patterns, but those patterns are not yet well
characterized, especially for subsurface soils.
The hydrologic disturbances and succession processes that characterize
floodplains are responsible for horizontal heterogeneity in both vegetation communities
and soil biogeochemical properties. Soils are also vertically heterogeneous, since plant
root influences at depth vary with the plant species and growth form, and flood pulses
and shallow groundwater flows redistribute materials within the floodplain (Amoros
and Bornette, 2002). We propose that vegetation patterns might serve as a useful proxy
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for three-dimensional spatial patterns of soil biogeochemistry, which in turn drive
whole-floodplain functions such as retention of organic matter and nutrients (McClain et
al., 2003).
It is well understood that the biogeochemistry of near-surface floodplain soils is
related to vegetation cover and is a function of flood disturbance, sediment deposition,
channel movement, and ecological succession (Walker, 1989; Zehetner et al., 2009).
Scouring floods remove fine soils and vegetation, leaving bare cobble or sand with low
carbon and nutrient concentrations and water-holding capacity (Merigliano, 2005;
Latterell et al., 2006). On gravel bars and banks near active channels, tree seedlings and
herbaceous vegetation enhance the deposition of fine sediments (Gurnell et al., 2001;
Corenblit et al., 2007), which often contain organic matter and rapidly accumulate
nutrients (Bechtold and Naiman, 2009). A second successional trajectory occurs where
channel movement leaves behind cobble fields or ephemeral channels having reduced
water-holding capacity, soil organic matter, and nutrient content; these areas are
typically colonized by grass, moss, weedy annuals, or shrubs instead of trees (Poole et
al., 2002; Van Pelt et al., 2006). Along both successional trajectories, correlations between
soil properties and vegetation types continue throughout vegetative succession as soil C
and N accumulate due to plant growth and turnover, biotic N fixation, and abiotic N
deposition (Wigginton et al., 2000; Rhoades et al., 2008). These correlations may also
extend to deeper soils: For example, soil C stocks to 1 m depth increased with tree
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canopy cover along the Danube River in Austria (Cierjacks et al., 2010). Additionally,
soil C and N pools and transformation rates tend to decline with depth at rates
determined by the vegetation rooting depth (Lowrance, 1992; Gift et al., 2010), with
exceptions in floodplains for buried inclusions of organic soils and particulates (Sobczak
et al., 1998; Gurwick et al., 2008).
While scouring and succession cause vegetation cover and soil biogeochemical
properties to co-vary, other floodplain processes cause them to diverge. For example,
depositional floods introduce heterogeneity in the subsurface by burying C-rich
sediment and woody debris (Blazejewski et al., 2009). Woody debris accumulates on
vegetated islands in preference to bare gravel bars, but any links between debris burial
and subsequent vegetation cover are poorly understood (van der Nat et al., 2003).
Subsurface soils are also subject to a year-round flow of water that may supplement,
dilute, or redistribute inorganic nutrients and dissolved organic matter pools along
subsurface flow paths (Devito et al., 2000). Because both subsurface flow and debris
burial drive biogeochemical patterns away from the patterns of overlying vegetation, the
extent to which vegetation cover can be used to predict subsurface soil properties is not
yet clear. Logistical challenges have limited the number of studies extending more than
a meter below the soil surface (Martin et al., 1999), but the potential divergence between
surface and subsurface biogeochemical properties creates a pressing need for such
studies.
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In this study we investigated predictors of soil properties at the patch scale and
implications of heterogeneity for biogeochemical function at the floodplain scale. We
sampled soils from a Montana floodplain under several vegetation cover types and at
depths extending from the soil surface to the water table. We measured soil C and N
pools, denitrification potentials, and other biogeochemical properties at the time of soil
sampling, and we monitored soil moisture and pore water chemistry at multiple depths
over the following growing season. We then used our data to explore biogeochemical
patterns and overall function at the floodplain scale, paying particular attention to
subsurface soils and their contribution to soil carbon storage and denitrification. At the
patch scale, we hypothesized that (H1) Vegetation cover predicts many soil properties at
all measured depths, with the strongest vegetation effects in near-surface soils. At the
floodplain scale, we expected that (H2) Estimates of whole-floodplain soil C storage and
denitrification potential are highly sensitive to our understanding of biogeochemistry
not just at the soil surface but also at depth.

3.2 Methods
3.2.1 Site description
We conducted our study in late summer on Nyack Floodplain (Figure 11), a 20
km2 alluvial floodplain along the Middle Fork of the Flathead River in northwest
Montana (48°27’30” N, 113°50’ W, 1010 m elevation). Along the floodplain reach, the
river is 5th-order and has a 2300-km2 catchment draining the mountains of Glacier
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National Park and the Bob Marshall Wilderness Complex (Poole, 2006). Subsurface flow
along the Nyack reach is unaltered by human activity and is laterally extensive: the
coarse gravel-and-sand alluvium conducts river water hundreds of meters from the
main channel, and at least one third of the river water passes through the aquifer and
rejoins the main channel within the 9 km floodplain stretch (Stanford et al., 2005).
Cottonwoods (Populus trichocarpa) and willows (Salix spp.) dominate the early
successional patches of the floodplain where floods and flood scouring are common,
while mixed conifers (primarily Picea engelmannii, P. glauca, and Pseudotsuga menziesii)
and mature cottonwoods and birches (Betula papyrifera) dominate stands where
disturbances have occurred less recently (Poole et al., 2002).

3.2.2 Soil pit locations and establishment
From July 23 through August 13th, 2008, we excavated and sampled 12 soil pits
down to just below the water table at Nyack Floodplain. We established sites in four
blocks, each containing three vegetation types: gravel bar, grass, and mixed cottonwoodconifer forest (Figure 11). We chose these vegetation types because they represent points
along multiple, often divergent successional trajectories. We defined “gravel bar” to
include sites with no vegetation or with early-successional stands of cottonwood or
willow, as long as the surface substrate was cobble and sand. Sites were deliberately
selected to represent the diversity of environmental conditions and soil types present on
the floodplain. River discharge during this period was near baseflow at 16-57 m3 s-1
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Figure 11: Vegetation cover map of Nyack Floodplain (modified from Whited et al.,
2007). Sampling locations are labeled by vegetation cover (T=trees, G=grass, B=gravel
bar); brackets indicate sampling block (1-4). Grassland areas are common along
channel and forest margins but are usually small and difficult to see in this map.
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and fell in the 59th quantile for the years 1940-2008 (U.S. Geological Survey, 2001). All
gravel bar sites were at low elevations above the water table (40 – 100 cm) compared to
grassland sites (110 – 250 cm) and forested sites (155 – 230 cm) (Figure 12c). Our pits
were roughly 2 m x 2 m wide and 1-2.7 m deep; despite this apparently large volume,
our excavations disturbed only 0.0007% of the floodplain surface.
According to 9 aerial photographs spanning the period from 1945 to 2004 (data
from Whited et al., 2007), all of our forested sites had been forested since at least 1945
(Figure 12a). Only one of our grassland sites (2G) had been grass-covered since 1945; the
others were mature forest or active river channel in 1945 and transitioned to grass cover
following disturbances. Gravel bar sites had all been cobble or active channel since at
least 1986 (Figure 12a&b). We computed two estimates of stand age: the age of the oldest
tree as determined by cores from the three largest trees at each site, and the years
elapsed since the earliest aerial photo after which the site was never cobble-dominated
in the photographic record. Since our estimates of stand age were constrained by the
availability of pioneer trees and aerial photographs, each estimate represents a lower
bound on the time since disturbance (Figure 12a&b). Forested sites were oldest and
gravel bar sites typically youngest, but forested sites do not typically progress through a
grassland phase during succession.
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Figure 12: (A) Vegetation cover history of each soil pit from aerial photos. Sites are
grouped into panels by their vegetation cover in 2008. "Mature For." and "Young For."
indicate forest stands, while "Grass", "Cobble", and "Water" indicate sites with few or
no trees. (B) Measures of site age since scouring disturbance: the age of the largest tree
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was last cobble. (C) Soil texture profiles extending from the soil surface (top of each
bar) to 30 cm below the aquifer water table (dark gray background).
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After soil sampling, we identified two reasonably accessible soil pits (2G and 2T,
Figure 11) at which we installed ceramic-cup lysimeters (Soilmoisture Equipment Corp.)
at 10, 50, 100, and 200 cm depth and 0.5” PVC piezometers at 290 cm depth. We also
installed soil moisture probes (Campbell Scientific, Inc.) at 10, 20, 30, 50, and 100 cm and
placed a Solinst Levellogger in a nearby observation well. We refilled the soil pits and
allowed the samplers to equilibrate for six months before monitoring hydrology and
pore water chemistry throughout the 2009 growing season.

3.2.3 Sample collection
In each pit we sampled soils at 10-cm increments by driving a 5-sided, 500-mL
metal box into the soil pit wall. Because water table depth rarely fluctuates by more than
10 cm per day in the Nyack floodplain, we did not restrict our sampling efforts to a
specific time of day. Samples at every 10-cm increment were analyzed for percent N and
percent organic C. We conducted all other soil analyses on samples from 3-4 key depths
within each soil profile: the top 10 cm of soil excluding surface litter (Category 1: NearSurface), an intermediate depth below the A horizon but well above the water table
(Category 2: Intermediate), 10-20 cm above the water table (Category 3: Seasonally
Saturated), and 10-20 cm below the water table (Category 4: Permanently Saturated).
Throughout this paper, we will refer to individual samples using codes of the form
Block-Vegetation-Depth. Sampling blocks and depth categories have values from 1 to 4,
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while vegetation is represented by “T” for “trees”, “G” for “grass”, and “B” for “gravel
bar.” For example, “3T2” refers to the soil sample collected from the second
(Intermediate) depth in the forested site in Block 3.
From March to August, 2009, we sampled soil pore water from our lysimeters
and piezometers at 2- to 30-day intervals, with the most frequent sampling occurring
during the snowmelt period (March-April). Dry soils prevented us from using a tension
lysimeter to sample pore water after 6/1/2009 at site 2G, 10 cm. For the same reason,
piezometer collections (at 290 cm) were unsuccessful before 4/19/2009 at both sites. We
applied a vacuum pressure of 50 centibars for sandy soils and 60 cb for finer soils,
waited 24 hours, and then pumped the collected water into acid-washed glass bottles.
Samples were filtered through ashed GF/F filters on the day of collection and frozen
until analysis. In analyzing these pore water data, we sought evidence that solute was
transferred from shallow to deep soil layers during pulsed inputs of precipitation or
snowmelt. In particular, we looked for times during the snowmelt period or shortly after
large rain events when solute concentrations decreased in near-surface soils and/or
increased in deep soils.

3.2.4 Biogeochemical analyses
Soils were sieved to isolate rock particles larger than 2 mm. Roots and particulate
organic matter of any size were removed during sieving, dried at 60 °C, and weighed.
The sieved soil was used for all subsequent analyses. A 5-10 g subsample was weighed,
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dried at 60 °C, and reweighed to determine soil moisture. Eight of the original soil
moisture subsamples were lost and replaced with resampled soils. Soil pH was
measured in 0.01 M CaCl2 solution (Thomas, 1996) using a VWR sympHony Posi-pHlo
Glass pH electrode.
KCl-extractable concentrations of NO2-+NO3- and NH4+ were assessed by shaking
5 g dry-weight-equivalent of soil in 50 mL 2M KCl solution for an hour. Suspensions
were filtered and analyzed for [NO2-+NO3-] and [NH4+] on a Bran+Luebbe continuousflow analyzer (cadmium reduction and salicylate methods, respectively; SEAL
Analytical Inc.). To extract DOC from soils, 50 g of field-moist soil and 150 mL of
deionized water were shaken together in 250 mL bottles for 1 hour and then centrifuged
and filtered. We used a Shimadzu Total Organic Carbon Analyzer to measure both
water-extractable DOC (extracted from soil in 2008) and lysimeter-extractable DOC
(collected from the field in 2009). Air-dried soils from 10 cm increments at each site were
combusted in a ThermoQuest NC 2100 CHN analyzer at 1050 °C to measure total %N
and 600 °C to measure %C without carbonates.
DOC bioavailability was determined in two batches: Blocks 1&2 and Blocks 3&4.
In each batch, an inoculum was prepared by pooling 10 mL from each of the 26-27
unfiltered, centrifuged water extracts per batch. The remainder of each extract was
filtered to 0.22 µm, and a 30 mL initial subsample was immediately acidified with
phosphoric acid. Another 30 mL subsample was transferred to a glass TOC vial. The
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samples in TOC vials received 250 µL inoculum and 50 µL nutrient solution (0.1%
NH4NO3, 0.1% K2HPO4) and were incubated in the dark at room temperature for 7 days,
with hand shaking on intermediate days to prevent anoxia. At the end of the incubation
extracts were re-filtered to 0.22 µm and acidified. Initial and final samples were
measured on a Shimadzu Total Organic Carbon Analyzer.
We assayed denitrification potentials (DEAs) with the acetylene block technique
(Groffman et al., 1999). We chose to assay DEA rather than in-situ denitrification in part
because DEAs are more consistent across days and seasons (Groffman, 1987). Because
we were most interested in the capacity of the ecosystem to remove a pulse of NO3-, our
standard assay for all four sampling blocks included supplemental NO3- (“DEAN”; 20
mL at 100 mg N-KNO3 L-1) but not organic carbon. For block 3 we also amended
additional subsamples with glucose (“DEAC”; 200 mg C-C6H12O6 L-1), nitrate and glucose
(“DEACN”), or neither (“DEA0”) to determine whether C or N was more limiting to
denitrification. Further, for blocks 3 and 4 we assayed both DEAN and DEACN to
facilitate cross-study comparisons, since DEACN is the protocol most commonly reported
in the literature. All assays were conducted with at least two replicates per soiltreatment combination; block 3 soils were assayed in triplicate. We placed 10 mL of
field-moist soil in a 125 mL Erlenmeyer flask with a ground glass neck and butyl seal.
We added 20 mL of deionized water containing 125 mg L-1 chloramphenicol and NO3and/or glucose in the concentrations noted above. We initiated each incubation by
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replacing the air in the flask headspace with N2 and adding 10 mL acetylene (10% of
headspace volume) that had been purged through sequential traps of sulfuric acid and
water. Samples were gently agitated during incubation on a rotary shaker. 10 mL of N2
were injected and 10 mL of headspace were collected with a syringe at 0, 1, and 3 hours
for all soil samples. For sampling blocks 3 and 4, headspace was also collected at 12
hours for greater sensitivity to low N2O production rates. Gas samples were stored in
N2-flushed, evacuated, 9 mL glass vials with butyl septa and aluminum crimp seals
(Grace Davison Discovery Science) until analysis on a gas chromatograph with an
electron capture detector (SRI instruments, Torrance, CA).
To compute denitrification potentials, we first corrected headspace N2O
concentrations for solubility in water using a Bunsen coefficient of 0.545 at 25 °C
(Wilhelm et al., 1977). For each flask we fit a linear model to cumulative N2O production
versus time. We quantified the GC-MDL for N2O on our gas chromatograph as the
standard deviation of measurements of a low N2O standard (0.1 ppm). We then defined
a minimum detectable incubation slope (MDS) of four times the GC-MDL divided by the
length of the incubation in hours. We set any results below the MDS to half the MDS.
We discarded assay results above the MDS if the model fit had a P value greater than
0.05. Because our DEA-MDL (the MDL for the overall DEA method) depended on the
N2O production rate from samples of fixed volume rather than mass, the DEA-MDL
expressed per g soil was sample-specific and ranged in practice from 0.46 to 1.0 ng N hr-1
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(g soil)-1. Reported DEA results are averages of the duplicate or triplicate assay results
for each soil sample.

