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Free Drainage

Controlled Drainage at
Low Level (summer)

" Reduced:
. Drain flow by 61 mm/yr

RP load by 0.013 kg/ha

i I i i

itrate-N load by 3.9 kg /ha

P load by 0.103 kg/ha

Controlled Drainage at
High Level (winter)

Reduced:

Drain flow by 124 mm/yr

. Nitrate-N load by 8.6 kg/ha
SRP load by 0.014 kg/ha
TP load by 0.091 kg/ha
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ABSTRACT.
Controlled drainage (CD) is a structural conseprapractice in

which the drainage outlet is managed in order dmice drain flow
volume and nutrient loads to water bodies. The gbahis study
was to evaluate the potential of CD to improve wapeality for
two different seasons and levels of outlet contusing ten years
of data collected from an agricultural drained digh eastern
Indiana with two sets of paired plots. The Rank Sast was used
to quantify the impact of CD on cumulative annuiin flow and
nitrate-N and phosphorus loads. CD plots had &sstally
significant (at 5% level) lower annual drain flowagtern pair:
39%; western pair: 25%) and nitrate load (easfmin: 43%;
western pair: 26%) compared to free draining (FIdXsy) while
annual soluble reactive phosphorus (SRP) and futakphorus
(TP) loads were not significantly different. An ARRKA model

was used to evaluate the impact of CD on dailyrdflaiwv, nitrate-
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N, SRP and TP concentrations and loads duringvibedifferent
periods of control. The average percent reductibalaily drain
flow was 68% in the eastern pair and 58% in thetevaspair
during controlled drainage at the higher outletelefwinter) and
64% and 58% at the lower outlet level (summerhmeastern and
western pairs, respectively. Nitrate load reducticas similar to
drain flow reduction, while the effect of CD on SBRd TP loads
was not significant except for the increase in $Réhe pair.
These results from a decade-long field monitoramgl two
different statistical methods enhance our knowledgeut water
quality impacts of CD system and support this manznt
practice as a reliable system for reducing nitdates through

subsurface drains, mainly caused by flow reduction.

Keywords.
Drainage water management, phosphorus, nitrate, QW& ARMA errors,
subsurface drain

1. Introduction
Subsurface drainage is a necessary water manag@mnaatice

in agricultural fields with naturally poorly draidesoil, however, it
contributes to water quality issues. Studies sugt@s nitrate loss
through subsurface drainage is the main sourcératein surface
water (David et al., 1997; Jaynes and Colvin, 2008) a leading
cause of hypoxia in regions such as the northerfh @uMexico

(Goolshy et al.,, 1999 and Rabalais et al., 200hpsphorus (P)
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can also be transported through drainage systemssolved and
particulate forms (King et al., 2015) and prefeiarftow appears
to be a frequent mechanism of P transport into e drains
(Stamm et al., 1998). Phosphorus loads throughusigt® drains
are much lower than nitrate loads, which has lddgs attention to
this loss pathway, but recent studies have shoernportance of
P lost through subsurface drainage (King et alL52&leinman et
al., 2015; Lam et al.,, 2016; Van Esbroeck et aQ16). For
example, Smith et al. (2015) reported that 49%abfitde P and
48% of total P losses from fields in the St. JosRpler Watershed
in northeastern Indiana occurred via subsurfacshdige.

Many approaches have been suggested in the Uiterdad
mitigate water quality issues caused by subsurfdcEnage.
Among these, controlled drainage (CD) is a stradtoonservation
practice in which the drainage outlet is manageorder to reduce
drain flow volume and nutrient loads to water badig&vans et al.,
1995; Fausey 2004; Frankenberger et al., 2006:hSktgal., 2007;
Adeuya et al., 2012; Gunn et al., 2015; Williamsket 2015a). A
comprehensive comparison between controlled aral draining
systems from 13 experimental field studies at Tedkht locations
(USA: North Carolina, Ohio, lowa, Indiana, lllingisCanada:
Ontario; and Sweden) by Skaggs et al. (2012) itelica broad

range of reductions from 18% to over 85% in avergeual drain
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flow and from 18% to 79% in annual nitrate loss diainage
under CD. In some of these studies, denitrificatias been found
to lower the nitrate-N concentrations in the sufzsig outflow

when drainage was controlled (Kliewer and Gillig95 and Tan
et al., 1998). However, in most studies, the sigaift decrease in
nitrate loads has been shown to be a result ofcteofuin drain

flow rather than the reduction in nitrate-N concetibns (e.g.,
Wesstrom and Messing, 2007; Adeuya et al., 2012aita et al.,

2017).

From a synthesis analysis based on 17 measuret Sietlies
and 11 modeled studies, Ross et al. (2016) fouad@b reduced
annual drain flow by 46% and annual nitrate loagld&%. Ross et
al. (2016) additionally reported a 57% reductiorsatuble P loads
and a 55% reduction in total P loads with CD, basednly a few
studies available in the literature at that tinféash et al. (2015)
found that CD decreased soluble P load in the stdzsiflow by
80% in a claypan soil in Missouri due to both ardase in soluble
P concentration and reduced drain flow.

