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Abstract

Riparian soils are thought to be potential hotspor nitrous oxide (D) fluxesfrom incomplete
denitrification, with soil moisture cited as a primary controll@wever, because there are multiple
potential pathways for XD production in soils, each with their own environmental regulators, the
timing and magnitude of XD fluxes in difficult to predictOftenempirical observations have failed

to yield consistent relationships betwesvironmentafactors in lab anfield scenarios.

This thesis characterizes the hydrological controls (soil moistater table depth, and
precipitatior) on N;O fluxes from different positions on the riparian landscape (dry, loanandpl
and wet, organic lowland) in the field during the growing season. Nitrous andlearbon dioxide
(CO,) fluxes in the field, as wkhs environmental and climatic variahlegere measured in the field
Over the three year study periodNfluxes were consistently correlated with soil temperadureng
the growing seasoiut not withany hydrological factordHowever,direct relationship betweesoil

hydrologyand NO f | uxes was more evident on an fdepisodi

Lab experiments were used to assess the influence ofokHNZO productionunder
controlledconditions Experiment 1 employed intact soil cores adiel from the upland and lowland
positions of the riparian landscape and the cores were subjected to oneohtsastingmoisture
regimes (wedry-wet or drywet-dry). Experiment 2 used homogenized soils from the upland and
lowland positions on the lasdape to create a muftictorial experiment that simultaneously altered
soil moisture and soil substrate concentrations (nitrate, ammonium, organic carbdah résalts
showed that different AHC resulted in differences to the timing and magnitud®dfuXes and
that these patterns differed with soil type. Nitrous oxide productioroftexscorrelated with soil
moisture in the lowland soils regardless of AH®Ge results fronfexperiment 2 suggested that the
upland soilsvereC limited, which resulte in an unpredictable relationship between soil moisture
and NO production during different AHQ he lowland soils were less affected by Ald§&they were

notN or Climited like the upland soils.

It can be concluded from this research that the relatipisiween soil moisture and®™
fluxes is influenced by AHC through the influence of AHC on soil N and C dyna@iesn the
differences irC and Ndynamics between soils types, and the influence of AHC orCsanild N it
can be concluded thatderivedrelationshipbetween soil moisturand NO fluxes may not be

directly transferable between soil typedess C and Mre considered.
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Chapter 1 Introduction and Objectives

1.1 Introduction and Rationale for Research

Understanding greenhouse gas (GHG) dynamics is important because of their role in global climate
change. Carbon dioxide (GPDhas experienced the greatest increase in atmospheric concentrations by
volume of emissions, however, ott@HG6 s s uc h as,Onandnmethans (Cjpalsa de ( N
make significant contributions to climate change (IPCC, 208iospheric concentrations oL,®
have increased since the industrial revolution fesoun@80 ppbv to currentoncentrations of about
350 ppbv, and this increase is attributed mainly to anthropogenic activities (Pathak, 1999).

With a Global Warming Potgtial (GWP) that is 29Qimes the amount of radiative forcing
power of CQ over 100 yeardN,O is a potent GHGShine et al 2005. Concentrations of
atmospheric BD areincreasing at a rate of 0.25% year (Pihlate et al., 2004 th@id aconcern
becaiseN,O is responsible for an estimated 6% of all globatrming (Machefert et al2004)

It is thought that soils are the source6f6 ofthetotal global NO emissions (Pathek, 1999).
Soil N,O fluxes are known to be highly episodic in nature whickaapredicting andnodeling
terrestrialN,O dynamicdifficult (Li, 1992; Fierer and Schimel, 2002). Soil moisture is often cited a
one of the primary controlsf N,O fluxes (Machefert et al., 2004; Du, 2008pwever, research has
failed to yieldconsistent empirical relationships between soil moisture afdfiNxes(i.e. Dobbie et
al.,1999)| i kely because of the confoundingoleinnfl uence
thePi pe (HI P) model 6 concept ual)isaggedishdt the amountefst one
NO production from soilgia nitrification and denitrificatioms regulated by soil moistureil N and
C dynamicsand soil propertieg.hus, the combined influences of these factors gh fNixes would
benefit from furtheevaluation.

Agricultural riparianwetlands, whichnterface between agricultural fields and aquatic
ecosystems or wetlandsan helgo reduce the amount aftrate (NOz) in agricultural runoff (Cey et
al., 1999).These landscapes are dynamic over sgpatial scales and are credited for their positive
influence on water quality (Bradley et al., 2011). Denitrification is often cited as the primary
mechanism responsible for removing Ni@ riparian zones, but it is also a process that can produce
N.O enissions from soils under some environmental conditions (Betral, 2007).The highly
dynamics natural of pO fluxes also makes it difficult to characterize the relationships betwgen N
fluxes and environmental variables (Davidson et al., 200Dpéter understand )0 dynamics in

riparian soils, thisesearch explores some of thecertaintywith regard tahe environmental



mechanisms that drivié,O fluxes, with a focus on the control of soil moisture on the timing and
magnitude of MO fluxes.

Thefollowing section reviews N cycling in riparian soils, discusses biological production of
N,O, describes environmental factors governing biologic@l,Niow carbon (C) and nitrogen (N) are
linked in soils and to PO fluxes, and reviews what is known abthe influence of antecedent
hydrological conditions (AHC) on the timing and magnitudes £ Nuxes.