3.2.5 Statistical analyses
All statistical analyses were performed in R (R Development Core Team, 2010).
To assess the effects of depth and vegetation cover on soil properties, we ran factorial
ANOVAs for linear models of the form:
yabi = Va + Db + [V * D]ab + Bi + εabi
εabi ~ N(0,σ2)
where yab is the soil property of interest (log-transformed as necessary to achieve a
normal distribution; Appendix A, Table 1), Va= vegetation effects, Db= depth effects,
Bi=sampling block effects, εab=independent error terms, a=vegetation type, b=sample
depth, and i=block. Significant main effects and interactions render Tukey’s HSD tests
uninterpretable for pairwise treatment comparisons. We therefore ran these post-hoc
comparisons on models of subsets of the data that were restricted to single vegetation
cover types (for depth comparisons) or depth categories (for cover type comparisons).
Treatment responses in the DEA limitation assay were assessed with one-way
ANOVA and Tukey’s HSD test. To investigate in situ predictors of DEA, we used
stepwise multiple regression for data from all soil pits. DEAs and candidate predictor
variables were log-transformed as necessary to achieve more normal distributions. P-
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values for model coefficients were computed from heteroscedasticity-corrected
covariance matrices produced in the ‘car’ package in R (Fox and Weisberg, 2011).
To visualize samples in multidimensional biogeochemical space, we ran a
principal components analysis (PCA) using those soil properties that were most directly
related to elemental pools and fluxes: the immobile pools represented by soil %C and
%N; dissolved pools of DOC, NO3-, and NH4+; soil water content, and denitrification
potential. Before running the PCA, we standardized each variable by subtracting the
mean and dividing by the standard deviation.

3.2.6 Analyses at the floodplain scale
We explored the effects of soil heterogeneity at the patch scale to ecosystem
function at the floodplain scale for two biogeochemical functions: total soil C storage
and potential denitrification of river-borne NO3-. We used ArcGIS, Version 10
(Environmental Systems Research Institute, Inc., Redlands, Calif.) to produce maps of
these functions in near-surface and subsurface soil layers. The near-surface soil maps
show a plausible distribution of each function based on the links we observed between
vegetation cover and soil properties. We began with a map in which vegetation cover
was classified into patches of Cobble, Grass, Regenerating Forest, or Mature Forest
(Figure 11) (data from Whited et al., 2007). We used our soil data to estimate the
parameters of vegetation-specific normal distributions of soil C storage and
denitrification potential in near-surface soils. Then, we assigned to each vegetation patch
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a value drawn randomly from the vegetation-specific distribution. We used the mean of
the distributions for Grass and Mature Forest for areas classified as Regenerating Forest,
because these areas were typically comprised of both grassy clearings and young tree
stands with a grass-dominated understory. We scaled our estimates to the whole
floodplain by multiplying the area of each vegetation cover by the average C storage or
DEA value for that vegetation type. For deep soil we generated a distribution of
biogeochemical properties such that deep soils equaled shallow soils in their
contribution to each ecosystem function. In this way, our deep soil maps illustrate the
sensitivity of ecosystem function to subsurface biogeochemistry.
We evaluated soil C storage in the upper 100 cm versus the subsurface (100 cm to
bedrock) because many studies report soil properties down to a maximum of 100 cm.
We assumed the deeper layer had a mean thickness of 8 m, based on data from LIDAR
and ground-penetrating radar studies at Nyack Floodplain (Harrison, 2004; Whited et
al., 2007). We also explored the potential for floodplain denitrification to alter riverwater NO3- concentrations. Denitrification of riverine NO3- (as distinct from NO3- that
originates in floodplain soils) is a function of three factors: the spatial distribution of
denitrification rates, the duration of contact between river water and floodplain soils,
and the volume of soil in contact with river water. We therefore assumed that nearsurface denitrification of river-borne NO3- occurs only in the top 10 cm of soil, only
during the ~1 month of inundation per year, and only in that area of the floodplain that
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was inundated during the moderately large flood of 2008 (Flathead Lake Biological
Station, unpublished data). In the subsurface, we assumed that denitrification of riverwater NO3- occurs year-round but only in the saturated zone (a zone on average 7 m
thick; Harrison, 2004).

3.3 Results
3.3.1 Spatial patterns in soil biogeochemical properties
Vegetation cover had a significant effect for 10 of 12 measured soil properties in
factorial ANOVAs, with exceptions for [NO2-+NO3-] and pH (Table 4). Effects of depth
category were significant for 8 of 12 soil properties, excluding [NO2-+NO3-], [NH4+], pH,
and fine root mass. The interaction of vegetation and depth was significant for soil %C,
soil %N, bioavailable water-extractable carbon (bDOC), and denitrification potential
(DEA) (Table 4). Pairwise comparisons between vegetation covers and between depth
categories reveal two general and consistent trends: (1) Forests have the largest C and N
pools and fluxes in near-surface soils while gravel bars have the smallest, and (2) Most
pools and fluxes decline rapidly with depth so that vegetation effects are negligible in
the subsurface (Table 4 and Table 5). For example, the near-surface of forested sites,
grassland sites, and gravel bars held 5.1% C, 1.5% C, and 0.3% C and 0.26% N, 0.11% N,
and 0.03% N, respectively, with generally lower values at depth (Table 5), and
vegetation distinctions were statistically significant in depth category 1 (top 10 cm) but
not in depth categories 2-4 (Table 4). Similarly, DEAs in depth category 1 were greatest
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Table 4: Overall treatment effects and pairwise treatment comparisons by soil property, reported as p-value (F statistic). Effects
are reported whenever the p-value for that pairwise comparison is less than 0.05. “|” can be read as “given” or “within.”
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Soil Property
Soil C,
%
DOC,
µg C (g soil)-1
bDOC, mg C
day-1 (g soil)-1
Soil N,
%
NO2-+NO3-,
µg N (g soil)-1
NH4+,
µg N (g soil)-1
DEA,
ng N hr-1 (g soil)-1

Depth
0.001
(8.4)
0.000
(17.5)
0.004
(7.0)
0.001
(9.1)
0.435
(0.9)
0.095
(2.6)
0.000
(13.6)

Veg
0.000
(14.9)
0.000
(16.5)
0.003
(6.1)
0.000
(15.5)
0.089
(2.4)
0.009
(4.7)
0.000
(25.6)

Veg×Depth
0.010
(3.4)
0.051
(2.4)
0.025
(2.9)
0.008
(3.6)
0.669
(0.7)
0.595
(0.8)
0.000
(9.9)

Block
0.130
(2.0)
0.014
(4.2)
0.143
(2.0)
0.865
(0.2)
0.100
(2.3)
0.143
(2.0)
0.151
(1.9)

Depth|Veg
1>3=4|T;
1>3=4|G
1>3|T;
1>3=4|G
1>3|T

Moisture,
mass %
pH

0.033
(3.8)
0.791
(0.2)
0.139
(2.1)
0.008
(5.6)
0.000
(15.8)

0.000
(11.8)
0.113
(2.2)
0.000
(13.8)
0.000
(18.5)
0.000
(19.2)

0.086
(2.1)
0.475
(0.9)
0.065
(2.2)
0.863
(0.4)
0.062
(2.3)

0.032
(3.3)
0.097
(2.3)
0.346
(1.1)
0.027
(3.5)
0.233
(1.5)

Fine roots,
g (g soil)-1
POM,
g (g soil)-1
Rock volume,
%

1>2=3=4|T;
1>3=4|G
(none)

Veg|Depth
T>G>B|1
T>G>B|1
T>G=B|1;
T>G|4
T>G>B|1
B>G|2

(none)

(none)

1>2=3=4|T

T>G=B|1

1<4|G;
1=3<2=4|B
(none)

T>B|1;
T>B|3
(none)

1>3=4,2>4|T;
1=2>3=4|G
1>3=4|T;
1>3=4|G; 1>4|B
1=2<4|T;
1=2<3=4|G; 2<4|B

T=G>B|1
T>B|1
T=G<B|1

Table 5: Soil properties by vegetation cover and depth, reported as mean (standard error), or mean (NA) in the one case where
missing data points preclude calculation of a standard error. A denominator of “g soil” refers to grams of oven-dried soil.
Cover

Depth Category

Soil C, %

Forest

Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated
Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated
Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated

5.11 (0.76)
1.09 (0.41)
0.36 (0.14)
0.52 (0.35)
1.47 (0.39)
0.67 (0.28)
0.13 (0.06)
0.13 (0.03)
0.25 (0.03)
0.71 (0.53)
0.25 (0.05)
0.36 (0.24)
DEA, ng N
hr-1 (g soil)-1
58.26 (5.98)
0.41 (0.02)
1.12 (0.81)
0.29 (0.03)
9.87 (5.84)
0.39 (0.06)
0.30 (0.02)
0.29 (0.00)
0.30 (0.01)
0.93 (0.65)
0.30 (0.02)
0.28 (0.02)

Grass

Gravel Bar
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Forest

Grass

Gravel Bar

Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated
Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated
Near-Surface
Intermediate
Seasonally Saturated
Permanently Saturated

DOC,
µg (g soil)-1
120.7 (46.3)
59.0 (48.4)
4.9 (1.3)
12.3 (4.7)
19.6 (3.5)
10.4 (4.1)
2.0 (0.7)
2.4 (1.2)
5.3 (1.2)
7.2 (1.4)
2.7 (0.7)
3.3 (0.6)
Moisture,
mass %
14.7 (1.9)
14.3 (4.3)
26.6 (4.0)
27.9 (6.3)
8.1 (3.3)
14.2 (6.3)
14.7 (2.2)
24.2 (1.1)
4.2 (1.1)
24.6 (3.3)
11.2 (3.8)
24.0 (1.8)

bDOC, µg C
day-1 (g soil)-1
3.70 (2.19)
0.52 (0.07)
0.26 (0.08)
1.02 (0.24)
0.59 (0.15)
0.61 (0.30)
0.19 (0.07)
0.22 (0.04)
0.27 (0.06)
0.10 (NA)
0.29 (0.08)
0.40 (0.09)
pH
6.82 to 7.12
7.19 to 7.49
7.21 to 7.38
7.21 to 7.50
7.11 to 7.22
7.03 to 7.30
7.34 to 7.43
7.17 to 7.51
7.15 to 7.31
7.19 to 7.25
7.30 to 7.33
7.17 to 7.35

Soil N, %
0.262 (0.037)
0.077 (0.023)
0.035 (0.008)
0.038 (0.014)
0.111 (0.026)
0.054 (0.016)
0.018 (0.003)
0.021 (0.003)
0.031 (0.005)
0.050 (0.028)
0.025 (0.002)
0.035 (0.013)
Fine roots, mg
(g soil)-1
4.71 (0.76)
0.52 (0.33)
0.09 (0.07)
0.01 (0.00)
2.11 (0.93)
0.11 (0.04)
0.01 (0.00)
0.00 (0.00)
0.14 (0.10)
0.24 (0.24)
0.10 (0.08)
0.04 (0.02)

NO2-+NO3-, µg
N (g soil)-1
0.81 (0.42)
0.36 (0.07)
0.10 (0.01)
0.44 (0.25)
0.99 (0.66)
0.22 (0.02)
0.16 (0.08)
0.18 (0.05)
0.48 (0.14)
0.62 (0.10)
0.65 (0.51)
0.15 (0.04)
POM,
mg (g soil)-1
15.89 (5.61)
1.12 (0.43)
0.05 (0.03)
1.17 (1.17)
2.10 (0.76)
0.50 (0.48)
0.00 (0.00)
0.00 (0.00)
0.41 (0.23)
0.36 (0.35)
0.00 (0.00)
0.01 (0.01)

NH4+, µg N (g
soil)-1
5.25 (3.11)
1.58 (0.50)
0.47 (0.11)
3.66 (3.08)
1.25 (0.40)
1.00 (0.39)
0.50 (0.04)
0.49 (0.18)
1.46 (0.31)
1.73 (1.51)
0.58 (0.15)
0.45 (0.03)
Rock volume,
%
0.1 (0.1)
0.8 (0.8)
21.3 (14.5)
47.8 (12.4)
0.3 (0.3)
15.2 (15.1)
51.5 (4.4)
62.5 (2.3)
48.5 (1.6)
26.4 (26.4)
52.5 (3.5)
61.9 (2.1)

at forested sites (58 ng N hr-1 (g soil)-1) and lower at grassland sites (9.9 ng N hr-1 (g soil)) and gravel bar sites (0.3 ng N hr-1 (g soil)-1). Unlike most soil properties we measured,
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inorganic N concentrations ([NO2-+NO3-] and [NH4+]) did not differ consistently with
vegetation cover or depth (Table 4).
Soil %C and %N at 10 cm intervals throughout each soil profile were consistent
with patterns inferred from the analysis by depth category. Soil organic C and total N
were highest in the top 10 cm and generally declined with depth (Figure 13a), with
exceptions in the form of local maxima (“hot spots”) in site 4B at 35 cm, 2G at 45 cm, 3G
at 95 cm, 4G at 55 cm, 2T at 75, 115, and 225-245 cm, and 3T at 95 and 175 cm. Total soil
%N was strongly correlated with soil %C (Pearson’s r = 0.95) and had a nearly identical
spatial pattern, so we show C:N ratio instead of soil %N in Figure 13b. The C:N ratio
differed significantly by soil texture category in a two-sided t-test, with a mean C:N of
7.5 in cobble and 11.8 in silt and clay (p < 0.001).

3.3.2 Temporal patterns in pore water chemistry
Like most C and N pools in our 2008 soil samples, pore water data collected in 2009
showed overall declines in [DOC] and [NO3-] with depth at both monitoring sites, except
that DOC at 50 cm depth exceeded DOC at 10 cm depth in the forested profile (2T), and
[NO3-] in the grassland site (2G) was much higher at 50 and 100 cm than in shallower
soils (Figure 14). [DOC] and [NO3-] at many depths became more dilute during the
spring thaw and more concentrated as soils dried through the summer (Figure 14; see
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Figure 13: Depth profiles of soil %C and C:N ratios. Data for %N are not shown
because %C and %N are strongly correlated (r=0.95) and their depth profiles are
nearly identical. Symbol shapes indicate sampling block, and fill color indicates soil
texture.
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Figure 14: Soil moisture and soil pore water chemistry in the spring and early summer
of 2009 at sites 2T (A-C) and 2G (D-F). Each line represents a sampling depth:
moisture was measured at 10, 20, 30, 50, 100, and 200 cm, while pore water was
sampled at 10, 50, 100, 200, and 290 cm. For complete data through August 2009, plus
additional hydrologic data, see Appendix A, Figure 1 and Appendix A, Figure 2.
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also Appendix A, Figure 1 and Appendix A, Figure 2). Soil moisture pulses were
initiated daily during the snowmelt period and by rain events throughout the spring
and summer (Figure 14a&d; Appendix A, Figure 1). Our pore water data suggest that
major water infiltration events were not typically associated with a delivery of DOC and
NO3- to subsurface soils during the largest of these moisture pulses (most-likely events
are centered on April 9 and May 17, Figure 14). Changes in [DOC] and [NO3-] during
these infiltration events were often minor, but DOC increased by up to 40% at some
depths (Figure 14c&f).

