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Abstract

The high rainfall and | ow evapotranspiratio
saturated root zones that deplete soil oXyg
growth for pastur eWetons opiolosr |ayr ed raalisnoe ds ushoji el cst.
or ani makser dlbicmiotr st he full potential of suc
for ani mal producti on, tthheen saffta radar aodncaeges i styastti
Within dras nagéeweyks endif. spegr aaret idfriadi al ditc
drains) are |linked to df¢ &nnredmrdicressusaf nadtee rr ufnro
thereby enhancing grass production and redu

poorly drained soil s.

Sur f acd rdaarnasipmosritent s from varied surface and
pat hways to receiving watsers ssnoauotre ressfa ti testikewtew e r
surfacendtaanspot oengiwaibgasrelngt sdslsespsleor us (
| oss, negl ect i nhga nncobtn seigté levea (r NNiissgkaocab nnect i ng
hydr ol ogi salc Bpuadés havwa yawvebuybss ur f ace drains, spri
seeplameaddhei odenti fication ofi ghhskacei dirmag n
waters, as well as the (damtdrsiclawptei matfraetndr s
farmyar,dvh,i cat ov.a)r | ostrggeut al ent transf,erhacont i
remaiumedcxp.| okraedt | vy, farm roadway runoff i's a
contributor to connecting surface drains. Ye
mitigation measures suahbwursdesdwvadreasi, n s§,8 da Mmem

| i emhs these measures have not been widely te

To address these knowledgetgapbtpatdeami mat ®
connectivitysurifs&kec @ acdhrkaPnrgsnfdoaM ss idreufli@tyagn eogpu sal

semiuant i tatitvoe irdhesmgthisi@yd s ur, & a(@3a)s dtelae neasf f i ci en
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obnmei ti gati onediemsne@bronopdiwdyosanséten dair
surface dr ai,nssaewereal maoppedydr ol ogutal esscobnhes
and r eclcasesaitfreit eddNr tacnel P | oss connectivity ris
Asemiuantitative riiske natsiistgisesdkne stur madel dr ai ns
mi t i ghatt itohnr.e evhlereea i 10 @ @ dwaasy crouhnoocefsfueiabeedr ai
di fferent comrfdi gnemat ipoomsd sofwer e desi gmlmed and

mont hs, riwt sac@dotvsee di me n

Far mcamaect ed dr aasnstihekr e st amked to connecti
| oswhereas outl et drains had the highest ri
conneclhi suryace drains associated with diff
Ssubsurfaced isdur cdersai (nisn and groundwater i nter
upwelling) and ammonium was introduced throu
internal roadwayss2)Bd,  TEBIYO asnla Dy al | ssachraces dr
alflassmm udasedow, medi umsy ilsikgh | asrs,v erey pleicdh v el
requiring a mi-thgapdsambplhaag.hf awe dr ai ns W e
farmyardpot ewvittihal for hi gh nutwhiidret oltdsegs ffra
including hydrol ogi cal connectivity pat hway
remai nithd rdne A combined source management a
recommenderdi sfkororhiagboe estcl g selBowed serti ment
for reducing roadway runoff pollution to sur
solids anmutprairavmtcy | mintet heir effectiveness in
Sedi ment ponds designed toi nalclorgpioreat eomsceigtr
containingavegenaei antrient.Tdmays éadicmeénmt at en
frédmr mers. The stacy mrenocommemdsngl emgi nf or m n

and scheduling.
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1.l ntroducti on

1.Averview

This chapter provides the background context

presents the aims and objectives.

1. BRackground

|l redbagdi cactboomly iselgreass saapryotdiarnd export atii
(Bord BiWi,tal200ult9 )90 % of sutnsd ea g rgircdsMH vaenadl 20 4 2
|l redwmerdper ate climatic condi t i o(nksu nspuhprpeoyrst dto
2008 habt hemgmaxigmadi oedh @if asshecelo ® afveadgp rodaod h)

Suppoaritv eisttso c k( Fpirnondeurcatni.oent al ., 2012)

Tlecl i ncaotnidci ni dmehamachkywr i dedi nt ers ,anwh tclool
3 ebong t el m2dfVYler8aidgnen al nff a1 28 & mni,r orma nBg7i8n gmm
al otnhge e atsa Z2nvaB tt he s o utohuwse srte Gwoounnstna iet al . ,
Over thwsnperi abhayv & a tetsatngenrsaeqaesroaniaj3f8adl Imm and
369 ,mans p e.dteicveanbyrct ober , JMawsidyeert taensdtwinohnt h s,
average rainfaltld 2r anmmghii Aper iflr oaanrde 3 Mahyao ndtrhi se s t
recei v8agmaii9mhabukklanmair fempErsafd@Andangi ng fr
8.5 0 AQ.C8 | ey e)tMeadhnr,at2eOnBleaiaghugs=et (14. §uBer
foll owed bypAutngmmo & rhdl ined nACsptaidyadildd wA €t i n
wi nweth a 5SmedaiA@dgvesuch clisafti bi glhondaitnoal |

tempercae¢ave® s mpeded dr ai nageaahidnderghg waderg



for optimum mil k (cSchrav d roni @®m eafdfgig chifedidbdy) s e

mar gi nal h@anrsas d Ipaonedrst ko, F amh&egeag atghh i cul tural vyi

Of the 3hal8ofmimdnaeagiend Igmalsatidmad grassl ands ¢
0.96 Mmal PYtWheatiemper fectly dqrO0Padd i v adDaztitan ead . |,
from-202& r®ceme of t hesssadgilitzamtsdelananmamiyggr ai n
frd@92. @®0m@rh) t(02 A 24@8n 5air tamgeé nytAEroosd 0. 4

A@nalyle-apurnadi nf al | emicneussa p o rrainigbalhgl from 8. 2 n
to m@d6i n doatnphuebriTihedea 3 scloanntdreipba t%@ 00 f t ot al m
produlc®é obanughl i nnThaetyheelr.e,f 02 @1 2 )& ggreierte pmeoadsuucrt @
demagDbDsl | on e@®nealsychRO0OMébgsure aigsi cdeauvunagall
systemwdtimph gvass gooewthabédhd cTemiglaistcy 2022; Tu

2019)

