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ABSTRACT

DISSOLVED ORGANIC NITROGEN (DON) CYCLING ALONG A TEMPERATE
FOREST NITROGEN AVAILABILITY GRADIENT

By
Emily Elizabeth Scott

Nitrogen (N) is essential for ecosystem productivity, yet frequenthgtrains ecosystem
primary production. Previously, the majority of research on N cycling has thonsi@organic
N biogeochemistry. More recently, research investigating dissolvediofggDON) has found
it also plays a significant role in N biogeochemistry, both as a vector foisNrtos terrestrial
ecosystems and as a source of plant-available N, which suggests DON jm&anin
component of the terrestrial N cycle.

This dissertation research investigated the role of DON as an N $outemperate trees
and as a vector of N loss, using northen hardwood forests of varying trees goesposition
and soil properties as a basis for study. First, in Chapter 2 | investigatédipt@ke by four tree

species that commonly occur in either low or high N availability foregtew tree seedlings in

1 . . . . 1
a greenhouse and labeled them wﬁN-enrlched amino acids (organic N sourcg)\l-
ammonium, an& N-nitrate (inorganic N sources). | found that specific uptake rates of amino

acid-N were similar across all tree species. However, high Naaway species took up NH

twice as fast as low N availability species, suggesting amino acidsNelatively more
important to low versus high N availability species. Low N availabiligcggs also acquired up
to 4 times more total N from amino acids compared to inorganic N sources. Thdseseggest

plant species dominance in a habitat is linked to their ability to use the mosblavisifaool.



Second, in Chapter 3 | investigated dissolved organic matter (DOM) leachseg fosm
forests that spanned a gradient of N availability and tree species coampdsibllected soil
solutions for three years with lysimeters and analyzed them for dissolyadocarbon (DOC),
dissolved inorganic nitrogen (DIN), and DON composition and fractionated DOC in the
solutions into hydrophobic and hydrophilic compounds. | also evaluated the chatiastefis
soils in the forests. | found that DON losses at 100 cm soil depth were not relatecasing
soil N stocks across forests, contrary to my expectations. Surprisingly, ID€3kk at this same
soil depth demonstrated a unimodal pattern of DOC:DON, with relatively low DOEiBO
DOM losses from low and high N availability forests and relatively higiCIB@®N from
intermediate N availability forests. These patterns likely teddfom the different source and
sink strengths of forest soils for DOM as forest floor composition and soil tbastics
changed.

Finally, in Chapter 4 | evaluated how soil characteristics impacted thasthgof soll
waters leaching from soil cores collected from the above forests. | te@eh@ 0-25, and 0-50
cm deep cores with a common organic matter solution and analyzed the soartiD@f, DIN,
DON, and hydrophobic/hydrophilic fractions. | also measured multiple physidageochemical
characteristics of the soil cores. Soil depth had a stronger impact on DOM cheonspared
to forest differences. DOM concentrations in soil core leachate decwedbesbil depth due to
the removal of hydrophobic compounds. Noticeably, DON concentrations increasedbibisvee
input organic matter solution and 10 cm soil depth, which was accompanied by 67-foldancrea
in the hydrophilic fraction of DON. These results demonstrated that soil lras@ ability to

influence the quantity and quality of DOM leaching through forest soils.
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CHAPTER 1

INTRODUCTION

Until relatively recently, the majority of research on the terniadstitrogen (N) cycle has

focused on the production and consumption of inorganic forms of N, namely ammoniuﬁ) (NH

and nitrate (N@). It is understood that these N forms are tightly cycled in forest deosys

where plants and microorganisms strongly compete for N, such as lowyfédiiitats or
ecosystems with rapid biomass accumulation (Vitousek and Reiners 1975)sta fanere
plant-microbe competition for N is minimized, such as recently disturbed<dhed
experienced a large-scale destruction of biomass (i.e., clear-cut@)arfinigh fertility forests
where rates of N mineralization outweigh the amount of N immobilized Inyspdand microbes
(Vitousek et al. 1979, Aber et al. 1998), N losses ensue. These results demonstraigythe abi

plants and microorganisms to exert profound control over the retention of inorganic Nstn fore

ecosystems. They also suggest4|J\rlHnd NG are the primary forms of plant-available N, with

net N mineralization rates providing an index of overall N availability to plants

More recently, research on terrestrial N cycling that also includediorijahas
demonstrated N loss patterns that call into question our previous understanding of tile contr
that govern N retention and loss from temperate forests. Unlike inorganic Nyedssofjanic N
(DON) is lost from terrestrial ecosystems that span a range ofiNiésrindependent of biotic
N limitation (Perakis and Hedin 2002), suggesting there is an N “leak” fropetate forests
that is outside of biologic control and has previously been ignored in N cycling models @tledi
al. 1995, Neff et al. 2003). Moreover, this DON “leak” can account for a substaatiédbir of
total N losses from terrestrial ecosystems (Campbell et al. 2000, Pamdkitedin 2002, Moller

et al. 2005). For example, across a range of unpolluted temperate foresig,ifP&aikis and



Hedin (2002) found DON losses accounted for 61-97% of total N losses. In streamwaiaiegdr
forests of New England, USA, DON comprised up to 90% of total N leaching from the
ecosystem (Campbell et al. 2000). These DON losses can perpetuateabibimiit terrestrial
ecosystems (Neff et al. 2003) and limit the ability of an ecosystem to seqgeeadon (C) under
rising atmospheric carbon dioxide levels (Rastetter et al. 2005). Additionalliyple studies

have confirmed the ability of plants to take up small DON molecules, sucleamiieo acids,

at rates equivalent to, or exceeding, those oﬂ\l&hd NG (Kielland 1994, Schimel and

Chapin 1996, Nasholm et al. 2000, Thornton and Robinson 2005), suggesting organic N is a
potentially important pool of plant-available N previously unexplored in studasngliplant
productivity with soil N cycling. Taken together, these results indicate B&\a significant
role to play in the N biogeochemistry of terrestrial ecosystems.

DON is comprised of a heterogeneous pool of organic compounds that range along a
continuum of molecular sizes, solubilities, and reactivities (Qualls and HE¥943. Despite
this diversity, DON has been operationally divided into two broad categoriéise(Nd 2003):
1) low molecular weight, labile molecules, such as amino acids and amino sugarg, that a
recognized as a potentially important pool of plant-available N in manysteasy (Lipson and
Nasholm 2001, Schimel and Bennett 2004) and 2) higher molecular weight, more retalcitra
molecules too large to be taken up by plants and microbes and therefore most lé@tto |
from terrestrial ecosystems (Neff et al. 2003). The former catedd®N molecules has been
the subject of emerging biogeochemical theory that predicts labile DDNominate pools of
plant-available N in low fertility ecosystems but increasingly gies vo inorganic forms as N

mineralization rates increase (Schimel and Bennett 2004). SpecificahgpNlominance is

expected to shift from amino acid-N in low-N availability habitats, thlL\JN in intermediate N



availability habitats due to increasing N mineralization, and finallg NOin high N availability

habitats where nitrification rates are high. This new model deemphasizestbéNol
mineralization as the key rate-limiting process making N available ta ividhe soil N cycle in
favor of microbial depolymerization of large organic polymers into bioavailablent&ining
monomers. This model also suggests that plants and microorganisms will equalétedon
organic N resources in low fertility habitats.

Many of the data behind this new model of N cycling have been collected in high
latitude/altitude ecosystems where cold temperatures limit N nizagran, resulting in the
accumulation of organic matter rich in amino acids (Kielland 1994, Schimel and Chapin 1996,
Raab et al. 1999, Ohlund and Nasholm 2001). This is fundamentally different from temperate
regions where N mineralization is frequently constrained by xeric site morsdénd poor litter
guality (Pastor et al. 1984), making it unclear if the above model of shifting N-pool daeiisa
transferable to temperate ecosystems. However, there is increaglagce that amino acids can
dominate plant-available N pools in low-fertility temperate forests, lzaidthese pools give way

to inorganic N forms as predicted in the above model. Gallet-Budynek et al. (2@09) a

Rothstein (2009) found decreasing standing pools of free amino acids in favon,BhNdH

NO3 with increasing site fertility in northeast hardwood forests, USA. Furibwes, there are a

growing number of studies that have demonstrated the ability of plants in tempgrats to
take up amino acid-N (Bennett and Prescott 2004, Hofmockel et al. 2007, Warren and Adams

2007). For example, Finzi and Berthrong (2005) and Gallet-Budynek et al. (2009) found that

roots collected from northeastern forests, USA, with lower N mineralizattes had highe1r5N

. : . 15 . .
contents compared to more fertile forests after being supphechNtHabelled amino acids.



The shift in N-pool dominance between organic and inorganic N forms may haveatioplk
for plant species distributions across the landscape. In a study along a cresad\ ffertility
gradient, Nordin et al. (2001) found plant species in low-fertility habitats took up anano
acid-N compared to plant species in high fertility forests; correspdydengino acid N was the
largest N pool in the low fertility habitat whereas high fertility habit@ere dominated by
inorganic N forms. These results provide compelling evidence that a spuldgg’'to dominate
in a particular ecosystem is related to its ability to access the waolsttde N pool in that
ecosystem, regardless of whether it is comprised of organic or inorgé&mimBbl (McKane et al.
2002).

The ability of DON to be leached from terrestrial ecosystems desinatstion by
biota has spurred much research investigating the processes that eitictordacilitate DON
losses across a variety of ecosystems (Qualls et al. 2000, Pregéake&t0&t4, Lajtha et al. 2005,
Brookshire et al. 2007, Sleutel et al. 2009). As stated previously, these DON loskesiginé t
to be dominated by DON molecules that are typically unavailable for biotic uptakeise of
their high molecular weights and recalcitrant nature (Yu et al. 2002). Theratioo&c processes
are thought to be paramount in regulating DON losses from terrestriabsamosy(Qualls 2002,
Yano et al. 2005), particularly the ability of soil to either release or lad¥ON as water
percolates through the soil. Typically, organic soil horizons are the pringaonref DON
production (Qualls et al. 2002, Park and Matzner 2003), although canopy throughfall and wet
deposition also contribute DON (Seely et al. 1998, Dittman et al. 2007). In organic horizons,
DON is generated by organic matter inputs from plant litter (Qualls et al.,20@2pbial

exoenzymes produced during decomposition, microbial biomass turnover, faunal N production

(reviewed by Kalbitz et al. 2000), and the interaction betwees @l dissolved organic matter



(Perakis and Hedin 2001). Fluxes of DON from the O horizon can range from 10 to Ié kg ha

yr'l in forest ecosystems, roughly 2 to 9 times greater than inputs from throwagidalp to 66

times greater than DON fluxes from deep soils (Qualls et al. 1991, Quall2e03]
Schwendenmann and Veldkamp 2005, Sleutel et al. 2009). Studies that have manipulated litter
inputs to the forest floor found greater DON concentrations in leachate from the@nhor
plots that received increased litter additions, indicating litter quantitynggadt DON losses
from the O horizon (Park and Matzner 20R3Jbitz et al. 2007).
In order to fully understand the controls over DON dynamics, it is critical to stacelr
how dissolved organic matter (DOM) overall is regulated as it moves through seilschf
DON is one facet. Multiple studies have demonstrated the strong ability afairsné to sorb
DOM, which can attenuate DON losses from forest ecosystems (Seel{ @&l Qualls et al.
2002, Yano et al. 2004, Mdller et al. 2005). Indeed, Qualls et al. (2002) found fluxes of DON

from the C horizon of hardwood forests in North Carolina, USA, were only 1.6% of fluxes from

the Qy horizon. The ability of a particular soil to adsorb DOM depends in part on its texture;

coarse solils retain less DOM than those that are fine textured due to lofaee sueas and
shorter hydrologic flow paths that reduce adsorption opportunities between pegcadddtions
and the soil matrix (Seely et al. 1998, Qualls et al. 2002, Asano et al. 2006). Thereffoteasoi
favor short contact times (i.e. soils with coarse texture, large macropaiés, lagh pore
connectivity) between the soil solution and matrix, or no contact time in the extasmefc
overland flow, are more likely to leach DOM compared to soils that favor long cantast t
(Michaelson et al. 1998, Mdller et al. 2005). Paradoxically, finer textured say$ave better

soil structure characterized by preferential flow, which would reduteaation exposure to



sorbing materials and increase losses of DOM (Castellano and Kaye 20@8llaGasnd Kaye
(2009) found soils with 12% clay were most likely to exhibit good structure with praédrent
flow; soils with clay contents on either side of this figure had poor structure ardlominated
by matrix flow. Other factors, such as organic matter content (Lilienfeih 2004), the
presence of carbonates (Kaiser et al. 1996), and mineral composition (i.e. Feoaiaks|
Qualls 2000, Lilienfein et al. 2004, Yano et al. 2004) can also influence the abilitpibt@a s
adsorb DOM.

While mineral soil has the capacity to adsorb DOM that leaches from theffooesit
also has the capacity to release DOM into solution (Kaiser and Zech 1998, 6204,
Moller et al. 2005). In a conifer forest in western Oregon, Yano et al. (2004) found
concentrations of DON peaked from 0 to 10 cm depth in mineral soil compared with the more
typical pattern of DOM reaching maximum concentrations at the bottom of the Zdthori
(Qualls et al. 2002, Schwendenmann and Veldkamp 2005). They attributed this partly to the thin
O horizon of these Douglas-fir-western hemlock foreRtsudotsuga menziesii, Tsuga
heterophylla, respectively), suggesting a greater accumulation of litter and hurteciah&n the
O horizon was necessary for this layer to be a significant source of DOMéoairhorizons
below. Therefore, though the soil may generally be a net sink for DOM, spemifzons may
be a net source of these compounds.

Losses of DOM from forest ecosystems fluctuate throughout the year in response
seasonal variability in precipitation (Michalzik and Matzner 1999, Campbell et al. 26R@&tF
al. 2002). Peak losses of DOM occur during snowmelt and after litterfall iuthna when
sources of soluble organic compounds are expected to be high (Michalzik and Matzner 1999,

Qualls et al. 2002, Yano et al. 2004). Interestingly, the concentration of DOM leavargoorg



and mineral horizons is frequently unaffected by water fluxes through thélsdila(zik and

Matzner 1999, Campbell et al. 2000, Fisk et al. 2002). Qualls et al. (2002) hypothesized that the
fairly constant release of DOM throughout the year was due to sorption phenomesenbetw
organic compounds and soils that gradually released compounds from a pool of potentially
soluble organic material throughout the year. They suggested hydrogen bonding or Van de
Waals forces were the most likely mechanisms for dissolved organiciosgaface sorption in
organic horizons while Fe and Al oxyhydroxides were likely the primary compoundsctner

with DON in the mineral soil.

In order to investigate how sorption/desorption phenomena between mineral soil and
percolating solutions impacts total DOM losses from terrestrial stagg, many studies
fractionate DOM into hydrophobic and hydrophilic components (Kaiser and Zech 1998, Qualls
and Haines 1991, Yano et al. 2004). These studies have found that hydrophobic compounds
preferentially sorb with mineral soil relative to hydrophilic compounds @€aad Zech 1998,
Yano et al. 2004). Hydrophobic molecules typically have high molecular weights anst cbns
protein-tannin complexes and amino acids complexed with humic substances; hydrophilic
molecules consist of relatively lower molecular weight compounds such as aminard free
peptides (Guggenberger et al. 1994). The tendency of hydrophobic compounds to pkfyerenti
sorb to mineral soil over hydrophilic compounds suggests those ecosystems withasdagor
long contact times between soil solutions and the soil matrix, such as fineetesaiis, would
also be more likely to remove a greater proportion of hydrophobic compounds from solution. |
also suggests that the proportion of hydrophobic compounds in solution will decrease with
increasing soil depth (Yano et al. 2004, Lajtha et al. 2005). Hydrophobic compounds have also

been shown to displace previously sorbed hydrophilic substances (Kaiser and Zech 1998),



suggesting these fractions compete for binding sites on soils. The prefesemtieon of

hydrophobic DOM to mineral soil compared to hydrophilic substances led Yu et al. (2002) to
suggest the dominance of DON in the hydrophobic fraction they found in O horizon leachate at
two northern California forests would limit the loss of DON from those ecaoagstastead, the
most likely vector for DON losses would be the hydrophilic fraction. In a sitittgpical

forests in Thailand, Méller et al. (2005) found that the hydrophilic fraction of DON csetpri

from 54% to roughly 75% of total DON in soil solutions and was the dominant fraction of DON
in streams. Therefore, ecosystems with DON inputs that are dominated lygtbehobic

fraction may experience relatively lower total DON losses comparédse ecosystems with a
greater proportion of hydrophilic DON in inputs.

Studies that fractionate DON into hydrophobic and hydrophilic compounds, and examine
the biodegradability of those fractions, provide results that question the assumgtion tha
recalcitrant, biotically unavailable fractions will necessarily doteimi@ON losses from forests.

Soil solutions inoculated with microbes frequently display a positive relationstwedre the

amount of DOM consumed and the concentration of operationally defined hydrophilic
compounds in the solution; less DOM consumption is generally observed where hydrophobic
compounds dominate (Michaelson et al. 1998, Cleveland et al. 2004, Qualls 2004, Kaushal and
Lewis 2005). Kaushal and Lewis (2005) found similar results in two Colorado stielaene 15-

71% of DON was biodegradable; they attributed the relatively labile natune BIAN pool to

the presence of non-humic (i.e. operationally hydrophilic) N compounds. The higheulaiolec
weights, higher aromaticity, and lower acidity (Guo and Chorover 2003) of hydrophobic
compounds compared to hydrophilic compounds may contribute to this fraction’s decreased

biodegradability. However, in a study investigating the biodegradability aiagtirom fresh



and senesced foliage, Cleveland et al. (2004) found 60-97% of DOM in the humic fraction was
consumed by microbes, similar to the consumption levels of non-humic compounds in their
samples. The authors’ attributed the high biodegradability of the more resal€E®M pool to
the absence of soil in their experiment, suggesting the lack of competingaitkSM from
soil allowed microorganisms greater access to a wider range of DOM compbandkey
experienced in a natural soil environment. Therefore, the potential for microbrakctmn with
DOM compounds, and thus their bioavailability, may be equally as important as ttyecdbil
microorganisms to take up DOM (i.e., biodegradability) for determining how bietarganic
compounds (Marschner and Kalbitz 2003).

The inorganic N status of a particular ecosystem may also influence thetextgich
DON is used by biota for N nutrition. Dissolved inorganic N (DIN) is preferentiakgn up by
biota compared to organic N and therefore may out compete DON as a N sourcenwigar@a
N concentrations are high (Kaushal and Lewis 2005). Kaushal and Lewis (2005) found this
pattern to be true in streams where the biodegradability of DON was invetagdy ite the
concentration of DIN in the stream. These data suggest the biodegradabil@NaihBy change
depending on inorganic N status of a particular ecosystem and could vary actasdsbape.

Soils not only directly influence DON losses through sorption/dissolution dynamics, but
also indirectly through their influence on plant community composition. Edaphiccofastcs
and plant community composition vary in tandem across the landscape, with comnssitex
soils of low moisture-holding capacity associated with tree species halatigely low litter N
while fine-textured soils are associated with high N species (Pastbor1l®84, Host et al. 1988).
As the plant community composition changes across the landscape, so does the nature of the

forest floor and the quantity and composition of organic molecules available foutmsol



(Park and Matzner 2003, Dittman et al. 2007). Forests with low C:N in organic horizons have
correspondingly larger N pools and therefore a greater quantity of N subjeathimép¢Seely et
al. 1998, Brookshire et al. 2007).

These complex interactions between soils and plants make it difficult totdnedic
DON fluxes will vary across ecosystems. However, a growing number oéstindiestigating
DON loss in a variety of ecosystems (Qualls et al. 2000, Pregitzer2€04dl, Lajtha et al. 2005,
Brookshire et al. 2007, Sleutel et al. 2009) seem to suggest DON loss is a function of soil N
availability. Total N losses from forests with low N availability gneically dominated by DON
but shift towards being dominated by inorganic N forms as the soil N stocks ecosystems
increase (Perakis and Hedin 2002, Pregitzer et al. 2004, Brookshire et al. 2007, Sktutel e
2009). Additionally, DON is lost in direct proportion with DOC from ecosystems witiNow
availability, but disproportionately increases over DOC losses in ecosystigh high N
availability, creating a shift in DOM stoichiometry (Pregitzeal2004, Brookshire et al. 2007).
These patterns suggest that there is a fundamental change in the way &0Rdss from low
to high N availability ecosystems, although the mechanisms for this caengegll unclear.
Linking fine-scale DON controls with a landscape perspective of D@Nhgyis necessary to
shape a comprehensive understanding of N biogeochemistry.

From the body of research that has investigated DON dynamics in tatrsdstgicling
and plant N nutrition, it is clear that DON holds a critical place in our understarfdihg o
biogeochemistry, yet there is still much ambiguity about the controlsettpalte DON losses
from terrestrial ecosystems and the way DON cycling may impact planespbstributions in
temperate environments. For my dissertation research, | sought to agdtcldrése

information gaps by developing studies that: i) linked local processes that infDénte
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cycling with larger ecosystem patterns of DON leaching losses, andagtigated whether or

not tree species typically found in low-N temperate forest environments uselZiénEntly

than those found in high-N temperate forest environments. To do this, | used a combination of
field and laboratory studies based in northern hardwood forests of the Manistee Nadresal

in the northwestern Lower Peninsula of Michigan, USA. These forests represert di
landform-vegetation associations that reoccur throughout the Lake Stabes(Fast et al.

1988), suggesting the results of my research may be applicable to a large pohismegfion.

The forests | worked in spanned a gradient of N availabilities (Zak et al.,1@86potential N

mineralization and nitrification rates ranging from 0.61-1.32 ug_]]Njgy_l and 0.01-1.10 ug N

g_1 day_l, respectively (Rothstein 2009). The lowest N availability forest occurred ordg sa

outwash plain and is dominate by oakadrcus alba, Q. velutina) with soil that is classified as a
Typic Udipsamment. Moderate N availability forests shifted from red @akupra)/red maple
(Acer rubrum) dominance to sugar maplé. saccharum)/red oak- dominated communities with
soils that range from Entic Haplorthods to Typic Haplorthods. The forests with treshig
availabilities occurred on sugar maple-dominated moraines with soilfiehss Typic
Haplorthods with clay lamellae. The soils of these five forests represpota developmental
series.

My first research chapter, Chapter 2, focuses on the role of DON in the plant dmutrit
of four tree species commonly found in northern hardwood forests. | developed a greenhouse
study where | grew seedlings of two hardwood tree species that arelyyfaioad in low N

forests and two hardwood tree species typically found in high N forests and exposéd the

. . .15 . : . . 1 .
uptake solutions containingN-enriched amino acids (organic N sourcé;N-ammonlum, and

11



15 . . . . . . :
N-nitrate (inorganic N sources). This enabled me to determine whethertozanepecies

characteristic of low fertility sites would exhibit greater prefee for amino acids compared to
species characteristic of high fertility sites. My overarchirsgaech question for Chapter 2 was:
Are there differences in the way tree species from habitats of either low or high N fertility use
organic and inorganic N forms?

The next two research chapters of my dissertation focus on the patterns afyiiDiy
across forests and the mechanisms that either facilitate or rEsdittieaching losses. In
Chapter 3, | collected soil solutions from five hardwood forests with pan trap anzhtensi
lysimeters and analyzed the solutions for DON, dissolved inorganic nitrogen @iijpOC
composition in order to understand how nutrient losses varied across forests that sparned an N
availability gradient. | then fractionated DOC in the soil solutions intodpraybic and
hydrophilic constituents and analyzed various properties of the soils near thetéysito
understand how fine-scale processes control DOM mobility in soils, and therebuderiiw
landscape patterns of DOM cycling. My overarching research question fpte€CBavasHow
do DOM leaching losses from temperate forests change across a gradient of N-availability and
soil conditions?