1.2 Literature Review

1.2.1 Nitrogen Cycling in Riparian Soils

Riparianzones function in agricultural areas as nutrient buffers for runoff between water sources and
agriculturaldevelopmerg (Morris, 1991, Entry and Emmingham, 1996Nitrateis a water solble
form of N (Galloway, 1998) which tontributes to eutrophidan (McCarty and Bremner, 1993¥. |
ingestedNO; can causenethemoglobinemia in humans and animals, a condition that affects the
ability of the blood to carrgxygen (Q) (Martin et al, 1999) Thus, riparian areas provide a valuable
ecosystem service by nedng NG concentrations from agricultural runoff before it enters
surrounding aquatic systems. However, incomplete denitrification can lead to emissig@sfiadriy
soils. Nitrous oxide not only contributes to the greenhouse effecttrbaspheric NO reacts with
molecular Qto produce nitric oxide (NO)Thisin turn degradethe stratospheric ozone gbwhich
is responsible for blocking harmful UB (Davidson 1991).1t is thought that the aforementioned
environmentakoil conditions makeiparianarea potentiafihotspots for N,O production
(Machefert et a).2004) which means that the removal of N@®om soils may be offset by
production of NO and thisorings into question the net environmental effects of these landscapes.
Riparian areas are characterized by sharp environmental gradients. Variability in
environmental factors cdnster numerouprocesses over a relatively small area (Gregory.et al
1999).Biogeochemical processes are known to be highly variable in botl apddime, and so
andN dynamics in soils are pronefoh ot  mowhiehnateisstances of disproportionately high
reaction rates relative to the surrounding soil (McClain et al., 2003). Nitrous oxide emissions are
known to beespeciallyepisodic innature (Machefert et al., 2004) and McClain et al. (2003) report
that terrestriahquatic interfaces, such gmse found imiparian areasare known tenhance
instances ohot moments in soildt may be that while denitrification in riparian areas/serto

remediate N@ from soil water, these landscapes may also be contributing to climate change. There is



alsoconsiderable evidence soipportthat nitrification andpotentiallynitrifier denitrificationcan
alsobe implicatedn N,O production fronripariansoils (Mosier, 1998) suggesting that more studies
would benefit our understanding of the environmental conditions under whizlefissions occur

from these riparian landscapes

1.2.2 Biological Production of Nitrous Oxide from Soils

The contribution bsoils to climate change is significant and they are thought tedponsible for
65% of anthropogenic JO emission (Pathek, 1989 he nitrogen cycle is complex; as the element
has seven oxidation states, a variety of conwargiechanisms betweendgdecies and can
experience various methods of transport and storage (Galloway et al., Rigddie¢ 1). Some
portions of the N budget cannot be aauted for, which can make closing the N cycle difficult
(Mosier et al., 1998).

1. Uptake of NH, or NQ, by organisms 61 \

2. Release of NH, by decomposition MH

] e
3.4, Microbial oxidation of NH, {yields
energy in aerobic conditions) \.\
5. Denitrification (NO_ respiration) by 1
microbes in anaerobic conditions (MO, is - MO
used instead of O, as the terminal electron
acceptor during decompaosition of organic
rmatter) 4 7

&. Mitrogen fixation

7. Mitrate leaching from soil 1 5
NH, —;_’,r//:"‘

Figure 1 A simplified representation of the Nitrogen Cycle by Deacon, 2007

MO leached

The number of biological pathways from whicbONproduction is possible ctiibutes to
high levels of spatial and temporal variability ofNfluxes Figure2). Nitrous oxide production can
be a byproduct of a number of microbial pathwaysitdécation, nitrification, and nitrifier
denitrification), each with differing environmental conditions required to facilita@ pdoduction
(Tablel).



.....................................

Figure 2 Potential pathways of biological production of NO, adapted from Baggs, 2008

Denitrificationis the reduction of nitrogen oxides (N@nd NQ") to gaseous oxides (NO or
N,O) which are subsequently reduced\taipon completion fathe procesgBaggs, 2008). This
represents a closing of the N cycle Nass anatural and abundant constituent of the atmosphere
(Mosier et al., 1998Martin et al., 1999; Hefting et al., 2006). The ability to denitrify has been found
in a range of mimbes. Many denitrifierhave been identified deterotrophicfacultative anaerobes
(Knowles, 1982; Hill, 1996). It was once thought that@s preferred over NOas a terminal
electron acceptor for denitrifiers, but more recent research has fouockttireence of aerobic
denitrification undealternating oxieanoxicconditions and under fully aerated conditions, which
suggest that there may be simultaneous respiration @@®NQ’ by different genre of denitrifying
bacteria (Morley et al., 2008)



Table 1 Environmental regulators of biological denitrification, nitrification, and nitrifier -denitrification, processes that are capable of producing )0,
and the regulators of NO production from these processes

Denitrification favored when: Source N,O production from denitrification Source

favored when:

- High availability of labile C

(energy sourcef!
High availability of NQ' (as
electron acceptofy

' Barnard et al., 2005 -

2 Simek and Cooper, 2002

Bl Davidson, 1991

High availability of NQ" as
electron acceptor (inhibits
reduction of NO to N) ™
Temperature below 4 %8

M Hefting et al., 2006
2 Simek and Cooper,
2002

B! Davidson, 1991

- Poorly aerated soils (lowAD -
- High temperature (between 20 °C

and 35 °C}" -
- g}lightly alkaline soils (pH 7:8.0)

Slightly acidic soils (pH 4%.0)

1,2]

Reducing conditions (redox

potential of 0Y?

- Between 66880% WFPS’

- High soil moisture (+60% WFPS)
[3]

Nitrification favored when: Source N,O production from nitrification Source:

favored when:

I Simek and Cooper,
2002

' Barnard et al., 2005

- High NH," 1
I Davidson, 1991

- Moderate pH"

- Well aerated soils (309%0%
WFPS), declining as soils diy?

- High temperature (between 20 °C
and 35 °C}"

- Acidic conditions (NO from
autotrophic and heterotrophic
nitrifiers) %

Nitrifier -denitrification favored: Source N,O production from Nitrifier - Source

dentirifiction favored:

' Bouwman, 1996 - High NO, 1

- between 50 and 70% WFIPS

'wrage et al., 2001

- O, depleted environment8
' Kool et al., 2011




Nitrification converts ammoniurNH,") or ammonia (Nk) to NO; (Sahrawat, 2008) his
processalsoencompasses ammorggidation, which ighe oxidation oNH; into NO, (Baggs,

2008) as well nitrifier denitrification, which is the reductionO, by nitrifiers with NO-reductase
(Wrage et al., 2001)Together with denitrification, nitrificatio from soils ighought to behe
primaryprocess responsible fanthropogenic BbD emissiongBaggs, 2008). A group of obligate
autotrophicsoil bacteria collectivelknown asnitrobacteriaare responsible for most of the biological
oxidationthatoccursduring nitrification (Sahrawat, 2008)litosomonasa subgroup ohitrobacterig
oxidizes NH or NH," to NO,, and asecond subgroup aitrobacteriacallednitrobacer are
responsible for the conversionNO, to NO; (Sahrawat, 2008) here is evidence to suggest that
strains ofmitrobactercan produce PO via anaerobic reduction dfO;” but there is very little known
about this pathway (Freitag et al., 1987; Wrage et al., 2001).