3.3.3 Denitrification potentials
DEACN was strongly correlated with and ~25% higher than DEAN (DEACN =
0.0015 + 1.25DEAN, R2 = 0.99) for the samples in which we assayed both DEAN and
DEACN (25 soils total). To evaluate potential predictors of DEAN at Nyack Floodplain, we
used bidirectional stepwise regression with the Akaike information criterion to simplify
and fit a model of the form, ln(DEAN) ~ ln(%C) + ln(NO3-) + moisture. We fit our model
to data for near-surface soils only (n=12) because most DEA values above the MDL were
at this depth. The result of the stepwise selection process was the function, ln(DEAN) = 0.60 + 1.10ln(%C) - 0.21ln(NO3-) + 0.17*moisture. Only the coefficient for ln(%C) was
significant (p=0.04), but the coefficient for moisture had a relatively low p-value (p=0.13).
The stepwise regression retained all three terms; however, the coefficient for NO3- was
both non-significant and negative. In contrast, in our DEA limitation assay, 3 samples
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(3G1, 3T1, and 3T4) had DEA0 = DEAC < MDL < DEAN = DEACN, indicating that DEA was
limited by N supply (Appendix A, Figure 3). Denitrification was below our method
detection limit (MDL) for all treatments in 5 of the 8 samples in that assay.

3.3.4 PCA of biogeochemical properties
A principal components analysis (PCA) of total and dissolved C and N pools,
DEAs, and soil moisture shows distinct separations among vegetation covers in the top
10 cm and a separate clustering of samples from depth categories 3 and 4; each of these
four groups is outlined in Figure 15. The forested and grassland sites at 0-10 cm are
separated from the deep and gravel bar sites along PC axis 1, which is most strongly
associated with the factors %C, %N, DOC, NH4+, and DEA. Samples from depth
categories 3 and 4 are separated from shallow gravel bar samples primarily along PC
axis 2, which is most strongly associated with soil moisture. The remaining
environmental factor, NO2-+NO3-, falls evenly between PC axes 1 and 2. Three individual
soil samples have been circled in the PCA because they lie far from the other samples
with the same vegetation cover and depth. Gravel bar sample 4B2 (30-40 cm depth) had
the highest soil N (0.078%) and C (1.2%), the greatest fine root mass (0.48 µg (g soil)-1),
the most NH4+ (3.2 µg N (g soil)-1), and the highest DEA (1.6 ng N hr-1 (g soil)-1) of all
gravel bar samples. Sample 2T4 at (245-250 cm) had higher total N and organic C
content (0.076% N, 1.55% C) than surrounding soils (see also Figure 13). Finally, sample
3T3 (170-180 cm) had a DEA of 3.6 ng N hr-1 (g soil)-1.
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3.3.5 Biogeochemical mosaics at the floodplain scale
Floodplain maps with plausible distributions of soil C storage and denitrification
potential in shallow soils are presented in Figure 16a and Figure 16c. The total mapped
area in Figure 16a is 677 ha, and total C storage in the top 1 m of this area is 44×103 Mg C
(65 Mg C ha-1). The area of the floodplain surface in which we assumed river-borne NO3could be denitrified (Figure 16c) is restricted to the 74% of the floodplain surface that
was inundated in the relatively large spring flood of 2008 (Flathead Lake Biological
Station, unpublished data). Restricting denitrification to the flooded area changes not
only the relevant soil volume but also the proportion of each vegetation cover within
that soil: The percent cover by vegetation type is 44% mature forest, 27% regenerating
forest, 1% grass, and 28% cobble in the flooded area, compared to 58%, 21%, 1%, and
20%, respectively, in the full floodplain. Further assuming that these soils are only
inundated for 1 month of the year, annual denitrification potential for the flooded nearsurface soils is 7700 kg N yr-1 (11 kg N ha-1 yr-1). These absolute numbers for
denitrification potential are presented for within-site comparisons only; the true annual
denitrification rates could be lower (because we added nitrate and removed oxygen in
our DEAs) or higher (because we assayed soils in late summer, when soils were not at
peak wetness).

77

Figure 16: Mosaics of soil carbon storage (left) and denitrification potentials (right) in
near-surface and subsurface soils. Near-surface biogeochemical properties are
assigned to each patch of uniform vegetation cover (see Figure 11) according to the
distribution of soil C in the top 1 m (A; upper legend) or DEAN in the top 10 cm (C;
lower legend) for the vegetation cover of that patch. These maps arbitrarily have the
same spatial resolution as Figure 11; our data do not address variability within
patches. In maps B and D, hotspots are drawn at the density needed for the aquifer to
equal the surface layer in C storage (B; background C concentration is 0.503 kg C m-3)
or denitrification potential (D; background DEAN is 0 µg N hr-1 L-1).
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Based on our empirical finding that vegetation effects were non-significant at
depth, we assume no relation between vegetation cover and subsurface soil properties in
our extrapolation exercise. Instead, we consider two possibilities for ecosystem function
in the subsurface: C storage and DEA might be homogenous throughout the subsurface,
or the subsurface might also contain randomly distributed hot spots. We find that the
subsurface is a plausibly important contributor to whole-ecosystem function under
either scenario. We estimate that most of the subsurface stores organic C at 0.50 kg C m-3,
based on the %C of all sand-and-cobble samples below 1 m in our soil profiles (Figure
13). If C is uniformly distributed at this concentration throughout the 47×106 m-3 of the
subsurface, then subsurface storage is 24×103 Mg C, or 54% of C storage in the top 1 m of
floodplain soil. If, instead, most of the subsurface stores no C at all, but local maxima
exist with C storage of 16.7 kg C m-3 (equal to C storage at site 2T, 220-250 cm), then local
maxima filling 5.5% of the subsurface would store as much C as the top 1 m. Finally, if
local maxima are embedded in a matrix of soils storing 0.50 kg C m-3, then the
subsurface contributes as much as the top 1 m when hot spots are at a density of 2.6%
(Figure 16b).
We cannot use our field data to estimate the denitrification potential of the
subsurface because our DEA detection limit typically exceeded the DEA of the
subsurface soils we collected. However, we can calculate that the subsurface would
equal the near-surface in denitrification potential if subsurface soils had a mean DEA of
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19 ng N hr-1 L-1, a value well below our detection limit. Even if denitrifiers were absent
through most of the permanently saturated zone, the subsurface would equal the nearsurface if local maxima resembling site 3T at 170-180 cm (1640 ng N hr-1 L-1) were present
at a density of 1.1% by volume (Figure 16d). Note that the display size of the hot spots in
Figure 16 was only chosen for ease of visualization; density, rather than the size or
number of maxima, is our focus in this exercise, and we find that relatively low densities
are sufficient for the subsurface to contribute substantially to whole-floodplain function.

3.4 Discussion
We investigated promising biological and physical predictors of soil
biogeochemistry in both the surface and subsurface, and we explored the implications of
our findings for ecosystem function at the whole-floodplain scale. Overall, soil C and N
pools and fluxes were highest and most related to vegetation cover at the surface. Values
declined rapidly with depth so that the influence of surface vegetation was not observed
below ~50 cm. We also found a number of exceptions to these general patterns in the
form of local maxima (hot spots) in soil C and N pools and/or DEAs, and temporal
variability in pore-water DOC and NO3- concentrations. Biogeochemical heterogeneity
was frequently related to the soil textural profile, broadly defined to include both
inorganic soil particulates and inclusions of buried wood or organic soils.
The large volume of the subsurface means that we need to be especially precise
in measuring the quality and quantity of subsurface hot spots when we extrapolate from
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field measurements to estimates of whole-floodplain function. While deep soils typically
had small C and N pools and flux rates, the existence of these hot spots and the sheer
volume of the subsurface make deep soil a plausibly important contributor to wholefloodplain functions, although we still lack sufficient data to evaluate that possibility
empirically.

3.4.1 Vegetation predicts biogeochemistry in the near-surface but not
at depth
In keeping with our first hypothesis, a single general pattern held in the nearsurface for soil %C, %N, total and bioavailable dissolved organic carbon (DOC),
denitrification potential, fine root mass, particulate organic matter (POM) mass, and soil
moisture: These properties tended to be highest in forested sites, intermediate in
grassland sites, and lowest in gravel bars (Table 5 and Table 4). Only 3 of the 12
measured soil properties lacked both vegetation and depth effects: pH stayed within a
narrow range across all samples, and NO2- + NO3- and NH4+ showed no clear trends with
vegetation or depth, a result we attribute to the small quantities and high turnover of
these solutes relative to their source pools.
While we accurately hypothesized that vegetation differences would be
significant for near-surface soils (depth 1) and muted in subsurface soils (depth 2-4), we
did not anticipate that vegetation effects would disappear so rapidly with depth.
Subsurface organic matter mass and soil C and N pool sizes were uniformly low across
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all vegetation types (Table 4). The sharp reduction in vegetation effects with depth is
evident in the clustering of soils from depths 3-4 in the PCA independent of vegetation
cover (Figure 15). Based on these data, we are confident that soils just above and below
the water table (depths 3-4) are biogeochemically unaffected by the overlying
vegetation. Most soils in depth category 2 were intermediately located between the
clusters of near-surface (depth 1) and deep (depths 3 & 4) samples on the PCA and in
their mean soil property values (Figure 15, Table 5), suggesting that vegetation effects in
the first 50 to 100 cm of soil might be found with more extensive sampling. Figure 13
supports this suggestion with respect to total C and N, both of which decline over
approximately 50 cm in the vegetated profiles rather than within the first 10 cm.

3.4.2 Geomorphic legacies shape the biogeochemistry of the
subsurface
Overall, soil C and N pools and fluxes tended to decline with depth; however,
we found numerous deviations from these patterns in both space and time. Many of
these deviations could be linked to heterogeneity in soil texture or inclusions of organicrich sediments or particulates. Local hot spots in soil C and N pools or denitrification
potentials were associated with inclusions of particulate woody debris, sand, or buried
topsoil. Our data also suggest that soil texture, through its effects on hydraulic
conductivity and soil water holding capacity, could drive large differences in the
temporal patterns of pore water solute concentrations. We conclude that subsurface
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biogeochemical heterogeneity is related most generally to the legacy of past geomorphic
events and vegetation covers that created the present-day mosaic of heterogeneous soil
textures and organic constituents throughout the three dimensions of the floodplain.
Subsurface hot spots of denitrification and carbon storage have been observed in
many riparian ecosystems and have the potential to alter function at the ecosystem scale
(McClain et al., 2003; Blazejewski et al., 2009). These hot spots are typically created by
particulate transport and burial (Sobczak et al., 1998; Hill et al., 2004; Gurwick et al.,
2008). Half of our sites (2T, 3T, 2G, 3G, 4G, and 4B) had layers of locally elevated C and
N at one or more subsurface depths per site (Figure 13). Our primary sampling depths
coincided with these local maxima (hot spots) in samples 2T4 and 4B2. We also found
just two subsurface samples with DEA above our detection limit: 4B2 (again) and 3T3.
These three samples were not only biogeochemically distinct, as indicated by their
positions on the PCA (circled in Figure 15), but also texturally distinct. Sample 4B2 was
located in a sandy layer within an otherwise cobble-dominated profile; sample 2T4 was
in a layer of buried woody debris, and sample 3T3 was in a lens of sandy sediment just
above the water table and just below a layer of soil with elevated C and N (Figure 12c
and Figure 13). Our repeated observations of local maxima in soil C, N, and DEAs (9
occurrences in 12 soil pits) indicate that such maxima are not rare and are therefore
plausibly important to whole-ecosystem function in gravel-bedded alluvial floodplains.
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The two sites where we monitored soil moisture and pore water chemistry were
just 25 m apart but differed markedly in their soil textural profiles (Figure 12) and, as a
result, in their patterns of [DOC] and [NO3-] over time (Figure 14). Soil texture strongly
influenced solute concentrations through its effects on water holding capacity: pore
water [NO3-] in sand-and-cobble soils of the grassland site (50 and 100 cm) was very high
and variable (Figure 14e) owing to the extremely low moisture content of those soils
(Figure 4d). Soil texture also constrained rates of water movement: Moisture pulses to
the subsurface of the coarse-textured profile (2G) were immediate and short-lived, while
in the finer-textured profile (2T), those pulses were lagged, longer-lasting, and less
evident in the deepest soils (Figure 14a&d). To the extent that these solutes are
transported by snowmelt and precipitation water, as our pore water chemistry data
weakly indicate (Figure 14b,c,f), DOC and NO3- movement is therefore constrained by
soil texture. Microbial communities can respond to even brief changes in environmental
conditions (Landesman and Dighton, 2011), and our final observation from these pore
water data is that temporal heterogeneity in [DOC], [NO3-], and moisture can be
substantial even in deep soils. We should therefore retain the fourth dimension, time, in
our conceptualization of the floodplain biogeochemical mosaic, and we should consider
the role of soil texture in controlling local solute concentrations and rates of hydrologic
transport within soils.
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To further explore the temporal dimension of floodplain biogeochemistry, we
assayed denitrification potential as an indicator of the convergence of three conditions –
bioavailable organic C, low redox potentials, and sufficient NO3-– in the preceding
weeks or months. These three conditions are temporally variable on three different
scales. Organic C accumulates over years, with comparably minor fluctuations in the
bioavailable pool throughout the growing season (Figure 14c&f). Redox potentials may
be inversely correlated with moisture, depending on the soil texture, organic content,
and rate of biotic oxygen consumption; in turn, moisture levels follow a fairly smooth
seasonal decline that is punctuated by precipitation events (Figure 14a&d). Nitrate is the
most variable (Figure 14b&e) because there are many possible sources and sinks
(coupled mineralization and nitrification, hydrologic transport, desorption from soil
particles; biotic uptake, leaching, adsorption). In combination, temporal variability in all
these factors determines the variability of denitrification rates and, with some smoothing
because microbial communities are resilient, denitrification potentials.
If the necessary conditions for DEAs are indeed temporally variable at different
scales, we should expect that DEAs are best predicted from the most stable of these
conditions, organic C availability, and worst predicted from the most variable, NO3availability. We found this to be the case in our stepwise multiple regression analysis:
Soil C emerged as the only significant term; moisture had a p-value above but close to
the =0.05 threshold, and NO3- was clearly non-significant in the model. NO3- at the time
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of sampling was a poor predictor of DEAs despite the fact that in our limitation study,
DEA was never measurable without NO3- amendments (Appendix A, Figure 3). From
our data we cannot determine whether NO3- was primarily supplied via mineralization
and nitrification or via hydrologic transport; however, we observed that in those soils
with measurable DEAs, denitrifiers responded to NO3- additions within the first hour of
the assay. Even brief pulses of NO3- in the weeks preceding our sampling campaign
might therefore have been enough to sustain denitrifying communities in soils where
the conditions of bioavailable C and anoxia were already met. We conclude that spatial
heterogeneity in subsurface DEA could be driven by geomorphic legacies in multiple
ways: inclusions of organic soil or debris are temporally stable predictors of
denitrification potential, while local water-holding capacity regulates soil moisture and
the development of anoxia, and the texture of surrounding soils governs the hydrologic
delivery of NO3-.