Agricultural drasuohbhgeansias t amne( RSigtisgheenmas,e 2 00 6 ;
et al. ,Se®Wd8rnf ace (id.rieghii,neal gde asnyds tceonhsl ebcutroire dd rwaii
grassalnedded®ve excess water i(ndpersuarftaicfei dirali r
nat opaln ,d&d sion s emeeirmr edirSakiangsg)s eHowbevdrendl 2)

facivanyitreg onuttcrioioeetste ®dbi m et al ., 2013; Ska
et al .asr2d0heyd water i nteracts witanssooiill hy
chemistry (GraSugdracet dalai hs2088) the final c
system, direpotegmdetomhect It dese&Nuttroi eemtc elinovs sn g
surfacdepgemcdomeat i sutfyac® and subpatrisway omydr
ifhieldfdrmyasds angdsf awenoriid tassd wé paInmtnatg@sne nt

cli maadaetemdat i oG6onapegpessvigadryyi nfgr orm sskusr ft ace dr
| arger r ercdégndemgnaviadiemrgt | oss cagnneactnitviftyy nig

hydrol ogi cal aodnascssiesisi ngflibewsri ak | swat uh ec



identification of areas in theaudgurifeamade lidorsa® n

which appropriate mitigation measures may be

1.3 Knowledge gaps

The fokhowi edigre tglaewsr esearch have been i1 dent

1 Subsf ace awdrolomhacafthtvhWwayygsdefi neadnin Ta
surfacehadrayiaipst eenncl uded i n acamrkemtgd ve sy
[denti fying suichproomrsecunodensgtandi ng of
transformation processes of nutrient | os
ditches (Deel st Car ree n taolmsispd2ydsgicdnd p hPp r u s (
connect i vi tayn dr nnsdktr N)gMokK iomaeg )2 0€2t0 ) a |

T Nutrliesng i nfluendciemmginhgemens praamnmd cesi, | |
characteristics, and surf aceurndighres slourcfea
mobi | tpuad thweaye(pMP-R)of the nutrient NTCansf e
vary spati al l(Ayd aaarmsd ett ehhalrorrjad2d 2 2t al . | 201
Lord, 2002) . m&wetd vaamiugdirimaesmsstp o dtedkisr ect | y
connesurifngc ec Wa mm eHogwenwvoewdgeh ow thluesge ent | o
ri ak® cloans ssiufrifebddoe dmnagedesd | mimtiitgati on

T Farm r oadwhgs conwmrefda aaants bayd r o | poagti hevaa y
tranisnpgot tsaredcdtsestirmmnpoached, soiled and d
teur daaefmesnt on et al ., .RI0DRllgaRice meéeasalr e
broad ter ms, but bespoker cadmarysodnssaarn e n e
ThEi trate Act INAPr Pcogmamde nul ti ple mitig

hi ghlights a firight measur e, right ,pl acebo

O



i ncl ddirmg r o(aDdHWLaG/Hs, . 2A@d@wever, the 1 mpl emer
mitigation measures hasvegreyes aaflay nmsn hni etichc
no efficiency testing to guide future it

measur es.

Table 1.1 Criteria forsurface and subsurfacennectivity pathwaysn surface drains

Connectivity pathway Source of connection Criteria descriptioh

In-field drains Subsurface Evidence of iAfield pipe drains connecting

into ditch, usually with less water flow

Farm roadway Surface Evidence of farm roadway and hard surfac
runoff connectivity with the open ditch
network (directly during rainfall or indirect
signs such as established rills and
breakthrough points)
Groundwater springs Subsurface Evidence of natural springs or pipe spring
(with high water flow) connecting intditch.
Groundwater upwelling or Subsurface Evidence of groundwater seeping from eith

seepage base or side of ditch into the ditch.

ICriteria description (Teagasc, 2022)

1.4 Researocbh eacitm vaensd

Thever ablkairoofh t he stodgratnackeptton amalltyrsient | o
fradamai nagacsystsems br baddsspoapidlr amnafteyggeg st em
establish new knombéedgenantossscngpbti aetdiovi ty
mitigattiebai Imortaed at ifoonr onpatnaognisng .nutrient | os

n



To address this aim, the objectives were to

T (Objeckmwpreovied understanding of nutrient I
sur famsaendrraevi elvaesi §tcagi onnaystems t osa
i Burface drains.

T (ObjecEswvabl2i)sh nutrient | oss hyidsl | bgoma
connecpatvhwagy ssur face drntai niangper oy i2s mdeynss t i
coeativity rislkrelag s iafni d antt cesga nart eeabti iNk i at nyd
cl assiffosrcat aca dr ain

T (Objectiseade3)nuA ri ent | dod eimrnifidfkuye nscu rnfga o ea c
anast albéy sihnf | uewictithriisgu f fadd @ rdr ai nage net wc

T (Obj ecbhDewelidd | earech t mamii tt o rgnaet ai scumhe g h s k

suf alc @awintsh f arm roadway connectivity

1.SStructure of di ssertation

The di siserdtartucdnexhepammeeent ed .1in Fi gur e

Chaptrewnitzhwes current wunderstanding of the dyn
with surface dnaigmage | latydVv eésateixgsasttea g asses:
cl assndtyriingntoklsossuisr f ace dr ainage systems for

drained grabsbantdapaemsaddresses the first o

Chaptder a¥ dsscml e i ntegrated open ditch risk
based on connectivity to inform future miti
dairyThehaptaern dtheedresence or absence of pat

aconceptual understandamd odeadlyomptoe pgrgatcad P ac



connectivity risk cllassi fiicatiertswbhfilkse ec holgn patnen

addr e ssseecso htpgheec t hasteu by .

Chaptderved op-gmant i tative risk model for heav
that idepnsurfdr@asierpgppgeen channel network section:
nutrients to the adjoibungdatqgoead ityh eavlat ehe cp
champtnedr captures aM-PRofthetromnmrsl evédat tShe oper
nutrient transfer continammehodranhkhagbhechahtbn

on a Tftharsm.chaptetrhialdgileessese o6het his study.