Nitrifier -denitrification is carried out by a group afitotrophic NH-oxidizers (Wrage et al.,
2001), and this process contributes to gaseous losses of N from soils by convegtitg N® or
N,O (Poth and Focht, 1983)aboratory results from Kool et al. (2011) found tha®Nbroduction
from both denitrifi@tion and nitrifierdenitrification decreased with decreasing soil moisture,
however, denitrification decreased more so relative to nitdféitrification suggesting rates of
nitrifier-denitrification are less influenced by soil moisture. The same &yl that the relative
contribution of nitrifierdenitrification as a percent of NHderived NO did not strongly differ with
soil moisture, and that the relative contribution g®ONrom nitrifier-denitrification under
experimental conditions contrilad more MO than denitrification of N@ at intermediate to high
soil moistures (50 and 70% WFPS) suggesting that at some soil moistures and under certain soil
conditions, nitrifierdenitrification may be just as important as pathways as nitrification and
denitrification for NO production.

Some nitrifiers denitrify durin@naerobiosisbut in the presence of relatively highenall
denitrify aerobically, and to further complicate things, the behavior of such microbes may be partially
controlled bysubstate availability, with different behaviors observed in the presence gf Néth
NH," and NQ, and NQ (Kuenen and Robertson, 1998pth autotrophic and heterotrophic
nitrifiers have been found to carry out denitrificatitimough this process @mplex and not well
understooduenenand Robertson, 1994Yany heterotrophic nitrifiersare also denitrifiers, and are
able to reduce nitrification products like M@nd NQ'" via denitrification, as experiments have
confirmed that DNO can be producefdom NH," (Kuenen and Robertson, 1998hortterm G stress
can result in aerobic, autotrophic microbes switching from nitrification to denitrification, which

results in an output of JO instead of N@ (Kuenen and Robertson, 1994)
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Coupled nitrificationrdenitrification has also been implicated igNemissions from soils.
Rather than being a process carried out by one group of microbes like rdffiigrification, coupled
nitrification-denitrification describes instances where both processes happédtaseously (Wrage
et al., 2001; Pihlate et aRD04) The coupling of these processes tends to occur in microsites or
aerobicanaerobic interfaces (Baldwin and Mitchell, 2000) an® Nroduction from coupled
nitrification-denitrification is highest wheconditions are subptimal for either process (Wrage et
al., 2001). The congruency of nitrification and denitrification has been attributed to part of the
difficultly in consistently modeling and predicting® fluxes from soil because their simultaneous
occurrence is dependent upon hawogditions in soils that can support both processes, and these
conditions are associated with a high degree of spatial and temporal variabl emissions
(Kuenen and Robertson, Ufyevolubdoa offdg0 ia thdughtdbe e t
the result of nitrification in aerobic soils and denitrificatiorder moreanaerobic coditions (Barnard
at al., 2005)Pihlate et al(2004)suggesthat 60% WFPS is the threshold that determines whether
nitrification or denitrification will occurwith nitrification predominating below the threshold and
denitrification predominating above the threshold. Simultaneous nitrificdgaitrification is
expected to be most prevalent betw8&8f6 and 70%VFPS(Pihlate et al 2004)(Figure3).

Simultaneous

% soil moisture nitrification-denitrification
| 1 | 1 |
I | I | |
0% 25% 50% 75% 100%
60%
nitrification denitrification

Figure 3 Theoretical soil moisture conditions forsimultaneous nitrification-denitrification, adapted from
Pihlate et al., 2004

Since there are many possible pathways for biologig@l pdoduction, and the possibility of
coupling of the processes, as well as the fact that each of these processesrtave the
environmental controls for JO production, it is difficult to predict the timing and magnitude g®N

fluxes from soils in the natural environment.

1.2.2.1 Controls on Dynamics of Gaseous End Products of Nitrogen

The existence of multiple pathways fos@production contributes to the complexity ofNsoil
fluxes, as does the possibility of gaseeusd products other than® from these pathways. Current
and past environmental soil conditions may be influential to the fractiop®pkdbduced. Though
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soil moisture is often cited ame of the primaryariables contolling denitrification and nitrification
(Davidson,1992), these biological processes can hmairaerous gaseous epdductswhich are
partially regulated by @availability ©endooven et al.,996) and ®il moisture(%WFPS) is thought
to be a suitable proxipr soil O, content(Linn and Doran, 1984Figure4).
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Figure 4 Showing the fractional end products from nitrification and denitrification as a function of
%WFPS, as suggested by Davidson (1991)

Dinitrogenproductionfrom denitrification is commonly associated with saturated soils
whereas BO production is more typicéh soils that ardighly moist but unsaturated (Linn and
Doran, 1984)Studies have found that,® fluxes are higher when soil moisture was greater than
field capacity, while soil moistures below field capacity seems to favor NO production (Davidson,
1992 Hutchinson et al., 1993; Paul et al., 1993; Skiba et al.,)1898upport of this e ratio of
N>O/NO has beeffiound to increase with increasing seitercontent (Ballmann and Conrad 1998;
Skiba et al., 1993).