Finally, in Chapter 4 | collected soil cores from the above forests and leaemeadvith a
common organic matter solution in order to investigate the interactions betweeteBDihg
losses and soil properties. | analyzed the soil core leachate for DON andddCéhtrations,
fractionated these pools into their hydrophobic/hydrophilic constituents, and analgyzed th
biodegradability of the solutions. | also analyzed soil characteristdsading texture, iron and
aluminum content, and hydraulic conductivity and linked their differences to the DON and DO

chemistry in the leachate. My overarching research question for Chapter4omedo soil
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characteristics affect the quantity and quality of DON and DOC as soil solutions percolate to

depth?
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CHAPTER 2

AMINO ACID UPTAKE BY TEMPERATE TREE SPECIES CHARACTERISTIC OF
LOW- AND HIGH-FERTILITY HABITATS

With kind permission from Springer Science+Business Media: OecologiancAacid
uptake by temperate tree species characteristic of low- and higjityfeebitats, volume 167,
2011, pages 547-557, Emily E. Scott and David E. Rothstein, 4 figuresarfibis is protected

by copyright and all rights are held exclusively by Springer-Verlag.

Abstract

The relationship between inorganic-nitrogen (N) cycling and plant produdswigl|
established. However, recent research has demonstrated the ability ofgptakésip low
molecular weight organic N compounds (i.e., amino acids) at rates that often rieabthos
inorganic N forms. In this study, we hypothesize that temperate foresteeies characteristic

of low fertility habitats will prefer amino acids over species charsti®of high fertility

habitats. We measured the uptaké%l-labeled amino acids (glycine, glutamine, arginine,

. . + . - . .
serine), ammonium (Nii), and nitrate (N@) by four tree species that commonly occur in

eastern North America where their abundances have been correlated withigibrga

availability. Specific uptake rates of amino acids were largely sifiotaall tree species;
however, high fertility species took up IXJHat rates more than double those of low fertility

species, rendering amino acid-N relatively more important to the N antafilow fertility

species. Low fertility species acquired over four times more total N frgmime compared to

NH4+ and NG ; high fertility species acquired the most N from 1\|+HArginine had the highest
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uptake rates of any amino acid by all species; there were no signifidentnlties in uptake
rates of the remaining amino acids. Our results support the idea that the dapétieds in a

particular habitat are those best able to utilize the N resources mosblavaila

. . : 15
Key words: ammonium, nitrate, organic-N, molecular Welg]hN
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Introduction

Nitrogen (N) is a fundamental component of plant tissues and is often considered to be
the nutrient that most limits plant growth. As a result, there has been congdessarch
across a wide range of terrestrial ecosystems devoted to studying s@kethent is made
available to plants. Until relatively recently, the majority of this work basded on the cycling
of inorganic forms of N (i.e., ammonium and nitrate), assuming they representedrthradst
available to plants (Pastor et al. 1984; Zak et al. 1986; Zak et al. 1989). Howeverecaote

research has demonstrated the ability of plants to take up low molecular weaght dtg

compounds, primarily free amino acids, at rates that often rival those of amrr((Nﬁ{Jﬁ) and

nitrate (NQ ) (Kielland 1994; Schimel and Chapin 1996; Nasholm et al. 2000; Nasholm and

Persson 2001; Thornton and Robinson 2005). Therefore, organic-N is a potentially important
pool of plant-available N that has largely been overlooked in previous studies retatiNg
cycling with plant productivity.

In an attempt to incorporate organic-N into conceptual models of soil N cycling, &chim

and Bennett (2004) proposed that the predominant form of plant-available N wouldoshift fr
organic-N to NH{+-N to NO3 -N as the overall N cycling rate of a habitat increased. This new

model emphasizes microbial depolymerization of large organic polymers into bédwerall-
containing monomers (e.g., amino acids, amino sugars) as the key process inNleyclei)
rather than N mineralization. The shift in emphasis away from N minerahzagsumes that
plants can compete successfully with microbes for organic-N when miagicaiizs constrained.
This pattern has largely been born out in high latitude/altitude ecosystemscettere

temperatures limit N mineralization and organic matter accumulatedsr{lsielland 1994;
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1995; Schimel and Chapin 1996; Raab et al. 1999; Nordin et al. 2001; Ohlund and N&sholm
2001). In these systems, free amino acids dominate pools of potentially-availabalditats
where inorganic N is scarce (Kielland 1994, 1995; Raab et al. 1999; Nordin et al. 2001).
Moreover, there are numerous studies documenting the ability of boreal, arctitpinagknts

to take up free amino acids (Kielland 1994; Schimel and Chapin 1996; Nasholm et al. 1998;
Raab et al. 1999). Interestingly, there is evidence of covariation betweeratlabiaty of

amino acid versus inorganic N in soil and the physiology of the dominant plant species in these
cold climate ecosystems. For example, the dominance of different plant spaagsock tundra
habitats was related to their ability to utilize the largest pool of availMbiea particular habitat,
be it inorganic or organic (McKane et al. 2002). Nordin et al. (2001) found that plant species
growing in a low-fertility habitat along a boreal forest N-fegiligradient had 30% of their total

N uptake fulfilled by glycine compared to the high-fertility habitat wiggyeine uptake was

only 10% of total plant N uptake. Correspondingly, the largest N pool at the lowfesitditwas

comprised of amino acid-N (always at least 70% of the total N pool), whereas acml-N was

never more than 19% of total N at the high-fertility site. This trend wassenverith NG

where both plant uptake of NOand pool sizes were largest at the high fertility site. The

authors’ speculated that the change in plant species composition across the gightdre e
function of particular species’ ability to acquire different forms of N.

There has been less work in temperate ecosystems investigatingikhigildyaf amino
acids across the landscape and the role these compounds may play in plant N nudvitewerH
there is growing evidence that amino acid pools are relatively more abundamperate forests
where N mineralization rates are low (Finzi and Berthrong 2005; Galletrgucdet al. 2009;

Rothstein 2009), providing a pool of potentially plant-available N in what were prévious

22



considered low-fertility habitats. Also, a few studies have shown that tef@mperas have the
ability to use amino acid-N (Bennett and Prescott 2004; Hofmockel et al. 2007; Warren and
Adams 2007). In an attempt to link plant nutrition with patterns of amino acid versusnicdxya

availability, Finzi and Berthrong (2005) and Gallet-Budynek et al. (2009) cothpaweuptake

15 . . .
of “"N-labelled amino acids among several forest ecosystems and found, il,gbatraots

. . . L 1
from sites with slower rates of N mineralization had a hlgﬁkﬂrcontent than those from more

fertile sites. Neither study identified the roots to species, though, sanitlisar how different
species of plants varied in their use of amino acid versus inorganic forms of N. étpoaik-
beech-hemlock forests dominated the low-fertility sites of both studies @lisligar maple-
white ash forest dominated the high-fertility sites, suggesting the rshifttake rates of glycine
by roots was at least partly driven by species replacement.

A large number of the studies evaluating plant uptake of amino acids have usee glycin
as their “test” amino acid due to its low molecular weight, relative éas®bility in the soil
compared to other amino acids (Owen and Jones 2001), and poor substrate quality for microbial
growth (Lipson et al. 1999). However, soluble N pools in soil contain a wide variety eriedif
amino acids with varying abundances and molecular structures (Kielland 1995; Yu et al. 2002;
Rothstein 2009). While glycine is often one of the dominant free amino acids in field soil
solutions, ranging from approximately 5-20% of total free amino acids depending on the
ecosystem (Kielland 1995; Rothstein 2009), other amino acids can occur in equatesr grea
concentrations (Senwo and Tabatabai 1998; Raab et al. 1999), suggesting glycine uptake
potential alone does not necessarily represent plant access to amino acid-Rlaoté have
been shown to take up a variety of other amino acids (Kielland 1994; Ohlund and Nasholm 2001,

Persson and Nasholm 2001), sometimes to a greater extent than glycine (Walg2l@b),
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suggesting studies evaluating amino acid uptake should use multiple amino acidsyimigeto
determine whether or not amino acid-N is important for plant nutrition.

The objective of this study was to test the hypothesis that temperate decmhesus f
species characteristic of low-ertility sites would exhibit grepteference for amino acids
compared to species characteristic of high-fertility sites. We usedgezies that commonly
occur in eastern North American forests where it has been well documentedelspecies
composition is correlated with patterns of inorganic N pools in repeatable asgematross the
landscape (Host et al. 1988; Zak et al. 1986; Zak et al. 1989; Finzi et al. 1998). Thesalpeedic
associations make this region an ideal study area to investigate wheatbéamino acid-N
availability might also influence tree species dynamics, especiatlg secent studies have
shown that gradients of free amino acids in soil run opposite to those for inorganic N (Galle

Budynek et al. 2009; Rothstein 2009). Our research compared the uptake of four amino acids,

NH4+, and N@ by seedlings of red oaldfercus rubra), American beechFagus grandifolia),

white ash Fraxinus americana), and black cherryRrunus serotina). We hypothesized that red

oak and American beech would take up amino acids to a greater extent than black cherry and
white ash because the former two species are most often found in habitatsatwtblyeslow

rates of N mineralization and abundant pools of amino acids (Host et al. 1988; Zak et al. 1986;
Rothstein 2009). Conversely, we hypothesized that black cherry and white ash would prefer
inorganic forms of N because they are most abundant in habitats with rapid amaionifand
nitrification as well as smaller pools of free amino acids. Finally, wethgs@ed that the

distribution of N within seedlings would depend on the form in which it was taken up.

Specifically, we hypothesized that NEN would most likely be found in leaves due to its ability

to bypass assimilation into organic molecules in the roots (Andrews 1986); thJé{l\NHould
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predominantly reside in roots; and that the distribution of amino acid-derivesuM vary

depending on the metabolic roles of individual amino acids.

Methods

Plant establishment

In order to determine whether or not there were differences in how northern hardwood
trees use amino acids versus inorganic N forms, we germinated seeds of red oalgrAmer

beech, white ash, and black cherry obtained from F.W. Schumacher Co., Inc., Sandwich, MA,

USA (41.759° N, 70.494° W) and supplied them vﬁhl-enriched substrates. The seeds were

soaked overnight in tap water and stratified at 5° C for 30-90 days, depending on species’
requirements. Prior to sowing, all seeds were surface sterilized in a 10% $yghochlorite
solution for 30 seconds, rinsed in deionized (DI) water, and allowed to air dry. Theveeeds
sown in a peat, vermiculite, and perlyte growth medium (Faford #2) in 10 cm x 36 cm pots; the
potting medium contained a starter supply of nutrients including inorganic N. All pots w
placed in a greenhouse at natural light levels. The average high temperdtargreenhouse
over the course of the experiment was 26.5°C, the average low temperature was T\8@°C.
weeks after germination, each germinant began receiving 250 ml of aderiilution
containing a cocktail of 0.6 mM arginine, 2.5 mM glycine, 2.5 mM serine, and 1.3 mM
glutamine twice per week for approximately 19-21 weeks (depending on spame®);acid
concentrations were varied so that each supplied an equimolar amount of N toliberferti
solution. We used amino acids in the fertilizer solution to insure amino acid uptake by the
seedlings would not be limited by a predisposition towards inorganic N forms (Hehry a

Jefferies 2003). The macronutrient concentrations in the solution followed a modified
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Hoagland’s solution (Hoagland and Arnon 1938): 2.0 mM Ca3®M mM Ca(HP(y) o, 2.5
MM K2SQy, 2.0 mM MgSQ. The micronutrient makeup was: 468 H3BO3, 9.0uM

MnSOy-Hy0, 0.8uM ZnSOy-7H0, 0.3uM CuSQy-5H0, 0.02uM (NH4)M07054-4H0, 12.0

uM Fe EDTA. At the time of the labeling experiment, seedling biomass averayjée g for red
oak (range: 2.96 -14.97), 2.45 g for American beech (range: 1.56 — 3.50), 1.93 g for white ash

(range: 0.46 — 6.86), and 10.40 g for black cherry (range: 3.78-15.95).

Plant labeling

To conduct the labeling experiment, the tree seedlings were carefullyedritom the
potting medium, and their roots were gently washed with DI water; a visual isspetroots
after washing suggested mycorrhizal infection was either absent odlimiseope. Once clean,

the roots were immediately sterilized by submersion in a 10% sodium hypochdbutien for

30 sec (Reissinger et al. 2001) followed by a rinse in a 0.5 mMyGaftition and a second

rinse in reverse osmosis water. We wanted to measure the specific uptake of tevbaevas
competition between inorganic and amino acid N to capture any inhibitory effexis Of

species on another that might influence plant uptake (Thornton and Robinson 2005). Therefore,

each seedling’s root system was submerged in 750 mL of a solution containing 366 QfM L
ammonium nitrate (NFNO3), 300 uM Elof one of four amino acids (i.e., glycine, serine,
glutamine, or arginine), and 0.5 mM of CaQo maintain membrane integrity), although only

one N species was enrichedllan per treatment (Table 2.1). We selected the 300 [JJM L

concentration for the labeled substrates to ensure N uptake by the seedlings would not be

substrate limited over the course of the labeling exercise (Henry ande3e#@03). We used L-
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isomers instead of D-isomers of each amino acid since they are more prevatals (Lipson

and Nasholm 2001). In most cases, each treatment per species had 5 reptibats sakthough
the glutamine and N@ treatments for American beech, and thesN®eatment for black cherry
only had 4; white ash had only 4 replicates in each treatment due to lower seedlira. e

. . . .13 . 15 . .

included an additional treatment of universally-labeled glycine (€, = N-glycine) in order to
verify that the experimental setup would allow for the uptake of intact aminolacttie tree
species selected; plant tissues enrichelé?ﬁlwould indicate that the C skeleton of the amino

acid was taken up concomitant with the N group (Nasholm et al. 1998). The seedliags wer
suspended for 50 min in aerated solutions that had been adjusted to pH 5.5 (a typical@urface-s

pH for northern hardwood forests in this region) with 0.1 N hydrochloric acid or sodium

hydroxide as appropriate. The control solution contained onlyLacCl
After labeling, each seedling’s root system was soaked in a 5.0 mM €alGlion for 5

min to remove an)llsN adsorbed to the exterior of the roots (Persson and Nasholm 2001). The

seedling roots were rinsed thoroughly in reverse osmosis water beforerthegdeseparated
into above- and belowground organs, frozen in liquid nitrogen, and stored frozen until further
processing. Tissues were later oven dried & 66r 48hours (dual-labeled glycine plants were

lyophilized) and separated into fine and coarse roots, shoots, and leaves. Dried pladt mate

was weighed, ground first with a mortar and pestle then a ball mill, and analyzlér)NI fand

13 . . .
C content on a Europa Integra continuous flow isotope ratio mass spectrometettatblthe S

Isotope Facility, University of California at Davis.
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Calculations and Statistical Analyses

. . 15 13
Atom% excess of plant organs was determined by subtracting the nand™ C

abundances of unlabeled plants from those supplied with enriched compounds. We determined

the quantity of trace1r5N or 130 in each organ by multiplying the atom % excess by the total
1

moles of N or C. These values were summed for each plant and expressed omffiasroot

hour™ basis to account for variations in plant size and root:shoot ratios. To examine the
L 15 . 15 .

partitioning of "N throughout the seedlings, we calculated the percentag®&dfacer found in

. , 15 .
different plant organs (leaves, stems, coarse roots, fine roots) as the amuwﬁro?N in each

tissue divided by the whole pla%frfN tracer and multiplied by 100.
We used General Linear Models to determine if there were signifidéeriedices in the
uptake rates of the four amino acids,NHand NG within a tree species. The models

consisted of specific uptake rate as the dependent variable and the labelec&laspthe
independent variable. We used pairwise t-tests with a Bonferroni correction toreompa
differences in uptake rates between specific N species. The specifie ugtas for all tree

species were log transformed to meet assumptions of normality. We usedsasfalgsariance

(ANCOVA) to determine whether or not there were different distribution pﬁttea‘r15N tracer

in fine roots and leaves across the treatments within each tree speciesCAVANpproach

. 5 15 .
allowed us to account for the influence of total pﬁaum uptake on thé "N tracer found in

specific organs (Atchley et al. 1976). We focused on fine roots and leaves beeguwserththe

most likely to capture differences in the metabolism and partitioning of theaelssiThe
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5 . . . .
amount of1 N tracer (@) in each organ was the independent variable, N form was the main
5 . N .

effect, and total plan]t N tracer (Lg) was the covariate. We initially modeled our data with an
. . 15 . o
interaction term between N form and total plarl tracer, but it was never significant;
therefore, our final models contained only main effectd. tracer of specific organs and total

15 . ST
plant™ N tracer were log transformed when appropriate to ensure a normal distribfiti

residuals. Finally, we compared t}%: of fine roots in tree seedlings labeled withl%(l:-z, 15N-

glycine to the unlabeled controls using t-tests within each species. For blagk aleeused a

Welch'’s t-test because the dual-labeled and unlabeled seedlings had unegneésawe used

linear regressions within each tree species to determine whether plantgf@g, EJBN-egcine
took up the amino acid intact (Nasholm et al. 2000). Our models consisted ofle‘r))N:eper

gram of fine root tissue) as the independent variable and e1x3@$|ser gram of fine root tissue)
as the dependent variable. All of our analyses were accepted as signtficalit @5 and were
conducted using R statistical software (R Development Core Team 2008).

Results

All tree species examined were able to take up the full complement of N fderedof

although there were significant differences in specific uptake rates degamdihe N form. Red

oak and American beech took up hfl—hnd arginine at significantly higher rates than the

remaining N forms (ANOVA, oak:4-24=21.39, P < 0.001, beechs bo = 26.08, P < 0.001,

Figure 2.1a). There were no significant differences in specific uptad®aatong glutamine,
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serine, glycine, or N®. White ash and black cherry had significantly faster specific uptake rates

for NH4+ compared to any other N form (ANOVA, ashy 5= 22.30, P < 0.001; cherrysb3
=22.32, P <0.001). There were no significant differences in specific uptake ratesthmong

amino acids or N for black cherry, although white ash took up arginine significantly faster

than NG . Overall, our high fertility species had specific uptake rates fQ{+Nhat were over 5

times faster than for our low fertility species. When we evaluated theatataint of N

contributed by eacl115N-enriched N form to our seedlings, arginine provided red oak and
American beech with significantly more N than any other N form (ANOVA a&k: 5 24 =
55.82, P < 0.001; beechs B2 = 56.68, P < 0.001; Figure 2.1b). hI+HN still provided white ash
and black cherry with their greatest source of N, although the contrast betN@Eamd
arginine was not statistically significant for black cherry (ANQ\&&h: 5 1g=129.24, P <

0.001; cherry: B 23=26.61, P < 0.001). Among the remaining amino acids, glutamine-N

supplied our seedlings with the most N, although the differences were not alwafysasig
Across all tree species, the average specific uptake rates ddaeanelecular weight increased
for glycine, serine, and glutamine, but then increased to the highest speakie tgaes for

arginine, the heaviest amino acid (Figure 2.2).

The distribution ofl N between fine roots and leaves varied significantly across our
. 15 . .
treatments; however, not all species demonstrated the sahuistribution patterns. There were

no significant differences in Ieall?N across all N forms for red oak (ANCOVAz b3 =0.42, P
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= 0.83) or American beech (ANCOVAgF1 = 0.22, P = 0.95), and only 11% and 3% of total
15N were found in the leaves of these species, respectively (Figure 2.3a, b). Haweteeash

— 15, . 15 -
and black cherry had significantly moreN in leaves from the 'NO3 treatment compared to
most other treatments (ANCOVA, ash; 7= 4.73, P = 0.01; cherrysF2 = 13.40, P < 0.001),
with an average of 38% and 33% of tojtgm found in leaves, respectively (Figure 2.3c, d). In
, 15 - ciLS + . 15
fine roots, the "N-arginine and NHy4 treatments had significantly moreN compared to
most other N forms for all species except black cherry, where oniLyr)I\sﬂelaz;+ treatment was
significantly higher than the rest (ANCOVA, oaks b3 = 31.27, P < 0.001; beech; b1 =
113.27, P <0.001; ashg R 7= 36.85, P < 0.001; cherrys2 = 43.76, P < 0.001). The
distribution of the15N tracer between above- and belowground organs was the most disparate for
the two inorganic N forms | supplied the seedlings: in 3 treatment, roughly 20%, 16%,
62%, and 45% of th%SN tracer was found in aboveground organs for red oak, American beech,
white ash, and black cherry, respectively, while only 3%, 5%, 9%, and 2%105Nhaacer was

. . 5 . 15 ..
found in aboveground tissues for tjhdéle4+ treatment, respectively. The percentages Nfin

aboveground organs from the amino acid treatments were generally inteentetivaten the

15, . - 15 .., + 15 . 15 : 15 .
NO3 and” NHyz treatments and decreased fromi-glutamine > "N-glycine = N-serine

15 L .
> ""N-arginine in all tree species.
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The fine roots of red oak, American beech, white ash, and black cherry seedlings
. .. .13 15 , _— : 13
supplied with U-"Cy, " "N-glycine were significantly enriched inC compared to unlabeled
seedlings (oak: t =4.08, df =11, P <0.01; beech: t =5.42, df = 12, P < 0.01; ash: t =5.05, df =

10, P <0.01; cherry: t =7.00, df = 9.58, P < O0.Qir)ear regressions &PN andl3C for whole
plants were not significant (data not shown). However, whe%smeontent of fine roots was

regressed again%%c content of fine roots, red oak (t = 3.69, df = 6, P < 0.05) and American

beech (t = 4.53, df = 8, P < 0.01) had significant linear relationships that corresponded to a

minimum of 78% and 51% of glycine taken up intact, respectively (Figure 2.4a, b). ashite

and black cherry had weak linear relationships betv%gldrandlg’c content (ash: t=1.52, df =

5, P=0.19; cherry: t = 1.33, df = 7, P = 0.23; Figure 2.4c, d).

