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Excess nitrogen resulting from agricultural fertilizer and manure applications on the Eastern
Shore degrades the Chesapeake Bay's water quality and eausesmental issues such as
algal blooms and "dead zones". Drainage water management (DWM) is an effective best
management practice (BMP) to reduce hydrological nitrate export from croplands to surface and
ground water by controlling the timing and thm@unt of ditch discharge and retaining water
within ditches and adjacent fields using drainage control structures (DCS). While promoted
denitrification in the subsurface and reduction in nitrate leaching are intended consequences of
maintaining higher wateable level, an unintended environmental consequence is possible
production of nitrous oxide (D) from denitrification and methane (@Hrom methanogenesis,
which are both potent greenhouse gases (GHGs). Whether the application of DWM leads to a
"pollution swapping" concern (i.e., trading reduction of nitrate concmisain ditch water for

increases in emissions ob® and CH to the atmoghere) is a question that must be addressed



before more widespread implementation of DWM can be endorsed. tighéstation, |

employed a micrometeorological method called the flux gradient (FG) method to-sogtiean
rotation agricultural system with DCS in eastern Maryland on the Delmarva Peninsula to answer
this question. This method was chosen becaus@wsihearcontinuous measurements of soil

trace gas exchanges at multiple locations with a single laser spectrometer at a fine temporal
resolution without disturbing the microclimate between soils and the atmosphere2Gaihil

CHas fluxeswere quantifiedising the FG method on this drainage water managed farm for three
consecutive years when no fertilizer, synthetic fertilizer, and biosolids were applied in 2018
(soybean), 2019 (corn), and 2020 (corn), respectively. Statistical tests indicated thattkere w

no consistent treatment effects of DWM on soil GHG emissions between DWM aiiavibh
conditions, suggesting that DWM did not trade the intended consequence of reduced nitrate
leaching forthe unintended consequence of increased soil GHG emissioniddwdid addition

in 2020 led to the largestz2 emissions among the three years, while the lowg3tdxnissions

in the growing season were foundtie unfertilized soybean year 2018. In contrast, different
fertilization regimes did not yield distindifferences between the three years fon @tikes. In
addition,somepotentialmethodologicatoncerns associated with this toversed
micrometeorologicahpproactwere addressed and resolvednfering confidence that the FG
method can be applied sintaheously to multiple plots for & and CH measurements. This
research adds to the existing understanding of the impacts of DWM on soil GHG emissions and
suggests that this BMébuld be applicable in other regions of the Chesapeake Bay as well as
other waershedsThis workalso contributes to the efforts of studying the impacts of soil organic
amendments on soil GHG emissions and deriving improved estimates of emission factors (EFs)

for organic amendments.
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the DWM structures, the flux gradient measurement towers, the meteorology tower,
and the instrument trailer. Towers A and B were mftiee drainage (neBWM)

fields; towers C and D were in the controlled drainage (DWM) fields.............. 62

Figure 22. The density distributions of the dailyONfluxes measured in the period of
June 8July 9, 2020 when all of the four towers were functioning. Each tower
contains 18 daily values. Notice the differences in scale on-thedxyaxes......... 65

Figure 23. The density distributions of thewgnsformed daily D fluxes

measured in the period ofrda18July 9, 2020 when all of the four towers were
functioning. Each tower contains 18 daily values. Notice the differences in scale on
tNE X AN YAXES ...ttt e e e e e e e nnne s 65

Figure 24. Timeseries of environmental, soil, and flux variables measured in 2020. (a)
Precipitation and irrigation, (b) daily averaged air temperature, (c) daily averaged soil
temperature of stace soil (5 cm), (d) daily averaged soil volumetric water content
(VWC) in surface soil, (e) soil extractable nitrate, (f) soil extractable ammonium, (g)
daily averaged bO fluxes (in log scale, a small positive offset (50NN ha' d?)

was added to ake all values positive before log transformation), and (h) daily
averaged CHifluxes. Black arrows denote planting (P) and biosolids application (B)
events. Whiskers in panels (e) and (f) represent the standard deviation of the
replicated samplings of tHeeld soil (spatial heterogeneity) and whiskers in panels

(9) and (h) represent the standard deviation of the daily mean calculated from half
hourly flux values (temporal heterogeneity).........ccoeeeeeveeeeiiieeeiiiiiiee e, a9

Figure 25. Comparisons of soil NEN (a) and NH'-N (b) concentrations (mg Ky
between 2018 (soybean), 2019 (corn), and 2020 (corn) for the DWM (open circles)
and noADWM (triangles) sites. The error bar represents the standard deviation of
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multiple samplings at one site. The cetmded arrows indicate synthetic fertilizer (F)
andbiosolid (B) applications in 2019 and 2020.............ccccceeeveeesieecevennnnnnnnnnnene. O

Figure 26. Mean daily 0 and CH fluxes (g NO-N ha? day! and g CH-C hat!

day?, respectively) at each of the four FG towers in 2020. The shaded aquamarine
areas represent the observed minimum detection limit (MDL) using theyetent
test for the flux data (see Chapter 4 for more details regatie determination of

the MDL). For tower B, the error bar of the highest mean daiy flux was not
included in order to have a consisterdxis scale with other figures. The black arrow
denotes corn planting (P) and fertilization with biosolids (E)...............cccvvuu.o.. 73

Figure 27 Box plots of mean daily O (a) and CH(b) fluxes measured by the four

FG towers in 2020. Because theONflux data had righskewed distribution, a

natural log transformation was applied to the data. A small positive offset (80-g N

N ha' d') was added to ensure all values were positiVerbdog transformation.

Red diamonds represent means and black horizontal bars in the boxes indicate
medians. The lower and upper edges of the boxes represent the first (25%) and the
third (75%) quartiles of the data, reSpectiVely...........cccceceeiiiiiiceceeiiiciiiee e 14

Figure 28. Diurnal patterns in® fluxes (ng it s) measured by the FG towers in

June and July of 2020 when strasmgissions pulses were observed. Black lines

represent median fluxes, the dark grey areas represent the ranges between 25% and

75% quantiles, and the light grey areas represent the ranges between 5% and 95%
guantiles. The O0NO6 v a30mieflux easarenteets ntatee a mo un
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Figure 29. Comparisons of soib® emissions between 2018 (soybean, no fertilizer),
2019 (corn, synthetic fertilizer), and 2020 (corn, biosolids) at each tower. The color
coded arrows indicate UAN (F) and biosolid (B) applimasi for 2019 and 2020,
respectively. The standard deviations of some data points were not shown to make the
y-axis scales consistent among the figures. For the same reason, the highest daily
mean flux (2460 g BD-N ha' day') measured at tower B on June2620 was not

Shown in the fIQUIre EItNer........ooo i e 16

Figure 30. Comparisons of soil @Emissions betwae2018 (soybean, no fertilizer),
2019 (corn, synthetic fertilizer), and 2020 (corn, biosolids) at each tower. The
standard deviations of some data points were not shown to makexiescales
consistent among the fIQUIES....... ... e 76

Figure 31. Box plots of the mean daily®ifluxes (18 daily values for each tower)

measured in the period of Jund@y 9, 2020. Red diamonds represent means and

black horizontal bars in the boxes represent medians. Asterisks indicate that

significant differences were found between the two tswennected by a bracket

using the onevay repeated measures ANOVA and the pairwissts with the

Bonferroni multiple testing correction forpal ue adj ust ment (fA*0 anc
represent significance levels p < 0.05 and p < 0.0001, respectiggliga measure

of effect size in ANOVA and indicates that only 5% of the variation4® Mux can

be explained by the variation between the towers.............cooeevvivieemeeeiiiieeeeeens 78
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Figure 32. Box plots of the mean daily ©£#uxes (18 daily values for each tower)
measured in the period of Jund@y 9, 2020. Red diamonds represent means and
black horizontal bars in the boxes repragaedians. Asterisks indicate that
significant differences were found between the two towers connected by a bracket
using the onevay repeated measures ANOVA and the pairwissts with the
Bonferroni multiple testing correction foryalue adjustmenip(< 0.05).dq? is a
measure of effect size in ANOVA and indicates that only 8% of the variation in CH
flux can be explained by the variation between the towers.............ccccevvveeee... 79

Figure 33. Cumulative dD emissions (kg pD-N hat') at the DWM and noidWM

sites in 2019 and 2020. The numbers on taaiz stand for the numbers of days after

the Nfertilization event(s). For 2019, the second fertilization event occurred on day
29. The shaded areas indicate uncertainties propagated from the daily fluxes to the
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Figure 34. Daily NO fluxes (g NO-N ha! day?) after gagfilling at the DWM and
non-DWM sites in 2019 and 2020. Gaps of the daippNemissions were filled using
linear interpolation for simplicity. For long data gaps (> 1 month), an average of the
fluxes in adjacent months was used to fill the gaps. The maximum daily flux (963 g
N2O-N hat' day?) at the DWM site in 2019 and the maximum daily flux (2460 g
N2O-N hat day?) at the norDWM site in 2020 are not shown in the figures so that
the yaxis scales are consistent between DWM andDWAV for the same year. The
numbers in the brackets next to the figure legend indicate the number of the observed
fluxes and theaumber of the interpolated fluxes in the year. Black arrows denote
synthetic fertilizer applications in 2019 and biosolids application in 2020. Notice the
difference in scale on theaxis between 2019 and 2020.............ccccoeeeeeiieeecnnnns 82

Figure 35. The zergradient test was performed from July 7 18:00 to July 10 16:00
(local time), when the upper and lower sampling infetse mounted at the same

height. The concentration gradients here were calculated as the concentration at the
lower inlet minus the concentration at the upperinlet.............cccoovvieeeeeee 95

Figure 36. Box plots of the absolute values of ther®d concentration gradients

during the zergyradient test. The red diamond in each figure represents the mean and
the black horizontdbar inside the box represents the median of the data. The lower
edge of the box represents the first quartile (25%) and the upper edge represents the
third quartile (75%) of the data. The ends of the whiskers show the minimum and the
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Figure 37. The footprint climatology of tower A for Juh31, 2A.8 (a), May 131,

2019 (b), June-21, 2019 (c), June-80, 2020 (d), and July-18, 2020 (e). The
background Google Map satellite images were extracted from thgrowaing

season for demonstration purposes so there is no crop in the field. The tapdeft w

rose shows wind directions over the same FG measurement period. The contour lines
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normdized footprint function value of the footprint climatology in a unit of.rfihe

darker the color is, the greater the value is. The center of the contour lines indicates
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the position of the FG tower. The unit of the distance on e (or yaxis) is
(ST £ T PSPPI 104

Figure 38. The integration of fourftowersod
the research site for July 2018 (the month of July in 2018 was chosen because it was

the only month during the growing season when all four towers were functioning).

The outermost contour lines and the second outermost contour lines in the figure

indicate 90% and 80% of the source area of the observed flux, respectively. The

center of the contour lines shows the location of each FG tower.................. 105

Figure 39. F 1 u x-haury @ $lux data durimguhe peakC 6 s hal f
emission periods (July-31, 2018 (a and b), MayJdune 30, 2019 (c and d), and June

8-July 31, 2020 (e and f)). The radii of thegs are 10 m, 20 m, and 30 m, and the
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the 80% flux contribution extent. The darker the dot is, the strong@relsission it
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weighted rgression (LOESS) line for those dots. The estimated u* threshold (dashed

[INE€) IS 0.09 M/S...uiiiiiiii it emrenes 116
Figure 43. Halfhourly CQ fluxes calculated from EddyPtdcolored coded by the
finalflagof CQf | ux) . A00 (red) corresponds to cl a
and the integral turbulence characteristic
class 35 for the steady state test and ITC tesSk.............ovvvvvviiiicccrreeeiiiiinn, 117

Figure 44. Hakhourly CQ fluxes calculatd from EddyPr8. Data categorized as

class 5 and below were retained using the classification schemes for the steady state
test and the ITC test. Purple dots (Yes) were identified as outliers using the spike
detection method with a threshold value z=7............ccccooiiiiiiccc s 117
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Chapter 1lintroduction

11A fAPol 1l ution Swappi Agdcalturél DrairagenMaterdbnagementl vy i n g

Although the Eastern Shore contains only 7 percent of the Chesapeake Bay watershed, it has
contributeddisproportionately large loads of excess nitrogen to the Bay in the past few decades,

of which a great proportion comes from agricultural fertilizer and manure appliceNtmis

Denver,2015) Excess nitrogen degrades the Bayobds wat

issues such as al gal bl ooms and fAidead zoneso
Bay, costeffective conservation measures, oicatled best management practices (BMPs) are
needed, such as planting cover crops, installing forested bufets, variety of nutrient
management and conservation plans.

Drainage water management (DWM) has been demonstrated as a useful BMP not only to control
water levels in agricultural fields but also to reduce nitrate loads to surface waters and ground
water(Drury et al., 2014; Fisher et al., 2010; Schott et al., 2017; Williams e0ab) Z'he

DWM structures control the timing and the amount of water leaving from agricultural lands
using adjustable weirs placed at the end of drainage ditches. With more control over drainage
and proper management of the structures, increased ctdp gy alsobe possible(Cooper et

al., 1991, Delbecq et al., 2012; Skaggs et al., 2083t importanty for this study DWM

creates more anaerobic conditions that promote denitrification in the subswrii@ising the

water level and retaining water within the ditches and adjacent,fiblas reducing nitrate
concentration in discharged water.

However, an unintended environmental consequence of maintaining higher water table levels is
that it creates favable conditions for possible production of nitrous oxidgdQ)Nand methane

1
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(CHa), which are both potent greenhouse g#&44G) with high global warming potentials

(IPCC, 2014)In addition, NOd ep|l et es the stratospheric ozone
filter ultraviolet radiation from the suymvhile CH: contributes to thehotochemicaproduction

of tropospheric ozone that is harmful to ecosystem and human (&ladtinethy et al., 2021,

Dentener et al., 2005; Miller, 2021; Ravishankara et al., 2009; West et al., 2006)

N20O can be formed in soils through microbial denitrification, whéca form of anaerobic

respiration that reduces nitrate (Mo a series of products: nitrite (N nitric oxide (NO),

nitrous oxide (NO), and dinitrogen (B (Firestone, 1982; Firestone & Davidson, 198d)e

microbial conversion of agriculturally derived N te@lin soils increased temtes from the

preindustrial period (the 1860s) to the recent decade {2008), accounting for the majority of

increase in global soil XD emissions over the same per{@thnet al., 2019) CHs is another

potent greenhouse gas that could possibly be produced by methanogenesis when higher water
table levels are maintained and increased anoxic conditions are present. Gab87asaw that

the CH; flux peaked when rice paddields were flooded and was depressed when the fields

were aerated. Tyagi et §2010)also found that continuously flooded plots had the highest

efflux of methane and mideason drainage and multiple drainage plots had approximately 40%

less efflux of methane in their irrigated paddy fields.

Therefore, applying DWM swappi hgadcoocar Aipoha
trade reduction of nitrate concentrations in ditch water for increases in emissiofs aht\

CHa to the atmosphere. This tradé must be addressed before more widespread

implementation of DWM can be endorsed.



1.2 Quantiication of Greenhouse Gas Flugdrom Agricultural Soils

N20 and CH emissions from soils are highly variable in space and time due to spatial
heterogeneity of soil physical and chemical properties (e.g., soil moistureitpidenand

carbon catent), diel cycles and seasonality (rainfall and temperature change), and management
practices (e.gfertilization, tillage, irrigation, soil compaction), which all can influence the
microbially mediated processes that produce the above two gasesafpi@xin a subtropical
forest catchment in southern China, soil temperature and-filldrpore space were identified

as the two major control factors that explained 68.9% of the temporal variabilipgDof N
emissions on a mesic forested hillsld¢géu et al., 2013)In agricultural fields, MO emissions

are highly episodic events and peak emissions typically occur after the addition of N fertilizer,
triggered by wetting of soilgy rain andirrigation (Y. Cai et al., 2013Jones et al., 2011; Skiba

et al., 2013; Tallec et al., 2019; Tenuta et al., 20IBys, continuous measurements are
advantageous for quantifying annual emissions.

On-farm management practices further complicate the emission dynameckey factorghat

affect emissions include the timing of fertilizer application, the manner of fertilizer spreading,
the type of fertilizer used, tillage or #iitlage, and the amount of irrigation water used. For
example, WagneRiddle et al(2007)found that their BMP (ndillage + reduced fertilizer)
significantly decreased mean annuaDN\emissions in comparison with conventional tillage. In
contrast, Waldo et a{2019)reported that the XD emission facto(EF) was larger on a null

site than that on paired conventiondill site. While the contradictory findings can be explained
by the complex interaction of soil factors affected bytilage, they both highlight the need to

take spatial variability of soil emissions into account.



