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Abstract

The transport of dissolved organic matter (DOM) down hillslopes to aquatic
ecosystems has important implications for both terrestrial and aquatic primary
productivity. DOM is an important energy and nutrient source for both terrestrial and
aquatic microbes. Within watersheds, physical, chemical, and biological processes
transform DOM, but it not well known how landscape heterogeneity may affect these
processes in arctic watersheds.

In the northern foothills of the Brooks Range, expansion and contraction of
mountain glaciers over the last several ice ages have created a mosaic of landscape ages
with similar climate and vegetation. My research indicates that younger landscapes
(<50,000yrs) have significantly lower pH, 10x higher exchangeable base cation
concentrations, and significantly lower rates of DOM production and microbial
respiration than older landscapes, which could significantly affect fluxes of carbon and
nutrients across the landscape. At the watershed scale, I examined patterns in soil and
stream water concentrations of DOM within hillslopes across the chronosequence. I
found that while concentrations of dissolved organic carbon decreased significantly
moving downslope from the hilltop to the stream; dissolved organic nitrogen
concentrations remain similar within the hillslope, but are significantly different among
landscape ages. I also used a variety of indices to examine spatial patterns in the
biodegradability of DOM within hillslopes and among landscape ages in northern Alaska.

My results suggest the low biodegradability of DOM found in streams and rivers in the
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region is not due to microbial processing of labile DOM in terrestrial ecosystems, but

rather to production of recalcitrant DOM throughout the landscape.
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Introduction

Accurately modeling the response of terrestrial and aquatic systems to climate
change requires improved understanding of controls on ecosystem processes and how
these processes scale up to landscapes and regions. This is especially important in the
Arctic where feedbacks from changes in carbon storage could potentially affect global
climate. Carbon stored in arctic tundra may be particularly vulnerable to climate warming
because these soils currently are either very cold or frozen during the growing season.
Future climate warming is predicted to be most intense at high latitudes (Shaver et al.
1992, McGuire et al. 2000, Mack et al. 2004, Shaver et al. 2006) and significant warming
trends have already been observed at several arctic sites (Overpeck et al. 1997, Chapin et
al. 2005, Hinzman et al. 2005, Malmer et al. 2005). However, heterogeneity in arctic
ecosystems which can lead to large variation in organic matter cycling across the
landscape is not always included in models of arctic carbon and nitrogen cycling. In
addition, terrestrially derived dissolved organic matter (DOM) represents a substantial
source of energy and nutrients to arctic aquatic ecosystems so understanding variation in
terrestrial organic matter cycling is important for understanding aquatic ecosystem
functioning, as well.

Previous research has characterized the influence of climate (Chapin et al. 1995,
Hartley et al. 1999, van Wijk et al. 2003, Epstein et al. 2004, Malmer et al. 2005,
Sjogersten and Wookey 2005, Shaver et al. 2006), vegetation (Chapin and Shaver 1989,
Shaver and Chapin 1991, Callaghan and Jonasson 1995, Hobbie 1996, Shaver et al. 2001,
Weintraub and Schimel 2005a, Zak and Kling 2006), nutrient availability (Shaver and

Jonasson 1999, Mack et al. 2004, Shaver et al. 2006), permafrost cover (Kawahigashi et



al. 2004, Frey and Smith 2005, Frey et al. 2007a, Frey et al. 2007b), and topography
(Giblin et al. 1991, Nadelhoffer et al. 1991, Shaver et al. 1996, Stieglitz et al. 2003) on
arctic biogeochemical cycles. Relatively few studies of limited scope have focused on
how differences in geologic parent material or glacial history affect arctic soil
biogeochemistry (Bockheim et al. 1998, Ping et al. 1998, Walker et al. 1998, Gough et al.
2000, Walker 2000, Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and Gough
2004). Nor are topographic and geologic controls on fluxes of DOM from terrestrial to
aquatic ecosystems well understood in tundra. This dissertation aims to help elucidate
controls on arctic organic matter cycling by determining how a) landscape age influences
arctic soil biogeochemistry (Chapter 1), b) glacial age affects arctic soil organic matter
cycling and fluxes of DOM between arctic terrestrial and aquatic ecosystems (Chapters 2
and 3, c) hillslope topography affects fluxes of DOM in tundra ecosystems (Chapter 3),
and d) variation in topography and glacial age affect the biodegradability of DOM
(Chapter 4).

Dissolved organic matter is an important source of both energy and nutrients in
arctic terrestrial and aquatic ecosystems. In soil, sources of DOM include plant and
microbial exudates and the products of biotic and abiotic breakdown of complex and
simple organic molecules (Nilsson et al. 2001, Swift 2001). Although individual
molecules of DOM have a wide range of structural complexity, for the purposes of this
research I consider DOM as a single pool of soluble organic compounds. Since DOM
from terrestrial ecosystems can be mineralized to CH4 or CO2 in aquatic ecosystems,
measurements of arctic tundra C cycling without consideration of DOM fluxes

underestimate regional CO2 flux (Kling 1991, Cole and Caraco 2001, Walter et al. 2006,



Cole et al. 2007). DOM is particularly important in arctic terrestrial and aquatic systems
because the majority of nutrients in these systems are in the organic form (Peterson et al.
1992, Wollheim et al. 1999, Nordin et al. 2004, Weintraub and Schimel 2005b, Hobbie
and Hobbie 2006). When physical or chemical factors reduce DOM availability to plants
or microbes in nitrogen-limited terrestrial ecosystems, dissolved organic nitrogen (DON)
can also be lost from ecosystems via leaching, contributing to nitrogen limitation over
long time scales (Perakis 2002, Perakis and Hedin 2002, Neff et al. 2003).

Despite its relative importance in ecosystem element cycling and productivity,
little is known about if and how controls of DOM fluxes known to be important in
temperate (Qualls et al. 1991, Swift 2001, Yu et al. 2003, Lilienfein et al. 2004,
Richardson et al. 2004, Selmants and Hart 2008) and tropical systems (Crews et al. 1995,
Hedin et al. 2003, Cleveland et al. 2004) operate in arctic systems. The amount of DOM
transported from terrestrial to aquatic ecosystems depends on the balance of DOM
production, stabilization, and mineralization in soils. Geologic factors can affect DOM
stabilization and production directly, through influences on soil mineralogy and structure,
and indirectly via their effect on vegetation type which in turn affects DOM production.
In temperate and tropical ecosystems, geologic factors are an important control on the
magnitude of vertical DOM transport through sorption reactions of DOM with mineral
soil components (Qualls and Haines 1992, Qualls 2000, Qualls et al. 2002, Lilienfein et
al. 2004). However, it is not know if geochemical variation among organic soils affects
stabilization of DOM in arctic environments where the organic horizon may dominate the

thawed soil layer in large portions of watersheds.



Some of the most apparent differences in soils related to geologic variation that
could influence DOM dynamics in arctic systems include variation in pH and base cation
concentrations of organic soils present throughout the circumpolar region. Landscapes of
northern Alaska are a mosaic of different aged geologic substrates because limestone soil
parent material from the Brooks Range was deposited by glacial, fluvial, and aeolian
processes at various times and places (Bockheim et al. 1998, Walker et al. 1998,
Hamilton 2002). Previous work in this region has shown 10-fold variation in
exchangeable Ca>" concentrations and two pH-unit differences between soils of two
distinct glacial drifts, related to variation in the extent of weathering (Walker 1994,
Hobbie and Gough 2002, Hobbie et al. 2002). Studies that were unreplicated for
landscape age showed correspondingly higher rates of microbial activity, DOM
production, nitrogen mineralization, and nitrification on the older (low Ca and pH)
landscape relative to the younger (high Ca and pH) glacial landscape (Bockheim et al.
1998, Hobbie et al. 2002). However, the mechanism(s) behind differences among
landscape ages in DOM production is not well understood, nor is it known whether this
pattern extends regionally across a longer chronosequence. In addition, it is not known
how well variation in DOM production among landscape ages determined in laboratory
studies translate into differences in DOM fluxes at the hillslope or watershed scale in the
Arctic.

At smaller spatial scales, hillslopes are an important landscape feature in arctic
ecosystems with significant variation in vegetation type (Giblin et al. 1991, Shaver et al.
1996), rates of soil respiration and nutrient cycling (Giblin et al. 1991, Nadelhoffer et al.

1991, Zak and Kling 2006), inorganic nutrient availability (Giblin et al. 1991,



Nadelhoffer et al. 1991), plant productivity (Shaver et al. 1996), and microbial
community structure (Zak and Kling 2006). These differences in biogeochemical cycling
within hillslopes potentially are significant for larger scale tundra carbon balance and
export of carbon and nutrients to streams and eventually the Arctic Ocean, so have been
included in some landscape scale biogeochemical models (Stieglitz et al. 1999, Stieglitz
et al. 2003, Rastetter et al. 2004). However previous research has focused primarily on
plant processes, respiration, and fluxes of inorganic nutrients within hillslopes, rather
than on fluxes of DOM and associated organic nutrients. Since organic nutrients support
the majority of arctic primary productivity (either through direct plant uptake of amino
acids or indirect uptake through mychorrizae) fluxes of organic nutrients are important
for understanding variation in plant productivity within hillslopes.

In the future, changes in climate will likely interact with geologic factors to
influence arctic terrestrial organic matter cycling. Climate affects DOM production and
mineralization (e.g., DOM production and mineralization are positively related to
temperature) and transport (e.g., DOM transport is positively related to runoff). As arctic
climate warms in the future, permafrost soils will thaw, increasing contact of soil water
with mineral soil and accentuating differences among landscape ages. Therefore, with
higher temperatures, DOC production may increase, but arctic soils may also transition
from low to high DOC stabilization, depending on the reactivity of thawing mineral soils.
By examining geologic controls on microbial activity as well as DOM production,
availability, and degradation, this research should allow for more accurate predictions of

the effects of changing climate on biogeochemical cycling in diverse arctic ecosystems.



Chapter 1: Effects of landscape age on soil organic matter
processing in the Kuparuk River region, Alaska
Summary

Previous research on arctic soil biogeochemistry has focused largely on the
effects of climate, organisms, and relief rather on effects of geologic factors such as
parent material and time since geologic disturbance. However, a few studies suggest that
biogeochemical cycling of carbon and nitrogen in tundra may be significantly affected by
variation in glacial history, although the scope of these studies is limited. To determine if
variation in landscape age-related differences in geochemistry are an important control of
decomposition of organic matter in tundra soils, we conducted field measurements, soil
analyses, and a soil incubation study across a chronosequence of landscape ages in the
Upper Kuparuk River region, Alaska. We collected organic soil from two to four sites on
each of four glacial surfaces ranging in age from 11,000 to 4.8 million years since
glaciations, keeping climate, relief, parent material and vegetation relatively constant. We
analyzed organic soil samples for pH, microbial biomass, exchangeable cations, and total
carbon and nitrogen stocks and concentrations and measured respiration and production
of dissolved organic carbon and nitrogen from homogenized organic soil over a five-
month incubation.

Our results indicate that there are landscape-age related controls on microbial
activity, with a distinct boundary between sites older than 50,000 years and sites younger
than 50,000 years throughout the region. As expected, microbial biomass, respiration, and
production of dissolved organic carbon and nitrogen were higher in soils from the three

older landscape ages than in soils from younger, less weathered landscape ages. This



biological boundary corresponds to a chemical boundary that is consistent with effects of
mineral soil weathering processes, with increased landscape age. Older soils had lower
pH (4.5-5 vs. 6.5) and exchangeable cations (primarily Ca) than the youngest soils, but
changes with weathering did not appear to further reduce soil pH and exchangeable
cations after 50,000 years. There were no differences among landscapes in total carbon
stocks in organic soils; however, total nitrogen stocks in the organic soil decreased with
increasing landscape age. Differences among landscape ages in microbial activity and
nitrogen availability due to geochemical variation may have important consequences for
tundra carbon budgets because differences in soil pH and cation content exist throughout
the circumpolar region. Therefore, differences in geochemistry due to landscape age or
loess deposition, which also creates variation in soil pH and cation content, must be

considered in models of arctic soil carbon and nitrogen cycling.



Introduction

Throughout the circumpolar region variation in climate, vegetation, topography,
geologic parent material, and glacial history all potentially lead to significant variation in
tundra biogeochemistry across the landscape. These five soil state factors (climate,
organisms, relief, parent material, and time) were proposed by Hans Jenny (1941) to
control soil formation. However, not all of these potential sources of variation are
accounted for in regional models of arctic carbon balance, nor are their effects on arctic
soil organic matter (SOM) processing fully understood. Previous research on arctic soil
biogeochemistry has focused largely on the effects of climate (Chapin et al. 1995, Hartley
et al. 1999, Dutta et al. 2006, Shaver et al. 2006, Sjogersten and Wookey 2009),
organisms (vegetation) (Chapin and Shaver 1989, Shaver et al. 2001, Weintraub and
Schimel 2005a, Zak and Kling 2006), and relief (topography) (Giblin et al. 1991,
Nadelhoffer et al. 1991, Shaver et al. 1996, Stieglitz et al. 2003) rather than on
differences in parent material (Bockheim et al. 1998, Ping et al. 1998, Walker et al. 1998,
Walker 2000) or time (e.g. since glaciation) (Gough et al. 2000, Hobbie and Gough 2002,
Hobbie et al. 2002, Hobbie and Gough 2004). Therefore, little is known about whether
geologic controls on terrestrial soil biogeochemistry, known to be important in tropical
(Crews et al. 1995, Hedin et al. 2003, Cleveland et al. 2004) and temperate (Qualls et al.
1991, Swift 2001, Yu et al. 2003, Lilienfein et al. 2004, Richardson et al. 2004, Selmants
and Hart 2008) ecosystems, influence tundra biogeochemistry. A few studies of limited
scope (i.e., that were unreplicated at the landscape scale) suggest biogeochemical cycling

of carbon and nitrogen may be significantly affected by differences in landscape age



(Gough et al. 2000, Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and Gough
2004).

In temperate terrestrial ecosystems, geologic factors are an important control on
biogeochemical cycling in soils (Swift 2001, Yu et al. 2003, Lilienfein et al. 2004,
Richardson et al. 2004, Selmants and Hart 2008). Similarly, differences in geology
throughout the circumpolar region may lead to variation in carbon dioxide fluxes and
export of dissolved nutrients and organic matter to the Arctic Ocean. One mechanism by
which geologic variation in temperate systems influences organic matter cycling is
through effects on the chemical stabilization of dissolved organic matter that occurs via
sorption reactions of dissolved molecules with mineral soil components (Shen 1999a,
Qualls 2000, Qualls et al. 2002, Lilienfein et al. 2004). The magnitude of nutrient and
organic matter removal from the soil solution within the vertical soil column is affected
by the mineral composition of the soil, including soil pH and cation status (Kalbitz et al.
2000, Oste et al. 2002, Lilienfein et al. 2004). Soil pH affects the degree to which
functional groups on organic matter are protonated, which in turn influences the
solubility of dissolved organic matter in soils. Reduced pH increases protonation which
in turn reduces solubility (You et al. 1999, Kalbitz et al. 2000, Oste et al. 2002).
Therefore dissolved organic matter and associated respiration may be expected to be
higher in arctic soils with circumneutral pH. Polyvalent exchangeable cations (those with
at least two positive charges) may also reduce dissolved organic matter and respiration in
soils through the formation of cation bridges that bind organic molecules together or to
minerals (Kalbitz et al. 2000, Oste et al. 2002, Lilienfein et al. 2004). This reduces

dissolved organic matter solubility and removes dissolved organic matter from the soil



solution as it moves vertically through mineral soil layers (Kalbitz et al. 2000, Oste et al.
2002, Lilienfein et al. 2004). Therefore dissolved organic matter and associated
respiration may be expected to be higher in arctic soils with lower concentrations of
exchangeable polyvalent cations.

Whether sorption of dissolved nutrients and organic matter to soil components is
also an important control on biogeochemistry in arctic ecosystems is unknown. The
majority of organic matter cycling in arctic soils occurs in organic horizons as permafrost
restricts soil solution contact with mineral soil layers. However, large differences in soil
pH and cation status exist throughout the circumpolar region in both mineral and organic
horizons (Bockheim et al. 1998, Ping et al. 1998, Walker 2000, Walker et al. 2002).
Throughout arctic landscapes, glacial deposition and loess transport add unweathered
parent material to the surface increasing soil concentrations of base cations and pH
(Bockheim et al. 1998, Ping et al. 1998, Walker et al. 1998, Walker 2000). Over time,
soil weathering reduces the pH and alters soil cation composition and concentration
through acidification and the leaching of base cations. Therefore, variation in glaciation
history leads to differences in the degree of weathering and in the mineral composition of
arctic soils, potentially leading to variation in organic matter cycling across the
landscape.

The Upper Kuparuk River region in northern Alaska is an ideal location to
examine how differences in landscape age affect arctic biogeochemistry. The landscape
in this region is a mosaic of different aged geologic substrates because limestone material
from the Brooks Range was deposited by glacial, fluvial, and aeolian processes at various

times and in various places (Bockheim et al. 1998, Ping et al. 1998, Walker et al. 1998,
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Walker 2000, Monroe and Bockheim 2001, Hamilton 2002). Previous work in this area
on two sites of different ages (11,000-50,000 years and 50,000-120,000 years since
deglaciation) showed greater in situ decomposition rates on the older relative to the
younger glacial landscape (Hobbie and Gough 2004). In laboratory incubations of soils
from these two sites, soils from older landscape ages exhibited higher rates of respiration,
dissolved organic carbon (DOC) production, and net nitrogen mineralization than soils
from the younger landscape age (Hobbie et al. 2002). Because these studies were
unreplicated with respect to landscape age, it is not known if these geochemical
differences lead to significant differences in terrestrial organic matter processing among
these two landscape ages throughout the region, nor how sites younger and older than
these compare. The present study expands this research to replicated sites across a
chronosequence of landscape ages to examine how variation in landscape age (time since
glaciation) affects decomposition of organic matter in the Upper Kuparuk River region,
Alaska.

To determine if landscape age-related differences in geochemistry are an
important control on arctic biogeochemistry, we conducted field measurements of
geochemical differences among landscapes of different ages and a soil incubation study
to examine rates of microbial respiration and dissolved organic matter production across
the chronosequence. Previous results (Hobbie and Gough 2002, Hobbie et al. 2002,
Hobbie and Gough 2004) suggest increased rates of organic matter cycling on older,
more weathered landscapes with lower pH that should directly reduce solubility of
microbial substrates because of hydrogen bonding among organic molecules. However,

older landscapes also have lower concentrations of exchangeable polyvalent cations
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available for stabilizing organic matter through ionic bonding. Variation in pH and
polyvalent cation concentrations could have synergistic effects on organic matter
stabilization, as reduced protonation with increasing pH would increase the number of
organic matter functional groups available to form cation bridges simultaneously with an
increase in the availability of polyvalent cations. Therefore, we hypothesized that
geochemical differences among hillslopes of varying landscape age would lead to lower
rates of organic matter decomposition on younger, less weathered landscapes. Across the
chronosequence, we expected higher rates of microbial respiration and higher rates of
production of dissolved nutrients and organic matter with increasing landscape age, as pH
and the concentrations of exchangeable polyvalent cations declined.
Methods

To investigate the effects of landscape age-related variation in geochemistry on
arctic organic matter dynamics, we examined a chronosequence of replicated sites
varying in time since glaciation in the Upper Kuparuk River region, Alaska near the
Toolik Field Station. During July 2004, we collected soil from two to four sites on each
of four glacial surfaces ranging in age from 11,000 to 4.8 million years since glaciations
(Table 1.1, Figure 1.1). We located sites that varied in one of Jenny’s state factors (time)
but among which the other four state factors (climate, relief, parent material, and
organisms) (Jenny 1941) were relatively constant because large differences in glacial age
occur on scales of kilometers (Hamilton 2002). Parent material deposited from the
Brooks Range during the last five glacial advances between 11,000 and 4.8 million years
ago is of similar mineralogy among sites (Bockheim et al. 1998, Ping et al. 1998, Monroe

and Bockheim 2001, Hamilton 2002). Sites were selected in areas of mesic upland tundra
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at least 500km from the nearest road to reduce the influence of calcium-rich road dust.
Although the plant growth form composition was similar among sites, less weathered
sites were dominated by moist nonacidic tundra species while older sites were dominated
by moist acidic tundra species (Gough et al. 2000, Hobbie and Gough 2002, 2004). To
reduce differences among sites in hydrology, soil temperature, and soil thaw depth we
chose sites with similar slope (1-15%) and aspect (20° W of N to 10° E of N) within 15
miles of each other.

At each site, we measured soil temperature (at 10cm depth) and depth of
permafrost thaw (n=1 per site) using a metal thaw probe in mid July (approximately the
middle of the growing season). We then collected a 10x10cm (length by width) sample
(n=1 per site) of the entire thawed organic horizon (between the bottom of the living
moss layer and the top of the permafrost or mineral soil layer, whichever was shallower).
From this sample we calculated bulk density, depth of the thawed organic horizon, and
gravimetric soil moisture (60°C). Sub-samples of bulk density cores were also used to
measure soil pH in water slurries. We then collected and homogenized three replicate soil
samples of the entire thawed organic horizon at each site. Soil samples were collected
along 12-m transects perpendicular to the slope of the hillside with 4m between each
sample. From each of the three replicate samples we analyzed sub-samples of soil for
microbial biomass, exchangeable cations, and total carbon and nitrogen before freezing
the remaining soil for use in our incubation experiment. We dried and ground soil sub-
samples to analyze for total carbon and nitrogen using a Universal CHNOS Elemental

Analyzer (Vario EL III, Elementar, Hanau, Germany).
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We analyzed microbial biomass carbon and nitrogen with a chloroform
fumigation extraction (Brookes et al. 1985, Beck et al. 1997). We fumigated a 6g
subsample of homogenized organic soil from each of the three replicate soil samples per
site for 72hr in a vacuum cabinet with 20mL of ethanol-free chloroform. We extracted
these fumigated subsamples along with three replicate 6g subsamples of homogenized
unfumigated soil from each site by shaking them in 50mL of 0.5M potassium sulfate for
Lhr at 180 oscillations per minute and gravity filtering the resulting solution through pre-
leached (with 0.5M potassium sulfate) Whatman #42 filter paper. We analyzed the
resulting extracts for DOC and total dissolved nitrogen (TDN) using a total organic
carbon and total nitrogen analyzer (TOC-V CSH and TNM-1, Shimadzu, Columbia, MD)
and calculated microbial biomass carbon and nitrogen as the difference between extract
concentrations for fumigated and unfumigated samples from the same site. We report
results uncorrected for extraction inefficiency, since efficiency is unknown for these
soils.

We conducted a barium chloride extraction adapted from Chorover (2004) to
measure exchangeable hydrolyzing (aluminum (Al) and iron (Fe)) and base (calcium
(Ca), sodium (Na), potassium (K), and magnesium (Mg)) cations. We shook 1g of dry
organic soil in 60mL of 0.1M barium chloride for 15 minutes at 180 oscillations per
minute. The resulting extracts were filtered through Whatman #42 Filter paper and
analyzed for concentrations of cations using inductively coupled argon plasma optical
emission spectrophotometry (ICAP-OES Optima 3000, Perkin Elmer, Waltham, MA) by

the University of Minnesota Research Analytical Laboratory.
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We conducted soil incubations of homogenized peat samples to measure
respiration and production of dissolved organic carbon and nutrients monthly for five
months in 2005. We placed 25g (wet weight) sub-samples of peat collected during July
2004 (three replicates from each site) on top of ashed Whatman GF/F filters in Pall
MicroFunnel ™ 100mL filter funnels. Throughout the course of the incubation we kept
samples at field capacity in the dark at 4°C. At each measurement date we added 90mL of
a micronutrient solution (Nadelhoffer et al. 1991) of 4.0mM CaCl,, 2.0mM KH,PO,,
1.0mM K;,SO4, 1.0mM MgSOy, 25uM H3BO3, 2.0uM MnSOy, 2.0uM ZnSO4, 0.5uM
CuSO0Oy, and 0.5uM Na,MoOs to each sample. After one hour, we extracted the soil water
solution with a vacuum pump. We analyzed the resulting leachates for DOC and TDN as
described for microbial biomass. We used an auto analyzer (Alpkem, O.I. Analytical,
College Station, TX) to measure nitrate plus nitrite (NO3™ and NO;") (cadmium reduction,
(Wood et al. 1967)) and ammonium (NH;") (phenol hypochlorite, (Solérzano 1969)) in
leachates. Dissolved organic nitrogen (DON) export was calculated as TDN less the sum
of NO5™-N and NH,4"-N leached. To calculate cumulative rates of DOC, DON, NO5, and
NH," production, we summed monthly exports to obtain 5-month totals. After leaching,
we measured soil respiration over a 24hr period by placing soil samples in sealed mason
jars with septa and sampling headspace CO, concentrations. Respiration over the 24hr
period was calculated as the difference between initial and final headspace CO,
concentrations as measured on a gas chromatograph with a thermal conductivity detector
and poropak N column (GC-14A, Shimadzu, Columbia, MD). Cumulative respiration

rates were calculated by multiplying the average daily respiration rates for two
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consecutive sampling dates by the number of dates between sampling (~28 days) and
summing across the entire length of the incubation.