Discussion

In this study, we evaluated the role amino acids played in the N nutrition of temperate
hardwood tree species characteristic of habitats with either low- or haggamc N availability.
We hypothesized that the uptake of amino acids by each tree species wouldhef\eértility
of the habitats in which they were typically found, with low fertility speies, red oak and
American beech) taking up amino acid-N at greater rates than hijtyfeptecies (i.e., white
ash and black cherry) which would prefer inorganic-N. Contrary to our hypothesiicspe

uptake rates of amino acids were largely similar for all tree sp@amsae 2.1a). However,

patterns of lel+ uptake were consistent with our hypothesis; high fertility species took 145 NH

at rates more than double those of the low fertility species. The dispavitydrethe rates of

NH4Jr uptake between our low- and high-fertility species rendered amino acid-Maiglatore
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important to the N nutrition of low-fertility species. Amino acid uptake was bet®ée- 97%

(red oak) and 19 — 81% (American beech) of their respecti\ﬁsr Nptake rates for the low-

fertility species whereas it was between 8 — 19% (white ash) and 11 — 17Rectidaxy) for
high fertility species. When we evaluated the total amount of N taken up from daamNour
results provided additional evidence supporting a greater role for amino adiddNmutrition

of low-fertility species. Red oak and American beech acquired over four times\nfoym

arginine compared to I\U,:T and NQ@; white ash and black cherry acquired the most N from the

NH4+ treatment, although there was no significant difference between argirand-NI-b,+-N

for white ash (Figure 2.1b). Additionally, glutamine supplied an equal amount of N to raed oak

NHg4 . All of our tree species were supplied with identical labeling solutions witmeaarent,

so our results reflect inherent species differences rather than uptakespaétsed on the
availability of substrate. Therefore, the similar patterns of N-formkegdtatween species from
low inorganic-N habitats and similar patterns from those in high inorganic-N tsaduitggest

they were physiologically adapted to access the more prevalent pool o&ydalable N in their
respective habitats, in agreement with studies from other ecosystemar{#leKal. 2002;

Nordin et al. 2001; Weigelt et al. 2005). These patterns of N-form uptake by our trees suppor
Schimel and Bennett's (2004) model of N biogeochemistry, which predicts th&t pldl be

more likely to access amino acid pools in habitats where N mineralization atbivee amino
acid pools are high. While this model has largely been based on data from coldsglonate
study suggests it is also applicable to temperate ecosystems. Tlyeohlbild low-fertility

species to take up amino acids (Figures 2.1, 2.4), combined with the presence of |argé pool

amino acids in low-fertility stands (Gallet-Budynek et al. 2009; Rothstein 2009),s$sggee
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habitats may not be as depleted in plant-available N as previously thought balseahsole
measures of inorganic N. In Northern Michigan, free amino acid-N comprised 3h&totdl
pool of plant-available N in forest stands where red oak and American beech dominate,
providing an N source that is generally lacking in stands where N minéralizates are high

(free amino acid-N = 2% of total N pool in high-fertility stands; Rothstein 2009). CaelyeN

mineralization rates in stands where white ash and black cherry occursireccli27.8 ug N g
1: roughly two and a half times faster than stands where red oak and Americamigeec
prevalent (Zak et al. 1989). The greater availability of4+Nh11 these stands, and paucity of

amino acids, would make I\hltl a more available source of N for white ash and black cherry to

access.
For three of the four amino acids we supplied to our seedlings, there was aidgcrea
trend of uptake rate with amino acid molecular weight (Figure 2.2). Thigrelhip was
realized among the neutral amino acids with glycine uptake > serine uptakamiglitiptake.
However, arginine, a basic amino acid, was taken up at the highest ratesd®ysecies,
despite being the heaviest amino acid. The basic nature of arginine may haveitsahtd its
distinct uptake pattern in two ways: first, the positive charge on arginine’s sidecol& have

increased its attraction to negatively charged root surfaces (Haynes @8g§red to the other

amino acids, thereby facilitating its uptake. This mechanism may alscirew;mel—I4+ was
taken up at such high rates by all tree species. Second, different geneg regul@rane
transporters for basic amino acids than neutral amino acids (Tanner and C88@aNasholm

and Persson 2001), with the lysine histidine transporter 1 (LHT1) and amino acid gefmea

(AAP1) responsible for neutral and acidic amino acid transport and amino acid pe®nea
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(AAP5) responsible for basic amino acid transport (reviewed by Nasholm et al. 2009)
Membrane transporters for neutral amino acids have broad substrate affiaiti®gichronously
regulate the transport of amino acids across membranes (Nasholm and Persson Z00t)awhi
explain the non-significant differences in specific uptake rates oinglyserine, and glutamine
(Figure 2.1)In this instance, bioenergetics would support lighter molecules being prefigyentia
transferred across membranes resulting in higher specific uptakéoradesaller molecules, in
agreement with our average uptake pattern for neutral amino acids (Figurenis2). T
interpretation is consistent with the results of Harrison et al. (2007), who found lowutaole
weight compounds were taken up at greater rates by grassland plantshdirerédattive ease of
transport across cellular membranes.

The relatively high specific uptake rates of arginine by all speciedyinethwith the
high N content of arginine (i.e., 4 N atoms per molecule), suggest it may be an impoutaet
of amino acid-N for plants. However, most studies evaluating plant uptake of antsase
glycine to determine whether or not amino acid-N is important to plant nutriteonN&sholm et
al. 2000; Weigelt et al. 2005; Finzi and Berthrong 2005; Gallet-Budynek et al. 2009). Based on
our results, glycine uptake rates alone could underestimate the overalkingeoot amino acid-
N to plants. All of our tree species had the highest specific uptake ratggifuine, sometimes
taking it up 3.5 times faster than glycine (i.e., red oak; Figure 2.1a). Also, thenmtant of N
contributed to our trees by arginine ranged between 4 — 14 times greater than theciount
supplied by glycine (Figure 2.1b). Persson and Nasholm (2001) also found significghéy hi
rates of arginine uptake compared to glyciné’byus sylvestris in an experiment similar to ours.
Whether or not the patterns we found between glycine and arginine uptake ard redhee

field is unclear. In a natural environment, trees must compete for amino attids wi
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microorganisms and abiotic soil sorption processes (Jones and Hodge 1999; Rothstein 2010).
Glycine diffuses relatively easily through soil to root surfacesusecaf its low molecular
weight and neutral charge (Owen and Jones 2001); it is also a poor substrate for Imicrobia
growth (Lipson et al. 1999), making it an ideal amino acid for plant uptake. Arginine, éQwev
has slower diffusion rates due to its relatively high molecular weight and pagiavge, which
increases its propensity to sorb to negatively charged solil colloids (Owen and Jones 2001;
Weigelt et al. 2005), although Ohlund and Nésholm (2001) suggested this same phenomenon
might reduce potential losses. Arginine is also readily mineralized byedywaf
microorganisms in forest soil (Alef and Kleiner 1986; Lin and Brookes 1999). These
characteristics may reduce plant access to arginine in the field in favgciokeg

The uptake rates of amino acids and inorganic N forms measured in our study represent
gross uptakes by our tree species and do not account for the potential efflux of these compounds
from roots. As a result, the uptake rates found in this study may overestimate thtamcgof
an N form in plant N nutrition if efflux rates are high. In particular, gly@nd serine have
demonstrated relatively high rates of efflux compared to influx in severatiligrally
important plant species (Lesuffleur et al. 2007). Plant species vary inethé@nicy to exude
different N forms (Kronzucker et al. 2003, Lesuffleur et al. 2007), suggesting teediff
uptake patterns of N forms across our species may change when effluxde@hdowever,
in a literature review that addressed this question, Nasholm et al. (2009) founflukaifef
amino acids did not significantly detract from conclusions of amino acid absorgtmartis in

gross labeling studies.

At the end of the labeling period, the distributionl‘rc)!ﬂ in the seedlings followed our

- . . e 15 . .15 -
predictions, with all species partitioning the mostl into aboveground organs in tl%eNOg

36



.15 . . .15 . .
treatment, the least in theNH4+ treatment, and intermediary levels in %hel-amlno acid

treatments (Figure 2.3). Other studies evaluating plant uptake of inorganiceredegid N-

forms have also found a greater distribution ofgN\Din leaves compared to NFN and amino
. - - . . +
acid-N, citing a faster transport of NQout of roots compared to amino acids or/NKPersson

et al. 2006). N@ can be transported directly from roots to other plant organs before being

assimilated into organic compounds via nitrate reductase and the glutamhetasaglutamate

synthase (GS/GOGAT) system (Andrews 1986). ConverseleMHJst be assimilated in roots

via the GS/GOGAT system into glutamine before it can be transported throughauit a pla

+ - . . . . .
In contrast to Nl and NG, amino acids are already in a form immediately usable by

plants and therefore are not necessarily metabolized into other compounds hbefpre be
transported within a plant. For example, glutamine acts as a vectomfgpdréing N assimilated
in roots to N sinks, such as leaves, and is prevalent in phloem and xylem (Lam et al. 11286; Mil

and Cramer 2004). Its primary role in N transport from roots to aboveground orgae cesd
in our data by the relatively high percentagelS(N in aboveground organs in this treatment for
all tree species. Arginine, however, is primarily a storage amino acid (Rdsk-Schimmel
1985; Staswick 1994), which may explain the prevalenégN)ﬁn roots and near absence in

leaves in this treatment compared with the others. Additionally, our labelirgglmecurred in
late summer, when the seedlings may have begun storing reserves forritegidaimancy,
also contributing to the predominance of arginine in belowground organs. Glycineiaed ser
were the most similar of the amino acids we examined, both being small, hydropsiécules

with low C:N (glycine, 2:1; serine, 3:1). They are involved in similar metabaticgases and
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are readily interconvertible (Cossins and Sinha 1966), which may explain thiéar %IEI)N

distributions in all species. Our study was limited to examining only shorteistribution
patterns of N forms within seedlings. Therefore, it is unclear whether thendifferences we

found in N form distribution will be maintained over longer periods of time.

Although the overall distribution patternslo5N in our seedlings from the various N
forms were similar for all species, there were distinct differencdgiproportion ofLSN in
above- versus belowground organs from]t?héo?,_ treatment between our species from high-
versus low-N habitats. White ash and black cherry had approximately 62% and ﬁ%q/cfrmfm

the NGz treatment in aboveground organs, respectively, compared to only 20% for red oak and

16% for American beech (Figure 2.3). Plant species from high-N environments tasaridade

most of their N@ in aboveground organs while those from low-N environments assimilate
NO3 in belowground organs (Andrews 1986), in agreement with our results. These differences
would likely be greater in the field where NGassimilation would also be dependent on

substrate availability; greater external l@oncentrations can result in an increase in shoot

NOs3 assimilation (Gebauer et al. 1988).

. ., 15 .
Because our experiment was conducted with orii+enriched substrates, we cannot

conclusively rule out the possibility that amino acids were mineralized prmant uptake (and
therefore not taken up as intact molecules). However, based on several lines okevigdieel

confident that our data represent intact amino acid uptake. First, we took effortsewith t

38



experimental design to limit opportunities for microbial mineralization to ¢geiar to labeling

.. 15 . . :
with ~"N-enriched substrates, the roots of all tree seedlings were thoroughlydwathesverse

osmosis water to remove any attached potting medium and were thenestavitiz bleach to
reduce the microbial population adhering to roots. We also used a hydroponic method to supply
seedlings with labeled compounds, so we did not contend with the potential mineralization of

amino acids that might have occurred if we had labeled plants grown in soils. Second, the

different patterns O}SN distribution in our trees for the amino acids compared tq+l\ﬁtlggests
our amino acids were not mineralized t04\|+I-|brior to uptake (Figure 2.3). JrPN uptake in our
amino acid treatments was dominated by uptake of mineréhswdf, we would have
expected there to be no significant differencelssml distribution patterns in fine roots between

the amino acids an%]SNH4+. Similarly, NI—|4+ specific uptake rates were significantly different

than those of the amino acids we examined in most cases (Figure 2.1a). Again, ihtha@ds
were mineralized prior to uptake we would have expected there to be no signifitzrendes

in specific uptake rates of the different substrates. Third, other studiésteatised amino

acids enriched in bot11'13C and15N have documented the uptake of arginine (Ohlund and

Nasholm 2001; Persson and Nasholm 2001), glycine (Nordin et al. 2001; Rains and Bledsoe
2007), and serine (Weigelt et al. 2005; Harrison et al. 2007) as intact molecules, de¢imgnstra
that it is physiologically possible for plants to do so. Finally, we testethehglycine was

taken up intact on a subset of our seedlings by supplying them with universally Ilglyelae

13 15 . . .13 15 L
(U-""Co, " N-glycine) and using regressions oC-excess on N-excess in fine roots to

determine the minimum proportion of glycine taken up intact (Nasholm et al. 199&|i&et

39



al. 2000; Ohlund and N&sholm 2001). This method compared the slope of the regression with the
ratio of C:N in the amino acid of interest (2:1 in the case of glycine) with 100%euptaurring

when the C:N ratio of the amino acid was equal to the slope of the regression linelrfiNéisal.

1998). All of our tree species had slopes less than 2, suggesting some amount of Ceithsrost

prior to uptake via mineralization or nitrification (Quastel and Scholefield 1949)tevrugitake

by the metabolism of glycine which results in the loss of C te @@sholm et al. 1998).

Because our experimental design sought to limit microbial influencesssuena most C was
lost by plant respiration. Only red oak and American beech had statisticailycsigt
regressions, which suggested roughly 78% and 51% of glycine was taken up intact by our
seedlings, respectively (Figure 2.4). We were unable to determine therfrafcglycine taken

up intact by white ash and black cherry for two possible reasons. First, whhiacthe lowest

13 . . . . .
level of " C excess of any of the species, which can make detecting the amount of amino acid

taken up intact difficult (Nasholm and Persson 2001). Second, black cherry had the highes

variation in levels 0}30 excess of any of our species (SE = 0.79 compared to 0.10 for oak, 0.03

for beech, and 0.04 for ash), which may have obscured our ability to detect a lineangieigati

13 15 , . _—
between C and N excess. However, the fine roots of all our species were significantly
. .13 . . .
enriched in "C compared to control plants, suggesting that some portion of glycine was taken up

. . 1 . .
intact by all our species. Based on the above reasons, we concludsedthatake in the amino

acid treatments was dominated by intact amino acid uptake by our trees.
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Conclusion

The results of our study demonstrate the ability of four temperate treespetake up
amino acids in direct competition with inorganic N. We also demonstrateddbatftom low-
fertility habitats acquired more N from amino acids compared to inorgamsf These results
support the idea that the dominant species in a particular habitat are thoseehestitiite the
N resources most available, be they inorganic or organic (McKane et al. 200@)the amino
acids we investigated are commonly found in soil amino acid pools in a variety o$tecasy
(Kielland 1995; Nordin et al. 2001; Senwo and Tabatabai 1998), including hardwood forests in
eastern North America where our tree species occur (Rothstein 2009). Tatedgplausible
free amino acids could provide a source of N to trees in this region that has preveausly b
overlooked, especially in low fertility habitats. Evaluating amino acid ugigked oak,
American beech, white ash, and black cherry in the field is the next Istgggain understanding

the role amino acid-N plays in the N nutrition of these temperate trees.
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Table 2.1 Labeling solution compositions and the chemical formulae of the labfed$\ Labeled compounds are in bold.

Solution Molecular
number Solution name Inorganic N Organic N formula

1 Ammonium NH,NO, (98% “N)  Glycine NH,

2 Nitrate NH,®*NO; (98% °N)  Glycine NO,

3 Glycine NH,NO, *N-glycine (98% *°N) C,HsNO,
4 Glutamine NH,NO; N-glutamine (98% amide “°N) CsH1oN,05
5 Arginine NH,NO, *N-arginine (98% guanido *°N) CeH1N,O,
6 Serine NH,NO4 ®N-serine (98% °N) C4H,NO;
7 Dual-glycine ~ NH4NO; U-c,, ®N-glycine (98% *°C, °N)  C,HsNO,
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Figure 2.1 (a) Specific uptake rates (mean = 1 SE) and (b) total N uptak@mesest 1 SE) of

N-enriched amino acid%, NH4+, and15N03_ for red oak (Quercus rubra, n=30), American
beech (Fagus grandifolia, n=28), white ash (Fraxinus americana, n=24), andhielagk c
(Prunus serotina, n=29). Bars with the same letter(s) are not signifidéfehgnt from each

other. Arg = arginine, Gln = glutamine, Gly = glycine, Ser = serine4+NI-ammonium, NQ@ =
nitrate.
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CHAPTER 3

PATTERNS OF DON AND DOC LEACHING LOSSES ACROSS A NATURAL N-
AVAILABILITY GRADIENT IN TEMPERATE HARDWOOD FORESTS

Abstract

Dissolved organic nitrogen (DON) has increasingly become recognized asataimp
component of terrestrial N cycling, yet we understand little of the presdisat regulate its
cycling across terrestrial ecosystems. Recent reseach invegtiD&IN dynamics has found that
DON losses are the greatest from forests with relatively high é¢eosys availability,
suggesting ecosystem N availability is a primary driver of DON produetia retention across
ecosystems. However, the mechanisms responsible for these patternsaaai statlied. In this
chapter, | investigated the patterns of DON loss and DOM chemistry in fiveenohardwood
forests that span a natural gradient in N availability to examine how |azsgses of DON
production and retention serve to shape landscape patterns of DON loss. | cahletieoalss
from beneath the forest floor and from two soil depths along with corresponding foresinitbor
mineral soil samples. | predicted that: i) DON losses would increases dlbeohl availability
gradient, ii) DON would comprise a decreasing proportion of total N losses froto loigh N
availability forests, and iii) DOM losses would be stoichiometricallycled in DON in high
versus low N availability forests. | also proposed two alternative hypothesgplain the
mechanisms behind the predicted patterns. | hypothesized that DOM chentslivgses were
either a direct function of DOM forest floor inputs or, alternatively, were a pradsoil
sorption phenomena. DON losses were largely unrelated to soil N stocks, although they did

comprise a decreasing proportion of total N losses across the N availgtaititgnt.
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Surprisingly, the DOC:DON by mass of deep soil losses demonstrated a unimuetal path
relatively low DOC:DON leaching from both the lowest and highest N avéijefarests.

Neither alternative hypothesis could fully account for these DON loss and Déligtry

patterns. Instead, these patterns were best understood after using a cosn@etpproach that
allowed for the interactive effects of forest floor litter composition anlccharacteristics. This
approach suggested DON losses and DOM chemistry depended on the combined ability of a
particular forest to produce DOM from the forest floor and retain DOM by niiseita. The

results of this study emphasize the need to understand how fine-scale proaesse=act to

shape ecosystem patterns of DON losses and DOM chemistry.
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Introduction

Dissolved organic nitrogen (DON) is increasingly acknowledged as a vehiclddes N
from terrestrial ecosystems that can perpetuate N limitation andaianstt primary
productivity (Campbell et al. 2000, Perakis and Hedin 2002, Neff et al. 2003). Despite the
importance of DON in terrestrial N biogeochemistry, it has been difficudetermine the
controls over its production, retention, and loss in terrestrial ecosystems. glugréous
nature of DON compounds, which range along a continuum of molecular sizesjtreacéind
solubilities (Qualls and Haines 1991, Smolander and Kitunen 2002), allows for a variety of
mechanisms to regulate different fractions of DON depending on the speeifiistry of the
fraction in question (Kaiser and Zech 1998). Also, many studies on DON dynamisfoc
either a single ecosystem (Lajtha et al. 2005, Yano et al. 2005) or evaluatespattarse
scales (Perakis and Hedin 2002, Brookshire et al. 2007) and have yet to link fine@bhale D
controls with a landscape understanding of DON cycling. Reducing this knowladgélgbe
critical for producing a broad understanding of DON biogeochemistry.

Attention to DON dynamics gained relevance when it was discovered that &39&¢|
occurred despite N limitation in terrestrial environments (reviewed bfyd¥laf. 2003). This was
contrary to previous models of N cycling where N losses were restrictegit N ecosystems
where N availability exceeded biotic demand (Aber et al. 1998). As a redirib)dyic fluxes of
DON were characterized as an “N leak” that was outside of biologicabt@iHedin et al. 1995,
Perakis and Hedin 2002). Much of the subsequent DON research has focused on understanding
the mechanisms that either facilitate or restrict DON losses frometyvaf ecosystems (Qualls
et al. 2002, Pregitzer et al. 2004, Lajtha et al. 2005, Brookshire et al. 2007, Sleut20@9al

From these studies, we are beginning to see that patterns of DON loss depend amtieatN c
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of a particular ecosystem. Low N ecosystems typically lose most oiNfesrDON, which is

lost in direct proportion with dissolved organic carbon (DOC; Perakis and Hedin 2002zétreqi
et al. 2004, Sleutel et al. 2009). Across ecosystems with increasing N contentp e |
disproportionately increase over DOC losses, creating a shift in dissolved orgaieic (DOM)
stoichiometry (Pregitzer et al. 2004, Brookshire et al. 2007). DON also occupiasasteg
percentage of total N losses in favor of inorganic N (i.e., nitrate; Perakiseaiia 2002,
Pregitzer et al. 2004, Brookshire et al. 2007). These trends suggest that thendarental
differences in the way DON is cycled among ecosystems that varyontnt. However, the

mechanisms for this change are still unclear. Pregitzer et al. (2004std)thee increased DON

losses they found in forests receiving N@dditions resulted from either altered availability of

the substrates that formed DON, altered processing of organic mattel toycsobes, or some
combination of both. In a watershed study comparing DON and DOC losses from foa¢st
experienced a gradient of atmospheric N deposition, Brookshire et al. (2007) concludeel tha
N-rich DOM fluxes from high deposition sites resulted from the direct engohof DOM pools
from atmospheric N inputs. This conclusion was based on decreasing stream DOG:RIGIN
N catchments relative to the mineral soil C:N of the catchment that thenstirained. While
this mechanism may be correct, Brookshire et al. (2007) did not explicitly ®$tytothesis
with their data; their study compared stream chemistry with only susf@torganic matter
(SOM) pools (i.e., upper 10 cm), which may, or may not, be representative of totgh&ssvi
An alternative explanation for their result is that SOM becomes more enrnchiedith depth
due to the preferential sorption of hydrophobic, high C:N compounds to surface soi&s @als

Zech 1998), which is reflected in DOM by decreased DOC:DON. Linking DON ar@ DO
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directly with corresponding SOM pools would provide clearer evidence of the mgtisani
shaping DOM dynamics as water moves through terrestrial ecosystems

Understanding DON biogeochemistry in a landscape context is important detds
tight association between ecosystem characteristics and the productioteatidiref DON.

For example, the forest floor is the primary region of DON production (Qualls2&02, Park
and Matzner 2003) due to organic matter inputs from plant litter (Qualls et al. 2002), adicrobi
exoenzymes produced during decomposition, microbial biomass turnover, and faunal N
production (reviewed by Kalbitz et al. 2000). As forest community composition changss ac
the landscape, so does the nature of litter inputs to the forest floor and the typsoandat
organic molecules available for dissolution (Pastor et al. 1984, Park and Matzner 2008n Ditt
et al. 2007). Concomitant with changes in forest community composition are shiftstaneoi
edaphic conditions (Pastor et al. 1984, Host et al. 1988), which can strongly impact an
ecosystem’s ability to retain DON (Seely et al. 1998, Qualls et al. 2002, Yan@@d4, Moller
et al. 2005). The underlying mineral soil is the dominant sink for DON leached frontehe lit
layer (Sleutel et al. 2009), but the strength of its sorption ability depends extuiset(Seely et
al. 1998, Qualls et al. 2002), structure (Castellano and Kaye 2009), organic ovattet c
(Lilienfein et al. 2004, Kleber et al. 2007) and mineral composition (Qualls 200G fkiheet al.
2004, Yano et al. 2004).

The complex interactions between soil and vegetation make predicting how DON will
move through ecosystems challenging. For example, forest speciestadgsaiiacoarse-
textured soils have relatively high litter C:N (Pastor et al. 1984, Host et al., 1@d8h can
limit DON production and, subsequently, the amount of DON subject to loss (Sekel$398).

However, the limited capacity of coarse-textured soils to retain DON, dow/¢o surface areas
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that reduce sorption opportunities between percolating solutions and the soil meshxgtal.
1998, Qualls et al. 2002), could potentially facilitate DON loss despite itsdimpiteluction.
Alternatively, fine-textured soils are often associated with forestesp#tat produce leaf litter
with relatively low C:N (Pastor et al. 1984, Host et al. 1988), providing a scenario fior bot
greater DON production from forest litter and greater retention by siiidwgh sorption
capacity. Using a fine-scale approach of directly comparing DON soancesinks in soils
across a variety of ecosystems of varying N N availability wilb leadplain how these processes
interact to produce the landscape patterns of DON loss previously described.