Studies that compare amounts of thetiedafluxes of NO and N are commonly studied in
laboratory experiments since it is difficult to measugeri\the field due to the high ambient
atmospheridN, concentrationgSkiba et al., 1993)0n a cellular level, the enzymes responsible for
denitrification (denitrifying enzymes) and their response to changes in soil moisture may influence
the NO mole faction [NO:(N.,O+N,)] (Bergsma et al., 2002[Renitrification enzymeare quick to

trigger, activatingvithin a few hourf when soil conditions becafavorable for denitrification
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(i.e. anaerolaisis),anddenitrification reductases are inactivated within a few minutes or hours when
conditions become unfavorablkérowles, 1982Simek and Cooper, 2008uggesting small lags
between changes in soil conditions and dynamics of gas production should be expected. Research
suggests that though actual rates of denitrification are fastest in slightly alkaline (higher pH) soils,
denitrification from acidic soilactually favors NO over N production (Simek and Cooper, 2002).
Similarly, higher NG concentrations suppdntgher NO productiorrelative to N during
denitrification because NQinhibits N,O reduction(Morris, 1991 Hefting et al., 2006 The ratioof
[N2O:(N.O+Ny)] has been found to be higher in soils where the supply ah@NQ' is sufficient to
meet the demands for terminal electron acceptors (Allsion et al., 1960; Vor et al.,|2@@)port of
this, adramatic increase of denitrifying adty and the NO release by denitrification has been
observed at ©partial pressure lower than 0.5% @arkin and Tiedje, 1984

Biological production of BO is complex, and that not only are there multiple biological
pathways capable of production, kaif these pathways has its own environmental constraints, and
we do not necessarily have a solid understanding of when and where to exp@codiliction from
soils. Methodological constraints as well as the high cost of advanced monitoring techrajeas
difficult to accumulate large, high resolution datasets that match biological parameters and
environmental conditions withJ production in the field. Despite the complexity gfINoroduction
from soils, some success has been noted in underggaxdinflux dynamics using just

environmental parameters. This topic is reviewed below.

1.2.3 Regulation of N,O Fluxes

Soil moisture presence of @ availability of C and N, soil pkland temperaturkave been cited as
regulators oN,O production from soil¢Patten et al. 1980; Groffman and Tiejde, 1988; Rudaz et al.
1991; Martin et al. 1999; Pathak, 199phwever, NO fluxes from soils are known to be highly
episodic in nature, and there appears to be some inconsistency in the literature with regards to how
these environmental variables interact to govex@ Bmissions, and when these factors are
significant (Firestone and Davidson, 198&ldwin and Mitchell 2000;Machefert et al., 2004As a
result, empirical observations ob® fluxes from soils do notwahys fit with theoretical expectations
(Hefting et al., 2006).
The Holein-thePi pe model (the AHI PO model, also refe
simple yet comprehensiveonceptual moddinking together the influence of multiple environmental

factors and their influence on,® emissions from soils (Firestone and Davidson, 1989). It describes
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two levels of regulation; the first is regulation of the rates biological production of gases, which are
controlled by the rate at which N is moved throudlge pipes; and the second is the environmental
factors that influence the amounts of type of gaseoupmalicts, which conceptually refers to size
of the hole in the pipes through which the gdsés e. atis&chemalescribes controls on,® and

NO fluxes using two pipes that representifidation and denitrificationNitrogen cyclings
represented bthe flow of N through the pip@&nd soil water content and other soil properisesh
assoil pH, affect the ratio of B{O:NO emissions, symbolizdwy the relative sizes of the holes through
which NO and NO escapegFirestone and Davidson, 198%igure5). Researchers have used this
model tohelp interprebbsevations of NO (and NO) soil emissiorfsom variots environments
(Davidson et al.2000) It demonstratethat though soil moisture a&cknowledged aan important
physical control on BD emissions from soilhrough its control on § otherfactors suclas soil type
andinorganic Nare also significanSoil field capacity (often assumed to bmat 60% WFPS
(Davidson et al.2000) is of significanceébecause it is thought that this is the boundary where both

oxidativeandreductive processes atgothacive in soik (Davidson et al2000).

Atmosphere

|t
O N,0

Gaseous Phase of Soll

S

Biological Assimilation <
Abiological Reactions *——g NO Nzo

P~ e NO,—~ R —
‘ - - - - - - - -
\\‘ Nitrification ’/ Denitrification
Plants and
Soil Microorganisms

Figure 5 The Hole-in-the-Pipe model, created by Firestone and Davidson (1989), adapted from Davidson
et al., 2000

1.2.4 Linking Carbon and Nitrogen Dynamics

Substrates are important microbmdrification and denitrificationlnorganic forms of N are

particularly important to the aforementioned processes becaugeahtHNQ' are the starting
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ingredients of the processes (Austin et al., 2004; Rildagl, 2004. It is mineralization that goverts
organic forms of N to these inorganic forms which can be used®yphbducing microbesS(eutel
et al., 2008).

Carbon and N dynamics are tightly linked in soils (Mosier et al., 1998; Fontaine et al., 2003)
and microbial activity is a dominant factoontrolling CQ or C respirationNitrogen mineralization
and immobilizatiorare strongly related to the decomposition of organic C in soils since N in organic
matter (OM) and plant debris is often bound td&composers derive their energy from C
compounds found in soil OMReddyand DelLaune, 20Q8Nitrogenmineralizationis limited by the
chemical (i.e. lability) and physical (location of OM) f&wgailability of organic substrates (Ahn et al.,
2009).Carbon respiration (C{production)canuseO, supplies in soils, and if this occurs at rates that
exceed @replenishment into the soils, it can result in anaerobic conditiaie absence of
saturated moisture conditioflsuxmoore et al., 1970However, surface soils are often the focus of
attentionwith regards to mineralization because rates have been found to be highest in the upper soil
horizons (Rovira and Vallejo, 1997), and N receives more attention than C with regards to this
process because N is often found to be limiting for primary prastuatiagricultural and forest
ecosystems (Fontaine et al., 2003).

The microbial activity associated with mineralization is positively related to soil temperature.
With respect to soil moisture, mineralization is low in dry soils due to biological liotisathat
accompany limited water resources, highest at intermediate soil moistures, and relatively lower at
saturation because of the limited availability gf(Reddy and Delaune, 2008).

Nitrate is utilized by decomposing microbes, and concentratioN©gfcan be temporarily
decreased in the soil during decomposition ag iOmmobilized and assimilated by microbes
(Reddy and Delaune, 2008). This is likely to occur in soils with greater C:N ratios because microbes
need the additional N to meet theiolbgical N requirements in order to use the available C in the
OM. Organic soils that are high in N tend to favor ammonification whereas those that are N limited
tend to favor immobilization, which results in a temporary decrease in available N (iaetabie
soil NO;” concentrations) (Reddy and Delaune, 2008).