Although field studies on the effect of CD on drdliow and
nitrate loss through subsurface drainage have loagoing for
decades, most have been conducted for a periodssfthan 5
years. There is also variability in the performaméeCD in the

literature and a wide range of changes in draiw fe;md nitrate
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loads with CD has been reported from different expental sites.
This suggests more studies are still required ¢twige a complete
understanding of nitrate and P transport from agducal fields to
surface water bodies under different weather cat soil types,
cropping systems and drainage designs over a kmg-period. In
addition to variability among sites, the design astdtistical
analysis used to assess CD effects have also yariech may add
to the apparent variability in results.

This paper reports results from a decade-long studgdiana.
Having ten years of drain flow and nitrate-N corications and
five years of SRP and TP concentrations allows aissical
analysis of the cumulative annual impact of CDaddition to the
common paired field statistical analysis of daifues. This study
also includes P transport through subsurface drainkke nitrate,
only a few studies have quantified the impacts @& Gn P
concentrations and loads via subsurface drainsadtfition, this
study evaluates the water quantity and quality ictgpaof CD
during winter (high outlet level control period) rgas summer
(low outlet level control period), which has noebeemphasized in
previous studies. The overall goal of this studyswhen to
evaluate the potential of CD to improve water dyalusing ten
years of data collected from an agricultural drdifield in eastern

Indiana. Specific objectives were to:
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1- Assess the impact of CD on annual drain flow artiert
(nitrate-N, SRP and TP) loads;

2- Quantify the relative influence of changes in driéonv
versus changes in concentration on reductionsaid tlue to
CD;

3- Evaluate the impact of CD during periods of highietu

level control (winter) and low outlet level cont(@ummer).

2. Materialsand Methods

2.1.Sitedescription
The controlled drainage experimental site for 8tigdy is field

W at Davis Purdue Agricultural Center (DPAC) lochte eastern
Indiana. Field W is relatively flat (slope < 1%)itv0.16 knf (39-
acre) total area, divided into four plots, northiv@$w), southwest
(SW), northeast (NE), and southeast (SE) with araaging from
3.5 ha to 3.7 ha (Figure 1). The four soil serie¢he site range
from very poorly to somewhat poorly drained, witsraall portion
of moderately well drained series. The subsurfaegdge system
was installed in September 2004, with 10-cm (4 )nigtierals
having an approximate depth of 1 m and spacing4ol (Utt,
2010), resulting in a drainage intensity of 1.1 cay' and
drainage coefficient of 1 cm. Drainage in the SE BIWV plots was
controlled at two different levels during some pdd depending

on the season (Figure 2), while the SW and NE vadmved to
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drain freely. This field has been in a corn-soybeatation since
2011 and in continuous corn before that, and wasaged using
chisel-plow tillage in the fall and field cultivatdillage in the
spring during the study period. Nitrogen (N) andgphorus (P)
fertilizers were applied at different rates priorand after planting
corn (Table 1). Phosphorus was also applied prosdybean
planting in two of the three soybean years. The azd timing of
fertilizer applications were uniform for all plo&sd were based on
Purdue Extension recommendations. Further detdilth® site

management and data are available in Abendroth @C4.7).

2.2.0perational strategy of controlled drainage
Drainage was controlled at different levels durimopter and

summer (non-growing and growing seasons). The agairoutlet
was raised to 10 cm below the ground surface dftewest,
sometime between November and December, remaingtaat
level through early to mid-April each year (wintbigh-level) and
was lowered to the drain depth a few weeks beftasting. The
outlet was raised to 40 cm below the ground surtdter spring
fieldwork (late May to early June) through the esfdSeptember
(summer, low-level). This analysis distinguished #ifects of CD
during higher-level control (HL) and lower-levelrdmol (LL). The

dates when the outlets were raised and loweredtandheight to

which they were raised were similar in most yedfgre 2)



176

177

178
179

180

181

182

183

184

185

186

187

188

189

190

1901

192

193

194

195

196

197

198

except for 2012 (drought) and 2015 (management)enrioen the

drainage outlet was never lowered to the draintdept

2.3.Drain flow measur ements combined with estimations
Drain flow has been measured using electromagniéiv

meters (Krohne Waterflux 3070) since 2012. Priothat, drain
flow monitoring was unreliable but water table wasore
consistently measured using pressure transducdabdlGWater
WL-16) installed in observation wells located ae timidpoint
between two drains in each plot. Therefore, drdowfwas
estimated using the Hooghoudt equation and watde tdepth
measurements for each hour for which water tablasomement
was available from January 2007 through Decembé&62th a
method described in Saadat et al. (2018). Estinditaid flow was
combined with observations for the periods thairdflow was
measured (2012 to 2016) in order to fill in the gdpue to missing
values in the water table observations, gaps rerdaim the drain
flow dataset, therefore, linear regression equatioh the flow
observations from one plot against a paired pldhwhe same
treatment (free or controlled drainage) were usedfilt the
majority of the missing values (Saadat et al., 20B8ter drain
flow was filled using the methods explained ab®reall gaps (54
days over 10 years) still remained in the datasetnathere was no

measured water table depth or measured flow franptired plot
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(Figure 3). These gaps were mostly during the sumime when
drain flow was relatively low compared to other ésnof the year,

and days with missing drain flow were not inclugedhe analysis.