In order to link the local processes that influence DON cycling with l&gesystem
patterns of DON loss, | developed a study that investigated DON production emtecbrein five
hardwood forests of northern Lower Michigan that spanned a natural gradient of Nalibtya
(Zak et al. 1986, Rothstein 2009). This approach allowed me to examine how the fine-scale
processes that produce and retain DON in soil profiles within a forest landasgagot broader
patterns of DON cycling. In each forest, | collected soil water foemeath the forest floor and
at two soil depths to determine where the predominant sources and sinks for DON occurred in
each forest type. | also collected and analyzed soil samples at thelspths that soil solutions
were collected to relate dissolved organic matter pools with the soil tdréstacs of their
immediate environment. My first objective was to investigate whethestdhase ecosystems
followed the DON and DOC loss patterns described in the literature. | pcethetei) DON
losses from these ecosystems would increase concomitantly with ecoBlystertent; i) DON
would comprise a decreasing proportion of total N losses in favor of inorganic N as eétohllyst
content increased; and iii) DON losses would increase disproportionately oveloBs28

resulting in a decrease in the DOC:DON of soil waters as ecosystemevtcmcteased. My
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second objective was to investigate the mechanisms behind the patterns | foundtivechje
To do this, | evaluated two alternative hypotheses. First, | hypothesized thhethestry of
DOM losses would be directly related to the chemistry of DOM inputs from th&t fayer. The
changes in forest species composition, and subsequently forest floor compositiss tlze N
availability gradient would be the dominant mechanism shaping the qualigobilie chemistry
rather than soil dynamics. The decreasing C:N of leaf litterfall athesscosystem gradient
(Rothstein 2009) could explain the expected patterns of increasing DON lossesrandindgc
leachate DOC:DON across these forests. Alternatively, | hypattethat that chemistry of
DOM losses would be a function of sorption/dissolution phenomena between soils and
percolating waters. The ability of soils to alter DOM chemistry thndhg preferential sorption
of hydrophobic, high C:N compounds could explain the stoichiometric enrichment of solutions
in N across the N availability gradient and higher DON losses; sairesxbecome finer from
low to high N availability forests suggesting the ability of soil to addbpwor hydrophobic
compounds would increase across these ecosystems and favor losses of N-rich frydrophil

compounds.

Methods

Study area

| conducted my study in northern hardwood forests in the Manistee National Fohest in t

northwestern Lower Peninsula of Michigan, USAO@Q N, 85048’W). In this region, long-
term precipitation averages roughly 81 cm per annum and is evenly distributedtubting

year; mean annual temperature isom(AIbert 1995). Elevation ranges from 213-369 m above

sea level. The geomorphology of the region reflects the last majorlgldeance, which ended
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ca. 12,000 years BP, leaving behind a landscape mosaic of sandy outwash plainsaate-cont
hills, and moraines. Soils are predominantly classified as Spodosols and wem@edl in

glacial drift. Rates of inorganic N wet deposition at the nearby WellstonidtAtmospheric

Deposition Program station were 6.7, 5.2, and 6.6 klgfba2006, 2007, and 2008, respectively

(National Atmospheric Deposition Program (NRSP-3)/National Trends Net&01l0]).
Five forest stands that spanned a gradient of potential N mineralization afnchtidgn
rates (Zak et al. 1986, Rothstein 2009) were selected from a pool of stands prevasssigd|
by Host et al. (1988) into ecological land units based on vegetation composition, landform, and
soil classification (Table 3.1). These stands are characteristindddape-vegetation
associations that reoccur throughout the Great Lakes region (Host et al. 1988y Thstand
is an oak-dominatedX:ercus spp.) outwash plain, moderate N availability stands are dominated
by red oak, and N-rich stands are sugar maple-dominatedsaccharum) moraines. All sites
were within 32 km of each other (average distance = 14 km), therefore | assuntkéythat

experienced the same weather.

Sample collection

Soil water collectors were installed in August and September 2005 in each tamest s
and allowed to equilibrate with the soil for at least 6 months before samplesolleceed. |
sampled solutions at five sampling stations per forest that were locatgdaal®d x 40 m
transect, with the stations at stratified random points. Forest floor wadetinfilttation into
the mineral soil laers was collected in segments of plastic guttesifi the soil beneath the Oa
horizon. Glass wool was placed on a screen on top of the gutter to help filter out particulat
matter from percolating solutions. Prior to installing the traps, the lgyer was carefully

removed, and was later returned to its original position in the O horizon on top of the glass
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wool. Each trap drained its contents passively via Tygon tubing into an HDPE plaséic bot
situated in a bucket buried below the depth of the trap. Soil solutions were collected kith PT
(Teflon) suction lysimeters (PRENART Equipment ApS, Frederiksberg, Denatatk) and
100-cm depths at each sampling station. The lysimeters were installed anglé30 dimit
disturbance of the soil above the lysimeter. | bathed the lysimeters icaaflir slurry prior to
installation to ensure continuous contact with the surrounding soil and backfilledttikatias
holes with the previously removed soil by horizon. The lysimeters at each deptatwighre
angles to each other so that the column of soil above each lysimeter was urdligtorisample
collection, each lysimeter was placed under vacuum (70 kilopascals) with a hand pump for 48 h.
Soil water was collected in glass Erlenmeyer flasks and immegdiedelsported to the lab after
collection.

All water samples were filtered through GF/A Whatman glass mimeofilters before
being stored frozen until analysis. | determined the total dissolved N (TDN) ahdriganic C
(TOC), after acidification and purging of dissolved inorganic C, by oxidative cdimbus

chemiluminescence and oxidative combustion-infrared analysis, reshe¢8kenadzu Corp.,
Kyoto, Japan). | determined the NT—Iconcentration calorimetrically after Sinsabaugh et al.

(2000) by reacting 50 or100 pul of soil core leachate with 40 ul of an ammonia selredgent

(Hach, Loveland, CO) followed 3 minutes later by 40 pl of an ammonia cyanuagente

(Hach, Loveland, CO). The higher volume of leachate was used Wh@?\d‘«bhcentrations were

expected to be low. Color development lasted for 20 minutes, and samples weredamalgze

ELx808 Absorbance Microplate Reader (BioTek Instruments, Inc., Winooski, VT) at 595 nm

similarly determined the N§ concentration of soil leachate by reacting 25, 50, or 100 pl of core
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leachate (depending on expectedd\NEncentration) with 160, 140, or 100 pl, respectively, of a

vanadium (IIl) chloride reagent for 5 to 16 h (to allow color development to occur; Doane and

Horwath (2003)). Samples were read on the microplate absorbance reader at 548 was DI

calculated as the sum of the m+l—and NG ; DON was calculated by subtracting DIN from the
total N of each sample.

Sampling frequency

| collected forest floor leachate and soil water at 15- and 100-cm demttg\pril —
November in 2006 and 2007. Forest floor leachate and soil waters were collected during
intensive sampling periods after storm events several times each @easepring, summer,
fall). Precipitation in the summer of 2007 was markedly less than in 2006 (14.4 cm versus 24.2
cm, respectively, from July through September) resulting in poor collection velamnade
ecosystem representation during this period. Therefore, | confined mgasalyN fluxes to the
spring collection times (April - June) and added an additional sampling seasonprinjes
2008 (soil water only). | collected forest floor solutions continuously during onle peg@ds
immediately preceding my collection of soil waters with tension lysmnseSoils waters were

collected continuously for 48 h after storm events.

Estimating nutrient fluxes

Water fluxes through the forest floor were assumed to be 2% less than totatadrenipi
during a collection interval (Helvey 1964, Qualls et al. 1991). | estimated flates through
the upper 15 cm of soil and at 100 cm depth using the BROOK90 water balance model (Federer
2002). | supplied the model with precipitation data collected by the Wellston NAD#hsta

(National Atmospheric Deposition Program (NRSP-3)/National Trends Net@0l0]), which
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was centrally located to all ecosystems, and daily maximum and miniemperatures (°C) and
total solar flux densities recorded at the Bear Lake station in the Engatih&r Automated

Weather Station Networkvivw.agweather.geo.msu.edu/mayviiused the parameter files

included with the BROOK90 model for Watershed 6 of the Hubbard Brook Experimental Forest
in New Hampshire to estimate environmental parameters, such as canopyncosei a
characteristics. To determine the nutrient fluxes at each sampling Inteswaamed the volume

of water passing through each depth over the 48 hour period when the lysimetens desr

vacuum extraction and multiplied that by the concentration of DON, DOC, or DIN of my
samples. Because | was interested in relating the local soil environmiel@@M chemistry, |
averaged DON, DOC, and DIN fluxes across spring sampling dates (2006-20G8)Hor e
sampling station; this gave me roughly five estimates of soil and leadtetestry per

ecosystem (some lysimeters at certain sampling stations nevetesbbed water, So some sites

had less then 5 repetitions).

Soil characteristics

Samples of forest floor litter were collected on one day in November of 2008 at each
sampling station from all study sites. | collected all organic matter downrteral soil within a
31.2 x 31.2 cnmetal sampling frame, placed the contents into paper bags, and air-dried them to
constant weight before recording the forest floor litter layer mass (@stHbvor samples were
subsampled, pulverized, and analyzed for C and N by gas chromatography on an elemental
combustion system (ECS 4010, Costech Analytical Technologies Inc., Valencia, CA).

Soils were collected at each sampling station with a bucket auger in theesof2008
from three depth ranges: 0 -15 cm, 15 — 57 cm, and 57 — 100 cm. Soils within a depth range were

homogenized and subsampled before transport to the lab where they were air driedeahd si
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through a 2 mm mesh. | determined the particle size distribution of my soils usigédtte
method after removing organic matter with 30% hydrogen peroxide (McKeague 197&hd>ee
Bauder 1986). | also determined the C and N content of subsamples of soils by gas
chromatography on an elemental combustion system (ECS 4010, Costech Analytical
Technologies Inc., Valencia, CA).

| investigated the ability of soils across the N availability gradiengéteesas net sources
or sinks of DOM with batch equilibrium experiments to produce adsorption isotherms.
Adsorption isotherms can be used to summarily explore the affects of soiefextyanic matter
content, and mineral composition on soil sorption by describing the simple parttmni
organic substances between the solid and liquid phases of the soil-water system (Nadvin e
1986). Soils from three of the five sampling stations located at each forestandomly chosen
for this portion of my research. | created an organic matter stock solution imgragual parts

of ground leaf litter collected at all five sampling stations at each stedwigh E-pure

deionized (DI) water to produce a solution with 500 rf]lgdi DOC. The stock solution was

diluted with DI water to produce additional solutions with the concentrations of 250, 100, 50, 25,
and 10 mg DOC I_1 DI water was used for my 0 mg DOCllIriaI. | selected this range of

DOC concentrations to examine how my soils would respond to solution concentrations they
experience in a natural setting (7.9 -76.7 nﬁlg median = 26.1 mg'&across all forest floor

leachate collection dates) as well as to test the limits of their abilggisorb DOM. Twenty-five
mL of DOM solution were added to 5 g of soil and shaken horizontally for 24 h. Immediately
after shaking, the samples were centrifuged for 15 — 20 minutes at 3000 rpm andfstgrade

through sterile Millex-Ha 0.45um filters (Millipore, Co. Cork, Ireland). DO®, DIN, and
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DON were determined as described above. The amount of DOM retained ordrélgése soils
was evaluated using the Initial Mass (IM) Isotherm after Nodvin et @619 his relationship
describes the sorption of DOM in soils where the release of native orgarec neggtls to be
considered and, according to Neff and Asner (2001), best represents DOM sogttimmse
The IM isotherm is represented by:

RE=mX;-b
whereRE is the amount of DOM released into or removed from solutiofthe slope) is the
partition coefficient of the IM isotherm and provides a measure of the affiheysubstance
(i.e., DOM) for the sorbent (i.e., soil)y; is the initial concentration of DOM in the supplied
solution with respect to the mass of solil, &nthe intercept) indicates the amount of DOM
released when the initial DOM solution concentration is zera{(i=0). These data can then be
used to calculate the reactive soil pool (RSP), which is the amount of orgarac sodbed to
soil that can readily exchange with organic matter in solution under the egptlroonditions
(Nodvin et al. 1986). The RSP is calculated by:

RSP = b/(1 - m)

Soil water fractionation

Soil solutions were fractionated into operationally defined hydrophilic acidsgiity
hydrophobic organic neutral matter (HON) using DAX-8 exchange resinsi¢8upellefonte,
PA) following a modified batch procedure of Van Zomeren and Comans (2007). HON sorb to
DAX-8 resins whereas Hy remain in solution. DAX-8 resins were thoroughdypeteby soaking
them in 0.1M HCI for 5 days (HCIl was exchanged every 24 h) followed by sirod&imgs in
0.1M NaOH for an additional 5 days. Next, resins were Soxhlet extracted in 55 g bat@¥es

h with 200 mL of acetonitrile at 300°C followed by 24 h with 200 ml of methanol at 250°C.
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Resins were stored refrigerated in methanol until use. Twenty-four hoursgouiee, resins were
rinsed 10 times in DI water with each rinse consisting of a 6:1 ratio of waesito(v/v). After
each rinse, the water was vacuum-extracted off the resins using a Blusihmed(fitted with a
#41 Whatman filter. These rinses were followed by 10 rinses in 0.1M HCl in a 3:1 siaid/re

ratio (v/v), with each rinse vacuum-extracted off the resins. A subsample obsdhotin the

last HCI rinse was analyzed on a TOC/TN analyzer to verify that < 2.0_}n:g‘ C bled from

the resins.

In order to meet volume requirements for fractionation, | combined soil solutions
collected during the April — June sampling intervals within a year; in soses ckdiluted soill
solutions with DI water to meet the necessary volume. Composite samplesalgred on the
Shimadzu TOC analyzer for initial DOC concentrations. Twenty mL of soilisnlutere poured
into a 50 mL plastic centrifuge tube and adjusted to pH 2 with 3 M HCI. | added roughly 4 g of
DAX-8 resins to each sample before it was continuously tumbled on a rotary shakér. Boil
solutions were carefully transferred into new vials without resins for measoten the
TOC/TN analyzer to determine the amount of DOC in the Hy component; HON wawsidetd
by subtraction between the initial and final DOC concentrations. | ran a blagkQusM HCI
to correct for C loss off the resins during the fractionation procedure. The maistieat of the
resins was also determined to correct for the amount of moisture added to phel®athe
resins. To do this, | dried a subsample of cleaned resins for 24 h at 105°C; the moisteme

was 72%.

Statistical analyses
| used mixed-effects analysis of covariance (ANCOVA) models to contipare

relationship between DON fluxes, DIN fluxes, and the DOC:DON of DOM in sdérsa
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leaching from 100 cm soil depth across forest stands with the soil N contertditetal N
content of litter and soil to 100 cm depth) of each stand. DON flux, DIN flux, or DOC:DQON a
100 cm was the dependent variable, and soil N content and forest stand were thégttedref
included data from individual sampling stations within a forest stand in these arnadyseise
each sampling station represented a unique relationship between soil N aadte@chate
chemistry. Therefore, to account for the multiple samples within a forestistéhese analyses,

| included the random effect of “sampling station” in the models. For the DOC: D@lysss, |
also included a quadratic term in the model to account for the non-linear relationteglata.
Preliminary analyses fitting splines to the data suggested that additios gquiadratic term
adequately accounted for the curvature of the data. | removed one data poittiefldo®C:DON

analysis because it had a Cook’s distance >0.5; the data point was from ec@sgstehad a

DOC:DON of 87 and a soil N content of 304 (:szm also used mixed-effect ANCOVA models

to investigate whether or not soil leachate chemistry at 100 cm watlydietated to that of

forest floor leachate, as well as to compare how DOM fractions (i.e., hydrophdtyidrophilic
DOM) changed across forest stands at both soil depths. For the former comparisaite leac
chemistry at 100 cm soil depth was the dependent variable, leachate cheomstityef forest

floor and forest stand were the fixed-effects. Again | used data from individoplisg stations
within a forest stand for these analyses, so each model contained “sampling staéicahdom
effect. For the latter comparison, the concentration of hydrophobic DOM at Eitloe 100 cm

was the dependent variable and total DOM concentration at 15 or 100 cm and forest stand wer
the fixed-effects; samping station was the random effect. Using ANCIOMhis particular

analysis allowed me to account for the influence of total DOM concentration oypdiagphobic
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DOM fraction without the concerns associated with statistically angyaimo variables (i.e., %
hydrophobic DOM; Atchley et al. 1976).

| analyzed forest stand differences in absolute concentrations of hydrophobic and
hydrophilic DOM, partition coefficients (“m”), IM isotherm intercepts{f}orand RSP at either
15 or 100 cm soil depths with mixed-effect analysis of variance (ANOVA) modglsyphobic
DOM, hydrophilic DOM, m, b, or RSP was the dependent variable, forest stand wasdhe fixe
effect, and sampling station or soil repetition was the random effect. blogfarmed variables
when necessary to meet assumptions of normality. | specified Type Blauwsquares in all the
analyses so that all terms in the models were considered simultaneousty Tukey contrasts
for post-hoc comparisons when categorical variables in the model werecaighifill analyses
were accepted as significan{(a0.05 and were conducted using R statistical software (R

Development Core Team 2011).

Results

Ecosystem DOM and DIN losses as a function of soil N content
DON leaching losses measured at 100 cm soil depth increased subtly acrossdiotsst
with progressivly higher soil N content, although the trend was not statissogiijicant after |

accounted for the fact that | used multiple samples within a forest stand inahisia (i.e.,

“sampling station”; mixed-effects ANCOVA:jF 3=0.14, p=0.72; Figure 3.1a). Interestingly,

when | just compared the amount of DON leaching from forest stands, there wdteasigni

differences across stands (f5=4.37, p=0.019) but not in the manner | had predicted; DON

losses were highest from the intermediate (stand 3) and highest (stand Habllgydorest

stands, with stand 3 having significantly higher DON losses than the next loimastZ$ and
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highest (stand 4) N availability forests (Tukey contrasts: stands 3-2, z=30160p=stands 4-3,
z=-3.11, p=0.014; Table 3.2). | had expected DON losses to steadily increase adxbss the
availability gradient. This unanticipated trend occurred despite a ste@epse in soil N content
in deep (i.e., 10-100 cm soil increment) soils across the forest gradient (Tab2IN.®Baching
losses at the 100 cm soil depth also tended to increase across forest standsevigohily

content, although the relationship was not statistically significantaftarunting for forest

(mixed-effects ANCOVA: k 13=0.91, p=0.36; Figure 3.1b). However, unlike DON leaching

losses, average DIN leaching losses from individual forest stands incresesdity sicross the N
availability gradient (fr 13=4.90, p=0.013) with stands 4 and 5 having significantly higher

leaching losses than the lower N availability forests (Tukey contsdatsds 5-1, z=3.68,
p=.002; 5-2, z=3.85, p=<0.001; 5-3, z=3.91, p=<0.001; 4-1, z=3.07, p=0.016; 4-2, z=2.70,
p=0.048). Indeed, DIN losses were on average 18 times greater from the highesiligyvai
ecosystem compared to the lowest, whereas DON losses were only 4 timess gseatresult,
DIN losses occupied a greater proportion of total N losses in high N avayl&tniésts
compared to those forests where N was less available, which was demditstrate
corresponding trend of increasing DIN:DON along the N availabilitgigrd.

DOM losses at 100 cm soil depth from individual sampling stations became
progressively more enriched in N (i.e., decreasing DOC:DON) as the soil N cohtergst
stands increased ,but only from intermediate to high soil N contents (Figure 3.1asisgispr
the forest with the lowest soil N content (i.e., stand 1) had DOM leaching lossegtha
actually more enriched in N compared to intermediate N forests, ghengvierall relationship
between the DOC:DON of soil leachate and soil N content a unimodal appeénadeeel, the

significant differences in the average DOC:DON of DOM leaching frothcin across forest
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stands (k,11=4.25, p=0.025) supported this unimodal trend, with stand 5 having significantly

lower DOC:DON compared to stands 2, 3, and 4 (Tukey contrasts: 5-2, z=-3.30, p=0.008; 5-3,
z=-3.27, p=0.008; 5-4, z=-4.01, p<0.001) but similar DOC:DON to stand 1. However, neither the

relationship between the DOC:DON of 100 cm leachate losses and soil N conbesd-éffects

ANCOVA: F; 11=1.86, p=0.20), nor the quadratic relationship between these variables

(F1,15=1.09, p=0.32) was statistically significant after the effect of multipleoBamstations

within a forest stand was accounted for. The unimodal pattern contradicted myiqnesfi@
linear, negative relationship between the DOC:DON of DOM leaching from 1G®itepth

and increasing soil N content.

Forest floor litter composition as a driver of DOM chemistry
The amount of DON lost at 100 cm depth was unrelated to inputs of DON from the forest

floor to the soil profile after accounting for the effect of including multipfedang stations

within a forest stand in the model (mixed-effects ANCOVA;15=0.07, p=0.79). The average
DON fluxes from the forest floor steadily increased across the N aviylajsidient from 26.7

to 45.7 mg rhz, a pattern not mimicked by the average DON fluxes at 100 cm soil depth, which
were highest from forest stands 3 and 5 (Table 3.2). There was also no relationsbgm sy
DOC:DON of forest floor solutions and that in leachate from 100 gm £F1.05, p=0.32). The

average DOC:DON of forest floor leachate decreased from low to high ldlakti forests
(33.4 t021.8) while the average DOC:DON of fluxes at 100 cm soil depth were lowestat

forests where N was least and most available.
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Soil sorption phenomena as drivers of DOM chemistry

Hydrophobic compounds dominated soil solution fluxes from 15 and 100 cm soils across
almost all forests. Stand 1 was the only stand where the proportion of hydrophobic DOC in
fluxes leaving 100 cm soils dropped below 50%, indicating hydrophilic DOC dominated total
DOC losses from this forest. There was no evidence that hydrophobic compoundsmaared

to a greater extent in high versus low N availability forests (mixedisf®NCOVA: 15 cm
soils, iz 5=0.65, p=0.65; 100 cm soils4 f=0.85, p=0.52; Figure 3.2a). The proportion of

hydrophobic DOC in solutions collected from 15 and 100 cm depths averaged 65 and 55%
across all forest stands, respectively. In general, the percentage of ljmcapmpounds in
DOC fluxes from 100 cm soil depth were less than those from 15 cm except for stand 5, which
demonstrated an increase in the proportion of hydrophobic DOC between 15 and 100 cm soil
depths, although the difference was slight (54 vs 57%, respectively).

While there were no significant differences in the proportion of hydrophobic DOC in
leachate from 15 or 100 cm soil depths across forest stands, there were signifexamices in

the absolute concentrations of DOC fractions. Hydrophobic DOC concentrations leaemg 15

soils were significantly different across forests (mixed@f@&NOVA: K4 ¢=6.55, p=0.022),

with intermediate N availability forests leaching higher concentrabbhydrophobic
compounds compared to the lowest and highest N availability forests at tliesbil( Tukey

contrasts: 3-1, z=4.21, p<0.001; 4-1, z=2.84, p=0.035; 5-3, z=-4.19, p<0.001; 5-4, z=-2.82,

p=0.037; Figure 3.2b). Stand 3 had the highest concentration of hydrophobic DOC (30.3 mg L

1) of any forest stand, leaching roughly 4.6 times more hydrophobic DOC than thedodest

highest N availability forests. In general, intermediate N avaitpldrests leached significantly
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more hydrophobic DOC compared to the lowest and highest N availability fdfgsit®philic
DOC concentrations in leachate from 15 cm soil depth had similar leaching pagerns
hydrophobic compounds, although their overall concentrations were less in evsty fore

Intermediate N availability forests had the highest losses of hydropl@i€ &mpared to the
lowest and highest N availability forests (§5.22, p=0.037; Tukey contrasts: 3-1, z=4.25,
p<0.001; 5-3, z=-3.50, p=0.004).

DOC leaching from 100 cm soil depth also had significant differences in the absolute

concentrations of hydrophobic compounds across forest stands (mixed-eff€2¥sAAN

F4 11=8.53, p=0.002; Figure 3.2c). The concentration of hydrophobic DOC from stand 1 was

significantly less than all other forest stand except stand 4 (Tukey cenfdstz=3.13,
p=0.015; 3-1, z=5.72, p<0.001; 5-1, z=2.87, p=0.034). Additionally, the concentration of
hydrophobic compounds in 100 cm leachate from stand 4 was significantly less tradrstaad

3 (z=-3.37, p=0.007). The intermediate N availability forest, forest stand 3, hadjtiesthi

average concentration of hydrophobic DOC fluxes of any forest (5.1'}1)19/\mereas stand 1

had the lowest (1.6 mg_b. Unlike hydrophobic compounds, there were no significant

differences in the hydrophilic concentration of DOC in 100 cm fluxes acrosssfonaged-

effects ANOVA: i 11=2.09, p=0.15).