Chapadotplisi ght pliagbhé meakodepstnirffyace roadway
connectswr f(gpcpeimpi nage channel ,scaleis.ieg. oo ainrdi g h
i mpl ewetnh fsaurintearbsl e mi ti §gatrimcandovmeyasclaés satur c
(CSA ocations (i.,and Mmoinghtormeaeurédd) ci ency o
byneasuring nut mieenotv ad n eV & g .driiifraeratya € f oOincio@ncy
t he mi tmeqatuirerss tehred@opei on for managing s u
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23Nutrient | osses in drainage systems

In agricultural grasslands, nutrient loss is a product of the interactions between farm practices,
hydrology, soil and landscape features (Granger et al., 2010). This may be conceptualised as a
NTC comprising a 9-P-R (Haygarth et al., 2005). Nitrogen aRdare the major nutrients of
concern, and are sourced from applied fertilisers, organic animal waste, and soil legacy nutrient
sources. Applied fertiliser type, whether organic or inorganic, and the amount/rate of fertiliser
(kg) applied, influence lossdm nutrient sources (Richards et al., 2015). Nutrient sources of
organic animal waste (faeces and urine) may come from livestock within farmyards (Vero et
al., 2020) and on grazing fields (Bilotta et al., 2007). Legacy nutrient sources are existing

nutrients in the soil, and factors such as soil P status have been used to classify the risk for

N



potential loss (Moloney et al., 2020). Fenton et al. (2022) showed legacy nutrients can be found
in farm roadways, indicating their role as a nutrient source contributing to the TNIEC.
available nutrients are primarily mobilised from the nutrient sources by desorptimgntal

losses solubilisation and/or detachment (Granger et al., 2010) driven by hydrological flows
originating from rainfall (Yao et al., 202I)hese procegsmay also benfluenced by ther
processesncluding mineralisation,pH and redodriven nutrient releaseyhich increase
nutrient availability beforenobilisation The mobilised nutrients are transported from either
surface flows, including farm fields and hard standing areas (farmyard area and roadway), and

subsurface flows into receiving water bodies (receptors).

Poorly drained grassland soils requiring drainage systems have infiltration impediments that
restrict flows into the subsurface zones, and therefore mobilised nutrients are carried away
through surface runoff to receiving water bodies. However, where agi@isystems are
installed, hydrology, the primary driver of nutrient transfer (Sukias et al., 2003), is affected,
which alters infiltration and lateral flow of excess water and nutrients (Gramlich et al., 2018).
These nutrients may be transported througtess field water collected from the subsurface
zone by subsurface drains-field drains) and transferred into the surface drain (main drain)
(which also drains surface runoff flows), before exiting through an outlet into receiving waters

(Figure 2.1).
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— Main drain
— Collector drain
- In-field drains

Qutlet

Figure 2.1 Layout ofadrainage system. Adapted from Schultz et al. (2007).
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23. 3urface drainage system type, design and c
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24. 1 Factors and processes used in risk asse

Not all studies in the literature use the NTC framework in ranking nutrient losses risk in surface
drainage system3.hetype and quantity of factors used in predicting nutrient loss risk vary
(Table2.1). For example, only physical factors (evggetation presence and drain slopk)

the NTC pathway were assessed by Shore et al. (2015). This approach by Shore et al. (2015)

createda4 i sk ranking system comprising O0Cl ass 1¢

potential), 0Cl ass 206 (tdnioderat find segneent setentidna c e d
potential), 6Class 306 ( mo dtehighfinesedinmentetentienur f ac
potential), and O0Class 46 (l ow sl ope surf ac

approach may evaluate some aspects ofiemitloss risk for sediment and potential of
associated P loss from surface drains, considering sediment loss metrics alone may be
inaccuratgSharpley et al., 2007; Sherriff et al., 20183 biogeochemistry is not considered
(Cassidy et al., 2017; Granger et al., 20Mgglecting such important factors assumes all
sediment and associated P have the same P source and concenialmmsy et al. (2020)
addresses this shortcoming and incorporates source and pathway factors (landscape
positioning/connectivity to source/water sources) and chemical factors (drain sediment P
chemistry) to assess risk of P loss for all surface drains on grassland Tarsnassessment
developed &-risk ranking system: with farmyard connection drain as the highest risk, followed
by outlet, outflow, secondary drains, and disconnected drains. However, this assessment
neglects potential nutrient loss risk factors related todigdical connectivity to surface drains

along the NTC pathway.
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Increasing the resolution of the analysis to include hydrological connectivity increases the
variability of nutrientcontributing factors, thereby increasing the effectiveness in determining
potential risk of nutrient los¢Hayes et al., 2023)These hydrologically connected flows
including farm roadwaygFenton et al., 2021; Rice et al., 202pyings(Soana et al., 2017)
subsurface (i#field) drains (Ibrahim et al., 2013; ValbuerRRarralejo et al., 2019and
groundwater upwelling and seepa@&old et al., 2002; Williams et al., 201%ptentially
introduce nutrients of varied compositiafksng et al., 2014; van Esbroeck et al., 20fk6m
CSAsinto surface drains, and confirrReid et al.'s (2018)ostulations that nutrient loss to
water sources may enter from different pathways connecting from multiple nutrient sources.
Incorporating the risk associated with hydrological connectivity to surface drains in the risk
assessment increases an assesénenta bi | ity to assess differen

define risks for targeted mitigation.

Hayes et al. (2023)eport that P losses through hydrological connectivity vary even under
similar management and landscape conditions, and over small distadeens et al., 2022)
Therefore, assessing factors beyond feddle may be the best approach for the assessment of
nutrient loss risk from hydrological connectivity. This highlights the need to develop a risk
ranking system based on comprehensive risk scoring assessmedtiaf, physical and
chemical factors that influence nutrient loss under all NTC aspects on surface drains and
adjacent fields. The incorporation of a high number of risk factors at such detailed resolution
in the assessment of the nutrient loss riskeases accuracy in identifying risk hotspots for
targeted mitigation relative to the previous approaches, even beyonedalenlevel to

field/drain-scale level.



The assessmeat physical and chemical factors (Moloney et al., 2020) allows risk evaluations
that include variations in nutrient solubility, retention, availability and trangplaggarth et

al., 2014; Jarvie et al., 2013; Kleinman et al., 2011; Sharpley et al.,. 20d@)yoration into

the nutrient loss assessment of the point source connectivity, sediment equilibrium P
concentration along with the soil and legacy P connectivity from adjacent fidtdsney et

al., 2020)will increase the accuracy of a risk ranking system for surface drainage networks.

The inclusion of physicochemical factors such haglrological connectivity flows, soll
properties, farm management practices, and meteorological faotdhe NTC SM-P-R
framework will allow a holistic risk assessment of factors that characterise nutrient availability
until delivery into water sources. This increases risk prediction accuracy and sensitivity to
targeted mitigation measur@Sherry et al., 2008Primarily, this methodology will allow GIS

and highresolution data assessment of the factors related to nutrient input and intensity,
release, transport, and delivery at different spatial locations in developing a quantitative surface
drain risk ranking Subsequently, this improves understanding of the nutrmmtibuting

factors and process¢dayes et al., 2023; Niemi et al., 2023; Scott et al., 20Q#pinates
subjectivity in the development of the risk ranking, and allows for a quicker identification of

the highscore nutrientontributing factors.