One-way analysis of variance (ANOVA) and Tukey’s HSD values (a=0.05) were
used to evaluate differences among the four landscape ages for soil temperature,
gravimetric soil moisture, July thaw depth, organic horizon depth, bulk density, and
exchangeable cations (n=1 per site). For soil pH, microbial biomass carbon and nitrogen,
total soil carbon and nitrogen, and incubation data (cumulative respiration, and DOC,
DON, NO5", and NH4" production) we used one-way ANOVA with sites nested within
landscape age (n=3 per site) as a random effect in the model and Tukey’s HSD values
(0=0.05) to evaluate differences among the four landscape ages. To analyze relationships
between DOC production, soil carbon to nitrogen (C:N) ratio, total soil nitrogen, or
microbial biomass carbon and respiration, DOC production, or DON production across
landscape ages we calculated correlations using Pearson’s r. Results of analysis of
covariance (ANCOVA) were used to evaluate combined effects of landscape age and
predictor variables (DOC, microbial biomass carbon, total soil nitrogen, or soil C:N ratio)
on respiration, DOC production and DON production accounting for site to site
variability by including sampling site as a random effect within the model. All data are
presented as treatment means with standard errors of the mean. All statistical analyses
were completed using JMP software (JMP 7, SAS, Cary, NY).

Results
Site Characteristics
There were no significant physical differences between soils sampled among the

four landscape ages (Table 1). Neither soil temperature (ANOVA: p=0.054, F59=3.73)
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nor soil moisture (ANOVA: p=0.33, F39=1.31) was significantly different among
landscape ages at the time of sampling. There were also no significant differences among
the four landscape ages in bulk density (ANOVA: p=0.13, F34=2.47), organic horizon
depth (ANOVA: p=0.92, F39=0.17), or thaw depth (ANOVA: p=0.48, F;,=0.82) (Table
1.1).

By contrast, there were significant geochemical differences in organic soil among
the four landscape ages. As expected, the younger, less weathered sites had significantly
higher soil pH than sites older than 50,000 years since glaciation (ANOVA: p=0.004,
F36=9.30) (Table 1.1). However, organic horizon pH did not differ among the three older
landscape ages (Tukey’s HSD: 0=0.05, see Table 1.1). The total exchangeable cation
concentration was higher in soils from sites on the youngest surface than in soils from the
older surfaces as expected from weathering over time (Figure 1.2). Exchangeable calcium
(Ca) concentrations were two to eight times higher than concentrations of other
exchangeable cations in soils from all landscape ages (Figure 1.2). There was
significantly more exchangeable Ca in soils from the youngest age than the older
landscape ages; however, there were no significant differences among the older ages
(ANOVA: p=0.001, F39=14.48; Tukey’s HSD: a=0.05; significant age effects in Figure
1.2). Concentrations of exchangeable magnesium (Mg) were significantly different
among landscape ages, with highest concentrations in the youngest landscape age
(ANOVA: p=0.011, F34=6.80; Tukey’s HSD: 0a=0.05; significant age effects in Figure
1.2). There were no significant differences among landscape ages in concentrations of

exchangeable aluminum (Al), iron (Fe), or manganese (Mn) (ANOVA: Al: p=0.072,
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F,,=3.30; Fe: p=0.17, F39=2.11; Mn p=0.062, F39=3.51; Figure 1.2); however, there was
no detectable aluminum in soils from the youngest landscape age.

In addition to differences in inorganic chemistry, there was variation in both total
and chloroform extractable carbon and nitrogen among landscape ages. Although there
were no significant differences in either total soil carbon concentration or stocks in the
organic horizon among landscape ages (ANOVA: carbon concentration: p=0.14,
F3.16=2.33; Figure 1.3; carbon stocks: p=0.309, F3 ;,=1.513, Table 1.1), both total soil
nitrogen concentration and stocks in the organic horizon were highest in soils from the
youngest landscape age (nitrogen concentration: ANOVA: p=0.035, F3 ;6=4.49; Tukey’s
HSD: 0=0.05; significant age effects in Figure 1.3; nitrogen stocks: ANOVA: p=0.021,
F3.16=6.22; Tukey’s HSD: a=0.05; significant age effects in Table 1.1). This led to
increasing soil C:N ratios with increasing landscape age (ANOVA: p=0.053, F3 ;6= 3.78).
Microbial biomass (uncorrected chloroform-extractable) carbon and nitrogen were lower
in sites on the youngest landscape age than on the three older landscape ages (Figures
1.3a and 1.3b) with significant differences among landscape ages for microbial biomass
carbon and nitrogen when normalized per gram soil (ANOVA: C p<0.001, F3;5=17.44,
N: p=0.006, F5;5=8.28; Tukey’s HSD: 0=0.05; data not shown) and per gram soil carbon
(ANOVA: C: p=0.001, F3;5=12.28; N: p=0.017, F3,5=5.806; Tukey’s HSD: 0=0.05;
significant age effects in Figure 1.4). There were no significant differences among
landscape ages in microbial C:N ratios (ANOVA: p=0.77, F3,15=0.38).

Soil Incubation
Similar to previous results (Hobbie et al. 2002), there was a trend towards both

lower cumulative DOC in leachates and significantly lower microbial respiration in soils
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from the youngest landscape age compared to soils from the three older landscape ages
(Figure 1.5). Differences in cumulative DOC production among landscape ages were not
significant when expressed per gram soil (ANOVA: p=0.076, F3 ;,=3.20; data not shown)
or per gram soil carbon (ANOVA: p=0.078, F316=3.17; Figure 1.5). There were
significant differences among landscape ages in microbial respiration when normalized
per gram soil (ANOVA: p=0.011; F3 ;4=6.74; Tukey’s HSD: 0=0.05; data not shown) and
per gram soil carbon (ANOVA: p=0.007; F316=7.98; Tukey’s HSD: 0=0.05; significant
age effects in Figure 1.5). There were also significant differences among landscape ages
in the cumulative metabolic quotient (cumulative respiration/microbial biomass carbon)
among landscape ages, with the higher values on older landscape ages (ANOVA:
p=0.035; F3 15=4.48; Tukey’s HSD: 0=0.05, significant age effects in Figure 1.4).

The primary form of dissolved nitrogen produced in soil incubations was DON,
making up 70-96% of total dissolved nitrogen production with no significant differences
in the percent contribution of organic nitrogen to total dissolved nitrogen among
landscape ages (ANOVA: p=0.35, F3 ;6=1.25, Figure 1.6). Cumulative DON leached was
lower for soils from the youngest landscape age than from the three older ages (ANOVA:
p=0.045, F3 1= 4.03; Tukey’s HSD: 0=0.05; significant age differences in Figure 1.6).
DON was significantly correlated with DOC production across all landscape ages
(Pearson’s r, Table 2). However, when accounting differences among hillslopes within
each landscape age, DOC production was not a significant predictor of DON production
(ANCOVA, Table 1.3). Cumulative inorganic nitrogen production in leachates was
extremely low (<50 pg N/g soil total) and was not significantly different among ages

ANOVA: NO5-N: p=0.37, F3 ;¢=1.19 and NH,"-N: p=0.33, F5 1¢=1.33; Figure 1.5).
p : p , g
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Overall, cumulative microbial respiration was significantly correlated with DOC
production in leachates across all landscape ages (Pearson’s r, Table 1.2). Together,
effects of landscape age and DOC production explained 94% of variation in microbial
respiration (ANCOVA, Table 1.3). By contrast, microbial biomass carbon was not
significantly correlated with microbial respiration, DOC production, or DON production
across all landscape ages (Pearson’s r, Table 1.2). Nor was microbial biomass carbon a
significant predictor of DOC production, DON production, or microbial respiration when
accounting for site-to-site variation within a landscape age (ANCOVA, Table 1.3).

Microbial respiration, DOC production, and DON production were significantly
negatively correlated with total soil nitrogen concentrations and significantly positively
correlated with soil C:N ratios (Pearson’s r, Table 1.2). The combined effect of landscape
age and total soil nitrogen concentrations accounted for 86% of the variation in microbial
respiration, 74% of the variation in DON production, and 86% of the variation in DOC
production (ANCOVA, Table 1.3). When accounting for site to site variability among
landscape ages, soil C:N ratios were a significant positive predictor of DOC production
and microbial respiration, but not of DON production (ANCOVA, Table 1.3).
Discussion

Our results indicate that there is landscape-age related control on microbial
activity in upland tundra of the Upper Kuparuk River region, with a distinct boundary
between sites older than 50,000 years and sites younger than 50,000 years throughout the
region. Soils from sites on landscape ages younger than 50,000 years since glaciation
exhibited slower rates of microbial activity than did soils from older landscapes.

However, rates did not continue to increase with increasing landscape age beyond 50,000
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years. This pattern is consistent with results of Hobbie and others (2002, 2004) who
found microbial activity was higher in samples from a single site older than 50,000 years
than from a single site younger than 50,000 years. North of the Brooks Range, 17% of the
landscape is moist non-acidic tundra (on surfaces younger than 50,000 years) and 40% of
the landscape is moist acidic tundra (on surfaces older than 50,000 years) (Walker et al.
1998). Results from multiple sites across multiple landscape ages in our study
demonstrate that differences in microbial activity resulting from landscape age can be
generalized throughout the region using the 50,000 year age divide.

Physical environment is a significant control on microbial activity in organic
soils, but does not appear to cause the difference we observed in microbial activity
among landscape ages. Physical factors related to climate or topography, such as slope,
aspect, soil moisture, soil temperature, or active layer depths, did not differ between
landscape ages, so it is unlikely that they caused differences in SOM and contributed to
patterns in microbial activity among landscape ages. Furthermore, physical factors such
as soil moisture, temperature, and water flow were controlled in our laboratory
incubations, so variation in microbial activity among soils from different landscape ages
was not directly caused by variation in environmental conditions.

Differences in microbial activity among landscape ages are also unlikely to result
from variation in the chemical quality of inputs to SOM in the organic horizon. Although
the 50,000 year boundary in geochemical characteristics is consistent with changes in
vegetation species composition between moist nonacidic (younger soils) and moist acidic

(older soils) tussock tundra (Ping et al. 1998, Hamilton 2002), species differences
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between moist acidic and non-acidic tundra do not lead to significant differences in the
quality of litter inputs among landscape ages (Hobbie and Gough 2004).

Landscape age associated variation in geochemistry likely influences rates of
microbial activity through its control on substrate availability. Geochemistry is an
important control on availability of microbial substrates in temperate systems through its
effects on chemical mechanisms of SOM stabilization (Qualls and Haines 1991, Qualls et
al. 1991, Qualls 2000, Qualls et al. 2002, Yu et al. 2003, Lilienfein et al. 2004) and
significant variation in soil pH and exchangeable cation concentrations exists throughout
the study region (Ping et al. 1998, Monroe and Bockheim 2001, Hobbie and Gough 2002,
Keller et al. 2007, this study). Soils in the foothills of the Brooks Range are undergoing
intense cryoturbation and buried material is gradually brought up to the surface and
weathered over time (Ping et al. 1998, Monroe and Bockheim 2001). Consistent with
effects of mineral soil weathering processes, older soils had lower pH and polyvalent
exchangeable cations than the youngest soils, but changes with weathering did not appear
to further reduce soil pH and exchangeable cations after 50,000 years. Keller et al (2007)
found a similar pattern in soil and stream calcium concentrations among landscape ages
in the region, with highest concentrations on the surfaces younger than 50,000 years and
low concentrations on all older surfaces. Our results expand for the entire region research
done by Hobbie and Gough (2002) who found significantly higher pH and cation
concentrations from one site older than 50,000 years than in soils from a single site
younger than 50,000 years since glaciation. As glacial drift of varying landscape age

occurs in adjacent valleys throughout the foothills of the Brooks Range, geochemical
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differences among landscape ages could cause significant variability in substrate
availability for microbial activity.

Differences in soil pH and exchangeable polyvalent cations can both lead to
variation in substrate availability for microbial activity among landscape ages by
controlling solubility of DOC. DOC is typically more soluble at circumneutral pH (found
on the youngest landscape age) than at more acidic pH (found on the older landscape
ages) (You et al. 1999, Kalbitz et al. 2000, Oste et al. 2002). Conversely, higher
concentrations of exchangeable polyvalent cations in soils on the youngest landscape age
may result in greater stabilization of DOC and other microbial substrates by binding
negatively charged organic molecules to each other or to mineral soil components,
reducing their accessibility to breakdown by microbial enzymes (Oades 1988, Kalbitz et
al. 2000, Oste et al. 2002). The importance of polyvalent cation bridging should increase
in soils with circumneutral pH relative to more acidic soils, as a greater portion of SOM
functional groups are negatively charged (You et al. 1999, Oste et al. 2002). Stabilization
of microbial substrates by sorption to mineral soil components in younger, less weathered
soils because of decreased protonation of dissolved organic matter combined with higher
calcium concentrations would explain lower observed levels of microbial activity in soils
from younger landscape ages. Therefore polyvalent cation bridging may be an important
control on microbial carbon cycling in arctic soils.

Landscape age also appears to be an important control on nitrogen cycling and
availability in arctic soils, with higher rates of nitrogen cycling in soils on older
landscape ages despite higher soil C:N ratios. These results contrast with previous results

from grasslands and temperate forests where nitrogen mineralization is negatively
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correlated with soil and litter C:N ratios (Finzi et al. 1998, Lovett et al. 2002, Lovett et al.
2004, Hobbie et al. 2007). Greater stabilization of organic nitrogen through polyvalent
cation bridging in soils on younger landscape ages would also explain lower observed
nitrogen mineralization and nitrification rates in soils from a site younger than 50,000
years old than in soils from a site older than 50,000 years old (Hobbie et al. 2002),
despite higher concentrations of soil nitrogen on younger landscapes. Narrower soil C:N
ratios might result from landscape-age related differences in microbial community
composition. Indeed, a comparison between a sites younger and older than 50,000 years
revealed distinct microbial communities, with greater fungi at the older site (I. K.
Schmidt and E. Baath, unpublished data). Microbial community differences among
landscape ages could lead to variation in the contribution of microbial metabolites to
SOM, resulting in different SOM chemistry across landscape ages. Higher rates of
nitrogen mineralization on older landscape ages are also consistent with increases in
ammonium availability in laboratory incubations with increasing landscape age.
Increased rates of nitrogen mineralization combined with higher DON production on
older landscape ages should lead to greater nitrogen availability for plant and microbial
uptake, or transport to aquatic ecosystems.
Implications

Differences among landscape ages in microbial activity and nitrogen availability
due to geochemical variation may have important consequences for tundra carbon
budgets because differences in soil pH and cation content exist throughout the
circumpolar region. Lower fluxes of carbon to the atmosphere from soils with relatively

high base cation status and pH resulting from loess deposition have been observed in
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some studies in Northern Alaska (Walker et al. 1998, Oechel et al. 2000). Landscape age
related differences in nitrogen availability also affect regional carbon balance through
their influence on both decomposition and plant productivity. Hobbie and Gough (2004)
found faster rates of litter decomposition and higher aboveground net primary
productivity at one site older than 50,000 years since glaciation than at one site younger
than 50,000 years since glaciation. Likewise, Walker (1995, 1998) found higher plant
biomass and gross photosynthesis on acidic landscapes in the Kuparuk River Region than
on nonacidic landscapes. Because arctic plants use DON as a major nitrogen source
(directly or through symbioses with mychorrizae) (Kielland 1994, Lipson and Nasholm
2001, Hobbie and Hobbie 2006), the higher DON production we observed in older
landscapes is consistent with and likely contributes to the higher plant productivity on
those landscapes observed in other studies (Walker et al. 1995, Walker et al. 1998, Gough
et al. 2000, Hobbie and Gough 2002, 2004).

If patterns of dissolved organic matter leaching from our experiment correspond
to patterns in dissolved organic matter production and export in situ, differences in
terrestrial production and retention of DOC and DON due to glacial history could have
consequences for the composition of runoff to lakes, rivers, and the Arctic Ocean.
Within aquatic ecosystems worldwide, terrestrially derived dissolved organic carbon and
nutrients are important resources for aquatic primary and microbial productivity (Kling
1991, Cole and Caraco 2001, Caraco and Cole 2002, Hessen et al. 2004, Cole et al.
2007). Further research is necessary to determine whether landscape age differences in
soil DOC and DON leaching observed in laboratory incubations correspond to variation

in in situ soil water or stream dissolved organic carbon and nutrient concentrations.
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Significant differences in arctic biogeochemistry among landscapes of varying
glacial history could influence of the response of the arctic regional carbon balance to
global climate change. Future climate warming will be most intense at high latitudes
(McGuire et al. 2000, IPCC 2007) and significant warming trends have already been
observed at a number of arctic sites (Overpeck et al. 1997, Chapin et al. 2005, Hinzman
et al. 2005, Malmer et al. 2005, IPCC 2007). Climate will likely interact with geologic
factors to influence rates of microbial respiration, plant productivity, nutrient availability
and fluxes of DOC (McGuire et al. 2000, Mack et al. 2004, Malmer et al. 2005, Shaver et
al. 2006). In arctic environments, variation in permafrost cover and thaw depth causes
variation in the degree of contact between soil water and mineral soil layers as well as
variation in the depth of active soil layers. As permafrost soils thaw under warmer
conditions (Hinzman et al. 2005, Lawrence and Slater 2005, Osterkamp et al. 2009), large
amounts of presently very cold or frozen organic matter will become available for
decomposition, potentially increasing rates of microbial respiration, nutrient availability,
and DOC export (Frey and Smith 2005, Shaver et al. 2006, Frey et al. 2007a, Kimball et
al. 2007, Walvoord and Striegl 2007). However, increasing soil thaw may also enhance
drainage through soil, increasing contact between dissolved organic matter and thawed
mineral soil layers (Finlay et al. 2006, Frey et al. 2007b) and thereby increasing the
potential for chemical stabilization of organic matter. This could accentuate differences in
geochemical effects on organic matter dynamics among sites that already exist because of
variation in landscape age or other aspects of geology. Therefore, the importance of

geologic controls on tundra biogeochemistry is likely to increase with future climate
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warming, further highlighting the importance of considering differences between
landscape ages in regional carbon models.

This study has shown that geologic factors, particularly landscape age and
accompanying variation in exchangeable base cation concentrations and pH are important
in determining arctic landscape patterns of SOM processing. This is especially important
since mineral soils throughout the region exhibit similar geochemical differences to
organic soil layers, with higher pH and exchangeable cation status on younger landscape
ages (Bockheim et al. 1998, Hobbie and Gough 2002). As future climate in arctic
ecosystems is predicted to continue current warming trends, sorption of DOC and
associated nutrients to mineral soil components may alter predicted changes in soil
carbon storage. Increased rates of nutrient mineralization and decomposition predicted
with increased temperatures may be partially offset by increased stabilization of organic
matter by mineral soil components as contact between them increases. Therefore,
differences in geochemistry due to landscape age or loess deposition must be considered

in models of arctic soil carbon and nitrogen cycling.
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Chapter 2: Effects of pH and calcium on soil organic matter
dynamics in Alaskan tundra

Summary

In Northern Alaska (AK), large variation in the biogeochemical cycling of carbon
and nitrogen exists among landscapes underlain by different aged geologic substrates
deposited by the expansion and contraction of glaciers throughout the Pleistocene.
Younger, less weathered landscapes have circumneutral pH, ten-fold higher
exchangeable cation concentrations, and slower rates of microbial activity than older,
more weathered landscapes with more acidic pH (4.5). We aimed to determine the
relative importance of variation in multivalent cation bridging versus pH for influencing
solubility of organic matter and thus microbial activity. We collected soils near Toolik
Lake, AK from replicated sites along a chronosequence of four landscape ages ranging
from 11,000 to 4.8 million years since glaciation. We manipulated calcium concentration
and pH within these soils to tease apart the effects of polyvalent cations and pH on
dissolved organic matter production and microbial respiration in soil. We focused on
calcium as a representative polyvalent cation because it represents the dominant
polyvalent cation across all landscape ages. Microbial respiration and dissolved organic
matter production were measured monthly during a five-month incubation of soils at
11°C in the dark.

Manipulated soils with acidic (4.5) pH (but similar calcium concentrations)
exhibited higher cumulative dissolved organic carbon (DOC) and dissolved organic
nitrogen (DON) in leachates than soils with circumneutral (6.5) pH, similar to in situ

patterns of dissolved organic matter production among landscape ages of varying pH. In
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contrast, soils with circumneutral pH (but similar calcium concentrations) exhibited
higher rates of microbial respiration than soils with acidic pH, opposite of in situ patterns.
At circumneutral pH (6.5), increasing calcium concentration inhibited cumulative DOC
in leachates as expected. However, increasing calcium concentration had no effect on
DOC or DON in leachates at acidic pH (4.5). Although microbial respiration was
inhibited by high calcium concentrations at both pH 6.5 and 4.5, the effect was stronger
at pH 6.5. The landscape age of soil origin also influenced rates of microbial respiration
and concentrations of DOC and DON in leachates even after accounting for differences
in pH and exchangeable calcium concentrations. Our results indicate that both polyvalent
cation concentration and pH influence microbial activity in tundra soils, suggesting that
heterogeneity in geochemical factors associated with landscape age should be considered

in models of tundra soil organic matter dynamics.
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Introduction

In arctic ecosystems, climate, vegetation, permafrost cover, and geologic
characteristics of watersheds are important sources of variation in terrestrial organic
matter cycling. Understanding this variation is important for understanding linkages
between terrestrial and aquatic ecosystems as terrestrially derived dissolved organic
matter (DOM) represents a substantial source of energy and nutrients to arctic aquatic
ecosystems. Previous research on arctic soil carbon and nitrogen cycling characterized
the influence of climate (van Wijk et al. 2003, Epstein et al. 2004, Malmer et al. 2005,
Sjogersten and Wookey 2005), vegetation (Shaver and Chapin 1991, Callaghan and
Jonasson 1995, Hobbie 1996), fertilization (Shaver and Jonasson 1999, Mack et al. 2004,
Shaver et al. 2006), and permafrost cover (Kawahigashi et al. 2004, Frey and Smith 2005,
Frey et al. 2007b). Recent research has shown that geochemical differences among
landscape ages also lead to significant variation in terrestrial organic matter cycling
(Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and Gough 2004, Chapter 1).
However, the mechanisms underlying possible relationships between landscape age and
microbial respiration or DOM production in arctic organic soils remain unknown. As
variation in watershed geochemistry exist throughout the circumpolar region, variation in
organic matter processing among differing watersheds could have significant
implications for understanding the arctic carbon budget.

Geologic controls on soil organic matter processing and watershed carbon and
nutrient fluxes are well documented in temperate and tropical ecosystems where water
has large contact with mineral soil layers (Swift 2001, Yu et al. 2003, Lilienfein et al.

2004, Richardson et al. 2004, Selmants and Hart 2008). In many temperate and tropical

30



ecosystems, greater than 90% of DOM entering forest soils may be retained by chemical
stabilization of DOM in mineral soil horizons as water moves through mineral soils
before entering streams (Qualls et al. 1991, Qualls et al. 2002, Lilienfein et al. 2003,
2004, Worrall et al. 2006). As a result, the concentration of DOM decreases in soil water
with depth in the soil column (McDowell 1988, Dalva 1991, Michalzik et al. 2001,
Kaiser et al. 2002, Marschner and Kalbitz 2003, Kaiser and Guggenberger 2005). Once
DOM has been sorbed to mineral soil particles, it is much less susceptible to microbial
decomposition (Oades 1988, Shen 1999a, Kaiser and Guggenberger 2000, Kalbitz et al.
2000, Elkins and Nelson 2001, Oste et al. 2002). Chemical stabilization of DOM and
inorganic nutrients in mineral soils is controlled by water flow paths (contact with
mineral soil components) (Aiken and Cotsaris 1995, Kaiser and Guggenberger 2005), the
type of mineral soil (Shen 1999b, Kaiser and Guggenberger 2003), and the type of DOM
(Meier et al. 2004). Although geologic variation in mineral soils has been well
documented as a control on dissolved carbon and nutrient export, even in tundra soils
(Kawahigashi et al. 2006), whether geologic variation among organic soils can also lead
to differences in DOM concentrations is less well studied.

In mineral soils, two major mechanisms for control of soil organic matter
processing on weathering gradients include pH-related changes in the solubility of DOM
and stabilization of DOM by exchangeable base cations. In arctic ecosystems where the
majority of thawed soil is organic the relative importance of differences in pH and
exchangeable base cations for controlling variation in soil organic matter processing has

not been well studied. Yet, there is large variation in the pH and exchangeable base
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cation status of organic soils in the Arctic due to deposition of unweathered materials by
fluvial, aeolian, and glacial processes.