In general, soils across the forest gradient demonstrated similar prigsetosgorb DOC,

based on batch equilibrium experimefitsxed-effects ANOVA: i =1.60, p=0.289; Table

3.3). The partition coefficients (i.e., “m”) of soils collectred from 0-15 cm sqittdat forests 1-

4 indicated that between 28-32% of DOC in the supplied organic matter solution sorbesl to soll
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Stand 5 had the highest partition coefficient of any forest stand, which indicatédlyrd8¢o of

DOC sorbed to soils. For soils collected at 15-57 cm soil depth, all forest soils sarkeerbe

28-34% of DOC (mixed-effects ANOVA:46=0.17, p=0.947). Higher N availability forests also

tended to have lower coarse sand contents, and higher fine sand, clay, and silt contdn@ in bot
15 and 15-57 cm soil increments compared to lower N availability forests.
Soils collected at 0-15 cm depth across the forest gradient also had ateingitarcy to

release organic matter into solution when soils were leached with DI waxexd(effects

ANOVA: F4 6=0.43, p=0.784; Table 3.3). The intercepts of the IM isotherms (i.e., “b”) were -

-1 . . .
13.4 t0 -16.9 mg kg across forests, with stand 1 releasing the least amount of organic matter

into solution and stand 3 releasing the most organic matter into solution. Inodleitsed at 15-

57 cm depth, the tendency of soils to release organic matter into solution incrigasiedustly
from low to high N availability forests gs=4.89, p=0.043). Stands 3, 4, and 5 all released

significantly more organic matter into solution compared to stand 1 (Tukeyastsst-1,

z=3.98, p<0.001; 4-1, z=2.94, p=0.028; 5-1, z=3.25, p=0.010). Overall, soils from 15-57 cm
depth released less organic matter into solutions than soils collected etDeEpth. Soils from
higher N availability forests also had higher amounts of organic matter dsaeadily
exchangeable with organic matter in solution compared to soils from lower N ditgtifabests.

The RSP of organic matter increased in soils collected from both depth incremensoils

collected from low to high N availability forests, with soils from 0-15 cm deptmgdearger

reactive pools compared to soils from 15-57 cm depth. The largest differencd? anf®8g

forests was found in soils from 15-57 cm depth, where stands 3-5 had roughly 3 times the RSP

compared to stand 1. However, these differences were not statisticaificarg (mixed-effects
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ANOVA: F4 6=2.77, p=0.127). Neither were there any statistically significant diffesemcRSP

in soils from 0-15 cm depth 4/=0.28, p=0.878).

Discussion

Ecosystem DOM and DIN losses as a function of soil N content

Previous research on the terrestrial N cycle has focused on the production and
consumption of inorganic N, which is known to be tightly cycled in forest ecosysterapt
where N supply exceeds biotic demand (Pastor et al. 1984, Aber et al. 1998, Peralddiand H
2001). Our knowledge of DON cycling is less certain but no less important due to itsgbodent
dominate total N losses from forests and perpetuate N limitation in tedrestsystems (Neff et
al. 2003). The growing body of work investigating DON dynamics across eensystith
different N availabilities suggests that DON losses will be higher &#oosystems with higher N
availability relative to demand, that DON will account for a decreasing mege of total N
losses in favor of DIN, and that DON losses will increase to a greater thaerDOC losses
(McDowell et al. 2004, Pregitzer et al. 2004, Brookshire et al. 2007, Sleutel et al. 200€grIn or
to investigate these patterns further, | examined DON, DIN, and DOC lassss & forests that
demonstrated a natural gradient in N availability. | had predicted that B&2Nihg losses from
these forests would conform to the patterns mentioned above. Contrary to my firdtqredic
DON leaching losses at 100 cm soil depth were not directly related to soiitisint (Figure 3.1).
Instead, DON losses from intermediate N availability forestewerhigh, or higher, than those
from high N availability forests despite steadily increasing sothdl e mineralization rates
across the gradient (Tables 3.1, 3.2). The data supported my second prediction con@piring D

and DIN losses across the N availability gradient. The average DIdslassoss forests steadily
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increased from low to high N availability forests (Table 3.2) so that DON @lgneomprised a
decreasing proportion of total N losses. Finally, | had predicted that DO&6lagsild increase
disproportionately over DOC losses as forest N availability increaliae t® demand
(Brookshire et al. 2007). Instead, DOM losses demonstrated a unimodal pattern, where the
DOC:DON of DOM leaching from 100 cm soil depth at the lowest and highest N avaylabili
forest stands was lower than that of the intermediate N availabilitySovesich had relatively
high DOC:DON in leachate collected from soils at 100 cm depth (Figure 3.2) €8hisis
puzzling because | had predicted that DOM losses from the lowest N augilf@bést would be

the least enriched in DON of any forest in this study due to its depauperatidN st

Forest floor litter composition as a driver of DOM chemistry

In order to better understand the patterns of DON losses and DOM chemistry
characterized in the first portion of my research, | proposed two alterhgpe¢heses that
investigated some of the potential mechanisms that may regulate DO$4 #oese forests.
First, | hypothesized that DON losses and DOM chemistry were a dioskigirof the forest
floor litter composition and reflected changes in tree species compositass doe N
availability gradient. The lack of a relationship between DON inputs fronothstffloor and
losses from soils at 100 cm depth does not support the idea that the forest floor lipiesitom
is the primary driver of DON losses from these soils. While forest flechkte demonstrated
the expected results of increasing DON inputs to mineral soil and decre@&EI®ON from
low to high N availability forests, DOM leaving soils at 100 cm depth exhibitedaref these
trends; DON losses from these soils were idiosyncratic along the Mlaimgilgradient (Table
3.2) and their DOC:DON was lowest in the forests at opposite ends of the N avyitahditent

(Figure 3.2). Consequently, the chemistry of forest floor leachate faiegtain DON loss
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patterns across forests and the unexpected result of relatively low D®IGdaching from 100
cm deep soils from both the lowest and highest N availability forests. Yand22@b) also

found that the chemistry of DOM leaching from deep soils was similardiega of whether a
plot experienced regular, reduced, or increased inputs of plant litter i anlgibgpulation study

in old-growth Douglas-fir forests of the Pacific Northwest. Instead, ¢tiegl the strong ability

of soil to sorb DOM compounds as the primary mechanism controlling DOM retention in this

ecosystem rather than input chemistry.

Soil sorption phenomena as drivers of DOM chemistry

The disconnect between DOM inputs and outputs across these forest soils soggests s
waters underwent a substantial alteration in chemistry as they peddbladegh mineral soil to
depth. However, the mechanism proposed in the alternative hypothesis regarding theaible of
sorption in regulating DOM chemistry also failed to completely explarpatterns | found
across forests. | had proposed that the increasingly fine texture of smilfofv to high N
availability forests would favor the preferential sorption of hydrophobic,velgthigh C:N
compounds from solution, resulting in decreasing DOC:DON of DOM leaching losses and
increasing DON leaching losses across the N availability gradietgathd found no evidence
that hydrophobic compounds were preferentially removed from solutions leaviagesar deep
soils despite decreasing coarse sand contents and increasing fine sdag eontents across
the gradient (Figure 3.2a, Table 3.3). Moreover, if soil sorption potential reatBaised with
increasing N availability, | would have expected the DOC:DON of sadHate from the forest
with the most coarse-textured soil, forest stand 1, to be the highest along thet gedldesr than
equally as low as stand 5. These results suggest soil sorption phenomena alonatdegmot

fully explain the patterns of DON loss and DOM chemistry found across threstst
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A comprehensive, ecosystem approach to DOM dynamics

The inability of either of my alternative hypotheses to fully account fobt! loss
patterns experienced by these forests suggests it is necessary to haeeanmpoehensive
approach when investigating DOM dynamics that allows for interactions arowasy f
components. For example, the ability of the forest floor composition to influenchdhestry
of DOM inputs to mineral soils (Park and Matzner 2003, Lajtha et al. 2005) may intgiac
changes in soil sorption abilities across forests to either exacerbatel@mrate DOM losses
and alter DOM chemistry. By taking this comprehensive approach, it becoore apparent
how forest characteristics could interact to produce the DON loss pattern©ahdhH2mistry
found in this study. In the case of the lowest N availability forest, theastten between
strongly sorbing DOM inputs with highly sorptive soils may have resulted irelagvely low
DOC:DON leaching from this forest. First, the low N mineralizationsréf@ble 3.1), the high
C:N of the forest floor in this oak-dominated forest (Table 3.2), and the relatiggly hi
DOC:DON in forest floor leachate indicate DOM inputs are largatglcitrant in this forest and
likely contain a greater proportion of hydrophobic versus hydrophilic compounds (eapha
2005). This idea was reinforced by hydrophobic compounds dominating fluxes at 10 cm soill
depth (Figure 3.2a, b). It is unlikely hydrophobic compounds were added to solutions to any
great extent as they percolated through the upper 10 cm of mineral soil due hagthewil
sorption potential (Kaiser and Zech 1998). Therefore, solutions entering minevabsiol have
relatively high sorption potential based on the preponderance of hydrophobic compounds in
solution. Second, despite the coarse texture of this soil, the low reactive soil pod in soil
collected from both 0-15 and 15-57 cm depths, combined with the low tendency of this soil to
release organic matter when leached with water (i.e., “-b”), indicatechteatoil was more

likely to retain rather than release organic matter into solution (Table 3.3ndigherhe
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interaction between solutions dominated by highly sorptive hydrophobic compounds with a
highly retentive soil would serve to preferentially remove C-rich, hydrophmmpounds from
percolating solutions and result in an overall decrease in the DOC:DON adblstibiss with
depth. This was substantiated by the shift in DOM chemistry from being dechibyat
hydrophobic to more N-rich hydrophilic compounds (Figure &&)yvell as the decrease Iin
DOC:DON from 33.4 - 16.9 with increasing soil depth at stand 1. Additionally, theved{ati
low DON fluxes into mineral soil from the forest floor with little potentelease of organic
matter into soil solutions as waters percolated to depth supports the overfalDiWeaching
losses | found from this forest.

In intermediate N availability forests, an increase in DOM production couptecw
reduced ability of soils to sorb DOM could explain the increase in DOC:DON in dégfrem
these forests. First, these forests shifted from being dominated by bthah@e oaks to species
with more labile leaf litter, such as red maple, red oak, and sugar maple. Weghithése
concomitant increases in the basal area and leaf litter fall compareddwést N availability
forest (Zak et al. 1989, Rothstein et al. 2009), indicating overall greater biorodsstmn in
these forests. As a result, these forests have higher soil C and N stocksedaimiséand 1,

which may limit the number of available sorption sites on these fairly ctextsged soils

(Kaiser et al. 1996, Kaiser and Zech 1998, Seely et al. 1998; Table 3.2). This is evident in the

tendency of these soils to release more organic matter into solutions, to havedaghee soil

pools, and to leach up to 4 times more DOC from soils at 100 cm depth despite similar inputs

from the forest floor compared to forest stand 1 (Tables 3.2, 3.3). Kaiser et al. (1996) found a

negative relationship between DOC sorption and the organic C content of soil, suggelsting soi

organic matter hinders DOM sorption by covering binding sites on mineral soie @h#®r’'s
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also found that the sorption of hydrophobic compounds was less affected by high soil Grganic
contents compared to hydrophilic compounds; they suggested hydrophobic compounds may
hinder the sorption of hydrophilic compounds to soils when binding sites are limited, possibly
through the displacment of previously sorbed hydrophilic compounds. In this study, the
concentration of hydrophobic compounds decreased by 3-7 times between 15- and 100-cm soil
depths at intermediate N-availablity forests compared to only a 3-4 fold sedncthe
concentration of hydrophilic compounds, supporting the idea that the soil organic maget cont
of soils will limit the sorption of hydrophilic compounds more so than hydrophobic compounds.
However, leaching losses of DOC at 100 cm soil depth were still dominated lmphgtrc
compounds in intermediate N-availablity forests (Figure 3.2b, ¢). High DOGiheglosses
from these forests that are dominated by C-rich hydrophobic compounds would result in
relatively higher DOC:DON of DOM leaching losses, in agreement witpatterns | found of
DOM leaching losses at 100 cm soil depth from intermediate N-availdbilagts.

Finally, in high N availability forests the decreased DOC:DON in la@cfrom 100 cm
soil depth, and similar levels of DON leaching losses as those in interenBidaaiailability
forests, could result from an increase in the sink strength for DOM by both biotibiatid a
mechanisms. As N availability increases across the landscape, dilactjen of the microbial
community in relatively high N forests acquires N directly from orgamicces rather than
inorganic N diffusing from N-rich microsites, mineralizing N once themrddds have been met
(Schimel and Bennett 2004). Consequently, total N fluxes leaving biologicaihg acil
horizons would be dominated by inorganic forms in these high N ecosystems. e $ sad
the highest rates of N mineralization and nitrification along the gradiertgieot 2009) and

was the only forest to demonstrate an increase in DIN leaching from soilsratdepth relative
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to forest floor inputs (by 59%; Table 3.2) supporting the idea that microorganisms removed a
greater proportion of DON from this forest compared to other forests by convettng
inorganic forms. This would serve to constrain DON losses from this forest desyitg the
highest DON inputs from the forest floor of any forest along the gradienioBsty, Rothstein
(2009) demonstrated that stand 5 had the smallest free amino acid pools, largasicihbrga
pools, and the highest potential for microbes to mineralize amino acids, addingerexdtre
idea of a strong biotic sink for N in this forest. The high N mineralization in stangdgests the
microbial community is C rather than N limited, which may account for the dadedrease in
DOC fluxes through the upper 10 cm of soil in this forest (95% reduction); intereétiat
availability forests had only a 70-76% reduction in DOC in this same horizon. Thismsuha
could help explain the low DOC:DON in DOM losses from this forest. Additionadpnds5 had
a relatively low coarse sand content and relatively high clay and siinderdompared to the
other forests, especially in surface soils, which could have resulted in er giaiatic sorptive
ability in this forest (Seely et al. 1998). Indeed, the partition coefficie@@M in surface soils
of stand 5 was the highest of any forest examined (Table 3.3) as was the C anehiigont
surface soils. However, unlike in most intermediate N availability forésd)igh organic
matter content of surface soil in stand 5 did not result in an equally high tendeneasarel
organic matter when leached with water, suggesting the overall sorptiontgabadlais soil for
organic matter was greater than that of intermediate N availalfiggts. This strong sorptive
ability would limit overall DON losses from this forest and decouple the expesitgtbnship of
increased DON losses from high N forests that | had initially predicteestingly, although
the DOC:DON of soil solution decreased with increasing depth, the proportion of hydrophobic

compounds in solution was fairly consistent across depths (Figure 3.2), making it drthkear
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preferential removal of C-rich, hydrophobic compounds was the mechanism behind the
DOC:DON change.

While low DON inputs from the forest floor to mineral soil in the lowest N avaitgbil
forest and high DON retention by biotic and abiotic processes in the highest Miatyaflarest
offers one explanation for the lack of a strong relationship between DON &stesil N
content across these forests, it is also possible that DON losses at 100 ciptisai theese
forests were not directly linked to actively cycling soil N pools (Hedin.et9#85, Perakis et al.
2005). Instead, DON losses may be under the control of soil organic matter dissolution and
transport processes and follow similar loss patterns as DOC (Hedin et al. 1995hBecekal.
2007). Indeed, my forests with the highest DON losses had correspondingly high B« los
compared to the remaining forests, in support of this idea (Table 3.2, Appendix). However
despite the lack of a discernible trend between DONleaching losses fepnsalks and soil N

content, the average DON leaching losses from 15 cm soils steadily incfiease.7 to 22.5

mg m_2 across the N availability gradient, suggesting that, at least in sudiégs;eDON leaching

losses are not wholly independent of soil N (Table 3.2). A similar trend was found by &ileute
al. (2009), where differences in DON fluxes among 3 forests experiencinglewther high N
inputs were more pronounced below the E horizon compared to those below the BC horizon. The
strong ability of mineral soil to sorb DON from percolating solutions (Quabls 2002) could
have obscured the relationship between DON leaching losses at 100 cm soil depth and soil N
found in the surface soils by the time they leached from deep soils (McDowaklR804).
Alternatively, the lack of relationship between DON losses and soil N conggnbena
function of the range of N availabilities in the forests | evaluated. Othiestthat have

demonstrated increased DON losses with increasing ecosystem N havaréitbelly
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increased N inputs via N fertilization (McDowell et al. 2004, Pregitzelr 8084), or evaluated
ecosystems experiencing rates of N deposition that were roughly 1.3-@4hiigher than the

forests in my study (Brookshire et al. 2007, Sleutel et al. 2009). For exampléz&tregal.

(2004) found that N@ additions of 3 g m2 yr_1 for 8 years increased DON losses over 6 times

those found in control plots in an N fertilization study in northern hardwood forestarsionihe
those in this study. They also found that forests with higher initial N avéydbst greater
amounts of DON, and in a shorter period of time, than those forests with lower initial N

availability. Brookshire et al. (2007) found their highest DON leaching lossesreddn

watersheds that experienced atmospheric N inputs of 7.7- 45.0]kyg'JhaNhereas the forests in

this study experienced an average of 6.1 k'é jna{l of atmospheric N inputs over the study

period. They also evaluated DON leaching losses from watersheds that terdlgher

surface soil N contents compared to those than in this study (95 to 1_50rg0¥fLO cm deep

soils versus 58 to 163 g_%n'n 0-15 cm deep soils in this study). Both of these studies evaluated

ecosystems that were considered saturated in N (Aber et al. 1989), which nregbieement
before ecosystems begin losing increasing amounts of DON.

The results of this study are based on spring patterns of DOM leaching tossekdse
forests and may differ in other seasons. However, DON and DOC leachingfiosseeep
soils and streamwater DOM concentrations generally show little vartationgout the year
(Campbell et al. 2000, Qualls et al. 2002, Yano et al. 2004), suggesting the patterns | found in
leaching from 100 cm soils are more a product of the forests | examinedthaimer seasonal
phenomenon. DOM leaching losses from organic horizons, though, are more variable than deep

soil leachate across seasons, and reflect seasonal differences indigdmodl leaf litter inputs,
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with peak DOM losses occuring in the fall after leaf drop and in the spring asmseltsv(Qualls

and Haines 1991, Michalzik and Matzner 1999, Yano et al. 2004). These leaching losses from
organic horizons also vary in their hydrophobic and hydrophilic DOM composition in different
seasons, which in turn impacts the kinds of molecules leaching from minerataalts(and
Haines 1991, Yano et al. 2004). Therefore, although total DOM leaching losses r@nhain f
consistent throughout the year, the chemical composition of those losses (i@hbitr

versus hydrophilic compounds) may differ during other seasons from the patterns | fosnd. T
also suggests the mechanisms for DOM retention, such as soil sorption/desorptiocralpicim
uptake, may play different roles than those | proposed depending on the particolatstag

evaluated.

Conclusions

The results of this study demonstrated that DON losses and DOM chemastr§ f
northern hardwood forests were not a simple function of soil N content, nor were they the
product of individual forest parameters, such as forest floor litter composition texdore.
Instead, DON losses and DOM chemistry across these forests werediaisteekwhen multiple
forest parameters were considered simultaneously. In the lowest Bbalitgiforest, the
interaction between the low production of C-rich DOM compounds combined with highly
retentive, yet coarse textured, soils relatively low in organic msegteed to limit overall DON
losses at 100 cm soil depth while simultaneously enriching them in N-rich compé&imd (
3.3). In intermediate N availability forests, high DOM production coupled with gbikslatively
limited sorption capacity increased overall DON and DOC losses at 100 cm shikdepat the
DOM stoichiometry of solutions leaving these forests actually becasmeneshed in N

compared to the lowest N availability forest. Finally, at the highest Naaway forest, the
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combination of high DOM retention by both abiotic and biotic mechanisms resulted in DON
losses at 100 cm soil depth similar to those from intermediate N avail&igsts as well as
DOM stoichiometry that matched that of the lowest N availability forest.cohgplexity of
ecosystem interactions demonstrated in this study emphasizes how finesstades over DOM
dynamics can shape landscape level patterns of DON and DOC losses irctetewag/'s. This
was especially apparent in the unimodal pattern of DOC:DON losses acrosavhiaNility

gradient found in this study.
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Table 3.1 Forest stand characteristics. Data in parentheses repargest

Stand 1 2 3 4 5
Location (North latitude, West
longitude) 44.2, 85.9 44.3,85.9 44.2,85.7 44.3, 85.8 44.2, 85.7
Stand age (2005)a 74 85 83 104 97
Stand basal area (m2 ha_l)a 21.2 29.7 32.6 33.5 36.1
% Oak (Q. velutina, Q. alba, Q. rubra)a 99 83 54 15 0
% Maple (A. saccharum, A. rubrum)a 0 17 46 41 66
N mineralization (ug N g day 1) 0.61 0.7 0.6 1.04 1.32
L. -1 -1
Nitrification (ug N g =~ day )a 0.01 0.01 0.04 0.16 1.1
Soil N content (g m_z) 258 339 439 415 524
(220-295) (304-369)  (359-515) (352-457) (462-625)
Leaf litterfall N (g m %) 2.4 3.1 4.6 4.5 4.7
. . . -1
Microbial biomass C (ug g )" 400 580 671 1037 1169
Typic Typic
Soil Classification Typic Entic Typic Haplorthod Haplorthod
Udipsamment Haplorthod Haplorthod (clay lamellae) (clay lamellae )

aData from Rothstein 2009
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Table 3.2 Dissolved organic carbon (DOC) and nitrogen (DON) and dissolved inroganic
nitrogen (DIN) in leaching losses of soil waters collected beneath thet florar litter layer (0),

at 15 cm soil depth, and 100 cm soil depth. Also listed are the average C and N contents and the
C:N ratio (by mass) of the forest floor and soil. For 100 cm soils, the C and N soamterat

weighted average of soils from 15-57 cm and 57-100 cm depth increments. Leacesqles

the averages of spring samples from 2006, 2007, and 2008 for all sampling stations within a
forest stand. Data in italics represent 1 SE. Table continued on next page.

Depth DOC DON DIN
(cm) (mg m™) (mgm2)  (mgm?2) DOC:DON DIN:DON
0
1 8833 958 267 27 189 27 334 25 07 01
2 0167 184.6 330 6.7 46.8 220 295 44 12 03
3 8159 935 377 69 200 69 229 23 05 01
4 8491 1200 387 48 106 22 219 11 03 01
5 0582 271 457 40 222 117 218 23 05 0.2
15
1 522 124 27 10 05 01 228 22 02 01
2 884 658 35 33 10 00 668 443 25 2.3
3 2420 973 97 39 36 16 251 22 03 01
4 2065 844 92 27 27 11 212 41 04 02
5 148.8 46.6 225 95 537 153 192 103 7.4 47
100
1 132 06 08 01 06 01 169 21 07 02
2 220 63 07 04 12 07 411 156 31 2.2
3 553 59 24 02 19 10 242 42 10 06
4 251 57 09 02 28 02 252 43 36 11
5 320 87 33 11 99 20 127 32 46 1.9
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Table 3.2 (cont'd)

C content N content
-2 -2

(gm") (gm") C:N
599.1 40.9 124 1.2 492 2.8
702.3 70.7 159 20 447 14
9270 66.9 20.1 2.1 46.7 2.1
745.7 69.1 169 14 442 20
409.3 715 106 18 384 0.9
1124.4 101.3 577 43 194 0.5
1749.6 112.6 88.8 140 200 1.9
1589.7 315.4 976 172 16.1 0.8
1159.0 134.6 805 104 145 0.4
2020.9 263.4 163.7 227 124 0.3
1209.9 108.3 934 7.7 131 1.0
1863.0 974 1218 7.0 154 0.9
2485.1 259.1 1595 9.1 154 0.8
2152.3 316.7 159.2 124 133 1.1
2201.7 1620 173.8 7.6 126 0.4
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Table 3.3 Soil characteristics of each forest stand. RSP is thiweesast pool, b is the intercept of the IM isotherm and represents
the amount of organic matter released from a soil when it is leached with avatem is the slope of the IM isotherm and represents
the partition coefficient. b, m, and RSP were measured on 0-15 (i.e., surfacacdd®b-a7 cm (i.e., deep soil) soil depth increments
and represent the averages of three subsamples per forest stand. Sed tisxdar are for 0-15 (i.e., surface soil) and 15-100 cm (i.e.,
deep soil) increments. The deep soil textures are the weighted average ontBE37180 cm depth increments. Data in italics
represent 1 SE.