Static-stadyismobat eo) chambers have be@andt he pr |
CHs fluxes from agricultural soils for the last few decafi¢ensen et al., 201&ndover95% of
published NO emission studiesmployedchamber methdsaccording taRochettg2011) This

method involves using an opdrottomed chamber to cover a small area of ground f&ce soil

or short canopy) and accumulatingOMCHs within the headspace. Headspace samples are taken
when the chamber remains closed on the soil surface, and then afplyeiter a portable

closedpath gas analyzer on site or gas chromatography (GC) in the laboratory. The main
advantage of this methasl thatit is relatively inexpensive, versatile, and easy to adopt in the

field (De Klein & Harvey, 2015; Hensen et al., 2018pwever, an important limitation is that

only expensive automated chamber systems can make continuous measurements and are often
limited in number due to their cost, whereas manually operated chambers, while cheaper and
potentially more numerous, can®is i mport ant emi ssion events (idh
variability can be addressed through placing multiple small chambers on a plot of interest, but
where to place these chambers or how to cover a sufficient surface area to ensure representative
fluxes aremeasured from the plot requires additional consideration and intensive labor

(Chadwick et al., 2014De Klein and Harvey2015)also pointed out the current difficulty of
using chambers is fAhaving to baasaringirgividual mi t ed
fluxes, versus increasing the number of chambers and/or sampling occasions to account for
spatial and temporal variabilityo.

Micrometeorological methods have become popular in recent years as the laser technology
advances, enabling integion of high temporal and spatial resolution measurements of soil
atmosphere trace gas exchanges at the field scale (0.1 t) ariaralso at a declining price

(Hargreaves et al., 1996; Shurpali et al., 2016; Smith, 1994; W&jdele et al., 1996)The



eddy covariance (EC) method and the flux gradient (FG) method are two principal
micrometeorological methods that involve fassponse trace garalyzers (e.gtunable diode
laser (TDL) and quantum cascade laser (QCL) spectrometers) based on the development of laser
spectroscopic techniquéBattey et al., 2007; Rannik et al., 2015)

The EC method is currently the most widely used approach to measure trace gas exchanges
between land surfaces and the atmosp{@ogvan et al., 2016; Hensen et al., 2013; Huang et al.,
2014; Liang et al., 2018; Merbold et al., 2014; Neftel et al., 20IB)s method requires fast
response instruments to capture kiggguency air movement and gas concentration data and
calculates the vertical turbulent flux of this trace gas as covariatwedyethe vertical wind
velocity and the scalar concentration over an average period of typically 30 minutes. The
advantage of the EC method is that it is a direct measure dfmeafluxes and it allows
continuous measurement on a larger field scaletgne to k) in different ecosystems, without
disturbing the soil or the interface between the surface and the atmofphadevick et al.,

2014; Huang et al., 2014, Tallec et al., 20¥)wever, the EC method requires thefast
response@as analyzeto be located near the measment tower, which precludes using a single
centralizedyas analyzefor more than one plot/tower in an experimental design. Other
limitations are: 1) the required fastsponse, higfrequency, and higprecision instruments are
relatively expensive; 2)ansiderable maintenance work is needed (depending on what
instrument is used), especially at remote field giteeng et al., 2018)3) it requires the area of
interest to be horizontally homogeneous and thé&air should not be distorted by the
installation of other instruments or structures; 4) data collection is constrained by the

atmospheric stabilitfHensen et al., 2013%) it is not easy to replicate treatments at the



micrometeorological scale (01Lkn?) (Chadwick et al., 2014%) bias and uncertainty exist
because of data gaps, laser diitoon et al., 2007)etc.

The flux gradieh(FG) method is a micrometeorological approach based on Mdmirkhov
similarity theory. It shares with eddy covariance the use of sonic anemometers to estimate
sensible heat flux, but differs from eddy covariance by measuring the difference in cormrentrat
of target trace gases at two heights on one or multiple toAsssming the eddy diffusivities

for sensible heat and the trace gagdMr CH,) are equal,ite relationship between the flux (F)
and the concentration difference is expressed as:

o o8
U P

where K is the eddy diffusivity (fs?) of the trace gas (e.g28orCH) , and OC/ Oz i s 1
concentration gradient of this gas (k¢ ntdetails about the calculation procedures for each term
can be found in Chapter.2h addition to all the adantages mentioned above as a
micrometeorological approach, the FG approach can rely on slower sensors than the EC
approachHensen et al., 2013Ynlike EC, which requires careful matching of rapid changes in
concentration at a single intake position, the concentration gradient between the twogsamplin
heights can be averaged over a longer time interval. Hence, the FG approach permits the use of
longer tubing between the tower inlets and the gas analyzer thereby allowing a centrally located
instrument to be integrated with multiple towers and fadititatreatment replication in

experimental designsn other words, FG can be adapted for small gt opp & Pattey,

1997)

Forthisdissertation projecthe FG approach was selected because it is thesibigsti method

for multi-plot sampling with a single laser spectroméMcMillan et al., 2014) Besides, FG has



been preferred over EC for measuring suraireosphere fluxes within a few meters of the

surface laye(Meredith et al., 2014; N. M. Taylor et al., 1999)

1.3 DissertatiorStructure

As discussed in Section 1.1, the application of DWM has the potentedtice nitrate leaching
but alsoincrease soifjreenhouse gasmissionsas a possible traeeff. An earlier companion
study(Hagedorn et al., 2022)emonstrated that DWMaseffectiveto reduce nitrate leaching
into ditcheson the same study farm, and it has also been shown to be effective in the region
(Fisher et al., 2010)n my dissertation, | employed the flux gradientthuel © a corasoybean
rotation system with drainage control structures (DCS) in eastern Maryland on the Delmarva
Peninsula tetudy three majoguestions:

1) would DWM lead to significant increases in soil emissions of eith€ & CH;, thuscreating

a fApollution swappingo situation?

2) how does biosolids additiormvhich farmers of the region commonly apply about once every
five years in lieu of synthetic fertilizeaffect soil NO and CH fluxes inthis agricultural

setting” Because the slg@ contains carbon as well as nitrogen, it could enhap©eaNd CH
fluxes compared to synthetic fertilizer applications if carbon is a limiting factor to denitrification
and methanogenesis.

3). are there any concerns or disadvantages of this micromietgioed FG method that could
possibly outweigh thaforementione@dvantages of the towdased system?

The dissertation is organized in an order according to the three objectives, with each
corresponding to a respectigbapter of Chapter-2.

In Chapter 2| quantified soil NO and CH emissions using the towéased FG methoidr two

consecutive yearsn a drainage water managed farm in soybean and corn on the Eastern Shore
7



of Maryland and identifietivo factors (i.e., fertilization and precipitatiompon whichlarge NO
emissions were highly dependent. The flux results of the FG measurements were dampare
simultaneoustatic and automated chamber measurements and general agreements were found in
the comparisons. | also performed statistieats to evaluate the effects of DWM on soil GHG
emissions.

In Chapter 3] employed the FG method on the samf in cornin year 3to quantify the post
biosolids NO and CH emissions from the soil surfaead compared the flux results to that of
the years when no fertilizer/conventional synthetic fertilizer was applied. Effects of DAWM
N2O and CH fluxeswere also testedsing statistical analysksut noconsistentreatment effects
were found, aligning with previous findings addition annual soil MO emissions from this

site were estimated and® emission factors (EFs) were calculatedtheyears when synthetic
fertilizer and biosolids were used.

In Chapter 4| investigated sources of uncertainty in the FG metkodr potentiasourcef
uncertaintywereconsidered: (1) minimumesolvable concentration gradig(®) tower®flux
footprint overlap/contaminatior(3) the validity of the aerodynamic method to calculate the eddy
diffusivity coefficient and (4)the choice of the gafilling techniques for MO flux data

In this study, the flux gradient method was proved capable of captatergittent bursts of soil
N20 emissions at a fine temponasolutionacross spatial heterogeneityhis work adds to the
limited number of studies comparing micrometeorological and chamber mathoalse gas

flux measurementd his researcllsoadds to the existing understanding of the impacts of
DWM. It demonstrates th@WM did not result inunacceptable pollution tradirag this farm

and suggests th#ttis management optiaould be applical@ in other regions of the Chesapeake

Bay as well as other watersheds or river basins. In additierfindings concerning the effects of



biosolids addition in this research contribirteestigatons ofthe impacs of biosolid or other
organic soil amendnmds on soil GHG emissionand deriationof improved estimates of

emission factors for organic amendments



Chapter 2Quantiicationof Soil NoO and CH FluxesUsing the Flux
Gradient Techniquena Dranage Water Managed Fam@nd Evaluation
of Effects of Drainage Water Management on Soil Greenhouse Gas
Emissions

Abstract

Implementation of drainage water management (DWM) could trade reduction of nitrate
concentrations in ditch water for increases in emissions of nitrous oxi@9 &8dd methane

(CHa) to the atmosphere. Thigerature evaluatingffectsof DWM on N2O and CH emissions
from agricultural soilshows contradictoryresults some studies measured larger soil emissions
whereaothes did not detect significant differences in®lor CH emissions whe®DWM was
implementedin this chaptersoil NbO and CH emissionsverequantifiedusing the towebased
flux gradient (FG)methodin a corasoybean rotation systewith drainagecontrol structures
(DCS)on the Eastern Shore bfarylandfor two consecutive year$he FG measurements were
also compared with static and automated chamber measurements, which were generally in good
agreements, despite spatial variability in the chamber diatand that &rge NO emissions

were highy dependent ofertilization and precipitation eventSurthermorestatisticalanaly$s
assessinthe effects of DWM on soijreenhouse gas (GH@)nissionsndicated thaho

consistent treatment effects wéoeind betweerDWM and nonDWM conditions Theseresults
indicate thaDWM may be employed to reduce nitrate leaching without increasin(stai

emissions.

2.1Introduction

Drainage ditches have been adopted widely on the Delmarva Peninsula for the past 200 years to

remove excess water and createrddad for agricultural and residential ugell, 2000;Fisher
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et al. 2010) Accordirg tothe Maryland Department of Agriculture, there are over 800 miles of
publicly administered drainage ditches in Maryland today helping drain 183,000 acres of land
composed of agricultural land, forest land, roadwagsmercial andesidential areas, etin

North America, about 50.9 million acres of cropland in the eastern and midwestern United States
and about 20 million acres in Canada are atrtificially dra{&kdekar et al., 202@roper
management of drainage ditctliegetain partially elevated groundwater during most of the
growing seasonot only improve water availability to crops but also promsthe

denitrification process in soils and redsoérate leachindCarstensen et al., 2020; Drury et al.,
2014; Sunohara et al., 2014)oweverthe possble production of MO from denitrificationand

CHs4 from methanogenesas a result olnanaging drainage ditches to reduce nitrate leaching
remains as a major concern.

Previous studies regarding drainage effects g &missions showed contrasting resisme
researchers reported tlelbwer water table in drained soils leads to lowe®DM:missions. Hall

et al.(2018)saw that NO emissions from poorly drained cropland soils were much higher than
that from weltdrained soils and could be an important part in estimates of regional bgtom
emissions. Grossel et §2016)found that in acropped landscape in Central FrancgDN

emission levels from the undrained soils were significantly larger than the emissions from the
drained soils in both wet and dry climatic conditions. They also pointed out that drainage was the
dominant factor oveother soil variables explaining the spatial variability of th©MNmissions
within their study site. Similar drainage effects ofONemissions can be found in Fernandez et
al. (2016)and Kumar et ak2014) In contrast, other studies did not detect significéiferences

in N2O or CH; emissions whedrainage water managemégB\WM) was implemente(Datta et

al., 2013; Nangia et al., 2013; Nash et al., 2015; Van Zandvoort et al., 2017)
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Most studies employed the static chamber method to assess the effects of DWOI anQ:
emissiongDatta et al., 2013Fernandez et al., 2016; Grossel et al., 2016; Hagedorn et al., 2022;
Nangia et al., 2013whereas studies using the tovilsed micrometeorological methods are
scarce. The strengths and weaknesses of both methods are clarifiefirgt thepter othis
dissertation separately. In short, the advantage of the flux gradient method is that it allews near
continuous measurements of sailnosphere trace gas exchanges at a finer temporal resolution
and a larger scale (0.1 to 1 Rmvithout disturbing thenicroclimate between soils and the
atmosphere. This provides a better estimation of cumulative emissions at the field scale so that a
more accurate estimates oflandCHs emissions can be determined. Heegpplied the flux
gradient method to a cooykean rotation system in eastern Maryland on the Delmarva
Peninsula to estimaté>O andCH4 emissionsinder DWM and notbWM conditions and

compared flux gradient estimates with chamber based estimates from a companion study

2.2 Materials and Methods

2.2.1 Site Description

The research site was located on a private farm in the Choptank Basin on the Eastern Shore of
Maryland, where land use is dominated (60%) by agricylaure forests and wetlands cover

most of the remaining land (359@isher et al., 2021)his farm was chosen because the farmer,
who is actively involved in offiarm research to test effectiveness of several types of nutrient
management intervéions, had already installed DWM structures and was eager to collaborate.
The region has a humid subtropical climate with average annual precipitation of 114 cm and an
average temperature of 24 °C in July and 2 °C in January. The soil in this fieldoshpradtly

Fallsington fineloamy, mixed, active, mesic Typic Endoaquults. The typical crop rotation is a
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cornsoybean rotation with daikon radish used as the winter cover crop. Pivot irrigation is turned

on every few days in the summer as needed.

2.2.2 Fam Management

In 2018, soybean was planted in June and harvested in October, with no application of any N
fertilizer. In 2019, corn was planted in late April and harvested in September. Approximately 22
kg N ha! of synthetic uremmmoniumnitrate (UAN) wasknifed-in on April 25 and the other

191 kg N ha was broadcastpplied on May 24. Herbicide was applied twice in 2019, one time

in late March prior to the planting of corn and the second time in June, to remove undesired
vegetation from the field. The &re research area, with and without DWM, was subject to the

same crop rotation scheme, fertilization rate, and irrigation rate.

2.2.3 Experimental Design

Figure 1 is a Google Earth image with a map view of the positions of the drainage ditches, the
four FG measurement towers, and the instrument trailer. The ditches were spaced about 90
meters apart and 180 meters long on average, and each of them had a drainage control structure
(DCS) at the end. The DCS is capable of slowing ditch discharge and retamiaegvater in the

ditch and its adjacent fields or draining the fields and creating a drier condition for farm activities
such as planting, fertilizer application, and harvest. We used two of the DCS structures in ditches
5 and 6 to manage the water taltdayving the other three ditches (ditches 1, 2, and 4) to flow

freely and unmanaged. The specific management plan was dependent on weather conditions and
groundwater levels. Thus, the ditches divided the farm into a controlled drainage (DWM) site

and a fre drainage (ncibWM) site.

Four 3.5 m flux towers were installed at this research farm. Two of them were located in-the non

DWAM field and the other two were located in the DWM field, all withirl@BB m from the
13



instrument trailer (Fig.1). Each tower caimted a pair of upper and lower sampling inlets, which
were attached to 3/ 80 6-wa®solenoid &iver The wper andulbvern g v i
inlets were always kept 037 m apart while the entire sampling unit was raised throughout the
growing £ason in order to be above the crop canopy. Ambient air sampling switched between

the upper and lower inlets every 20 seconds for 30 minutes before it switched to the next tower.
The sampling sequence was controlled by a Campbell Scientific CR1000 dpta@ampbell
Scientificlnc., UT, U.S.A.) (see Fig. 2). Air samples from the towers were pulled into the

instrument trailer at rates of over 20 liters per minute using two Thomas rotary vane vacuum
pumps (model number: QR0100). Inside the traile@ [ANndCH4 mixing ratios were

continuously measured by a quantum cascade laser (QCL) trace gas monitor (Aerodyne Research
|l nc. , MA , Uu.S. A.) at a frequency of 1Hz. The
preci si o a0sand(CH inixingaatio niasurements at 1270 crvere 60 and 300 ppt,
respectively on a-$ basisln addition, an automated auxiliary calibration valve was turned on
periodically (once every two weeks approximately) during the sampling geriagect NO and

CHs gas standardsiio the QCL for instrument validatiaand calibrationThus, this sampling

system allowed us to calculate the concentration gradientsaNd CH between the upper

and lower inlets at each tower for eachr8iute sampling period. These averagedar80ute
concentration gradients were then combined with the micrometeorological data collected every
half hour at each tower with a Campbell Scientif@AT3B sonic anemometeCéampbell

Scientificlnc., UT, U.S.A.) to calculate the halfourly fluxes of NO and CH. The full cycle

for measuring fluxes from all four towers required two hours, thus permitting twelve flux

measurements made per day for eagleto The measured fluxes were analyzed for temporal
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pattern, diel variation, and tow&s-tower comparison and interpolated to estimate the

cumulative emissions from this field site.