Not only is the soil C:N ratio important to mineralization and ammonification rates, but the
guality of the detritus is also significant. Different organic substrates decompose at differei rates
increasing order of lability: proteins, carbohydrates, cellulose and hemicelluloses, lignin can be found
in soils (Tan, 2000). Though it is known that not all organic material is equally labile, measuring this

quality from substrates is highly intemsi(Reddy and Delaune, 2008).
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Soil characteristics also influence rates of mineralization. Greater rates of mineralization have
been detected in coarse textured, low clay content soils (Reddy and Delaune, 2008). Likewise, finely
textured soils high in clacontent have more micropores which can serve to physically protect much
of the soil matrix from mineralization (Reddy and Delaune, 2008), suggesting soil structure, change
in soil structure, and soil composition are all influential to the spatial arbtairvariability of N
dynamics in soils. The biological pathways efd\production are highlgependent on N and C
substrates to fuel these processes so linking these processes may be itopoutauniderstanding of
the timing and magnitude of,® fluxes.

1.2.5 The Influence of Wet-Dry Cycles on Soil N,O Flux Dynamics

Antecedent hydrological conditions (AHC), or soil moisture histanglwet-dry-cycles {WDC)
influence the ratand magnitude mineralization,&ification, and nitrificationin soils(Groffman
and Tiedje, 1988Fierer ad Schimel, 2002put the degree to which moisture variability dictates
these processes is difficult to quantiBast research suggests tABIC can influence variables
aspects of the soil environment, including the populatiwh structure aficrobial communities and
C dynamics, as well asfluence thestructural integrity of soils (Fierer and Schimel, 2002),
suggesting the influence of AHC on soilemissions from soils may benefit from additional
research.

The historicak 0i | moi sture conditions pwducngso be
processes from soils. For example, results from previous research has found that N20O evolution is
minimal fromcontinuously wet ocontinuouslydry soils, while relatively highelN,O emissions have
been observed from soils subjected to alternating WDC (Smith and Patrickwi88Bigh rates of
denitrification have been observed from continuously wet soils that were dried and rewet (Groffman
and Tiedje1988). This appeats be acase for different soil types, as restittsn Duxbury et al.

(1982) and Goodroad and Keeny (1984) demonstrated tkaflikesfrom both mineral and organic
soils were lower duringnextended dry period compared to measurenfelitaving rainfall event
These higher magnitudes of®l fluxes during change soil moisture may be the result of higher rates
of biological processes. Wty cyclesappear t@nhance rates of nitrification and denitrificatian

soils (Fierer and Schimel, 2002).

Dynamic moistureegimes are¢hought to stimulate microbial activity and mineralization of
soil OM. This has been attributed to death of microbial biomass upon rewetting of dry soils which can

result in thdysing of microbialcellular contents into soils. The former cemiis of the cells can then
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be used as substrate gurvivingmicrobes (Bottner, 1985; Van Gestel et 4092).t is alsothought
that WDC facilitate the brealtp of aggregates and expose organic matter that was previously
protected within the soil makiFierer and Schimel, 2002; Mikha et al., 2005).

The complexities of BO production from various pathways and their associated
environmental parameters is important to understanding spatial and temporal dynamics, and warrants
further research. This remeh aims to better understand how hydrological variability and AHC
influence NO dynamics from an agriculturally impacted riparian zone.

1.3 Objectives and Hypotheses

The highly dynamic nature of 8 makes quantificatioaf fluxesfrom landscapes diffictiwithout
continuous measurements, which are often unrealfsticore thorough understandingN,O
production from riparian landscapes can help impiga@ monitoring protocolsind optimize field
sampling strategiegmprovedata interpretation and,® modelingefforts andenhanceiparian
managemerdtrategies
This research explorgke lack of consistency with regards to the timing and magnitude of
N.O emissions from soils and the associated environmental conditions.
Using three years of field datdoe primary objectives of this thesis are
1.1.Characterize temporal dynamiaed controls on the magnitudeNfO fluxes fromthe field
at differentpositiors on the riparian landscapes (upland vs. lowlazuall
1.2.Investigate hovinydrological variables inclling soil moisture, water table, and precipitation
work together to explain D flux timing and magnitude from two positions on the riparian

landscape (upland vs. lowland).

Secondly, thighesiscompareghe effects of contrastingHC on N;O fluxes from wo sail
typesfrom the riparian landscagapland mineral soils and lowland organic soils) in a controlled
laboratory settingThe objectives of this are to:

2.1 Determine ifantecedent soil moisture conditions (sey-wet versusdry-wet-dry) influence
the timing and magnitude ofu® fluxes, andletermine if this influencdiffers betwea
upland and lowland soil types, and

2.2 Determine if the combined influence of soil moisture and soil N significantly influences the
relationshipbetween soil moisture and® fluxes, and does this differ betweee tipland

and lowland soil types.
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It is expected that the results frahe fieldwill show that there are differences in the
magnitudes of D fluxes from the upland and the lowland fielata, since the hydrological regimes
and soil properties between the landscape positions diffethypothesizedhat

1.1 Temperature and soil moisturdll be the primary drivers of JO fluxes fromboth
landscapedyut the relative relationshifmetween sil moisture and BD fluxes will differ
between the uplan@ry) and lowlandwet) because of thdifferenthydrological conditions,
and

1.2 The combined effect of soil moisture and other hydrological variables (water table and
precipitation) will impact theelationship between soil moisture angONfluxes,but this will
differ by landscape position. Due to the differences in proximity to Spencer, @risek
expected that the wetter lowland will be less influenced by precipitation. Water table
variability isexpected to be important to both landscape positions, given the expected
coupling between hydrological variables (soil moisture, water table, and precipitation)

Using he experimentdbb resultsto addres©Objective 2, it is hypothesized that:

2.1 AHC will influence the timing and magnitude ofMfluxes from both landscape positions,
and that the timing of JO fluxes will be largely related to soil moisture, with a positive
relationship observed between fluxes and soil moisture up to 80% WFPS; and

2.2 Nitrogenconcentrationsvill positively influence the relationship between soil moisture and

N,O productionandpositively contribute to the magnitude d§O emissions.