RSP b % Coarse % Fine

Site mgkg) (mgkg)  m sand sand % Clay  %Silt
Surface

soils

1 203 4.7 -134 23 0301 57031 328 29 3702 6504
2 247 46 -164 18 03 0.1 55921 306 19 3601 9905
3 248 71 -169 3.1 0301 476 3.3 442 3.0 27 0.1 5603
4 218 46 -146 27 03 0.0 35329 530 21 3205 8504
5 265 30 -150 14 0400 376 31 477 23 5204 9513
Deep soils

1 3.9 20 -25 1.3 0301 58616 373 16 4201 050.2
2 8.2 2.7 -52 13 0301 55236 35326 9512 1501
3 11.8 1.7 -80 09 0300 50134 468 33 3102 0901
4 10.5 3.5 -6.6 1.7 0301 35716 570 13 7308 1.20.2
5 115 1.5 -78 06 0300 42149 506 33 7419 1.20.2
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Figure 3.1 The relationship between total forest floor litter layer andNsmhtent with the (a)
DON, (b) DIN, and (c) the DOC:DON (by mass) of soil leaching l&es$e.00 cm soil depth.
Data points represent the average DON, DIN, or DOC:DON leaching lassss apring
collections in 2006, 2007, and 2008 for each collection station. Replicate samples within an
individual forest are represented by specific symbols as indicated imgtine fegend.
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Appendix: Initial mass sorption isotherms and the relationship between DOC and DON

leaching losses
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CHAPTER 4

THE IMPACTS OF SOIL PHYSICAL AND CHEMICAL PROPERTIES ON
LEACHING LOSSES OF DISSOLVED ORGANIC MATTER IN NOTHERN
HARDWOOD FORESTS

Abstract

Dissolved organic nitrogen (DON) is increasingly recognized as an importapbnent
of the terrestrial N cycle, in part due to its ability to “leak” from fasektspite biotic N-
limitation. These “leaks” are thought to consist primarily of recaliottbON compounds that
are less for biotic consumption. However, soils preferentially sorb largéinerd molecules
over small, more labile molecules as soil waters percolate to depth, sagd#Si lost to
leaching is not as recalcitrant as previously thought. In order to investigatsoil sorption
dynamics can impact both the quantity and quality of DON losses, as well agatiss@anic
carbon (DOC) losses, | collected soil cores of 0-10, 0-25, and 0-50 cm depths ffonestix
that differed in soil characteristics and leached them with a common orgatec sadtion. |
then fractionated the soil core leachate into hydrophilic and hydrophobic compounds as a
measure of leachate quality. | also analyzed the biodegradability of soieaohate to
determine if dissolved organic matter carried through soils in percolatitegyswas as
recalcitrant as currently thought. While there were few differencégiguantity and quality of
DON and DOC leaching across forests, there were significant dileseacross soil depths.
DOC concentrations were reduced by 76% in leachate from 50 cm cores comparedpotthe
organic matter solution, mainly due to the removal of hydrophobic compounds, which was
consistent with the idea that hydrophobic compounds preferentially sorb to maikstaDON

concentrations were also reduced from the input organic matter solution tatéeatB0 cm
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(~42%), but only after first increasing by 18% in the upper 10 cm of soil. The incne2€EN
concentration was accompanied by a67-fold increase in the concentration of HycERPN,

likely due to displacement from surface soil sorption sites by incoming hydropholpocods.

Soil core leachate from deep soils had similar levels of C consumed as soifauty the end of

the incubation period, although the C consumption curves of surface and deep soils suggested
they differed chemically in way that might impact the longer-term biodedibty of soll

solutions at different depths. These results support the strong ability obsaffsdt the quantity

and quality of DON and DOC losses from forests and suggest DON “leakagdienmagre a
function of soil sorption phenomena rather than the inability of biota to degrade ranélcitr

compounds before they reach to deep soils in percolating water.
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Introduction

Dissolved organic nitrogen (DON) has increasingly become recognized as atamhpor
component of terrestrial N cycling for its ability to comprise the mgjorfitotal N losses from
forests (Hedin et al. 1995, Seely et al. 1998, Perakis and Hedin 2002, Qualls et al. 2002, Méller
et al. 2005). Indeed, DON losses have been implicated in perpetuating N limitaboasin f
ecosystems and have been described as an “N leak” that is outside of biologic Elaatirolet

al. 1995, Neff et al. 2003). This is contrary to our previous understanding of the N cyobe whe

high biological demand for inorganic N forms (i.e., Nl-and NQ ) restricts N losses in N-

limited ecosystems (Vitousek et al. 1982); significant DON losses can fooouforests despite

N limitation of the terrestrial biota (Perakis and Hedin 2002, Neff et al. 2003)ipMutudies

have confirmed the ability of plants to take up small organic N molecules for tineitriion
(Kielland 1994, Turnbull et al. 1996, Ohlund and N&asholm 2001), as well as intense plant-
microbe competition for this N source (Lipson and Nasholm 2001, Jones et al. 2005), suggesting
that the fraction of DON leaching from ecosystems is relativebie#@nt in nature and less
available for biological uptake (Hedin et al. 1995, Neff et al. 2003). This idea is sgpgrthe
macromolecular structure of the majority of DON fractions (Yu et al. 2002) hvishinzbits the
ready uptake of these compounds by microbes and roots. As a result, it has beersiagdothe
that DON losses are regulated by dissolved organic matter (DOM) dissolntidraasport
processes and should behave similarly to dissolved organic carbon (DOC) (Hedir®985al
Brookshire et al. 2007). While DON losses have been positively correlated wiEHd3€es

from a variety of ecosystems (Hedin et al. 1995, Perakis and Hedin 2002, Qualls et al. 2002),
studies that have evaluated DON losses from ecosystems experiencingimpghshhave

demonstrated a breakdown in the tight relationship between DON and DOC lossesv@fctd
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al. 2004, Pregitzer et al. 2004, Brookshire et al. 2007), suggesting there are still @aps i
knowledge about the mechanisms that regulate DON and DOC losses from a&érrestri
ecosystems.

The consistent decrease of total DON and DOC in solutions percolating through the soi
demonstrates the strong capacity of mineral soil to adsorb DON and DOC and t«gjayke
in regulating losses (Seely et al. 1998, Qualls et al. 2002, Méller et al. 2005)utty &gt
Qualls et al. (2002), 98.4% of DON and 99.3% of DOC leaching from the forest floor of
hardwood forests in North Carolina, USA, was removed from solution by the tinetitde®
horizon as a result of adsorption to mineral soil. These authors also suggestedytherfsient
losses of DON and DOC throughout the year resulted from the strong sorptionycapsait,
which helped attenuate losses during periods of peak litterfall (hencegaehing potential).
The ability of a soil to adsorb DON and DOC is a function of many factors, stlch texture
(Seely et al. 1998), structure (Asano et al. 2006), organic matter contemtfdiriet al. 2004),
surface area (Kaiser et al. 1996), and mineral composition (i.e. Fe and Al; ¢icdls 2000,
Lilienfein et al. 2004, Yano et al. 2004) of a soil. For example, high soil organic matter
concentrations can inhibit DON and DOC adsorption by limiting available bindegya soill
colloids (Kaiser and Zech 1998, Lilienfein et al. 2004). Conversely, increasingnt@ticas of
Fe and Al oxides can facilitate DON and DOC sorption, possibly through ligandngecha
(Qualls 2000, Lilienfein et al. 2004).

Mineral soil can also impact the quality, as well as the quantity, of DON ai@ DO
percolating through the soil by influencing the relative amount of hydrophobic anoimlic
fractions in soil solution. Hydrophobic compounds are typically humic substances that hav

relatively high molecular weights, are polymeric/aromatic, have avalalow ratio of carboxyl
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functional groups to C content (Qualls and Haines 1991) and, as a result, readily sorlvdb mine
soil (Kaiser and Zech 1998). In contrast, hydrophilic compounds generally dginbttolecular
weights, are often aliphatic, have high carboxyl-to-C ratios, and tend to rensaituiion.
Therefore, it is expected that soils with high sorptive strength (i.e., gtildime textures,
micropores, high Fe and Al content) will remove a greater proportion of hydrophobic compounds
from solution compared to soils with low sorptive strength (i.e., soils with caxtsrd, large
macropores, and/or high pore connectivity). It has also been demonstrated that theoproport
hydrophobic compounds in solution decreases with increasing soil depth due to hydrophobic
compounds being preferentially removed from solutions as they percolate througih tfiarso
et al. 2004, Lajtha et al. 2005). Indeed, Kaiser and Zech (1998) found hydrophobic constituents
actually displaced hydrophilic substances previously sorbed to the soil asrsopgrcolated to
depth. This implies competition between the stronger-binding hydrophobic substastles a
relatively weaker-binding hydrophilic compounds for binding sites on soils (KaiseZech
1998).

The amount of hydrophobic compounds relative to hydrophilic compounds comprising
DOM has implications for its biodegradability. For example, soil solutions iatemlilwvith
microbes frequently display a positive relationship between the amount of b@8vraed and
the concentration of operationally-defined hydrophilic compounds in solution; less D@keupt
is generally observed where hydrophobic compounds dominate (Michaelson et al. 1998,
Cleveland et al. 2004, Qualls 2004, Kaushal and Lewis 2005), likely due to the higher molecular
weight, higher aromaticity, and lower acidity of hydrophobic compared to hydiophil
compounds (Guo and Chorover 20B3ushal and Lewis 2005). Therefore, solutions dominated

by hydrophilic compounds, such as those found in deep soils after hydrophobic compounds have
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been preferentially removed, may also be relatively available for bmtguenption. This idea
contradicts our ecological understanding of DON cycling, which postulate®@dteaching
losses must be dominated by recalcitrant compounds because they occur despigidh by
biota (Hedin et al. 1995). Therefore, in order to resolve this inconsistency befe@dremical
and ecological linesof thinking, it will be important to evaluate the biodegragaifiROM as it
percolates through soil.

The objective of this study was to investigate how soil characteristico#mieigth
impact the quantity and quality of DON and DOC as water percolates through thé&Omoe
of soil. To do this, | collected soil cores of three different depths from six $aregte Manistee
National Forest, Michigan. Five of the forests were previously studied in Chaptetepmhi
forest was added specifically for this study.These forests spannegesofesoil characteristics
(i.e., soil texture, organic matter content). | conducted a leaching exgmrainthe soil cores
with a common organic matter solution, which allowed me to isolate the effect$ of soi
characteristics on leachate chemistry. Across the six forests, | hgjzeithéhat the quantity of
DOC and DON in soil core leachate would decrease as forest soils incilezisatbitity to sorb
organic matter. | also hypothesized that the quality of DOC and DON, as sctagiuthe
proprotion of hydrophilic, would increase as forest soils increased their abityrb organic
matter due to an increasingly higher affinity for the sorption of hydrophobidoingatvith
mineral soil. Across soil depths, | hypothesized that the quantity of DON and €@ core
leachate would decrease with increasing soil depth due to greater opportaniieghic
matter sorption with longer exposure to mineral soil. | also hypothesized thaphyfurcontent
of DON and DOC would be greater in soil solutions leaching from deep versus soifackis

to the preferential removal of hydrophobic compounds from percolating solutionsegulta Ir
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predicted that the %C consumed in my soil solutions by a common microbial inoculuchbeoul
greater in leachate from deep soils compared to surface soils. Simixpected the %C
consumed in soil leachate to be greater in soil core leachate from eccsystiemmigher

sorption tendencies.

Methods

Study area

This study was conducted in the Manistee National Forest in the northwestexn Low

Peninsula of Michigan, USA (248'N, 85048’W). Precipitation is evenly distributed

throughout the year with an annual average of roughly 81 cm; mean annual temp&ermfu@ i

(Albert, 1995). Elevation ranges from 213-369 m above sea level. The retreat st thaja
glacial advance ca. 12,000 years BP shaped the current landscape, resultmogaicaof sandy
outwash plains, ice-contact hills, and moraines.

Six forest stands were selected from a pool of stands previously clagsifietosystem
units based on floristic composition, soil properties, and physiography (Host et al. 1988). The
forests selected spanned a range of ecosystem classifications fronrféotility, white oak
(Quercus alba)-black oak Q. velutina)-dominated outwash plains to N-rich, sugar mapltex
saccharum)-dominated moraines (Host et al. 1988, Zak et al. 1989). Forest 1 has the lowest
fertility of the gradient with soils classified as Typic Udipsammesusgs in forest 2 are slightly
more developed and are classified as Entic Haplorthods. Forests 3, 4, and 5 are all Typi
Haplorthods with forests 4 and 5 having clay lamellae. These five ecosysfmesent a spodic

developmental sequence. Forest 6 is an Alfisol with substrata of sandgartahd is classified
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as either a Typic Eutroboralf or Typic Hapludalf (Cleland et al 1993). AB giexe within 32

kilometers of each other and experienced the same weather.

Soil core collection

| collected soil cores from 0-10, 0-25, and 0-50 cm depth increments at 3 randomly
selected positions along a 10 m transect in each forest for a total of 9 soil cdozsgieAfter
first removing the O horizon, | pounded sharpened polyvinyl chloride (PVC) pipes
approximately 11 cm in diameter into the soil and carefully removed them tcamaims
integrity of the soil column. Cheesecloth was affixed to the bottom of the corees@ad in
plastic for transport from the field to the lab. Cores were refrigerated4aveeks after

collection to equilibrate after the disturbance of removing the cores frontdhe s

Soil core leaching

| determined the hydraulic conductivity on intact cores by the constant head method
(Klute 1986) prior to soil core leaching, in part to remove post-disturbance ¢fattaay have
resulted from extracting cores from the field. Briefly, the method involaadating the cores
with reverse osmosis (RO) water for 48 h before establishing a constantefilflurate of
water flow through the core. Glass wool was placed on top of the cores to distributengncomi
water evenly across the core surface. Effluent was collected for 60 sgedieand used to

calculate the hydraulic conductivity of a particular core by:

Ksat= Q/A*L/(H1-H>2)
where Kggtis the hydraulic conductivity, Q is the quantity of water that flowed throughotiee ¢
(cm3 seél), A is the cross-sectional area of the coreZchIn is the length of the soil core, and

H1-H> is the vertical distance from the upper and lower water levels of the core.
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Next, | flushed the soil cores with 1 pore volume of a manufactured O horizon solution to
displace the RO water in soil pores. To generate the O horizon solution, | usdtkelethfdt was
collected in litter traps from each forest during fall senescence #sapart of another
experiment. | extracted equal parts of ground leaf litter from all stasyg in E-pure deionized
(DI) water for 24 h to produce a concentrated, O horizon stock solution, which waslfilte

through glass wool to remove large particulates. | made working solutions daily the

experiment such that final solution concentrations averaged 138.21r(©EL2.7) of DOC and

1.0 mg El (SE 0.1) of DON. After the cores had drained, | slowly poured the same O horizon

solution used above in 100 mL increments until | had collected at least 200 mL ol soinsin
a flask at the bottom each core. Solutions were immediately filtered through 0.Batmaw

Nuclepore Track-Etch membrane filters and frozen.

Soil solution fractionation

| fractionated soil solutions into humic acids (HA), fulvic acids (FA), hydrophdids
(Hy), and hydrophobic organic neutral matter (HON) in batches using DAX-8 exchesige
(Supelco, Bellefonte, PA) following a modified procedure of Van Zomeren and Co2t¥.(
Prior to beginning fractionation, the resins were thoroughly cleaned bgxiracting them 5
times in 0.1 M hydrochloric acid (HCI) followed by similar extractions in 0.&ddium
hydroxide (NaOH); each extraction took 24 h. Next, | extracted the resins for 24dtonitile
using a Soxhlet extractor followed by another 24 h extraction in methanol. The resins w
stored refrigerated in methanol until use. Twenty-four hours prior to use, | rinseite 5-7
times in DI water, with each rinse a 6:1 ratio of water to resin volume. The wage/acuum-
extracted off the resins after each rinse using a Buchner funnel fitted %41 Whatman filter

(Whatman International Ltd, England). These rinses were followed bynseésrin 0.1M HCI in
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a 3:1 acid/resin ratio and vacuum extracted as for the water rinses. A pidsésolution from
the last HCI rinse was analyzed by oxidative combustion-chemiluminesaedaxidative
combustion-infrared analysis for TOC and total N (TN), respectively (TQ@nalyzer;

Shimadzu Corp., Kyoto, Japan) to make sure the resins were thoroughly cleaned atttelided li

and N. TOC bleeding off cleaned resins averaged 1.1_rlnga_nge: 0.4 to 1.5); total N bleeding

averaged 0.4 mg'll_ (range: 0.2 to 0.6).

To begin the fractionation procedure, soil solutions from each core were thawed and

analyzed for their initial TN and TOC concentrations on the TOC/TN analyalsio determined

their initial NH4+ concentration after Sinsabaugh et al. (2000) by reacting 50 or 100 pL of soil

core leachate with 40 uL of an ammonia salicylate reagent (Hach, Lovel@hthllowed 3

minutes later by 40 pL of an ammonia cyanurate reagent (Hach, Loveland,@@mount of
leachate reacted with the reagents depended on the expeq{éatcbﬂdentration of a sample,

with lower concentrations using the higher amount. Samples were allowed topdevielr for

20 minutes before being read on an ELx808 Absorbance Microplate Reader (BioTek

Instruments, Inc., Winooski, VT) at 595 nm. | determined the initiaf NOncentration after

Doane and Horwath (2003) by reacting 25, 50, or 100 uL of core leachate (depending on

expected N@ concentration) with 160, 140, or 100 pL, respectively, of a vanadium (I11)

chloride reagent for 5 to 16 h (to allow color development to occur). Samples were read on a

microplate absorbance reader at 540 nm. DON was calculated by subtrfm:trmgﬁ and NG

concentrations from the TN concentration of each sample after eachrfagictiostep.
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The solutions were next fractionated by first acidifying 40 mL of the solutiompkb af
<1 with 6 M HCI. The samples were allowed to sit overnight to precipitate digslolvaic acids
then centrifuged for 10 min at 3000 g. Solutions were decanted into new tubes, and a subsample
was removed for TOC/TN analysis (the difference between the initial TiDC€oncentrations
and this one is the HA content of the sample). Approximately 10 g of DAX-8 resiasadeed
to each sample before continuous tumbling on a rotary shaker for 1 h. Solutionstess@ fil
through monopolyester mesh (#86, Ernst Dorn Co, Santa Clara, CA) fitted to test tube lids
prevent loss of resins and saved for TOC/TN analysis (to provide a measure of Hy)cdote
desorb FA on the resins, 20 mL of 0.1 M potassium hydroxide (KOH) was poured through the
mesh, washing resins back into solution, and equilibrated for 1 h (pH >11) befdratiexil
through the mesh. This extraction procedure was repeated 3 additional times, anelise el
from each extraction were saved and combined for TOC/TN analysis (to detdhmiFA
composition of the sample).

The HON composition was determined as the difference between the TOC/TNt @inte

the soil solution prior to the addition of DAX-8 resins and the total TOC/TN concensaif

FA and Hy. The concentration of FA in all samples was low (<0.01_r%)gsto | combined this

fraction with the HON fraction for one “hydrophobic” fraction. Humic acids ve¢se negligible
and not included in subsequent analyses. As a result, my data analyses contaiaed only
“hydrophobic” fraction, composed of FA + HON, and a “hydrophilic” fraction comaitdly. As

a blank, a vial of 0.1 M HCI was subjected to the same steps as soil leachate anddjsstl to a
sample values for any C or N bleeding from the resins. The moisture content cinbevas
determined by drying a subsample of cleaned resins for 24 h at 105 °C; the moistmewast

71%. The summed DOC concentration of both fractions for each sample was within ae averag
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of 5% of the pre-fractionated DOC concentration. Summed DON concentrations of both
fractions were within an average of 27% of pre-fractionated DON concentrattengrdater

disagreement between summed and initial DON concentrations compared tokBiQ @=Bults

from the additional compounding of measurement error while determining th]JreMid NG
concentrations of the samples during each fractionation step.

Soil characteristics

Soil was removed from the cores 24 h after the leaching experiment in 0-10, 10-25, and
25-50 cm depth increments as appropriate (i.e., only 50 cm cores had all three Se@oést
were passed through a 4 mm mesh sieve to remove rocks and homogenize soilssiarticle
distributions of each soil segment were determined by the pipette method @uieKE/8,
Klute et al. 1986) after first removing organic matter with 30% hydrogen meroRulk density
was determined for each segment by dividing the oven dry weight of the tbtegoient

(calculated from a subsample of dried soil) by the volume of the soil segment. Tostyparas

calculated as the ratio of bulk density to particle density (2.65 f\ﬁ)gsmbtracted from unity.

Soil pH was measured in DI water at a soil:water ratio of 1:2 (w/v). The C and éhtontere
determined by flash combustion/chromatographic separation using a Costeehtglem
Combustion System 4010 elemental analyzer (Costech Analytical Technplogig¥alencia,

CA) on soil that had been oven dried at 105°C for 24 h and ground to a fine powder.

| determined the content of soluble iron and aluminum hydrous oxidgsAle by the

citrate-dithionite method (McKeague 1978, Klute et al. 1986). Briefly, air-driésl\were sieved
through a 100-mesh sieve. | extracted approximately 0.5 g of soil in 30 mL of sotiat® ci

solution, gradually added 0.5 g of sodium dithionite, and shook the samples for 12-18 h. After
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shaking, | added 3 drops of 0.2% Superfloc solution to each tube, agitated the tubes, and
centrifuged them for 10 min at 1500 rpm. Roughly 10 mL of the soil extractant wasetktaadt
filtered through a 0.45 pm Millex HA syringe filter unit (Millipore, Catwohill, Ireland).
Solutions were analyzed with inductively coupled plasma-optical emissiomapetty (ICP-
OES) using an Optima 2100DV optical emission spectrometer (PerkinElmeSietton, CT)
after a 1:15 dilution with DI water.

| determined the amount of noncrystalline (amorphous) aluminosilicates dralily

oxides of iron and aluminum (F€Alg) using the acid ammonium oxalate dark reaction

(McKeague 1978, Klute et al. 1986). | added 10 mL of acid oxalate solution to approyximatel
0.25 g of soil previously sieved through a 100-mesh sieve. The samples were cappeanghtl
placed on a rotisserie shaker in a dark room for at least 4 h. After shaking, 2 drops of 0.2%
Superfloc solution were added to each sample, the sample shaken vigorously, and then
centrifuged for 5 min at 1500 rpm. Soil solutions were carefully decanted tanddithrough a
0.45 pum Millex HA syringe filter unit. Samples were analyzed on an IEB-@erkinElmer,
Inc., Shelton, CT) after a 1:5 dilution with DI water.