2.4.Sampling and concentration inter polation method
Automated water sample($SCO) were used to draw samples

from the drainage outlet flow of each plot, doweatn of the
control structure. Samples were collected everyr lvaloen flow
was present except during winter, and combined ingekly
composite samples varying in length from twice aekveo
biweekly. During the winter, water samples were |lemied
manually to avoid freezing problems, approximatelery week
whenever flow was present. A total of 2130 samplesre
collected during the study period from which 355revenanually
collected grab samples. Samples were kept frozeih amalysis
and then analyzed on a SEAL Analytical AQ2 autohae to be
tested for nitrate+nitrite-N (referred to subsedlyems nitrate-
N), soluble reactive phosphorus (SRP) and totasphorus (TP)
according to US EPA methods.

Daily nitrate-N, SRP and TP concentration valuesdee for the
load calculations were estimated using linear pakation, because
water quality samples were collected weekly or lEsguently.
The composite samples from the automated samplese w

considered representative of all days since theique sample was
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collected. For manual samples collected in winteily
concentration was calculated using linear interpmtabetween
data points.

After estimating daily concentrations, daily loadsre
calculated by multiplying the daily drain flow bgtenated daily

concentrations.

2.5.Statisticsand data analysis
In order to evaluate the effect of the CD systeamtistically, the

two eastern and western plots were paired due ¢o Himilar
water table recession characteristics, as wasdalse by Saadat et
al. (2017). Two separate analyses were conducttddiferent
purposes. The Rank Sum test was used for annugiaige and
load, while daily discharge and load and weekly cemrration
were analyzed using ANCOVA.

25.1. Annual flow and loads using Rank Sum test
Annual drain flow and nutrient loads were deterrdinky

summing the daily flow and loads for each plot éach calendar
year from 2007 to 2016 for drain flow and nitrabads and from
2012 to 2016 for SRP and TP loads. The annual tedum the
CD plots was tested using the non-parametric Ramin $est
(Bradley, 1968). The magnitude of change for thakR&um test
was estimated with the Hodges-Lehmann estimatodges and
Lehmann, 1963), which is the median of all possipkired
differences between annual flow/load in the FD glanhd CD

10
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plots.

2.5.2. Daily/weekly valuesusing ANCOVA test
The analysis of covariance (ANCOVA) was used tcedrine

the impacts of CD on daily drain flow, daily nutriteloads and
measured nutrient concentrations (approximatelyklygeFor this
model, two fields (control and treated) and twoiqes (calibration
and treatment) are required (Clausen and Spoof8R8)1Iin this
study, the treatment period was further dividea itwo periods,
higher-level (HL) control and lower-level (LL) cont periods
(Figure 2). Linear regression of the free-drainimgriods
(calibration) was used to test the significancehe relationship
between paired observations. If the relationship significant, the
regressions in the treatment period were testedetermine the
significance of the difference between the calibraaind treatment
periods.

The general equation used for the ANCOVA model was:
Y=pot pr X+ Pola+ Bslot faZy X+ fsZp X+ €
where the dependent variabM (s daily drain flow or daily loads
or weekly concentrations from the CD site, the patelent
variable X is daily drain flow or daily loads or weekly
concentrations from the FD sitg,is a binary independent variable
with Z; and Z, equal to 1 durindHL and LL treatment periods,
respectively fo.5 are regression coefficients provided by the model

and e indicates the error term.

11
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The standard ANCOVA model assumes that the regmessi
residuals are independent and normally distribubeek to the high
frequency sampling needed to determine drain flowl #ad,
residuals were not independent. The error terequmtion 1 was
modeled with an autoregressive moving average m@iRMA)
to model the autocorrelation in the data. The ARBtFor term for

the linear regression model can be written as:

P q
g=) ¢ (8.)+D> 06 +¢
i1

i=1

whereg is the residual (error) from the model at tite is the
autoregressive parametér,is the moving average parameter,
pis the order of the autoregressive paris the order of the
moving average padnds; is a normally distributed random error
term.

A similar method has been used in other waterityustudies,
for example to address the correlation in nitrated TP
concentrations data by fitting a linear regressiwodel with an
autoregressive (AR) term to the data (Fields eR@05; Gassman
et al. 2010). However, this is the first study seuhe ANCOVA
model with ARMA error term to quantify the wateraiity impacts
of CD. Statistical tests were accomplished usinga® the
maximum likelihood estimator was used to estimhé&regression
models with ARMA error term. The significance oktklope and

intercept for the free draining and controlled pdriregression

12
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lines was tested at the= 0.05 andx = 0.1 level to determine the
impacts of CD on drain flow, nutrient concentrasand loads in

different treatment periods.

3. Results and discusson

3.1. Drain flow
3.1.1 Annual
Drainage volume during free-draining periods wasilsr in FD

(NE and SW) and CD (SE and NW) plots, whereas & loaer in
CD plots when drainage was controlled (Figure #A)all years,
total annual drainage volume was lower in the twib @lots
compared to the FD plots, including the dry yed2909, 2012,
and 2016) when drainage volumes were less tham800/*, and
wet years (2008 and 2011) when total drained wates above
450 mm ¥* in the FD plots. The number of days of controliegr
each year depending on precipitation and field tmns$, water
table level, planting and harvesting dates, ang growth stage.
The Rank Sum test results for the annual drain f{dable 2)
indicated that the difference in drainage voluménkeen the FD
and CD sites was statistically significant in bp#irs. The median
drainage volume was lower in CD sites by 150 milvagd 82 mm
y! in the eastern and western pairs, respectively fEnge of
individual annual differences was between 88-251 yiinin the
eastern pair and 25-149 mrit in the western pair. Also given in
Table 2 is the range of drainage volume for altplaver 10 years

13
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340

of study period (2007 to 2016).