24. 2 Limitations of the risk assessments

Assessing P loss from sediments in surface drains by solely relying on physical indicators
without direct P concentration/load measurements (Shore et al., 2015) may underestimate or
overestimate P losse¥ddas et al., 2004 Cassidy et al. (201 #eported that assessing only
topography, a physical factor, leads to inaccurate assessment of risk. Ensuring a comprehensive

assessment of nutrienbntributing chemical and physical factors during the nutrient transport



continuum from SM-P-R improves risk ranking systems and is important for characterising

nutrient loss conditions.

The Shore et al. (2015) risk assessment lacked saanceectivity to receiving water sources.
Furthermore, the risk assessment in Shore et al. (2015) and Moloney et al. (2020) excluded an
assessment of N loss risk, limiting their application for assessimgplete farm nutrient loss

risk from surface drains. The risk assessments in $btne et al. (2015) and Moloney et al.

(2020) do not consider nutrients potentially introduced from hydrological connectivity flows.
These requirdataintensive assessmeart field and drakscales, which may hinder practical
application for farmersd/an den Berg et al. (2028pted these technical and resource demands

were some of the bottlenecks for farmers to undertake management and mitigation measures.
Other issues in high datant ensi ve assessment may include
opinions in assessing data. The wuse of exper
in replicating the risk assessments and limit the reliability in pinpointing-fisghsurface

dans. Therefore, it is imperative that exper
and transparent approach to prevent bias in farm nutrient manag@ugentval et al., 2016)

and their use in modellin@Krueger et al., 2012)

The lack of seasonal or temporal assessments in all risk assessments of the published studies
limits the accuracy of risk predictions. Seasonal or temporal variations influence nutrient loss
contributing factors from farm management, weather and land¢Zapeg et al., 2004)A

onetime assessment limits the true representation of nutrient loss risk. Undertaking temporal
sampling influences the selection and weighting of contributing factors for each season. For
example, weighting for surface runoff mayHhigh during wet periods relative to dry periods,

as high saturation in soil reduces soil moisture deficits and encourages surface flow. Following



different flow conditions and periods, the composition of P species lost through drain
discharges varie®articulate phosphory®P)has been shown to domin&ésseainderhigh
rainfall (Simard et al., 200Qhereadlissolved reactive FDRP)accounted fo66i 86 %of P
in a studyconductedunderaboveaveragerainfall conditions(Heckrath et al., 1995 hes
variations inP species compositiareinfluenced bysoil characteristicencluding soil matrix
DRP sorptioncapacity(Simard et al., 2000P-rich soil particlesavailability, stored Ppools
(Delgado et al., 2006nd subsoil erosiomproceses(Cooke 1976; Simard et al., 20Q0)hey
are also influenced byainfall characteristics includingntensity driving rapid or slow
movement ofreshly applied fertiliseandP-rich soil particlesandfrequencydriving PPlosses

andDRP solubilisation

The influence from vegetation as a factor in surface drains mitigates nutrient concentrations
(Castaldelli et al., 2015; Moeder et al., 2017; Soana et al., 2017; Vastila et al.peoe19

entering larger water sources. The influence of vegetation is only partially considered in Shore
et al. (2015) risk assessment. Vegetation characteristics vary within surfaceBloailakén et

al., 2004) with vegetation characteristics such as the presence of wood and leaves determining
their mitigation potential fonutrient§ Kumwimba et al., 2024Dver time, thisregetation may

also undergeenescencalecomposing intorganic matteandreleasing mineralised nutrients
backinto the surface draing.he conditions of vegetation may vary depending on weather
conditions, and may result in differences in their mitigation potential. Defining the influence

of vegetation characteristics in risk assessment at a particular time of assessment may be

critically important for accurate nutrient loss risk predictions.
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nutrient l oss connectivityinrpedkrilcyl acdrsaifnedt g

Some of thlen@tawyedagesitdmati fied were

1 . Abseableossi nrutsrki ent | oss connemtigwiatsys | rainsgdk
2.Excl uefi osurface (hard standi ngoaidwalywsdi nagn
swhur face (infield drains, gr obwydawaitceal s p
pat hwaybhl conmsactiiaciesydmuori ent .l oss risk r
3. Thabseonfrd sk assessmentalmbdebpahnallleyg sasd
var ynuwmtgri ent | oss ompsnurrfiabcueb i g gNfheSb B O r S
grassl ands

Mleedo demietliogpgati ona emdasar emuutri ent nlgosses

hydr olpadg ihovaaly s ons.sur face dr ai



3.An integrated confhectiphiosyhoirsils maadkinmngr

agricultural open ditches to inform target

3.1 Overview

The aim of t hdiesr icvhespaéfrarwnas ego at ed open dit c
P and N | oss risk based on connectivity, t o

textured, grassland dairy far ms.

Parthscsbaptaédreen pulbFlriosnasheccerisnin En@Opolwn,meb.t aG.
Healy, M. G., Fenton, O., Daly, K., Condon,

ri sk ranking for phosphorus and nitrogen al o
specific miti gRntorotni emmasn aigre MENLRrnBmMmamdEGa !, 3Sci

https:// doi.org/ 10). 3389/ fenvs. 2024.1337857

To avoid repetitialnr,dady odgimsnedainhprvecedi:

defined in this chapter.

3. 12ntroducti on

Open ditch anlestoworrekfserred to ase ik ans fpaddereldyi t
dr aismédsremove excess water, control the wat
ut i | i(sTautoihyn et al ., 2016; THestezbet ger ket caimp |
connected and wunconnected sections that rec
subsurface pathways, al/l of which can then b