The microbial biomass of each soil segment was determined by chloroforgafiomi

for 24 h and extraction immediately after each soil core was harvestedafesrand

unfumigated soils were extracted for 1 h in 0.5 M potassium sulfadl before filtration
through pre-leached #1 Whatman filters. Total dissolved nitrogen and TOC wersideteby
TOC/TN analysis. The difference between fumigated and non-fumigatedtextr& content is

the chloroform-labile C pool (EC), which is proportional to microbial biomass C faitpwi

Microbial biomass C = EC/KEC
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where KEC is estimated as 0.45 (Beck et al. 1997). Microbial biomass N is calcutaitarly to
C except KEN is 0.54 (Brookes et al. 1985).
The soil characteristics listed in Table depresent the amounts found within a core
segment (i.e., 0-10, 10-25, 25-50 cm) in order to illustrate how characteristigedhaith
depth. Because all cores had 0-10 cm segments, | averaged all of these kaluealeulating
the values in this core increment for a total of 9 soil core increments pgs&rosFor the 10-
25 cm core increment, | averaged the increment values in 0-25 and 0-50 cm caregdbof 6
core increments per ecosystem. The 25-50 cm core increment was found only in 0-58scm co

for a total of 3 core increments per ecosystem.

Biodegradability assay
| analyzed the biodegradability of soil core leachate by inoculating leasaaples with
a standard inoculum and incubating the samples for up to 14 days. To do this, soil leachate was
first filtered through a 0.22 um Millex GS syringe filter (Millipore, Ggdwohill, Ireland) to
remove microbial cells already present in the solution. Additionally, | diligeld solution with

varying amounts of DI water so that all samples had an initial mean C coticantfa

approximately 13.4 mg_ﬁ (range: 11.7 to 16.6 mg_JL) in order to more accurately compare the

biodegradability of solutions from different forests and soil depths. The final voluswal of

solution and water was approximately 10 mL. | added 6 mL of a nutrient solution cagtaini

0.1% ammonium nitrate (N4NO3) and 0.1% potassium phosphateki#Oy) to ensure that
only C quality limited the microbes and not nutrient limitation. One 6 mm disc punched from a
Whatman GF/A glass microfiber filter was added to each vial as &phgabstrate for

microbial growth. | pipetted 0.2 mL of a standard inoculum (BI-CHEM BOD Seed, Nowszym

Biologicals, Inc., Salem, VA) into each vial, agitated the samples, and plegedrt an
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incubator at 25°C; time 0 samples were not inoculated. Every other day afteafivogul
samples were inverted 5 times, uncapped, and vented for 1.5 min to prevent the build up of
excessive amounts of carbon dioxide. Vials were harvested at 0, 2, 7, and 14 days after
inoculation. Harvesting involved mixing the samples thoroughly before filterengdtutions
through 0.22 um Millex GS syringe filters and immediately analyzing tiee total DOC on a
TOC analyzer. | used inoculated DI water plus the nutrient solution as a blank to docaunyt

DOC contributed by the microbes during the assay. The %C consumed was edlasiat

%C consumed = 1 — (Adjustedrfinal / Adjusted Ginitial) * 100

where adjusted i) is the difference between the DOC of the soil leachate at a particular

harvest time and the DOC of the water blank, and adjustggli& is the DOC concentration at
time = 0.

Statistical analyses

| evaluated the effects of forest ecosystem and soil depth on DOC and DOIStchemi
with mixed-effects analysis of variance (ANOVA) models. DOC or DONru&igy was the
dependent variable, forest ecosystem and soil depth were the fixed effects| eokseplicate
was the random effect. For each model, | tested an interaction term betvestredosystem
and soil depth, but it was never significant so | excluded it from the final modesksd [Tukey
contrasts for post-hoc comparisons to evaluate the significant terms in the.natalwere log
transformed when necessary to meet assumptions of normality.

| evaluated the relationship between the hydrophobic and hydrophilic fractions®f DO
or DON with soil depth after accounting for total DOC or DON using mixectsfienalysis of

covariance (ANCOVA) models. | used an ANCOVA approach to account for tret effeotal
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DOC or DON on their individual fractions instead of analyzing each fractianpagportion of
total DOC or DON because ratio variables can lead to spurious correlations tatistgal
analyses (Atchley et al. 1976). The DOC or DON fraction was the responsee;aogdd DOC
or DON the covariate, and soil depth the fixed effect. Forest and soil core teepler@ the
random effects, with replicate nested within forest.

In the biodegradability assay, | used ANCOVA models to evaluate forest aid dept
differences on the first (day 2) and last (day 14) days of the incubation pedetetmine how
C pools differed through time. The models consisted of the C concentration at ejtBevrdiay
14 as the dependent variable, the initial C content as the covariate, and forest amdisag de
the fixed effects; replicate was the random effect. In all of thetstatismodels, | used Type I
sums of squares so that all terms were considered simultaneously durindytkesardl
analyses were conducted using R statistical software (R Development&on 2011) and
results were accepted as significantat0.5.

Because multiple soil characteristics simultaneously influence soil@soktiemistry, |
conducted multivariate analyses using non-metric multidimensional g¢BIMDS) to explore
how multiple measures of a soil’s sorption ability may have acted in congarduce the DON
and DOC chemistry in soil core leachate found across the forests. A matevapproach has
the potential to reveal a broader understanding of ecosystem controls ogetugmh chemistry
compared to a bivariate approach, which seeks to analyze relationships batlixednal
parameters. | first constructed ordinations of individual soil cores from dbbrEgts based on
the soil characteristics of the cores (i.e., Matrix 1; Table 4.2), then a/gr&aDON and DOC
concentrations in core leachate on the ordination (i.e., Matrix 2) to determinehidiea

chemistry was correlated with the ordination axes and the arrangemeiitoofres. | conducted
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separate analyses for 0-10, 0-25, and 0-50 cm cores to prevent the geocheminakmiifiehe
soil variables from being confounded by the differences that arose among ceneeints from
the increasing core volume with depth. For 25 and 50 cm cores, | calculated weughnéepba
for each variable except hydraulic conductivity based on measurements take®-drdtH€-25,
and 25-50 cm core segments (the latter segment for 50 cm core only) to geraratedot
values. Each forest had 3 replicate cores per depth that were included inykesafior to
analysis, the variables in Matrix 1 were transformed with Wisconsin doalpléastlization. A
distance matrix was calculated using a Bray-Curtis distance meastdfdMDS was run from
random starts. These analyses were conducted using the metaMDS function inriH@breaya

of R statistical software (R Development Core Team 2011).

Results

Soil characteristics

The hydraulic conductivity of forest soils {§) was generally highest in soil from forest

1 and lowest in soil from forest 6 (Table 4.1). In 0-50 cm cores, which represent the total
hydraulic conductivity over all the depth increments | examined, forests 4 and 5 hadfshene
fastest hydraulic conductivities despite having finer textured soils gechpathe preceding

forests along the gradient. Indeed, the coarse sand content of all soilexyessdd from

roughly 60% in forest 1 to roughly 45% in forests 4 and 5. Conversely, the amount of fine sand,
clay, and silt generally increased in cores from forest 1 to forest 6. Notaelgt 6 had over 2

times more silt in all soil core increments compared to the remainingsfofé® bulk density of

soils increased from surface to deeper soils, while the porosity of soils éecvatsdepth at

all forests.
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Soil pH in 0-10 cm cores ranged from 4.5 in forest 3 to 5.5 in forest 6, with surface soils
always slightly more acidic compared to deeper soils (Table 4.1). Foredtsdie of the
highest soil C in all cores compared to the remaining forests; however, thi®ithe case for
soil N, which was consistently higher in forests 4, 5, and 6 compared to the other forests

Therefore, forests 4, 5, and 6 generally had lower C:N (by mass) ratpsuced to forests 1, 2,

and 3. In most forests, the concentration of soluble iron and aluminum hydrous oxjgled {Fe

and noncrystalline aluminosilicates and hydrous oxides of iron and alumingnA(ge

increased from surface to deeper soils, with forest 1 having the highest cormentiboth

forms across forests. Microbial biomass C and N generally increased franifdoeforest 6 in

0-10 cm cores (17 to 21 u{glgind 1.5t0 2.2 pg'(lg, respectively).

DOC and DON chemistry across forests

Soil cores from all six forests showed net retention of DOC relative to the inpuiorg

: : -1 : : :
matter solution (DOC concentration: 138 mg@)lLwhile net retention of DON relative to the

. . . -1 . .
input organic matter solutions (1.0 mgLwas evident at only 4 of the six forests. However, the

amount of DOC or DON retained by soils varied significantly acrosstfoadt®r accounting for

depth, although these differences were constrained to only a few forests amdtvere

straightforward across the soil texture gradient (mixed-effeMS&¥WA; DOC, Fs5 443.63,
p=0.008; DON, k 444.90, p=0.001; Figure 4.1a). For example, forest 5 had the highest DOC

concentration in soil core leachate of any site (mean, 53.3'%’919/\mne forests on either side of

forest 5 along the soil texture gradient (i.e., forests 3 and 6) had some of the i@mege DOC

concentrations (Tukey contrasts; forests 5 and 3, z=3.33, p=0.01; forests 6 and 5, z=-3.14,
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p=0.02). Additionally, the DOC concentration of solution leaching from forest 5 was not
significantly different from that of forests 1 and 2, which were at the oppositeféhe soll
texture gradient.

DON leaching patterns across forests were similar to those of DOC, vast fohaving

the highest average DON concentration in soil core leachate (mean, 1._5)mghlile forest 6

had the lowest DON concentration (0.6 m'é;IIukey contrasts: forests 6 and 5, z=-4.07,

p<0.001; Figure 4.1b). Forest 4 had a similar DON concentration as forest 5 and was also
significantly greater than forest 6 (z=-3.68, p=0.003). Unlike DOC, forest 2 hgdifcsintly
lower average DON concentration compared to forest 5 (z=2.85, p=0.05).

The concentrations of hydrophobic and hydrophilic DOC generally tracked those of bulk

DOC, with significant differences among forests occurring independéné @il texture

gradient (mixed-effects ANOVA: hydrophobic DOG; k5=3.09, p=0.018; hydrophilic DOC,

F5,434.36, p=0.003; Figure 4.1a). The concentration of hydrophobic DOC was highest in

leachate from forest 5 and lowest from forest 3 (Tukey contrasts: z=3.21, p=0.68poading

to bulk DOC patterns. Additionally, forest 4 had significantly higher hydrophobic DON
concentrations compared to forest 3 (z=3.05, p=0.03). For hydrophilic DOC, forests 4 and 5
again had the highest concentrations while forests 3 and 6 had the lowest. (Tukegscontra

forests 5 and 3, z=3.11, p=0.023; forests 6 and 4, z=-3.28, p=0.013; and forests 6 and 5, z=-3.95,

p=0.001). Contrary to DOC fractions, both hydrophobic and hydrophilic DON fractions were

indistinguishable across forests (mixed-effects ANOVA: hydropholgigg#2.21, p=0.07;

hydrophilic, F5 45=1.11, p=0.37; Figure 4.1b). When the concentrations of hydrophobic and
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hydrophilic DON were summed, they overestimated bulk DON in soil core |leaattatdorests.

This is likely due to the analytical limitations involved with working at lowNDE&ncentrations

and from calculating DON by difference (TN - (MT—FNOB_)) during each fractionation step.
Therefore, these data should be interpreted with some caution.

Multivariate analyses of soil characteristics and leachate chemistry

NMDS analysis of soil characteristics in 0-10 cm soil cores produced & 3aiution
with a final stress of 8.Z2%ubsequent axes minimally reduced stress. Based on Clarke’s rule of
thumb, a final stress of 5-10 has “no real risk of drawing false inference€yive and Grace
2002). Two convergent solutions were found after thirteen runs with these data. Whileetesre
4 noticeable groupings of forests in the ordination produced by the first two axesyéseno
clear grouping structure of forests on the ordination of axes 2 and 3. Therefore, @nhspait
the first two axes will be discussed. The replicates from forests 1, 2, and @l fibmee distinct
groups, while replicates from forests 3, 4, and 5 overlapped, suggesting they should be grouped
together (Figure 4.2). All soil characteristics examined were Signifiiy correlated with the

ordination produced by the first two axes except microbial C, soil C, bulk density, and %

porosity (Table 4.3). The soil characteristics most strongly related td svese the RgrAl,
content, the RgrAlgcontent, pH, and soil N content of soils, suggesting this axis predominantly

described differences among forests in their geochemistry. Thé\kgmnd Fg+Alycontents of

soils had the highest negative scores with axis 1 of any variable examined (=-0.88and -
respectively), which corresponded to forests having relatively high soild=Alacontents
(Table 4.1). The pH of 0-10 cm soils also had a high negative score with axis 1 (-0.77), although

the reason for this is less certain as there was no clear pattern of pH isdileeaeross forests.
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Soil N had the highest positive score (0.72) with axis 1, which was reflectedyrhigh soil N
contents in forests positively related to axis 1 (i.e., 3, 4, and 5) and low soil N conten¢stis for
negatively associated with axis 1 (i.e., forests 1 and 2). Forests were sepbkmageaxis 2 based
primarily on soil texture, due to the high silt (-0.89), clay (-0.74), and fine sand (0.62% sco

with this axis. Forest 6 had the highest silt and clay contents of any forésfavbsts 3, 4, and

5 tended to have high fine sand contents. When | overlaid the DON and DOC chemistngleachi

from 10 cm cores on the ordination of soil characteristics, neither was sigtijficarrelated
with either axis (DON:4=0.06, p=0.64; DOC:*=0.03, p=0.79).

For 0-25 cm soil cores, NMDS analysis produced a similar grouping sewagwas
found for 0-10 cm cores, except forests 1 and 2 formed one versus two groups. The filoal soluti
had 3 axes that were reached after five runs with these data with a &saldt6.82. Similar to
the previous ordination, there was no clear grouping structure on the ordination of axes 2 and 3,

so only patterns on the first two axes are discussed. In 0-25 cm cores, pH was no longer

significantly related to the ordination (Table 4.3). Neither were theAg or Fei+Aly contents

of soils as strongly correlated with the first axis (-0.50 and -0.48, respgrtinstead, the
coarse sand content and hydraulic conductivity of soil cores had the highest negativevebor
axis 1 (-0.77 and -0.78, respectively) and were most important for explaining the groluping
forests 1 and 2. These forests generally had the highest coarse sand contentgsind high
hydraulic conductivity rates of any forest examined (Table 4.1). Soil N contsrdtiNatrongly,
and positively, related to axis 1 (0.84). The grouping structure of forests on axisribeatas
influenced by measures of soil texture in a manner similar to 0-10 cm cores, gjand clay

contents had high negative scores with axis 2 (-0.79, -0.72, respectively) whilenfineossent

was positively related to axis 2 (0.70). The&l,and Fg+Aly contents also had relatively
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high scores with the second axis for 25 cm cores (-0.67 and -0.73, respectively). Whé&aid over

DOC and DON leachate chemistry on the ordination, only DON was margirgadlfiant with

the ordination (DON:2r:O.29, p=0.07; DOC:2r=0.24, p=0.13). DON was positively related to

axis 2 (0.52), which indicated the forests 3, 4, and 5 had some of the highest DON losses from 0-
25 cm cores.

For 0-50 cm cores, there was no defined grouping structure of the forestsfextemst
1 on the first two axes. Although the final solution had 3 axes, there was no defined grouping
structure of the forests when the second and third axes were considered. T¢mtial had a
stress of 7.45, and a convergent solution was found after 1 run. The forest 1 group was most
explained by the coarse sand content and hydraulic conductivity rate of these/isicih were

both significantly, and positively related to axis 1 (scores 0.71 and 0.61, respedtaldb/4.3).

Neither DON nor DOC were significantly related to the ordination (Déf—@.l?, p=0.27;
2
DOC: r=0.04, p=0.72).

DOC and DON chemistry across soil depths
DOC concentrations in soil core leachate decreased significamttysiurface to deep

soils after accounting for ecosystem differences (mixed-effdd@\WAA; DOC depth:

F2.4426.68, p<0.001; Figure 4.3a). The largest decrease occurred in the upper 10 cm of soll

where 60% of DOC was removed from solution. DOC concentrations were furtheedduiu
18% as solutions percolated between 10 and 25 cm depths, and by 28% as solutions percolated
between 25 and 50 cm depths (Tukey contrasts: 10-25, z=-3.25, p=0.003; 25-50, z=-4.04,

p<0.001). Interestingly, the average DON concentration actually increasezehehe input

organic matter solution and 10 cm soil depth (from 1.0 to 1.2'%)gbbfore steadily decreasing
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by 26% between 10 and 25 cm cores (DON depthi4£27.44, p<0.001; z=-3.05, p=0.007) and

35% between 25 and 50 cm cores (z=-4.32, p<0.001). Overall, soil cores retained less DON
compared to DOC, with DOC concentrations decreasing by 76% between the input organic
matter solution and deep soils versus only a 42% decrease in DON concentrations.

The hydrophobic and hydrophilic fractions of DOC behaved similarly to bulk DOC
trends, demonstrating a decrease in concentration as solutions percolatadfiomte deep
soils (Figure 4.3). As with bulk DOC, the largest decrease in both fractionsextauthe upper
10 cm of soil, where there was a 59% decrease in hydrophobic compounds and 50% decrease in
hydrophilic compounds compared to the input organic matter solution. Hydrophobic DOC

concentrations continued to decrease significantly with soil depth (mifesxtseANOVA:

F2.4334.11, p<0.0001), and were further reduced by 25% between 10 and 25 cm (Tukey

contrasts: z=-3.43, p=0.002) and 35% between 25 and 50 cm (z=-4.85, p<0.0001). Unlike

hydrophobic compounds, hydrophilic DOC demonstrated a less consistent decrease in

concentration as solutions percolated into deep sailg£fA4.48, p<0.0001). Indeed,

hydrophilic DOC concentrations in core leachate from 10 and 25 cm cores were
indistinguishable (z=0.74, p=0.74). Instead, hydrophilic DOC concentrations only delcrease
between 25 and 50 cm depths (24%; z=-4.11, p<0.001).

While DON concentrations of both fractions also decreased significanthua®ss

percolated into deeper soils (mixed-effects ANOVA: hydrophobig£8.94, p=0.0006;

hydrophilic,  45=5.07, p=0.01), there was one noticeable exception: hydrophilic DON had a

70-fold increase in concentration between the input organic matter solution and 10 cm depth,

increasing from 0.01 to 0.7 md]L Below 10 cm, hydrophilic DON decreased by 23% between
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10 and 25 cm and 33% between 25 and 50 cm, but only the latter decrease was statisticall
significant (10-25: z=-.08, p=0.70; 25-50, z=-2.31, p=0.05). Average hydrophobic DON
concentrations consistently decreased as solutions percolated into deepeitb@kEyonof
hydrophobic DON removed between 10 and 25 cm (Tukey contrasts: z=-2.54, p=0.03) and 31%
between 25 and 50 cm, although this latter decrease was not statisticallgangrizf-1.73,

p=0.20).

Both hydrophobic and hydrophilic fractions of DOC were positively related to thle tot

DOC concentration of soil leachate (mixed-effects ANCOVA: hydrophokigy256.17,
p<0.0001; hydrophilic, £3=148.66, p<0.0001), but the nature of the relationship depended

significantly on depth (hydrophobic depth, §=4.24, p=0.02; hydrophilic depthp 3 =18.11,

p<0.0001). For example, the proportion of hydrophobic DOC relative to total DOC decreased
significantly with increasing soil depth (Figure 4.4a). Conversely, the propatihydrophilic
DOC relative to total DOC increased with increasing soil depth (Figure 4.g@)ophobic and

hydrophilic fractions of DON were positively related to total DON corregion regardless of

depth (mixed-effects ANCOVA: hydrophobic DON; §1=14.66, p<0.001, depthpk1=0.37,

p=0.69; hydrophilic DON, £31=4.26, p=0.05, depth,o)37=0.13, p=0.88).

Biodegradability assay
In the biodegradability assay, the total % of DOC consumed in soil core ke&amatall
soil depths across forests averaged near 60% after 14 days of incubation (FigurewieSerH
the shapes of the C consumption curves were different depending on soil depth. After 2 days of
incubation, the average amount of C consumed from 10 cm soil core leachate was lded tha

consumed from deep soils (i.e., 27% for 10 cm cores compared to 37% and 40% for 25 and 50
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cm cores, respectively). However, by 7 days of incubation, the average %C consu®egear
soils began to asymptote near 60%, whereas the average %C consumptionerssirfac
leachate (i.e., 10 cm) was still increasing, and continued to increase ovendedes of the
incubation period. These differences in C consumption from 10- versus 25- and 50-cm core

leachates were similarly expressed in the first-order rate comstacttanges in DOC

concentrations over time: 10 cm soil core leachate had a rate constant ofzaé)ﬂDS)(rWhiIe

25- and 50-cm core leachates had rate constants ofz-((hB(IJS and 0.8, respectively). When |

analyzed the absolute amount of C remaining in leachate after 2 days of incubatiomere

significant differences across forests (ANCOVA;: 43=4.0, p=0.005) and soil depths

(F2,4314.65, p<0.0001), after accounting for initial C concentration. Across forests,

significantly more C was consumed in leachate from forests 4, 5, and 6 comparedtt8 for
(Tukey contrasts: forests 4 and 3, z=-2.95, p=0.04; 5 and 3, z=-3.15, p=0.02; 6 and 3, z=-3.83,
p=0.002). Across soil depths, significantly more C was consumed in leachate from 25 and 50 c

core leachate compared to 10 cm core leachate (25 and 10, z=-4.03, p<0.001; 50 and 10; z=-5.16,
p<0.001). After 14 days of incubation, the differences across forests disappearg<D(69,

p=0.99), but differences across soil depths persistegd#f6.75, p=0.003). Leachate from deep

soil cores had significantly more C consumed compared to 10 cm soil core |dcikate

contrasts: 25 and 10, z=-2.59, p=0.03; 50 and 10, z=-3.56, p=0.001).

Discussion

In this study, | explored how the quantity and quality of DOC and DON changed in

percolating soil waters across soils collected from six northern deciduessst Because of the
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different soil characteristics across these forests, | expectadeshan the quantity and quality

of DOC and DON to be equally as different despite the fact that all soils wereegupiph the
same input organic matter solution. Surprisingly, the quantity and quality of DOC axddrDO
soil core leachates were remarkably similar across forests déspitditferences in soll
characteristics (Figure 4.1). Indeed, the highest DOC and DON conaamgriatisoil core
leachates were from forests with two of the finest textured soils (i.est$ateand 5),
contradicting my hypothesis that predicted a continual increase in DOC adaddétion as
soils became finer textured. Moreover, there was no evidence that hydrophobic convpenends
removed to a greater extent from leachates in finer textured soils in fawgdrofphilic
compounds, as | had predicted.

These results suggest that soil DOM retention across these six forestetvaa
straightforward consequence of geochemical changes as soils deeamextured (Appendix).
This was reflected in the multivariate analyses, in which neither DON @@ éhemistry was
related to the ordination axes at any soil depth despite distinct forest grougadoba
differences in soil parameters (Figure 4.2). Instead, unmeasured soil sirakcturges that
influence hydrologic controls, such as pore connectivity and soil aggregatiomavegffected
the ability of these soils to retain DOM and alter its quality (Kalbitz. @00, Qualls 2000,
Castellano and Kaye 2009). Forests 4 and 5 had some of the highest rates of hydraulic
conductivity in 50 cm cores compared to other forests (Table 4.1). The faster mowvéswht
solutions through these cores would decrease sorption opportunities between sodnbtiees
soil matrix, resulting in higher concentrations of DOC and DON in core leacsateell as the
greater proportion of hydrophobic compounds, that | found in these forests (Seely et al. 1998

Kalbitz et al. 2000, Qualls 2000).
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Equilibrium conditions are necessary for maximum sorption of DOM to occur (Qualls
2000), so it is possible forests 4 and 5 would retain more DOM, as well as more hydrophobic
compounds, under hydraulic conditions that increased the exposure time between smilssoluti
and the soil matrix (i.e., not under saturated flow as in this experiment), dypsnize these
forests generally had finer soil textures than the preceding foteststae gradient (Table 4.1).