3.4.3 Whole-floodplain biogeochemistry is sensitive to heterogeneity
at all depths
At the scale of the whole floodplain, we found that potential denitrification of
river-borne NO3- is more sensitive than soil C storage to the spatial arrangement of soil
properties across the floodplain surface (Figure 16a&c). Total C storage in near-surface
soil depends on the relative proportions of vegetation covers and is insensitive to their
spatial arrangement. In contrast, denitrification of river-borne NO3- can only occur in
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those soils to which flood waters deliver NO3-. Because the highest denitrification
potentials are concentrated away from the river channel in forested and grassland
patches (Figure 16c), small floods near the channel will yield much lower areal
denitrification rates than extensive floods. Annual denitrification rates therefore depend
heavily on the river hydrograph.
While ecosystem function in near-surface soils is sensitive to the distribution of
soil properties and flood waters, we found that in the subsurface, ecosystem function is
most sensitive to the abundance of hot spots. For every 1% of the subsurface that is
comprised of C-storage hot spots, total C storage increases by 7.5x103 Mg C, or 17% of C
storage in the top 1 m of soil. Whole-floodplain potential to denitrify river-borne NO3- is
even more sensitive than C storage to the abundance of hotspots because the aquifer is
in constant contact with river water while the surface is only intermittently connected.
For every 1% of the aquifer volume that is comprised of DEA hot spots, the
denitrification potential of the floodplain increases by 6800 kg N yr-1, or 88% of
denitrification potential in the top 10 cm of floodplain soil. For comparison, if we
increase our estimate of the subsurface volume by a full 10%, our estimate of subsurface
C storage or denitrification potential only changes by 3.5% or 4.7%, respectively. These
numbers imply that estimates of the abundance of subsurface hot spots must be
especially precise if we want well-constrained estimates of whole-ecosystem functions.
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3.5 Conclusions
At the patch scale, we sought biological and physical predictors of
biogeochemical properties at all depths within floodplain soils. Vegetation cover is
strongly related to biogeochemical properties in near-surface soils, but in the subsurface,
soil-vegetation relationships were weak or nonexistent. We also found substantial
variability – both temporal and spatial – in the floodplain subsurface, often associated
with soil texture changes and organic inclusions. Our study was not designed to test the
links between soil texture and biogeochemical properties, but our results indicate that
further explorations of those links could be fruitful.
At the ecosystem scale, we sought to identify those aspects of soil heterogeneity
that must be considered when scaling up from field measurements to whole-floodplain
estimates of biogeochemical function. Carbon storage and denitrification potential in
shallow soils are most sensitive to the relative abundance of vegetation covers and
sometimes (for denitrification potential) also their spatial arrangement. These
sensitivities point to the high impact that large floods have on biogeochemical function,
both by structuring the vegetation mosaic and by delivering flood waters to the most
active floodplain soils. In the subsurface, whole-floodplain function is most sensitive to
the abundance of hot spots. The importance of hotspots again points to the high impact
of flood regime, this time as a geomorphic force structuring the three-dimensional
mosaic of soil textures and organic matter inclusions. Hot spot abundance is difficult to
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quantify in field studies, and new tools may be needed to reach precise estimates;
nonetheless, our results emphasize the need for such precision. Understanding the
spatial distribution of near-surface soil properties and the frequency of subsurface hot
spots is essential for understanding whole-floodplain function in these highly
heterogeneous ecosystems.
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4. Sources and sinks of carbon in an alluvial floodplain
aquifer
4.1 Introduction
Although they could never exist on their own, net heterotrophic ecosystems –
i.e., those systems where biota oxidize more organic carbon than they produce – are
remarkably abundant. The majority of streams and rivers, many lakes, deserts, and even
the ocean appear to rely primarily on exogenous sources of organic carbon (Bornkamm,
1987; Smith and Hollibaugh, 1993; Carpenter, 2005; Duarte and Prairie, 2005;
Aufdenkampe et al., 2011). Some non-photosynthesizing ecosystems lie on the extreme
end of the heterotrophy gradient (aquifers, caves, deep sedimentary rock) while others
rely on chemoautotrophs to produce energy and organic matter from geochemical
energy sources (hydrothermal vents, arctic springs, some caves) (Sarbu et al., 1996;
Graening and Brown, 2003; Bates et al., 2006; Fredrickson and Balkwill, 2006; Perreault et
al., 2008). These systems often support unique communities of highly specialized
organisms, and their reliance on external sources of organic carbon makes them
particularly susceptible to changes in either the autotrophic systems which supply their
energy or the hydrologic and atmospheric delivery of those subsidies. Identifying and
quantifying the routes by which fixed carbon subsidies are delivered to net
heterotrophic ecosystems is critical to understanding their ecosystem dynamics and
their potential responses to changing carbon inputs.
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Despite a lack of direct sunlight energy, alluvial floodplain aquifers and
hyporheic zones contain astonishingly diverse and active communities of aquatic
organisms (Dudley Williams and Hynes, 1974; Ellis et al., 1998; Brunke and Gonser,
1999). Community respiration rates in floodplain sediments 1-2 m deep can equal or
exceed productivity in the contributing river channels (Grimm and Fisher, 1984).
Alluvial floodplain aquifers can be quite large: Rivers that wind through previously
glaciated terrain, a common occurrence worldwide, often have highly porous graveland-sand aquifers through which river water may travel meters to kilometers before
returning to the channel. To the extent that floodplain aquifer organisms rely on pulsed
river flows to deliver organic carbon, as do their surface-water-dwelling counterparts
(Junk et al., 1989; Tockner et al., 2000), these systems may be undergoing dramatic
changes as channelization and flow regulation increasingly disconnect floodplains from
their rivers (Magilligan et al., 2003).
One of the best studied alluvial floodplain aquifer ecosystems is the Nyack
Floodplain along the Middle Fork Flathead River in northwest Montana (Figure 17). The
Nyack Floodplain Aquifer contains a highly diverse aquatic community, which was first
understood when large numbers of stoneflies (Plecopterans) were found emerging from
aquifer observation wells located tens to thousands of meters from the main river
channel (Figure 18A&B) (Stanford and Ward, 1988; Ellis et al., 1998). Estimated
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Figure 17: Location of Nyack Floodplain within the United States, the watershed of
the Middle Fork of the Flathead River, and the Nyack Valley. The right panel shows a
multispectral image from October 2004.

respiration rates within the aquifer (Craft et al. 2002) are comparable to others reported
in the literature for hyporheic aquifers (Pusch and Schwoerbel, 1994; Jones et al., 1995;
Ellis et al., 1998; Baker et al., 2000; Crenshaw et al., 2002) and are based on standard
respirometry techniques (Hauer and Lamberti, 2006). However, these respiration
estimates of 0.06 to 0.36 mg O2 L-1 h-1 imply the consumption of 170 to 1010 mg C L-1 yr-1,
an annual oxidation of more than 350 times the 0.480 mg C L-1 of dissolved
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Figure 18: Organic carbon consumers and sources on the Nyack Floodplain: (A)
Stonefly (Plecoptera) exuvia from an observation well; observed species include
Isocapnia crinita, Paraperla frontalis, and Isocapnia grandis (Reid, 2007); (B) Live
Plecopteran from the well; (C) Wood pile-up on a gravel bar, May 2007; (D) Buried
woody debris in the wall of a soil pit ~60 m from the nearest river channel. Markings
indicate depth from the soil surface; the photograph was taken in late July, when the
aquifer water table (~250 cm) was near its minimum.
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organic carbon (DOC) measured in water samples from the aquifer (Helton et al., In
preparation). It is clear that for the observed respiration rates to be sustained, aquifer
carbon stores must be replenished substantially, either in the form of additional DOC
inputs from the river or overlying soils or in the form of particulate organic debris that
collects on the floodplain surface and can be buried in the subsurface during large floods
(Figure 18C&D).
In this study our goal was to understand the routes and timing of organic carbon
inputs to the Nyack Floodplain Aquifer. We took a budgeting approach to more
rigorously synthesize the available data for this relatively well-studied aquifer system,
evaluating each pool and flux estimate in the context of the complete budget to ensure
that our estimates were parsimonious and realistic. Although other researchers have
constructed carbon budgets for surface water bodies of floodplains (Burford et al., 2008;
Preiner et al., 2008; Melack and Engle, 2009), to our knowledge this is the first effort to
build a carbon budget for an alluvial floodplain aquifer. Our objectives were to 1)
synthesize the work of numerous researchers to reach a deeper understanding of
metabolism and carbon supplies to the aquifer, 2) identify best estimates and reasonable
ranges for the rates of carbon flux into and out of the aquifer, and 3) use the budget to
probe the importance of exogenous organic carbon sources, chemoautotrophy, and
spatial and temporal heterogeneity to aquifer ecosystem energy dynamics.
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4.2 Methods
4.2.1 Site description
We conducted our study on the Nyack Floodplain of the Middle Fork Flathead
River, Montana (Figure 17). The floodplain is located in a valley bottom (9 km long, 1-3
km wide) along the Middle Fork of the Flathead River in northwest Montana (48°27’30”
N, 113°50’ W, 1010 m elevation). Along the floodplain reach, the river is 5th-order and
has a 2300-km2 catchment draining the mountains of Glacier National Park and the Bob
Marshall Wilderness Complex (Poole, 2006). For this study, we defined the floodplain as
that 14.7 km2 area (Table 6) where the land had an elevation no more than 5 m above the
local water table according to a digital elevation model (DEM) built from light detection
and ranging (LiDAR) estimates of land surface elevation (1 m2 grid size, 10 cm vertical
accuracy). We used the bounds of an aerial photograph of the site in May 2004 (data
courtesy of Flathead Lake Biological Station, University of Montana) to define the
upstream and downstream ends of the floodplain; these bounds correspond reasonably
well to bedrock canyons where water flow is constrained to the surface river channel
(Harrison, 2004). Water flow and chemistry can be easily monitored in these canyons,
making it possible to construct precise budgets for the passage of river water and riverborne materials through the floodplain reach.
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Table 6: Volumes and areas of important components of the Nyack floodplain. Data
for these estimates include a LiDAR-based digital elevation map, aerial photographs,
and a Nyack-parameterized hydrologic model (Helton et al., In press).
Container Name
River Channels
Terrestrial Soil
Aquifer

Area (km2)
0.9
13.8
15.3

Volume (km3)
0.00085
0.01900
0.14200

Mean Depth (m)
0.96
1.38
9.28

Cottonwoods (Populus trichocarpa) and willows (Salix spp.) dominate the early
successional patches of the floodplain where floods and flood scouring are common,
while mixed conifers (primarily Picea engelmannii, P. glauca, and Pseudotsuga menziesii)
and mature cottonwoods and birches (Betula papyrifera) dominate stands where
disturbances have occurred less recently (Poole et al., 2002). A road and railway run
along the southwest side of the floodplain, and two families have houses on the
floodplain and have logged some areas for pasture and hay production, leaving roughly
85% of the floodplain unmanaged. In 2004 the floodplain surface was comprised of 57%
mature forest, 13% young forest, 13% grassland and pasture, 9% gravel bar, 6% river
channel, and 2% impervious surfaces (road, railroad, and houses).
The aquifer for which we constructed a carbon budget consists of a 5-30 m
saturated layer of coarse gravel-and-sand alluvium deposited during the Holocene
(Harrison, 2004). The water budget of this aquifer is dominated by exchange with the
river rather than groundwater, so the aquifer is essentially an expansive hyporheic zone
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(Stanford et al., 2005). Subsurface flow through the hyporheic alluvium is unaltered by
human activity and is laterally extensive: river water travels many hundreds of meters
from the main channel within the aquifer, and at least one third of the river water passes
through the aquifer and rejoins the main channel within the floodplain stretch (Stanford
et al., 2005). Water from the river may spend a few days to several years in this alluvium
as it passes through the floodplain reach (Diehl, 2004).
Above the gravel-and-sand alluvium lies a 0.1-3 m layer of unsaturated soil
(Stanford et al., 1994). Below the alluvium, the hyporheic aquifer is constrained by
Precambrian Belt bedrock at 0 to 200 m depth, a wedge of Tertiary sedimentary rocks
(Kishenehn formation; Constenius, 1988) at the upstream end of the valley, and a layer
up to 170 m thick of Pleistocene glacial deposits with restricted water flow (silt and clay,
with disconnected pockets of gravel and sand) (Harrison, 2004). Although the
Pleistocene sediments are saturated and therefore might be included within our
definition of the floodplain aquifer, little river water penetrates these sediments, so in
this paper we focus our attention only on the overlying hyporheic aquifer. The available
geologic and hydrologic observations have been synthesized in the parameterization of
a hydrologic model (Helton et al., In press) from which we derive our estimates of
aquifer and river channel dimensions (Table 6). With an upper surface area of 15.3 km2
and a mean depth of 9.28 m, the hyporheic aquifer is more than 125 times larger than the
river channel by volume and, assuming an alluvium porosity of 20% (Poole et al., 2004;
97

Helton et al., In press), contains 33 times more water (0.02832 km3 in the aquifer versus
0.00085 km3 in the channel). Note, however, that this volume is only 1.4% of the 2.0 km3
of river water that flows through the floodplain reach (including the aquifer) each year.

4.2.2 Budget overview
As detailed in the following subsections, we synthesized data from 17 published
papers, theses, and unpublished datasets specific to the Nyack Floodplain to generate
estimates for the pools and fluxes of carbon (C) that are relevant to C cycling within the
floodplain aquifer (Figure 19). Many of these estimates required assumptions about the
physical size of the floodplain aquifer, land surface, and channel, so we also estimated
each of these sizes. Our focal C pool for this study (outlined gray oval in Figure 19) is the
pool of dissolved and bioavailable C in the aquifer; in other words, that portion of C in
the aquifer that is either hydrologically or biologically mobile. Although several of the
estimated C fluxes (gray arrows in Figure 19) do not directly impact the size of this focal
C pool, we nonetheless include these estimates for their utility in contextualizing and
constraining those fluxes that do bear directly on our focal C pool (black arrows in
Figure 19).
For each C pool and flux, we present a best, low, and high value for that
estimate. Where uncertainty could be reasonably quantified with standard errors (SEs),
our low and high estimates for each pool or flux are, respectively, the best estimate
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minus the SE*1.96 and the best estimate plus the SE*1.96, i.e., the bounds of the 95%
confidence interval around the best estimate. However, we sometimes found that
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Algal
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Outflow
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Figure 19: Carbon pools and fluxes relevant to the carbon balance in the floodplain
hyporheic aquifer (diagonally shaded compartment). The focal carbon pool in this
paper is in bold: Dissolved & Bioavailable Organic Carbon in the aquifer. Direct
fluxes into the focal pool are represented as black arrows; gray arrows represent
additional fluxes reported in the paper that are used to constrain the direct fluxes.

standard errors from the available data were inadequate to describe the uncertainties in
our estimates. In some cases, we noted unresolvable methodological limitations or
conflicting estimates for a single flux or pool. In other cases, the available data were
precise at the scale of measurement, but scaling those data to the entire floodplain or the
entire year required assumptions for which we could not readily quantify the
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uncertainty. We describe those sources of uncertainty qualitatively and, where possible,
have widened our statistically-based confidence intervals to acknowledge those
uncertainties.
Our best estimate of the budget balance is the sum of the best-estimate fluxes to
the aquifer dissolved and bioavailable C pool, where exports from that pool are treated
as negative inputs. As explained above, not all of our low and high estimates are based
on normal distributions around the best estimates. However, a simple sum of C fluxes
would overestimate the extremity of the low and high budget balances, because it is
unlikely that the contributing fluxes are all simultaneously at the lowest or highest
values within their respective ranges. To calculate low and high budget balances we
therefore treat the low and high estimates for individual fluxes as the 95% confidence
interval bounds for normally distributed estimates. We propagate error though the sum
of fluxes as follows:

Equation 4

Equation 5

where B is a budget balance estimate, Fj is the jth flux in J, J is the set of all fluxes into or
out of the aquifer DOC pool, and BLow and BHigh may be thought of as the bounds of the
95% confidence interval of the budget balance.
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We conducted most analyses in R (R Development Core Team, 2010), using the
Sweave package to document our methods (Leisch, 2002). We conducted all GIS
analyses in ArcMap Version 10 (Environmental Systems Research Institute, Inc.,
Redlands, Calif.).