bodiHes zon & HeKehges,e®ModBney2@07@dnne 2t0i2\0i t


https://doi.org/10.3389/fenvs.2024.1337857

defined as t he transfer of energy and ma t
di sconnectivity is the &&ehatdygn dH071heskde
connectivity of t hese sy Hltoe nmwep le @ @bth ea@p tminailg
| ocawheme nutrients cafe.lgppteedepeéedngsht besipaga
t he Widmowi ng some of +t)het onuntitmeemitdpeac h Dhet tva
water body ( FernRtecsre a®@inh a htueels@rordelr)s tfoaranpt i mi
management practices (baseline)( Ganrds teenmys enre eer |
2020; Moore et al ., 2MdmMy ®&gEdrmoudiatnsch est wdi.es
nutrient( SYwkniaarsi cest seeld.i me2@0A)t (Enmati ot capa
Mattila & ,Ezzrmutir,i e2n0t2 2l1)oss att é¢dwaniaomrtpat en
Zhang et, adi.ss@IOROddypng@wiicemegebo’&, Kahd &ni @ (
matter c dmpmngiitnigonetdi adh, m2@BAB®GB Menger et al
Hertzberger eaend ailndi r20clt9 )g (Cé amgma@auwns gHtygvasn.eemi2 9 «
et al. ,H2wdwBgr, few studies have investigat e:
in the transfer of nutBuehtstbaddioessmaycpr 6wvi
to ascertain the positioning of an engineere
species it | Moregpwieredttherteal ¢ge tas speoso rl euanddiernr gs
the i mmobilisation and transformation of nut
hydrol ogi cal p & tDreved ysg rianRexdr ddlft.fcihos2se@h4) mi t i ga
l oss from open ditch networ ks, a conceptual

pat hways connect to the open ditch system mu

The gener al trend and pathways of agricultur
summar iFsiegddiem summar vy, nutrient entry into
di ffuse sources, and often through compl ex

soi | type, cli mate, | andscape position, farn



typ@®namlich Gr aanlg.er 2018l ., 20 1.0 ;T hMosrea gfhaamt
regul ate the hydrology, the primary driver ¢
bi ogeochkbami sttefyi nes the type and form/ speci e
subsequently dischar gi(rSgukti a sa 90 cacla $, & 82cOhdaBa) & r
redporxocesayeal so i nfluence the-ranmnmgeniedmadanc e
nitrate concentratiGaoscé¢épBbDbhalkd pRvPaPgert e lal P,e r a2rdx
ammoni uM @OMHDNIt ,r adree (tNfDansported from fields

through surface fl ow pa3hways into open ditc

Diffuse Source: Organic and
Inorganic N & P

eld & Hard
N & P surface

In-coming
sediment and
nutrients

Leaching

DRB, KO- Springs & )
DRP, NO;- 3 ¥ & yPRP, NO,- . NH,+

Diffuse source - outflow from in-field

Diffuse or Point Source DRP, NO;- ‘ pipe drains
(leached and transformed)

Upwelling (Groundwater uprising into open ditch)

Potential Connections:

@ Ssurface runoff — from field and hard surfaces including farmyards and roadways (N & P from critical source areas)

@ Ssubsurface interaction — from in-field drainage (N & P from connected point or diffuse sources)

@ Groundwater interaction — from springs, seepage faces along ditch sides and upwelling through base (N & P from connected
point and diffuse sources)

FigBt@oncefpitgadle of an open ditch showing al
sources (point and di ffuse), pat hways, and
(2022) and Simpson et al. (2011)].

I n FiB3gureny gtopracawadtieerch water connection
interaction-fdesdi dectai hrcmnhnecti ons. I n this
of DRP samrg¢pre®ents mineralised N that has bec

This N is primarily lost from diffuse Hource



Cl agnan @t haav.e (s2h0olwdn N icno npvoeorrsliyo nd rtaoi nNeHd s o i

di s

con

ope

charged i nf invealtde r ¢ r afirnosm wint fiprent lde t gh o wra
nections (Needl efmanratlt ealo. et2@07; sZ&I1®Yen
n ditch networks suggests more permeabl e
n ditches along seepage facessougaewed || a
meabl e routes before di scharge occur s.
undwater storage component t hat protrude
tallation of an intersectng.g Tphiipse cirnetaot eas

charge point witdh)n The opesedcecbf (Fhgasr

ing dry periods, as the water | evel falls
oney et al . (2020) wused this concept to r
|l ong agricultural open ditches. The ri ski

myards (farmyard connectioamhéds)chedh) | and
ky open ditches included secondary and ou
ri sk of connectivity). The system devis
rces and pat hways W tlho stshees abieni oorfe ddii ssccohma
er bodies. The current study takes the sa
ki tghak considers both N, which discharge:
subsurface 3b)at hahuwshP(iFrntgaugreat i on necess
erstanding of N and P biogeochemical cyc

nected along different surface @amdl shwbas ur

i's nenweckedsaod delivered to the adjoinir

attenuation along the pathway and within

rent concelphearadf drrea,metwioerke i s a need to i



ri sk ranking, so that a more holistic mitig

source protection onrilgédtf al@ceaovdimridglet ope a

The objective of thi-scaltadiyntwagr d@toed eacpere di
both P and N |l oss risk based on connectivity
textured, grassland dairy fmar we.r eT o efl elcftield t
ditch networks on heavy textured soils. A co

icul tur al poll utant@Fif@gur eTideolppepne nd i dicthc hi

QD
«
-

were mapped during aa qurobuncatisvue vevat eandamp

conducted (based on the conceptual figure) t
N and P. This enabled an integrated cl assi f
devel oped. Mif toir g a@taicdin dopgtcihorrd ass are present

33Materi Mles haodd

33.1 Site selection and characteristics

Seven grassland dairy farms on poorly draine
NE of I reland were selected to represent a v

bi-pohysi cal s&lt)t.i nAgss p(eTra btlhee EPA s ceitl, sa RO )s u k

the soil types on these farms varied from or
fields were i mperfectly olrooometlwordk aafn eadr,t inf
install ations omg taree a aodfmse a cThh ef agrr m 2rinat negnesdi  vfi

dairy farm management prabbrgasndsveertobadstabl
( Mor gan, 1941) was used to determine the af

available P for fields of each far m. Far ms i



an average of 1092.5 mm. The average farm sl

influence open ditch connectivity.



Table 3.1 Summaryof agronomicand soil datand associatedfield drainage percentages acroase study farms.