- Met. tower

Ditch 4 )

Ditch2 ,

I Trailer

Figurel. Google Map satellite image of thesearch farm with proposed siting of the DWM
structures, the flux gradient measurement towers, the automated chambers, the static chamber

transects, the meteorology tower, and the instrument trailer. Towers A and B were in the free
drainage (notDWM) fields; towers C and D were in the controlled drainage (DWM) fields.
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Figure2. Diagramof the flux gradient systerftop) (credit: Kathleen Savagend a picture of the

flux gradient towe(bottom) Vacuum pumps A and B were respilole for bringing air samples

from towers to the instrument trailer. The Campbell Scientific CR1000 data logger and the 16
channel AC/DC relay driver were used to select air samples from towers in sequence and control

switching between upper and lowetakeinlets.
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2.2.4 Flux Calculation

The flux gradient (FG) method is a micrometeorological approach based on the ®mnrkhov
similarity theory. It shares with the eddy covariance (EC) method the use of sonic anemometers,
but differs from the EC method lgeasuring the differences in concentration of target trace

gases at two heights on one or multiple towers. The relationship between theunbifflux (F)

and the 3@min averaged concentration gradient is expressed as:

0O UV— [1]

where K is the eddy diffusivity (fs?) of the trace gas (e.g-8orCH) , and OC/ Oz i
concentration gradient of this gas (kg ymThe introduction of the negative sign before K is to
make sure positive fluxes are emissiansg negative fluxes are uptakes as a convention. K is

calculated as:
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where u is the friction velocity measured at a hhfurly interval,ll is the von Karman constant
(0.41), d is the displacement height (0.67 times canopy height),amahd/ n2 are the
integrated MonirObukhov similarity functions for sensible heat at sampling heigrasad 2.

The similarity functions were calculateding Eq. [3], with the atmospheric stability conditions

determined by the stability parameterd}ZL, where L is the Obukhov leng{iivagnerriddle et
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al., 2007) For the stability parameter acquired everynd@, the range from 0.02 to 2 was

defined as fAst a2td-.002 tvmhes rdenfgien € d oarms -0Mutem st ab | ¢
0.02 was defined as fAneutral o. Here it was as
trace gas (BD or CHy) were equalThe bukhov length (L) was calculated as:

0."Y
I "Gy

[4]

where T, is the virtual temperature, g is the acceleration due to gravity) &¥ds the kinematic

virtual temperature flux which is related to the sblesheat flux (H):

0 Y On £ [5]

where” is the air density andgds the heat capacity of air.
The30mi n averaged concentration dij)faddéwes (odde ( &C)

ci) inlets wascalculated as:

.. p . O © Q) @
Yo z w
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® [6]

This averaging technique acted as a pghs digital filter and removed lefrequency noise
from the datgBrown & WagnefRiddle, 2017; WagneRiddle et al., 2005; Waldo et al., 2019)
In addition, a number of criteria were adoptee@nsure data quality:

1 unreasonably high or low concentration data were filtered;

1 the first 6 seconds of each-88cond concentration measurement at the upper or lower
inlet were discarded to allow transients in the sampling flow to stabilize following
switching between inlets;

9 air sample travel time lags were different for the four towers because of their different
distances to the instrument trailer, which was taken into account in the calc(tlagiain
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sample travel time lafpr a towerwasdeternined byrepeatedlynjecting NO and CH
gas standardast thetowerandcalculatingthe averagelapsed timeintil the injected gas
samples were detectbg the QCL instrument
1 the maximum difference in analyzer pressure between the upper and loveewaset
restricted to +2 torr;
{ the number of samples collected every 30 minutes was requiredX89é of the
maximum possible number of data points;
1 any measurements disrupted by field work were discarded;
1 half-hourly sonic anemometer data with a fe@mo diagnostic word flag were discarded,;
 friction velocitywasO0.1 m/s;
1 the stability parameter {@)/L was constrained to the range fre2to 2;
1 concentration data were omitted when the wind was coming from behind the tower (170
190°);
1 the distance from the tower to the edge of the field was at least 50 times the height of the
towerto assurehat> 80% of the observed flux originated within the experimental fields.
Flux units of ng rif s* were used for the 3tin N,O and CH fluxes, and the units were
converted to g BDO-N ha! day! and g CH-C ha! day* for N,O and CH, respectively, when
daily flux means and annual emissions were calcul&aiy flux means were calculated by
averaginghe 30min flux values of each dayaily fluxes were reported only when there were
at least two hathourly valuegecorded

2.2.5 Chamber Measurements

In a companion study (Hagedorn et al., 2022), soil gas fluxes@faNd CH were also

measured usingnanual static chambers with a Picarro G2308 cavity ringdown spectrometer
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(Picarro Inc., CA, U.S.A)), connected to a Kiew (~0.23 L/min) pump circulatory system. This
Picarro analyzer measured réiahe, in-situ headspace gas concentrations at a frequafnt Hz,

and the sampling time for small fluxes was approximately 5 minutes. Transects of 8 chambers
were installed perpendicular to each ditch (except for D1, see Fig. 1). The length of each transect
was approximately 12 m and the soil chamber collarewqually spaced. The chamber
measurements were made approximately monthly, but more frequent sampling was conducted
around agricultural practices such as planting, fertilization, and harvest to better capture the
dynamics of NO and CH fluxes during tlose periods. Fluxes were measured between 8:00 EST
and 17:00 EST, and the sampling order was randomized to ensure the same field was not
sampled at the same time of day to minimize the effects of diel variation.

In addition to the static chamber measuretaen NbO and CH fluxes, four Eosense closed

dynamic automated chambers (model: eosAC) and a multiplexer (model: eosMX) (Eosense Inc.,
NS, Canada) were installed next to tower B (Fig. 1) and connected to the Picarro G2308 gas
analyzer from April to Junenithe 2019 congrowing season.

Further details about the chamber measurements can be found in the compani@egiadgrn

et al., 2022pf this project.

2.2.6 Supporting Environmental Data

A 3.5 m meteorological tower was installed approximately 120 m from the research site,
equipped with sensors to continuously measure air tempes@td relative humidity (using

Campbell Scientific CS215 temperature and relative humidity sensor), barometric pressure
(using CS105 Vaisala PTB101B Barometer), precipitation (using Texas Electronics TE525WS
tipping rain gauge), and wind speed and diet{using RM Young 05103 wind monitor). These
sensors were located approximately 3 m high (except the barometric pressure sensor was at 1 m
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high) above the soil surface. The data were stored on a Campbell Scientific CR10X data logger
inside a weatheproofenclosure attached to the toveerd output at a 3thinute interval in order

to match the measurement interval efON\and CH fluxes. Gaps in the precipitation data were

filled using historical precipitation data from two nearby weather stations at Greensboro, MD
(GHCND:US1MDCL0009) and Denton, MD (GHCND: US1MDCL0010).

The vertical profile of soil temperature and volumetric watstent (VWC) was acquired from

two continuously recording systems, one installed next to tower A in th®WiM field and the

other one installed next to tower C in the DWM field. By horizontally inserting the Decagon 5TE
water content, EC, and tempenad sensors (METER Group Inc., WA, U.S.A.) at five depths (5
cm, 10 cm, 20 cm, 30 cm, and 50 cm) below the soil surface, soil temperature and moisture data
were stored on the Campbell Scientific CR10X data loggers-atiB0te intervals. The Topp
equation(G. C. Topp et al., 198@yas used to convert raw dielectric permitfivneasured by

the 5TE sensors into soil VWC data. Manufactu
installed 5TE sensor in a normal mineral soil applied to the Topp equation resulted in
measurements within £3% VWC of the actual soil VWC. Gaadgoration of the STE sensors

can be found in the supplementary materials.

In 2018 and 2019, analyses of soil ammonium and nitrate concentration were part of the
companion study; details can be found in Hagedorn é2@22) In brief, samplesf the 65 cm

soil depthwere taken approximately monthlging a 2.2 cm diameter soil push probe,

transported back to the labtwey in a refrigerated cooler and processed within 48 hours.
Triplicate soil samples were composited at each of eight locations on each of the four fields at
each dateAt the lab, each field moist sample was sifted using a 2 mm opening sieve to remove

rocks, fine roots, etc. Six grams of the sieved soil were extracted in 30 mL of 2M potassium
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chloride (KCI) in an Ehrlenmeyer flask, placed on a shaker table on low speed for at least 2
hours, and vacuum filtered through a Whatman No.42 filter paper. Téméilextracts were
analyzed for nitrate and ammonium concentrations by a Lachat autoariMgzmard et al.,

1993)

2.2.7 Statistical Analyses

To test the effects of DWM on trace gas flux@sneway repeated measurédNOVA test was

used to detect whether there were significant differences in the flux measurements between the
four towers when all of them were functioning. A logarithm transformation (log10) was applied
when the data were narormal or skewed to meet the required assumptions of normality and
homogeneity of variances for all groups. A small positive offset was added to make all values
positive before | og transformation. After the
data were normally distributed (Fig. 3 and Fig. 4), but the assumption of homogeneity of
variances across groups (towers) was satisfied (Table 1). Theayrepeated measures

ANOVA was followed up by multiple pairwisetestsusing a Bonferroni multiplessting

correction method for-palue adjustment to test differende=tweertowers In addition,a

Friedman testvas used when the assumption of normality was relaxed/vidlseedAppendix

A). Pairwise Wilcoxonsignedranktess werethe post hoc testsiféthe Friedman testBecause

the alternative Friedman testowed nearly identical results to the amgy repeated measures
ANOVA, only the comparisons using theterwere presented in the following section. Gap

filled flux values were not used in theasstical tests to avoid bias in the comparisons. Statistical

analyses were performed in R (R Core Team, 2022).
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Figure3. The density distributions of the daily.® fluxes measured in July 2018 when all of the
four towers were functioning. Each tower contains 14 daily values. Notice the differences in
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N,O Flux (g NoO-N ha~'d™")

B
/ .
b A 1.2
| \
| \u
15 N 0.8
/ \
1.0 /
/ 3 0.4
2 05] _ /
7] \
[ ==
8 oo - 0.0
= 0.5 0.0 0.5 1.0 0.5 1.0 15
by
= D
© 1.5 ~
9 ]
© 0.75
S
o
1.0
0.50
0.25 05
0.00 : . g . —0i0 . -
1.00 1.25 1.50 1.75 2.00 1.0 1.5

Figure4. The density distributions of the lagansformed dily N2O fluxes measured in July
2018 when all of the four towers were functioning. Each tower contains 14 daily values. Notice

10g10(N2O Flux) (g N,O-N ha 'd™")

the differences in scale on theand yaxes.

23



Tablel. The Levent€eligmeKtidédteeanrddd ttleest t o check the
across groups (towers) forthedaily0N f | uxes measured in July 201
sensitive to departures from normality and the Fligher| | eenés test i s very

departres from normality. A gvalue less than 0.05 indicates significant differences between
variances across groups (towers).

Test Before logtransformation After log-transformation
Leveneobs f p =0.023 p =0.823
FlignerKi | | een 6 p =0.004 p =0.460

2.3 Results

2.3.1 Environmental Data

2.3.1.1 Precipitation and Air Temperature

Daily precipitation and irrigation amountsiring the 2018019 experimental period are shown
in Fig. 5a. The highest daily rainfall amount was 7.46 cm, recorded on October 12, 2018. The
total annual precipitation was 157 cm in 2018 and 109 cm in 2019. The driest month was
November 2019 with 1.68m precipitation and the wettest month was September 2018 with 8.57
cm precipitation. The daily average air temperature over two years wa&C18wl ranged from
-13.0 to 30.1 °C (Fig. 5b). Mean monthly air temperature varied bet@e2?C in January 2@
and 25.5 °C in July 2019.

2.3.12 Soil Temperature and Moisture
Daily averaged soil temperature at 5 cm depth followed the seasonal trends observed in the air
temperature data (Fig. 5¢), ranging frelrb to 31.1°C over the tweyear period. In the DWM
field, the daily mean of the soil volumetric water content (VWC) measured at 5 cm depth ranged
from 0.140 to 0.416 Am over the course of the twgear measurement; in the nRBWM field,
the daily mean of the soil VWC at 5 cm depth varied from 0.12730607 m3 (Fig. 5d). The

figure shows that the daily averaged surface soil VWC followed the same pattern in the DWM
24



and norRDWM fields following precipitation events and both sites had drier soil conditions in the
summer than in other seasons ofykar. Comparing the nebWM site to the DWM site, the
soil VWC at 5 cm depth was 0.0872m lower on average. Data gaps existed for both the soil
temperature and moisture data because of the malfunction of the data loggers (such as dead
batteries) and g were more common for the RBWM site.

2.3.13 Soil Nitrogen Concentration
The soil extractable nitrate in the top 5 cm ranged from 0.70 to 28.31 mg iN &g DWM
field and from 0.55 to 22.66 mg N #*gn the noRDWM field (Fig. 5e). Fertilizatiorevents
occurred two times following the planting of corn in 2019, as indicated by the arrows in the
figure. Soil nitrate concentrations increased immediately after the applications of the UAN
fertilizer and decreased through the remainder of the yeathth® DWM and noibWM
fields. The N fertilizer applications in the growing season of 2019 did not result in significant
changes in soil extractable ammonium concentrations. In 2018, soil nitrate concentrations were
elevated after the planting of soybear 8id not increase as high as the concentrations in the
corn year when synthetic fertilizer was used. However, there was one measurement in June 2018

showing high ammonium values compared to other measurements during this study period.

2.32 The FG Meagsements

Over the two years (2013019), 6752 individual halfiourly flux measurements were made with

the four FG towers, which had been converted into 337 daily mean values for the DWM site and
324 daily mean values for the r@WM site (Fig. 5g and Fig.l9. Due to some instrument

issues, there asonly approximately onenonth of flux measurements in 2018.

For NbO, both sites showed the same general trend over time: significant emissions were

observed following the application of N fertilizer in the May period of 2019, coinciding
25



with precipitation events. After the second fertilization in 2019, maximum da{lyeynission
values measured from the DWM site and the-B&M sites were 963 and 236 gO®N hat

day? on June 30, respectively® emissionshen decreased to close to zero throughout the
remaining months of the year. During the ganenth measurements in soybean from June 29 to
August 3 in 2018, both sites had measurabl@ Bmissions, but those emissions were low
compared to the 2019.0 flux data in corn.

For CH;, there were no such trends in the daily mean time seride@asd in the NO data
following N fertilization, with the CHfluxes ranging from83 to 85 g CH-C ha' day! in the

DWM field and-93 to 53 g CH-C hat day? in the noRDWM field.
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Figure5. Time series oénvironmental, soil, and flux variables measured in the 2018 soybean
and 2019 corn years. (a) Precipitation and irrigation events, (b) daily averaged air temperature,
(c) daily averaged soil temperature at 5 cm depth, (d) daily averaged soil volumetric water
content (VWC) at 5 cm depth, (e) soil extractable nitrate, (f) soil extractable ammonium, (g)
daily averaged pO fluxes (in log scale, a small positive offsed @NO-N ha' d*) was added
to make all values positive before log transformation), and (h) daily averageitLu€es
aggregated by treatmemlack arrows denote planting (P) and fertilization (F) events. Whiskers
in panels (e) and (f) represent the standard dewiatiohe replicated samplings of the field soil
(spatial heterogeneity) and whiskers in panels (g) and (h) represent the standard deviation of the
daily mean calculated from hdtiourly flux values (temporal heterogeneity).
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2.3.2.1 Comparisons between 8 Towers

During the onemonth flux measurements in the growing season of 2018, all of the FG towers
measured BD fluxes that significantly exceeded the minimum detection {MDL)?! of the FG
system (Fig. 6 and Fig. 7), except for tower A. These eamssients were triggered by frequent
irrigation and heavy rainfalls, given sufficient reactive nitrogen was contained in the soil, which
was slown by the somewhat elevated soil nitrate concentrations during the summer of 2018 in
Fig. 5e. The lack of emigsn pulses at tower A was most likely due to drier conditions on the

plot where tower A was installed, which was reflected by the soil VWC at 5 cm depth in Fig. 5d.
From midJune to midJuly of 2018, the soil VWC dropped to almost the lowest level inthe 2
year study period. Hagedorn et @022)also reported a particularly dry period when the lowest
soil moisture catent was recorded in July 2018 by using a manual Decagon 5TM soil moisture
probe. Later in the winter, no emission events were observed by towers A and C (only two
towers were deployed for sampling to save on maintenance costs and labor)sFoo&H

fluxes measured in this year were within the minimum detection limit of the FG system, except
for some mild emission pulses showed at towers C and D in the summer. In general, no clear
pattern was discernible in the ¢fiLix data.