In the field, where soil waters were collected over a longer time frame, fitrests had lower
DOC and DON leaching losses compared to forest 3, supporting this idea (Chapter {dghr
N content, and equally high C content, of these soils demonstrate their abiligincorganic
matter under natural conditions as well as, or better than, the other forestexp#risnent.

DOC sorption assays conducted on soils from forests 4 and 5 in another experiment

. -1 , . :
demonstrated that at DOC concentrations of 100 mgsimilar to the input organic matter

concentration in this experiment (132 m_gl)Lboth soils were still linearly sorbing DOC,

suggesting sorption sites were still unsaturated (Chapter 3). Howeversdnes@ssays also
demonstrated that 50 cm deep soils from these forests had some of the highests@hpools
along the forest gradient, suggesting the sorption of organic matter tsthless somewhat
temporary. The ease with which organic matter can be desorbed back into solutisnifsam
forests 4 and 5 could also explain their high DOM leaching losses.

The soils from forests 4 and 5 may also have a more aggregated structurecitest f
preferential flow, resulting in the higher hydraulic conductivity ratebede soils. Conversely,
forest 6 had the slowest hydraulic conductivity of any ecosystem in this menedespite also
being a well-developed soil. In this instance, the slow hydraulic conductivitysodditimay
have resulted from its relatively high silt content (25 to 27%) compared to that ehtheing

ecosystems(11%). The slower movement of solutions through soil would facilitate greater
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opportunities for DOM sorption to occur, as demonstrated by the relatively low BOOQ@N
concentrations in soil core leachate found in this forest. Forests 1 and 2 had somestéshe fa
hydraulic conductivities, likely because of their high coarse sand contegh(eciaverage of
60 and 64% over all depths, respectively), yet DOC and DON concentrations indeaehat

similar to other forests with slower hydraulic conductivity rates and feng¢ures. The relatively

high Fgt+Aly and Fg+Aly content in soil from these forests may have moderated the DOC and

DON concentrations in soil leachate by their strong ability to adsorb organpoooits (Kaiser
and Zech 2000, Kothawala et al. 2009).

DON and DOC concentrations in soil core leachate decreased with increakdeptoi
in all forests, in agreement with other studies from numerous ecosystemevlt and Likens
1988, Qualls and Haines 1991, Lajtha et al. 2005, Moller et. al 2005, Sleutel et al. 2009; Figure
4.3). The total decrease in DOC and DON concentrations between the input orgéerc mat
solution and soil core leachate at 50 cm was 76 and 42%, respectively, noticeabigridbe t
roughly 99% reduction in DOC and 97% reduction in DON concentrations leaving the C horizon
found by Qualls et al. (2002) in a study of field soils. The lower retention of DOC aNdiDO
this study may partly result from my experimental design, which colldetehate under
conditions of saturated flow. Longer soil water residence times where edttioat is not
occurring would favor greater DOM sorption to mineral soil due to the increasediexpbs
DOM to sorptive surfaces on mineral soil (Qualls 2000).

The reduction in DOC concentrations as waters percolated through soil cores was
dominated by the removal of hydrophobic compounds, which is consistent with the idea that they
preferentially sorb to mineral sqiKaiser and Zech 1998, Yano et al. 20PWller et al. 2005;

Figure 4.3). As a result, hydrophilic compounds comprised an increasing proportical of tot
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DOC in leachate from surface to deep soils (Figure 4.4). Similar trenddbendound in other
studies investigating soil water chemistry at different soil depthal{€and Haines 1991, Yano
et al. 2004, Mdller et al. 2005), leading Qualls and Haines (1991) to speculate that the net
removal of hydrophobic compounds as soil waters percolate to depth was a common
phenomenon in forest soils, whereas the patterns of hydrophilic DOC were nfiotdt did
predict. The largest decrease in DOC concentration occurred in the upper 10 cnjc@Rsil
despite being the smallest depth increment | investigated and having the sighexj
concentration of soil C (Table 4.1). Most of the DOC removed in this increment wasragain f
the hydrophobic fraction, which decreased by 59%. Because hydrophobic compounds
preferentially sorb to mineral soils, and are relatively immune to biotic dezsition (Qualls
2004), abiotic sorption to mineral soil seems the most likely explanation for thetdrama
decrease in DOC from 0-10 cm (Qualls et al. 2002). Yano et al. (2005) similarlydedcthat
abiotic rather than biotic mechanisms were primarily responsible for Bsbavition on soils due
to the low presence of biodegradable hydrophilic compounds (<2%) in their solutions. Some
combination of the favorable entropy changes that occur when hydrophobic compounds are
removed from solution and ligand exchange between the acidic functional groups of DOM and
hydroxyl groups of Fe and Al hydrous oxides (Qualls 2000, Yano et al. 2004) are th&eatpst |
mechanisms for the strong removal of DOC in this soil depth increment. The higleeular
weight of hydrophobic compounds compared to hydrophilic compounds may also facilitate thei
stronger binding to soils by being enriched in strong-binding ligands (Gu et al. 1995).

While DOC had the largest decrease in concentration in the upper 10 cm of soil, DON
concentrations increased by an average of 18% in this same depth incremesstjrsyiggil

organic matter provided a reservoir of potentially soluble N that was mobilized soil cores

128



were leached. Soil core leachate became more concentrated in DON only in thEOugpeof
mineral soil, the depth increment with the highest soil N and C concentrationssdiany
increment examined (Figure 4.3b, Table 4.1). Moreover, this increase in DON congentrati
occurred despite previously flushing the soil cores with RO water (to detettmein@ydraulic
conductivity) and the input organic matter solution (to replace water from tiautgd

conductivity determination), indicating a pool of potentially soluble soil organard¢lenough

to accommodate two previous leaching events and still release DON in the ftr@l pbmy
experiment. This idea is in agreement with Qualls et al. (2002) who suggested that thfe pool
potentially soluble organic matter in mineral soils was much larger than the admssoived by

any particular leaching event. The increase in DON concentration betweeerganic matter
solution and 10 cm soil depth was accompanied by a large increase in hydrophilic compounds,
which became 67 times more concentrated in 10 cm leachate compared to the inpait organi
matter solution. Conversely, hydrophobic concentrations decreased by 25%. The decrease
hydrophobic DON and increase in hydrophilic DON may result from the displacement
previously sorbed hydrophilic compounds by hydrophobic compounds from the input solution
(Kaiser and Zech 1998, Kalbitz et al. 2000). This is supported by the near abseyar®piitic
compounds in the input organic matter solution, which is the only other potential source of
hydrophilic N in this experiment. Hydrophilic compounds are generally morel\iran
hydrophobic compounds (Qualls and Haines 1991, Lajtha et al. 2005), which would account for
the large increase in DON found in this fraction between the input solution and 10 cm $oil dept
Also, hydrophilic compounds are frequently derived from microbial processes (tayger et

al. 1994), which were likely most active in surface soils due to the high microbial C and N

content found in this increment (Table 4.1).
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Few other studies have documented a similar increase in hydrophilic DON in soll
solutions percolating through surface soils. Méller et al. (2005) found an increaskaphniyc
DON concentrations between forest throughfall and 5 cm soil depth at thres fionestthern
Thailand, but it is unclear if this increase was the result of water pabstugh the forest floor
or through the upper 5 cm of mineral soil. Yano et al. (2004) found a 133% increase in the
hydrophilic neutral fraction of DOC between 0 and 10 cm soil depths in conifer forelsés of t
Pacific Northwest. They did not investigate DON fractions in this part tordsgarch, although
they did note that the 0-10 soil increment was an especially important sourc&afddipared
to the O horizon. Therefore, in order to evaluate this pattern more explicitigducted
additional analyses that examined DON chemistry in leachate from the 10l coresiacross
forests. To do this, | used mixed-effect ANOVA models with either totd\@Ohydrophilic
DON concentration as the dependent variable, forest as the fixed effectacimatdereplicate as

the random effect. For both models, there were no significant differencéisantetal or

hydrophilic DON concentrations across forests (total DON;¢=0.65, p=0.67; hydrophilic

DON: F5 g=1.79, p=0.21), suggesting this was a common trend across forests. Indeed, all forests

demonstrated a minimum increase in hydrophilic DON concentration of 97% in 10 ¢ratkeac
relative to the input organic matter solution.

The proportionate decrease in hydrophobic compounds and proportionate increase in
hydrophilic compounds as solutions percolate through soils may indicate that DO waal
higher in deep versus surface soils. This was partially confirmed in my baolddxjity assay
where roughly 10% more C was consumed in leachate from deep versus surfafees@ls
days of incubation (Figure 4.5). Additionally, by the end of the incubation period, le&cmate

25 and 50 cm soils had significantly more C consumed compared to 10 cm soil leachate.
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However, the nature of the C consumption curves in deep soils suggested the presence of two
pools of biodegradable compounds (Qualls 2004); one labile pool that was quickly degraded in
the first 2 days of the experiment, removing between 30 to 45% of the available C, and a
relatively slower degrading pool that removed an additional 20% of the C over thedentd

the experiment. This two-phase pattern may result from the rapid degradationeddtitrely

larger pool of the labile hydrophilic fraction, which would serve to remove the nyapbrit
biodegradable compounds, followed by biodegradation of the remaining reaéleitdaophobic
fraction with a slower rate of C consumption.

The greater proportion of hydrophobic DOC compounds in 10 cm leachate may explain
the lower C consumption in the first 2 days of the experiment (19-32% acrossteesys
However, while the % DOC consumed in deep soils had reached a maximum near 60% by the
end of the experiment, the % DOC consumption in 10 cm leachate was still imgreasi
suggesting surface soils ultimately had a higher potential for total DOCgpsatdgion despite
having a higher proportion of more recalcitrant compounds. It is possible therewpertant
chemical differences between surface and deep soil solutions not capturedhtmathe
hydrophilic/hydrophobic classification that influenced their biodegradalidy.example,
hydrophobic and hydrophilic compounds can be further fractioned into acidic, neutral, and basic
fractions, all of which have different levels of biodegradability (GuggenbergérE94, Qualls
2004) and vary in their contribution to total DOC depending on soil depth (Qualls and Haines

1991).

Conclusions
The results of this study demonstrated the strong capacity of soils framye of

northern forests to influence the quantity and quality of DOC and DON percolating o dept
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Soils not only mitigate DOM losses from terrestrial ecosystemstayigg organic compounds
on mineral soil, they influence the chemical composition of percolating solutiangththe
preferential sorption of hydrophobic compounds and, in the case of DON especialligdbe re
of less strongly sorbing hydrophilic compounds. This increase in DOM qualityrneithasing

soil depth is particularly relevant to our understanding of DON losses frosstteal

ecosystems, which have previously been described as an “N leak” from tenfperats (Hedin

et al. 1995, Neff et al. 2003, Perakis and Hedin 2002). As a part of the “leak” hypothesis, DON
losses were expected to consist of relatively refractory compounds tleatesested biotic
decomposition over the time scale of leaching. However, the steady removahctiongf
hydrophobic compounds from percolating solutions in favor of labile, hydrophilic compounds,
coupled with the potential for over half of the DOM in deep soils to be readily degradable by
microbes, calls this assumption into question. Instead, DON “leaking” froesteal

ecosystems may be more a happenstance of soil sorption phenomena and hydrolotgacontr
less the inability of biota to process relativley recalcitrant compoundseltbfey percolate to
deep soils. Indeed, multiple studies have cited soil sorption dynamics as the pnecaanism
regulating DOM chemistry over biotic controls (Qualls et al. 2002, Yano et al..Zl0ais)is in
contrast to our understanding of inorganic N cycling, which is tightly controlled ¢rpbial

mineralization and immobilization (Schimel and Bennett 2004).
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Table 4.1 Soil characteristics for individual core segments (depth rangesexaapj for hydraulic conductivity, which was
measured on intact cores. Data in italics are 1 SE.

% Coarse % Fine sand % Silt (0.05- % Clay Bulk density  Porosity pH

i sand (2.0- (0.25- 0.002mm)  (<0.002) (%)

(cms )  0.25mm) 0.05mm)

K
sat 3
(gcm )

Forest 1

0-10 15 01 657 17 250 16 57 0.3 36 0.2 0.8 01 70.7 3.6 50 0.2

10-25 1.4 0.1 596 26 335 24 6.0 05 1.2 05 14 00 460 18 56 0.4

25-50 1.3 0.2 592 36 353 32 47 0.7 0.7 0.0 15 00 426 15 58 0.6
Forest 2

0-10 0901 670 13 202 11 108 0.6 2.0 0.6 0.8 01 712 34 50 0.1

10-25 13 01 638 15 249 12 104 0.3 1.0 0.3 1.3 0.1 519 20 52 0.1

2550 08 01 633 28 265 21 109 06 01 0.1 16 0.1 384 48 54 0.1
Forest 3

0-10 04 0.1 390 3.0 500 22 89 08 21 03 0.8 01 694 20 45 0.2

10-25 0.7 0.0 374 35 530 24 88 1.1 1.1 04 14 00 483 1.0 48 0.1

25-50 0501 370 6.0 56.1 4.4 64 1.8 05 0.2 14 00 464 06 51 0.2
Forest 4

0-10 0.8 0.3 443 13 448 13 79 05 30 04 0.7 01 739 26 52 0.2

10-25 0.6 0.2 419 09 496 15 7.4 0.9 1.3 05 12 02 543 6.8 54 0.2

25-50 09 0.2 413 0.7 6534 24 47 16 06 0.3 15 00 435 09 55 03
Forest 5

0-10 1004 506 14 364 14 101 03 29 05 09 01 672 45 48 0.2

10-25 0.6 0.2 470 1.7 418 14 95 05 1.7 0.3 1.4 00 470 1.7 51 0.2

25-50 06 0.2 445 17 453 26 10.7 04 05 05 15 01 429 20 54 03
Forest 6

0-10 13 03 364 07 316 03 269 08 52 04 0.8 01 686 3.2 55 0.2

10-25 0.6 0.2 355 07 342 05 271 11 33 0.6 1.2 0.1 541 27 58 0.2

25-50 03 01 375 22 373 01 248 20 04 0.2 16 02 397 70 6.0 0.2
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Table 4.1 (cont'd)

Soil C

Soil N

C:N

FeqtAly Fey+Al, (9 Microbial C  Microbial N
@kg)  (gkg) 1 1 gg) (kg9

(9kg ") kg ")
228 21 03 01 796 87 89 05 49 03 168 16 15 03
66 06 01 00 721 70 116 07 75 0.4 45 07 02 0.0
23 03 02 00 101 05 106 1.4 6.3 1.0 43 03 00 00
196 31 08 02 338 86 50 05 29 04 160 1.7 1.7 0.3
69 05 01 00 637 24 106 08 9.1 0.7 58 08 04 0.1
23 07 02 00 9.7 16 100 06 6.8 0.8 36 02 00 00
247 48 12 02 201 15 29 04 14 03 138 14 12 02
73 07 01 00 634 32 51 07 36 07 6.4 05 03 0.1
63 04 04 00 146 03 79 14 78 23 58 02 02 0.1
218 34 15 02 148 06 36 05 22 05 163 20 19 03
55 0.8 03 01 344 107 52 05 4.0 0.6 49 03 03 0.1
42 08 03 00 123 11 67 08 6.1 06 44 02 01 0.0
236 51 18 03 123 06 47 03 20 04 183 23 1.7 03
45 03 05 00 9.0 04 65 08 3.4 09 45 03 02 0.1
47 03 04 00 117 08 97 1.0 6.8 02 53 0.7 01 00
252 47 14 03 286 67 49 04 27 03 205 25 22 04
69 10 06 00 109 08 96 04 6.6 0.6 81 09 05 0.1
34 11 03 01 97 17 83 15 6.0 2.0 53 05 0.1 0.0
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Table 4.2 Matrices, sample units, and variables used in non-metric multidimess@iad multivariate analyses.

Sample units (SU) Number of Variables Number of
SU variables
Matrix 1 Individual cores 18 Feg+Aly, Fegq+Aly, hydraulic conductivity, 14
soil C, soil N, coarse sand content, fine
sand content, clay content, silt content,
microbial biomass C, microbial biomass N,
pH, bulk density, % porosity
Matrix 2 Individual cores 18 DON concentration, DOC concentration 2
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Table 4.3 Fits of soil characteristic vectors with axes 1 and 2 on NMDS ordinations. idumbe
bold are significant.

Soil
characteristics 0-10 cm cores 0-25 cmcores  0-50 cm cores
r2 P r2 P r2 P
Microbial C 0.31  0.079 0.58 0.002 0.68 0.001
Microbial N 0.58  0.001 0.71 0.001 0.69 0.001
pH 0.61  0.001 0.08 0.521 0.07 0.595
Feg + Alg 0.77  0.001 0.72 0.001 0.23 0.146
Feq + Alg 0.80 0.001 0.77 0.001 0.23 0.159
Soil N 0.55  0.004 0.71 0.001 0.73 0.001
Soil C 0.09  0.452 0.26 0.106 0.68 0.001
Bulk density 0.06  0.593 0.34 0.013 0.54 0.003
% porosity 0.06  0.593 0.35 0.012 0.54 0.003
Ksat 0.46  0.016 0.64 0.003 0.84 0.001
Coarse sand 0.54  0.003 0.60 0.005 0.62 0.003
Fine sand 0.68  0.001 0.61 0.002 0.20 0.224
Clay 0.62  0.001 0.85 0.001 0.33 0.055
Silt 0.82  0.001 0.75 0.001 0.56 0.004
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Appendix: Table of bivariate comparisons.
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Table A4.4 Mixed-effects analysis of covariance results from bivaraatgarisons between

DON or DOC concentrations (mg']I) of 0-10, 0-25, and 0-50 cm soil core leachate and the soil
texture classes of the cores. DON or DOC concentration was the dependsaie vaach soll
texture class was the independent variable, and soil core repetition was the réiadorra O-

25 and 0-50 cm cores, the soil texture values used were weighted averages of 0-10nd0-25, a
25-50 soil core increments as described in the text. Values in bold are signifieasthie

degrees of freedom of each analysis (numerator, denominator). All analysesceepted as
significant ate.=0.05.

DON DOC
DF F-value p-value DF F-value p-value

0-10 cm
Coarse sand 1,12 0.81 0.39 1,12 2.56 0.14
Fine sand 1,12 0.10 0.76 1,12 1.87 0.20
Silt 1,12 0.35 0.56 1,12 0.52 0.48
Clay 1,12 0.12 0.73 1,12 1.06 0.32

0-25 cm
Coarse sand 1,14 0.01 0.91 1, 14 0.09 0.77
Fine sand 1, 14 1.87 0.19 1,14 0.61 0.45
Silt 1,14 3.62 0.08 1,14 2.69 0.12
Clay 1, 14 0.16 0.70 1,14 1.66 0.22

0-50 cm
Coarse sand 1,13 0.75 0.40 1,13 0.04 0.84
Fine sand 1,13 5.15 0.04 1,13 0.18 0.68
Silt 1,13 2.02 0.18 1,13 0.97 0.34
Clay 1,13 0.23 0.64 1,13 0.53 0.48
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CHAPTER 5

CONCLUSIONS

It is becoming clear that DON has a critical role to play in our understaatitegestrial
N biogeochemistry, both as a source of N for plants and as a vector for Mlthss. |
dissertation, | investigated both of these facets of DON biogeochemisteyeionine whether or
not DON could serve as a potential source of plant-available N in tempeksgts fand to
explore how DON retention and leaching losses varied across forests that spgratbera of
N availability. The main conclusions of my research are summarized as<oll

In Chapter 2, my results demonstrated that four temperate tree species were
physiologically capable of taking up DON in the form of free amino acidk,tvae species that
are typically relagated to lower N availability habitats acquireigtively more N from organic
sources compared to tree species typically found in habitats with higher&béita However,
in order to more fully understand how organic N pools contribute to plant N nutrition in
temperate forests it will be imperative to evaluate tree amino acid uptakieeld setting. The
prevalence of the particular amino acids | investigated in soil DON pools of mohizelwood
forests indicates that they are potentially available for plant uptakeebg species, although
microbial uptake and/or mineralization of these amino acids and soil sorption phenomdna coul
restrict their availability for plant uptake and limit their usefulness ssurce of plant-available
N. Experiments that evaluate amino acid uptake by plants despite these troenjpeties will
be necessary to determine the exact role of amino acid N in the nutrition ofdeertpes
species. Also, evaluating amino acid uptake in a wider range of temperatpecess will be
necessary to determine how N-pool dominance by either organic or inorganic &mrms c

influence plant species composition across the landscape in temperate forests.
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In Chapters 3 and 4, | found that DON leaching losses and DOM chemistry from northern
hardwood forests were not a simple function of soil N content or changes in soil textiires
were best understood in the context of a variety of ecosystem parametersethataed to
produce the DOM patterns | found. In chapter 3, DON leaching losses and DOMttiiemi
across the N-availability gradient were shaped by low rates of DOM grodwd C-rich
compounds and high rates of DOM retention in the lowest N availability forelstDidd/
production but limited DOM retention in intermediate N availability forestd,lagh DOM
production coupled with high DOM retention by both biotic and abiotic mechanisms in the fores
with the highest N availability. In chapter 4, soil characteristics fhettad the structure of soll
were likely responsible for the DOM leaching patterns | found. These compdeaations
between DOM sources and sinks emphasize how important fine-scale controls over DOM
dynamics can be for shaping landscape level patterns of DON loss and DOMtchdmthese
studies, there was no replication of individual forest types, so it is uncleapittieens | found
will be repeated by similar northern hardwood forests. Additional researdtigateng multiple
forest stands within and ecosystem type would strengthen the results,|éspedially the
unimodal pattern of DOC:DON in leaching losses from deep soils in Chapter 3. Tais pait
largely driven by the forest with the lowest N availability, so greateritepetvould clarify
whether or not relatively low DOC:DON in deep soil leaching losses was @ma@om
phenomenon in low N availability forests or specific to the forest in this dtudil also be
important to conduct similar studies in other types of forests with diffeemspecies
compositions and soil types in order to create an overarching model of DON biogeaghemist

that explains what factors control DON leaching losses from temperatgseans.
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The research in chapters 3 and 4 also demonstrated that the quality of DOM can have an
important bearing on the retention of DOM by both abiotic and biotic processes as il
tendency of organic matter to desorb from mineral soil and become subject toddaskes. In
both chapters, DOC retention by soils was primarily due to the sorption of hydrophobic
compounds to soil. In Chapter 4, DON losses actually increased in leachate fiawre sails
due to the release of less strongly sorbing hydrophilic compounds. These findingsizentitea
importance of considering the complex nature of DOM compounds when trying to understa
DOM cycling in forest ecosystems. The relatively higher proportion ofdpydlic DOM in
leachate from deep soils compared to surface soils is particularly relevamtunderstanding of
DON losses from terrestrial ecosystems, which have previously been deswiae “N leak”
from temperate forests comprised of recalcitrant compounds that weneehglanavailable to
biota. However, the removal of refractory hydrophobic compounds from percolating soll
solutions in favor of labile, hydrophilic compounds calls this assumption into questionsas doe
the ability of microbes to consume over half of the C in deep soil leachate. Ins@ddoEses
may be more a function of soil sorption dynamics and hydrology rather than tHeyirdiiiota
to degrade recalcitrant compounds before they are transported away fraoce sfunfizons. This

contrasts with inorganic N cycling, which is tightly controlled by biologicacesses.
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