1.4 Research Approach

To addressheobjectivesof this thesisfield data from two differerpositions on aiparian landscape
were assessetihefield edge (uplangdsoils ardoamyand relatively fine inexture, andhe soils at
the soitstream interface (lowland) acharacterized as a peaty, organic wetigme soil. Field data
from three clinatically contrasting yeamsascompiled to assess the relationship betwsgirology
and NO fluxes n the field and to determine if the relationshiiferedbased omlifferences in
precipitation, soil moisture, and water table.

This research also engqyleda seriedaboratoryexperiments. Experiment 1 expldréne
influence of different AHC on the timing and magnitudg®Nproduction from the upland and
lowland soils. In the lab, contrasting soil moisttegimeswerecreated and the sdl, CO,
producton, and NO productionweremonitored from intact sodores. Soil moistureegimes created

during Experiment Lwas y ¢ | e s-drpw e {WaDW)ta n d -\fietddr ryyDWD). Experiment 2
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wasa multifactorial experiment that helpésblate the relative degreeinfluenceof soil moisture
andsoil C and Npn the magnitude of XD production from the two different soil types. This
experimenusedbatched soil to remove the influence of soil structure and decrease the variability
associated with soil heterogeneity, to examine under controlled conditions how@hardtuction

differed withrespect to different levels of stil and Cand soil moisture in the different soil types.
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Chapter 2 Site Description and Methods

2.1 Site Description

John Mount Research Farm is located in Flamborough, Ontario, Ca#84da@ 6 55. 800 N,

8 0 A0 7 6 2)9south@ast of e Valens Reservoir. The reservoir is dammed upstream of the site
and the dam is the dominant hydrologic control through much of tienrédeagy and McHattie,

1995). The research station is located at the southern end of an agricultural field. The field interfaces
with Spencer Creek which flows through Beverly Swamp, a large, undisturbed wetland. The elevation
of the site varies betweapproximately 264269 meters above sea level (masl).

Valens Reservoir

Figure 6 John Mount Farm is situated north of Beverley Swamp, and soutleastof the Valens Reservoir

The site is equipped with eight transects. This research was situatedsect 5 (T5)
(Figure®6), which is 24m long and has a topographic gradient of abouFiareé7) (DeSimone et
al., 2010). The adjacent agricultural fields grow a rotation of corn, barley, and soybeans.

2.1.1 Transect Properties

For this research, the riparian zone at T5 is divided into two sections; the upland position, which is

located approximately 2m from the field edge of the adjacent agricultural field, and the lowland

position which is located 24m from the agriculturaldiedge. The upland soils experience longer

periods of relative dryness with short periods of rewetting during precipitation events due to the

elevated topographic position. The upland is characterized by thalaysoils, and is consistently

loamy throwgh the first 10 cm of soil depth with no noticeable organic top layer. It receives nutrient
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inputs via shallow groundwater flow from the adjacent agricultural fields. The lowland position, is at
the northern edge of Beverly Swamp, is characterized byyhigihhnic, peaty soils. The soils are
highly reducing in nature since they are susceptible to periods of prolonged inundation due to
overbank flooding fronspencer Creek and the presence of a marl layer in the swamp that impedes

drainage (DeSimonet al, 2010). A summary of soil properties is foundTable2.

Table 2 Soil properties for the upland and lowland soils for the stface soil

Characteristic Upland Lowland
Field capacity (g/cim) 0.54 0.65
Field capacity (%WFPS 80 84
Porosity (%) 40.27 65.17
Bulk density (g/cri) 0.82 0.16
Organic content (% 6.9 54.6

The upland and lowland soils have different €altlos. Previous research conducted by
DeSimone et al. (201@) this site reported the mean the C:N ratio at the T5 position to be 9.6 in the
upland and 18 in the lowlan&igure7).

Upland position

2685
268 ™~ C:N Ratio
9.6:1 7% gradient
2675
Lowland position
267 - 5
- C:N Ratio
€ 2665 18:1
_l = 3
<
= 266
2655 1 %
265 -
2645 T T T T
0 10 20 30 40 50
Distance from field edge (m)

Figure 7 Topographic profile of transect 5, and pictures depicting the vegetation types at the upland and
lowland landscape positions
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2.1.2 Vegetation

Broadleaf deciduous trees are dominant at the site, with acaeapy basal area of 17/ma. The
canopy is primary composed of large Silver Maplegr saccharinunh.), which is 96% of the total,
but also included Black Aslir(axinus nigraMarsh.), White EIm{Imus americand..), Eastern
White Cedar ThujaoccidentalisL.), and Speckled Alde®Inus incany The area is also
sporadically scattered with Red Adfréxinus pennsylvanicilarsh.), Trembling AsperPopulus
tremuloidedMichx.), and Ironwood@strya virginiana.

The subcanopy is composed of smedes and shrubs Choke CherBrynus virginianal..),
Elderberry Sambucus canadensls), Sweet Viburnum Yiburnum lentagoL.), and Common
Buckthorn Rhamnus cathartich.).

In the upland position, the understory vegetation is dominated by grasses audbhesb
flora including GoldenrodSolidagospp.) and AsterAsterspp.), and in places, there is dense cover
of Ostrich Fernflatteuccia struthiopteris

In the lowland swamp, the understory consists primarily of JewelWegaijens capensis
Tall MeadowRue palictrum polygamuin Virginia CreeperRarthenocissus quinquefojidvarsh
Marigold (Caltha palustri$, Dewberry Rubus flagellarij nettles (e.gLaportea Canadensiand
variousUrtica spp.), violetsiola spp.), ferns (predominantynoclea senbilis, andDryopteris
spp.), sedgearexspp., especiallCarex comospand some Reedcanary GraBhdlaris
arundinaced. An array of aquatic grasses (eSgirpusspp.), Smartweed$Olygonunspp.), and
native loosestrifes (e.giysimachiaciliate andLysimachia thyrsifloraare also found thriving within

1 m from the stream edge (Cymbaly and Bourbonniere, unpublished data).