The relationship between pH and the solubility of DOM is complicated because
different types of DOM have different solubility at varying pH (Kipton et al. 1992).
Generally, DOM solubility increases with increasing pH as there are an increasing
number of negative charges on both DOM and other soil components (Shen 1999a, You
et al. 1999, Andersson et al. 2000, Kalbitz et al. 2000, Oste et al. 2002). At acidic pH
proton concentration is high, causing DOM and soil particles to bind with protons and
then form hydrogen bonds with other compounds and soil particles, stabilizing DOM
(Shen 1999a, You et al. 1999, Andersson et al. 2000, Kalbitz et al. 2000, Oste et al.
2002). At higher pH, sites with pH dependent charge are primarily deprotonated causing
charge dispersion among molecules leading to higher solubility (Kipton et al. 1992, You
et al. 1999, Andersson et al. 2000, Oste et al. 2002). Maximum DOC sorption in soils is
generally around pH 4-5 (Shen 1999a, Andersson et al. 2000), while all DOM is
deprotonated at pH 6-8 (Shen 1999a, You et al. 1999, Andersson et al. 2000). More
soluble DOM will result in higher DOM losses from the system so DOM efflux from
soils is usually correlated with pH (Shen 1999a, Elkins and Nelson 2001, Michalzik et al.
2001, Oste et al. 2002).

Variation in exchangeable cation concentrations can affect fluxes of DOM
through stabilization of negatively charged DOM by sorption to positively charged
cations. Polyvalent (with at least two positive charges) cation “bridges” can form
between two negatively charged particles, essentially binding organic molecules together

or to minerals. The bond between polyvalent cations in mineral soils and negatively
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charged functional groups in DOM is not easily reversible, preventing biological,
chemical, or physical breakdown (Oades 1988, Shen 1999a, Kaiser and Guggenberger
2000, Kalbitz et al. 2000, Elkins and Nelson 2001, Oste et al. 2002). Therefore, DOM
efflux and decomposition of soil organic matter should be lower in soils with higher
exchangeable polyvalent cations. Polyvalent cation bridging is strongest with hydrolyzing
cations (aluminum and iron), while calcium is important for forming bonds with organic
matter in alkaline soils and rivers (Oades 1988, Aiken and Cotsaris 1995, Kaiser 1998,
Shen 1999a, Moore and Turunen 2004). Although cation bridging has been shown to be
an important control of DOM retention in mineral soils, its importance is unknown for
DOM stabilization in organic soils. However, previous research indicates that variation in
organic soil geochemistry may cause differences in rates of microbial activity among
arctic ecosystems (Hobbie et al. 2002, Hobbie and Gough 2004, Chapter 1). If polyvalent
cation bridging is an important influence in arctic organic soils, large differences in
exchangeable polyvalent cations among watersheds throughout the circumpolar region
would lead to significant variation in soil organic matter processing.

The concentration of polyvalent cations and pH of soils also interact to affect
stabilization of DOM in soils. At acidic pH (4-5), negative binding sites on organic and
mineral soil components are occupied by hydrogen ions rather than polyvalent cations
(Kaiser 1998, Elkins and Nelson 2001). Therefore, at acidic pH, hydrogen bonding
among protonated DOM reduces solubility, but the importance of stabilizing polyvalent
cation bridges is also diminished. At pH 6-8, all functional groups on DOM are
deprotonated, increasing charge dispersion among DOM but also increasing the

availability of binding sites for stabilizing polyvalent cations. Therefore the net effect of
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changes in pH and non-proton cation concentrations on microbial respiration and DOM
production is unclear.

This study aims to determine the relative effects of landscape age-associated
differences in pH and exchangeable cation concentrations on microbial activity in arctic
soils. In the northern foothills of the Brooks Range, AK, variation in glaciation history
causes large differences in aquatic and terrestrial geochemistry throughout the region.
Older, more weathered soils (>50,000 years since glaciation) have significantly lower
concentrations of exchangeable base cations and more acidic pH (<5.5) than younger,
poorly weathered soils (<50,000 years since glaciation) with more circumneutral pH
(>6.5) (Bockheim et al. 1998, Ping et al. 1998, Monroe and Bockheim 2001, Hobbie and
Gough 2002, Hobbie et al. 2002, Hobbie and Gough 2004, Keller et al. 2007, Chapter 1).
Similarly, lakes and streams on the younger glacial drifts have higher conductivity,
higher concentrations of base cations and bicarbonate, and higher pH compared to those
on older surfaces (Keller et al. 2007). Landscape age differences in soil organic matter
processing are also apparent, with higher rates of microbial respiration, DOC production,
nitrogen mineralization, and nitrification in soils from older, more weathered sites than in
soils from younger, less weathered sites (Hobbie et al. 2002, Hobbie and Gough 2004,
Chapter 1).

To examine the importance of both pH and exchangeable cations on arctic soil
biogeochemistry, we conducted a soil incubation experiment, factorially manipulating pH
and exchangeable calcium concentrations in organic soils from four landscape ages in the
northern foothills of the Brooks Range, AK. We focused on calcium because calcium

represents the majority of polyvalent cations across all landscape ages and exhibits the
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greatest differences in concentrations among landscape ages in the study region. We
expected less DOM in leachates and less microbial respiration in soils manipulated to a
more acidic pH because DOM is less soluble than at circumneutral pH. We also expected
less microbial respiration and less DOM in leachates in soils manipulated to higher
calcium concentrations due to stabilization of DOM by polyvalent cation bridging. Due
to the interaction between the changes in charge of DOM with changes in pH and
increased polyvalent cation bridging at high calcium concentrations, we expected the
lowest rates of soil organic matter processing from soils manipulated to high calcium
concentrations and circumneutral pH. Results from our study will help determine the net
effect of changes in pH and non-proton cation concentrations on soil organic matter
cycling in arctic soils.
Methods

During July 2004, we collected soil samples from two to four sites on each of four
landscapes in the Upper Kuparuk River Region, AK that ranged in age between 11,000
and 4.8 million years since glaciations (Table 1). To minimize the influence of calcium-
rich road dust we selected sites located at least 0.5km from roads. All sites were located
in areas of mesic upland tundra with similar slope (1-15%) and aspect (20° W of N to 10°
E of N) to minimize variation in vegetation and topography. A detailed description of site
physical and geochemical characteristics can be found in Chapter 1. All soil samples
were homogenized in the field, frozen, and transported to Minnesota where they
remained frozen until we began our experiment.

To examine the relative importance of pH and exchangeable calcium on organic

matter cycling in arctic organic soils, we factorially manipulated exchangeable calcium
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content and pH (within the natural range occurring among sites) in three replicate soil
samples from each site. Exchangeable calcium was first removed from the soils using
repeated rinsing with solutions of potassium chloride (KCl) in a method adapted from
Chorover et al. (2004). We shook 250g (wet weight) of organic soil for 15 minutes at 180
oscillations per minute in each of three solutions in turn: 0.1M KCI, 0.05M KClI, and
0.01M KCI. Between each extraction, we separated the soil from the solution by gravity
filtration through pre-leached Whatman 42 filter paper. Samples of extracts were saved at
each step for cation analysis (inductively coupled argon plasma optical emission
spectrophotometry; ICAP-OES Optima 3000, Perkin Elmer, Waltham, MA) to evaluate
the effectiveness of the calcium removal treatment. We then divided the resulting soil
into five sub-samples of 50g each, one for each of our five treatments. Treatments
consisted of:
1) calcium removal without pH manipulation (CaR),
2) calcium removal with calcium added back at a higher concentration with 0.1M
CaOH adjusted to pH 4 (HCa4),
3) calcium removal with calcium added back at a higher concentration with 0.1M
CaOH adjusted to pH 6.5 (HCa6.5),
4) calcium removal with calcium added back at a lower concentration with high
0.01M CaOH adjusted to pH 4 (LCa4), and
5) calcium removal with calcium added back at a lower concentration with
0.01M CaOH adjusted to pH 6.5 (LCa6.5).
For calcium addition we shook 50g (wet weight) of soil (with exchangeable

calcium removed) in 150mL of calcium addition solution three times for 30 minutes at
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180 oscillations per minute. After each rinse the pH of soil and solution were adjusted to
the desired pH using concentrated NaOH or HCI (chosen to minimize the addition of
carbon or nutrients). After pH adjustment, we separated soil from solution by gravity
filtration through pre-leached Whatman 42 filter paper. To quantify the amount of
calcium added back soil samples during treatments, we saved sub-samples of the solution
resulting from each rinse for cation analysis (inductively coupled argon plasma optical
emission spectrophotometry; ICAP-OES Optima 3000, Perkin Elmer, Waltham, MA).
Before beginning the incubation experiment, we measured total soil carbon and
nitrogen and microbial biomass carbon and nitrogen in manipulated soils from all five
treatments as well as in samples of unmanipulated organic soil to assess the effect of the
calcium removal process and pH adjustment on soil organic matter and microbial
communities. We measured total soil carbon and nitrogen in a dried, ground, and
homogenized subsample of all treated soils using a Universal CHNOS Elemental
Analyzer (Vario 111, Elementar, Hanau, Germany). We collected two 10g subsamples of
all treated soils to analyze microbial biomass carbon and nitrogen using a chloroform
fumigation extraction (Brookes et al. 1985, Beck et al. 1997) at both the beginning and
end of our experiment. We shook one subsample for one hour at 180 oscillations per
minute in 50mL of 0.5M potassium sulfate and collected the resulting extracts by filtering
through pre-leached Whatman 42 filter paper. The other subsample was fumigated for 72
hours in a vacuum cabinet with 20mL ethanol-free boiling chloroform before extracting
following the same procedure as for non-fumigated samples. We calculated chloroform-
labile carbon and nitrogen, which are proportional to microbial biomass carbon and

nitrogen, respectively, as the difference between concentrations of dissolved organic
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carbon (DOC) and total dissolved nitrogen in extracts from fumigated and non-fumigated
samples. We measured concentrations of DOC and total dissolved nitrogen using a total
organic carbon and total nitrogen analyzer (TOC-V CSH and TNM-1, Shimadzu,
Columbia, MD).

To examine the effect of pH and calcium treatments on organic matter processing,
we conducted a 5 month incubation of manipulated soils at field capacity and 4°C (mean
growing season soil temperature) in the dark. For each of the five treatments (CaR;
HCa4; HCa6.5; LCa4; and LCa6.5) we placed three replicate 25g (wet weight) treated
soil samples from each site in a Pall MicroFunnel™ 100mL filter funnel on an ashed
Whatman GF/F filter. We measured microbial respiration and of DOC and dissolved
organic nitrogen (DON) in leachates monthly. At the start of our incubation and each
measurement date thereafter we added 90mL of a micronutrient solution (Nadelhoffer et
al. 1991) of 4.0mM CaCl,, 2.0mM KH,PO4, 1.0mM K,SOj, 1.0mM MgSOs, 25uM
H3;BO3, 2.0uM MnSOy, 2.0uM ZnSOy, 0.5uM CuSOs, and 0.5uM Na,MoOy to each
sample for one hour before extracting the soil water solution with a vacuum pump. We
analyzed leachate samples for ammonium (phenol hypochlorite, Solérzano 1969)) and
nitrate (cadmium reduction, Wood et al. 1967)) on an auto analyzer (Alpkem, O.1.
Analytical, College Station, TX) and analyzed leachates for DOC and total dissolved
nitrogen (TDN) on a total organic carbon and total nitrogen analyzer (TOC-V CSH and
TNM-1, Shimadzu, Columbia, MD). We calculated DON as TDN less the sum of nitrate
and ammonium in leachates.

After leaching, we measured soil respiration by placing samples in sealed mason

jars with septa and determining the change in headspace carbon dioxide concentration
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over a 24 hour period. We analyzed headspace carbon dioxide concentrations using a gas
chromatograph with a thermal conductivity detector and poropak N column (GC-14A,
Shimadzu, Columbia, MD). We compared results of our manipulation to results from
unmanipulated peat soils in a concurrent experiment described in Chapter 1.

We calculated cumulative rates of microbial respiration and cumulative rates
DOC, DON, nitrate, and ammonium in leachates over the experiment. For all measured
variables (rates of carbon and nitrogen production in leachates and microbial respiration
rates), rates were highest at the first sampling date (Day 1) and then remained relatively
constant throughout the rest of the experiment. Therefore, to avoid including the
disturbance effects of our treatments we present cumulative data from day 40-137.
Cumulative dissolved organic and inorganic carbon and nitrogen production were
calculated as the sum of production in leachates on days 40, 70, 100, and 137. We
calculated cumulative respiration rates by multiplying the number of days between
sampling dates (~28) by the average of daily respiration rates for those sampling dates
and summing over all samplings between day 40 and day 137.

We present all data as treatment means with standard errors of the mean.
Statistical analyses were completed using JMP software (JMP 7, SAS, Cary, NY). We
used results of a one-way analysis of variance (ANOVA) with site number nested with
landscape age and replicate nested within site as random variables and Tukey’s HSD
values (0=0.05) to evaluate significant differences among treatments and landscape ages
in soil total soil carbon and nitrogen, microbial biomass carbon and nitrogen, and
incubation data (cumulative respiration, DOC and DON production, and nitrate and

ammonium production). The relative effects of calcium and pH on total soil carbon and
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nitrogen and microbial biomass carbon and nitrogen were analyzed using a two-way
ANOVA on data from the four factorial calcium and pH manipulated treatments (HCa4,
HCa6.5, LCa4, and LCa6.5). Cumulative rates of microbial respiration, and DOC, DON,
and dissolved inorganic nitrogen production were analyzed using a two-way ANOVA on
data from the four calcium and pH manipulated treatments (HCa4, HCa6.5, LCa4, and
LCa6.5) to determine the effects of calcium and pH treatments.

To analyze relationships between DOC production and respiration or DON
production across landscape ages we used simple linear regression with DOC as a
predictor. Results of analysis of covariance (ANCOVA) were used to evaluate the
combined effects of landscape age and DOC production on respiration and DON
production accounting for site-to-site variability by including sampling site as a random
effect within the model.

Results
Soil characteristics

There were significant treatment effects when comparing among the five
manipulated soils and unmanipulated organic soil for both total soil carbon (one-way
ANOVA: p<0.001, F5,04=46.24; Figure 2.1a) and total soil nitrogen (one-way ANOVA:
p<0.001, F5,04=5.89; Figure 2.1b) concentrations. Soils from the high calcium treatments
had significantly lower carbon concentrations than unmanipulated soils, calcium removal
soils, and soils from low calcium treatments, regardless of pH (Tukey’s HSD; a=0.05;
Figure 2.1a). High calcium soils also had the lowest concentrations of total soil nitrogen
(Tukey’s HSD; 0=0.05; Figure 2.1b). Total soil carbon and nitrogen concentrations in

organic soils were significantly affected by calcium concentration (two-way ANOVA:
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carbon: p<0.001, F; 120=213.51; nitrogen: p<0.001, F; 120=21.76; Figure 2.1) but not by
pH (two-way ANOVA: carbon: p=0.058, F, 120=3.67; nitrogen: p=0.28, F 120=1.16;
Figure 2.1). Low calcium treatments had significantly higher soil carbon and nitrogen
than high calcium treatments (Tukey’s HSD; a=0.05; Figure 2.1). As a result, there were
no significant treatment effects on soil carbon to nitrogen (C:N) ratios when comparing
among the five manipulated soils and unmanipulated organic soil (one-way ANOVA:
p=0.94, F5,04=0.24; Figure 2.1c). Carbon to nitrogen ratios in treated organic soils were
not significantly affected by calcium (two-way ANOVA: p=0.37, F;,120=0.80; Figure
2.1c) or pH (two-way ANOVA: p=0.97, F1 120=0.002; Figure 2.1c).

Significant differences among landscape ages in total soil nitrogen concentrations
remained after applying our experimental treatments, with the highest nitrogen
concentrations in soils from the youngest landscape age (one-way ANOVA: p=0.021,
F3204=5.45; Tukey’s HSD; a=0.05; Figure 2.1b). Similar to previous results, there were
no significant differences among landscape ages in the total soil carbon concentration of
treated soils (one-way ANOVA: p=0.14, F3,04=2.33; Figure 2.1a). As a result, significant
differences among landscape ages existed in carbon to nitrogen ratios of treated soils
(two-way ANOVA: p=0.023, F3 120=5.22; Figure 2.1c¢). Treated soils from the youngest
site had the lowest C:N ratio among landscape ages and C:N ratios in treated soils
increased with landscape age (Tukey’s HSD; 0=0.05; Figure 2.1c). In order to account
for differences in soil carbon among treatments, we present our experimental results as
rates normalized per gram soil carbon.

Although there were significant differences in microbial biomass carbon and

nitrogen per gram soil carbon and in microbial C:N ratios among treatments (one-way
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ANOVA: C: p=0.026, Fs178=2.62; N: p=0.021, F5175=2.72; Tukey’s HSD; 0=0.05;
Figure 2.2), microbial biomass carbon, nitrogen, and C:N ratios were not significantly
different between the calcium removal treatment and unmanipulated soils at the
beginning of the experiment (Tukey’s HSD; a=0.05; Figure 2.2). Significant treatment
differences in microbial biomass were caused by differences among the four factorial
calcium and pH manipulation treatments. There was a significant calcium by pH
interaction for microbial nitrogen (two-way ANOVA: p=0.004, F; 120=8.45; Figure 2.2b)
and for microbial carbon (two-way ANOVA: p=0.025, F; 120=5.19; Figure 2.2a). In the
low calcium treatments, circumneutral pH soils had greater microbial carbon and nitrogen
than acidic pH soils (Figure 2.2). However, in the high calcium treatments, soils had
higher concentrations of microbial carbon in acidic pH soils than circumneutral pH soils
but similar concentrations of microbial nitrogen in high and acidic pH soils (Figure 2.2).
Increasing calcium concentrations decreased microbial biomass carbon and nitrogen at
acidic pH, but had little effect on microbial biomass carbon and nitrogen at circumneutral
pH (Figure 2.2). As a result, the C:N ratio of the microbial biomass was significantly
different among treatments (one-way ANOVA: p<0.001, Fs ;75=4.83; Figure 2.2) with
significantly higher microbial C:N ratios in the calcium removal treatment than in the low
calcium treatments and significantly lower microbial C:N ratios in the low calcium,
circumneutral pH treatment than in unmanipulated soils (Tukey’s HSD; a=0.05; Figure
2.2).

Microbial biomass nitrogen was not significantly different among landscape ages
at the beginning of the experiment (two-way ANOVA: p=0.13, F3 120=3.76; Figure 2.2b).

However, microbial biomass carbon did differ significantly among landscape ages at the
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beginning of the experiment, generally increasing with increasing landscape age (two-
way ANOVA: p=0.035, F3120=4.45; Figure 2.2a). The C:N ratio of the microbial biomass
at the beginning of the experiment showed a significant effect of landscape age (one-way
ANOVA: landscape age: p=0.030, F3 133=4.79; Figure 2.2¢c). At the beginning of the
experiment, microbial biomass carbon was significantly higher in treated soils from the
Anaktuvuk glaciation than in treated soils from the Itkillik II glaciation while microbial
biomass C:N ratios were significantly higher in treated soils from the Sagavanirktok
glaciation than in treated soils from the Itkillik IT glaciation (Tukey’s HSD; 0=0.05;
Figure 2.2). Results for microbial biomass carbon and nitrogen were generally similar
when expressed per gram soil (analyses not shown).
Incubation Experiment

Landscape age, calcium, and pH significantly affected cumulative respiration
rates per gram soil carbon (two-way ANOVA: landscape age: p=0.013, F3 130=6.44;
calcium: p=0.005, F, ;30=8.38; pH: p<0.001, F; 130=22.74; Figure 2.3). As expected, soils
from acidic pH treatments exhibited significantly lower respiration rates than soils from
circumneutral pH treatments (Tukey’s HSD; a=0.05; Figure 2.3). Increasing calcium
concentrations significantly decreased cumulative respiration rates as expected (Tukey’s
HSD; a=0.05; Figure 2.3). Although rates of cumulative microbial respiration were
significantly different among treatments (one-way ANOVA: p<0.001, Fs04=11.14;
Figure 2.3), they were not significantly different between the calcium removal treatment
and the unmanipulated soil (Tukey’s HSD; a=0.05; Figure 2.3). Similar to results from
previous studies (Hobbie et al. 2002, Chapter 1), soils from the youngest landscape

exhibited significantly lower rates of cumulative microbial respiration across all pH and
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calcium treatments (Tukey’s HSD; a=0.05; Figure 2.3). However, neither decreasing pH
nor reducing calcium alone or in combination increased respiration rates of soil from the
youngest landscape to rates of unmanipulated soils from the three older landscapes.
Cumulative DOC production per gram of soil carbon exhibited a pH by calcium
interaction (two-way ANOVA: p=0.044, F, 130=4.13; Figure 2.4). In contrast to
expectations, cumulative DOC production was similar between high and low calcium
concentrations in soils with acidic pH, but in soils with circumneutral pH, increasing
calcium concentrations significantly decreased DOC production as expected (Tukey’s
HSD; 0=0.05; Figure 2.4). As predicted, cumulative DOC production in soils from the
circumneutral pH, high calcium treatment was significantly lower than in all other
treatments (Tukey’s HSD; 0=0.05; Figure 2.4). There was also a significant landscape
age by pH interaction in cumulative DOC production (two-way ANOVA: p<0.001,
F1.130=26.13; Figure 2.4). Contrary to expectations, pH did not significantly affect
cumulative DOC production per gram soil carbon in treated soils from the three older
landscape ages (Tukey’s HSD; 0=0.05; Figure 2.4). However, in soils from the youngest
landscape age where soil pH was adjusted using HCI there was significantly higher DOC
production in acidic pH treatments than in circumneutral pH treatments (Tukey’s HSD;
a=0.05; Figure 2.4). Lowering the pH alone (and not lowering calcium concentrations)
increased DOC production in soils from the youngest site to levels found in soils from the
three older sites. Although there were significant effects of treatments on DOC
production (one-way ANOVA: p<0.001, Fs»04=11.21; Figure 2.4), there were no
significant differences between DOC production in untreated soil and in soils from the

calcium removal treatment (Tukey’s HSD; 0=0.05; Figure 2.4).

44



Organic nitrogen in leachates averaged between 70% and 90% of total dissolved
nitrogen production during the experiment (Figure 2.5). Ammonium and nitrate
production rates were at or near detection limit for most samples. Among treated soils,
the percent of total dissolved nitrogen production that was organic nitrogen was not
significantly affected by landscape age (two-way ANOVA: p=0.11, F3,1,=2.66), calcium
(two-way ANOVA: p=0.19, F111=1.74), or pH (two-way ANOVA: p=0.39, F;,1,=0.76).
However, there was a significantly greater proportion of organic nitrogen in calcium
removal soils than in soils manipulated to low calcium and acidic pH (one-way ANOVA:
p=0.012, F5,7,=3.03; Tukey’s HSD: 0=0.05; Figure 2.5)

There were significant pH and landscape age effects on cumulative DON
production per gram of soil carbon during our incubations (two-way ANOVA: landscape
age: p=0.019, F3;1,=5.28; pH: p<0.001, F, ;;,=38.10; Figure 2.5c), but no significant
effects of calcium (two-way ANOVA: p=0.28, F; ;1,=1.20; Figure 2.5c). Contrary to
expectations, we observed significantly lower DON production at circumneutral pH than
at acidic pH, but the magnitude of this change was affected by landscape age and was
highest in soils from the youngest landscape age (ANOVA: p<0.001, F3;,,=7.02;
Tukey’s HSD; a=0.05; Figure 2.5¢). As with DOC, lowering the pH alone (and not
lowering calcium concentrations) increased DON production in soils from the youngest
site to levels found in soils from the three older sites. In contrast to DOC, soils from the
calcium removal treatment exhibited significantly higher DON production than soils from
any other treatment (one-way ANOVA: p<0.001, Fs70=24.62; Tukey’s HSD; a=0.05;

Figure 2.5c¢).

45



Overall DOC concentration in leachates was significantly positively correlated to
microbial respiration, but explained only 9.4% of the variation in respiration (Table 2.2).
Averaging across all treatments, concentration of DOC in leachates was only
significantly correlated with respiration in the two intermediate landscape ages (Itkillik I
and Sagavanirktok) and concentration of DOC in leachates explained at most 20% of the
variation in respiration (Table 2.2). However, averaging across all landscape ages, but
examining treatments separately, concentration of DOC in leachates was significantly
positively correlated with respiration in unmanipulated soils and soils at circumneutral
pH, regardless of calcium concentration, with DOC explaining 48-50% of the variation in
microbial respiration (Table 2.2). In calcium removal treatments, soils respiration was
also significantly correlated with concentration of DOC, explaining only 13% of variation
in respiration Concentration of DOC and microbial respiration were not significantly
correlated in soils at pH 4, however, regardless of calcium concentration (Table 2.2).