Farm topd
sl ope ang
(u)
qurr NUE Dominant Drainagé( %) asse Maj or s*0®o) ty
Si z§ type
Annual % o
stocki number| Soill Annu a4 % Fi el
Farm rate p fieldsfOM |rainf wi t Hiie
high (%) | ( mm) draS n
(kg N i ndex
(ha) (kg N Poorl | mper fl Moder a Wel I| Mi ner a Humi ¢ Or gan
2-3 i 69.1 30.9 0
1 43 232.9 27 16.3| 16.| 1086 Humic Sul 54 52.9 16.2| o0 48. 4
Water G
311 Humi c Su 68. 4 31. 6 0
2 40 263. 5 23 40.0 16. 1283 8.8 39.7 35.1 16. 34.1
Water G
0 46. 2 31.0 22. 8
3 45 210. 0 24 19. 6 30. 1002 Groundwat|f 50. 38. 5 11. 4 0 72.5
4-8 i 58. 4 41. 6 0
4 37 254.2 32 10.3| 18.] 1320 Humic Bri .5 0.9 54 0 13.6
Podzol i
0 .-06. 9 88. 2 11. 8 0
5 41 291. 6 35 59. 4 8. 4 900. Surface 57. 17. 2 2.1 2 3. 78. 4
1-8 i 84. 3 10. 9 4.9
6 39 222.17 45 21.5| 14.| 1035 Typical 42, 3.5 25.1] 29. 25. 2
Water G
57 i 97.1 1.7 1.2
7 28 327.3 42 41.7| 12.]| 1019 Typical 50. 5.1 42.5| 2.2 69.6
Water G

INi trogen u’He genf fPi dineddrexy (I ndex 4) fields havel smielasuwietdh asx Me s*9P MArogad Ric® nma tgtt ér
(CorbetteCoabet PODR2 aaTfurody 22t al®% F PR 6 0iahinwekibddiln = (size of dr2aliOmedo field / tot



33. 2 Ground survey and mapping connectivity

ditch categories

A ground survey was cdaurrriinegd wo untt ean (aNolvetmibe r
2022) to characterise the field boundaries,

period was selected following multiple field
yearThi s pdareinadtfmea shest hydrokcoghealti petyoga
were active for grab sampling. Drainage net\
t he f aamdhaer dpr oxi mi t h dfo twad eop droddietsc wer e 1|
during the.lgr oaudnddittgimanrw etyi vi ty pat hways for N
i#hield drains, farm roadways, groundwater

conceptual 3fli)gurhea oulgihgpuwrte tweer ed rmad tneady ed unreit nvgp
During the ground survey, al | drainage net.\
connections, and sampling | ocations, were r

ArcGl S Field MafgEsSRmobi2l049o0ft war e (

Open ditches wemadedepenfidedi as mawomal ly sit«
carry excess water from thesdrn@®@badeamdstf ae anms
and around each far m, defined as those appe:

inch maps) (osi.ie), were mapped onto each f

| nformation from the ground survey observat.

drainage networks were used to digitise and

=}
()
—

wor k (opexurdiatcceb kidn dsabns andanddr aa "a@eEi ¢
connectivity paB8BhwayBorf otrheN qgFemudiet ch net wo
ditch was assigmued ng dihttech camhegety on to a
nei ghbouring farm, ot her hdeiitrclneosnech i bhet 9 a me

part of the apdiet dinteyh ef d@abd)e (Th@23@®) c:at(elg)or i ¢

O |
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Tabd2def i mintdi adrescri ption dforopdr ®itctlscat eég:r
Mol oney

et al. (2020)

Ditch category

Description

1. Farmyard A ditch/pipe that connects a farmyard to the drainage connectiol
network or directly to a surface water body

2. Outlet A ditchthat connects the drainage network to a surface water boc

3. Outflow/transfer A ditch thatcarriesdrainage water across the farm boundario

4. Secondary

5. Disconnected

neighbouring land
A ditch that typically flows perpendicular to the slope of the land
connecting two larger opatitches orunning through a field for exces
water removal.
A ditch that is not connected to the overall drainage netiotknay

have groundwater connectivity potential.

Gr o
of

11) ,

(du

Spr

but

—+

ach assigned ditch categorly), , twkercoenmreed
mapped within this open diteéh)nas$ ward&uiu
ng fieldwork to integrate N connectivit’
h categories. To identify the connectiyv
unt , especially for assks aainngo pgermno udidtwal
ndwater seeping through open ditch bank

he open ditcbuwdwatedesteeprngd asdgupwel |

and

ecti

wer e

hes.

were classified together as one conr
vity pathway when there were site ob
continuous past wateopthods)chro@rbh
wer e -fildoew tg rfa uendd vaast enri gphur gi ng out i n-
or througfhepdpdsai Babweaertéecada bilnitpoi pde d

di fferentiated from piped springs w



The | ength of the
compared for &a&chl
pat hway was <cal cul
observed for each

Tab33Summaroyp &éln t ¢ h

open

nf aardnd iitni

ated

farm,

dat a

di t ches, and farm an

olm,bltehe occurrence

as a percentage of

and for each open di

i ncl udiompgdntthceh pnreotpwoorr

accountddf f er ediyt dPh iog@astme geoascthu dcya sfear m.

Proport idintl cmhigt ot @%)

Farm Fiel % Tot a
Numbperinperir ditcq, fFarr 2. 3. 4 5
(m) asditlengt copnpneiout Outf Secon Discon
1 1647 44.3 7290 10. 7 0 18. . 70. 2 0.7
2 2152. 9.0 1935 6. 8 59. 33. . 0 0
3 1973 35.4 6990 5.7 22. 9. 4 62. 4 0
4 1657 17.2 2847 28. 4 23. 4.6 10.5 33. 2
5 1308! 43.5 5692 25.5 39. 0 34. 3 0.7
6 1696 52.6 8916 8.5 22. 7.2 60. 9 0.9
7 9607 28.9 2773 34.2 11. 15.1 38. 3 0
Aver 1628¢ 33.05206 17.1 25. 12. 39.5 5.1
33. 3 Grab water sampling campaign to assess i
Water quality parameters change over ti me,
farming (Huadbdbtsichesetl althe2pdi8¥ent study, the
' ink or conn&tji baet weer Fhguseurce and pat hw



Therefore, Asnapshoto sampling in spring (M

gualitative dat a.