3.1.2. Daily
The ANCOVA analysis showed that the relationshipwieen

drain flow in the FD and CD plots for the free-ahiag period was
significant (shown in Figure 5a for the easternr)pairhe
relationships in treatment periods (LL: Figure &b HL: Figure
5c) were then compared to the free draining perfdet modeled
relationships for eastern and western pairs (Figd)reindicate
clearly that CD decreased daily flow under LL (suemmn
treatment, and even more under HL (winter). Thguré also
indicates that the mass difference between fremidgaperiod and
treatment periods was greater at higher drain floacating the
greater effectiveness of CD in wet conditio$e statistical
comparison of these linear regression models vwhth ARMA
residual term (Table 3) indicated that both thencept and slope
were significantly different between the free-dnaghperiod and
the two treatment periods, meaning that drain flavas
significantly affected by CD at both levels (sumraad winter).
The effect of CD on daily drain flow during eacledatment
period was quantified by comparing cumulative obsérflow in
the CD sites with cumulative flow predicted usimg tregression
equations for each period, (Table 4) to take irdcoant the pre-
treatment differences in flow between the two Fid £D plots.
CD reduced drain flow during HL control (winter) txeen 58-

14
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79% in the eastern and 43-73% in the western paith the
average reduction of 138 mm and 111 mm per peniddd eastern
and western pair, respectively. The LL control pér(summer)
had a similar average reduction compared to HLh Wit average
reduction of 63 mm in the eastern and 59 mm invtestern pair.
The reduction was greater during the HL controliqeei(around
2/3% of the annual reduction) in part because it occlunsng the

time of the year that drain flow is higher.

3.2.Nitrate and phosphor us concentrations
Measured nitrate-N concentration ranged from 0.3 ligto

28.3 mg [*in all plots over 11 years (shown for the easein in
Figure 7). Also shown is the daily drain flow fohig pair
indicating the effect of CD on reducing drain flow.

Measured phosphorus concentrations mostly ranged ©@.002
mg L to 0.5 mg [! for SRP and from 0.004 mg'to 1 mg L
for TP among all sites, shown in Figure 8 for thstern pair. Two
high values in both SRP and TP concentrations naag been due
to measurement errors or fertilizer applicationt treached the
sampling point. These high values only occurrethan CD fields
during the free draining or LL control periods, &odthe purpose
of interpolation were removed from the dataset.

Yearly averages of nitrate-N concentrations oves #tudy

period (Figure 9) showed that all four plots hasirailar range in

15
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the mean yearly nitrate concentrations and theree weot
considerable differences between the FD and CI3.sltke mean
concentration was 8.4 mg'Lin FD and 8.5 mg t in CD plots.
The yearly mean concentrations of SRP and TP inploBs tends
to be higher than in the FD plots as shown in FegdirSRP had a
mean concentration of 0.04 mg In FD plots and 0.06 mgtin
CD plots and the mean concentration of TP was h@s.* and
0.22 mg [*in FD and CD plots, respectively.

The ANCOVA analysis using linear models with the MR
residual term was conducted only on each pair inchvithe
relationship between sites was significant in thkbcation period
(Table 5). The calibration period models were statlly
significant for nitrate concentration in both paifsr SRP in the
eastern pair, and for TP in the western pair. Tineat models for
concentrations indicated that there were no sicguifi differences
between the slope or the intercept of concentratgmnessions in
any of the treatment levels for nitrate or TP, tat intercepts were
significantly different in the SRP concentratiorgmessions for
both HL and LL control periods (Table 5, Figure.10)

The effect of CD on nutrient concentrations durgsgh period
was determined by comparing the average observeckotration
from treatment periods in CD sites with the averagedicted

concentration using the regression equations (T&hleNutrient

16



387 concentrations increased in most years with CD latakid LL in
388 both pairs, however, as stated above (Table 5y, thel increase in

389 SRP concentrations were statistically significant.

390 3.3.Nitrate and phosphorus loads
391 3.3.1. Annual loads
392 The 10 years of annual nitrate-N loads from thie are among

393 the longer datasets quantifying losses from subsarfirained
394 fields. The mean annual nitrate-N load in the fdeaining (FD)
395 fields at this site was 30 kg tha™. Nitrate-N median loads of 37
396 kg haly® for wet years and 14 kgHg* for dry years were
397 reported by Christianson and Harmel (2015) for ssitgith
398 conservation tillage in a review of around 1300 ssuface
399 drainage nutrient load site-years of data. The me&&n load
400 measured from FD plots was 0.54 kg'lyd, which is in the range
401 of 0.4-1.6kghdy™ reported by King et al. (2015). This
402 phosphorus load was mainly in particulate form,hwanly 28%
403 (0.15 kg hdy?) as SRP. These results were consistent with
404 Bottcher at al. (1981) findings and indicated thgniicance of
405 preferential flow in P transport through subsurfdcans.