The concentration of DOC in leachates was significantly positively correlated to
DON concentration overall, but explained only 15% of the variation in DON (Table 2.2).
DON in leachates was only significantly correlated to concentration of DOC in leachates
in soils from the youngest landscape age, but not the three older landscape ages when
averaging across all treatments (Table 2.2). Variation in DOC explained 30% of the
variation in DON in soils from the youngest landscape age. Averaging across all
landscape ages, DON and DOC concentrations in leachates were not significantly
correlated in unmanipulated soils or in soils with low calcium concentrations at

circumneutral pH (Table 2.2). However, DOC and DON concentrations were
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significantly positively correlated in calcium removal soils, low calcium soils with acidic
pH and high calcium soils regardless of pH (Table 2.2).
Discussion

Soils from younger, less weathered sites had consistently lower rates of
respiration across all treatments in our experiment, suggesting that there are other
landscape age-related controls on microbial activity in addition to geochemical
differences among landscape ages in pH and exchangeable cations. Other potential
landscape-age related influences on microbial respiration include variation in the quality
of SOM or in the microbial community among landscape ages. Other research indicates
that biodegradability of DOM is similar among landscape ages, at least during the
growing season (when soils used in these incubations were collected) (Chapter 1).
Microbial biomass nitrogen was significantly lower and microbial biomass carbon was
lowest (although not significantly so) in soils from sites on the youngest, least weathered
glacial drift across all treatments at the beginning of the experiment. Lower microbial
biomass may contribute to lower rates of microbial activity in soils from the youngest
landscape age, although these results further beg the question of why such landscape
differences in microbial biomass exist. Differences in microbial community composition
among landscape ages could also lead to both differences in microbial activity among
landscape ages and variation in the chemistry of microbial metabolic products among
landscape ages, which might influence the quality of substrates available for microbial
decomposition. Significant differences in microbial communities among landscape ages
were found in a study by [.K. Schmidt and E. Biéth (unpublished data) who found a

greater proportion of fungi in soils from one older, acidic pH site than in soils from one
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younger, circumneutral pH site. Lower rates of microbial activity on soils from younger
landscape ages despite higher concentrations of soil nitrogen (Chapter 1) also suggest
there may be differences in the recalcitrance of soil organic matter among landscape ages.

Nevertheless, results from our study indicate that both polyvalent cation
concentrations and pH appear to influence arctic soil biogeochemistry. Variation in
exchangeable polyvalent cations among landscape ages can better explain lower rates of
DOM production from younger, less weathered soils with a high potential for stabilizing
DOM than variation in pH. We hypothesized that microbial activity would be lower in
soils with acidic pH than in soils at circumneutral pH due to less soluble DOM at more
acidic pH and did find lower rates of microbial activity at acidic pH than circumneutral
pH. However, this is the opposite of patterns of in situ rates of microbial activity which
show higher rates on older, more acidic landscapes (Hobbie et al 2002, Chapter 1). While
we also expected lower rates of microbial activity in soils manipulated to higher calcium
concentrations due to stabilization of DOM by polyvalent cation bridging with calcium
ions; we saw that calcium removal increased DOM production and respiration rates were
higher in soils manipulated to high calcium concentrations than those manipulated to low
calcium concentrations. This pattern corresponds to in Situ patterns of microbial activity,
with higher DOM production and microbial respiration in soils from younger landscapes
with higher exchangeable polyvalent cation concentrations (Hobbie et al 2002, Chapter
1).

Our results indicate both changes in pH and changes in exchangeable calcium
concentrations exert a direct control on respiration rates in arctic soils. However, we were

not able to increase respiration rates in soils that naturally had higher calcium
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concentrations and circumneutral pH to levels of soils that naturally had lower calcium
concentrations and acidic pH by manipulating either calcium or pH. Similar to previous
results with higher rates of respiration from older, more weathered soils (Hobbie et al
2002, Chapter 1), soils in our experiment showed lower rates of respiration in high
calcium treatments than in low calcium treatments. Unlike previous studies showing
higher rates of microbial respiration in more weathered soils with acidic pH (Oades 1988,
Hobbie et al. 2002, Hobbie and Gough 2004, Chapter 1), we found lower rates of
microbial respiration at acidic pH than at circumneutral pH. Lower rates of microbial
respiration are consistent with our expectations based on previous research showing that
SOM is least soluble at pH 4-5 (Shen 1999a, Andersson et al. 2000). At acidic pH higher
concentrations of protons cause hydrogen bonding between SOM molecules, reducing its
solubility (Shen 1999a, Andersson et al. 2000). If SOM is less soluble at acidic pH, there
may be less substrate available for microbial decomposition at acidic pH than at
circumneutral pH.

In our experiment, the depressing effect of increased calcium on concentrations
DOC in leachates at high pH is consistent with results from previous laboratory
experiments, with younger, less weathered soils showing depressed rates of microbial
activity (Hobbie et al. 2002, Hobbie and Gough 2004, Chapter 1) and increased sorption
of DOC to soil surfaces (Kaiser 1998, Shen 1999a, Kalbitz et al. 2000, Nilsson et al.
2001). Although we did not see a significant difference in DON concentrations in
leachates between high and low calcium treatments, we did see a significant increase in
DON production with calcium removal, which also suggests reducing cation

concentrations influences DON solubility. Unlike Oste et al (2002), who found that
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variations in concentrations of calcium were more important than variation in pH for
controlling leaching of DOC, we found that exchangeable calcium concentrations did not
directly control DOC concentration in leachates, but did influence the response of DOC
concentration in leachates to changes in pH. At acidic pH many of the charged sites on
DOM are protonated and cannot bind with polyvalent cations such as calcium; however,
at acidic pH the charged sites on DOM molecules are negatively charged and can thus be
removed from solution by polyvalent cation bridges.

DOC and DON concentrations in leachates tended to decrease with increasing pH,
similar to previous results from homogenized peat which showed decreased DOC and
DON fluxes at circumneutral pH than at acidic pH (Hobbie et al. 2002, Hobbie and
Gough 2004, Chapter 1). Although these pH effects are consistent with landscape
patterns of DOM production, they contrast expectations based on known pH effects on
solubility of SOM, whereby increased pH should have increased SOM solubility,
presumably leading to greater DOM availability. It is possible that despite higher rates of
DOM production in acidic soils (Hobbie et al 2002, Chapter 1) higher DOM availability
and higher rates of microbial respiration in soils with circumneutral pH than in soils with
acidic pH lead to lower net DOM in leachates due to faster DOM decomposition.

The net effect of variation in exchangeable polyvalent cations and variation in pH
on microbial activity in arctic organic soils appears to depend on the microbial process in
question. Among the four manipulation treatments, soils from the high calcium,
circumneutral pH treatment showed significantly lower DOC concentrations in leachates,
than all other treatments. These results are similar to those of Andersson et al (2000),

who found lower rates of microbial respiration and DOC and DON production in unlimed
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soils (lower pH and calcium) than in limed soils (higher pH and calcium). However, in
our experiment, the treatment exhibiting the lowest microbial respiration was the high
calcium, low pH treatment. It appears that landscape age influences the production of
DON through pH and other landscape age effects (such as total soil N pools) not included
in this factorial manipulation, rather than by increased calcium concentrations in younger,
less weathered sites. However the combined effect of exchangeable cation concentration
and pH on rates of microbial respiration, DOC, and DON in leachates in natural soils
leads to lower rates in soils with high exchangeable calcium concentrations and
circumneutral pH than in soils with low exchangeable concentrations calcium and acidic
pH (Hobbie et al. 2002, Hobbie and Gough 2004, Chapter 1).
Implications

Our results indicate that geochemical differences among arctic organic soils can
control both soil organic matter cycling and concentrations of DOM in soil water.
However, other differences among landscape ages, such as potential differences in
microbial communities, also appear to affect soil organic matter cycling. The importance
of geochemical variation in both mineral and organic soils throughout the arctic as a
control on soil organic matter dynamics and DOM export is likely to increase as
permafrost melts and contact between soil water and soils increase with future climate
warming. This would further amplify differences in DOM transport to aquatic ecosystems
among landscape ages. Therefore, large variation in pH and soil cation concentrations
found throughout the arctic due to fluvial, aeolian, and glacial processes should be

included in models of arctic carbon and nitrogen cycling.
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Chapter 3: Effects of landscape age on small watershed carbon and
nutrient fluxes in arctic Alaska

Summary

Dissolved organic matter (DOM) represents an important component of carbon
and nutrient cycling in arctic ecosystems, so differences in availability and fluxes of
DOM among or within hillslopes could affect microbial and plant productivity. Previous
research in arctic Alaska has shown that geochemical differences associated with
landscape age (time since glaciation) significantly affect terrestrial organic matter cycling
with higher rates of DOM production, soil respiration and soil N mineralization on older,
more weathered landscapes. However, it is unknown if these differences in terrestrial
biogeochemical cycling translate into variation in concentrations of DOM in soils and
streams. To investigate whether higher rates of laboratory DOM production in soils from
older landscapes translate into differences in in situ concentrations of DOM among
hillslopes we collected soil and stream water samples from a chronosequence of
landscape ages near Toolik Lake, Alaska. To study topographic variation in soil water

DOM concentrations within hillslopes, we sampled saturated (with perforated needles)

and unsaturated (with microlysimeters) soil water across hillslope toposequences that
included upslope, vegetation boundary (boundary between mesic upland tundra and the
riparian vegetation within the watershed) and streamside locations in each watershed.

In all sites soil water dissolved organic carbon (DOC), dissolved organic nitrogen
(DON), and phosphate concentrations were significantly higher in upslope samples while
concentrations of bicarbonate in soil water were significantly higher in riparian samples,

indicating significant transformations of C and N within the hillslope. High pH sites on
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younger glacial drift had significantly higher soil water bicarbonate concentrations and
significantly lower concentrations of DON in soil water than older, more weathered soils.
Unlike previous laboratory results, there was no consistent pattern of DOC concentrations
in soil water with landscape age. Despite differences in rates of soil organic matter
processing and in soil water DON and bicarbonate concentrations among landscapes,
watershed concentrations of inorganic and organic carbon and nutrients did not differ
among landscape ages during summer conditions. Our results suggest that under current
permafrost and soil conditions DOM availability is highly variable within the hillslope,

but within-stream processing masks landscape ages effects at the watershed scale.
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Introduction

Although fluxes of inorganic nutrients (Giblin et al. 1991, Nadelhoffer et al.
1991) and gaseous emissions of carbon from soils have been well studied (Shaver et al.
1992, Waelbroeck et al. 1997, Wagner et al. 2005, Shaver et al. 2006), the controls on the
transport of carbon and nutrients from terrestrial arctic ecosystems as dissolved organic
matter (DOM) are less well understood (Benner et al. 2004, Streigl et al. 2005, Frey and
McClelland 2009). Because the organic horizon dominates the thawed soil layer in large
portions of arctic watersheds, water is in contact almost exclusively with organic, rather
than mineral, soil in arctic hillslopes, generating relatively large DOM fluxes from
terrestrial to aquatic ecosystems. As permafrost soils thaw with climate warming (Shaver
et al. 1992, McGuire et al. 2000, Hinzman et al. 2005, Lawrence and Slater 2005, Malmer
et al. 2005, Shaver et al. 2006, Osterkamp et al. 2009), large amounts of cold or frozen
organic matter will become available for nutrient mineralization and denitrification,
decomposition to methane or carbon dioxide, or transport as DOM (Waelbroeck et al.
1997, McGuire et al. 2000, Streigl et al. 2005, Shaver et al. 2006, Frey and McClelland
2009).

Previous research has shown that geochemical differences associated with
landscape age (time since glaciation) are an important control on soil organic matter
cycling in arctic Alaska (Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and Gough
2004, Hobbie et al. 2005, Chapter 1, Chapter 2). However, it is unknown if these
differences in soil organic matter processing translate into variation in transport of DOM
from terrestrial to aquatic ecosystems. To determine if observed regional differences in

soil DOM production (observed in laboratory studies) among landscape ages are apparent
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at the hillslope and watershed scale we conducted a survey of soil and stream water in
small watersheds in northern Alaska across a chronosequence of landscape ages.

Hillslopes are an important landscape unit in arctic ecosystems because they
exhibit significant variation in water and nutrient availability, vegetation type, microbial
community composition, and organic matter cycling (Giblin et al. 1991, Nadelhoffer et
al. 1991, Shaver et al. 1996, Stieglitz et al. 2003, Rastetter et al. 2004, Zak and Kling
2006). As water moves down a hillslope, physical, chemical, and biological processes act
on dissolved materials within the water altering nutrient availability to plants at different
positions along the slope. Because plant growth in arctic tundra systems is highly
nutrient-limited (Nordin et al. 2004, Weintraub and Schimel 2005a, b), within-hillslope
differences in nutrient and water availability likely lead to important differences in plant
community structure and plant productivity along hillslopes (Chapin et al.1988). Until
recently, research on arctic hillslopes focused primarily on within-hillslope variation in
plant species composition, plant productivity, and inorganic nutrient cycling. However,
understanding controls on cycling of dissolved organic carbon and nutrients in arctic
systems is critical to understanding hillslope variation in productivity, as the majority of
dissolved nutrients in arctic soils are present in organic form. To study how the
availability of dissolved organic carbon and nutrients change within tundra hillslopes we
examined soil water concentrations at three different hillslope elevations within each
watershed.

An important control on fluxes of DOM within terrestrial ecosystems is the
stabilization of DOM by mineral soil components (Aiken and Cotsaris 1995, Kalbitz et

al. 2000, Kaplan and Newbold 2000). In upland temperate ecosystems, the majority of

55



DOM is removed from the soil solution by adsorption to mineral soils before entering
aquatic ecosystems (Qualls and Haines 1992, Kaplan and Newbold 2000, Qualls 2000,
Qualls et al. 2000, 2002, Marschner and Kalbitz 2003, Kaiser and Guggenberger 2005,
Worrall et al. 2006). Geochemical differences among soils due to factors such as
landscape age can affect soil organic matter processing and DOM fluxes because of
increased solubility of DOM on older, more weathered soils with more acidic pH and
lower concentrations of exchangeable base cations (Shen 1999a, Shen 1999b, You et al.
1999, Andersson et al. 2000, Oste et al. 2002, Chapter 2). In arctic ecosystems,
geochemical differences between soils due to variation in landscape age also have
significant effects on terrestrial organic matter processing and DOM production (Hobbie
and Gough 2002, Hobbie et al. 2002, Hobbie and Gough 2004, Hobbie et al. 2005,
Chapter 1, Chapter 2) as well as stream and lake chemistry (Kling et al. 1992,
Kawahigashi et al. 2006, Keller et al. 2007). It is not known if differences in production
and stabilization of DOM and nutrients among landscape ages in soils translate into lower
DOM availability and transport within watersheds on younger glacial drifts.

Differences in availability and fluxes of DOM between landscape ages or within
hillslopes potentially affect microbial productivity of terrestrial and downslope aquatic
ecosystems. DOM is used by aquatic and terrestrial microbes for cell growth and
terrestrial DOM represents up to 75% of energy inputs to streams (Kling 1995, Harvey et
al. 1997, Kaplan and Newbold 2000, Marschner and Kalbitz 2003, Hessen et al. 2004).
Fluxes of terrestrial DOM also represent an important source of nutrients to downslope
aquatic ecosystems (Berman and Bronk 2003, Dittmar 2003, Brookshire et al. 2005,

Kaushal and Lewis 2005). The availability and composition of terrestrial DOM can also
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alter bacterial community composition in soils, lakes, and streams (Crump et al. 2003,
Judd et al. 2006, Crump et al. 2007, Judd et al. 2007). As terrestrial DOM can be
mineralized in downstream aquatic ecosystems, it should be included in overall flux of
carbon from terrestrial ecosystems (Kling 1991, 1992, Cole and Caraco 2001, Walter et
al. 2006, Cole et al. 2007). In addition, approximately 25% of the DOM in the Arctic
Ocean is from river inputs (Opsahl et al. 1999, Hansell et al. 2004, Benner et al. 2005)
and is primarily from terrestrial sources (Peterson et al. 1986, Waelbroeck et al. 1997,
Lara et al. 1998, Dittmar 2003, Gueguen et al. 2006, Guo and Macdonald 2006).

Fluxes of terrestrial DOM also represent a pathway for loss of nutrients in plant
unavailable forms from highly nutrient limited terrestrial ecosystems (Perakis and Hedin
2002, Neff et al. 2003, Jones et al. 2005, Perakis and Hedin 2007). Arctic ecosystems are
highly nutrient limited and the majority of nutrients in arctic soils, streams, and lakes are
in the organic form (Kling 1995, Lara et al. 1998, Dittmar and Kattner 2003,
Kawahigashi et al. 2004, Nordin et al. 2004, Weintraub and Schimel 2005a, b, Hobbie
and Hobbie 2006). The uptake of organic nutrients either as direct uptake of amino acids
by plant roots or through associations with mychorrizae make up 60-80% of total plant
nutrient uptake in the arctic (Chapin III et al. 1993, Kielland 1994, Lipson and Nasholm
2001, Weintraub and Schimel 2005a, b, Hobbie and Hobbie 2006). However, the controls

on organic nutrient availability in arctic terrestrial ecosystems are not well characterized.
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To examine hillslope and geologic controls on terrestrial transport and availability
of dissolved organic carbon and nutrients in arctic watersheds, we conducted a survey of
stream and soil water concentrations of DOM. For this research we had two main
research questions:

1) Are geologic controls on DOM at the plot scale (i.e. chemical stabilization of

DOM) important for regulating the transport of DOM in arctic watersheds?

2) How does the availability of dissolved organic carbon and nutrients change

within tundra hillslopes?
We selected watersheds across a chronosequence of landscape ages in the Kuparuk River
region to determine if chemical stabilization of DOM is an important control on transport
of DOM in arctic watersheds. We expected hillslopes on younger, less weathered glacial
drifts to have lower concentrations of dissolved organic carbon and nutrients than
hillslopes on older glacial drifts, consistent with previous laboratory studies showing
greater production of DOM on older surfaces and greater stabilization of DOM on
younger surfaces. Within hillslopes DOM may be decomposed and/or transformed by
microbes, mineralized to inorganic carbon and nutrients, taken up by plants, or adsorbed
to mineral soil components (Aiken and Cotsaris 1995, Kalbitz et al. 2000, McDowell
2003). Therefore, we expected DOM to decrease moving downslope and landscape age
differences in DOM production and stabilization would be amplified within hillslopes.

Materials and Methods

Study Sites
To determine whether higher rates of laboratory DOM production on older

landscapes translate into differences in in situ concentrations of DOM among hillslopes
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of varying landscape we collected soil water samples from small watersheds along a
chronosequence of landscape ages in the foothills of the Brooks Range, AK during the
summer of 2005 (Table 3.1; Figure 3.1). We chose one to three watersheds from four
distinct landscape ages such that each watershed was contained entirely by within a
single age of glacial drift (Table 3.1). Potential watersheds for study were identified using
ArcView GIS (ESRI, Redlands, CA) and datasets from Toolik Field Station GIS
(http://www.uaf.edu/toolik/gis/). In the field we then selected sampling sites within each
watershed adjacent to streams with running water and with no upstream lakes or
thermokarst.

To study topographic variation in soil water DOM concentrations within
hillslopes, we measured soil water DOM concentrations in three transects along each
hillslope (Figure 3.1). Transects were located in three hillslope positions: a) the “upslope”
transect in mesic upland tundra, b) the “vegetation boundary” transect at the boundary
between mesic upland tundra and the riparian vegetation within the watershed, and c) the
“streamside” transect at the edge of each stream. We sampled soil water at 10cm depth
using both perforated needles and microlysimeters (Eijkelkamp Rhizon soil moisture
sampler, 0.1 pm pore size, Soil Moisture, Santa Barbara, CA). In four watersheds (one in
each landscape age) we sampled soil water from both microlysimeters and with
perforated needles during the weeks of June 20", July 4™, July 11", July 18", August 1%,
and August 8", for a total of 7 sampling dates. In these four watersheds we sampled 4
tension lysimeters and 4 needle sampling points (2m apart) at each of the three hillslope
positions for a total of 12 lysimeter and 12 needle sampling points within each watershed.

In between sampling dates, we used a vacuum pump to create a vacuum in plastic side-
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arm flasks attached to each microlysimeter. In four additional watersheds (two older and
two younger than 50,000 years since glaciation) we sampled during the weeks of July
1™, July 18", and August 8th from 4 needle sampling points (4m apart) at each hillslope
position for a total of 12 sampling points in each watershed. In all 8 watersheds we also
examined stream water concentrations of DOM on the soil water sampling dates. We
collected three replicate stream water samples along a 100m reach at the bottom of each
hillslope and measured stream pH and concentrations of organic and inorganic carbon
and nutrients in all three samples.
Soil and Vegetation Characteristics

On each sampling date throughout the summer, we measured both soil thaw depth
and soil temperatures (at 10cm depth) in three locations along each hillslope position
transect (Figure 3.1). We collected a 10x10cm (length by width) sample of the entire
thawed organic horizon to calculate depth of the thawed organic horizon and bulk density
during the week of July 25th in two locations in each watershed. The two locations were:
a) at the center of the upslope transect and b) 5m upslope from that point, both in tussock
tundra. We sampled the thawed organic horizon as everything between the bottom of the
living moss layer and the top of the permafrost or mineral soil layer, whichever was
shallower. From each bulk density core we also used a sub-sample of soil to measure soil
pH in water slurries. At the end of July 2005 we also examined absolute percent cover of
plant species in four Imx1m quadrates five meters uphill from the upslope hillslope
position to characterize vegetation as either moist acidic tundra or moist non-acidic

tundra (see Appendix).
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Chemical and Statistical Analyses

Soil and stream water samples were analyzed for concentrations of dissolved
organic carbon (DOC), total dissolved nitrogen (TDN), bicarbonate, nitrate (NO3") plus
nitrite (NO;"), total dissolved phosphorus (TDP), and phosphate (POy). To analyze water
samples for concentrations of bicarbonate, DOC, and TDN we used a total organic
carbon and total nitrogen analyzer (TOC-V CSH and TNM-1, Shimadzu, Columbia,
MD). We used an autoanalyzer (Alpkem, O.I. Analytical, College Station, TX) to analyze
concentrations of PO4” (molybdenum blue method (Eaton et al. 1995)) and NO3;™ and NO,”
(cadmium reduction, (Wood et al. 1967)) in water samples. We analyzed TDP in water
samples with potassium persulfate digestion (Valderrama 1981) followed by phosphate
analysis using the method described above. We calculated dissolved organic nitrogen
(DON) as TDN less NOs™ and dissolved organic phosphorus (DOP) as TDP less POy

We analyzed differences in soil thaw depth, soil temperature, and soil water
chemistry (both needle- and lysimeter-sampled) using split-plot repeated-measures one-
way analysis of variance (ANOVA) with age as the whole plot factor, transect as a sub-
plot factor, and sampling date as a sub-sub plot factor. We used stream name nested
within landscape age as a random variable in the model. We used repeated measures
ANOVA to analyze differences in stream temperature, pH, and chemistry among
landscape ages and among sampling dates with landscape age as a whole plot factor,
stream name nested within landscape age as a random variable, and sampling date as a
sub-plot factor. We performed all statistical analyses using JMP software (JMP 7, SAS,

Cary, NY).
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Results
Site Characteristics

As expected, there were significant increases in both soil temperature and thaw
depth throughout the summer from late June until early August (ANOVA: temperature:
Fs.160=20.05, p<0.001; thaw depth: Fs ;50=15.19, p<0.001; Tukey’s HSD: a=0.05; Table
1). There were no significant differences among landscape ages in either soil temperature
or thaw depth when averaged across hillslope positions and sampling dates (ANOVA:
temperature: Fs 17,=1.05, p=0.46; thaw depth: F3 ;7,=0.96, p=0.51; Table 1). When
averaged across landscape ages and sampling dates, soil temperatures were significantly
higher in streamside than in the two higher hillslope positions (ANOVA: F, 170=17.45,
p<0.001; Tukey’s HSD: 0=0.05; Table 1) and soil thaw depth increased significantly
downslope (ANOVA: F; 170=165.60, p<0.001; Tukey’s HSD: 0=0.05; Table 1). As
expected, soil pH decreased with increasing landscape age and was significantly higher
for soils from the youngest landscape age than for soils from the oldest landscape age
(ANOVA: F350=14.22, p=0.013; Tukey’s HSD: 0=0.05; Table 1).
Soil Water

There were no significant differences in needle-sampled soil water DOC
concentrations among sampling dates (ANOVA: F4 155=0.91, p=0.46). However, DOC
concentrations in lysimeter-sampled soil water decreased significantly as the summer
progressed (ANOVA: F4123=9.68, p<0.001). Concentrations of DOC were significantly
higher during the first week than during the last three weeks and were significantly higher
during the second week than the last two weeks (Tukey’s HSD: a=0.05). As expected,

concentrations of DOC in needle-sampled soil water decreased significantly downslope,
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when averaged across landscape ages, with significantly higher concentrations at the
upslope position than at either of the lower hillslope positions, and significantly higher
concentrations of DOC at the vegetation boundary than at the streamside hillslope
position (ANOVA: F; 165=41.47, p<0.001; Tukey’s HSD: 0=0.05). In addition,
concentrations of DOC in lysimeters were significantly higher at the upslope hillslope
position than in streamside lysimeters when averaged across all landscape ages
(ANOVA: F,133=6.06, p=0.003; Tukey’s HSD: a=0.05). Contrary to expectations, there
were no significant differences in concentrations of DOC in needle-sampled or lysimeter-
sampled soil water among landscape ages when averaged across hillslope positions and
sampling dates (ANOVA: needle-sampled: F3 ;70=1.16, p=0.43; lysimeter-sampled:
F3.135=2.12, p=0.10; Figure 3.2). However, there was a significant age by hillslope
position interaction with concentrations of DOC in needle-sampled soil water decreasing
more rapidly moving down the hillslope in some landscape ages than in others (ANOVA:
Fe.162=4.10, p<0.001; Tukey’s HSD: 0=0.05; Figure 3.2a). There was also a significant
age by transect interaction in lysimeter-sampled soil water with DOC concentrations
decreasing downslope on some landscape ages, while in other landscape ages DOC
concentrations in lysimeters remained relatively constant across all hillslope positions
(ANOVA: Fg,127=5.43, p<0.001; Tukey’s HSD: a=0.05; Figure 3.2b).