Il n spring (March) 2022, a total of 210 water
sites in open ditches throughout thei de ai na
sampling event following the prampdumg cf t ¢
reflected connectivity3lpatMawasyas efadseashepn tiendg i
becausee pdaryidod!| @agitc alel gmallllr eplaatnhdway s i nt er ac:
ditch (eegwogkoundwater upwaesl omger see pfagemamn
year's field visits. As this study aimed to
presence or absence of N and P) between open
and did not aiad twmr eilmpgadtat @f tthiei § oconnecti o

survey waslnadlsmewluedgeld t hat tthhee meoonhestampl

water i's influenced byantheec emireendi pandatcomnr dr
sampling was undertaken when both suafdce ar
such daksaedw to validate source and hydrolog

net wor k

The number of samples collected was dictate
pat hways on open ditches during the initial
surface or subsurface 1ldonmetced vi hy t pbat Rway s
prioritised for sampling. These observation
groundwater flows that entered open ditches
points had no N dbdrmedtiruei tdo npcght Howeatye8Q@or i e s
(farmyard connection, outlet, outflow, and s
the seven ¢ &dal dtswdy nfeartmgd. di t ¢c h39 (Wweatee glary

which indicated no N tcromateecrt atva lt lyeswt it me p@fr c$



These acted as storage and recharge areas f

water sample | ocation, -stiwtoe 5uWsimml§ i 0a rdpsdl epsa p(efr

unfiltered) were collected for diravolsvwenp | amd
carried out in the mapped ditch categories
open ditch. The grab water sampling taken di

1 m downst-fieaimd odr ainn ous | etggs,ouhdwat erro ad we
groundwater seepage/upwelling, where present
were kep-bokndani hgesampling and transportat.i

sample collection.

Filtered water samples were analysed for DREF
Gall ery discrete analyser (Gallery reference
respectively. Tot al di ssol ved phloastpeh oaxisd g tTiC
under high temperature and pressure. The unti
( NAN) , #sNNH t ot al oxi dised nitrogen (TON), and
the Gallery analysandofTapaeiNvhesphat ysedTB¥Ii
Gani mede RBné@anai yNsa@amral, ysreers pechPthiovsepthyor us was

colourimetascatbiycbgcittdeAeskewtaonad SHmitthlod 200
l2Znol ybdophosphoric acid complex is formed b
ammonium mol ybdate and anti mony potassium t ¢
Alslampl es, reagent balr admsk swe raen da ncaH eg/cske d s taa n dT
| aboratory foll owing Ahe 280&hdarAd | Meqtuhad di st vy

samples/ check standards are made from certif

calibration standards. Quality control sampl
batch, and evemnabalt hs anmmlde si fwitthhet QC f el | ou
repeated back to the | ast correct QC. Bl ank s



10 % ofweaeampépsesated. Tolerance% oangemupat ov:
Al'l instruments used were calibrated -Nn | ine
was <calculated >Ny frsabp@®blicongatN®@Pphesghher us
di fference between TP and TDP, and dissolywv

di fference between TDP and DRP.

33. 4 Data Analysis

To validate the | i nk cbahthweseonuvwpicdsysh wa o rficeeapnt du a |
introob@cNiiagnbdhePopen ditch systeasypymbagptta cf rsam\
wer e anal ystedi fsfterta rsttii actad Ityhe nutrient conce.
categoandc al so f or tthoe avsacreirotuasi nc oinfn etclhha yv i vtayr i
t he data for each water quality parameter we
was undertakenntoi ¢amd outf erhencaeasy bet ween
outfl ow and secondary ditch categori es, and
pat hwafyisel(di ndr ai ns, internal roadways, spri
across bDhefoowl and seciochdarwnl di tble owat egomgu.
( NANNQ-N, TN, DRP, DQPganiiRcraMde fRR)mMed i nto i nol
which are the readily avaianadbIteh efroerfnosr ehshoartg ai

were not assedPaed weréehenatydgd using R st

(2020) . Where significant di fferences were
confidence | evel), the pairwise W |l coxon Ran
bet ween tfthd hmMdigpecasorsso.f t Exc el software versio

a correlatihen nlwentbwe e o f -foi cecludr rcerreecigpss r adfenndi atghe

dr ai nean fpedrdlsy dr.aining soil far ms



3. Rlesul t s

34 Analysis of the open ditch networks

All five ditch cvotleognoeryi eest, vadlr & s(s2iddRiOEd f by d us
outlined in that work. Expressed as an aver
far ms, 17.1 %, 25.6 W,welre. # a%,my3a9%.d5 c%,n nercd i 5
secondary, and di sconnec3le.d HFdrtm h2 sfc ®wdesstip re € d

drainage categories (3 out of 5).

34. Dbservations relating to conceptualised

newor ks

Based on the criteria for iddnti3%i%gofN alolnn
ditch network sampling points were observed
t hem. The N connectivity pathways to open d
connected to secondarycdnhebesonfoblubivedwpya
with no N connectivity pAaptphewiadyiaxlh loe.dBBocro nemaeact
ditch cat32gorsyan(plaebdl eprertcleing asgtewsd yo,f tthhee di f f
pat hhways occurrend8. aAmos@powwhesaea Rigoneect iy
al |l ditch-fdatl@lgarmriaegsn,s iwere the most common
groundwat er springs, i nternal roadways, and
represewti %y &£®d o% t he sakppemBdlapbdientBLh(e

occurrence -obifelodbseéraienls iwas positively corre

fields on cRs@.3budy farms (



Percentage of occurence
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1. Farmyard 2. Outlet 3. Qutflow 4. Secondary
connection Ditch categories

u In-field drains ® Internal roadways

B Groundwater springs & Groundwater seepage / upwelling

Figure 3.3 The percentages of the occurred N connectivity pathways for the ditch categories

Farms 2 and 4, which hdd et e dFrawe®d) péeraddrrst
relatively high connectivityAmppdgeBdliaxoh)@wdtler
Aside from farm roadway connectivity pathw:
connectivity pathway to open ditches was hig
Farms 3 and 5. Groundwater upwelliog/ sEkeerage
was an absence of groundwat epratuhpmwaeylsl ionng oaunt df
farmyard connection ditches, and roadway <cor
far ms. I n addition, there was evidence of r

ditches on some f ar ms.

34. Yal i dation of N connectivity pathway using

The averagecolhN eanwdeadPosnisgni ficantly higher
ditchesg84fyFtbanein outl et, oRxkt fOl.dwWw )andAcgecsaend

outfl ow and secondaN\ ywadsi ttchhe cdaotnei gnoarnite sN sNoCe ¢



average to 44.7 % of TN at sampling points n
NH-N within these ditch caiiNe@enrioss. t htees ehidgh e
was observed in groubddwdtoed-bsvedidbags a@h,s9q Omg
groundwater upwWealnldi me a(dow.agsA fi@e Bdiaxnp)e.L Blln

addi tirdnat N@roundwater &®prOng@SzNwewaade MDiagdwiamisl
ifiield dr 83sa)s. (Highured ndN©Onverraet iadmsso measur ed
Fige 3. ahesNe iNMH conceptual i sed 3ay bri BgcCdnpe
di tches. HOwkeomirnatNeHd TN &adcr casnptl ke p@®i chittsc me
with 25.3 % compositieM. aSmmoeglpicwwmdenor Gt ® o%s

these ditch categories PwebDeOBdt statisticall
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2.00
mDRP mDUP u PP
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Mean concentration (mg L-!) for P
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L

Fi gu3dlyg A) Nitrogen ( N) and KN 89) anpPdhaorsdp her uer s
concentrations within the open ditch categor

20.57 A
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Mean concentration (mg L!) for N
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Fi guldbg A) Ni ¢ Npogeamd ( B) PhoSphandsar d Per rmeras
concentrations wi t hin associated connecti vi
across case study far ms.