406 Time series of the annual nitrate-N, SRP and TEdd&igure
407 11) indicate that throughout the study period, atérload was
408 lower in CD plots, while the pattern was not constar the SRP
409 and TP. The mean annual nitrate-N load was 30 Kgyan FD

410 plots and 19 kg hay™t in CD plots. The Rank Sum test results on

17



411 annual loads (Table 7) also indicated that theetkfices in nitrate-
412 N load between FD and CD sites were statisticatipiBcant in
413  both pairs. The median nitrate load was lower in <tBs by 12.8
414 kg ha' y* and 7.1 kg Ha y*' in the eastern and western pairs,
415 respectively. The differences in SRP and TP loatw&den FD and
416  CD plots were not statistically significant. Thealar sample size
417 (5 years) for SRP and TP could also weaken the poiwhe Rank

418  Sum test. The sample size was larger for nitra@eyéhars).

419 3.3.2. Daily loads
420 The linear regression models of nutrient loads afibcation

421  period between the FD and CD plots were significanboth pairs
422  meaning that the relationships between FD and @&s sian be
423  statistically tested during the treatment perid@esults indicated
424  that for nitrate load, both the intercept and slagee significantly
425 different between the free draining period and tike treatment
426  periods (Table 8). Visual comparison of these linesodels

427  (Figure 11) indicated a reduction in nitrate loadhwHL-CD

428  (winter), in both pairs, and with LL-CD (summenmn), the western
429  pair. The relationships were more complex and oasistent for P
430 loads in both pairs. The linear models on SRP aRdokds also
431 showed a reduction in the slope in the easterntpdian increase
432 in the western pair, especially at the LL-CD, etteough some of
433 these differences were not statistically signific@rable 8). Figure

434 11 also indicated that the mass difference betwessrdraining

18
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457

period and treatment periods was greater at higgsets, which
coincide with periods of greater drain flow (Figie

Comparing cumulative observed values from treatnpeniods
in CD sites with cumulative predicted values, afdi from the
regression equations, indicated that HL-CD reducishte load
between 33% to 74%, during this period, in the exaspair and
between 33% to 60% in the western pair with theraye
reduction per period of 7.8 kg hand 9.3 kg Hain the eastern
and western pairs, respectively (Table 9). The amotireduction
was lower with LL-CD compared to HL-CD, with the easge
reduction of 3.5 kg hhand 4.3 kg ha found in the eastern and
western pairs, respectively. The effect of CD oho&ds varied
more over years compared to nitrate, and the impiaCD during

HL vs. LL was not similar between the two pairs§lEa9).

4. Discussion
Comparison of cumulative annual subsurface drairage ten

years of study indicated that CD plots resultecaistatistically
significant lower drainage volume than FD plotsthwthe median
difference of 150 mm ¥ (39%) and 82 mm ¥ (25%) in the
eastern and western pairs, respectively. During tiiecade,
precipitation ranged from 800 mm?yto 1213 mm §¥. The
cumulative annual analysis method avoids the diffjc of

accounting for the transition times immediatelyeafthanges in
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outlet level as well as the potential lateral sgepfom CD to
neighboring FD fields, but does not account for pihe-treatment
differences explicitly. However, cumulative drdlow was 7%
and 13% higher in CD plots during free drainingiges over the
study period in the eastern and western pairs, ectisgly,

confirming that the FD plots were not yielding ma@inage than
CD in general.

The ANCOVA model results, which take into accoum pre-
treatment differences between FD and CD fieldsjcatdd an
average reduction of 138 mm per period (68%) antd rhin per
period (58%) in the eastern and western pair, @s@dy, when
the outlet was at the higher level (HL-winter) a8 mm per
period (64%) and 59 mm per period (58%) averageateash when
the outlet was at the lower level (LL-summer). Thegsults
guantify for the first time the greater reduction drain flow at
higher control levels (winter), where there is st drain flow
to control. The ANCOVA model indicated an averageuction in
annual drain flow of 48% in the eastern and 42%hm western
pair when both HL and LL treatment periods, as vedl free
draining periods were included in the annual reidacatalculation.

The higher reductions (48% and 42%) from the ANCOVA
statistical method compared to the cumulative anmeshod (39%

and 25%) are likely due to the pre-treatment déifiees in plot
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hydrology, which are not taken into account in thenulative

method. Drain flow reductions found through botiatistical

methods, were higher than the 15-24% reductiondduynAdeuya
et al. (2012) from two fields in in northwestern diana.

Differences in control levels, soil characteristicsveather
conditions and whether drainage was controlledhim growing

seasons or only non-growing seasons can lead tabildy in the

results from different site studies. In additionviriability among

sites, the design and statistical analysis usedstess the CD
impacts have also varied among previous studieg;hwinay add
to the apparent variability in results. Variatioms drain flow

reduction with CD obtained from the DPAC site usthfferent

statistical methods suggest the need for a methbechwis

applicable to most sites and is reliable for conmupwater quality
impacts of CD from different site studies.