4.2.3 Carbon pools
Dissolved Organic Carbon in the Aquifer. We estimated the total mass of
dissolved organic carbon (DOC) in the aquifer as
Equation 6
where [DOC] is the average DOC concentration of aquifer water, V is the volume of the
aquifer, and n is the porosity of the aquifer sediment, which we assumed to be 0.2 in
accordance with hydrologic models of the Nyack Floodplain (Poole et al., 2004; Helton et
al., In press). We estimated [DOC] as the mean of DOC concentrations in 96 samples
collected between July 15, 2008 and October 16th, 2009 from PVC observation wells
across the floodplain (12 wells, 6-9 dates per well) (Helton et al., In preparation). Before
each sampling, Helton et al. extracted water from the well with a hand-operated
diaphragm pump until the water ran clear, then used an electric submersible pump
(Whale Submersible 881, Whale Water Systems Specialist) to draw a sample into an acidwashed and thrice-field-rinsed polycarbonate bottle. The samples were transported to
the lab on ice, filtered through 0.45 µm nitrocellulose filters, and acidified with
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phosphoric acid until analysis for total organic carbon on an Apollo 9000 TOC system
(Dohrmann series, Teledyne Tekmar, Mason, Ohio).
Dissolved Organic Carbon in the River Channel. We estimated the total DOC
pool size in the river channels within the floodplain reach as the mean of the river DOC
content in each of the bedrock canyons bounding the floodplain. For each canyon, we
calculated DOC as the product of channel volume and DWM(Cloc), the dischargeweighted mean DOC concentration (kg C m-3) at a sampling location (loc) in the canyon.
We calculated DWM(Cloc) as:

Equation 7

where Cloc d is the DOC concentration at location loc on day d, Qloc d is the river discharge
at that location on day d, and D are the days on which river water samples were
collected.
We measured DOC in channel water samples from the upstream and
downstream bedrock canyons on 27 days spanning the year from 22 Feb 2004 to 22 Feb
2005. We analyzed these water samples for DOC content by the same procedure as
described above for aquifer water samples. As measures of Qloc d, daily mean flow rates
at a gauging station ~12 km downstream of Nyack Floodplain were retrieved from the
USGS website for the years 2004 and 2005 (U.S. Geological Survey, 2001). We used
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equations from Poole et al. (2004) to convert discharge at the gauging station to
estimates of daily discharge through the bedrock canyons.
Terrestrial Vegetation Biomass Carbon. Appling (Chapter 2) recorded the
diameter and species of every tree within 55 plots (20 x 20 m each) across Nyack
Floodplain. The sites were selected to span a wide range of stand ages since a major
flood scouring event at the site. They estimated the stand age in each plot as the
maximum number of tree rings counted in cores from the three largest trees per plot. We
used allometric equations (Olson, 2002; Jenkins et al., 2003, 2004) to estimate total forest
biomass C (woody and foliar aboveground C plus coarse root C) at each stand age, then
modeled biomass as a third-order polynomial function of stand age. The standard error
of the biomass estimate at each stand age was calculated from the standard errors of the
model coefficients. For gravel bars and impervious surfaces we assumed a biomass of 0,
and for grassy areas we used the mean and standard error of three published production
estimates for grasslands around Glacier National Park (Bradford et al., 2006; United
States Department of Agriculture and National Agricultural Statistics Service, 2007).
We scaled our biomass estimates to the full floodplain using GIS maps:
Vegetation cover identification and estimates of stand age were available for the most
active region of the floodplain from Whited et al. (2007). We manually extended that
analysis, using aerial photographs, to create a map of vegetation covers and stand ages
for the entire floodplain. Those portions of the floodplain that were not contained
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within the stand age map (Whited et al., 2007) were typically distant from the channel
and therefore rarely flooded and probably old; these were assigned a uniform stand age
of 125 years, an arbitrary age at the 90th percentile of stand ages measured in our 55
plots. To each patch in the map we then assigned vegetation- and age-specific estimates
of biomass according to the functions described above. We summed the product of
patch size (m2) and biomass (kg C m-2) over all patches in the floodplain map to reach
our best estimate of whole-floodplain biomass. Our high and low estimates reflect the
propagation of uncertainty from the standard error of estimated biomass in each patch
through the summation of biomass across the floodplain.
Organic Carbon in Soil. We estimated the total soil C content of the floodplain
using data from 12 soil pits excavated to the water table in 2008 (Appling, Chapter 3).
The soil pits were divided evenly among three vegetation covers: mixed cottonwoodspruce forest, grassland, and gravel bar. Appling et al. sampled soil at 10 cm increments
from the soil surface to 20 cm below the water table (100-270 cm below the soil surface).
Roots were manually removed from the soil samples, then the samples were air dried,
ground, and combusted in a ThermoQuest NC 2100 CHN analyzer at 600°C to measure
%C without carbonates. For each of the three vegetation types, we fit exponential
equations to model the relationship between soil C content and depth, as follows:
Equation 8
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Where Csoil is in kg C m-3 and depth z is in cm. We then integrated those equations from
the soil surface to the water table to estimate total soil C content in a soil profile with a
specific elevation and vegetation cover. We bootstrapped mean and standard error
estimates of the C content of full soil profiles (kg C m-2) for every observed combination
of vegetation covers and elevations in our floodplain GIS maps, then assigned the
bootstrapped values to each cell in the map. We estimated the total C content of all
floodplain soil as the summed product of patch size (m2) and soil C (kg C m-2) for all
patches, computing the standard error of the sum according to classical error
propagation theory (Lehrter and Cebrian, 2010).
Particulate Organic Carbon in the Aquifer. We estimated the pool size of
particulate (non-soluble) C in the aquifer using data from our 12 soil pits (Appling,
Chapter 3). The deepest sample from each soil pit was taken at 10-20 cm below the latesummer water table; since there were no significant differences by vegetation cover at
this depth, we treated the organic C content of these samples as an unbiased
representation of C content in the aquifer alluvium. One of the twelve soil pits had a
debris inclusion at the lowest sampled depth, where we found substantially higher C
(15.8 kg C m-3) than in the other 11 samples (mean=0.54, SE=0.12 kg C m-3). Such
inclusions are commonly documented in floodplain alluvium; in fact, Reid (2007) also
found evidence for 3 such inclusions (> 1.0% C) in 45 wells across the floodplain. Reid
pumped fine sediments from the upper 1 m of the aquifer, collected those sediments in a
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64 µm Nitex mesh net, and measured their C content by combustion. Because of large
uncertainty in the assumptions required to estimate total aquifer C content from the C
content of pump-sampled sediments, we did not directly include Reid’s measurements
of sediment C when we estimated the size of the aquifer POC pool. Instead, we
combined the observations in both studies to compute a Wilson score confidence
interval (=0.05) around the estimated proportion of the aquifer that contains organicrich sediments (pC-rich). We then scaled our C concentration data from the soil pit samples
as follows:
Equation 9
We assumed that the C-poor fraction of the alluvium had a C concentration (CC) equal to that of the 11 C-poor soil pit samples, while the C-rich fraction had the

poor

same C concentration as our 12th (C-rich) sample. We multiplied Caquifer by the total
aquifer volume to reach our final estimate of aquifer organic matter content.

4.2.4 Carbon fluxes
Heterotrophic Aerobic Respiration in the Aquifer. Currently, Craft et al. (2002)
document the only published estimates of respiration in the Nyack Floodplain Aquifer.
To reach their estimate, Craft et al. (2002) suspended stone-filled chambers in
observation wells of the Nyack Valley and nearby Kalispell Valley floodplains for 4-20+
weeks from March to August, 1995, then transported the chambers to the laboratory to

106

measure oxygen consumption over four hours in a flow-through respirometry system.
Although these methods were reasonable and precedented (Pusch and Schwoerbel,
1994), the results imply astonishingly high turnover of the aquifer carbon pool (see
Introduction), and we therefore supplemented this estimate with respiration estimates
from a separate study:
From April 2004 to June 2006, Reid (2007) operated eight nearly in situ, flowthrough aquifer mesocosms at four aboveground locations across the Nyack Floodplain.
Each mesocosm was comprised of PVC pipes (6.1 m long and 30.5 cm in diameter) filled
with locally collected, rinsed, and sieved sediments. Solar-powered peristaltic pumps
were used to deliver water to each mesocosm from slotted PVC observation wells (7.6
cm diameter, 6-15 m depth) installed in the floodplain aquifer; pumps were operated at
rates comparable to flow rates within the aquifer. Mesocosms were heavily insulated to
protect against temperature changes in water pumped through the mesocosms.
Dissolved oxygen (DO) was measured at the inlet and outlet of each mesocosm
at 1-to-2-week intervals to estimate mean monthly aerobic community respiration from
April 2005 to May 2006. Respiration (R) was calculated as