Concentrations of DON within hillslopes mirrored patterns of DOC
concentrations within hillslopes; however, unlike for concentrations of DOC,
concentrations of DON varied among hillslopes of different landscape age. As expected,
DON concentrations in needle-sampled soil water decreased downslope with

significantly higher concentrations of DON in soil water at the upslope hillslope position
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than in soil water at the two lower hillslope positions (ANOVA: F; 146=24.07, p<0.001;
Tukey’s HSD: a=0.05). However, DON concentrations in lysimeters did not exhibit
significant differences among hillslope positions when averaged across landscape ages
(ANOVA: F,93=0.24, p=0.78; Figure 3.3b). Needle- and lysimeter-samples DON
concentrations were both significantly different among landscape ages with higher
concentrations of DON in soils from older landscape ages than in soils from younger
landscape ages, consistent with expectations (ANOVA: needle-sampled: F3 143=5.22,
p<0.001; lysimeter-sampled: F39s=3.55, p=0.016; Tukey’s HSD: a=0.05; Figure 3.3).
Similar to DOC, concentrations of DON in needle-sampled soil water exhibited an age by
transect interaction as the magnitude of the decrease in DON concentration moving down
hillslopes depended on landscape age (ANOVA: Fg 140=2.54, p=0.022; Tukey’s HSD:
a=0.05; Figure 3.3a), but lysimeter DON concentrations did not exhibit an age by
transect interaction (ANOVA: F¢33=0.97, p=0.45; Figure 3.3b). DON concentrations
from lysimeters were significantly higher at the first collection date than any other
collection date (ANOVA: F484=7.55, p<0.001; Tukey’s HSD: a=0.05).

As a result of differences in concentrations of DOC and DON in needle-sampled
soil water among transects there was a significantly higher DOC:DON ratio in needle-
sampled soil water at the upslope than at the two lower hillslope positions (ANOVA:
F.146=6.25, p=0.002; Tukey’s HSD: 0=0.05; Figure 3.4). However, there were no
significant differences among landscape ages in DOC:DON ratios (ANOVA: F3 145=2.17,
p=0.25), nor were there significant age by hillslope position interactions in DOC:DON
ratios in needle-sampled soil water (ANOVA: needle-sampled: Fg 1490=1.09, p=0.37). For

lysimeter-sampled soil water there were no significant landscape age, sampling date, or
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hillslope effects on DOC:DON ratios (ANOVA: age: F395=1.47, p=0.23; sampling date:
F434=1.61, p=0.18; hillslope: F,93=0.065, p=0.94).

There were no significant differences in needle-sampled soil water concentrations
of DOP among landscape ages, hillslope positions, or sampling dates (ANOVA: age:
F3.143=0.82, p=0.57; hillslope position: F; 146=0.95, p=0.39; sampling date: F4 36=0.35,
p=0.85; Figure 3.5a). Similarly, lysimeter concentrations of DOP did not differ
significantly among landscape ages, hillslope positions or sampling dates (ANOVA: age:
F39,=0.32, p=0.81; hillslope position: F,99=0.36, p=0.70; sampling date: F4 30=1.53,
p=0.20; Figure 3.5b). DOP typically made up 60% of total dissolved phosphorous in soil
and stream water. Lysimeter concentrations of phosphate did not differ significantly
among landscape ages, hillslope positions, or sampling dates (ANOVA: age: F310,=0.71,
p=0.55; hillslope position: F; 100=0.87, p=0.42; sampling date: F490=1.22, p=0.31; Figure
3.6b). Soil water concentrations of phosphate sampled with perforated needles also did
not differ significantly among landscape ages or sampling dates (ANOVA: age:
F3.157=1.68, p=0.42; sampling date: F4 145s=2.13, p=0.080; Figure 3.5b). However needle-
sampled concentrations of phosphate in soil water decreased significantly from the
upslope to the streamside hillslope position (ANOVA: F; ;55=5.67, p=0.004; Tukey’s
HSD: 0=0.05; Figure 3.6a).

Nitrate concentrations in needle-sampled soil water were not significantly
different among landscape ages, hillslope positions, or sampling dates (ANOVA: age:
F3.155=16.77, p=0.50; hillslope position: F, 156=2.38, p=0.096; sampling date: F4 j46=1.53,
p=0.20; Figure 3.7a). Lysimeter concentrations of nitrate also did not differ significantly

among landscape ages, hillslope positions, or sampling dates (ANOVA: age: F3 193=1.36,
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p=0.26; hillslope position: F; 19;=1.78, p=0.17; sampling date: F49,=1.32, p=0.27; Figure
3.7b). However, there was a significant age by hillslope position interaction in lysimeter
nitrate concentrations with different patterns among landscape ages in nitrate
concentrations within hillslopes (ANOVA: Fg 95=2.64, p=0.019; Tukey’s HSD: a=0.05;
Figure 3.7b).

As expected, bicarbonate concentrations in both needle- and lysimeter-sampled
soil water were significantly higher on the two younger (less acidic) landscape ages than
the two older landscape ages when averaging across hillslope positions and sampling
dates (ANOVA: needle: F3155=11.91, p=0.019; lysimeter: F39,=10.79, p<0.001; Tukey’s
HSD: 0=0.05; Figure 3.8). Concentrations of free soil water bicarbonate showed
significant differences among sampling dates, with the highest values at the beginning
and end of the summer and the lowest values during the middle of the summer (ANOVA:
F4.143=3.92, p=0.005; Tukey’s HSD: 0=0.05). When averaging across landscape ages and
sampling dates, needle-sampled soil water concentrations of bicarbonate were also
significantly higher at streamside hillslope positions than at upslope and vegetation
boundary hillslope positions, as expected (ANOVA: F; 153=9.40, p<0.001; Tukey’s HSD:
a=0.05; Figure 3.8a). However, concentrations of bicarbonate in lysimeters did not differ
significantly among sampling dates or among hillslope positions (ANOVA: sampling
date: F480=0.49, p=0.75; hillslope position: F;y=2.80, p=0.064; Figure 3.8b). There was
a significant age by transect interaction in needle-sampled soil water bicarbonate
concentrations (ANOVA: F¢ 147=2.67, p=0.017; Tukey’s HSD: 0=0.05; Figure 3.8a) with
concentrations increasing down the hillslope on some landscape ages and remaining

relatively constant within hillslopes on other landscape ages.
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Stream Water

Stream temperatures did not vary significantly among sampling dates or among
landscape ages (ANOVA: sampling date: F349=0.13, p=0.88; landscape age: F35,=3.02,
p=0.27; Table 3.2). Stream pH increased throughout the summer with significantly higher
values in the last week than in the first week of sampling (ANOVA: F349=4.90, p=0.007;
Tukey’s HSD: a=0.05; Table 3.2). However, stream pH did not vary significantly with
landscape age (ANOVA: F35,=0.32, p=0.81; Table 3.2).

Despite the differences observed among terrestrial ecosystems, no differences in
stream water chemistry were observed at the watershed scale. Concentrations of DOC in
stream water were significantly higher during the second week of sampling than during
all other weeks of sampling (ANOVA: F357=13.80, p<0.001; Tukey’s HSD: a=0.05) and
stream water concentrations of DON were significantly higher during the first week of
sampling than during the third week of sampling (ANOVA: F35,=6.49, p<0.001; Tukey’s
HSD: 0=0.05). Therefore, the ratio of DOC:DON in stream water was significantly
higher during the second week of sampling than during any other week (ANOVA:
F351=10.98, p<0.001; Tukey’s HSD: a=0.05). There were no significant differences in
stream water concentrations of DOC or DON or in the ratio of DOC:DON among
landscape ages (ANOVA: DOC: F357,=0.91, p=0.51; DON: F;3 5,=2.73, p=0.20;
DOC:DON: F35,=1.28, p=0.44; Figure 3.2a, 3.3a, and 3.4a). The concentration of DOP
in stream water was not significantly different among either landscape ages or sampling
dates (ANOVA: age: F35,=3.66, p=0.27; sampling date: F349=2.33, p=0.14; Figure 3.5a).

The concentration of phosphate in stream water were also not significantly

different among either landscape ages or sampling dates (ANOVA: age: F3 5,=6.98,
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p=0.24; sampling date: F349=0.42, p=0.74; Figure 3.6a). Similarly, stream water nitrate
concentrations were not significantly different among either landscape ages or sampling
dates (ANOVA: age: F35,=3.74, p=0.22; sampling date: F3 4=2.64, p=0.060; Figure
3.7a). Bicarbonate concentrations in stream water were significantly different among
sampling dates with significantly higher concentrations in the first week than in the
second week (ANOVA: F,,,=3.70, p=0.042; Figure 3.8a), but stream water bicarbonate
concentrations were not significantly different among landscape ages (ANOVA:
F323=4.59, p=0.087; Figure 3.8a).
Discussion

In all sites soil water dissolved organic carbon (DOC), dissolved organic nitrogen
(DON), and phosphate concentrations were significantly higher in upslope samples while
concentrations of bicarbonate in soil water were significantly higher in riparian samples,
indicating significant transformations of C and N within hillslopes. High pH sites on
younger glacial drift had significantly higher soil water bicarbonate concentrations and
significantly lower concentrations of DON in soil water than older, more weathered soils.
Unlike previous laboratory results, there was no consistent pattern of DOC concentrations
in soil water with landscape age. Despite differences in rates of soil organic matter
processing and in soil water DON and bicarbonate concentrations among landscapes,
watershed concentrations of inorganic and organic carbon and nutrients did not differ
among landscape ages during summer conditions. Our results suggest that under current
permafrost and soil conditions DOM availability is highly variable within the hillslope,

but within-stream processing masks landscape ages effects at the watershed scale.
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Variation within hillslopes

Our research indicates that topographic variation within arctic hillslopes is an
important control on availability of DOM, and nutrients, likely leading to differences in
microbial and plant productivity within arctic hillslopes. Concentrations of DOC, DON,
and phosphate in soil water decreased moving down hillslopes potentially due to
chemical stabilization of DOM or phosphate, plant and microbial uptake of DON and
phosphate, or mineralization of DOM by microbial communities within the hillslope.
Combined with previous research on inorganic nutrient availability within hillslopes
(Giblin et al. 1991, Nadelhoffer et al. 1991), our results suggest lower nutrient
availability at downslope positions due to decreases in inorganic phosphorus, organic
nitrogen, and inorganic nitrogen availability. In addition, DOC:DON ratios decreased
down the hillslope, suggesting that within hillslope processing changes the composition
and stoichiometry of the bulk DOM pool as water moves down arctic hillslopes.

If streamside hillslope positions are flushed more frequently, dilution would
explain lower concentrations of DOC and DON, but not higher concentrations of
bicarbonate in downslope samples. Greater connectivity between downslope hillslope
positions and streams has been suggested (Stieglitz et al. 2003). However, concentrations
of bicarbonate increased within the hillslope from upslope sites to downslope sites,
suggesting either a buildup of weathering products within the hillslope, or increased soil
respiration rates at streamside hillslope positions. Streamside hillslope positions also had
higher temperatures and thaw depths than upslope positions which may result in a longer

active season or faster rates of microbial activity downslope.
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Variation among hillslopes

Bicarbonate concentrations in soil water were higher on younger, less weathered
landscape ages, consistent with higher rates of carbonate weathering on younger
landscapes than older landscapes. Carbonate minerals in younger landscapes provide a
relatively large pool of easily weathered minerals for bicarbonate production, whereas on
landscapes older than 50,000 years since glaciation, the carbonate minerals have been
exhausted, greatly suppressing weathering rates. This is consistent with previous results
showing higher concentrations of bicarbonate in lakes and streams on younger than on
older landscapes (Engstrom et al. 2000, Keller et al. 2007).

Landscape age controls on laboratory DON and DOC production in arctic soils
appear to influence concentrations of DON in soil water, but not concentrations of DOC.
Dissolved organic nutrient pools/fluxes do not always have the same controls as the bulk
pool of DOM within ecosystems (Kaushal and Lewis 2003, McDowell 2003, Kaushal
and Lewis 2005). In our study, higher DOC production in soils from older landscapes
observed in laboratory incubations do not appear to translate into hillslope or watershed
scale differences in concentrations of DOC among landscape ages. However, landscape
age did affect the rate of DOC and DON removal from soil water within hillslopes, such
that DOM disappearance occurred more quickly on older landscape ages than on younger
landscape ages. This indicates that rates of DOC consumption are higher on older
landscape ages, consistent with previous research showing higher microbial activity on
older, more weathered landscapes (Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie
and Gough 2004, Chapter 1, Chapter 2). However, we found no significant differences in

the biodegradability of DOC among landscape ages (Chapter 4).
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In addition to changes in hillslope DOC dynamics among landscape ages,
concentrations of DON in soil water were higher on older, more weathered landscape
ages which exhibit higher DON production in laboratory incubations (Hobbie et al. 2002,
Chapter 1, Chapter 2). As nitrogen is limiting in many arctic soils and plants obtain most
of their nitrogen in the organic form through either direct uptake of amino acids or
through mychorrizae (Kielland 1994, Lipson and Nasholm 2001, Nordin et al. 2004,
Weintraub and Schimel 2005a, b, Hobbie and Hobbie 2006), higher DON availability on
older landscapes ages may lead to higher plant productivity on older landscape ages. This
is consistent with higher rates of plant productivity on older landscape ages (Gough et al.
2000, Hobbie and Gough 2002, 2004).

Variation among watersheds

Despite clear differences observed in laboratory incubations, and for DON for soil
water, effects of landscape age on concentrations of organic matter and nutrients were not
evident in stream biogeochemistry during this study. Faster rates of soil organic matter
processing, more DOC and DON production, lower soil water bicarbonate
concentrations, and higher concentrations of DON in soil water were observed on older
landscapes compared to younger ones. However, watershed concentrations of inorganic
and organic carbon and nutrients did not differ among landscape ages. Similarly soil pH
was significantly different among landscape ages, but stream pH did not differ among
landscape ages. This surprising result could be related to other factors that override or
mask the influence of landscape age on stream biogeochemistry including variation in
hydrology, riparian vegetation, and in hyporheic-zone or within-stream processing of

organic matter and nutrients.
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Hydrology and within-stream processing are unlikely to homogenize stream
chemistry relative to differences in soil water chemistry. We chose hillslopes within
watersheds of similar slope and aspect to minimize variation in hydrology. It is not
possible to completely eliminate variation in hydrologic flow paths among watersheds,
but time since glaciations should not affect watershed hydrology in areas of similar
topography. Processing of DOM within hyporehic zones and within streams can also
greatly affect fluxes of OM and nutrients within aquatic ecosystems in temperate and
arctic ecosystems (Harvey et al. 1997, Dawson et al. 2001, Edwardson et al. 2003,
Webster et al. 2003, Bernhardt et al. 2005). However, differences among landscape ages
in within-stream or hyporehic-zone processing of organic matter and nutrients are
unlikely to occur in such a way that would mask differences in biogeochemical
processing within hillslopes.

Since riparian ecosystems can have a large impact on organic matter and nutrient
inputs to streams (Naiman and Decamps 1997), variation among watersheds in riparian
vegetation could mask differences in soil water biogeochemistry among landscape ages.
It was not possible to constrain watersheds to one type of riparian vegetation (wet sedge
or riparian willow shrub tundra) so chose an equal number of watersheds older and
younger than 50,000 years since glaciations with each riparian vegetation type. There is
large variation in biogeochemical cycling among riparian vegetation types with wet sedge
tundra having lower biomass, lower NPP, lower phosphorus mineralization, and higher N
availability than riparian shrub tundra (Giblin et al. 1991, Nadelhoffer et al. 1991, Shaver
et al. 1996). Therefore, biogeochemical processing within riparian vegetation could

negate differences among landscape ages in soil organic matter processing.
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Implications

In addition to previous research on variation in biogeochemical cycling of organic
matter and nutrients within soils, our research indicates that while landscape age
influences gaseous carbon fluxes from soil and terrestrial productivity within hillslopes
(Gough et al. 2000, Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and Gough
2004, Chapter 1, Chapter 2), it does not affect aquatic fluxes of DOM and nutrients. At
the plot scale, heterogeneity among landscape ages leads to higher dissolved and gaseous
fluxes of carbon from soils on older landscapes and should be included in models of
terrestrial carbon cycling. At the hillslope scale, decreases in concentrations of DOC,
phosphate, and DON and increases in concentrations of bicarbonate in soil water
downslope suggest that hillslope processes such as chemical weathering, mineralization
of organic matter, and plant or microbial nutrient uptake alter forms of organic matter and
nutrients within hillslopes. Therefore, these hillslope processes should be included when
modeling transport of carbon and nitrogen, productivity, and decomposition within arctic
terrestrial ecosystems. However, at the watershed scale, heterogeneity among landscape
age does not appear to influence fluxes of carbon and nitrogen to downstream aquatic
ecosystems and the Arctic Ocean. Thus other factors such as riparian zone functioning
are exerting a strong control over stream water biogeochemistry in arctic watersheds
during summertime. Over wider ranges of conditions, effects of soil structure, permafrost
cover and age are evident (Kawahigashi et al. 2004, Streigl et al. 2005, Frey et al 2005,
Frey et al 2007, Frey and McClelland 2009). It is unknown how riparian functions might
change as permafrost watersheds thaw and riparian zone vegetation and hydrology

change. Currently, however, it does not appear to be necessary to include landscape age
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as a factor in large scale modeling of arctic carbon and nutrient fluxes in aquatic

ecosystems during summer conditions.
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Chapter 4: Decomposition of dissolved organic carbon across a hillslope
chronosequence in the Kuparuk River region, Alaska
Summary

The proportion and character of dissolved organic matter (DOM) exported from
arctic watersheds depends upon the balance between DOM production, biodegradation,
and transport within thawed soil layers, all of which may be affected by large variation in
geology, topography, and vegetation throughout the circumpolar region. Significant
differences in production of DOM and decomposition of soil organic matter exist among
landscapes with different glaciation histories in the Kuparuk River region of northern
Alaska, with younger landscapes having lower rates of microbial activity. In addition to
variation among landscape ages, significant differences in soil water DOM
concentrations exist within hillslope toposequences in the region, with higher
concentrations in upslope positions and lower concentrations in streamside positions. We
hypothesized that lower biodegradability of DOM in younger landscapes compared to
older, more weathered landscapes explains lower observed rates of soil respiration on
these younger landscapes. We also hypothesized that within hillslope decomposition of
labile DOM leads to both lower observed concentrations of DOM in situ and to lower
biodegradability of DOM in streamside hillslope positions.

To test this hypothesis we examined the biodegradability of water-extracted DOM
from soils within hillslopes across a chronosequence of landscape ages near the Kuparuk
River using four direct and indirect indices of DOM biodegradability. Soil extract DOM
concentrations did not differ among landscape ages, but were significantly higher in

upslope hillslope positions than streamside hillslope positions. DOM fluorescence

75



(fluorescence index) was significantly lower in upslope hillslope positions, but
fluorescence index did not vary significantly among landscape ages. There were no
significant differences among landscape ages or hillslope positions in DOM specific UV
absorbance, rates of DOM derived respiration, or decomposition of DOM, suggesting that
variation in biodegradability of DOM is not an important factor leading to observed
variation in organic matter processing during summer. It appears that DOM in seasonally
thawed soils is highly recalcitrant throughout the landscape in the Kuparuk River region

so that differences in geochemistry are most likely to influence DOM during summer.
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Introduction

Since terrestrial ecosystems are the primary source of dissolved organic matter
(DOM) exported from high latitudes (Benner et al. 2004), an understanding of arctic
terrestrial DOM dynamics is necessary to predict future trends in DOM inputs to aquatic
ecosystems. DOM is produced in soils through the release of plant and microbial
exudates and the biotic or abiotic breakdown of soil organic matter. DOM may be 1)
mineralized by microbes to carbon dioxide, methane, and inorganic nutrients, 2)
stabilized within terrestrial ecosystems through sorption to mineral soil layers, or 3)
transported down hillslopes to aquatic ecosystems (Kalbitz et al. 2000, Kalbitz et al.
2003). Therefore, the proportion and character of DOM export from arctic watersheds
depends upon the balance between DOM production, biodegradation, and abiotic
reactivity (affecting sorption to mineral soil components).

Dissolved organic matter is an important substrate for microbial activity in soils
and aquatic ecosystems where it can be mineralized to carbon dioxide or methane, or
storage in soils and aquatic sediments. Thus DOM can mediate the rate, timing and
spatial location of gaseous carbon to the atmosphere, making DOM a significant
component of landscape carbon budgets (Kling 1991, Kalbitz et al. 2000, Cole et al.
2007). Terrestrially derived DOM represents 30-75% of energy inputs to streams
worldwide and is an important component of aquatic food webs (Hessen et al. 2004,
Gueguen et al. 2006, Guo and Macdonald 2006). Therefore, the proportion of DOM
which is easily degraded can affect gaseous carbon fluxes from terrestrial and aquatic

ecosystems as well as fluxes of DOM from terrestrial to aquatic ecosystems.
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Dissolved organic matter is also an important source of organically bound
nutrients to aquatic and terrestrial ecosystems, particularly in arctic ecosystems where the
majority of nutrients exist in organic forms (Kling 1995, Lipson and Nasholm 2001,
Kawahigashi et al. 2004, Weintraub and Schimel 2005b, Bronk et al. 2007). In aquatic
ecosystems, DON is an important source of N for phytoplankton (Bronk et al. 2007).
Arctic plants satisfy 60-80% of their N demand through direct uptake of organic N in the
form of amino acids or indirect uptake of organic N through mycorrhizae (Kielland 1994,
Lipson and Nasholm 2001, Hobbie and Hobbie 2006). In soils and aquatic systems, DON
can be mineralized by microbes to inorganic N, providing N to plants and algae; therefore
a better understanding of the availability of DON for microbial uptake or mineralization
(to inorganic N) is necessary to make predictions of current and future arctic terrestrial
primary productivity.

In soils, DOM biodegradation depends both on DOM quality (determined by its
source) and on environmental factors affecting soil microbial activity (i.e. temperature
and soil moisture), stabilization of DOM in soils (i.e. soil geochemistry), and contact
between microbes and soil water (i.e. water table depth, hydraulic conductivity) (Kalbitz
et al. 2003, Marschner and Kalbitz 2003, Bengtsson and Torneman 2004, Weintraub and
Schimel 2005b, Judd et al. 2006). DOM is a complex mixture of dissolved organic
compounds with varying size and chemical composition (e.g. elements, size, charge,
structural complexity, and functional groups) (Kalbitz et al. 2000). Typically, hydrophilic
DOM molecules such as carbohydrates, organic acids and proteins can be mineralized
more readily by microbes than DOM that is highly condensed, is hydrophobic, or has

many aromatic rings such as lignin-derived compounds (Kalbitz et al. 2003, Marschner
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and Kalbitz 2003). Although controls on DOM biodegradability have been relatively well
studied in temperate forests, less is known about their controls in arctic systems.

As water and dissolved materials move through soils in terrestrial ecosystems the
biodegradability and concentration of DOM is altered through contact with microbes and
soil (Qualls and Haines 1992, Kalbitz et al. 2000, Michalzik et al. 2001, Qualls et al.
2002, Kalbitz et al. 2003, Marschner and Kalbitz 2003). As a result, aquatic DOC and
DON concentration and biodegradability are higher in seasonally frozen watersheds
during spring floods when frozen soils prevent contact between flowing water and plants,
soil microbes, and soil particles (Michaelson et al. 1998, Stepanauskas et al. 2000, Jones
et al. 2005, Kaushal and Lewis 2005, Finlay et al. 2006). As the growing season
progresses and soils thaw, interactions between DOM, soil, and microbes become
relatively more important. Yet, little is known about how factors such as topography and
geochemistry contribute to heterogeneity in these interactions at the landscape scale.