2.1.3 Climate and Hydrology

Warren et al. (2001) classify the climate at Beverly Swamp as humid continental. Data from two
nearby Enironment Canada meteorologicaltgias were usetb show the climatic averages for each
of the field yars compared to a 30 year averdgig|fre8). The 30 year average data was from the
Hamilton RBG statiorfLatitude: 43°17'00.000" N, Longitude: 79°53'00.000" W) and the 2007, 2008
and 2009 climatic data are from tReseland statio(Latitude: 43°21'13.026" N, Longitude:
80°28'25.056" W) Table3).
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Table 3 Comparing the annual average air temperature ad the annual total precipitation from the field
years to a 30 year record

Year Average Annual Temperature  Total Annual Precipitation (mm)
()
2007 8.4 744.3
2008 7.8 1137.2
2009 6.7 865.2
30 year averag! 8.5 892.6
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Figure 8 Average mean monthly air temperature and total monthly precipitation for 2007, 2008, 2009
and a 30 year average.

Compared to the 30 year average, 2007 had the lowest annual precipitation, 2008 was wetter
than average, and total annual precipitationndu2009 was comparable to the 30 year average
(Table3). As expected, the general annual trend for air temperature was similar in evefyigeaa (

8). The air temperature in 2007 was cooler in the spring and peaked earMéyjidresulting in

generally warmer year compared to the other field years and to the 30 year éveranqge2008, the

air temperature was comparable to the {rgn average but peaked early resulting in a relatively

cooler summer. In 2009, the minimum temperature recorded during the period of interest (May to
November) was higher than the other yeafiecting the relatively warmer spring that occurred

during that year. Autumn air temperature in 2008 and 2009 were both cooler than the 30 year average
(Table3).
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Thedistribution of annual precipitation varied among the years. 2007 was relatively dry from
June onward compared to the other years. 2008 is largely consistent with the 30 year average for most
of the year but it was wetter during March and July, whichrimrted to the greater than average
total annual precipitation. The distribution of precipitation throughout 2009 differed slightly from the
long term average, with 2009 being wetter in the summer relative to the 30 year aveyags).

2.2 Field Data Collection

Field data for this study was collected from T5 between 2007 and 2009 during the growing season for

each year (May to November, inclusive).

2.2.1 Greenhouse Gases

Emissions ofyreenhouse gasé®m the soil were determined as reteady state fluxes using the

static chamber methdqtHutchinson and Moiser, 19813quare aluminum collars witminside

length of 47.5 cm (area = 0.2088)nand with a channel on top pwovide a water seal were inserted

into the soil to a depth between 5 and 10 cm. After leveling and settling for a week or more the depth
from the top of the collar to the soil surface was measured at 16 grid points and a reference corner.
This collar bpography allowed calculation of the air space in the collar, which could be adjusted for
each sampling ent by measuring the referentagetation in the collars was clipped and the

clippings remained in the collar; moss was left intact because clijipirogild disturb the soil.

Nitrous oxidefluxes were determined on the same collars using smaller square PVC
chambers (I =50.6 cm, h =7.9 cm; V = 12.03 L after correcting for 3.2 cm overlap with the collar
water channel), painted white on the outsidédi with a 1in fan, an expansion vent loognd a
quick-connect fitting with a check valve. Samples of chamber air were collected at 200480
minute intervals using a 30 mL syringe connected to a PVC tube with a quick connect at the end,
along withsamples of ambient air collected at the beginning and end of the sampling interval to serve
as the time zero point. Air samples were stored in evacuated 12 mL Exetainers-peesaring
with 20 mL injected.

To determine soil respiration (Rs, @@e used large square acrylic chambers (I =49.5 cm, h
=40 cm; V = 90.2 L after correcting for 3.2 cm overlap with the collar water channel) covered with
reflective insulation, fitted with a-B fan to promote mixing and an expansion vent loop. An
infraredgas analyzer (IRGA, Vaisala Model GMP34®d a temperature and relative humidity probe

(Vaisala Model TRH75) were installed onto the chamber and connected to a logger/controller
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(Vaisala Model M#70). Static flux runs were 5 minutes in duration wigampling frequency of 15
sec; CQ concentrations were determined in ppmv corrected for chamber temperature and ambient
barometric pressure.

Every effort was made to use the same collars and chambers at all samplings. On a few
occasions when flooding wastensive and the square collars were underwater so deep that the short
chambers could not be used fofQ\ or so unstable that the heavier large chambers could not be used
for CO, by IRGA, cylindrical tethered floating chambers were used to determireedl GHGs at
the same collarites. These PVC chambers (d$.9 cm, h =25 cm; V = 6.843 L after correcting for
the 3 cm immersin for which they were designeajere covered with reflective insulation and, like
the short square chambers they were fittétl quick connects, sampling tubes with syringes and
expansion vent loops, but no fan. They were sampled in the same manner as the short square
chambersGas flux calculations are detailed in the Field Methods Appendix.

2.2.2 Environmental Variables

Measurerants of environmental variables accompdritee GHG dataForeach sampling event air

and soil temperature (5 and 10 cm) were taken with a digital thermometer, and soil moisture (average
of 4 positions around each collar) was determined using a-Phebee(DeltaT Sygems), which was
calibrated to PercematerFilled Pore Space (WWFPS)using soils from the site.

A Hobo Weather Station (Onset Computer Inc.) at the site recorded wind speed, wind
direction, air temperature, relative humidity, rainfall, tatallar radiation, photosynthetically active
radiation (PAR) and station pressure logged at 15 minute intervals. These data were used to
accompany the field JD and CQfluxes to help characterize local climatic variability for the area.
Though the site meteorological data was recorded at 15 minute increments, a daily total precipitation
was used for the purpose of this analysis, and air temperature was averagedyotinzedstep.