In contrast to 2018, moregorousN20 production by soil in the growing season of 2019 was
detected at all of the four FG towers (Fig. 8 and Fig. 9). Tower C had the most intense emission
events among all of the towers, with both the maximumtiinalfrly and daily NO fluxes (3383

ng m?stand 963 g WO-N ha' day? (not shown in the figure because it is off the scale of the Y

axis), respectively) being observed on the same day (June 8gmissions increased

1 The minimum detection limit (MDL) for MD/CH, concentration gradients is determined in Chapter 4.
To calculate the MDL for BD/CH, fluxes, replace the concentration gradierg r m in(Eee 1) with
the MDL for N2O/CH, gradients
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moderately in late October and early Novem{observed in all data sets), which was driven by

frequent heavy rainfall events that took place on October 16 (4.17 cm), 20 (3.61 cm), 22 (1.78

cm), 27 (3.81 cm), and 31 (1.47 cm). This can be ascribed to the potentinhpaesdt release of

some minaalized soil N that was not taken up by the crop. At other times of the year, there were
scarcelyanypD emi ssi on events apart from baseline f
detection limit. In the case of the @Hux measurements, similar to 2018, aistinct differences

were found among the four FG towers, except for some emission spikes detected in September at
tower B and in October and November at tower D. Below Table 2 and Table 3 provides

summary statistics of the haiburly andthe mean dailyN-O and CH fluxes measured by the

four towers inthe20182019experimental periad
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Half-hourly N,O Fluxes at Tower A in 2018 Half-hourly N,O Fluxes at Tower B in 2018
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Figure6. Half-hourly NbO and CH fluxes (in units of ng i s) measured at each of the four

FG towers in 2018. Due to instrumédatlure, no NO/CHs mixing ratio data were available from
early August to November. Only tower A and tower C were used for sampling in the winter. The
shadedaquamarinareas represent the observed minimum detection limit (MDL) using the zero
gradient testor the flux data (see Chapter 4 for more details regarding the determination of the

MDL).
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Daily Averaged N,O Fluxes at Tower A in 2018 Daily Averaged N,O Fluxes at Tower B in 2018
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Figure7. Mean daily NO and CH fluxes (in units of g MO-N ha! d! and g CH-C ha' d?,
respectively) at each of the four FG towar 2018. Due to instrument failure, ngOMCH,

mixing ratio data were available from early August to November. Only tower A and tower C
were used for sampling in the winter. The shaalgglmarinereas represent the observed
minimum detection limit (MDL)using the zergradient test for the flux data (see Chapter 4 for
more details regarding the determination of the MDL).
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Half-hourly N,O Fluxes at Tower A in 2019
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Figure8. Half-hourly NbO and CH fluxes (in units of ng i s) measured at each of the four

FG towers in 2019. Only tower A and tower C were used for sampling in the spring. The shaded
agquamarinareas represent the observed minimum detection limit (MDL) using the zero
gradient test for the flux data (see Chaptérdnore details regarding the determination of the
MDL). The black arrows denote corn planting (P) and fertilization (F) with UAN.
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Daily Averaged N,O Fluxes at Tower A in 2019 Daily Averaged N,O Fluxes at Tower B in 2019
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Figure9. Mean daily NO and CH fluxes (in units of g MO-N ha! d! and g CH-C ha' d?,
respectively) at each of the four FG towers in 2019. Only tower A and tower C were used for
sampling in the spring. The shadeglamarinereas represent the observed minimum detection
limit (MDL) using the zeregradient test for the flux datade Chapter 4 for more details

regarding the determination of the MDL). For tower C, the maximum mean dsilyldk (963

+ 596 g NO-N ha! d on June 30) was not included in the figure in order to have a consistent y
axis scale among the figures. Thadi arrows denote corn planting (P) and fertilization (F) with
UAN.
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Table2. Summary statistics (minimum, maximum, 25th and 75th percentiles, median, mean, and number of observations (n)) of the
half-hourly NbO and CH fluxes measued by the four FG towers in 2018 and 2019.

Year 2018 2019
Tower A B C D A B C D
9-81,
Day of year 180215, 180183, 180215, 180-190, 1198»8210’6, %g(z}%gg: Eiégg: gi’gg
311352 203215 1331 104215 219256, 263315 Hlgoed ganes
263365
Half-hourly N:O flux ~ min.  -36.58  -32.36  -20.59  -23.18 -192.97 -135.80 -113.26 -81.69
(ng n2 %) o5thy%  -8.73 863  -436 830  -833  -464  -603 148
75th% 257 5542 4427 3660 886 3506 2173 3891
max.  103.83 250.67 559.27 363.44 74413 1010.88 3383.27 1453.04
median  -2.67 2637 520 1773  -128 508 086  16.07
mean  -2.46 4503 2825 3800 551  37.83 3310 2841
n 419 98 399 182 1770 788 1814 1282
Half-hourly CH; flux min. -125.93 -127.31 -167.63 -123.32 -852.33 -342.35 -703.99 -599.04
(ng N2 sY) O5th% 2372  -51.28  -26.94 546  -26.45 -11.79  -2436  -7.43
75th%  1.82 078  -093 3924  -040 2745  -261 3519
max. 12040 98.98 81847 21484 790.32 368.16 377.72  647.17
median  -8.07 2061 -11.17 2075 -10.34 456  -10.37  11.04
mean  -11.34 2527  -1061  27.50  -12.46 1267  -1457  19.24
n 419 98 399 182 1770 788 1814 1282
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Table3. Summary statistics (minimum, maximum, 25th and 75th percentiles, median, mean, and number of observations (n)) of the
mean daily NO and CH fluxes measured by the four FG towers in 2018 and 2019.

Year 2018 2019
Tower A B C D A B C D
9-81,
Day of year 180215, 180183, 180215, 180-190, 1198»8210’6, %g(z}%gg: Eiégg: gi’gg
311352 203215 1331 104215 219256, 263315 Hlgoed ganes
263365

Daily NO flux min.  -10.76  -819  -9.63 624  -42.68 -3156  -40.97  -24.99

(GN:ONhatd®)  25h% -390 467  -130 578  -447  -2.38 287  0.72
75th% 161 2360 1837 2060 604 1940 1298 2113

max. 1081 7928 9770  77.84 23561 28236 962.68 190.96

median  -1.37 1343 191 1160 -124 377 001  10.29

mean  -139 2154 1289 1803 330 1820 1568  15.10

n 65 15 64 27 254 120 266 176

Daily CH flux min.  -46.96  -36.72 -38.66  -7.96  -15521 -58.14 -101.69  -42.09

(gCH-Chaldl)  25h%  -13.17  -22.22 -1351 959  -16.81  -410  -1425  -3.17
75th%  -2.01  -362  -3.04 2483  -1.69  19.86  -338 2176
max. 1667 2171 6147 3673  49.92 14543 5914  136.02

median  -7.86  -818  -7.76 1809  -755 552 751 586

mean  -8.46  -1201 651  17.60  -838 1136  -9.46  13.16

n 65 15 64 27 254 120 266 176
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2.3.2.2 Precipitation and Podtertilization O Emission Events

Precipitation has been demonstrated as a major driver of la@emMissions along with N
fertilization in other studie@NagnerRiddle et al., 2007; Waldo et al., 201%)pr the growing

season (soybean in 2018) without any N fertilizer applicatie®, &imission events were

observed after frequentigation (4 times in 6 days in early July) and heavy rainfalls (14.54 cm
from July 22 to July 26) (Fig. 10a and b). However, the magnitude of the fluxes in July 2018 was
much smaller than that in the growing season of 2019, when corn was the crofeatildz &

was applied twice (on April 25 and May 24) on the farm (Fig. 10c and d). The first application
(indicated by the first arrow in the figure) was followed by several rainfall events (7.34 cm from
April 26 to May 5), which resulted in the first peamission event on May 7. The second peak
emission event that occurred on May 14 and 15 was triggered by frequent rainfall (3.61 cm) from
May 10 to 13. Soon afterwards, the second fertilizer application to corn (indicated by the second
arrow in the figurgon May 24 was followed by a 2.82 cm rainfall in less than 3 days, leading to
the third emission event on May 28 in that year. Then a relatively dry period occurred from June
3 to June 12 (only 0.71 cm rain in 10 days), potentially explaining the absesigaificant

emission pulses during that period. Following that, the flux event on June 14 coincided with a
3.20 cm heavy rainfall event that took place the day before. The maxin@QrfiuXes were

observed on June 2Z0teranother heavier rainfall (3.48n) one day earliewhich followed a
two-week dry period with little precipitatiorOn average, the response time eDNmissions to
precipitation events wasa days, giverthatenough nitrogen was presented in the soil. In

contrast, heavyainfall events beyond one month after N fertilizer application did not result in

any increased PO fluxes, presumably due to lack of sufficient available nitrogen. Overall, the

comparisons between the years with and without N fertilizer application arfdsfresponse in
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N20 fluxes to precipitation events demonstrated that laege énissions were highly dependent
upon N fertilization and precipitation events.

2.3.2.3 Diurnal Patterns
From May to July in 2019 when intenseNemissions occurred, all tife four towers exhibited
a diurnal pattern of increased® fluxes in the afternoon and early evening (Fig. 11). No clear
diurnal pattern was identified for the @Hux data owing to the lack of large emission events,

nor for the 2018 flux results becausf the relatively short measurement period.
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Figure10. Daily precipitation, irrigation, and hatfourly NbO fluxes (in units of ng ris?)

measured by the FG towers in the growing seasons of 2018 ((a) and (b)) and 2019 ((c) and (d)).
Due to instrument failure, theveasonly approximately onenonthof flux data in the summer of
2018. In the growing season of 2019, to prevent the towers from being hit by the pivot irrigation
system, the top sections of the towers had to be removed when the irrigation system was on and

then put back afterwards. Inordeo r est ore t he towersd sampling
irrigation and avoid excessive labor work, only tower A and C were used for sampling in late
June and July, which explained why only these

period inthe figure above. Note the difference in scale on tagiy in panels b and d. The
arrows indicate the dates of fertilization (F) of corn in 2019.
38



Tower A (May-July 2019) Tower B (May-July 2019)
N = 561 T TN=728

200 600

400

200 w

00 06 12 18 00 00 06 12 18 00

Tower C (May-July 2019) Tower D (May-July 2019)

N,O Flux (ng m> 5‘1)
=y
o

l

N = 525 3001 "N =414

(2]
o
o

200

N
o
o

100

N
o
o

———

—

N,O Flux (ng m2 5“1)
o
o

00 06 12 18 00 00 06 12 18 00

Hour of Day Hour of Day

Figure11. Diurnal patterns in bD fluxes (ng it s1) measured by the FG towdrsm May to

July in 2019 when large & emissions were observed. Black lines represent median fluxes, the

dark grey areas represent the ranges between 25% and 75% quantiles, and the light grey areas
represent the ranges betNwe evnal 5% sa ndde n95 % gt uhaen ta

30-min flux measurements made at each tower. Note differenceaxis gcales for different
towers.

2.33 Effects of DWM on Soil MO and CH Fluxes
2.3.3.1 Effects of DWM on Soil Moisture

From the perspective of managemh of the DCS (drainage control structures), the year
experimental period consisted of four active periods when the DCS boards were installed to
retain more water in the DWM plots and three inactive periods when the DCS boards were
removed forthefan6 s manage ment pr alexXpactedatsseewern ot her wor
differences in soil moisture and soil greenhouse gas emissions during the inactive board periods

than during the active board periods. The four active board periods were Jan. 1 to Mar. 15 in

2018, Jun. 18 to Sep. 12 in 2018, Oct. 17, 2018 to Mar. 6, 2019, and May 24 to Dec. 31 in 2019.
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Further details about the active and inactive board periods can be found in Hagedorn et al.
(2022)

The boxplots of the differences in soil VWC{m) between the DWM and ndDWM sites

for the active and inactive board periods (Fig. 12) showed that both the mean aredlizue of

the differences in soil VWC between DWM and FidWM were greater during the active board
periods than during the inactive board periods. The difference in soil VWC between the two
treatments was analyzed becgwaseshown in Fig. 5d, the DWM siteas consistently wetter

than the nofDWM site, indicating prareatment natural variation. A ngrarametric onaided
Wilcoxon rank sum test indicated that the differences in soil VWC between the two sites during
the active board periods were larger tdanng the inactive periods at a significance level of p <
0.001. The third quartile and the maximum during the active board periods were also apparently
higher than that during the inactive periods, suggesting that larger differences between the two

S i g seilGmoisture were more common during the active board periods.
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Figure12. Box plots of the differences in soil VW@?® m ) between the DWM and neRWM
sites(using DWMi nonDWM) for the active (DCS boards installed for retaining watehe

DWM plots) and inactive board periods (DCS boards removed for agricultural management
practices) during 2018 and 2019. The red diamond represents the mean and the black horizontal
bar insidethe box represents the median of the group. The lower and upper edges of the box
represent the first (25%) and the third quartiles (75%) of the data, respectively. The ends of the
whiskers show the minimum and the maximum without counting outliers (ope@&scabove the
whisker). Asterisks indicate that significant differences were found between the two groups

using the nosparametric onesided Wilcoxon rank sum test (p < 0.001).

41



2.3.3.2 Effects of DWM on Greenhouse Gas (GHG) Emissions

For the FG measaments made on either the DWM site or the-BOMM site, most of the

significant NO emission pulses were seen in the late spring and early summer periods during
20182019. Few emission events above baseline fluxes occurred at other periods (Fig. 7 and Fig.
9). 1 defined June 2&ugust 3 as the emission pulse period in 2018 and AprilulB 25 as the
emission pulse period in 2019. The mean daily fluxes during those emission pulse periods were
used to perform a ongay repeated measurddNOVA as introducedn section2.2.7 to evaluate

the impact of DWM on BO and CH fluxes. Only the days in the emission pulse periods when

all of the four towers were functioning were selected to ensure impartial comparisons between
the towers, leading to 14 flux daily value$t for each tower (total n = 56) in July 2018 d@hd

same number of daily flux valueshtay 2019 as the input of the ANOVA test. Since the

emission pulse periods were within the ranges of the active board periods, there was no sense to
perform a flux omparison between active DCS versus inactive DCS periods.

For NbO, the boxplots of the mean daily®! fluxes measured by each tower in July 2018 reveals
that the NO fluxes measured by tower A are significantly lower than that observed by other
three towes (Fig. 13). No statistically significant differences were detected between towers B, C,
and D. In May 2019, significantly larger® emissions were measured at tower B compared to
the measurements at tower A and toweabdtower C had higher XD emissions thatower A

(Fig. 15) No statistically significant differences were found in th®Nlux measurements

between tower B and tower C. The boxplots of the mean dailyflGkes measured in July 2018
shows that tower D observed significantly di#fnt CH fluxes thartowers A and BFig. 14).

For CH; fluxes in May 2019tower Bshoweddistinct differenceselative to towers A and C

(Fig. 16). Overall, the statistical tests showed that, although there were some differences between
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towers, there werno consistent treatment effects of DWM (sites C and D) compared-to non
DWM (sites A and B) for either gas {8 or CHy) or in either cropyear (soybean in 2018 or
corn in 2019). For example, in the RDWM site in May 2019 tower B had the highest and
tower A the lowest NO emissions, with towers C and D intermediate, suggesting that spatial
heterogeneity within the study area had a greater impact on production and emission of soil
greenhouse gases than the DWM treatment.

It should be noted that in the s&tital comparisons, most of the €flx values at towers A, B,
and C in 2018 and most of the €hux values at towers A and C in 2019 were negative,
indicating net consumption of atmosphericCHowever, Table 4 shows that a very large
proportion of tle negative Cklconcentration gradients corresponding to the negativeflGxes
are within the FG systemdbs observed mini mum d
gradient testqee Chapter 4 for more details regarding the determination of thg.Mbé&efore,

| conclude that there is at most a weak soil sink fos theEt may not be different from zero,
given detection limits of the system. As with@y no consistent significant effect of the DWM

treatment was found for GH
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Anova, F(3,39) = 7.36, p = 0.00051, 1’ = 0.25
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Figurel3. Box plots of the mean daily A fluxes (14 daily values for each tower) measured in
July 2018. Red diamonds represent means and black horizontal bars in the boxes represent
medians. Asterisks indicate that significant differeneese found between the two towers
connected by a bracket using the -oveey repeated measurddNOVA andthe pairwise-tests
with the Bonferroni multiple testing correction fovplue adjustment i * 0 and A**0 rep
significance levels p < 0.05 and @<01, respectivelyXy? is a measure of effect size in
ANOVA and indicates that 25% of the variation iBONflux can be explained by the variation
between the towers.
Anova, F(1.76,22.87) = 14.8, p = 0.00012, ng =0.47
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Figure14. Box plots of the mean daily GHluxes (14 daily values for each tower) measured in
July 2018. Red diamonds represent means and black horizontal bars in the boxes represent
medians. Asterisks indicate that significant differences were found betweerottmmers
connected by a bracket using the -oveey repeated measurddNOVA and thepairwise ttests
with the Bonferroni multiple testing correction fovplue adjustment A * * 0 and fA** * * 0
represent significance levels @01and p < 0.0001, respectively)? is a measure of effect
size in ANOVA and indicates that 47% of the variation ins@tix can be explained by the
variation between the towers.
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Anova, F(1.34,17.47) = 9.41, p = 0.004, 12 = 0.2
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Figurel5. Box plots of the mean daily A fluxes (14 daily values for eatbwer) measured in
May 2019. Red diamonds represent means and black horizontal bars in the boxes represent
medians. Asterisks indicate that significant differences were found between the two towers
connected by a bracket using the -oveey repeated measurddNOVA and thepairwise ttests
with the Bonferroni multiple testing correction foivplue adjustmeni * 6 and A* ** * 0 r €
significance levels p < 0.05 and p < 0.0001, respeclivéyis a measure of effect size in
ANOVA and indicates that 20% difie variation in MO flux can be explained by the variation
between the towers.
Anova, F(1.15,14.98) = 3.99, p = 0.06, n; = 0.15
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Figure16. Box plots of the mean daily GHluxes (14 daily values for each tower) measured in
May 2019. Red diamonds represent means and blaclohtalzars in the boxes represent
medians. No significant pairwise differences were found between towers using tvayne
repeated measurddNOVA and thepairwise ttestswith the Bonferroni multiple testing
correction for pvalue adjustmer(p < 0.00). d¢? is a measure of effect size in ANOVA and
indicates that 15% of the variation in €flx can be explained by the variation between the

towers.
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Table4. The mean and median values of thes€bhcentration gradients corresponding to the
CHas fluxes used in the statistical tests and the proportion of the measukegtddients that are
within the observed minimum detection limit (MDL) of the instrument. Fok,@&ie minimum
detectable gradientiserved during the zegradient test was 0.2130.141 ppb. See Chapter 4
for more details regarding the determination of the MDL.