The impacts of CD on nitrate-N, SRP and TP comaénhs
were more complex and not consistent across pHis.averages
of nitrate-N, SRP and TP concentrations were diighigher in
controlled periods, however, they were not sigaifity different
from the free-draining periods except for the SRRhe eastern
pair. The non-significant difference in nitrate centrations was
similar to what the majority of other studies hagported (Fausey,

2005; Adeuya et al., 2012 and Williams et al., 2091%lthough
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some have observed lower nitrate concentrationDnfi€lds. The
increase in SRP was comparable to observations ¥falero et al.
(2007), Feser et al. (2010), and Tan and Zhangl(201

Nutrient concentrations in the soil are affected different
factors such as water table level, soil organic tenatand
temperature. CD raises the water table leveldrga anaerobic
soil conditions, which could be expected to incesdsnitrification
and therefore, lower nitrate concentration in dféow. Yet, other
factors such as cold temperature can reduce theurgmof
denitrification, especially when high-level contnmlostly occurs
during the wintertime. Stanford et al. (1975) found that
denitrification rate decreases almost ten timeshastemperature
drops from 10 °C to 5°C. During the five years fehich soll
temperature data were available (2011-2016) 88%hefdrain
flow during HL controlled periods occurred when #neerage soil
profile temperature was below 10 °C. Therefore,itdénation
was unlikely to have significantly reduced the atigr
concentration, and this is reflected in the sintyarof
concentrations in FD and CD. P concentration iardgrge may
also increase under CD due to anaerobic soil domditwhich
facilitate the movement of P in the soil (McDowetl al., 2012).
This may explain the higher SRP concentrationsnducontrolled

periods in the eastern pair.
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Comparing actual annual values of nitrate-N loannf=D and
CD plots over 10 years showed a median reductict®d kg had
y! (43%) and 7.1 kg hay™* (26%) in CD plots in the eastern and
western pairs, respectively. The ANCOVA resultailsdicated
that CD at HL decreased nitrate-N load by 7.8 K§ (80%) in the
eastern and by 9.3 kg h#57%) in the western pair. The average
reduction with CD at LL was 3.5 kg h454%) in the eastern and
4.3 kg h& (48%) in the western pairs. The average reductions
nitrate load were comparable to the flow reductitmd in this
study (HL control: 68% in the eastern pair and 58%he western
pair; LL control: 64% in the eastern pair and 58%ihe western
pair) indicating that the main factor contributit@ nutrient load
reductions in CD sites was still the reduction maid flow, as
concentrations were slightly higher (not signifigan CD fields.

The effects of CD on phosphorus (P) load variedemaover
years compared to nitrate, because there were waorations in
the P concentrations than nitrate. The annual SRPT& loads
were greater in CD plots than FD plots in some yeard were
lower in other years, but based on the Rank Subréssits, the
differences were not statistically significant. 8anto the Rank
Sum test results, the ANCOVA model also indicatecbnsistent
results over years and across plots. Changes indBBHAP loads

were not proportional to the flow reduction, implgi the
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550 importance of P concentration that is affected kbgnynfactors
551  other than the water table level set by CD. CD ichmen SRP and
552 TP loads quantified in the current study were rpotilar to the
553 values reported in the literature, such as the 86@action in
554 soluble P loads observed by Nash et al. (2015),thed40% to
555 68% reduction in soluble P found by Williams et @015a). P
556 concentration and load are spatially and temponadiable and
557 dependent on a combination of factors, includingil so
558 characteristics, drainage design, management pesctiand
559 climate variables (King et al., 2015). Additionalip the studies
560 conducted by Nash et al. (2015) and Williams et(2015a), the
561 statistical approach was different than the curstatly and may
562 contribute to the variability in the results.

563 An uncertainty analysis on annual nitrate-N and Sa&d
564 estimates at field scale indicated that estimatetual SRP loads
565 tended to be less precise and more biased thaatealir loads
566 estimates (Williams et al., 2015b). In order toaide to make any
567 conclusion about the effects of CD on P load, miveguent
568 concentration measurements are required, espediaflgg storm
569 events, since storm discharge can significantlyecffthe P
570 transport (McDowell et al., 2001; Schelde et Q& Zimmer et
571 al., 2016). Williams et al. (2015b) recommendedghér sampling

572 frequency for SRP compared to nitrate-N to yieled thame
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595

accuracy in annual SRP and nitrate-N loads estsnétteaddition
to the uncertainties acknowledged in the literatglated to the
sampling frequency and type (e.g., Birgand et2010; Jiang et
al., 2014; Williams et al., 2015b), there are soameertainties
related to drain flow dataset for the DPAC site tlmeombining
measured drain flow with estimated values. Detadgglanation
of uncertainties associated with measured and atgdrdrain flow
for this site is given in Saadat et al. (2018). iBesthe
measurement methods, load estimation using intatipal can
introduce uncertainty into the annual load estimatdowever,
Williams et al. (2015b) found that linearly intetating the
concentration combined with continuous flow (usedhe current
study) resulted in the best balance between acganad precision
for annual nutrient load estimates.