Equation 10
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where Δ[DO] is the change in DO from the inlet to outlet, τ is the water residence time in
the mesocosm (water volume divided by water flow rate) and n is the sediment porosity
(water volume divided by total mesocosm volume).
We converted oxygen consumption to carbon metabolism by multiplying by the
molecular weight ratio of C to O2 (0.375) and a respiratory quotient of 0.85 (Bott and
Kaplan, 1985; Hauer and Lamberti, 2006). We computed annual mean respiration for
each mesocosm site as the average of the 12 monthly means, where the standard error
for each mesocosm site is the square root of the average of the squared monthly
standard errors. Our final annual respiration estimate is the mean across mesocosms,
with site-specific standard errors propagated through the averaging process.
We present the results from this mesocosm experiment as our best estimate for
community respiration within the aquifer, assigning the lower bound of the 95%
confidence interval to our low estimate and using as our high estimate the microcosmbased results from the same site (Craft et al., 2002). Because mean respiration from
March to August was reasonably representative of annual mean respiration in the
mesocosms, we scaled the microcosm-based data to an annual respiration rate by simply
multiplying mean hourly respiration by the number of hours in a year.
River DOC Inflow and Outflow. We used equations from Poole et al. (2004) to
convert discharge at the USGS gauging station (22 Feb 2004 to 22 Feb 2005) to estimates
of daily discharge in the main channel (in the upstream and downstream bedrock
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canyons) and the 5 tributaries along the floodplain reach. We estimated the fluvial DOC
imports to and exports from the floodplain reach as:
Equation 11
where Qloc is the daily mean discharge (m3 s-1) at each point where river water enters or
exits the floodplain reach (loc = [upstream bedrock canyon, tributaries 1-5, or
downstream bedrock canyon]). DWM(Cloc) is the discharge-weighted mean DOC
concentration at the specified location, calculated as for the river DOC pool estimate
above. We assumed that the tributaries all had DOC concentrations equal to the mean of
upstream and downstream DOC concentrations in the main channel. We calculated
gross DOC inflow (fin) as the sum of DOC flux via the upstream main channel and
tributaries, and we calculated gross DOC outflow (fout) as the flux via the downstream
main channel. To quantify the uncertainty in our estimates, we bootstrapped standard
errors around DWM(Cloc), the weighted mean concentrations at each location. Because
our water samples from the upstream and downstream bedrock canyons were paired by
collection day, our estimates of fin and fout were correlated in each bootstrap iteration, so
we could not assume independence when calculating the standard error of their
difference (fnet_in = fin – fout). We therefore also bootstrapped fnet_in and its standard error for
the purpose of incorporating these fluxes into the C budget.
In-Stream Net Metabolism. To represent in-stream net annual metabolism in the
main and side channels of the Nyack Floodplain, we used measurements of community
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respiration (CR) and gross primary productivity (GPP) in midsummer in six western,
high-light, alluvial streams (Hall and Tank, 2003), and two western, high-light, alluvial,
mid-size rivers (R. Hall, personal communication) in Grand Teton National Park, WY:
Bailey, Ditch, Lizard, Pilgrim 1, and Spread Creeks, Two Ocean Lake Outlet, and the
Buffalo and Snake Rivers. We computed net metabolism as GPP – CR and converted
from oxygen consumption to carbon oxidation by multiplying by the molecular weight
ratio of C to O2 (0.375) and a respiratory quotient of 0.85 (Bott and Kaplan, 1985; Hauer
and Lamberti, 2006). Although the discharges in the Grand Teton streams range widely,
from 25 to 70,000 L s-1, there was no significant relationship between discharge and net
metabolism (p > 0.3). We therefore used the unweighted mean and standard error of all
8 rates to represent net metabolism throughout the main and side channels of the Nyack
Floodplain. Suitable data on annual patterns in net metabolism for such streams could
not be found, but because channel water on the Nyack Floodplain cools and does not
freeze over in the winter, we assumed that the ratio of annual net metabolism (NMann, kg
C m-2 d-1) to summertime net metabolism (NMsum, kg C m-2 d-1) is approximately 0.66
(SE=0.15). To scale to total annual in-stream net metabolism on the Nyack Floodplain,
we computed the product of the mean summertime net metabolism, (NMann/NMsum), and
the channel volume. Our high and low estimates reflect the classical propagation of
uncertainty from the standard error of the net metabolism estimates and our assumed
standard error for NMann/NMsum.
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Net DOC Input from River. Changes in river DOC concentrations between the
bedrock canyons bounding the floodplain reach provide information on the net
consumption (or production) of DOC within the aquifer and channel. Specifically, some
portion of fnet_in, the change between the annual river DOC import and export, can be
attributed to DOC consumption or production within the aquifer, and another portion
can be attributed to DOC processing in the channel. We estimated the net DOC
consumption in the aquifer as fnet_in – fin-stream, propagating uncertainty by standard
methods for the difference between two independent variables.
Terrestrial NPP. We used the same dataset of tree diameters and species for
terrestrial NPP as for biomass (Appling, Chapter 2). Using a space-for-time substitution
to estimate the rate of biomass increment in forest stands, we modeled annual woody
biomass C accumulation in floodplain forest stands as the derivative of a third-order
polynomial curve fit to woody biomass C (woody aboveground C plus coarse root C)
versus stand age. We also used allometric equations (Jenkins et al., 2003, 2004) to
estimate annual foliar production in each plot and fit a third-order polynomial to foliar
production versus stand age. We defined annual terrestrial NPP in forest stands as the
sum of the woody biomass C accumulation rate and the annual new leaf C production
rate, again a function of stand age. The standard error of NPP at each stand age was
calculated from the standard errors of the contributing model coefficients. For gravel
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bars and impervious surfaces we assumed an NPP of 0, and for grassy areas we
assumed that annual NPP was equal to annual maximum biomass.
As with biomass, we scaled our NPP estimates to the full floodplain using GIS
maps. To each patch in the map we then assigned vegetation- and age-specific estimates
of NPP according to the functions described above. We summed the product of patch
size (m2) and NPP (kg C m-2 yr-1) over all patches in the floodplain map to reach our best
estimate of whole-floodplain NPP, propagating standard errors through the summation.
Forest Biomass Inputs to Aquifer. In addition to describing the current
vegetation cover pattern on the floodplain, Whited et al. (2007) analyzed a series of
aerial photographs of the site in 1945, 1966, 1981, 1986, 1991, 1999, 2002, 2003, and 2004.
We used their analysis of the photographs to estimate the rate at which floods topple
trees and uproot vegetation, making wood and debris available for burial (also by
floods) in the aquifer. Major floods are documented for 1894, 1899, 1916, 1948, 1954,
1964, 1975, and 1997 (Boner and Stermitz, 1967; Malanson and Butler, 1990; Whited et al.,
2007). Whited et al. identified the cohorts of trees that became established between each
pair of aerial photographs; they then documented the loss in area of each cohort (largely
due to flood scour) in each subsequent pair of photographs.
We used our regression model of forest biomass accumulation to estimate the
biomass density of each cohort in each year, and then we multiplied cohort biomass
density by the change in cohort area to estimate the amount of biomass downed by
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floods. In each interval between photographs, we assumed that changes in cohort area
occurred on the intervening year with the highest flood peak. We assumed that each
new cohort was initiated at least three years before the photo in which it was first visibly
regenerating; if there was a large flood after the preceding photo and before the cohort
identification photo, we assumed the cohort was initiated in that flood year.
We interpreted the total change in biomass as the maximum amount that could
potentially be buried in the floodplain aquifer in each photograph interval. Quantitative
data on a burial rate are unavailable, but some assumption was necessary for this
budget; we chose to assume that the buried fraction is 10-50% (best guess=30%) of the
total biomass overturned by floods. This assumption is qualitatively supported by our
observations of old wood still on the floodplain surface, log jams in the process of being
buried in old channels, and woody debris buried at depth within the aquifer alluvium
(Figure 18C&D).
Decomposition of Particulate Organic Matter within the Aquifer. We
constrained our decomposition rate estimate to no more than the average amount of
forest biomass that is buried by flood scouring each year, reasoning that the aquifer is
otherwise comprised of C-poor glacial alluvium.
To quantify the capacity for the aquifer community to decompose particulate
debris, Reid (2007) incubated 1.81 L samples of sandy, organic-matter-rich sediment
within his mesocosms (see Heterotrophic Respiration above) for 620 days, one sample
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per mesocosm. The sediment was collected from a debris jam on the floodplain surface
and was incubated within 250 µm Nitex mesh bags that permitted water flow while
retaining particulates. Reid measured ash-free dry mass of the sediment at the beginning
and end of the 620-day period, then estimated decomposition from the fit of an
exponential decay curve between these two times.
Leaching Flux from Soil to Aquifer. We estimated fleaching, the DOC leaching flux
from forest and grassland soils into the aquifer, as the product of soil pore water DOC
concentrations ([DOCporewater]) and the volume of water that leaches downward through
floodplain soils in a year (Qleaching):
Equation 12
With this calculation we implicitly assume that when pore water leaches
downward from shallow soils and is replaced by freshly infiltrating water, DOC is
released into that new water from the solid and adsorbed fractions of soil organic
matter. To estimate [DOCporewater], we used data from Appling (Chapter 3), who collected
soil pore water at 10 cm, 50 cm, and 100 cm depth from ceramic cup lysimeters at three
locations on the floodplain from 03 Mar to 14 Jul 2009. Acknowledging that the 53
collection dates were unevenly distributed throughout the period of observation (most
frequent in March and April) and over the year (observations not available for July –
February), we computed the mean concentration at each depth as measures of the DOC
content of pore water that is flushed into the aquifer each year. Our best flux estimate is
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based on the assumption that [DOCporewater] at 50 cm depth is most representative of the
concentration of DOC leached to the aquifer. To partially capture the uncertainty in the
assumption that lysimeter-extracted pore water accurately represents leached water, we
set the [DOCporewater] for our high and low estimates to observed [DOCporewater] in
lysimeters at 10 cm and at 100 cm, respectively.
We estimated the leaching flux of water (Qleaching) from soils into the aquifer as
Equation 13
where FW is infiltrating overland flood water, PPT is precipitation, Qrunoff is runoff, ET is
evapotranspiration, and ∆S is the change in water storage in the forest and soils. The
amount of flood water (FW) that infiltrates the aquifer from overlying soils was
estimated from a detailed hydrologic model (Helton et al., In press) for representative
low, medium, and high-flood years. To estimate PPT, mean annual precipitation data
were downloaded for the West Glacier station (Co-op ID = 248809) for 1914-2010 from
the website of the U.S. National Climatic Data Center (NCDC) of Asheville, North
Carolina; because 20 years were missing data for one or more months, we report the
average of the remaining 76 years. We assumed, for simplicity, that runoff (Qrunoff) on
this relatively flat land surface is 0 and that there is no change in water storage (∆S=0).
For annual evapotranspiration (ET), we downloaded a Moderate Resolution Imaging
Spectroradiometer (MODIS)-based estimate of daily average ET (MOD16; NTSG) for
forest and grassland within a 30 km2 area surrounding the central coordinates of the
115

floodplain for the years 2000-2010. We approximated the standard error of the ET
estimate as the mean annual ET multiplied by the mean absolute error (MAE) for this
MODIS product (Mu et al., 2011). We calculated the total annual leaching flux as in
Equation 13 and also partitioned that flux into the mass of DOC that is leached by
floodwater (FW) and the mass leached by net atmospheric water inputs (PPT – ET). Our
uncertainty for Qleaching is the propagation of standard errors or their approximations
through the sum of FW, PPT, and ET.

4.3 Results
4.3.1 Budget overview
By our best estimates, the aquifer DOC pool contains 15.5 t C, a mass of C that is
dwarfed by the C pools in the forest, aquifer, and overlying soils (Table 7) and by the
annual C fluxes into and out of this pool (Table 8). For example, based on best estimates
of the aquifer DOC pool and community respiration in the aquifer, the aquifer DOC
pool turns over completely in just 5.7 days. Community respiration accounts for the
largest export of C from the aquifer DOC pool at 992.1 t C yr-1 (58.9 to 71,213.1), while
leaching from overlying soils accounts for the largest import at 423.0 t C yr-1 (208.6 to
607.2) (Table 8). The best-estimate balance is a net loss of C from the aquifer bDOC and
DOC pool of 683.5 t C yr-1, while our low and high estimates range from a net loss of
70,905.2 t C yr-1 to a net gain of 290.6 t C yr-1. We next report individual pool sizes and
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Table 7: Organic carbon pools on and in the floodplain. Low and high estimates
reflect 95% confidence intervals for each pool size as described in the methods.

River DOC
Aquifer DOC
Vegetation Biomass C
Soil OC
Aquifer POC

Best
Estimate
(tC)
0.84
15.5
153,500
113,700
287,300

Low
Estimate
(tC)
0.71
13.7
143,900
108,600
103,800

High
Estimate
(tC)
0.97
17.3
163,200
118,900
466,100

Total C content

554,600

356,400

748,200

Pool Name

Table 8: Carbon fluxes into the bioavailable aquifer C pool, and a carbon balance with
respect to that pool. A positive flux indicates net C input to the aquifer bDOC and
DOC pool. Low estimates are those that minimize the net flux into the aquifer bDOC
and DOC pool, while high estimates maximize the net flux.

Flux Name

Best
Estimate
(t C yr-1)

Low
Estimate
(t C yr-1)

High
Estimate
(t C yr-1)

Aerobic C respiration in aquifer

-992.1

-71,213.1

-58.9

River DOC inflow
River DOC outflow
In-stream metabolism
Net DOC input from river

1,925.4
1,905.8
-215.6
-195.9

1,619.3
2,212.6
-362.4
-399.2

2,231.6
1,598.9
-68.8
7.3

Forest NPP
POC burial and turnover into aquifer
POC decomposition in aquifer

3,550.3
81.4
81.4

3,080.4
27.1
27.1

4,020.2
135.7
135.7

Litterfall inputs to soil surface
Soil leaching by rain and snowmelt
Soil leaching by river water
Total DOC leaching from soil

2349.4
75.9
347.1
423.0

2160.8
36.5
166.9
208.6

2538.0
109.5
500.6
607.2

Balance: Net flux to aquifer bDOC & DOC

-683.5

-70,905.2

290.6
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flux rates to more deeply investigate the exchanges of C among the river, floodplain,
and floodplain aquifer ecosystems.

4.3.2 Carbon pools
Dissolved Organic Carbon in the Aquifer. Mean DOC concentrations in aquifer
water are 549 µg L-1 (SE=20); multiplying by the volume of water in the aquifer, we
estimate that total aquifer DOC content is approximately 15.5 t C (13.7-17.3) (Table 7).
Dissolved Organic Carbon in the River. The river channel and side channels of
the floodplain reach have a somewhat higher DOC concentration of 988 µg C L-1 (SE=78).
However, because the channel volume is much smaller than the aquifer volume, DOC
storage in the river channels is only 0.842 t C (0.711 – 0.974) (Table 7).
Organic C in Vegetation Biomass. In our regression model (Figure 20), forest
biomass density ranges from near 0 kg C m-2 to 19.6 kg C m-2 in stands up to 150 years
into succession, and we estimate grass biomass density at a constant 0.097 kg C m-2
(SE=0.020). Scaled to the floodplain, these estimates yield a total biomass C pool of
153,520 t C (SE=4930; Table 7).
Organic C in Overlying Soils. We modeled depth profiles of soil organic C
according to Equation 8 where α=1.09 and β=-0.0082 for gravel bars (r2=0.11, p < 0.05),
α=4.24 and β=-0.0115 for grass-covered soils (r2=0.27, p < 0.001), and α=6.09 and β=0.0041 for forested soils (r2=0.04, p < 0.1). After applying these functions at 1 m x 1 m
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Figure 20: Models of vegetation biomass, NPP, and leaf production. Grassland
biomass and NPP were assumed to be constant, while forest biomass and NPP were
modeled as functions of stand age. Forest regressions are based on allometric scaling
of tree diameters to total biomass (circles) and leaf biomass (triangles). Total NPP is
modeled as the derivative of total biomass; leaf biomass is for both evergreen and
deciduous leaves, while leaf production assumes 20% annual leaf turnover for
evergreen species and 100% turnover for deciduous species. Error ranges in the lower
plots are 95% confidence intervals.
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resolution across the floodplain, we estimate that the floodplain-wide soil organic C
pool is on the same order of magnitude as vegetation biomass at 113,730 t C (SE=2620;
Table 7).
Particulate Organic Carbon in the Aquifer. We estimate that 9.7% (SE=3.6%) of
the aquifer volume is C-rich at 15.8 kg C m-3 and the remainder is C-poor at 0.54 kg C m-3
(SE=0.12). The mean C concentration in the aquifer is therefore 2.03 kg C m-3 (95% CI =
0.73-3.29), and the total C content of the aquifer is 287,299 t C (95% CI = 103,832-466,100),
making aquifer POC the largest C pool on or in the floodplain (Table 7).

4.3.3 Carbon fluxes
Heterotrophic Respiration in the Aquifer. Community respiration in the aquifer
mesocosms showed strong seasonal trends that varied according to the mesocosm
location (Figure 21). Respiration peaked in the late summer in the mesocosm pair
nearest the river channel (M1) but was highest in the winter at the other three mesocosm
locations (M2-M4). Respiration was moderate-to-high in the spring and early summer at
all four mesocosm sites. Despite differences in temporal trends among the mesocosms,
all sites showed similar ranges of respiration rates over the annual cycle.
From the mesocosm study we estimate a mean annual rate of aerobic C
consumption (respiration) of 0.00701 (SE=0.00336) kg C m-3 yr-1. In contrast, Craft et al.
(2002) found much higher oxygen consumption rates corresponding to C consumption
of 0.503 (range: 0.168 to 1.006) kg C m-3 yr-1 in their microcosm assays. For our aquifer C
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Figure 21: Community respiration in aquifer mesocosms at four locations across the
floodplain, measured as the decrease in dissolved oxygen from the inflow to the
outflow of each mesocosm. Data points each represent the mean and standard error of
respiration estimates for 2-4 measurements per month for two side-by-side
mesocosms at that location. The legend reports water travel time from the river
channel to the well supplying each mesocosm pair. Data and residence time estimates
are as reported by Reid (2007).

budget, we take our best and higher (less aquifer-depleting) estimates to be the mean (992.1 t C yr-1) and mean-1.96*SE (-58.9 t C yr-1) of the annual rates from Reid’s mesocosm
study, which was the most spatially and temporally extensive. However, the
representativeness of any one method for quantifying respiration throughout an entire
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aquifer is unknown, and we therefore include the mean respiration observed by Craft et
al. (-71,213 t C yr-1) as a lower-bound estimate for this flux (Table 8).
River DOC Inflow and Outflow. DOC import via the main channel and
tributaries for the year from 22 Feb 2004 to 22 Feb 2005 was 1,925.4 t C yr-1 (SE=156.2),
while export was 1,905.8 t C yr-1 (SE=156.6) (Table 8). Net import to the floodplain reach
(channel and aquifer) was 19.6 t C yr-1 (SE=71.7).
In-Stream Net Metabolism. The stream channel community is likely net
heterotrophic, i.e., a net sink for organic carbon from the river DOC pool: We estimate
average net in-stream metabolism throughout the year at -0.242 kg C m-2 yr-1 (SE=0.084),
for a total of -215.6 kg C yr-1 (SE=74.9) in all channels of the floodplain reach (Table 8).
Net Export of Riverine DOC from the Aquifer. Subtracting net in-stream
metabolism from net river DOC import, we estimate that the aquifer is a net source of
DOC to the river at the rate of 195.9 t C yr-1 (SE=103.7) (Table 8).
Terrestrial Vegetation NPP. Forest NPP peaks at 108 years at 0.38 kg C m-2 yr-1 in
our regression model (Figure 20), while we model grass NPP per m2 at a constant 0.097
kg C m-2 yr-1 (SE=0.020). Combining grass and forest models, we estimate that NPP
across the entire floodplain is 3550 t C yr-1 (SE=240; Table 8).
Biomass Turnover and Burial. Aerial photographs document substantial losses
of forest biomass between 1945 and 2004 (Figure 22), and the affected area comprised
over 4.7 ha, or 32% of the total floodplain area considered in this budget. Over the
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Figure 22: A. Changes in forest cohort area over time according to an aerial
photograph record (Whited et al., 2007). B. Biomass density of each cohort over time,
using our biomass accumulation model (Figure 20). The approximate year of each
cohort’s establishment is described in the legend. C. Cohort area (A) multiplied by
biomass density (B) yields the total standing biomass of each cohort. D. Cumulative
turnover of all cohorts combined.
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documented period, which includes the two largest floods since 1910 (in 1964 and 1975)
the mean rate of biomass turnover was 271.4 t C yr-1. Our estimate of biomass burial in
the aquifer is therefore 81.4 t C yr-1 (range=27.1-135.7).
Decomposition within the Aquifer. For the C budget (Table 8), our estimates of
particulate organic matter decomposition in the aquifer are identical to our estimates of
biomass turnover and burial: 81.4 t C yr-1 (range=27.1-135.7). Sediments incubated in the
mesocosms (Reid, 2007) showed declines from 2.46% C (SD=0.21%) to 2.12% (SD=0.22%)
over 620 days, implying an exponential decay constant of 0.0877 kg kg-1 yr-1 (SE=0.028).
However, if this rate is applied to the total POC content of the aquifer (287,300 t C) and
we assume annual inputs of 81.4 t C yr-1, the entire aquifer POC pool is depleted to less
than a tenth of the starting pool size in just 26 years. We doubt that the POC pool is as
unstable as this scenario predicts, and we explore this seeming paradox in the
Discussion. In the meantime, for the purpose of our C budget presented in Table 8, we
rely on our biomass burial results rather than the sediment incubation results to estimate
decomposition.
Soil DOC Leaching Flux to Aquifer. Soil pore water concentrations at our three
lysimeter sites averaged 17.7 mg C L-1 (SE=1.1) at 10 cm depth, 13.7 mg C L-1 (SE=0.6) at
50 cm depth, and 7.7 mg L-1 (SE=0.6) at 100 cm depth. We estimate annual precipitation
at 714 mm yr-1 (SE=15) and evapotranspiration at 313 mm yr-1 (approximated SE=77).
Annual flood infiltration from soils into the aquifer was substantially higher than PPT124