In addition, the residence time of water and dissolved materials in soils increases
as permafrost thaws (Hinzman et al. 2005), potentially increasing DOM mineralization
and retention in soils and altering fluxes of DOM to aquatic ecosystems with future
climate warming. DOM export in some arctic watersheds has been shown to increase
with increased temperatures through increased leaching of thawed permafrost and direct
stimulation of microbial activity (Frey and Smith 2005, Frey et al. 2007b) while in other
watersheds DOM export has shown no change or a decrease with warming (Kawahigashi
et al. 2004, Streigl et al. 2005, McClelland et al. 2007). It has been hypothesized that
differences in the effects of climate on DOM export among arctic watersheds may be due

large variation in geology, vegetation, and permafrost extent within the major Arctic
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drainage basins (Kawahigashi et al. 2004, Frey and Smith 2005, Streigl et al. 2005, Frey
and McClelland 2009). All of these sources of variability may affect terrestrial inputs of
DOM to rivers through their influence on DOM production, biodegradability, and
stabilization within soils. Yet relatively few studies have examined landscape patterns in
biodegradability of DOM in permafrost dominated watersheds.

To improve understanding of DOM export from arctic terrestrial ecosystems we
examined spatial patterns of DOM biodegradability within and among hillslopes of
different glaciation histories in arctic watersheds using both direct and indirect measures
of DOM biodegradability. The area around Toolik Lake, AK (in the northern foothills of
the Brooks Range) is an ideal location to study the effects of spatial variation in
topography and geology on DOM biodegradability. First, considerable small-scale (<1
km) topographic variation exists that has substantial effects on ecosystem processes, with
up to 10-fold variation in primary productivity accompanying large variation in inorganic
nutrient availability and decomposition rates within hillslopes between upslope plant
communities and streamside plant communities (Giblin et al. 1991, Shaver et al. 1996,
Shaver et al. 2006). Previous research on growing season DOM within hillslopes
demonstrated that DOM concentrations decreased significantly down hillslopes,
highlighting the importance of within-hillslope transformations of C and N (Chapter 3),
as mineralization of labile DOM within the hillslope before reaching downslope sites
would explain lower concentrations of DOM at downslope positions.

Second, Pleistocene expansion and contraction of glaciers in the Brooks Range
created a mosaic of landscape ages (and therefore extent of weathering) with similar

parent material within relatively small (<1 km) regions (Bockheim et al. 1998, Hamilton
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2002), providing an opportunity to study effects of variation in soil geochemistry while
holding parent material, vegetation, climate, and topography constant. Previous research
in the region, has shown higher exchangeable base cations and pH as well as lower rates
of DOM production, N mineralization, litter decomposition and microbial respiration on
younger (<50,000 years old), less weathered surfaces than on older, more weathered
surfaces (Bockheim et al. 1998, Hobbie and Gough 2002, Hobbie et al. 2002, Hobbie and
Gough 2004, Keller et al. 2007, Chapter 1, Chapter 2). Differences in soil geochemistry
among landscape ages likely influence stabilization of DOM, because polyvalent base
cations can bind negatively charged molecules of DOM to negatively charged soil
organic matter or clay minerals, making that DOM unavailable to microbes (Oades 1988,
Kalbitz et al. 2000, Chapter 2). However, previous research suggests that higher rates of
microbial activity on older landscapes cannot be explained entirely by lower chemical
stabilization on older landscapes (Chapter 2). Therefore we hypothesized that higher rates
of microbial activity on older landscapes may additionally be caused by greater
bioavailability of DOM, perhaps resulting from differences in vegetation and microbial
communities on these landscapes compared to younger ones. However, little is known
about how landscape age influences the biodegradability of DOM at the peak of the
growing season when interactions between DOM and both soil particles and soil biota are
likely at their maximum. By examining patterns in DOM biodegradability among
landscape ages we aimed to determine whether higher microbial respiration in soils from
older landscape ages results from greater biodegradability of DOM.

To examine landscape patterns in biodegradability of DOM in permafrost

dominated watersheds we examined the biodegradability of water-extracted DOM from
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soils within hillslopes across a chronosequence of landscape ages near Toolik Lake, AK.

We hypothesized that a) within hillslopes, downslope sites will have smaller

concentrations of labile DOC than upslope sites due to mineralization of less complex,
more labile compounds by microbes as DOM moves downhill along the slope, while b)

among hillslopes of different ages, soil from younger, less-weathered landscapes will

have relatively smaller concentrations of labile DOM than soils from older landscapes,
partly explaining low respiration rates from these soils.
Methods

We examined spatial patterns of DOM biodegradability within and among
hillslopes of different glaciation histories in the arctic using four indices of
biodegradability: a) specific UV absorbance, b) fluorescence index, ¢) oxygen
consumption, and d) DOM mineralization. To study variability among landscape ages in
biodegradability of DOM, we worked in three replicate watersheds on four landscape
ages near Toolik Lake, AK, ranging from 11,000-13,000 years to 120,000-600,000 years
before present. To determine topographic variability in biodegradability of DOM in each
of these watersheds, we characterized upslope, vegetation boundary, and streamside
hillslope positions on each hillslope.
Site Characteristics

We chose three hillslope study sites contained entirely on glacial drift within each
of four glaciations and therefore landscape ages: Itkillik IIT (11,000-13,000 years before
present), Itkillik IT (11,000-50,000 years before present), Itkillik I (50,000-120,000 years
before present), and Sagavanirktok (120,000-600,000 years before present) (Table 1,

Figure 4.1). Drift deposited from these four glaciations came from the Brooks Range and
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is of similar mineralogy (Bockheim et al. 1998, Hamilton 2002). To minimize differences
in climate, sites were all located within 15 miles of the Toolik Lake Biological Field
Station along the Dalton Highway in northern Alaska. We chose hillslopes of similar
slope (1-15°) and aspect (20° W of N to 10° E of N) to minimize differences in soil
temperature, hydrology, and thaw depth related to topography. To minimize the influence
of calcium-rich road dust on soil geochemistry, all of our hillslopes were located at least
0.5km from all roads. Site selection was done in ARCGIS (ESRI, Redlands, CA) using
data layers provided by Toolik Field Station GIS (http://www.uaf.edu/toolik/gis/).

Field Data and DOM characteristics

At each hillslope, we measured air temperature and depth of the organic horizon
before collecting one 10x10cm sample of the entire organic horizon (between the bottom
of living moss and the mineral soil or top of the permafrost, whichever was shallower) to
calculate bulk density. We measured soil pH by shaking a 5g sub-sample of organic soil
in 60mL of nanopure water for one hour and measuring the pH of the resulting solution.
A second sub-sample of soil was used to measure gravimetric soil moisture content by
drying soil for 48hrs at 60°C.

We measured concentrations of DOM and nutrients in soil water, soil water
extracts, and stream water. We collected soil water and soil samples for extraction at
three locations equally spaced along three 15m transects at each hillslope in each site.
The “tussock” transect was within the upslope tussock tundra vegetation, the “vegetation
boundary” transect was along the boundary between the tussock tundra vegetation, and
the “streamside” transect was directly adjacent to the stream. A 250mL soil water sample

from the saturated zone was collected using a S0mL syringe and perforated metal tube at
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each location. From each site we collected three replicate samples of stream water from
the stream at the bottom of each hillslope for comparison with soil water data.

For soil water extracts, we collected three soil core samples (5cm diameter) of the
entire organic layer within each transect on a hillslope across all landscape ages for a
total of 108 cores. After we removed the large roots and homogenized the soil samples,
we stored them at 4°C until extraction. We extracted porewater DOM from the
homogenized organic soil samples by shaking 50g (wet weight) of soil in 750mL of
nanopure water for two hours at 180 oscillations per minute and filtered the resulting
solution through a Geotech 0.45um dispos-a-filter (Geotech Environmental Equipment,
Denver, CO). We determined our extraction procedure with a pilot experiment to obtain
DOC concentrations in extracts of approximately 10mg/L.

Soil water, water extracts, and stream water samples were analyzed for dissolved
organic carbon and total dissolved nitrogen (TDN) concentrations (TOC-V CSH and
TNM-1, Shimadzu, Columbia, MD), nitrate (NO3") plus nitrite (NO,") concentrations
(Lachat, QuickChem 8500 Flow Injection Analyzer, Loveland, CO, cadmium reduction
(Wood et al. 1967)), ammonium (NH;") concentrations (Lachat, QuickChem 8500 Flow
Injection Analyzer, Loveland, CO, phenol hypochlorite, (Solérzano 1969)), and
phosphate (PO4") concentrations (Cary 50 Bio UV-Vis Spectrophotometer, Varian, Palo
Alto, CA, colorometrically (Eaton et al. 1995). Total dissolved phosphorous (TDP) in
stream water samples was analyzed by digesting samples using potassium persulfate
following the method of Valderrama (1981) before analyzing the resulting digest for

phosphate using the method described above. We calculated dissolved organic
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phosphorous (DOP) in all water samples as TDP less PO4s” and DON as TDN less the sum
of NO; and NH,4 .

We used four methods to characterize DOM biodegradability in soil extracts. We
analyzed soil extracts rather than soil water in order to have adequate sample volume for
analyses and minimize time between sample collection and the experiment. We measured
UV absorbance of soil extracts at 254nm (Abs;s4), 280nm (Abs,g0), and 400nm (Absaoo)
using a spectrophotometer (Cary 50 UV-Vis Spectrophotometer, Varian, Palo Alto, CA).
These measurements were used to calculate specific UV absorbance (SUVA) by dividing
UV absorbance at a given wavelength by the concentration of DOC in the sample (i.e.
SUVA;s4 is Abs;ss divided by the concentration of DOC in the sample). SUVA;s4 and
SUV Ayg have been used as indicators of the source of DOC and the recalcitrance of
DOC in previous studies (Kalbitz et al. 2003, Weishaar et al. 2003, McDowell et al.
2006, Fellman et al. 2008). Higher SUVA values indicate more aromatic compounds and
usually, but not always, more recalcitrant DOC (Kalbitz et al. 2003, Weishaar et al. 2003,
McDowell et al. 2006). Surface waters typically have SUV Ajs4 values between 2 and 4
L*mg Cl*m! (Weishaar et al. 2003). We also examined the ratio of Abs;ss to Absago as
this has been shown to be an indicator of the proportion of high molecular weight,
unsaturated structures and thus high values indicate low DOM biodegradability
(Trulleyova and Rulik 2004).

We also used a second method, the fluorescence index (FI), as an index of
bioavailability. Lower FI typically indicates a greater proportion of aromatic compounds
in the DOC mixture (McKnight et al. 2001). We calculated FI as emission at 450nm

divided by emission at 500nm of soil extracts DOC excited at 370nm following the
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method of McKnight et al (2001) using a fluorimeter (Horiba Scientific, FluoroMax-3
Spectrofluorimeter, Edison, NJ). This FI has been used to indicate if DOC is more
microbially or terrestrially derived in aquatic systems (McKnight et al. 2001). For
example, ,microbially derived DOC found in Antarctic lakes has an FI of 1.7-2.0 while
plant and soil derived DOC in small temperate forested watersheds have an FI of 1.3-1.4
with most surface waters in between these extremes (McKnight et al. 2001).
Incubation Experiment

As an additional index of bioavailability, we conducted an 11 month soil
incubation experiment on three replicate soil extract samples from each of the three
hillslope positions at all 12 study sites to determine the decomposition rate of DOC from
different landscapes and hillslope positions. Soil extracts (450mL) from three replicate
soil samples from each of three hillslope positions (upslope, vegetation boundary,
streamside) at each of three sites on four distinct landscape ages were placed in 500mL
amber glass bottles with screw cap lids and stored in the dark at 11°C (for a total of 108
bottles). In addition we incubated three replicate blank bottles with only microbial
community inoculations but no soil DOM extract, three replicate bottles with 10mg/L
glycine-C, and three replicate bottles with 10mg/L glucose-C. Incubation bottles were
sub-sampled to measure DOC concentrations (using the method previously described)
after 7, 21, 70, 126, 176, and 304 days.

To measure DOC derived respiration, on day 0, day 126, day 176, and day 304 we
also collected two sub-samples of water from each incubation bottle for dissolved oxygen
analysis. One of these sub-samples was fixed immediately with a 1% HgCl, solution. The

other was fixed with HgCl, after 2-7 days (the minimum amount of time necessary to
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measure detectable changes in oxygen concentration). Samples were then analyzed for
oxygen concentrations using Membrane Induction Mass Spectrometry on a Pfeiffer
Vacuum Prisma residual gas analyzer (Pfeiffer Vacuum, Prisma, Nashua, NH). We
calculated respiration rates as the difference in oxygen concentration between the initial
and second water sample divided by the number of hours between the times the two
samples were fixed. On day 304 of the experiment we also incubated two subsamples of
each soil water extract for all site x hillslope position combinations (120 samples) at
room temperature for one week fixing one sample with HgCl, at the start of the week and
fixing one sample with HgCl, at the end of the week and analyzing both for changes in
oxygen concentration to determine if respiration rates were limited by temperature.
Cumulative respiration rates were calculated by multiplying the average daily respiration
rates for two sampling dates by the number of dates between sampling and summing
across the entire length of the incubation.

At the end of the incubation experiment we measured SUV Ajss, SUV Azgo,
Abs)sa/Absagg, and FI on subsamples of water to examine possible changes in the
bioavailability of dissolved organic carbon after 11 months. Final SUVA and FI values
were compared with SUVA and FI values from initial extracts.

Statistical Analysis

To analyze differences in soil characteristics among landscape ages and hillslope
positions and we used split-plot one-way analysis of variance (ANOVA) with landscape
age as a whole plot factor, site (hillslope) number as a random effect, hillslope position as
a sub-plot factor, and replicate as a random effect. We used a similar split-plot one-way

ANOVA to analyze differences in concentrations of carbon, nitrogen and phosphorous in
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soil water and extracts and to analyze differences in SUVA, FI, respiration rate, and DOC
consumption in soil extracts among hillslope positions and landscape ages. To compare
differences in SUVA, FI, and nutrient concentrations between the beginning and end of
the experiment we used a paired t-test. We compared the fit of three nonlinear models to
model DOC decomposition rate, a single exponential (1), double exponential (2), and

asymptotic model (3).

X=¢ ¢ (1)
X=(1-A)*e T 4 ATt )
X=(1-A) * e ¥+ A (3)

where X is the % initial DOC remaining , K is the decomposition rate constant, t is the
sampling time in days, and A is the size of the slow pool of organic matter. To compare
between models we used AICc (Anderson et al. 2000):
AICc=n * In(RSS/n) +2 * K+ 2 * K * (K+1)/ (n— K- 1)

where N is the number of time points, K is the number of parameters in the model and
RSS is the residual sum of squares for each model run. K was equal to one for the single
exponential model, three for the double exponential model, and two for the asymptotic
model. Models were ranked in order from the lowest to highest AICc. All statistical
analyses were run using JMP software (JMP 7, SAS, Cary, NY).
Results
Site Characteristics, Soil and Stream Water

There were no significant differences in bulk density, gravimetric soil moisture,
thaw depth, or organic layer depth among the landscape ages (ANOVA: Bulk Density:

p=0.25, F53=1.67; Soil Moisture: p=0.74, F33=0.43; Thaw Depth: p= 0.63, F3 3¢=0.60;
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Organic Layer Depth: p=0.25, F33=1.68; Table 4.1); however, thaw depth was
significantly different among all three hillslope positions, increasing down the hillslope
from upslope to streamside hillslope positions ANOVA: p<0.001, F534=27.58, Tukey’s
HSD 0=0.05; Table 4.2). There were no significant differences among ages in air
temperature or soil temperature at either Scm or 10cm depths (ANOVA: Air: p=0.047,
F37=4.50, Tukey’s HSD a=0.05 NSD among ages; Scm Depth: p=0.60, F3 9c=0.66; 10cm
Depth: p=0.79, F396=0.35). Soil temperature at 10cm depth was significantly higher at
streamside hillslope positions than in tussock or vegetation boundary hillslope positions
(ANOVA: p<0.001, F394=9.97, Tukey’s HSD 0=0.05, Table 4.2); however, there were no
significant differences in soil temperature at Scm between hillslope positions (ANOVA:
p=0.65, F»94=0.44; Table 4.1). Soil pH did not differ significantly among landscape ages
(ANOVA: p=0.098, F396=2.95; Table 1).

In contrast to a previous study (Chapter 3), there were no significant differences
in soil water DOC or DON concentrations among landscape ages (ANOVA: DOC:
p=0.64, F396=0.60; DON: p=0.17, F3 95=2.20; Figure 4.2 and 4.3). Similar to previous
observations (Chapter 3), concentrations of DOC within landscape ages decreased
significantly moving down hillslopes, but the magnitude of that change depended on
landscape age (ANOVA: hillslope position: p=0.003, F,¢4=17.17; age x hillslope
position: p=0.046, F¢33=2.26; Figure 4.2).

Incubation of soil extracts

Similar to soil water samples, initial soil extracts showed no significant

differences in DOC concentration among landscape ages (ANOVA: p=0.18, F396=1.68;

Figure 4.3). However, DOC concentrations in extracts were significantly different among
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hillslope positions across all landscape ages, with lower concentrations of dissolved
organic carbon at down slope sites (ANOVA: p=0.014, F; 94=4.49, Tukey’s HSD 0=0.05,
Figure 4.3). There were no significant differences among landscape ages or hillslope
positions in the ratio of DOC:DON in initial soil extracts (ANOVA: age: p=0.52,
F3.96=0.82, hillslope positions: p=0.31, F,94=1.18).

SUVA values from soil extracts in our study were within the range of SUVA
values from surface waters (2-4 L mg C"' m™) (Weishaar et al 2003, McDowell et al
2006) and wetlands in southeast Alaska (3.2 -4.6 L mg C"' m™") (Fellman et al. 2008) with
our values on the high end of spectrum similar to those from surface waters dominated by
more recalcitrant DOC (Weishaar et al 2003, Fellman et al 2008). Contrary to
expectations, there were no significant differences in SUVA;s4 or SUV Ayg of initial soil
extracts among either landscape ages (ANOVA: SUVAjss: p=0.82, F396=0.30; SUV Azso:
p=0.77, F396=0.37; Figure 4.4) or hillslope positions (ANOVA: SUVA,s4: p=0.63,
F2.04=0.47; SUV Aygo: p=0.65, F194=0.43; Figure 4.4). Similarly, there were no significant
differences among hillslope positions or landscape ages in Absysa/Abssgo (ANOVA: age:
p=0.38, F396=1.17; hillslope position: p=0.61, F,4=0.49; Figure 4.4) of initial soil
extracts. Nor were their significant differences in the SUV Ajss, SUV Ayg, or
Absjsa/ Absag of soil extracts after 10 months of incubation among landscape ages
(ANOVA: SUVAjs4: p=0.77, F3.96=0.37; SUV Asg0: p=0.88, F396=0.22; Abssa/ Absago:
p=0.63, F396=0.60; Figure 4.5) or among hillslope positions (ANOVA: SUVAjsy:
p=0.075, F294=4.12; SUV Azg0: p=0.05, F2.04=5.19; Absjsa/Absago: p=0.80, F2.94=0.22;
Figure 4.5). There were no significant differences in SUV Ajss, SUV Aygo, or

Absjsa/ Absago between initial and final samples of DOM from the experiment (Paired t-
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test: SUVAjsa: p=0.20, t110=1.28; SUV Aygp: p=0.67, t110=-0.43; Abs,s4/Absago: p=0.80,
t119=0.26; Figure 4.4 and 4.5).

Fluorescence index values of initial soil extracts were similar to FI values for
terrestrially derived DOC which is relatively recalcitrant (1.3-1.4) (McKnight et al 2001)
and similar to DOC extracted from wetlands in southeast Alaska (1.3-1.42) (Fellman et al
2008). FI values were significantly different among hillslope positions (ANOVA: p=0.04,
F».04=5.47; Figure 4.6), but were not significantly different among landscape ages
(ANOVA: p=0.92, F39¢=0.16; Figure 4.6). During the course of the experiment FI
increased (Paired t-test: p<0.001, t;;0=15.39; Figure 4.6). There were no significant
differences among either landscape ages or among hillslope positions in FI of final DOM
samples (ANOVA: age: p=0.91, F396=0.18; hillslope position: p=0.14, F; 9,=2.81; Figure
4.6).

Contrary to our hypotheses, initial respiration rates, measured as dissolved oxygen
consumption over seven days, did not show significant differences among either
landscape ages (ANOVA: p=0.77, F39,=0.37; Figure 4.7) or hillslope positions
(ANOVA: p=0.16, F, 39=1.86; Figure 4.7). Nor were there differences among oxygen
consumption rates after 126 days or after 176 days among either landscape ages
(ANOVA: day 126: p=0.33, F333=1.31; day 176: p=0.27, F394=1.58; Figure 4.7) or
hillslope positions (ANOVA: day 126: p=0.47, F,3c=0.86; day 176: p=0.44, F,4,=0.96;
Figure 4.7). At the end of the experiment there were no significant differences in oxygen
consumption rate among hillslope positions (ANOVA: p=0.62, F, 5,=0.52; Figure 4.6).
Oxygen consumption rates were significantly different among landscape ages at the end

of the experiment; however, there was no trend in oxygen consumption with age
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(ANOVA: p=0.025, F;334=5.28; Tukey’s HSD a=0.05; Figure 4.7). Respiration rates were
significantly lower at the end of the experiment than at the beginning of the experiment
(Paired t-test: p<0.001, t;00=7.069; Figure 4.7). Respiration rates at the end of the
experiment were significantly higher at room temperature than at 11°C, indicating
temperature limitation of DOC decomposition (Paired t-test: p<0.001, t;0,=-9.00; data not
shown). There were no significant differences among landscapes in cumulative
respiration rates (ANOVA: p=0.21, F3 9¢=1.88; Figure 4.7); however, there were
significantly higher cumulative respiration rates in samples from the upslope tussock
tundra hillslope position than in samples from the hillslope positions at the boundary
between the upslope tussock tundra and streamside vegetation (ANOVA: p=0.033,
F»84=6.32; Figure 4.7).

Over the course of 10 months, 10-25% of DOC was decomposed on average
across all landscape ages (Figure 4.8). Similar to patterns in microbial respiration in
extracts, decomposition of DOC throughout the experiment did not differ significantly
among landscape ages or hillslope positions in either total amount (ANOVA: age:
p=0.78, F396=0.37; hillslope position: p=0.10, F,04=2.35; Figure 4.8) or as a percent of
initial DOC concentrations (ANOVA: age: p=0.60, F396=0.66; hillslope position: p=0.54,
F»04=0.62; Figure 4.8). In approximately one third of the cases there was no significant
difference between the two models (asymptotic vs. single exponential), the single
exponential model was a significantly better fit for the data in approximately one third of
the cases, and the asymptotic model was a significantly better fit for the data in the
remaining third of the cases (Table 4.3). We do not present data from a double

exponential model because that model did not fit the data in most cases (data not shown).
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There were no significant differences in the decomposition rate constant modeled with a
single exponential model among either landscape ages or among hillslope positions (age:
p=0.77, F396=0.37; hillslope positions: p=0.62, F;94=0.48; Figure 4.8). When we
modeled decomposition rates using an asymptotic model there were also no significant
differences among landscape ages or among hillslope positions (data not shown).
Discussion

Our results indicate that biodegradability of DOM remained relatively constant
throughout the landscape, with no differences among landscape ages or among hillslope
positions. Although we hypothesized that DOM would be more labile on older landscape
ages due to differences in plant and microbial communities, we found no differences in
biodegradability of summertime DOM among landscape ages. Therefore higher observed
rates of microbial respiration on older landscape ages (Hobbie et al. 2002, Hobbie and
Gough 2004, Chapter 3, Chapter 4) cannot be explained by a more labile substrate on
older landscape ages. These findings are not consistent with previous work on
biodegradability of tundra DOM during springtime snowmelt which did find significant
differences among landscape ages (Michaelson et al. 1998). For topography, we
hypothesized that DOM would be less labile in downslope hillslope positions due to
degradation of labile DOM within the hillslope, but we found no differences in DOM
biodegradability among hillslope positions. Therefore, degradation of labile DOM within
the hillslope does not appear to explain higher concentrations of DOM at upslope sites.
The lack of variation in lability of DOM within hillslopes indicates that chemical
stabilization of DOM is a more important driver of DOM concentrations than biological

breakdown of DOM within hillslopes.
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Summertime DOM in this region appears to be uniformly recalcitrant throughout
the landscape despite several factors that could potentially lead to variability. In relation
to temperate studies of DOM biodegradability, rates of decomposition reported here are
similar to those found for DOM in soil extracts from hardwood and spruce forest floors,
but are much slower than for DOM found in agricultural soils (McDowell et al. 2006).
Roehm et al (2009) examined soil extracts from subarctic mire in Sweden and found
much higher bioavailability of terrestrial DOM (21-56% in 12 days) than we found in our
study. Similarly, biodegradability of DOM in our soil extracts was lower than exhibited
biodegradability of DOM from wetlands in SE Alaska (23-42% in 30 days) (Fellman et
al. 2008). The high specific UV absorbance (near 4 at 250nm) of DOM in soil extracts
also indicates a high proportion of aromatic compounds which often indicates more
recalcitrant DOM (Kalbitz et al. 2003, Weishaar et al. 2003, McDowell et al. 2006).
Similarly, the fluorescence index of DOM in soil extracts (near 1.3) typically indicates
more recalcitrant DOM (McKnight et al. 2001). Spectral properties of DOM were also
not significantly altered throughout the course of a 10 month incubation experiment.