In general, the difference between HL-winter anddummer
control emphasizes the impacts of control level aedson on
drain flow and therefore, water quality benefits @D systems.
The HL-winter control during the non-growing seagmovided
about 70% of annual water quality benefits andatmer 30% was
obtained by LL-summer control during the growingasen.
Furthermore, variation over years at one contngllean be due to
the different duration that drainage was controlieceach year,

and whether it was a wet or dry year.
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Despite the reduction found in drain flow with CDb this and
other studies, the question of the fate of thaimed water, and
whether the nitrate reduction at the outlet of #hebsurface
drainage system extends to the watershed scaleainmem
unresolved. For example in lllinois, Lavaire et @017) found
only a 10% reduction in drain flow and nitrate lsadth CD when
two neighboring fields were both controlled, to @vdateral
seepage to the FD neighboring field. Future rebettrat quantifies
the effect of CD on other potential flow paths suh surface
runoff and lateral seepage, denitrification ocagriin these
pathways and the potential for increasing nitroxisl® emissions,
would enable a more complete characterization efithpact of

CD.

5. Conclusions

This study evaluated the potential of controllediniage (CD) to
improve water quality using ten years of field measments with
two different statistical methods. The first methadas a
cumulative annual analysis that avoids the difficaf accounting
for the transition times as well as the potentatkldal seepage
between the neighboring fields, and the second avagjorous
statistical method that accounts for the pre-treatnrelationship
between the CD and FD fields, and explicitly mod#gpendence

in the data, allowing daily data to be used inghalysis.
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Results using two separate statistical methodscabeli
that CD significantly decreased drain flow and at#r
load through subsurface drainage in both easteth an
western pairs. Nitrate concentrations were not
significantly affected by CD, indicating that load
reduction was mainly due to drain flow reduction.

The CD impacts on phosphorus (P) loads were more
complex and inconsistent over years and across pldt
overall during 5 years, CD decreased P loads. P
concentrations were not significantly different,cept

for a significant increase in SRP concentratiorhv@@D

in the eastern pair.

The higher level of outlet control during the non-
growing season (winter) provided about 70% of ahnua
water quality benefits while the lower level usadidg

the growing season (summer) provided about 30%. By
quantifying the magnitude of the increased imptus
study clarifies the added water quality benefit of
controlling drainage at a higher level, especiallying

the non-growing season.

At both control levels, the effectiveness of CD was
greater when more drain flow or load was preserthén

field. These results support the CD system asiabiel
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management practice for reducing nitrate loads from
subsurface drains, mainly due to the reductiotow.f
Future research should investigate phosphorus isghmugh
event-based sampling, and the effect of CD on otloar paths
such as surface runoff and lateral seepage to ¢hiyacterize the

impact on nutrient loads at the watershed scale.
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Table 1.Cropping sequencandfertilizer application dates and rates for the gtpdriod

Application date ( nitrogen or phosphorus rategrhi®)

Year Crop NAppl NAppl NAppl NAppl Total P Appl P Appl P Appl Total
1 2 3 4 N 1 2 3 P

May-3 May-30 Oct-10 May-3 Oct-10

2007 Corn (41) (206) (26) 273  (16) (53) 69
Apr-28  Jun-17 Apr-28

2008 Corn (41) (202) 243  (16) 16
May- Jun-9

2009 Corn  22(34) (200) 234
Jan-5  Apr-19 Jun-5 Oct-5 Jan-5 Apr-19 Oct-5

2010 Corn (25) (35) (234) a7) 311 (53) (15) (35) 103

2011 Soybean
Feb-13 Apr-23  May-25 Feb-13 Apr-23

2012 Corn (22) (36) (201) 259  (46) (14) . 60
Mar-21 Mar-21

2013 Soybean (18) 18 (38) 38
Apr-24  May-8 Jun-1 Apr-24 May-8

2014 Corn (18) (36) (218) 272 (37) (14) 51

2015 Soybean
Apr-26 Jun-2 Apr-26

2016 Corn (33) (210) 243 (13) 13




Table 2.Ranges of annual drain flow for each plot over &frg and the rank sum test results on annual flow
(difference = FD — CD).

Range of annual flow Range of diff. Median diff.

Plot Pair p-Value

(mm y*) (mm y*) (mm y*)
NE 240 - 462 Eastern 0.007 88 - 251 150*
SE 131 - 362
SW 224 - 446 Western 0.049 25-149 82*
NW 140 - 334

* Statistically significant difference between FBdaCD sites at=0.05



Table 3. Linear model equations with ARMA errors for free draining and two different treatment periods.

Free draining HL-CD LL-CD
Pair ARMA Intercept, Slope, Intercept, Slope, Intercept, Slope,
errors Bo B: B2 Ba Bs Bs
Eastern (2, 2) 0.47 0.73 -0.05* 0.38* 0.03* 0.63*
Western (2, 2) 0.52 0.72 0.07* 0.41* 0.15* 0.58*

* Statistically significant difference between FD and CD sites at a=0.05



Table 4. CD impacts on cumulative drain flow during treatment periods

Treatment . Avg. control ~ Predicted®  Observed o'l?\ f\]f_gi: f\e\é%cn on® ?aidglécc“on

pertod GAYSPErYE (rmm) mm) om0 %)

HL control  Eastern 142 200 62 138 68 58-79
Western 190 79 111 58 43-73

LL control  Eastern 128 108 45 63 64 30-85
Western 115 55 59 58 27-83

#Determined from calibration period (free) regression equation by applying observed values from treatment period
of control (free-draining) field.

b Average of differences or reductions over 11 years.
“Range of percent reduction over 11 years.