Tower A Tower B Tower C Tower D
July 2018
Mean (ppb) -0.183 -0.174 0.10 0.314
Median (ppb) -0.147 -0.220 -0.144 0.351
Within MDL 11/14 6/14 9/14 2/14
May 2019
Mean (ppb) -0.031 0.088 -0.035 0.055
Median (ppb) -0.028 0.080 -0.040 0.101
Within MDL 14/14 13/14 14/14 10/14
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2.3.4 Comparisons between the FG and Soil Chamber Measurements

Since ncclear temporal patterns were identified for thes@tix data, comparisons were only
focused on the PO flux measurements between the FG and chamber methods.

2.3.4.1 Comparison of Flux Gradient Tower with Automated Chambers
As shown in Fig. 1, the four aarhated chambers were carefully installed next to tower B to
ensure they were within the micrometeorological flux footprint of that tower, so only the flux
measurements of tower B were used for comparisons with the automated chamber data. After the
first fertilization in 2019, both the automated chamber and the FG methods captured strong
pulses of NO emissions after rainfall events (Fig. 17). However, during the emission pulse
periods, chamber 1 showed distinctly highe©ONluxes compared to other thred@uated
chambers and the FG measurements, which may be ascribed to the placement of this chamber on
a hot spot of soil BD emissions.
The measurement interval between the automated chamber measurements (in an order of
chamber 1 to 4) was approximately &otes. Before the linear regression was performed
between the automated chamber and FG measurements, the automated chamber flux data were
averaged every 2 hours regardless of the chamber number to match the measurement frequency
of the FG tower. To assese influence of the chamber with the substantially higher measured
fluxes, Figures 18 and 19 show the time series comparisons and linear regressions between the
two methods when the R flux data of chamber 1 were included in the calculation of thel
chamber means (a) and excluded in the calculation ofHm@means (b), respectively. For
both cases, DO fluxes from the two methods were linearly correlatetHR.599 and 0.544,

respectively), but the differences in the slope (£®111vs.0.95 + 0.08 indicated that using
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Figure17. Rainfall (a), NO fluxes (in units of ng ms?) measured by the automated chambers
(8-min measurement interval) (b), and Hadfurly N:O fluxes (in units of ng Mis®) measured

by tower B (c) in May 2019. The arrow indicates the first fertilization event (F) on April 25 (not
corresponding to thdate on the x axis). Note the difference in scale on the y axis between panel
b and c, due to the large fluxes from chamber 1 in panel b.
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Figure18. Comparisons of pD fluxes (in units of ng ms') measured by thautomated

chambers (blue triangles) and by the flux gradient method at tower B (red dots) in May 2019.
The auto chamber measurements were averaged every 2 hours to match the measurement
frequency of tower B. The grey shaded areas indicate standard deyaftitlhe Zhour means

for chambers. The flux measurements of chamber #1 were included (a) and excluded (b) in the
calculation of the zhour means. Note the difference in y axis scales.
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Figurel9. Linear regressions between the automated chamber measurements and the flux
gradient tower (tower B) measurements in May 2019 (n = 121 flux data points). The auto

chamber measurements were averaged every 2 hours to match the measurement frequency of
towerB. The vertical error bars represent standard deviations oftlbe2means for the

chamber data. The grey shaded areas are the confidence interval around the linear regression line
(red). The flux measurements of chamber #1 were included (a) and ex@idethe

calculation of the zhour means.
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2.3.4.2 Comparison of Flux Gradient Tower with Static Chambers

Soon after the first fertilization event in 2019, the manual static chambers captured similar
magnitudes of vigorous 4 production as the towergddn the growing season of the same

year. Because of the relatively long interval between monthly field sampling activities and the
unpredictable characteristic ob® emissions, the static chambers did not detect another peak
emission event following theecond fertilization. At other times, mosiNfluxes were small,

which agreed with the FG measurements. Further analyses about the results of the manual static

chambers can be found in Hagedorn ef2422)
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Figure20. Comparisons of pO fluxes (in units of g BD-N ha! d) between the static chamber
(triangles) and the FG methods (oéreles) on plots A (a), B (b), C (c), and D (d). For the
chamber data, each triangle represents the average of the eight chadflexMheasurements

on the same day. For the tower data, each open circle represents a daily mean-ofith#u30
measurments. Error bars indicate standard deviations. The black arrows mark two fertilization
events on April 25 and May 24, 2019.
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2.4 Discussion

2.4.1 Impacts of DWM on Soil Moisture

The continuous monitored soil moisture data by the Decagon 5TE sensors showed that the DWM
site was consistently wetter than the #i2WWM site at the 5 cm depth. It is possible that the
difference may be due to spatial variation of soil properties thatréaied to the DWM

treatment. By analyzing the difference in soil moisture between th®wiv and DWM sites|

found that the difference was statistically significantly larger during the active board periods than
during the inactive board periods. Howewhe manually measured soil moisture data for the

same period at the same locat{btagedorn et al., 202Z2howed no significant differences by
treatment or board period, indicating the DWM did not affect near surface soil water content.
The different conclusions of the impact of DWM on soil moisture can be ascribed to the
limitations of the continuous method and the manual method for soil moisture measurements.
The continuous method is restricted to natural variations of the location of the installation and
does not reflect fiekdcale spatial variability in soil moisture, but it prd@s consistency for
assessing high frequency and legegn temporal variation. In this study, the measurements from
each higkfrequency, continuously recording system were not replicated, so it was challenging to
design a statistical test on the treatnmedffect beyond pairwise comparisons of the DWM and
nonDWM probe installations. In contrast, the manual measurements can represent spatial
variability within the field, but depending on the number and the choices of the measurement
times and locations, mde skewed by unrepresentative sampling, both temporally and spatially.
The manual methods are prone to measurement errors of inconsistent depths and limited by low
frequency measurements. For future similar studies;sommend: 1) install replicates faaah

continuously recording system; 2) design the continuous and the manual measurements of soil
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moisture to complement each other. Using this study as an example, weekly/biweekly manual
measurements of soil moisture next to the automated recording systeltide useful to

evaluate the difference between these two methods. Spatial surveys of soil moisture and more
frequent manual measurements outside the active periods of drainage water management could
contribute to better understanding of spatial andmahtwariation of soil moisture in the fields,

respectively.

2.4.2 Implications of Spatial Heterogeneity in GHG Emissions on Tower and Chamber
Comparisons

Soil greenhouse gas emissions such #3 &hd CH are highly variable spatially due to spatial
hetera@eneity of soil characteristics such as soil moisture and temperature, inorganic nitrogen
content, carbon availability, and microbial community abundatéesstone & Davidson, 1989;
Groffman et al., 2009; Parkin, 1987hus, it is important to estimate the spatial coverage of the
flux gradient towers and the static/autontatdambers when comparing measurement results
from these two methods. It is equally important to understand that hot spot chambers could
contribute to the disagreement between the micrometeorological method and the chamber
method(Jones et al., 2011; Waldo et al., 2Q18)this study, the four automated chambeesev
installed within the micrometeorological flux footprint of the flux gradient toweolubg to a
small number of automated chambers (n = 4) implemented, a single hot spot chamber had
disproportionate impacts on the meaig©ONluxes. The spatial covera@f the flux tower was
approximately 2800 Ay(integrating up to the 80% flux contribution area; see footprint analysis
in Chapter 4), whereas the four automated chambers were clustered in a relatively small part of
the tower 6s f oo @arparencloded by eachechamber was abaut OfpBacaase
they had to be connected to a single analytic instrument. A relatively large quantity of soil

chambers is needed to better characterize spatial heterogeneity afGeifissions within the
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field, which also reflects the challenge in using static/automated chambers to quantifcéileld
emissionsAt the time when our flux measurements were taking place, this comparison between
the autechamber and flux gradient measurements was one of the Virshé&hodological

comparisons of PO fluxes since these sensitive, fast response instruments had become available.
In the case of the manual chambers, although general agreement was reached in the flux results
between the micrometeorological method andctieember method, differences still existed in

the intensities of the captured emission pul s
beingplacedon hot spots of soil X0 emissions or ndieingdistributed sufficiently to represent

the full towerfootprint area. Therefore, approximate agreement in spatial coverage is desired
when comparing the micrometeorological and chamber methods, as also recommended by other
studiegLaville et al., 1999; Pihlatie et al., 200®nother recommendation based on past

research findings is using the largest number ofimdieas as is feasible to help avoid outlier

effects and approach thest feasible estimate of the site mearstudy inan Amazonian forest

found that an estimate tiemean flux derived from a sample of eight randomly chosen

chambers had @90% probability of being withirt50% of the meanf a moreintensive

sampling of 36 chambe(¥erchot et al., 1999)

2.4.3 Implications of Intefower Comparisons on Adoption of DWM Practices

The statistical tests showed that no significant treatriéects of DWM were found in soil

GHG emissions. However, there were two major limitations associated with the statistical tests.
First, there was no way to perform a befaretafter DWM comparison for the flux

measurements at the same field becauserthssion pulse periods fell within the ranges of the
active board periods. A befeendafter comparison for the same field would eliminate the bias

resulting from the differences in natural variations of soil characteristics between DWM and

54



nonDWM fields. Second, using only data from the days when the four towers were functioning
led to relatively few (n = 14) daily flux values for each tower as the input of the ANOVA test.
The length of the defined emission pulse period is over 30 days in either 280B%too few

daily values may not be representative of the temporal variability of soil GHG emissions on the
research site. On the other hand, these 14 measurement days included most of the periods with
large posffertilization fluxes, which is the mosnportant period with respect to annual fluxes.
The companion study by Hagedorn et(a022)also found null impet of DWM on soil GHG
emissions by running the Wilcoxon rank sum test using the chaméasured flux data

aggregated by board period and treatment. Although the ANOVA tests in this study have limited
statistical power, the results of the pairwise towengarisons are in line with the findings of the
companion study andfwerliterature(Crézé & Madramootoo, 2019; Datta et al., 2013; Elmi et

al., 2005; Nangia et al., 2013; Nash et al., 2015; Van Zandvoort et al., 2017)

While all of these studies above used the static closed chaathaique, to our knowledge, this

is the first studyemployinga micrometeorological method to evaluate the effects of DWM on
soil GHG emissions in agricultural fields. Compared to the static chamber method, the
micrometeorological flux gradient methodaals near continuous measurements of soil GHG
emissions at a finer temporal resolution and a larger scale without disturbing the microclimate
between soils and the atmosphere. These advantages confer additional confidence in the
conclusion that there wermt statistically significant differences between DWM and-Da%M.

This study provides evidence that, although wetter soils resulting from DWM may create soil
conditions favorable to increased denitrification rates, the deployment of DWM for the purpose
of reducing nitrate leaching did not result in a statistically significant and consistent increase in

N20O and CH fluxes from the soil surface. Hagedorn et(aD22)showed that DWM on this
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farm did, indeed, reduce hydrologic export of nitrate and speculated that most of the
denitrification probably occurred near the zone where groundwater enters the drainage ditches.
The present study corroborates the findings that this intended effect of DWM did not create an
unintended consequence of increase® Bnd CH fluxes from the cropland soil surfaces within

the tower footprints. Hence, for the conditions of this farm, DV lbe recommended as an
effective best management practice to reduce nitrate leaching from agricultural lands, whilst

avoiding undesired pollution swapping of elevated soil GHG emissions.

2.5 Conclusion

A major concern of implementation of DWM petential production and emission of®land

CHa, both of which are potent greenhouse gases. It is challenging to quantify the emissions of
these trace gases from agricultural fields because they usuallyimeecarittentlyin bursts

following fertilization or precipitation events. This chapter demonstrates that the
micrometeorological flux gradient technique is capable of capturingpbadidbursts ofsoil

GHG emissions at a finer temporal resolution compared to thédred static chamber method.

The FG measurement results suggestdtirang NO emission pulses are highly dependent on

the coupled fertilizeprecipitation events and the average response time@fekissions to
precipitation events can be as shorl&sdays. The magnitudes of the observe® Huxes

between the FG and static chamber methods are in general agreement but it is noteworthy that
spatial variability of the chamber data (such
coverage betweethe FG system and the chamber system could contribute to the disagreement
between the micrometeorological and the chamber methods. Furthermore, the FG measurements
in this chapter indicate that during the active periods of drainage water managementgtieer

some differences in the observegONand CH fluxes between towers, but no consistent
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treatment effects of DWM were detected in comparison with theDWM condition for either
gas or crop type (soybean in 2018 or corn in 2019). In conclusion, D3/éNpiomising best
management practice to reduce nitrate concentrations in drainage water without imposing an

environmental liability concerning intensified soil GHG emissions.
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Chapter 3Evaluation ofimpacs of Biosolids Application andrainage
WaterManagement on Soil Greenhouse Gas Emisdisnsg the Flux
Gradient Technique

Abstract

Existing studies have shown limited and contradictory findings with respect to whether biosolid
applications on agricultural lands would lead to intensification dfggeenhouse gas (GHG)
emissionsHere, | describe the results of deployment of a micrometeorological flux gradient
method to quantify podtiosolid soil emissions of XD and CH on a drainage water managed

farm on the Eastern Shore of Maryland in 2020 @edmparison with the flux results of 2018

and 2019 when no fertilizer and conventional synthetic fertilizer UAN was applied, respectively.
The analysis of soil extractable nitrogen shows that thelposolid soil has the highest nitrate
concentrationgontributing to the highestd® emissions in the growing season of 2020

compared to 2018 and 2019. Other contributors include the low C:N ratio of the biosolids and
the above average precipitation in 2020. In contchgrent fertilization regimes didat
generatalistinct differences between the three years fog fibtes. In addition, the statistical

tests showed that although differences existed between towers, no significant treatment effect of
drainage water management (DWM) was found for eith€ &f CHs, which aligns with the

result of the statistical comparison in Chapter 2. The estimat®dR for biosolid addition in

2020 is similar for the DWM (4:8.2%) and notDWM sites (4.54.8%) and about-2 times the

N20 EF in 2019 (42.5%) and 3 timethe IPCC Tier 1 EF (1.6%) for synthetic fertilizer,
demonstrating the intensification effect of biosolid addition on sgi) Bmissions for the

cropland studied here.
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3.1 Introduction

Biosolids (also known as treated sewage sludge) are a semisolid ppbthectvastewater
treatment process and rich in nutrients (such as nitrogen and phosphorus) that are essential to
plant growth and organic matter that can improve soil structure. Famers began to use sewage
sludge from municipal wastewater treatment plamisnprove soil fertility in 1920s. Nowadays,
biosolids are applied as a common amendment to croplands. Based on the annual biosolids
reports collected from 41 states where the Biosolids Program is implemented, the U.S.
Environmental Protection Agency (UBE) estimated 1.15 million dry metric tons of biosolids
were applied to agricultural lands in 20&nvironmental Protection Agency, 202Ryevious

studies examining the impact of biosolids application on soil greenhouse gas (GHG) emissions
on agricultural lands have showed contrasting results. A study in Denmark found that sludge
applications had minor influence on cumulated fluxes 69 lAnd CH in abarley field, and that

land use (agriculture versus forest) was a much stronger confaitdrus et al., 2001\While in
Canada, resedrers reported higherd® emissions from sandy loam soil treated with organic
amendments (i.e., raw pig slurry and biosolids) than treated with mineral N fe(f&ster et

al., 2012) They also concluded that in the gateated with organic amendments, mean soil
nitrate availability was negatively correlated to the C:N ratio of the amend@keantigny et al.,
2013) A metaanalysis conducted by Charles e(2017)on the global scale reviewing®

emission factors (EFs) from agricultural soils receiving organic amendments yielded a global
average EF of 0.57 for all organic sources, lower than the IPCC default EB¥orf dynthetic
fertilizers. The authors also highlighted the importance of the C:N ratio of the organic

amendment to the EF. These inconsistent findings mean that further research is needed to
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understand the different effects between biosolids and simfedilizer applications on soil

GHG emissions.

On this farm site, biosolids application occurred eveByykars with the main objective to

increase soil phosphorus content as well as other nutrients and organic matter. At the microsite
scale, NO production is controlled by soil N, soil C content, soil pH and temperature, oxygen
availability and soil water conte(Grossel et al., 2016; Saggar et al., 2013; Stehfest &

Bouwman, 2006)The presence of both available carbon and nitrogen in biosolids suggests that
its application is likely to léer the dynamics of soil XD emissions compared to the years when
synthetic fertilizer such as UAN (urea ammonium nitrate) was used. In this chaptentified

soil emissions of BD and CH using the neacontinuous flux gradient (FG) measurements for

the year 2020 when biosolids were added into the fields and compared them to the previous
yearos fluxes when miner al N fertilizer UAN
In addition to the biosolids application, drainage water management (DWM) was also
implemented on this farmm 2020 to control the underground water table level to accommodate
field management and meet crop water requirements in the growing season. As discussed in
Chapter 2, a major concern of the implementation of the DWM practice is the potential
production ofsoil NO and CH emissions. Whether this unintended consequence of DWM

existed for soil GHG emissions in 2020 was investigated in this chapter as well.