Daily average water table depth (meters below the surface) was determined from continuously
monitored wells equipped with a Holdater Level Logger at 15 minute intervals (calibrated with

manual measurements). Water table measurements vegegas at a daily time step.
2.1 Laboratory Experiments

2.1.1 Experimental Design: Overview

A suite of laboratory experiments was designed to observe the influence of AHC on spatial and

temporal dynamics of XD production, and to isolate the combined influencd ahd C, and soil
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moisture on MO production. Experiment 1 used intact soil cores extracted from the upland and
lowland positions and subjected each soil type to one of two contrasting soil moisture regimes.
Experiment 2 used homogenized soils from thanghand lowland landscape positions to mitigate
the influence of soil texture which contributes to variability and to better articulate the influence of

soil moisture, soil N and C, and soil type ogONproduction.

2.1.2 Experiment 1: The Influence of Wetting and Drying Cycles on N,O Flux Timing

and Magnitude

In October, 2008, 87 intact soil cores (42 from the upland position and 45 from the lowland position)
were collected from T5 at John Mount Farm for Experimeftigufe9).

Riparian Sampling Diagram

Upland

3 (triplicates) x 2 treatments = 6
3 (triplicates) x4 (nutrients) x 2
treatments = 24

42 cores collected from this position

Core Specifications
3 (triplicates) x 2 treatments = 6

3 (triplicates) x4 (nutrients) x 2

r=25cm treatments = 24

45 cores collected from this position

|=10cm

Figure 9 The relative positions from which the soil extraction took place on the riparian zone, as well as
specificationsfor the intact soil cores

The cores were acquirdéebm an area 15 m west of the T5 boardwalk to prevent disturbance
to ongoing hydrological and gas measurements. Litter (leaves, branches etc.) was cleared from the
soil prior to collection of the soil cores. Using a mallet and small wooden board, d#senerme
randomly placed within a 1 x 1 m plot and hammered evenly into the ground until the top of the PVC

tube was flush to the soil surfadédure10). The cores w&re excavated using a small trowel. A bread
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knife was used to level the bottom of the soil cores with that of the PVC tube. The cores were

wrapped in aluminum foil and stored in ziplock bags.

B3 lowland t
- s
position
52 9 . 4

A} .};/_: “‘7"
Sy

Figure 10 Extraction of the intact soils cores from the upland position

The cores were kept overnight in the lab in a cooler. Nylon window screen was wrapped
around the bottom of the samples and secured with electrical tape to prevent loss of loose soil. The
sample were placed in aluminum trays and their weights (of the trays, PVC tubes, nylon window
screen, tape and soil cores) were recorded (Denver Instrument, 0.0001 g precision). Any excess water
that was present in the ziplock bags was added to the sample® prigighing.

Results from the preliminary experimental work showed that tefxes were below
detection. It was hypothesized that this was due to the time of year (October) as recent conditions had
been wet and cold. Thus, prior to the experimehtfdhe cores were subjected to a two month

drying period to promote mineralizatiohhe soil cores dried gradually in the lab at 25°C. At the end
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of the drying period, the upland soil cores were on ave2ad®o WFPS, while the lowland cores

were muchdrier, reaching an averagé 6% WFPS.

2.1.2.1 Antecedent Soil Moisture Regimes

All cores wer e s udyjwed toe d WMDW)wetaltrhyedr f(abrvibye ts oi | moi s
regime after the two month drying period. Following the initial saturation event, Velsigd three

days, the first phase of moisture change, also called phase 1, lasted 27 days, and the second phase of

soi l moi sture change, also called phase 2, |l asted
direction of soil moisture at theidapoint of the experiment{gurell).

The WDW moisture regime began by saturating the soils and holding at the highest
achievable soil maeiad tuurad i dwr ierveg ntt be Bioniltsi avler e t h
simulate a dry down period (phase 1 WDW, Wetry), and subsequently rewet to near saturation
gradually over 28 days (phase 2 WDW, drywet). The DWD moisture regime began with dry soils
that were gadually wet up (phase 1 DWD, d&y wet). Once at the highest achievable soil moisture,
the soils were reried for 28 days (phase 2 DWD, wetdry). While soil moisture changed from wet
to dry during phase 1 of the WDW moisture regime, the soils wedgied for the first 18 days and
then fans were used to assist drying for the remainder of the phase. During phase 2 of the DWD
moisture regime, when soils changed from wet to dry, the cores were air dried for 23 days, and fans
were used to assist drying fihe final week. Fan assisted drying was employed as a way to boost the
increasingly slow water loss.

Half the cores from each landscape position were randomly assigned to each of the respective
soil moisture treatments. The subsets for the soil moistgime and landscape position were upland
wet-dry-wet (Upnow), upland drywet-dry (Upowo), lowland wetdry-wet (Lowypw) and lowland
dry-wetdry (Lowpwp). Three cores from each subset were randomly selected to be incubated for
GHG measur emenctosr.e sToh ewseer eifusuexd f or gas measur ement
Experiment 1, and the experimental design assumed that measurements from the flux cores were
representative of all of the cores in their associated subset. When not being incubated} taedtmen
storage of the flux cores was identical to all of the other cores in the subset.

Cores that were subjected to a Awet upo or a i
stored in a terrarium to minimize evaporation. The terrarium consistedlbedevated rack inside a
storage cooler. The soil cores were placed on the rack and below a shallow pool of water was

maintained in an attempt to minimize water loss from the soils. The cooler lid was left ajar so as to
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not facilitate anoxic conditionshile also minimizing evaporation from the soil cores. Cores that
were being Adried downo or subjected to a Adryir

under a screen to prevent contamination of the soil.

saturated & maintained
for 3 days

Moisture
Pivot

Figure 11 Relative times for the moisture treatments andnorganic N extractions

Following the extended drying period, soil moisture was modified gravimetrically using
deionized (DI) water. At a daily time step, masses of the soils cores were measured, and since all
other variables were constant, changes in core weights represented a change in the water content. The
amount of water lost from the drying cores was added to the cores being wet up to simultaneously
reverse the moisture status of the soils from opposuigtare regimes at approximately the same
rate. The calculations that were used to determine the daily change in soil moisture are located in the
Appendix.

The soil cores were capped at the bottom and remained capped for the entirety of the
experiment. Cpping allowed for the water content of the soil cores to be easily altered. Without a

way to stop and hold the water that was added to the cores, the water would often drain out the

25











































































































































