Table 5. Linear model equations with ARMA errors fie@e draining and two different treatment periods

ARMA  Free draining HL-CD LL-CD

Variables Pair €Irors  Intercept, Slope, Intercept, Slope, Intercept, Slope,
Bo B: B2 B4 Bs Bs

Nitrate Conc. Eastern (1, 1) 0 0.772 1.398 0.927 0.767 0.82
(mg/L) Western (1, 2) 2.185 0.758 3.621 0.626 2.166 0.794
SRP Conc. Eastern (1, 0) 0 1.002 0.043** 1.25 0.048** 0.712
(mg/L) Western ... .. e e e
TP Conc. Eastern ..... ... L i e e
(mg/L) Western (1, 0) 0.137 0.18 0.188 0.575 0.143 0.314

** Statistically significant difference between FIdd CD sites ai=0.05
* Statistically significant difference between FBdaCD sites a#=0.1



Table 6. CD effects on average nutrient concentration.

Treatment . Predicted®  Observed Avg. diff.° Reduction range ©

period (mgL™) (mgL™) (mgL™) (mgL™)

Nitrate conc.

HL control Eastern 6.68 9.39 -2.71¢ -5.810-0.9
Western 9.13 9.42 -0.29 -2.7t01.6

LL control  Eastern 8.27 8.98 07 -29t01.9
Western 9.85 10.62 -0.77 -29to 1.1

SRP conc.

HL control Eastern 0.037 0.088 -0.05 -0.032to0 -0.072

LL control Eastern 0.042 0.096 -0.054 -0.161 to -0.004

TP conc.

HL control Western 0.172 0.294 -0.122 -0.250t0 0.014

LL control Western 0.16 0.213 -0.053 -0.233t00.043

Determined from calibration period (free) regression equation by applying observed values

from treatment period of control (free-draining) field.
® Average of differences over 11 years.

“Range of reduction over 11 years (2012-2016) for nitrate and 5 years (2012-2016) for

phosphorus.

9 Negative values mean that controlled drainage had higher concentrations than free drainage



Table 7. Rank sum test results on annual loadte(diice = FD — CD)

Nitrate-N load SRP load TP load
Pair p-Value Median diff. p-Value Median diff. p-Value Median diff.
(kg ha" y*) (kg ha' y*) (kg ha" y™*)
Eastern 0.003 12.8* 0.55 -0.033 0.69 -0.11
Western 0.049 7.1* 0.55 -0.047 1 -0.05

* Statistically significant difference between FBdaCD sites at=0.05



Table 8. Linear model equations with ARMA errors for nutrient loads for three periods: free draining, HL control

and LL control periods

Free draining HL-CD LL-CD
Variables Pair ARMA Intercept, Slope, Intercept, Slope, Intercept, Slope,
errors Bo B: Bo Bs B3 Bs
Nitrateload  Eastern (3, 2) 0.029 0.602 -0.004**  0.377** 0.000**  0.652**
(kg/ha) Western (1, 2) 0.036 0.789 0.006**  0.419** 0.015**  0.611**
SRP load Eastern (2, 0) 0 0.85 0 0.749 0 0.443**
(kg/ha) Western (1, 3) 0 0.381 0 0.46 0 0.560*
TP load Eastern (2, 0) 0.002 0.474 0.001 0.334** 0.001 0.436
(kg/ha) Western (1, 1) 0.001 0.402 0.001 0.425 0.001 0.613**

** Statistically significant difference between FD and CD sites at a=0.05
* Statistically significant difference between FD and CD sites at a=0.1



Table 9. Effects of CD on cumulative nutrient loads during treatment periods

Treatment Psir Predicted® Observed  Avg. diff.® Avg. reduction® Reduction range®

period (kg ha) (kg ha) (kg ha) (%) (%)

Nitrate-N

load

HL control  Eastern 129 51 7.8 59 33to 74
Western 16.2 6.9 9.3 57 33to 69

LL control Eastern 7.8 43 35 54 -9to 75
Western 10.3 6 43 48 -3t0 76

SRP load

HL control Eastern 0.07 0.085 0.016 18 -39t0 52
Western 0.065 0.052 0.013 10 -27t0 49

LL control Eastern 0.092 0.057 0.035 19 -117t0 81
Western 0.066 0.075 -0.01 0 -84t0 78

TPload

HL control  Eastern 0.352 0.247 0.105 37 -25t0 75
Western 0.321 0.244 0.077 27 -23t0 66

LL control Eastern 0.3 0.149 0.151 49 17to 87
Western 0.259 0.204 0.055 29 -52t0 76

@Determined from calibration period (free) regression equation by applying observed values from treatment
E)eriod of control (free-draining) field.

Average of differences or reduction over 11 years.
“Range of percent reduction over 11 years (2006 to 2016) for nitrate-N and over 5 years (2012-2016) for SRP
and TP loads.
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This study quantified nutrient |oads from a subsurface drainage system in Indiana, USA.
Nitrate load was significantly lower under controlled drainage than under free drainage.
Controlled drainage impact on phosphorus |oads were both positive and negative.
Impacts of controlled drainage were greater during high levels of outlet height control.