3.2 Materials and Methods

3.2.1 Site Description

The research site was a private farm in eastern Madyda the Delmarva Peninsula. The owner
of this farm already had drainage water management (DWM) structures installed and was willing
to accommodate our research needs without disturbing standard agricultural activities. This
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region has a humid subtropiadimate. Average annual precipitation is 114 cm and monthly
average temperatures aréin January and 2€ in July. Soil on this farm is classified as

Fallsington fineloamy, mixed, active, mesic Typic Endoaquults.

3.2.2 Farm Management

The typical crop rotation schedule is ca@wybean rotation with daikon radish used as the winter
cover crop. However, to take full advantage of the nutrients in the addition of biosolids, the
farmer planted corn again in 2020 following the previous cear.38iosolids containing 20

25% dry content was applied atarateo2l8 t ons per acre, whi ch,
estimate, would provide 160 Ibs. N/acre (179 kg N/ha) mineralizdlbte the first year and

smaller amounts mineralized in subsegugears. Biosolids application occurraldng with

tillage to incorporate the biosolids into the siodm May 19 to June 2 and corn planting was
finished at night on June 2. Herbicide was sprayed on June 24 to remove undesired vegetation.
Pivot irrigation was used to supplement precipitation events in the summer. The DWM and non
DWM sites were subject to the same sludge fertilization rate, herbicide application, and

irrigation rate in 2020.

3.2.3 Experimental Design

The experiment design for the flux masmments in 2020 was the same as that in the previous
years, as described in Chapter 2. The aerial image of the research site showing the positions of

the drainage ditches, the FG towers, and the instrument trailer can be foun2ih Fig.
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Figure21l. Google Map satellite image of the research farm with proposed siting of the DWM
structures, the flux gradient measurement towers, the meteorology tower, and the instrument
trailer. Towers A and B were in the free draiaggorDWM) fields; towers C and D were in the

controlled drainage (DWM) fields.
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3.2.4 Flux Calculation

The flux calculation and filtering processes were the same as that in the previous chapter. Flux
measurements were made from January until March B8nhe site was shut down due to the
COVID-19 pandemic. Flux measurements were reinitiated on June 5, as soon after it was safe to
re-enter the site after biosolids application, and continued to the end of the year, with the

exception of a gap in Septenmt@and October for the harvest.

3.2.5 Supplementary Environmental Data

In 2020, the meteorological tower continued to providen air temperature, relative

humidity, barometric pressure, wind speed and direction, and precipitation data. The vertical
profile of soil temperature and volumetric water content (VWC) were measured using the same
recording systems and at the same locations in the DWM arbwWmv fields. But the

measurement depths were changed to three depths only, which were approximated® srom,

and 50 cm below soil surface, owing to the failure of the soil moisture and temperature sensors at
other depths.

Soil samples used for nitrate and ammonium concentration analyses were taken approximately
monthly in 2020 from June to December aftex application of biosolids using a 2.2 cm

diameter soil sampler probe. The soil samples were stored in a refrigerated cooler before
transporting to the laboratory for further analysis. At the lab, each field moist sample was sifted
using a 2 mm openingesie to remove rocks, fine roots, etc. Ten grams of the sieved soil were
extracted in 100 mL of 2M potassium chloride (KCI) in an Ehrlenmeyer flask and placed on a
shaker table on low speed for 1 hour. The solution was allowed to settle and then exteacts we
vacuum filtered through a Whatman No.42 filter paper. The filtered extracts were analyzed for

nitrate and ammonium concentrations by a Lachat autoandMagnard et al., 19935amples
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thatwere not processed in the analyzer within 12 hours were storéd ah#l analysis was

done within 1 month of soil sample collection.

Biosolids samples were taken from four different piles of fresh sludge at the farm before
application and transported the laboratory in a refrigerated cooler. At the lab, the samples were
dried, ground to a fineness of less than 0.5 mm, and analyzed for total carbon and total nitrogen

usinga mass spectrometer

3.2.6 Statistical Analyses

To test the effects of DWM ondce gas fluxes oneway repeated measurédNOVA test was

used to detect whether there were significant differences in the flux measurements between the
four towers when all of them were functioning. A logarithm transformation (log10) was applied
when thedata were nomormal or skewed to meet the required assumptions of normality and
homogeneity of variances for all groups. A small positive offset was added to make all values
positive before log transformation if needed. After the logarithm transformatiemssumptions

of normality for each group and homogeneity of variances across groups were both satisfied
(Fig. 22, 23 and Tablé). The oneway repeated measurédNOVA was followed up by multiple
pairwiset-testsusing a Bonferroni multiple testing correction method fmapue adjustment to

test differencebetweertowers Gapfilled flux values were not used in the statistical tests to

avoid bias in the comparisons. Statistical analyses were performed in R§R &2on, 2022).
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Figure22. The density distributions of the daily>® fluxes measured in the period of Jure 8
July 9, 2020 when all of the four towers were functioning. Each tower contains 18 daily values.
Notice the differencgin scale on the-xand yaxes.

A | B
0.6
\ 06
0.4
0.41
5,02 0.2-
=4
7]
[
& 001 i 0.01 : . .
. 1.0 1.5 2.0 2.5 15 2.0 2.5
byt
= c D
8 061 1.001
e)
S
a 0.751
0.4
0.50
0.2
0.251
0.0 0.001
1.5 2.0 2:5 3.0 1.0 1.5 2.0 2.5

10g10(N2O Flux) (g N,O-N ha™'d™")

Figure23. The density distributions of the lggansformed daily BD fluxes measured in the
period of June July 9, 2020 when all of the four towers were functioning. Each tower contains

18 daly values. Notice the differences in scale on thand yaxes.
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Table5. The pvalues of the ShapirwVilk test on checking the normality of each group (tower)
and the LeveneoXKititéeendsdt tlsanodehertypfivaienges ng t he
across groups (towers) for the dailyONfluxes measured in the period of Juréu8/ 9, 2020.

The Leveneds test is not sensiti-Kiel t mend®&p atr & wut
very robust against departures frommality. For the ShapiraVilk test, a pvalue less than 0.05
suggestsnecn or mal di stri buti on of the dhkitlal.edmds tthe

a pvalue less than 0.05 indicates significant differences between variances across groups
(towers).

Test Before logtransformation After log-transformation

ShapireWilk test

Tower A 0.006 0.120
Tower B 0.026 0.140
Tower C 0.021 0.142
Tower D 0.0004 0.916
Leveneodos i 0.004 0.104
FlignerKi | | een o 0.005 0.134

3.3 Results

3.3.1Environmental Data

3.3.1.1Precipitation and Air Temperature

Daily precipitation and irrigation records in this year are shown inZ8ig. The highest daily

rainfall amount was 13.74 cm on August 4. The total annual precipitation was 167 cm, 10 cm
higherthan that in 2018 (157 cm) and 1.5 times higher than that in 2019 (109 cm), which made
the year of 2020 the wettest year among the three years. The driest month was January with 2.73
cm precipitation and the wettest month was August with 9.77 cm preidpitdhe daily average

air temperature was 14°@ and varied from4.1°C to 29.2°C (Fig.24b). Mean monthly air

temperature ranged from 38 in January to 26.%C in July.
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3.3.1.2 Soil Temperature and Moisture

Daily averaged soil temperature measwael cm depth followed the seasonal trends observed
in the air temperature data (F&jc), ranging from 1.8C to 31.5°C. In the DWM field, the
daily mean of the soil volumetric water content (VWC) in the surface soil ranged from 0.147 to
0.486 m n? over the course of the ongear measurement; in the RBWM field, the daily mean
of the soil VWC varied from 0.201 to 0.429 mPifFig. 24d). The daily averaged surface soil
VWC in both the DWM and neDWM fields exhibited the same response to precipitation
events, but the increase in soil VWC was greater in the DWM field than that in tH2\Mbh
field, indicating a wetter soil condition for the DWM field after each precipitation event. Data
gaps existed for the nddWM site from early June to midugust becase of the malfunction of
the data collecting system.

3.3.1.3 Soil Nitrogen Concentration
The soil extractable nitrate in the surface soil (5 cm) ranged from 4.72 to 66.31 mig(Ndg
24e and Fig25a). The application of biosolids was completed ore Ryrdenoted by the arrow in
the figure. Soll nitrate concentration reached its highest level at the first sampling date after
biosolids addition and decreased over time in both the DWM andidM fields. Soil
ammonium concentration rose gradually tangximum in the first two months after biosolids
application and returned to its normal values afterwards 2Bfcand Fig.25b).
The comparisons of soil extractable nitrogen concentration among the three consecutive years
(2018, 2019, and 2020) clearlyostr that the soil in both the DWM and n@WM fields had the
highest nitrate concentrations after biosolids application in 2020 and the lowest nitrate
concentrations in 2018 when soybean was planted and no N fertilizer was added to the fields

(Fig. 25a). Fao soil extractable ammonium concentration, the tiyegr data show relatively
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small ranges of variations in both fields compared to the nitrate concentrations, except for one
measurement in the growing season of 2018 @&h). Overall, the addition ofibsolids in 2020
resulted in much more nitrate measured in the fields than the synthetic fertilizer did in the

previous year.
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Figure24. Timeseries of environmental, soil, and flux variables measured in 2020. (a)
Precipitationand irrigation, (b) daily averaged air temperature, (c) daily averaged soil
temperature of surface soil (5 cm), (d) daily averaged soil volumetric water content (VWC) in
surface soil, (e) soil extractable nitrate, (f) soil extractable ammonium, (g)adaitgged BO
fluxes (in log scale, a small positive offset (50 DN ha d) was added to make all values
positive before log transformation), and (h) daily averagedfltides. Black arrows denote
planting (P) and biosolids application (B) events. Whiskers in panels (e) and (f) represent the
standard deviation of the replicated samplings of the field soil (spatial heterogeneity) and
whiskers in panels (g) and (h) repnesthe standard deviation of the daily mean calculated from
half-hourly flux values (temporal heterogeneity).
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Figure25. Comparisons of soil N&N (a) and NH*-N (b) concentrations (mg Kjy between
2018 (soybean), 2019 (cormnd 2020 (corn) for the DWM (open circles) and M

(triangles) sites. The error bar represents the standard deviation of multiple samplings at one site.

The colorcoded arrows indicate synthetic fertilizer (F) and biosolid (B) applications in 2019 and
2020.

3.3.2 The FG Measurements

In 2020, 4624 individual hatfiourly flux measurements were made with the four FG towers,
which had been converted into 202 daily mean flux values for the DWM site and 203 daily mean
flux values for the nolDWM site (Fig.24g and Fig24h). The first data gap from late March to
early June was due to the shutdown of the research site due to O\AD the second data

gap between | ate September and | ate October
Large NO emissions were obsexd at both sites following the application of biosolids in the
growing season of 2020, coinciding with precipitation events. The maximum &yl

values measured from the DWM site and the-BoWM site were 1116 and 2460 g®N hat

day?! on June 2&nd June 5, respectively.® emissions then decreased to e throughout
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the remainder of the year in both fields. The general trend over time observed in the@020 N
emission data was the same as the temporal pattern that was found in the 2046 dath
distinct patterns were identified in the €Hux results following fertilization, with the daily flux
values ranging from82 to 85 g CH-C ha' day? in the DWM field and51 to 67 g CH-C hat
day!in the noRDWM field.

3.3.2.1 Comparisons between the FG Towers
None of the four FG towers detected any elevatgd fNuxes that were beyond the detection
limit in the first few months of 2020 (Fi@6). Following biosolids additions on June 2, strong
pulses of NO fluxes werecontinuously observed at all four towers for approximately one
month. Although the largest daily meapONflux was measured at tower B, tower C had the
most intensive BO emissions in general (Fig7a), consistent with the findings 2019 when
synthetic fertilizer was applied. The® emissions decreased quickly over time. Beyond one
month after biosolid application, significant emission pulses after precipitation events were no
longer observed at any of the towers throughouteéheming months of the year, which was
likely due to lack of available N. For GHhere were no distinct differences among the four FG
towers. The measured GHuxes were within the minimum detection limit (MDL) of the system
at most times. A positivedk (emission) or negative flux (uptake) beyond the MDL was rarely
seen in each tower 0s mefusalsoagmeswithsvhaledrieed f i ndi n
from the 2018 and 2019 data.

3.3.2.2 Diurnal Patterns
During the emission pulse period fralane to July in 2020, the highestONemissions at the
four towers all occurred in the late afternoon and early evening, as indicated by the diurnal

patterns of the shaded areas (&), which is likely due to temperature effects. There was no
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such pattm for the solid lines (median fluxes), suggesting this-édternoon pattern of elevated

N20 emissions did not happen most days. This is reasonable because@meaissions are

highly dependent on a combination of precipitation events when suffieiactive nitrogen is

present, and can then further respond to diel temperature variation. No clear diurnal pattern was

identified for the CH flux data because of the lack of large emission pulses.
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Figure26. Mean daily NO and CH fluxes (g NO-N ha' day! and g CH-C hat day?,

respectively) at each of the four FG towers in 2020. The shaded aguamarine areas represent the
observed minimum detection limit (MDL) using the zgmadient test for the flux dafaee

Chapter 4 for more details regarding the determination of the MDL). For tower B, the error bar

of the highest mean daily2® flux was not included in order to have a consistesxig scale

with other figures. The black arrow denotes corn plantingui@)fertilization with biosolids (F).
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Figure27. Box plots of mean daily O (a) and CH(b) fluxes measured by the four FG towers
in 2020. Because the-0 flux data had rightkewed distribution, a natural log transformation
was applied to the data. A small positive offset (50G:@-N ha! d') was added to ensure alll
values were positive before log transformation. Red diamonds represent means and black
horizontal bars in the boxes indicate medians. The lower and egges of the boxes represent
the first (25%) and the third (75%) quartiles of the data, respectively.
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Figure28. Diurnal patterns in bD fluxes (ng it s1) measured by the FG towers in June and

July of 2020 when strong emiss®pulses were observed. Black lines represent median fluxes,

the dark grey areas represent the ranges between 25% and 75% quantiles, and the light grey areas
represent the ranges between 5% and 95% quant

30-min flux measurements made at each tower. Note the differences in scale eaxdsiy
different panels.

3.3.2.3Effectsof Biosolids Application on Fluxes

The comparisons of soil&) emissions among the three consecutive years (2018, 2019, and
2020) demortsate the effects of different types of fertilizers osgONfluxes clearly (Fig29): the
fields had the highestZ® emissions after the addition of biosolids in 2020 corn year and the
lowest NO emissions in 2018 soybean year when no N fertilizer was adéted the

application of synthetic fertilizer in 2019 corn year, the observ& éinissions were higher
than that in 2018 but significantly lower than that in 2020. In the case of sp#i@idsions, the

applications of different fertilizers/no fertilizelid not yield evident differences between the

three years (Fig30).
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Figure29. Comparisons of soil ¥0 emissions between 2018 (soybean, no fertilizer), 2019 (corn,
synthetic fertilizer), and 2020 (corn, biosolidseath tower. The colezoded arrows indicate
UAN (F) and biosolid (B) applications for 2019 and 2020, respectively. The standard deviations
of some data points were not shown to make thgiy scales consistent among the figures. For
the same reason, thighest daily mean flux (2460 g:R-N ha! day?) measured at tower B on
June 5, 2020 was not shown in the figure either.
Tower A Tower B

N,O Flux (g N,O-N ha™'d™")
-

o0 2018

400 -8 2019
& 2020

"""-'HWM%' e — ..g}.%%

200

o

-200

CHg Flux (g CH4-C ha'd™")

-400

Tower C Tower D

600

400

200

0,.

-200

-400

CH, Flux (g CH4-C ha'd ™)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Figure30. Comparisons of soil CHemissions between 2018 (soybean, no fertilizer), 2019 (corn,
synthetic fetilizer), and 2020 (corn, biosolids) at each tower. The standard deviations of some
data points were not shown to make thexis scales consistent among the figures.
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3.3.3 Effects of DWM on Soil M0 and CH Fluxes

Similar to the previous years, stronglges of NO emissions were only observed in the first two
months (June and July) after planting on both the DWM aneDWM sites in 2020 (Fig26).

The NO emissions decreased to background levels for the remainder of thedefared June
5-July 31 & the posbiosolid emission pulse period (the DWM board management records
showed that the emission pulse period was within the active board period). To evaluate the
effects of DWM on soil GHG emissions, a eway repeated measurédNOVA was performed
(asdescribed in sectioB.2.6) using the mean daily fluxes during this emission pulse period.
Only the days when all of the four towers were functioning were selected to avoid biased
comparisons, leading to 18 daily values remained for each tower from foudelg 9 as the

input of the ANOVA test.