SE at 1835 mm yr-1 (approximated SE=109) averaged across the floodplain surface. The
total leaching flux of DOC is 423.0 kg C yr-1 (range: 208.6-607.2), with 18% of that flux
due to PPT-SE and 82% due to floodwater infiltration (Table 8).
Potential Constraints on Soil DOC Leaching. A complete soil C budget for the
floodplain surface was beyond the scope of this study, but we were able to confirm that
our leaching flux estimate is substantially lower than gross C inputs to the soil surface
each year. Annual leaf production alone is 0.097 kg C m-2 yr-1 (SE=0.020) in grassland and
0.00-0.27 kg C m-2 yr-1 (SE=0.00-0.03) in forests (Figure 20), for a floodplain-wide input of
2350 t C yr-1 (SE=95; Table 8). Pore-water leaching transports 18% (between 8% and 28%)
of leaf C inputs to the aquifer each year.

4.4 Discussion
4.4.1 Carbon sources to aquifer heterotrophs
Our objective in this paper was to better understand the organic C sources that
support the heterotrophic aquifer community of the Nyack Floodplain. Our budget
results suggest that river floods are responsible for delivering much of the 992 t C (5971,213) respired by aquifer organisms each year (Table 8). Four fifths of the 423 kg CDOC yr-1 (209-607) that we estimate is leached from soils into the aquifer is leached not
by precipitation but by river water during the annual snowmelt flood. Forest uprooting
and wood burial, which may supply 81 t C yr-1 (27-136) to the aquifer, depend on the
largest of these annual floods (Figure 22). The combined C inputs from leaching and
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wood burial either supply the bulk of C respired in the aquifer or replace riverine DOC
inputs, or both, with the result that riverine imports of 1925 t C yr-1 (1619-2232) are
approximately balanced by downstream exports of 1906 t C yr-1 (2213-1599). In-stream
metabolism is most likely an additional sink rather than source of DOC at 196 t C yr-1 (-7
to 399). Thus it is the redistribution of C within the floodplain, primarily by floods, that
sustains heterotrophy in the aquifer without depleting river DOC concentrations.

4.4.2 Flux estimates
Heterotrophic Respiration in the Aquifer. Understanding C sources to aquifer
heterotrophs naturally begins with an estimate of the rate at which that community
processes organic C. Our best and low estimates of aquifer respiration, derived from a
mesocosm study (Reid, 2007), are among the lowest reported in the literature for
hyporheic aquifers (Pusch and Schwoerbel, 1994; Jones et al., 1995; Ellis et al., 1998;
Baker et al., 2000; Crenshaw et al., 2002) and are two orders of magnitude lower than our
high estimate based on respirometry of microcosm sediments (Craft et al., 2002).
Seasonal trends in community respiration in the mesocosms imply that assays
conducted in the early spring (as Craft et al.’s assays mostly were) could under- or overestimate annual respiration by a factor of 2 or so (Figure 21). However, our mesocosm
and microcosm estimates differ by a factor of 72. We favored the mesocosm results in
our C budget for three reasons: First, these estimates are for communities that were
established on the floodplain and allowed to stabilize for over a year before we
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measured respiration. Second, Reid measured respiration in every month of the year,
while Craft et al. measured respiration less consistently over time. Finally, Reid’s
mesocosms were large enough to accommodate substantial invertebrate populations
and therefore represent a more complete aquifer community (Reid, 2007). Nonetheless,
the mesocosms are also artificial representations of the aquifer, and we therefore
included the findings of Craft et al. (2002) in our confidence range as a way to quantify
methodological uncertainties in estimating aerobic respiration.
Net Export of Riverine DOC from the Aquifer. Because a large volume of river
water flows through the aquifer each year, DOC in river water might seem a likely C
source for aquifer organisms. However, our C budget indicates a net export of 216 t CDOC yr-1 (high=362) from the aquifer to the river, or at most a net import of just 7 t C yr-1
(Table 8). We computed these estimates by subtracting in-stream OC consumption from
the difference between riverine imports and exports. The difference between riverine
imports and exports could be positive or negative at 20 t C yr-1 (SE=72), so our estimate
of net export from the aquifer primarily reflects our estimate of in-stream metabolism.
We have not estimated a flux of C directly from the floodplain land surface to the
channel via litterfall or runoff. We expect this flux to be low since much of the channel is
unshaded, suggesting low litterfall inputs, and the floodplain surface is flat and porous
so that most water reaching the land surface should evaporate or leach downward
rather than flowing over land to the channel. However, it is possible that some of the
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DOC change we attribute to the aquifer is actually due to aboveground inputs of C. This
possibility is supported by the observation that DOC concentrations decline as a
function of water residence time in the aquifer (Helton et al., In preparation).
All eight of the Rocky Mountain streams and rivers we used to estimate instream metabolism were net heterotrophic at -215.6 kg C yr-1 (SE=74.9) in the late
summer. Seasonal patterns of in-stream metabolism in alluvial rivers of the Rocky
Mountains are not yet well understood, and information on such patterns would
improve our confidence in scaling to an annual rate.
Biomass Burial and Decomposition within the Aquifer. Large floods can
overturn large sections of forest and may bury large amounts of woody debris in the
aquifer (Figure 22). Our budget indicates that particulate organic carbon (POC) in the
aquifer is potentially the largest C pool in the floodplain, exceeding soil organic C and
forest biomass C in our best and high estimates. Precisely quantifying the decomposition
rate of this POC is therefore imperative for constraining its availability to aquifer
organisms. Our most direct measure of decomposition in the aquifer comes from
incubations of organic-rich sediment within nearly in situ aquifer mesocosms (Reid,
2007). However, if we assume that all aquifer particulate organic C (POC) is equally
bioavailable, Reid’s estimate of the decomposition rate constant (0.088 yr-1) is clearly too
high: simulating that decomposition rate for our estimated POC pool (287,300 t C), we
find that the pool is depleted to one 10th its size within the first 26 years of a simulation,
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even with constant POC inputs (81.4 t C yr-1) from wood burial (Figure 23A). If we
assume instead that only the recently added POC remains bioavailable, Reid’s estimate
yields a relatively constant POC pool size over time and a decomposition rate that is
reasonably well matched to the rate of POC burial (Figure 23B). Paired with a constant
annual rate of POC burial, and assuming that POC becomes recalcitrant after 100 years
in the aquifer, Reid’s estimate predicts a stabilization of the bioavailable POC pool at
3096 t C, a small fraction (1.1%) of the total POC pool (Figure 23C).
It is well established that organic matter varies in bioavailability, and we infer
from these simulations that while a small and important fraction of aquifer POC is
bioavailable, most aquifer POC is minimally bioavailable. Nonetheless, the annual
decomposition of just a 2000th of the older 287,300 t C-POC in the aquifer would
constitute a doubling of the POC decomposition flux (an additional 143.6 t C yr-1). Our
aquifer DOC budget is therefore highly sensitive to minor changes in our estimate of the
bioavailable fraction of aquifer POC or the decomposition rate constant, and it is clear
that our understanding of floodplain aquifer ecosystems will benefit from more work in
this area. Estimating the organic C content of deep alluvium is tremendously difficult
because inclusions rich in organic soils and debris are distributed sparsely relative to the
volume of deep alluvium that can be feasibly observed. Major excavation efforts to
locate buried wood and to date that wood with tree rings and 14C could help to constrain
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Figure 23: Simulated aquifer POC pool size using a decomposition rate constant of
0.088 yr-1 (SE=0.027). Note the axis gaps in the 2nd and 3rd panels. Scenario A: All POC
in the aquifer is equally bioavailable and new POC is added at 81.4 t C yr-1 (Table 8).
Total POC content declines rapidly. Scenario B: POC is added at the rates and
intervals modeled in Figure 22, and only recently added C is bioavailable. Inputs are
approximately balanced by the resulting decomposition fluxes. Scenario C: POC is
added at a constant 81.4 t C yr-1, and only recently added C is bioavailable. The
aquifer POC pool size stabilizes within decades.
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these estimates further (as in Guyette et al., 2002; Kukulak et al., 2002; Guyette et al.,
2008). However, future research should address not only the abundance of POC but also
the bioavailability of POC as a function of its age.
Soil DOC Leaching Flux to Aquifer. By our estimates, DOC leaching from soil is
the greatest net source of organic C to aquifer organisms at 423.0 kg C yr-1 (range: 208.6607.2; Table 8). Our expectation of high leaching fluxes is consistent with studies in other
western floodplains (Baker et al., 2000; Clinton et al., 2002).We estimated leaching as the
mean concentration of soil pore water at 10, 50, or 100 cm depth (low, best, and high
estimates) multiplied by the leaching of water from soils to the aquifer. This approach is
precedented (Knight et al., 1985; Yavitt and Fahey, 1986; Currie et al., 1996) but does not
account for preferential flowpaths or controls on organic C mobility including pH
(Brooks et al., 1999), DOC quality (Kalbitz et al., 2000), or seasonal flushing of the soluble
DOC pool (Hornberger et al., 1994; Boyer et al., 1997). Because our C budget points to
pore-water DOC leaching as the largest net C input to the aquifer, reducing uncertainty
in this estimate could substantially improve our understanding of C sources and sinks in
the aquifer.
We partitioned the leaching flux into the amount of DOC leaching that might be
attributed to precipitation minus evapotranspiration (76 t C yr-1, range=37-110) and the
amount attributable to floodwater infiltration (347 t C yr-1, range 167-501). Floodwater
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infiltration accounts for 82% of the pore water leaching flux by our best estimates, again
emphasizing the role of river floods in transporting organic C to aquifer heterotrophs.

4.4.6 Alternative conceptual models
The balance of our best flux estimates implies a net loss of C from the aquifer
DOC pool of 683.5 t C yr-1. At the low and high extremes of our budget balance, the
aquifer could be losing 70,905.2 t C yr-1 or gaining 290.6 t C yr-1. Under most
combinations of budget estimates, we can explain some but not all of the C influx that
must exist to support the observed respiration rates (Table 8). Here we explore three
complementary hypotheses that may help to address the budget imbalance.
Long term changes in aquifer C storage. A budget imbalance does not necessarily
mean that our estimates are inaccurate; it may simply be that the aquifer C pool size is
not at steady state. Note, however, that fastest net losses predicted by our budget could
not be sustained for long: the total C content of the floodplain forest, soil, and aquifer is
no more than 748,200 t C (Table 7), so at the fastest loss rate we would see a complete
extraction of C from the floodplain in fewer than 11 years. We think the most likely
trend in the aquifer C pool is a gradual increase from very low C content when glacial
alluvium first filled the floodplain ~11,000 years ago to the C content observed today. If
we assume that the C content of newly exposed glacial alluvium is approximately 0.53
kg C m-3 (as in Smittenberg et al., 2012) and that the modern-day aquifer contains 2.03 kg
C m-3 (as in our best aquifer POC estimate, Table 7), then the aquifer has accumulated
132

19.2 t C yr-1 since the formation of the floodplain. This estimate does not reduce the
budget imbalance but does fall within our current uncertainty range for the net C flux to
the aquifer (Table 8).
Chemoautotrophy. By considering only the C inputs and losses from the aquifer,
we have so far omitted the possibility that carbon atoms are recycled along aquifer flow
paths. The aquifer community might repeatedly reduce and oxidize a C atom as it
passes through the aquifer, consuming additional O2 in each cycle. Such recycling
would reduce the respiratory quotient (RQ, ratio of organic C oxidized to O2 consumed)
in the floodplain aquifer relative to that of other freshwater ecosystems. A lower RQ
would justify a lower estimate of organic C loss via respiration in the aquifer, partially
repairing our budget imbalance. In contrast to aerobic oxidation of organic matter,
chemoautotrophic pathways such as methanotrophy and nitrification use O2 to produce
rather than consume organic C compounds (Figure 24).
Isotopic evidence in the Nyack floodplain aquifer supports the presence of
chemoautotrophy in the floodplain aquifer, in that meiofauna biomass in the aquifer is
often more 13C-deplete (-26‰ to -60‰) than local POC and DOC substrates (-22‰ to 29‰), especially in zones of low dissolved oxygen (Reid, 2007). Methanogenesis and
methanotrophy produce 13C-deplete CH4 and organic C, respectively (Whiticar, 1999);
similarly, ammonia oxidizers can strongly discriminate against 13C during biosynthesis
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Figure 24: Potential pathways for C transformation and transport in the floodplain
aquifer. Evidence and likely rates for each pathway are explored in the text. The
figure illustrates two points: (1) Estimates of organic C oxidation based on O2
consumption may underestimate C oxidation in the presence of fermentation or
anaerobic oxidation with NO3-, SO42-, Fe3+, etc., or they may overestimate C oxidation
in the presence of nitrification and methanotrophy. (2) Chemoautotrophic pathways
strongly discriminate against 13C such that meiofaunal consumers of chemoautotrophs
could have very negative δ13C signatures, even if δ13C of the overall DIC and DOC
pools remains close to that of the source materials, allochthonous organic matter and
rock carbonate minerals.
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(Sakata et al., 2008). Either or both of these pathways could therefore contribute to the
13