Extrapolating results from the laboratory incubations suggests that the majority of
DOM is moving into streams before it can be degraded within the terrestrial landscape.
For example, if we assume a 100 day growing season, decomposition rates similar to
those reported here, and a mean residence time of water in the landscape of 100 days, less
than 15% of DOM would be degraded before reaching aquatic ecosystems, so the
majority of DOM is likely to be flushed into aquatic ecosystems before it is processed in
the hillslope. Holmes et al. (2008) found that 10% or less of the summertime DOM in

three rivers in the Kuparuk Region (the Kuparuk, the Coleville, and the Sagavanirktok)
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was labile. They proposed that this was due to microbial processing within hillslopes;
however, our data indicate that DOC produced by leaching from vegetation and soils in
summertime is already very recalcitrant. However, DOM may undergo photo-oxidation
within aquatic ecosystems, producing labile DOM which can represent an important
source of energy and nutrients for aquatic microbes (Kling 1995, Judd and Kling 2002,
Judd et al. 2006, Judd et al. 2007).

In contrast to the recalcitrant nature of DOM in arctic watersheds in mid-summer
shown here, DOM in tundra watersheds appears to be more labile throughout the
landscape (rivers and soils) during the spring freshet when the majority of DOM fluxes
occur. Michaelson et al (1998) found that 36-46% of the DOM in tundra soil cores was
labile during thaw. They also observed that the proportion of labile DOM decreased in
thawed soil cores after a 34 day incubation along with the proportion of hydrophilic
neutral compounds (Michaelson et al. 1998). Similarly, up to 40% of the DOM is labile
in three rivers in Northern Alaska (the Kuparuk, the Colville, and the Sagavanirktok)
during the snowmelt flush (Holmes et al. 2008). Previous research on bacterial utilization
of DOM within a small tundra catchment at Toolik Lake, AK also demonstrated
decreases in the biodegradability of DOM from a springtime experiment to a mid-
growing season experiment (Judd et al. 2006). In addition, Raymond et al (2007) found
that DOC exported during spring runoff is significantly younger than DOC exported from
major arctic rivers during summertime base flow. These seasonal changes in DOM
source and biodegradability have been demonstrated to lead to changes in the
bacterioplankton communities of Toolik Lake (Crump et al. 2003). More labile DOM

during the spring freshet and soil thaw period may be due to the flushing of labile DOM

95



produced by both microbial and freeze-thaw processes throughout the fall, winter, and
spring (Schimel and Clein 1996, Larsen et al. 2002, Grogan et al. 2004). Free-thaw
cycling in soils has been shown to produce peaks in microbial activity thought to result
from decomposition of labile compounds such as carbohydrates resulting from the lysis
of plant and microbial cells (Schimel and Clein 1996, Larsen et al. 2002, Grogan et al.
2004). If freeze-thaw processes during the fall, winter, and spring release labile DOM
which is removed from terrestrial ecosystems during snowmelt this labile DOM would
not be available to support summertime microbial productivity.

Our study suggests that DOM production and transport are more important than
DOM degradation in explaining variation in DOM concentrations among landscape ages
and hillslope positions in arctic soils. Our results indicate that there is little variation in
DOM degradation within tundra ecosystems during maximum thaw depth when DOM
has the greatest potential to interact with soils. Therefore, it does not appear that
differences in DOM biodegradability lead to variation in DOM concentrations among
landscape ages nor does not appear that degradation of DOM within hillslopes leads to
decreases in DOM concentration moving down hillslopes. Previous research
demonstrates that geochemical variation among landscape ages leads to significant
differences in the production of DOM with higher DOM production on older landscapes
than younger, less weathered landscapes (Chapter 1, Chapter 2), which do not lead to
significant differences in soil water DOM concentrations among landscape ages (Chapter
3). However, it does appear that transport of DOM or hydrologic connectivity within
hillslopes may lead to topographic variation in soil water concentrations of DOM

(Chapter 3). Judd and Kling (2002) found that the amount of DOM produced and

96



exported from soils depended on both the vegetation type and the amount and frequency
of water flushing in soils. This would indicate that hydrologic transport is an important

control on watershed DOM fluxes within hillslopes (Judd and Kling 2002).
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Table Legends
Table 1.1: Mean (£ SE) characteristics of two to four sites on each of the four landscape
ages from the Upper Kuparuk River region included in this study. Age and vegetation
type are from Hamilton (2002). Age differences (p<0.05) are indicated with superscript
capitol letters.
Table 1.2: Results of statistical tests used to determine correlations between rates of
microbial activity (respiration, dissolved organic carbon production, and dissolved
organic nitrogen production) and relevant predictor variables (dissolved organic carbon in
leachates, total soil nitrogen, soil carbon to nitrogen ratios, and microbial biomass
carbon).
Table 1.3: Results from analysis of covariance (ANCOVA) to determine relationships
between rates of microbial activity (dissolved organic carbon production, dissolved
organic nitrogen production, and microbial respiration) and relevant predictor variables
(landscape age, dissolved organic carbon, total soil nitrogen, soil carbon to nitrogen
ratios, or microbial biomass).
Table 1.4: Mean (+ SE) characteristics of water from surface pools and soil water from
tension lysimeters on each of three landscape ages. Significant differences among
landscape ages are indicated by superscript capitol letters (p<0.05).
Table 2.1: Mean (+ SE) geochemical characteristics of soil used for this study from two
to four sites on each of four landscape ages near Toolik Lake, AK. Age data are from
Hamilton (2002) and pH and exchangeable calcium data are from Chapter 1.
Table 2.2: Results from regression to determine relationships between dissolved organic

nitrogen production, and microbial respiration and dissolved organic carbon grouped by
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landscape age and averaged across all treatments or grouped by treatment and averaged
across all landscape ages.

Table 3.1: Mean (+ standard error) pH, soil temperature, and thaw depth for three
replicate samples at three hillslope positions in small watersheds underlain by four
distinct landscape ages.

Table 3.2: Mean (+ standard error) stream pH and temperature for eight streams in
watersheds underlain entirely by four distinct landscape ages.

Table 3.3: Average vegetation absolute percent cover (n=4) at each stream with all plants
included.

Table 4.1: Mean (+ SE) characteristics of four sites on each of four landscape ages in the
Upper Kuparuk River region included in this study averaged across hillslope positions.
Vegetation type and age were assigned according to Hamilton (2002).

Table 4.2: Mean (+ SE) characteristics of each hillslope positions averaged across four
landscape ages in the Upper Kuparuk River region included in this study.

Table 4.3: Using a difference of 3 AICc to indicate significant difference.
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Table 1.1

Organic | Organic
July | Organic Bulk
Years Soil T Horizon | Horizon | pH
Vegetation | # of Thaw | Horizon | Density Soil
Glaciation Before (°C at Carbon | Nitrogen | (in
Type Sites Depth | Depth (g soil/ Moisture
Present 10cm) Stocks Stocks | water)
(cm) (cm) cm’)
(kg/m?®) | (kg/m?)
Itkillik 1T 11,000- | Moist Non- 4
6.0+ 297+ | 144+ 0.66+ | 36302+ | 1749+
50,000 Acidic 6.5% | 456 £ 107
1.2 2.0 1.2 0.09 6050 196"
Tundra
Itkillik I 50,000- 3 30+ | 320+ 125+ 029+ | 18512+ | 626+ . 1490 +
5
120,000 1.5 6.0 4.6 0.08 6953 225" 956
Moist
Sagavanirktok | 120,000- 4 1.4+ | 284+ | 139+ 0.54+ | 27598+ | 716+
Acidic 4.5% | 535+54
600,000 0.4 1.7 1.2 0.11 6549 212"
Tundra
Anaktuvuk 4.8 2 3.1+ | 245+ ] 150+ 038+ | 47160+ | 1095+
4.5% | 345+13
million 0.8 0.2 2.5 0.12 20807 | 674%"
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Table 1.2

Predictor Correlation (Pearson'sr) p

Respiration (per gram soil carbon)

Dissolved Organic Carbon (per g soil C) 0.75 <0.001
Total Soil Nitrogen -0.62 <0.001
Soil Carbon to Nitrogen Ratio 0.58 <0.001
Microbial Biomass Carbon (per g soil) 0.035 0.84

Dissolved Organic Carbon (per gram soil

carbon)
Total Soil Nitrogen -0.75 <0.001
Soil Carbon to Nitrogen Ratio 0.79 <0.001
Microbial Biomass Carbon (per g soil) -0.17 0.30

Dissolved Organic Nitrogen (per gram soil

carbon)
Dissolved Organic Carbon (per g soil C) 0.5 0.001
Total Soil Nitrogen -0.36 0.026
Soil Carbon to Nitrogen Ratio 0.33 0.043
Microbial Biomass Carbon (per g soil) -0.21 0.20
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Table 1.3

Predictor R’ p E

Respiration (per g soil)

ANCOVA: | Landscape Age 0.64 0.58
Dissolved Organic Carbon <0.001 25.43
DOC X LA 0.054 3.39
Whole Model 0.94

ANCOVA: | Landscape Age 0.041 3.36
Total Soil Nitrogen 0.021 6.62
TSN X LA 0.94 0.15
Whole Model 0.86

ANCOVA: | Landscape Age 0.065 2.81
Soil Carbon to Nitrogen Ratio 0.035 5.38
CNXLA 0.65 0.57
Whole Model 0.87

ANCOVA: | Landscape Age 0.003 8.64
Microbial Biomass Carbon 0.75 0.11
MBC X LA 0.049 3.61
Whole Model 0.91

Dissolved Organic Carbon (per g soil)

ANCOVA: | Landscape Age 0.67 0.52
Total Soil Nitrogen 0.25 1.79
TSN X LA 0.78 0.36
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Predictor R® p E

Dissolved Organic Carbon (per g soil)

ANCOVA: | Whole Model 0.86

ANCOVA: | Landscape Age 0.59 0.66
Soil Carbon to Nitrogen Ratio 0.041 5.22
CNXLA 0.27 1.49
Whole Model 0.89

ANCOVA: | Landscape Age 0.029 4.60
Microbial Biomass Carbon 0.11 3.08
MBC X LA <0.001 11.89
Whole Model 0.96

Dissolved Organic Nitrogen (per g soil)

ANCOVA: | Landscape Age 0.36 1.14
Dissolved Organic Carbon 0.16 2.28
DOC X LA 0.92 0.17
Whole Model 0.71

ANCOVA: | Landscape Age 0.61 0.62
Total Soil Nitrogen 0.18 2.03
TSN X LA 0.52 0.78
Whole Model 0.74

ANCOVA: | Landscape Age 0.50 0.82
Soil Carbon to Nitrogen Ratio 0.31 1.13
CNXLA 0.63 0.59
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Predictor R® p E
Dissolved Organic Nitrogen (per g soil)
ANCOVA: | Whole Model 0.73
ANCOVA: | Landscape Age 0.15 2.01
Microbial Biomass Carbon 0.87 0.027
MBC X LA 0.58 0.69
Whole Model 0.71
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Table 1.4

Soil Pond Water
DOC DON Nitrate Ammonium
Glaciation | Sites pH T (°C) DIC (g/L)
(mg/L) (mg/L) (ng/L) (ng/L)
Itkillik 1T 2 7.01 +£0.28" | 16.29+2.31 | 1522+1.24" [ 10.59+1.29 | 0.46+0.32 | 12.13+5.60 | 71.89 +22.14
Itkillik I 2 6.63+0.29% | 647+241 | 3.96+1.13"% | 842+0.80 | 0.01+020 | 6.94+591 | 78.14+21.73
Sagavanirktok | 4 4.98+020° | 7.85+1.71 3.48+0.98% | 10.90+0.76 | 0.12+0.21 | 4.40+4.85 | 44.12+20.21
Soil Water (Lysimeters)
Landscape DOC DON Nitrate Ammonium
n
Age (mg/L) (mg/L) (ng/L) (ng/L)
Itkillik 1T 4 14.88+2.40 | 1.03+0.21 | 14.07+5.23 | 81.58+12.11
Itkillik T 3 2037+2.78 | 1.14+0.21 | 6.11+5.23 | 74.03+13.99
Sagavanirktok | 4 16.25+2.40 | 0.75+0.18 | 2.34+4.53 | 66.56 +12.11
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Table 2.1:

Years Before Number pH Exchangeable Calcium
Glaciation
Present of Sites (in water) (cmoles/kg soil)
Itkillik II 11,000-50,000 4 6.5 78.6 +7.7
Itkillik T 50,000-120,000 3 5 23.6 £8.9
Sagavanirktok | 120,000-600,000 4 4.5 11.5+£7.7
Anaktuvuk 4.8 million 2 4.5 26.3+10.9
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Table 2.2:

Respiration by DOC

Glaciation Treatment p t slope intercept R’

Averaged across All Treatments and Landscape Ages

All All <0.001 4.87 3.55+£0.73 1027+ 1.11 | 0.094
Grouped by Landscape Age Across All Treatments

Itkillik IT All 0.15 1.44 0.029
Itkillik T All 0.030 2.23 492+2.20 13.26 £ 2.64 0.087
Sagavanirktok All <0.001 4.19 411+1.12 8.33+2.12 0.20
Anaktuvuk All 0.097 1.71 0.081
Grouped by Treatment Across All Landscape Ages

All Unmanipulated Soil <0.001 5.00 9.87+1.97 8.11+2.10 0.48
All Calcium Removal 0.022 2.4 5.07+2.12 10.57 £ 3.00 0.13
All High Calcium pH 6.5 <0.001 5.89 8.05+1.37 6.55+1.60 0.48
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Respiration by DOC

Glaciation Treatment p t slope intercept R’
All High Calcium pH 4 0.61 -0.50 0.007
All Low Calcium pH 6.5 <0.001 6.04 9.83+1.63 498 +2.74 0.50
All Low Calcium pH 4 0.62 -0.50 0.010

DON by DOC

Glaciation Treatment p t slope intercept R’
Averaged across All Treatments and Landscape Ages
All All <0.001 5.84 0.089 +0.015 0.040+£0.023 | 0.15
Grouped by Landscape Age Across All Treatments
Itkillik II All <0.001 5.33 0.13+0.024 0.032+0.033 | 0.30
Itkillik T All 0.36 0.93 0.022
Sagavanirktok All 0.057 1.94 0.063
Anaktuvuk All 0.073 1.86 0.10
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DON by DOC

Glaciation Treatment p t slope intercept R’
Grouped by Treatment Across All Landscape Ages
All Unmanipulated Soil 0.064 1.93 0.11
All Calcium Removal <0.001 5.22 0.19 £0.037 0.15+0.054 0.48
All High Calcium pH 6.5 <0.001 4.66 0.043 +£0.009 0.012+£0.011 0.41
All High Calcium pH 4 0.015 2.58 0.11+£0.041 0.030 £ 0.077 0.18
All Low Calcium pH 6.5 0.084 1.77 0.082
All Unmanipulated Soil 0.064 1.93 0.11
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Table 3.1

Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Itkillik IIT A Above Upslope 4 5.77 (£) 0.16
Upslope 0 4.99 (£) 0.57 19.8 (£) 2.2
1 9.12 (£) 1.45 12.2 (£) 5.1
3 10.24 (£) 1.48 19.0 (£) 5.3
4 5.77 () 0.16 7.41 () 1.53 22.3(£)5.3
Vegetation Boundary 0 4.05 (£) 0.57 20.7 (£) 2.6
1 3.58 (¢) 1.51 26.7 () 5.1
3 7.11 (£) 1.54 329 (%) 5.3
4 7.34 (£) 1.59 32.8()5.3
Streamside 0 6.49 (£) 0.55 45.0 () 2.1
1 245 (+) 1.44 51.2(%) 5.1
3 7.84 (£) 1.54 62.4(+)5.3
4 791 (£) 1.52 64.3 () 5.3
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Itkillik IIT B Above Upslope 5 5.95(%)0.16
Upslope 0 4.99 (£) 0.59 19.8 (£) 2.2
1 6.12 (£) 1.45 21.0 () 5.1
2 8.13 (+) 1.45 29.3 (£)5.2
3 10.10 () 1.48 33.8(¥)5.3
5 5.59 () 0.16 9.78 (+) 1.44 37.0 (£)5.2
Vegetation Boundary 0 4.05 (£) 0.57 20.7 (£) 2.6
1 549 (+) 1.51 22.6 () 5.1
2 3.36 (+) 1.51 23.5(£)5.2
3 7.23 (+) 1.54 27.7(£)5.3
5 8.68 (+) 1.50 33.5(%) 5.1
Streamside 0 6.49 (+) 0.55 45.0 () 2.1
1 3.53 (%) 1.44 46.4 () 5.1
2 6.77 (£) 1.45 50.3 () 5.2
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Itkillik IIT B Streamside 3 7.87 (£) 1.47 52.8(£)5.3
5 7.92 (£) 1.44 60.0 (£) 5.1
Itkillik IT C Above Upslope 5 5.83(£)0.17
Upslope 0 4.99 (£) 0.59 19.8 (¥)2.2
2 6.94 (+) 1.48 14.8 (+) 8.3
3 7.57 (£) 1.54 20.8 (+) 8.3
5 5.71 () 0.18 8.06 (+) 1.51 30.8 (+) 8.25
Vegetation Boundary 0 4.05 (£) 0.57 20.7 () 2.6
2 8.50 (+) 1.49 46.8 () 10.4
3 10.49 (+) 1.48 52.7 () 10.5
5 10.99 (+) 1.44 64.8 (+) 10.4
Streamside 0 6.49 (+) 0.55 45.0 () 2.1
2 2.80 (%) 1.45 41.5 () 6.7
3 7.13 (£) 1.47 40.8 (£) 6.8
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
5 7.33 (£) 1.44 34.8 (+£) 6.6
Itkillik IT D Above Upslope 4 5.74 (£) 0.18
Upslope 0 4.05 (£) 0.56 20.7 (£) 2.6
3 9.15 (+) 1.54 18.1 () 8.3
4 5.80 () 0.17 20.2 (+) 8.4
Vegetation Boundary 0 10.10 (%) 1.48 33.8(¢)5.3
3 12.40 (+) 1.48 55.4 () 10.5
4 539 (+) 10.5
Streamside 0 6.49 (£) 0.55 45.0 () 2.1
3 3.64 (+) 1.47 40.8 (+) 6.8
4 45.2 (£) 6.8
Itkillik I E Above Upslope 5 5.76 (£) 0.16
Upslope 0 4.99 () 0.60 19.8 (+) 2.1
1 21.8(£) 4.9
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Itkillik I E Upslope 2 7.04 () 1.44 24.6 (£) 5.0
3 8.75 () 1.47 39.0 () 5.1
5 5.78 (£) 0.16 9.99 (+) 1.43 29.2 (£) 4.9
Vegetation Boundary 0 4.05 (£) 0.56 20.7 () 2.6
1 26.3 (%) 4.9
2 4.67 () 1.39 27.1(£) 5.0
3 6.94 (+) 1.42 33.7 (%) 5.1
5 6.78 (+) 1.38 37.0 () 5.0
Streamside 0 6.49 (£) 0.55 45.0 () 2.1
1 41.9 (£) 4.9
2 6.54 () 1.39 514 (£)5.0
3 9.51 (¢) 1.42 41.6 () 5.1
5 9.62 (+) 1.38 64.3 (£)4.9
Sagavanirktok | F Above Upslope 4 5.82 () 0.16
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Sagavanirktok | F Upslope 0 4.98 (£) 0.59 19.8 (£)2.2
1 1.26 (£) 1.80 22.0 (+) 8.1
3 5.68 (+£) 1.63 30.6 (+) 7.7
4 5.72 () 0.16 4.67 (+) 1.86 30.0 (+) 8.2
Vegetation Boundary 0 4.05 (£) 0.57 20.7 (£) 2.6
1 1.34 (%) 1.77
3 5.50 (+) 1.61 172 (£)9.3
4 4.19 (+) 1.84 143 (+) 9.7
Streamside 0 6.49 (£) 0.55 45.0 () 2.1
1 12.56 (+) 1.75 66.8 (+) 7.1
3 14.01 (%) 1.58 66.4 (£) 6.6
4 13.81 () 1.81 75.1 (%) 7.2
Sagavanirktok | G Above Upslope 5 548 (£)0.16
Upslope 0 4.99 (+) 0.59 19.8 () 2.2
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)
Sagavanirktok | G Upslope 1 359 (¢) 8.1
2 2.01 (%) 1.79 347 (£) 8.2
3 4.24 (£) 1.63 40.8 () 7.7
5 6.06 (+) 0.16 4.54 () 1.79 46.5 (+) 8.2
Vegetation Boundary 0 4.05 (£) 0.57 20.7 (£) 2.6
2 3.00 (+) 1.78
3 6.45 (+) 1.61
5 6.03 (+) 1.77 20.4 (£) 9.6
Streamside 0 6.49 (£) 0.55 45.0 () 2.1
1 14.40 () 1.76 49.0 (+) 7.1
2 13.25 (+) 1.75 63.5(%)7.2
3 4.24 () 1.63 40.8 (£) 7.7
5 15.81 () 1.74 63.6 (£) 7.2
Sagavanirktok | H Above Upslope 5 5.83 (¥)0.16
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Age Stream | Transect Week Soil pH Soil Temperature (°C) | Thaw Depth (cm)

Upslope 0 4.99 (%) 0.60 19.79 () 2.2
1 3.77 (£) 1.80 23.0 (¢) 8.1
3 9.95(%) 1.6 332 (%) 7.8
5 571 () 0.16 436 (+) 1.79 42.5(x) 8.2

Vegetation Boundary 0 4.05 (£) 0.57 20.7 () 2.7
1 0.78 (+) 1.77 7.3 (%) 9.7
3 2.06 (x) 1.61 14.8 (£)9.3
5 5.61 (+) 1.77 31.1 (%) 9.6

Streamside 0 6.49 (£) 0.55 45.0 () 2.1
1 10.60 (+) 1.75 59.8 (%) 7.1
3 13.18 () 1.58 66.3 (£) 7.2
5 16.40 (+) 1.74 56.9 (£) 7.2

117



Table 3.2

Age Stream | Week Stream pH Stream Temperature (°C)
Itkillik I A 0 6.7 () 0.1 11.8(£) 0.5
1 6.6 () 0.2
3 7.2(+)0.2 16.7 () 0.7
B 0 6.7 () 0.1 11.8(£) 0.5
2 6.8 (+)0.2
3 7.0 (£)0.2 14.0 (+) 0.7
Itkillik IT C 0 6.7 (£) 0.1 11.8 () 0.5
2 6.9(+)0.2
3 7.1(%)0.2
D 0 6.7 () 0.1 11.8 () 0.5
1 6.0(+)0.3 13 (%) 1.1
Itkillik I E 0 6.7 () 0.1 11.8 (£) 0.5
2 6.7 () 0.2
3 6.7 (£)0.2 10.7(%) 0.7
Sagavanirktok F 0 6.7 () 0.1 11.8 () 0.5
1 57(*)0.2 12.3 () 0.7
3 62(*)1.2
G 0 6.7 () 0.1
2 7.1 (%) 0.1
H 0 6.7 () 0.1
1 6.4(+)0.2

118



Table 3.3

< 50,000 Years Since Glaciation

> 50,000 Years Since Glaciation

Itkillik 11 Itkillik 1T Itkillik I Sagavanirktok
Plant Stream A | Stream B | Stream C | Stream D | Stream E | Stream F | Stream G | Stream F
Andromeda polyfolia <1 <1 <1 <1
Arctostaphylos alpinum 1 5
Betula nana 5 <1 10 7 3 8 7
Carex bigelowii 4 4 15 6 4 5 1
Carex 2 <1
Cassiope tetragona <1 5 1
Dryas integrifolia 1
Dryas octopetala 5
Dryas 3 <1 3
Empetrum nigrum <l 6
Equisetum arvense 1
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< 50,000 Years Since Glaciation

> 50,000 Years Since Glaciation

Itkillik IIT Itkillik IT Itkillik IIT Itkillik IT
Plant Stream A | Stream B | Stream A | Stream B | Stream A | Stream B | Stream A | Stream B
Eriophorum angustifolium 1 <1 <1
Eriophorum vaginatum 19 9 3 11 17 14 <1
fern <1
grass 1 <1
grass 2 <1
leaf 1 <1
leaf 2 1
leaf 3 <1
Ledum palustre 1 <1 <1 2 2 <1 2
Lupinus arcticus <1
Oxytropis cf. |
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< 50,000 Years Since Glaciation