The boxplot of the mean daily.® fluxes measured by each tower in the period of the statistical
comparisons suggests that tower C has the strongest emissioi3 (¥32 and 243 g XD-N ha

1 d! as the mean and median, respectively) among all of the four tenetise difference are
statistically significanbnly between towerA andC andtowers B and GFig. 31). For the mean
daily CH, fluxes during the same periagwer D has significantlhigherCHa fluxes compared

to towers A and @Fig. 32). Overall, the statistical comparisons showed that, although
differences in MO and CH emissions existed between the towers, no consistent treatment
effects were found under the DWM condition (sitear@@ D) compared to the nd@WM

condition (sites A and B). For example, in the DWM site tower C had the highest and tower D
had the lowest PO emissions, with towers A and B intermediate, suggesting that the effects of
spatial heterogeneity within the studkea on soil GHG emissions surpassed that of the DWM

treatment.
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It is worth noting that during the statistical comparisons, some sites are on average a sink
whereas the other sites gmeedominantlya source for Ck Further analysis (Tab® shows that
a very large proportion of the Gldoncentration gradients corresponding to the observed CH
fluxes are within the FG sy dHeregmire observationmonm d et
CHsf l uxes that are beyond the swhaheraamiesadhRL ar e

or source for Ckl As with NbO, no consistent significant impact of DWM was detected fos. CH

Anova, F(2.07,35.17) = 5.05, p = 0.011, 1> = 0.05

1250+ . R |
pa— *
i ]
<2 1000
(O]
p =y
z
S 750
o
Z L]
2 5001 ‘
X .
=]
o 2
2501
01 T T I
A B c D
(Non-DWM) (Non-DWM) (DWM) (DWM)

Tower

Figure31. Box plots of the mean daily2 fluxes (18 daily values for each tower) measured in
theperiod of June Guly 9, 2020. Red diamonds represent means and black horizontal bars in the
boxes represent mediamssterisks indicate that significant differences were found between the

two towers connected by a bracket using thewag repeated meass ANOVA and the

pairwise ttestswith the Bonferroni multiple testing correction fowvplue adjustmert i * 0 an d
i****0 represent significance Id¢sarmeasuppof< 0. 05
effect size in ANOVA and indicates that orif6 of the variation in PO flux can be explained

by the variation between the towers.
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Anova, F(1.31,22.22) = 1.52, p = 0.24, n; = 0.08
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Figure32. Box plots of the mean daily GHluxes (18 daily values for each tower) measured in

the period of June-8uly 9, 2020. Red diamonds represent means and black horizontal bars in the
boxes represent mediamssterisks indicate that significant differences were found between the
two towersconnected by a bracket using the -oveey repeated measures ANOVA and the

pairwise ttestswith the Bonferroni multiple testing correction fowvplue adjustmen(fp < 0.05).

d¢® is a measure of effect size in ANOVA and indicates that only 8% of the wariatiCH; flux

can be explained by the variation between the towers.

Table6. The mean and median values of thes€bihcentration gradients corresponding to the
CHas fluxes used in the statistical tests and the proportion of the measukegtdtients that are
within the minimum detection limit (MDL) of the instrument. For £khe observed minimum
detectable gradient during the zayadient test was 0.2130.141 pfp. See Chapter 4 for more
details regarding the determination of the MDL.

Tower A Tower B Tower C Tower D
Mean (ppb) -0.070 0.059 0.002 0.105
Median (ppb) -0.105 0.201 -0.046 0.055
Within MDL 11/18 9/18 15/18 13/18
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3.3.4 Comparisons of & Emission Factor between Treatments and Years

3.3.4.1 Annual Soil )0 Emission Estimates

Gaps of the daily BO emissions were filled using linear interpolation for the purpose of
simplicity. For long data gaps (> 1 month), an average of the fluxes in atljaoaths was used

to fill the missing data. Uncertainties in the daily fluxes were summed in quadrature (by taking
the square root of the sum of the squares of the uncertainties associated with daily fluxes) and
propagated to the cumulative annual emisg&stimate. A detailed comparison of different-gap
filling techniques is discussed in the subsequent chapter. Only the anfuahiission

estimates for 2019 and 2020 were calculated in this section (there were too few measurements in
2018).

The cumulativeN20 fluxes indicate that the®-N emissions in the year (2020) of biosolids
amendments were elevated in both the DWM andDWfM fields compared to the year (2019)

of synthetic fertilizer use (Tabltand Fig.33). However, the increase of annual fluxireste

from 2019 to 2020 in the ne@WM field was approximately 1.8 times the increase in the DWM
annual estimate. In other words, the difference between treatments was reduced in 2020. This
could be ascribed to: 1) our interpolation method could leaddenestimation of the cumulative
fluxes because there was a long period with missing data (about 2.5 montB4) Btgrting

from late March to early June in 2020 due to the CO¥8lated shutdown of the research site

for this period, and the underestitima might be greater for the DWM fields considering their
wetter soil conditions; 2) the total annual precipitation in 2020 (167 cm) was 1.5 times higher
than that in 2019 (109 cm), and this higher precipitation could contribute to higher fluxes and

couneract the treatment effect (different underground water table depths) between DWM and
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nonDWM during the active board periods; 3) the error terms were larger for the 2020 data and

the nonDWM site in 2020 had the largest uncertainty.

= 2019 DWM
2019 non-DWM

w2020 DWM / B
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Figure33. Cumulative NO emissions (kg PO-N hat') at the DWM and noiDWM sites in 2019
and 2020. The numbers on thaxs stand for the numbers of days after the N fertilization
event(s). For 2019, the second fertilization event occurred oB3akhe shaded areas indicate
uncertainties propagated from the daily fluxes to the cumulative emissions.
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Figure34. Daily NO fluxes (g NO-N hat day?) after gagfilling at the DWM and nofDWM

sites in 2019 and 2020. Gapstloé daily NO emissions were filled using linear interpolation for
simplicity. For long data gaps (> 1 month), an average of the fluxes in adjacent months was used
to fill the gaps. The maximum daily flux (963 g®N ha' day?) at the DWM site in 2019ral

the maximum daily flux (2460 g2®-N ha' day?) at the norDWM site in 2020 are not shown

in the figures so that theaxis scales are consistent between DWM andDAW for the same

year. The numbers in the brackets next to the figure legend intheateimber of the observed

fluxes and the number of the interpolated fluxes in the year. Black arrows denote synthetic
fertilizer applications in 2019 and biosolids application in 2020. Notice the difference in scale on
the yaxis between 2019 and 2020.
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3.3.4.2 NO Emission Factor

The nitrous oxide emission factor (EF) was calculated by dividing ann@aERissions,
aggregated by treatment, by the N fertilization rate for the corn years 2019 and 2020. For 2019
when synthetic fertilizer was used, thefextilization rate was 213 kg N Hg22 kg N hat was
knifed-in on April 25 and 191 kg N hawas broadcasapplied on May 24). In the case of 2020,
the vendor reported to the farmer applyingZZ0tonsof biosolids per acre at 226% dry
contentwhich they calculated would provide 160 Ibsadte! (179 kg Nha?) mineralizableN

for the first year and smaller amounts mineralized in subsequent ygarerated independent
estimates by analyzing the biosolids samples that were collected atnthieefimre application.
measured 4.9 * 3.1446 dry contenaand 0.05% 0.0067g total N per gram dry weiglm 12
biosolid sampleDifferent assumptions on the N mineralization rates affect the calculated
emission factors for the three scenarios £3) dscussed below:

S1:Use the number (179 kg mineralizable Nthprovided by the vendor directly as the N
fertilization rate.

S2:Using the average value of the measured dry content (15%) and the N concentration
(5.9%) and assuming that the vendor was reportinghd® tons| calculated that the
total N in the biosolid addition was 3986 kg N ha (corresponding to 2@2 tons/acre
biosolids as reported). If a 100% N mineralization rate is assumed, the mean N
application rate would be 417 kg Nha

S3: The farmerexplained to us that he expected®% mineralization rate for the first year.
If we assume the rate to be 40% of 417 kg N, laen the N fertilization rate is 167 kg N
hal, which is close to the ven'hsthefasoustafpect at

the firstyear mineralized N.
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Although a 100% N mineralization rate is not realistic, using the total amount of N in the
biosolids addition as the N fertilization rate provides a lower bracket estimate for the EF in each
situation. Besidg the water content at the time of sampling was likely affected by rain in the
previous few dayswvhich could contribute to difference in dry content percentage between the
vendor és estimate and our own measNrements.
application rates yield an uncertainty range for the EF on this farm.

In 2019, the NO EFs of the DWM and neDWM sites were 2.5% and 1.0%, respectively
(Table7). The EF calculations used the flux data aggregated by treatment, so the unusually low
EF ofthe nonRDWM site can be ascribed to the unusually loy©DNemissions at tower A. The

default value of the updated Tier 1 EF in the current IPCC guidelines is 1.6% (uncertainty range
1.3-1.9%) for synthetic fertilizer inputs in wet climates with greatenth®00 mm annual
precipitaton( Her goual coh et .®OurNO EReStPhates are RIBI€lower2 01 9)
than the lower boundf the IPCC Tier 1 EF at ne@WM and slightly higher than the upper

bound at DWM. However, background® emissions from an unfertilized agricultural site were
not taken into accoumm our calculation. Subtracting an annual estimate of background
emissions from the annual emissions of 2019 would result in smalERs for both the

DWM and nonDWM sites.

Based on the aforementioned scenario analyses, the uncertainty ranges.af Efe & the

DWM and norDWM sites in 2020 were 2-%.2% and 1.91.8%, respectively (Tablé). The

most likely NO EFs according to the amounts of the fysar mineralized N provided by the
vendor (scenario 1) and estimated by our biosolid analysesa(sz&h are 4.85.2% and 4.5

4.8% for the DWM and neDWM sites, respectively, without corrections for backgroun® N

emissions from an unfertilized site. The estimate® EFs could be lower if more than 40% of
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the N in the biosolids was mineralized ir tirst year after the application, given a lower bound

of approximately 2% estimated in scenario 2. The 202D BF is only slightly higher at the

DWAM site than at the neBWM site. An NO EF in an agricultural setting is impacted by both
environmental fetors (such as soil type and climate) and manageneéated factors (such as N
application rate and fertilizer type). The ranges of tb® EF obtained for 2020 suggest that the
biosolids application intensified soil emissions on this farm, whéeing compared to the

N2O EF of 2019 and the IPCC Tier 1 EF for synthetic fertilizer applications.

Table7. Summary of cumulative annuab@® emissions and emission factor (EF) at the

controlled drainage (DWM) and free drainage (iWM) sites in 2019 and 2020. The error

terms in annual emission estimates were uncertainties in the daily fluxes summed in quadrature

and propagated to the cumulative emissions. ScenarieS3pdorrespond to the scenario
analyses in sectiod.3.4.2 forthe N fertilization rate in 2020.

Annual NNO Emissions

(kg N hat yr) N input Emission Factor (%)
Year DWM Non-DWM (kg N ha) DWM Non-DWM
2019 5.32+0.77 2.09+£0.42 213 2.50+0.36 0.98+0.20
2020 8.62+1.42 7.99% 2.36
S1: v esiichaier 0 s 179 4.82+0.79 4.46%+1.32

S2: 15% dry matter and 100%
mineralization rate

S3: 15% dry matter and 40%
mineralization rate

417 2.07+0.34 1.92+0.57

167 5.16+0.85 4.78+1.41
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3.4 Discussion

3.4.1 Factors Controlling Soil2® Emissions

The interannual comparisons for soil GHG flux measurements gddMission factors

indicated that the biosolids addition intensified the soil emissions@fddmpared to synthetic
fertilizer. The relationship between high sodemissions antdigh soil nitrate concentrations

due to the application of biosolids measured in the same year (2020) also demonstrated that soll
nitrate concentration was one of the major controlling factors for soil production and emission of
N20. Moreover, the analysiof the 12 dry biosolid samples collected before application in 2020
showed a C:N ratio of 6.540.44%, which is considerably lower than the C:N ratio of #1.8

0.5% in the top 5 cm of soil at this faidagedorn et al., 2022The low C:N ratio in the

biosolids meant that there was little C to promote N immobilization, so the maser&i was

quickly nitrified to nitrate and supported® productionJones et al., 2007Pther studies also
showed that BD emission was negatively correlated to the C:N ratio of organic amendments. De
Rosa et al(2016)found that the treatment plots receiving raw chicken manure with a C:N ratio

of 3.3 showed giificantly higher NO emissions than the plots receiving composted manure

with a C:N ratio of 12Both RomanrPerez et al(2021)and ObiNjoku et al.(2022)reported that

soil amended by mesophilic anaerobically digested biosolids emitted rOréhain soill

amended by composted and alkalstabilized biosolids. The C:N ratios of these thygees of
biosolids were 6.7, 12.4, and 15.7 in Rorkerez et al2021)and 4.7, 19.8, and 20.9 in Obi

Njoku et al.(2022) regectively. With such wide ranges of C:N ratios in organic soil amendment
it is not surprising that emissions and EFs also vary widely.

The wetter weather and soil conditions in 2020 may have contributed to the higher N

emissions as well. The total annpaécipitation in 2020 (167 cm) was 1.5 times higher than that
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in 2019 (109 cm). The soil moisture at 5 cm depth ranged from 0.14 to &85 with a

median of 0.22 mm3and from 0.15 to 0.39 ¥ with a median of 0.23 A during the
postfertilization emission pulse periods in 2019 and 2020, respectively. The higher upper limit
and median of soil moisture in 2020 reflected generally wetter soil conditions as a result of
heavier precipitation.

In addition, higher MO emissions in 2026ouldalso mrtially be attributed to field tillage that
occurred along with biosolids applicatiomhich is necessary to incorporate the biosolids into the
soil. Past studies show elevategNemissions irilled fields compared to untilled fiekl

(Cowan et al., 2016; Kumar et al., 2014; Wagneédle et al., 207; Waldo et al., 2019Dne
possible explanation is thirge quantities of crop residues ploughed into the podlgide an
additional source of organic nitrogen for mineralizatowl release more readily available

carbon which would providenoresubstrats for the subsequendenitrification procesgCowan

et al., 2016)Another explanation is that tillageeatesnore pathway$or quick diffusion of

N20 from the soil to the atmosphe&eparating the N addition and tillage effect is somewhat
academic given that they always go together assobds treatment protocol.

Overall, the posbiosolid intensification of soil BO emissions could be the coupled effect of
field tillage, increaseaitrogen inputand wetter weather/soil conditions, whictgenerallyin

line with the major findings inhie previous chapter. However, the large difference in soil
extractable nitrate between ye#ffgg. 25a)may be the dominant driver considering the

difference in soil moisture is relatively small.
3.4.2 Impacts of DWM and Biosolid Application on CHuxes
When DWM is in effect and the water table is maintained closer to the surfag@uts could
be produced by methanogenesis due to increased anoxic conditions. Studies have shown peaked
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CHs emissions in flooded rice paddies and depressege@tissions when the fields were

aerated or draine. Cai et al., 1997; Tyagi et al., 2010)ethane emissions have also been
reported for other agricultural systems with a variety of tillage and fertility reiGtean &

Parkin, 2001; Mosier et al., 2006jowever, the flux gradient measurements in this study
showed no consistent significant impact of DWM on promoting production and emission of CH
under three fertilization regimes (no fertilizer vAN vs. biosolid) (Fig.30). Even when carbon
was readily available from the biosolids application in 2020, the DWM did not appear to make a
large enough difference in soil moisture to provoke methanogeiiésislifference in this
conclusion compared ©hapter2 is that in this case there was a lot of carbon in available form
to boostmicrobial respiration thatould exhausbxygenand promote methanogenestawever,

the biosolid application is broadcast on the soil surface and, in this case, apptresilyface

soils did not become sufficiently anaerobic to promote methanogenesis.

3.4.3 Comparison with X0 Emission Factain Similar Studies

The estimated annuab® EF for biosolids addition is 45.2%, given a firsyear mineralization

rate of 40%which is about 8 timethe default value of the updated Tier 1 EF (0.6% with an
uncertainty range 0:1.1%) in the current IPCC guidelines for organic amendments, animal
manures, and other N input in wet climagaCC, 2019) However, this high EF estimate is not
unusual. Jones et #2007)reported an annual® EF of 4.3 + 0.% when sewage sludge

pellets were applied to a temperate grassland in Scotland. The higBestiNthat they
measured3.49 kg N:O-N ha' day?) is also associated with the sewage sludge treatment and
comparable to the peak value thabservedZ.46 ky N.O-N ha' day?). The authors attributed

the high NO losses to several factors including a high total N input, a cumulative residual effect,
stimulated denitrification due to the addition of organic C, and a priming effect, all of which are
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relevant tathe present study. A recent stu@bi-Njoku et al., 2022)n Quebec, Canada found

that treatment plots receiving digested biosolids and/or urea emitted m@muNng the corn

growing season than treatments receiving composted biosolids, alktdiniézed biosolids,

urea, and combinations of these. Th®NEFs for treatments receiving digested biosolids only
were 4.9 = 3.7% in the first year of the study and 9.7 + 4.3% in the second year and for
treatments receiving digested biosolids and urea were 4.5 + 2.5% in the first year and 4.6 + 2.9%
in the secongear, which are similar to our EF estimate for the biosolids application. The authors
emphasized the contributions of lower C:N ratio and lower dry matter in the digested biosolids,
in comparison with the alkalirgtabilized and composted biosolids, to tingher NO emissions.