C depletion of meiofauna biomass if these invertebrates consume chemoautotrophic

bacteria (Figure 24) (Jones et al., 2008; van Hardenbroek et al., 2010).
Molecular data from aquifer sediments confirms the presence of methanogens
and methanotrophs in the aquifer. Lowell et al. (2009) have identified the anaerobic
fermenter Clostridium perfringens, which can produce both H2 and acetate (Ishimoto et
al., 1974; Huang et al., 2010) that might then be used by methanogens to produce CH4
(Liu and Whitman, 2008) (Figure 24). Lowell et al. (2009) also identified uncultured
members of the Alphaproteobacteria, a group known to contain several clades of type II
methanotrophs (Hanson and Hanson, 1996).
Methane concentrations in Nyack aquifer water can be quite high (up to 1600
µmol L-1; Wright et al., in preparation), providing chemical evidence for in-situ methane
production. However, quantifying methanogenesis as a component of the wholefloodplain C budget will be challenging. Methane production is highly spatially
heterogeneous (Wright et al., in preparation), making it difficult to scale any in situ flux
measurements to the whole floodplain. Also, any isotope-based approach will have to
take into account the substantial enrichment of 13C in the aquifer DIC pool caused by the
dissolution of carbonate minerals from the sand-and-cobble matrix (Smith et al., 2011)
(Figure 24).
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One approach to estimating chemoautotrophy that bypasses these challenges is
to look at changes in NO3- and bioavailable dissolved organic C (bDOC) as a function of
water residence time in the aquifer. The nitrification rate can be approximated as the
increase in NO3- concentrations over time as water passes through the floodplain.
Similarly, an increase in bDOC over time could be interpreted as the product of C
fixation by chemoautotrophs, given the absence of other readily bioavailable C inputs to
the aquifer (Helton et al., In preparation). Using time-averaged concentrations at two
sampling wells representing residence times of 45 and 285 days, respectively, Helton et
al. observed an increase in NO3- of 0.29 µg N L-1 d-1 and an increase in bDOC of 0.45 µg C
L-1 d-1. Assuming that nitrifiers consume 3.78 mol O and fix 0.11 mol C into biomass per
mol NO3- produced (Romaniello and Derry, 2010), we estimate that nitrification
throughout the aquifer could account for the consumption of 12.9 t O yr-1 and the
production of 0.3 t C yr-1. We can perform a similar exercise for bDOC, first subtracting
C production by nitrification from the bDOC production rate: assuming that the
remaining bDOC is produced by methanotrophs and that methanotrophs consume 9.14
mol O per mol C fixed (Pol et al., 2007), we estimate that methanotrophy could account
for the consumption of 52.9 t O yr-1 and the fixation of 4.3 t C yr-1.
These bDOC- and NO3--based estimates may underestimate chemoautotrophy
because they rely on net, rather than gross, production of bDOC and NO3-, or they may
overestimate chemoautotrophy because they attribute allochthonous bDOC and NO3136

inputs to in situ production. These estimates are also susceptible to large errors or biases
due to the fallible assumption that differences in space at a single time can be substituted
for differences in time over flow paths, when temporal variability in input solute
concentrations could easily invalidate this assumption. Nonetheless, they provide a
reasonable starting point for exploring the implications of chemoautotrophy for our C
budget. The respiration estimates in Table 8 assume that O2 consumption is evidence for
organic C consumption, but with chemoautotrophy that relationship is reversed:
assuming that 65.8 t O yr-1 are consumed by nitrifiers and methanotrophs rather than
aerobic heterotrophs, our respiration estimates should be reduced by 21.0 t C yr-1. More
generally, these observations should motivate careful interpretation of O2-based
respiration estimates in any ecosystem where chemoautotrophy is a possibility. We
should also add a chemoautotrophic flux of 4.6 t C yr-1 from the aquifer DIC pool into
the aquifer DOC pool. These alterations would be noticeable but not large in the context
of our overall C budget (Table 8).
Aquifer dimensions. The underlying sediments of glacial-alluvium floodplains
are typically comprised of lenses of silt, clay, and woody debris interspersed within a
sand and gravel matrix (e.g., Wilkie and Clague, 2009). This heterogeneity in the texture
and porosity of sediments causes spatial heterogeneity in the rate of water flow through
the aquifer, with silt-clay lenses largely obstructing flow and sand-and-gravel fills
constituting preferential flow zones through which water flows rapidly (Boulton et al.,
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1998). Evidence for preferential flow zones within the Nyack Floodplain aquifer is
abundant. Sorted sediments are clearly visible in the walls of soil pits (Figure 25). Flow
velocity estimates range from 0.18 to 60 m d-1 and vary substantially with depth within
observation wells (Diehl, 2004). Also, ground-penetrating radar has enabled researchers
to identify highly permeable corridors where former river channels have been filled
almost entirely with coarse sand and gravel (Poole et al., 1997). At the whole-floodplain
scale, analyses of temperature fluctuations and specific conductance suggest that flow is
segregated into an upper layer (2-5 m thick) that frequently exchanges water with the
river channels and a deeper layer that flows predictably from the upstream end of the
floodplain through aquifer sediments to the downstream end of the floodplain (Diehl,
2004).
Such heterogeneity in the routes and rates of water flow could have profound
implications for energy transfer and C cycling within the floodplain aquifer. Zones of
slow flow are often associated with buried organic matter that could fuel heterotrophic
C processing, drive down dissolved oxygen concentrations, and ultimately provide an
anoxic environment where methanogens and other anaerobes might prosper if there is
sufficient nutrient availability for growth. In contrast, preferential flow zones and the
upper aquifer layer with high river connectivity likely have higher dissolved oxygen
availability, higher redox potentials, and a greater throughput of nutrients and C
substrates across aquifer biofilms.
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Figure 25: Photograph illustrating variability in aquifer sediment structure as
evidence for the likelihood of preferential flow paths. Photograph by B. Reid,
reproduced from (Stanford et al., 2005).

Because preferential flow zones have higher hydraulic conductivity than slowflow zones, water pumped from observation wells will almost exclusively reflect the
physical and chemical conditions in the preferential flow zones. Those zones are likely to
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receive much of the DOC, DO, and nutrient inflow and may therefore be the sites for
most aerobic C oxidation within the aquifer. On the other hand, particulate organic C
and anaerobic activity are likely concentrated in the slow-flow zones. We do not yet
know whether C processing in slow-flow zones is greater or less than C processing in
preferential zones, but our respiration estimates (Table 8) are based on mesocosms and
microcosms receiving water from preferential flow zones and likely reflect a bias in one
of these directions.
One way to explore the budget implications of preferential flow zones is to
assume that the aquifer is effectively smaller than we have estimated. In this scenario, all
C inputs are distributed only within this smaller volume, and all losses are withdrawn
only from this volume. Although our flux and pool estimates are expressed as masses of
carbon for the entire aquifer, some of these estimates are computed as a flux-per-volume
or concentration-per-volume multiplied by the size of the aquifer. A 50% “smaller”
aquifer would therefore reduce our best respiration estimate to 496 t C yr-1 without
changing our estimates of DOC leaching from soil (423 t C yr-1). Our estimate of aquifer
POC content would be reduced by 50% for the same reason, and if POC decomposition
were assumed to be a fraction of total POC content, this flux would also be halved. With
the assumptions presented in this manuscript, assuming a smaller effective aquifer
volume would cause a shift toward lower C losses or greater C gains in each of our C
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balance estimates and could shift our budget toward more equal sources and sinks of C
in the aquifer.

4.5 Conclusions
It warrants attention that considerable biological activity and biodiversity can be
found in such a cold, cramped, and resource-poor environment as a montane floodplain
aquifer. A modest fraction of carbon cycling in the Nyack aquifer might be explained by
autochthonous production of organic matter by nitrification, coupled methanogenesis
and methanotrophy, or other chemoautotrophic pathways. But the rest – the
heterotrophic decomposition of buried and dissolved organic matter – ultimately comes
from photoautotrophic production on the land surface and in the river channel.
Although life flourished on this planet long before the evolution of photosynthesis,
today even the dark subsurface environment of a floodplain aquifer owes most of its
energy to the sun’s light.
To our knowledge, this budget represents the first published attempt to account
for sources and sinks of C in a large, alluvial floodplain aquifer. Our flux estimates
highlight hydrologic transport as a driving force for alluvial aquifer communities.
Further, the pulsed nature of snowmelt-driven river hydrographs appears to be at least
as important as the total annual flux of water through the river-aquifer system.
Although local precipitation and snowmelt may flush some DOC from soils into the
aquifer, four fifths of DOC leachate is transported by infiltrating flood water. Wood
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burial requires not just annual floods but extreme annual floods. The removal of these
annual and multi-decadal punctuations in river flow – a common phenomenon, in this
century of flow regulation and water withdrawals – must dramatically reduce energy
flow in input-dependent aquifers like Nyack and must fundamentally alter the structure
of these ecosystems.
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5. Conclusion
In this dissertation I examined the transport and transformation of C and N in
the forest, soils, and aquifer of the Nyack Floodplain, a gravel-bedded alluvial
floodplain in northwest Montana. Characterizing C and N cycling through floodplains
helps us to identify the processes that maintain the productivity, heterogeneity, and
diversity of these dynamic ecosystems. To my knowledge, this dissertation presents the
first complete budget of N sources and sinks during floodplain primary succession and
the first C budget for any floodplain aquifer community. My dissertation also represents
the integration of field measurements, laboratory assays, and quantitative synthesis
within each chapter. These complementary approaches to ecosystem biogeochemistry
have provided opportunities for discovery at every turn, and several broad themes have
emerged from my research efforts.
First, a biogeochemical budget – or any ecosystem model, for that matter – need
not be the final product of a research program. Instead, budgets and extrapolation
exercises can serve to synthesize both what is known and what is unknown, and to
direct future study toward the research questions whose resolution will be most fruitful
for our overall understanding of an ecosystem. For example, my N budget in Chapter 2
indicates that sediment deposition is a major source of nitrogen to developing forests,
but our uncertainty in that flux estimate is high. Sediment traps or the use of 137Cs or
Pb to quantify historic sedimentation rates could reduce the uncertainty in this
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ecologically important flux. In Chapter 3, my scaling efforts suggest that a precise
estimate of the abundance of organic inclusions in the aquifer is essential to evaluating
the total C storage or denitrification potential of this large region of the floodplain
subsurface. In Chapter 4, I found that in the Nyack Floodplain, with one of the beststudied floodplain aquifers in the world, a synthesis of the best available data was still
insufficient to accurately or precisely close a C budget with respect to the aquifer. It may
be that incremental additions to our datasets will gradually bring the C budget into
balance, or we may find it necessary to incorporate belowground heterogeneity more
explicitly into our conceptual model to reconcile our flux estimates with one another.
Second, floodplain function is simultaneously shaped by processes operating at
many spatial and temporal scales. On one scale, a barren gravel bar undergoes
succession to a mature, N-rich forest. On a larger scale, the balance of young and old
forest stands, and perhaps the N content of the entire floodplain, remains fairly constant.
In a moment, soil microbes respond to changing thermodynamic conditions, but it may
be the annual flushing of DOC or the multi-decadal burial of woody debris that creates
those conditions. Even geologic-time processes have shaped the Nyack Floodplain
ecosystem. For example, the N content of river-borne sediments is partly driven by the
chemistry of geologic parent materials in the catchment. And the glaciers of the
Pleistocene are largely responsible for the gravel-and-sand composition of the alluvial
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aquifer, whose high porosity provides habitat for aquatic invertebrates and permits the
belowground flow of river water and solutes to all corners of the floodplain.
Finally, the forest and aquifer communities of the Nyack Floodplain are strongly
influenced by aquatic-terrestrial interactions in the form of hydrologically mediated
exchanges of C and N and the geomorphic effects of large floods. As a result, changes in
river hydrology would make the floodplain a very different ecosystem. In the absence of
sediment N deposition by river floodwaters, forest succession might progress more
slowly, or N-fixing species might become more competitive within the plant community.
On the other hand, floodplain primary succession would itself be a rare occurrence if
scouring floods were eliminated. Within floodplain soils, the spatial distribution of C
and N seems to be structured by geomorphic legacies of erosion and deposition; if earthmoving floods were less common, floodplain soils might develop a more homogenous
distribution of C and N. The floodplain aquifer community is perhaps the most sensitive
to changes in the river hydrograph: With a less dramatic spring flood, or without the
forest-burying forces of 50- and 100-year floods, aquifer organisms could not sustain
their net heterotrophic lifestyle at even a fraction of the rate we currently observe. By
studying alluvial floodplains whose rivers remain unregulated, we open our eyes not
just to a more dynamic or productive ecosystem but to an entirely different system with
rich heterogeneity, unique biotic communities, and striking geomorphic legacies.
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Appendix A: Supplemental data for Chapter 3
This appendix contains additional data relevant to Chapter 3, Floodplain
biogeochemical mosaics: a three-dimensional view of soil C and N dynamics. These data
are to be included as supplemental material in the published version of this chapter.
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Appendix A, Table 1: Data transformations and fixed effects estimates relating soil properties to vegetation cover and depth
within the soil profile. Intercept represents the fit for vegetation cover B (gravel bar) and depth category 4 (permanently
saturated). Other codes are G (grass), T (trees), 3 (seasonally saturated), 2 (intermediate depth), and 1 (near-surface).
Trans- Interform
cept

Soil Property
Soil C, %
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Loge
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Loge
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DEA, ng N hr-1 (g soil)-1
Moisture, mass %

Loge

-1.44
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0.4

-19.9

3.33

11.5

-10.4

-13.9

3.70

6.66

pH

None

7.26

0.04

0.05

0.08

-0.07

-0.02

0.03

-0.08

-0.08

0.10

-0.10

-0.34

Loge

-4.16

-2.92

-2.01

0.08

-0.55

1.42

0.46

2.27

5.42

5.76

6.32

6.56

POM, g (g soil)-1

Loge

-11.0

0.31

2.68

0.46

4.23

6.93 -2.01

-1.11

-1.96

1.24

1.27

1.25

Rock volume, %

None

67.7

0.58

-14.1

-9.42

-36.7

-17.1

-10.6

-10.4

-48.7

-34.3

Fine roots, g (g soil)

-1

-13.4

-1.6

(m3 day−1)

Stream flow

200
0

250
2

B

50 cm
100 cm
200 cm

0

0.2

−1

(cm cm )

0.4

10 cm
20 cm
30 cm

Forest (2T)

C
Soil Moisture

400

150
200

Depth to aquifer
Stream flow

0

Depth to aquifer

(cm from surface)
(cm day )

−1

Precipitation

A

Grassland (2G)

0.4

(cm cm )

0

0.2

−1

Soil Moisture

D

4/1/09

5/1/09

6/1/09

7/1/09

8/1/09

Appendix A, Figure 1: Aquifer levels and river flow, daily precipitation, and soil
moisture at 5 depths at sites 2T and 2G during the 2009 growing season.
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Appendix A, Figure 2: [NO3-] and [DOC] of pore water collected from 5 depths during
the 2009 growing season from sites 2T and 2G.
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Appendix A, Figure 3: DEA limitation assay for eight samples in sampling block 3.
Samples were amended with water only (--), glucose (C), KNO3 (N), or both glucose
and KNO3 (CN). Samples were from the near-surface soil (top row of plots), an
intermediate depth of 60-70 cm (middle row), and 10-20 cm above the water table
(bottom row; gravel bar at 60-70 cm is redundant with middle row, grassland site is at
130-140 cm, and forested site is at 170-180 cm). Y-axis is plotted on a log scale but
labeled with unlogged values. Whiskers indicate standard errors of assay replicate
means (n=3). Differing letters above bars indicate a significant difference (p <= 0.05)
according to Tukey’s HSD test. Stars above bars denote DEAs below the method
detection limit; heights of starred bars differ slightly due to differences in soil
density.
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