> 50,000 Years Since Glaciation

Itkillik IIT Itkillik IT Itkillik IIT
Plant Stream A | Stream B | Plant Stream A | Stream B | Plant Stream A | Stream B
Pedicularis lapponica <1 <1 <1
Pedicularis rosette <1
Pedicularis 2 <1 <1
Pedicularis 3 <1 <1
Petasites cf. <1 <1 <1
Polygonum bistorta <1 <1 <1 <1 2 2
Polygonum viviparum <1
Pyrola rotundifolia <1 <1 <1 <1 <1 <1
Pyrola 2 <1
Rosette <1 <1
Rubus chamaemorus 2 2 <1 16 2
Salix reticulata 1 1 15 <1
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< 50,000 Years Since Glaciation

> 50,000 Years Since Glaciation

Itkillik IIT Itkillik IT Itkillik IIT
Plant Stream A | Stream B | Plant Stream A | Stream B | Plant Stream A | Stream B
Salix 2 4 1 3 9 2 5 2 10
Salix 3 <1 5
Saxifraga sp. <1 | <1
Thalictrum alpinum <1
Toffieldia pussila <1
Vaccinium uliginosum 5 1 <1 <1 <1 7
Vaccinium vitis-idea <1 <1 <1 5 2 2 8
All Mosses 82 76 66 93 68 97 84 97
Moss:
Aulacomium turgidum 2 <1 9 <1 6 1 9
Aulacomium 2 2
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< 50,000 Years Since Glaciation > 50,000 Years Since Glaciation

Itkillik 11 Itkillik 1T Itkillik I Sagavanirktok
Moss: Stream A | Stream B | Stream C | Stream D | Stream E | Stream F | Stream G | Stream F
Dicranum 1 1 5 1 <1 1
Dicranum 2 3
Hylocomium splendens 9 15 3 <1 <1 5 <1 19
Polytrichum 4 14 3
Racomitrium 0
Rhytidium rugosum 1 4 8 2
Sphagnum 11 15 35 32 40 11
Tomenthypnum nitens 4 3 9 <1 <1
Lichen:
Cetraria cucullata <1 2
Cladonia 1 <1




Table 4.1

Years Air Bulk Soil Soil Depth of
Vegetation % Thaw
Glaciation Before Temp. Density | pH Temp. at | Temp. at | Organic
Type Moisture Depth
Present °O) (g/cm3) 5cm (°C) | 10cm (°C) | Layer
11,000- 194+ | 4250+ | 0.025+| 6.0+ | 41.0 10.8 £ 13.8 +
Moist Non-
Itkillik ITI 13,000 0.9 82.1 3.0E-3 | 0.16" | £6.8 1.8 7.1+£1.3 2.1
Acidic
11,000- 215+ | 4277+« | 0.019+ | 6.8+ | 29.6 143+ 17.6 £
Tundra
Itkillik 1T 50,000 0.9 82.1 3.0E-3 | 0.17% | £6.8 1.8 87+1.4 2.1
50,000- 172+ | 5054+ |0.021+| 6.1+ | 39.1 13.0 £ 16.1 £
Moist
Itkillik I 120,000 1.1 82.2 3.0E-3 | 0.18" | £7.9 1.8 8.1+1.3 2.1
Acidic
120,000- 218+ | 3756+ | 0.0l6+ | 55+ | 40.8 13.1+ 21.0+
Tundra
Sagavanirktok | 600,000 0.9 82.3 3.0E-3 | 0.19* | £9.0 1.8 89+14 2.1
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Table 4.2

Soil Temperature at

Soil Temperature at

Hillslope position Thaw Depth
5cm (°C 10cm (°C)
Tussock 29.1+1.8% 12.7+0.5 7.0+ 04"
Vegetation
352+ 1.8°
Boundary 13.2+0.5 7.8 +0.4%
Streamside 48.4 £2.0° 12.6 £ 0.5 9.7 +0.4°
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Table 4.3:

Model Fraction of total fits when particular model was best fit (%):
each replicate fit separately within a site/hillslope combination
single 34/107 (31.8)
asymptotic 35/107 (32.7)
neither 38/107 (35.5)
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Figure Legends
Figure 1.1: Map of our study sites on four landscape ages in the Upper Kuparuk River
region in Northern Alaska.
Figure 1.2: Exchangeable polyvalent cations in soils from sites on each of the four
landscape ages. Significant differences among landscape ages in exchangeable cations
are indicated on the graph as follows: calcium: lowercase letters; magnesium: lowercase
italic letters; manganese: lowercase bold letters; total measured exchangeable polyvalent
cations: uppercase letters (p<0.05). Concentrations of exchangeable aluminum were
below the detection limit in soils from the Itkillik II landscape age.
Figure 1.3: Total carbon and nitrogen concentrations of soils from the O horizon from
each of the four landscape ages. Significant age effects on soil nitrogen are represented
by different lower case letters (p<0.05).
Figure 1.4: Microbial biomass carbon and nitrogen normalized per gram soil carbon and
the metabolic quotient (cumulative respiration/microbial biomass carbon). Significant age
differences are indicated by different lower case letters (p<0.05).
Figure 1.5: Cumulative microbial respiration and cumulative dissolved organic carbon
production in five month organic soil incubations at 4°C normalized per gram soil carbon.
Significant age differences are indicated by different lowercase letters (p<0.05).
Figure 1.6: Dissolved organic and inorganic nitrogen production in a five month
incubation of soils from four landscape ages at 4°C. Significant age differences are

indicated by different lowercase letters (p<0.05).
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Figure 2.1: Soil total a) C and b) N content as well as ¢) soil C:N ratio of soils used in
the experiment from all treatment and landscape age combinations.

Figure 2.2: Microbial biomass a) C, b) N, and c¢) C:N ratio estimated from chloroform
fumigation extractions.

Figure 2.3: Cumulative soil respiration per gram soil carbon in soils from all four
landscape ages and all six treatments. Error bars represent standard error of the mean.
Figure 2.4: Cumulative dissolved organic carbon production per gram of soil carbon in
our experiment from all four landscape ages and all six treatments. Error bars represent
standard error of the mean.

Figure 2.5: Concentrations of a) ammonium, b) nitrate, and c) dissolved organic nitrogen
from all four landscape ages and all six treatments in the experiment.

Figure 2.6: Microbial biomass a) carbon and b) nitrogen and ¢) microbial carbon to
nitrogen ratio at the end of the five month incubation experiment from all age and
treatment combinations.

Figure 3.1: (a) Map and (b) diagram of study sites.

Figure 3.2: Mean (averaged over the summer) (+ SE) of dissolved organic carbon
concentrations of a) soil water (sampled with a perforated needle) and stream water and
b) soil water sampled with microlysimeters. Lowercase letters represent significant

differences among soil water samples (p<0.05).
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Figure 3.3: Mean (averaged over the summer) (+ SE) of dissolved organic nitrogen
concentrations of a) soil water (sampled with a perforated needle) and stream water and
b) soil water sampled with microlysimeters. Lowercase letters represent significant
differences among soil water samples (p<0.05).

Figure 3.4: Mean (averaged over the summer) (= SE) of DOC:DON ratios of soil water
(sampled with a perforated needle) and stream water. Lowercase letters represent
significant differences among hillslope positions (p<0.05).

Figure 3.5: Mean (averaged over the summer) (+ SE) of dissolved organic phosphorous
concentrations of a) soil water (sampled with a perforated needle) and stream water and
b) soil water sampled with microlysimeters.

Figure 3.6: Mean (averaged over the summer) (+ SE) of phosphate concentrations of a)
soil water (sampled with a perforated needle) and stream water and b) soil water sampled
with microlysimeters. Lowercase letters represent significant differences among hillslope
positions.

Figure 3.7: Mean (averaged over the summer) (+ SE) of nitrate concentrations of a) soil
water (sampled with a perforated needle) and stream water and b) soil water sampled
with microlysimeters. Lowercase letters represent significant differences among soil
water samples.

Figure 3.8: Mean (averaged over the summer) (£ SE) of bicarbonate concentrations of a)
soil water (sampled with a perforated needle) and stream water and b) soil water sampled
with microlysimeters. Lowercase letters represent significant differences among soil

water samples.
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Figure 4.1: Map of stream sites

Figure 4.2: Dissolved organic carbon concentrations in soil or stream water collected
from different hillslope positions at four sites on each of four landscape ages..

Figure 4.3: Concentrations of water-extracted dissolved organic carbon from three
replicate organic soil samples collected from different hillslope positions on four distinct
landscape ages.

Figure 4.4: Specific UV absorbance (absorbance at a) 254 or b) 280nm/concentration of
DOC) and c) the ratio of absorbance at 254nm to absorbance at 400nm of DOC in initial
soil extracts.

Figure 4.5: Specific UV absorbance (absorbance at a) 254 or b) 280nm/concentration of
DOC) and c) the ratio of absorbance at 254nm to absorbance at 400nm of DOC in soil
extracts after a ten month incubation.

Figure 4.6: Fluorescence index (FI) (emission at 450nm divided by emission at 500nm
DOC excited at 370nm) of a) initial soil extracts and b) soil extracts after 10 months of
incubation.

Figure 4.7: Respiration rate measured as oxygen consumption over 2-7 days (the
minimum time required for detectable changes in dissolved oxygen) throughout the 10
month incubation in DOC extracted from a) upslope samples, b) vegetation boundary

samples, and c) streamside samples.
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Figure 4.8: a) Percent loss of DOC over the course of a 10 month incubation. b) Modeled
DOC decomposition rate using a single exponential model. ¢) Consumption of dissolved
organic carbon during a 10 month incubation experiment averaged over all hillslope
positions and landscape ages.

Figure 4.9: Soil or stream water a) ammonium, b) nitrate, and c) dissolved organic
nitrogen concentrations from different hillslope positions on four sites on each of four
landscape ages.

Figure 4.10: a) Dissolved organic phosphorous and b) phosphate concentrations in soil
or stream water from different hillslope positions on four sites on each of four landscape
ages.

Figure 4.11: a) Ammonium, b) nitrate, and ¢) dissolved organic nitrogen concentrations
in initial soil extracts.

Figure 4.12: a) Ammonium, b) nitrate, and ¢) dissolved organic nitrogen in soil extracts
after 10 months of incubation.

Figure 4.13: a) Dissolved organic phosphorous and b) phosphate concentrations in soil
extracts from four sites on each of four landscape ages in both initial soil extracts and in

final soil extracts (after 10 months of incubation).
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Figure 1.2:
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Figure 1.3:
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Figure 1.4:
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Figure 1.5:
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Figure 1.6:
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Figure 2.1:
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Error bars represent standard errors of the mean.
Significant differences among treatments are represented by lower case letters.

Significant differences among ages are represented by lower case letters in italics.
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Figure 2.2:
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Error bars represent standard errors of the mean.

Significant differences represented by lower case letters.
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Figure 2.3:
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Significant differences among treatments are represented by lower case letters.

Significant differences among ages are represented by lower case letters in italics.
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Figure 2.4:
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Figure 2.5:
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Significant differences among treatments are represented by lower case letters.
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Figure 2.6:
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Figure 3.1: (a) Map and (b) diagram of study sites.
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Figure 3.2:
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Lowercase letters represent significant differences among soil water samples (p<0.05).
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Figure 3.3:
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Figure 3.4:
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Figure 3.5:
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Figure 3.6:
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Figure 3.7:
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Figure 3.8:
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Figure 4.1: Map of stream sites
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Figure 4.2:

25.0 1 OTussock OBoundary |mStreamside m Stream
200 aabab c ab ab ab ab ab ab b ab ab ab ab ab

15.0

(mg C/L)

—
ot =
o o

|

&
o

Dissolved Organic Carbon

Itkillik 111 Itkillik 11 Itkillik | Sagavanirktok
Age/Extent of Weathering g

Significant differences among age x transect combinations are represented by lowercase

letters.

153



Figure 4.3:
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Figure 4.4:
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Figure 4.5:
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Figure 4.6:
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Figure 4.7:
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Figure 4.8:
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Figure 4.9:
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Figure
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Figure 4.11:
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Figure 4.12:
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Appendix 1: Soil water sampling
Methods:

To examine availability of dissolved carbon and nitrogen in soil water, we
samples small surface pools and soil water across the chronosequence. We collected
water from three to five surface pools 0.5m to Im in diameter from two to four sites on
each of the three younger landscape ages. In addition to water samples collected for
organic carbon and nutrient analysis, we collected a bubble-free water sample by filling a
20mL serum vial with bubble-free pond water using a syringe, fixing the sample using
0.2mL of mercuric chloride, and capping the serum vial with a aluminum cap and Teflon
septa. We also sampled soil water from three to four sites on each of three landscape ages
(Itkillik II, Itkillik I, and Sagavanirktok) for twenty four hours using tension lysimeters.
Tension lysimeters were made from a syringe (to collect the sample) and a 10cm ceramic
lysimeter tube placed in the organic soil to 10cm depth.

Collected soil and pond water samples were filtered through a Whatman GF/F
glass fiber filter and analyzed for dissolved organic carbon, total dissolved nitrogen,
nitrate and ammonia. We analyzed water samples for dissolved organic carbon and total
nitrogen using a total organic carbon and total nitrogen analyzer (TOC-V CSH and TNM-
1, Shimadzu, Columbia, MD). We used an auto analyzer (Alpkem, O.1. Analytical,
College Station, TX) to measure nitrate plus nitrite (NOs™ and NO;") (cadmium reduction,
(Wood et al. 1967)) and ammonium (NH;") (phenol hypochlorite, (Solérzano 1969)) in
soil and pond water samples. Dissolved organic nitrogen export was calculated as TDN

less the sum of NO; and NH," in each water sample. We measured dissolved inorganic
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carbon concentrations in bubble free water samples by acidifying 10mL of sample with
SmL of 2N HCI and shaking for one hour with 20mL of nitrogen gas. We analyzed the
resulting gas headspace for CO, and methane concentrations as measured on a gas
chromatograph with a thermal conductivity detector, flame ionization detector, and
poropak N column (GC-14A, Shimadzu, Columbia, MD).

Results:

The pH of surface pools was significantly different among landscape ages and
was significantly lower in pools on the Sagavanirktok glacial drift than in pools from the
two younger glacial drifts (ANOVA: p=0.004, F,10=19.83; Tukey’s HSD: 0=0.05).
Although the temperature of surface pools on the youngest glacial drift was higher than
the temperature of pools on the two older glacial drifts; there were no significant
differences in water temperature among landscape ages (ANOVA: p=0.058, F; 10=5.27).
There were significant differences among landscape ages in surface pool concentrations
of dissolved inorganic carbon with the highest concentrations on the youngest landscape
age (ANOVA: p=0.041, F,4=5.71; Tukey’s HSD: 0=0.05). We found no significant
differences in concentrations of dissolved organic carbon (ANOVA: p=0.12, F;10=2.67),
DON (ANOVA: p=0.51, F5,10=0.71), nitrate (ANOVA: p=0.60, F» ;0=0.55), or
ammonium (ANOVA: p=0.51, F;,10=0.76) in surface pools among landscape ages. There
were also no significant differences among landscape age in soil water DON
concentrations (ANOVA: p=0.37, F,7=1.16), nitrate concentrations (ANOVA: p=0.30,
F,$=1.46), ammonium concentrations (ANOVA: p=0.69, F,3=0.38), or dissolved organic

carbon concentrations (ANOVA: p=0.36, F,s=1.17) (Table 5). The percent of total
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dissolved nitrogen in soil water which was organic nitrogen ranged from 55 to 95% and
there were no significant differences in percent of organic nitrogen among landscape ages

(ANOVA: p=0.66, F,-,=0.44).
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Appendix 2: Microbial biomass after five months of incubation

There was a significant calcium by pH interaction for microbial biomass carbon
and nitrogen and their ratio at the end of the experiment when normalized per gram of
soil (ANOVA: carbon: p<0.001, F; 1;;=17.05; nitrogen: p=0.005, F, ;1,=8.22; Figure 2.6)
and per gram of soil carbon (ANOVA: carbon: p=0.013, F, ;1,=6.34; nitrogen: p=0.031,
Fi.111=4.76; C:N ratio: ANOVA: p=0.014, F,111=6.21; Figure 2.6). At acidic pH, soils in
high calcium treatments had higher microbial biomass carbon and nitrogen and higher
microbial carbon to nitrogen ratios than soils from low calcium treatments (Figure 2.6).
However, at circumneutral pH, soils in high calcium treatments had lower microbial
biomass carbon and nitrogen and lower microbial carbon to nitrogen ratios than low
calcium treatments (Figure 2.6). At the end of the experiment, microbial biomass carbon
and nitrogen and microbial carbon to nitrogen ratios were higher in acidic pH soils than
circumneutral pH soils at high concentrations of calcium (Figure 2.6). However, at low
concentrations of calcium, microbial biomass carbon and nitrogen were higher in
circumneutral pH soils than acidic pH soils, while microbial biomass carbon to nitrogen
ratios were similar between low and circumneutral pH soils (Figure 2.6). At the end of
the experiment there were no significant age effects on microbial biomass carbon or
nitrogen when normalized per gram of soil (ANOVA: carbon: p=0.051, F3 165=3.84;
nitrogen: p=0.062, F3 ;45=3.52; Figure 2.6) or when normalized per gram of soil carbon
(ANOVA: carbon: p=0.085, F3 165=3.04; nitrogen: p=0.059, F3 163=3.60; Figure 2.6).
Microbial biomass carbon to nitrogen ratios were also not significantly different among

landscape ages at the end of the experiment (ANOVA: p=0.08, F3 165=3.14, Figure 2.6).
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Appendix 3: Nutrient data
Methods
We also measured changes in the relative abundance of dissolved inorganic and
organic nutrients during the incubation by comparing concentrations of these nutrients in
water samples at the end of the experiment to those in initial soil extracts. We analyzed
sub-samples of water from the end of the experiment for DON, DOP, TDN, TDP, POy,
NO;, and NH4 " concentration as described for initial soil extracts.

Results: Soil and Stream Water

There were no significant age by hillslope position interactions nor significant
differences among hillslope positions for DON concentrations in soil water (ANOVA
hillslope positions: p=0.084, F,37=3.78; age x hillslope position: p=0.095, Fe gs=1.88;
Figure 4.9). There were no significant differences in soil water NO3 or NH4"
concentrations among landscape ages (ANOVA: NHy: p=0.20, F393=1.95; NO;: p=0.50,
F39,=0.86; Figure 4.9) nor among hillslope positions (ANOVA: NHy: p=0.17, F»g;=2.38;
NO;: p=0.22, F,37=1.95; Figure 4.9). There were no significant differences among either
landscape ages or hillslope positions in the percent of TDN in soil water which is in the
organic form (ANOVA: age: p=0.13, F393=2.95; hillslope position: p=0.077, F,3;=3.33;
Figure 4.9).

There were no significant differences among hillslope positions or landscape ages
in soil water TDP concentrations (ANOVA: age: p=0.47, F337=0.92; hillslope position:

p=0.65, F,70=0.46; Figure 4.10). Neither DOP concentrations nor PO4” concentrations in
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soil water differed significantly among hillslope positions (ANOVA: DOP: p=0.61,
F»21=1.08; PO4: p=0.90, F»3,=0.11; Figure 4.10). Soil water concentrations of PO4” were
significantly different among landscape ages (ANOVA: p=0.01, F;37=6.85; Figure 4.11);
however, there were no landscape age differences in DOP concentrations in soil water
(ANOVA: p=1.09, F537=0.41; Figure 4.10). The percent of TDP in soil water in the
organic form did not differ significantly among either landscape ages or hillslope
positions (ANOVA: age: p=0.30, F; 3;=1.44; hillslope position: p=0.89, F,5,=0.13;
Figure 4.10).

Stream water concentrations of DOC and NOj3;” were not significantly different
among landscape ages (ANOVA: DOC: p=0.12, F3,4=2.61; NOs": p=0.44, F3 24=1.00;
Figure 4.9). However concentrations of DON and NH," in stream water did differ
significantly among landscape ages (ANOVA: DON: p=0.029, F3,,=5.08; NH,:
p=0.031, F3,4=4.96; Figure 4.9). Concentrations of DON were significantly lower in
streams on the oldest (i.e. Sagavanirktok) surface compared to those on the youngest
(Ttkillik T) site, while NH," concentrations were significantly higher in streams on the
Itkillik IIT surface than the Itkillik IT and Sagavanirktok surfaces (ANOVA; Tukey’s HSD
a=0.05; Figure 4.9). The percent of TDN present as DON was significantly higher in
streams on the three younger landscape ages than on the oldest (Sagavanirktok) landscape
(ANOVA: p=0.008, F3,4=8.12; Tukey’s HSD a=0.05; Figure 4.9). There were no
significant differences in stream water concentrations of PO4” or DOP among landscape
ages (ANOVA: POy: p=0.065, F3,4=3.61; DOP: p=0.88, F324=0.22; Figure 4.10).

However, the percent of TDP made up of DOP was significantly higher in streams on the
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Itkillik IIT surface than on the oldest (Sagavanirktok) surface (ANOVA: p=0.042,
F324=4.34, Tukey’s HSD a=0.05; Figure 4.10).

Results: Soil Extracts and Incubation

There were no significant differences in initial concentrations of NH,4" or NO; in
soil extracts among either landscape ages (ANOVA: NH,": p=0.60, F393=0.67; NO;:
p=0.70, F39;=0.49; Figure 4.11) or among hillslope positions (ANOVA: NH,": p=0.33,
Fr95=1.11; NO;3™: p=0.39, F,95=0.96; Figure 4.11). There were no significant differences
among either landscape ages nor among hillslope positions in initial concentrations of
DON (ANOVA: age: p=0.39, F; 9s=1.13; hillslope position: p=0.25, F,¢5=1.42; Figure
4.11). At the end of the incubation there were no significant differences among landscape
ages in DON, NH,", or NO;™ concentrations (ANOVA: DON: p=0.28, F395=1.59; NH,":
p=0.51, F395=0.84; NO;3™: p=0.77, F395=0.39; Figure 4.12). Nor were there significant
differences in concentrations of DON, NH,", or NOs™ among hillslope positions at the end
of the experiment (ANOVA: DON: p=0.49, F,5=0.87; NH, " p=0.41, F195=1.02; NO;:
p=0.22, F»95s=1.42; Figure 4.12). There were no significant differences in the proportion
of TDN made up of DON among either landscape ages or hillslope positions at the
beginning (ANOVA: age: p=0.50, F395=0.86; hillslope position: p=0.16, F»93=1.88;
Figure 4.11) or end (ANOVA: age: p=0.79, F395=0.35; hillslope position: p=0.71,
F93=0.36; Figure 4.12) of the 10 month experiment. There were corresponding
significant increases in DON and NOj;™ concentrations, but a significant decrease in NH,"
concentrations during the course of the experiment (Paired t-test: DON: p<0.001,

t116=1.03; NO;™: p<0.001, t;;5=6.45; NH4+I p<0.001, t;;5=-5.43; Figure 4.11 and 4.12).
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However there were no significant changes in the percent of TDN composed of DON
(Paired t-test: p=0.31, t;16=1.03; Figure 4.11 and 4.12). There were no significant
differences among landscape ages or hillslope positions in the ratio of DOC:DON in soil
extracts at the end of the experiment (ANOVA: age: p=0.75, F39s=0.40, hillslope
positions: p=0.39, F;93=0.96).

Concentrations of DOP in initial soil extracts did not differ significantly among
hillslope positions (ANOVA: p=0.69, F,93=0.37; Figure 4.13); however, DOP was
significantly different among landscapes, with significantly higher DOP in extracts from
the Itkillik III surface than in extracts from soils on the Itkillik IT surface (ANOVA:
p=0.021, F,93=7.88; Tukey’s HSD a=0.05; Figure 4.13). Neither the concentration of
POy nor the percent of TDP as DOP was significantly different among either landscape
ages or among hillslope positions in initial soil extracts (ANOVA: POy age: p=0.33,
F395=1.35; hillslope position: p=1.00, F»93=0.003; %organic P: age: p=0.25, F395=1.77;
hillslope position: p=0.91, F,93=0.088; Figure 4.13). There were no significant
differences in DOP or PO, among hillslope positions or landscape ages at the end of the
10 month incubation (ANOVA: DOP: age: p=0.23, F39s=1.76; hillslope position: p=0.61,
F293=0.49; PO,4™: age: p=0.32, F395=1.38; hillslope position: p=0.067, F,93=2.79; Figure
4.13). The percent of TDP as DOP at the end of the experiment was significantly
different among landscape ages with a significantly higher percentage of DOP in extracts
from the Sagavanirktok surface than in extracts from the three younger surfaces
(ANOVA: p=0.002, F395=13.67; Tukey’s HSD 0=0.05; Figure 4.13), but not among

hillslope positions (ANOVA: p=0.062, F;9:=2.87; Figure 4.13). There were significantly
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higher concentrations of PO4” and significantly lower concentrations of DOP at the end of
the incubation than there were in the beginning (Paired t-test: DOP: p<0.001, t;s=-16.15;
PO4™: p<0.001, t107=21.97; Figure 4.13). As a result the proportion of TDP in extracts
which was DOP decreased significantly throughout the incubation (Paired t-test:

p<0.001, t75=-26.30; Figure 4.13).
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