In contrast to the large X EFs discussed above, some studies reported sp@ERs from
organically amended soils that were comparable to the Tier 1 EF in the IPCC guidelines: Roman
Perez et al2021)found that annual YD EFs from soils amended with three different types of
biosolids and granular urea ranged from @1123% in Central Alberta, Canada. Similarly, a
metaanalysis performed bfCharles et al., 2019n the global scale reviewing® EF of soils
receiving organic amendments yielded a global average of 0.57 £ 0.30% for all c@acies.

In addition, the authors classified the organic amendments intohesdium, and highrisk

groups based on their characteristics (i.e., water content, C:N ratio, and mineral N content).
Biosolid belongs to the highsk group (higher water coent, lower C:N ratio, and higher

mineral N content), which had a&® EF of 1.21 + 0.14%. The levand mediurrrisk groups

contained more stabilized products with higher C:N ratio and higher dry matter content and had
N20O EFs of 0.02 + 0.13% and 0.39#.3%, respectively. The,® EF of an organic amendment

is influenced by many factors such as the org

and climate conditions. As a result, it may vary over a wide range. However, the inconsistency in
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N20 EFof organic amendments indicates that the use of a universal EF (such as the IPCC Tier 1
N20O EF for organic amendments) might underestimate or overestimate®odrissions

depending on the type of organic amendment used and the soil and weatherroatiitie

area and highlights the need for an algorithm that calcula@s=F based on C:N ratio of

organic amendments, soil properties, and climate conditions, and other factors.

3.5 Conclusion

Our flux gradient measurements ofQNand CH emissions after biosolids addition is, to our
knowledge, the first study that employs a micrometeorological method to evaluate the impacts of
DWM and biosolids application on soil GHG emissions concurrently. Following the addition of
biosolids, NO emissons were intensified compared to the previous years because of high nitrate
concentrations in the pebtosolid soil and large amounts of rain but {&3hissions did not

show distinct differences. Statistical tests showed that although differences egtstedrb

towers, no significant treatment effect of DWM was found fgdMr CH:. The test results align

with the findings of Chapter 2 andméorce that DWM can be used as an effective best
management practice to reduce hydrologic nitrate export fromasrdglwithout major concerns

of significant pollution swapping of elevated soil GHG emissions. Our estimatg0ER of the
biosolidamended soil is considerably higher than the IPCC TiesQ BF for organic

amendments, indicating that variation in prdjgsr of organic amendments, such as C:N ratio,

may need to be considered to derive improved estimates of EFs. Our research provides a more
accurate quantification of soil GHG emissions under the conditions of this farm in Eastern
Maryland compared to thesemates using the IPCC Tier 2O EF and emphasizes that more

similar efforts are needed to provide a better basis for estimating EFs for organic amendments.
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Chapter 4Addressing Concerns about the Flux Gradiesthniqueand
Comparing TwaCommon Gap Filling Methods for Fluxes from
Agricultural Soik

Abstract

The advantage of the flux gradient (FG) metiwthat it allowsnearcontinuous measurements

of soil tracegas fluxes amultiple plots with a single laser instrumeat a fine temporal

resolution without disturbing the microclimate between soilstaedtmospheretHowever,
whetherthis advantage could possibly be outweighedihy concerns associated witle th
micrometeorological method requiresther consideratiarin this chapterfour potential
concerngelated tahe FG method were considered: {i¢ minimum resolvabléN,O/CH,
concentration gradient; (2) towersd flux foot
aerodynamic method to calculate the eddy diffusivity coefficient; and (4) the choice of the gap
filling techniques for MO flux data.To summarize the condions: (1) the minimum detectable
half-hourly NbO and CH gradientsverequantified theoretically and experimentally; (Bg

footprint climatology analysis showed that at |€2G% of the observed>O and CH fluxes

were generateih the experimental pletand there was no footprint overlap between the 80%
flux contribution area of the FG towers; (Be broad agreement for Guxesbetween the FG

and eddy covariance (EC) metssiliggest that theFG method is generally reliabléd) in this

case the aiftcial neural networks (ANNYid notexhibitimproved performance in estimation for
the missing MO flux valuescompared to the linear interpolation method and thsirsg the latter

for N2O data gagilling wasadeguate.These conclusionsonferconfidence that #gn FGmethod

can be applied simultaneously to multipletsfor N2O and CH flux measurements
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4.1 The Minimum Deteable Concentration Gradient for J®/CH,

4.1.1Introduction

The flux gradient (FG) method enables the integration of tegtporal and spatial resolution
measurements of seatmosphere pO and CH exchanges by continuously measuring the
difference in concentration of2® and CH at two heights on multiple towers (which is also

known as trace gas gradient measurements)ratjagncy of 1Hz using a sensitive and-fast
response quantum cascade laser (QCL) trace gas monitor (Aerodyne Research Inc., MA,
U.S.A)). The concentration gradients between the two heights are averaged over an interval of 30
minutes, which is the designedmspling period for each tower in the fetawer rotation scheme,

and then combined with the micrometeorological data collected every half hour at each tower
with a sonic anemometer to calculate the-halfirly NbO and CH fluxes. Rapid development of
laserspectroscopic techniques in the modern age has greatly improved the sensitivity to reliably
measure small concentration gradients, but every instrument has its detection limit. To find out
what the minimum detectable flux of the FG method is, a key @ueisti what is the minimum
resolvable hathourly averaged pO/CHs concentration gradient using the QCL? This concern

needs to be addressed before flux measurement results can be delivered with confidence.

4.1.2 Methods

A zerogradient test was performed from July 7 to July 10 in 2020 to investigate the minimum
detectal® NbO/CHs concentration gradient by docating the upper and lower sampling inlets at
the same height on a single tower. Zgradient tests have been commonly used in other studies
to quantify any bias in the flux gradient measurenf@rdldo et al., 2019; Zhang et al., 2015)

The zeregradient test eliminad the possibility that the difference in concentration resulted from

the actual height difference between the upper and lower inlets, and as a result, the only cause of
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the concentration difference was the nabéhe whole measurement systehmereforethe
absolute values of the hdiburly concentration differences between the two inlets during this
test period were averaged to calculate the minimum detecta®BWCNs concentration gradient.
Any gradient that was smaller than this threshold was carsldes the gradient measurement
noise of the laser instrumeas$ implemented in the measurement system
In addition, the mean of the gradients calculated for the gexdient test was compared to the
theoretical minimum detection limit (MDL) defined bytigy et al.(2006)
yY 9

€
whereae in is the resolution of the sampled gradient, H is the numbsarapling heights (H =
2 in a twelevel gradient sampling system)) is the random instrument noise over a specified
integration perio8i(for the Aerodyne QCL, sis 0.06 ppb on a-$ basis for MO and 0.30 ppb
on a 1s basis for Chlaccordingtothemnuf act ur er 6s specifications)
samples taken at each level over the sampling period (on average, n = 622 independent

measurements per height over the fmlfir sampling period after data filtering and removal).

4.1.3 Results and Digssion

Figure35 shows a time series of hdiburly gradient measurements ofCHa in the growing
season, encompassing the zgradient test from July 7 18:00 to July 10 16:00. During the test,
the observed 3tnin gradients were several orders of magnitudes smaller than that in the post

test measurements when the upper and lower wiets restored to the original heights. The

2 Here | used the manufacturer specified instrument precision @ t2¥taepresent the random
instrument noise of the QCL.
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elimination of larger gradients introduced by the actual height difference between the inlets
demonstrates that the zegoadient test succeeded.

By taking the mean of the absolute values of the 140 indepenaléhiolurly concentration

gradient measurements, the minimum detectable gradients between thieirles30min

averagavere 0.042t 0.033 ppb for MO and 0.213 + 0.141 ppb for GKFig. 36 and TableB).

This five-fold higher minimum detection limitfa€Hsi s consi stent with the
specifications of the Aerodyne QCL, which indicate that the precisions@faNd CH mixing

ratio measurements are 60 and 300 ppt, respectively enbedis and 20 and 100 ppt,

respectively on a 106 basis; naely, the instrument noise of Ghheasurements is 5 times that

of N2O measurements for the QCL.

Using Patteyds equat i onminavdiaged grhdemt weretOi0ipgb MDL
for N2O and 0.031 ppb for Ciwhich are 3 and 7 times lower, resfively, than the measured

zero gradient estimates. This difference probably reflects the fact thaltheurly zero

gradient measurementsay include several sources of variation in the whole measurement

system in addition to the QCL instrument noisech as possible variation in pump speed, air
pressure, and other unknown measurement system noise. In addition, the theoreti¢at MDL

CHsby Patteyds equation i sOcomphrgdtaa.fidoldt i mes hi gh
difference from the zero grasht measurement tests. This difference is due to the sopaire
transformation in the calculation process of the theoretical MDL, as the square root of 5 is

approximately 2.2 (see Eq. 1).
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Figure35. The zeregradient test wasgsformed from July 7 18:00 to July 10 16:00 (local time),
when the upper and lower sampling inlets were mounted at the same height. The concentration
gradients here were calculated as the concentration at the lower inlet minus the concentration at
the uppeinlet.
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Figure36. Box plotsof the absolute values of the-8lin concentration gradients during the
zerogradient test. The red diamond in each figure represents the mean and the black horizontal
bar inside the borepresents the median of the data. The lower edge of the box represents the
first quartile (25%) and the upper edge represents the third quartile (75%) of the data. The ends
of the whiskers show the minimum and the maximum without counting outliers (opks)

Table8. Summary of the minimum detectable concentration gradietesrdmedby the zere
gradient test and the theoretical minimum detection limit (MDL) equation (S.D.: standard
deviation; N: the number of halfourly measurements during the test).

N20 gradient (ppb) CHa4 gradient (ppb)
Zero-gradient test Median Meanz S.D. Median Meant S.D.
(N = 140) 0.035 0.042+ 0.033 0.188 0.213£0.141
Theoretical MDL 0.014 0.031
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4.1.4 Conclusion

In thissection, the zergradient test has been demonstrated as an effective method to quantify

the instrument noise in the concentration gradient measurerméptBatteyet al. (2006)

equation enables us to calculate the theoretical MDLs for the concentnatthergs of NO and

CHa with the QCL under ideal conditions, while the zgradient test provides the best

estimates of the MDLs for field measurement of the trace gas gradients because in addition to the
QCL instrument noise, other parts of the sampéipgiem may introduce some unknown
measurement noise. In short, the question concerning the minimum detectahteuhiglN.O

and CH gradients has been addressed theoretically and experimemtalpbserved minimum
detectable gradient using the zgmadient test combined with the micrometeorological data
collected every 3@nin were used taalculate the minimum resolvable hakburly NbO and CH

fluxes under varying micrometeorological conditibimsChapter 2 and.3

3 Because the flux resolution of the flux gradient system depends not only on the instrument noise but also
on the atmospheric conditions and the inlet separation (Pattey et al. 2006), it varies over time in a time
series of flux measuremen®®o calculatehe minimum resolvable 3tin flux of N;O/CHa, replace the
concentration gradiemt e r m in(Eeg 1)of Chapter 2vith the MDL for N.O/CH, gradients
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4.2 Flux Footprint Analysis

4.21 Introduction

The flux gradient (FG) method allows neamtinuous, yearound integrated measurements of

N20 and CH emissions from soils across spatial heterogeneity within a field and across

temporal variation such as diel cycles, rainfall, and fedilon events, and seasonal and inter
annual variation. However, as a towsrsed micrometeorological method, some concerns need

to be resolved before field measurements can be conducted with confidence, and flux footprint is
one of them. The Flux footpttins defined as the upwind area that is sampled by the flux sensor
when measuring turbulent flux. It describes the relative contribution of surface sources to the
measured vertical flugHorst & Weil, 1994; Schmid, 2002; Schuepp et B990)and varies

greatly with wind direction, atmospheric stability, surface roughness, and sensor observation
height (Lee, 2018). In this study, the FG method was chosen forphatisampling and flux

towers that were erected in the two control amal treatment plots. To avoid footprint

contamination between two adjacent flux towers or between the towers andxténaal

structures, two important criteria must be met. First, each tower should have enough upwind
fetch area to ensure that a largepmrtion of the observed2® and CH fluxes originate from

within each experiment plot. If the footprint extends far beyond the corn/soybean field, for
example, to the unpaved/paved roads, the observed flux will no longer represent the true surface
air exdhange of the corn/soybean ecosystem (Lee, 2018). Second, the flux towers should be
properly placed in the experiment al pl ots to
only one plot and only one drainage control structure treatment. In othés vimr each of the

four flux towers to be independent measurements, the footprints should not have much overlap,

especially between the treatment plots and the control plots. Thus, footprint calculation is an
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indispensable part of peield data analysito ensure observations satisfy the preset footprint

criteria.

4.2.2 Methods

The model used to investigate the flux tower footprint for eaemiBOFG measurement was
developed by Kljun et a(2015)and has been widely used by other researciéatdo et al.,

2019; Zhao et al., 2019yhe model provides a twdimensional flux footprint prediction

including not only the extent but also the width and shape of footprint estimates and is valid for a
wide range batmospheric boundary layer conditions and measurement héidjois et al.,

2015) For each 36nin FG measurement, a footprint was calculated. All footprints for the half
hourly timeseries data were aggregated to a footprint climatology characteristic ofnacorie

period. Input data needed for this model include measurement/receptor height, the Obukhov
length, the standard deviation of lateral velocity fluctuations, friction vglgalianetary

boundary layer height, roughness length, displacement height, and wind direction. The Obukhov
length, the standard deviation of the crosswind component, and friction velocity were measured
by the sonic anemometer on each tower. The displagdmegght and roughness length were
assumed as 2/3 and 1/10 of the canopy height, respectively. Wind direction data were collected
by a wind monitor (R. M. Young Company, Michigan, USA) on a 3.5 m meteorological tower
located next to the experimental fiellanetary boundary layer height data were downloaded

from the fifth-generation reanabhgdERAS hourly data on single levels by the European Center

for MediumRange Weather Forecaslgtps://cds.climate.qeernicus.ey/ The extracted sub

region was 39.12N, 75.8F W, 39.1F N, and 75.80W. Unlike the eddy covariance method,
the gas concentration measurements using the FG method were made at two heights rather than a

singe height. Hors{1999)found that the footprint associated with vertical concentration
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gradient flux estimates was similar to the footprint for eddy covariance flux measurements, only
when the eddy covariance measurements were made at a height equal to the geomatfic mean
the highest and lowest profile measurement heights for unstable atmospheric condition or the
arithmetic mean for stable atmospheric condition. Therefore, in this study, the geometric mean of
the heights of the upper and lower intakes was used as #sirament height under unstable
stratification and the arithmetic mean was used as the measurement height under stable/neutral

stratification, although these two numbers were very close.

4.2.3 Results and Discussion

The flux footprintclimatology was established only for the period when significant emissions
were observed. Following planting of soybean in June 2018, noticezbléuxes were
measured during the month of July, until the malfunction of the main instrument. In 2019,
significant NbO emissions were observed in May and June following the planting of corn and the
application of fertilizer. In 2020, strongx@® emissions were also observed in June and July after
the planting of corn and the application of biosolids.

4.2.3.1Fooftprint Climatologyt
The wind rose located in the top left corner of each satellite map shows the general wind speed,
wind direction, and how often the wind blew from that direction for eacimumeh FG
measurement period. For example, the wind rose in$&y.37b shows that the prevailing wind
was from the east and the southwest for the month of May in 2019, which explains why the
tower 6s aggregated footprint for the mont h,

two directions. The boundaof the 90% contour of the flux footprint was still far away from the

4 The footprint climatology of tower A is used here as an example. Figures related to other three towers
can be found in thappendiceat the end of thidissertation
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paved road, which addresses the concern about the upwind fetch area and ensures at least 90% of
the observed fluxes originated from the exper
possibly overl|l apped Wib)butcdnsiderng thaBtldese replwaietplots i n t
were under the same water table management practices and the 80% of the footprint boundary
encompassed a much smaller amount of area, this minor footpeifdpwappears acceptable. In

addition, the comparison of the flux footprint between May and June in 2019 (or June and July in
2020) shows that the footprint shrank when the crop grew taller. The smaller footprints were due

to the fact that, although thewer and upper inlet tubes for concentration gradient measurements
were raised as the canopy height increased, they were not raised in proportion to the increased
height of the corn canopy. A smaller distance between the lower inlet and the top of the canop
results in a smaller calculated footprint. Unfortunately, the height of the pivot irrigation system

on the farm prevented raising the inlets as high as would have been needed for maintaining a
constant ratio between the measurement height and the betgetcanopy.

All of the FG towersodé6 footprint climatol ogi es
of the research site to better elucidate the question of whether a flux tower had footprint overlap

with its neighbor (Fig38). The outermost contour and the second outermost contour depict the

extent of 90% and 80% of the source area of the measured flux for each tower, respectively. The
towerso6 footprints differed slightly in shape
throughout the month for different towers. With the exception of a small amount of footprint

overlap between plots C and D, which were also under the same DWM practices, these

integrated footprint maps demonstrate that the placement of the flux towsfieddhie

aforementioned criteria.
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