No consistent trends in species of TP were c
ditch categori es. Among these ditch categor
secondary ditches, in wBikkh. PRcwass ptrrea oond tnla

secondary ditch categoriks,0.PP5)wasparttaitd sltarc
field drain and roadway connectivityP>pat hwa
0.01), particularly between roadways and gro
N connectivity pat hway, average PP concen
upwel ling/seepageéo(Doddmgy LHhoadwaowusndwatr2 i

(0. 04Y mg afhidelich draithsc¢Oné&@t mgi Ly pat hways,



concentrations wer e hi gh%®st fiohl owedwbhys g
upwel |l ing/ sece),afgiecal(d.dDrdaiMgs L§Od 0OFr ongndwat er

mg L.

35Di scussion

351 Observations on ditch categories and ass

Of the seven farms surveyed, di sconnected al
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Table 3.4 An updated integrated ditch connectivity ranking that considers both phosphorus and nitrogen coupleghestted strategies to
reduce nutrients from ditches on dairy farms.

connects a farmyard to
the drainage network o
directly to a surface
water body. These
connections pose the
highest risk and should
be prioritised in terms
of future management.

P Ditch Category Description Validated N Connection Associated Source Future Mitigation Management
with Category
1.Farmyard Connection| A ditch/pipe that Subsurface interaction In-field drains (pipes; moles; gravel Management practices that disconnect -suiface drainage syste

moles; older variation) bring P and N
from fields to the open ditch.

All forms of P and N are potentially los
through this pathway to the ditch, with
NOs and DRP dominating.

discharges into the open ditch:

1 These may include adherence to correct land drainage dé
installation guidelines and maintenance.

1  Use of enebf-pipe land drainage mitigation options includi
low grade weirgBaker et al., 2016Yilter cells, cartridges, an
structures(Goeller et al., 2020; King et al., 2015; Liu et 3
2020)(see discussion for details).

Strict adherence to good farming practices to minimise diffuse losse|
leaching of nutrients to sedurface drainage system that are connectg
the open ditch:

I These may include iditch measures such as sediment trg
bioreactors, and filters to slow the flow and control nutri
loads (Fenton et al., 2Qp

Surface runoff

Farmyards and hard surfaces includin
farm internal roadways bring P and N
forms, dominated by NFand PP from
raw organic waste, loss to the ditch

Management practices that disconnect the farmyard from the
drainage ditch and internal farm roadway network are needed specif
within 100 m of the farmyard in this category:

1 These may include measures that prevent roadway runoff
entering the open ditch using leswst diversion bars or surfag
modifications (Fenton et al., 20 There must be a buffer of
least 3 MEPA, 2020}o reduce runoff impacts surface wate

Groundwater interaction

Natural springs bring shallow
groundwater P and N, dominated by
NOz, into open ditches through piped
drains.

Strict adherence to good farming practices to minimise diffuse losse
1  These may include eraf-pipe mitigation measure where spri
has been pipe@.g. vegetated buffer spots (Faust et al., 2(
and filter cells, cartridges, and structures using various matg
(Ibrahim et al., 2015; King et al., 201Bgnn et al. 2020(see
discussion for details). Full list of materials is reviewed in Ez

et al. (2020).

2. Outlet

A ditch that connects
the drainage network to
a surface water body.

Subsurface interaction

In-field drains (pipes; moles; gravel
moles; older variation) bring P and N
forms, dominated by N€ from fields
to the open ditch.

Management practices that disconnect -suitface drainage syste
discharges into the open ditch:
1 These may include adherence to correct land drainage d¢
installation guidelines and maintenance.
1 Use of enebf-pipe land drainage mitigation options such
constructed wetland&ing et al., 2015; Tanner et al., 20@5ge
discussion for details)




Strict adherence to good farming practices to minimise diffuse losse|
leaching of nutrients to sedurface drainage system that are connecte
the open ditch:
1 These may include iditch measures such as sediment tra
bioreactors, and filters to slow the flow and control nutri

loads (Fenton et al., 2Qp

Groundwater interaction

Natural springs bring shallow
groundwater, dominated by NO
concentration, into ditches through
piped drains.

Strict adherence to good farming practices to minimise diffuse losse

1 These may include eraf-pipe mitigation measures whe

spring has been piped e.g. vegetated buffeasist et al., 2018

and filter cells, cartridges, and structures using varicaterials

(Ibrahim et al., 2015; King et al., 201%enn et al., 2020

beneath piped springs location on ditch. Full list of materia
reviewed in Ezzati et al. (2020).

Groundwater interaction

Seeping and upwelling deep
groundwater, dominated by NCenters
into ditches.

Strict adherence to good farming practices to minimise diffuse losse
1 In terms of groundwater uwelling or spring connectivity in
ditch intervention that slows the flow and mitigates nutrig

using bioreactors, twestage ditch, filters and vegetated ditch

(Faust et al., 2018; King et al., 2018y be introduced afte

spring connectivity and before the outlet to reduce dissolveg
particulate nutrients entering waters.

3. Outflow/transfer

A ditch that carries
drainage water across
the farm boundary
through neighbouring
land.

Subsurface interaction

In-field drains (pipes; moles; gravel
moles; older variation) bring P and N,
dominated by N®, from fields to the
open ditch.

This drainage water will pass to an adjoining farm and will be mitig
as another landowners Farm Management Plan. Some mitigation car
in Outflow ditches using mitigation management practices provideg
Farmyard Connection and Outlet ditches aprapriate, which may
increase the efficacy of mitigation across the farm landscape.

Surface runoff

Farm internal roadways introduce hH
and DRPdominated hard surface watg
to the ditch

This drainage water will pass to an adjoining farm and will be mitig
as another landowners Farm Management P&ome mitigation car
occur in Outflow ditches using mitigation management practices pro
for Farmyard Connection and Outlet ditches as appropriate, which
increase the efficacy of mitigation across the farm landscape.

Groundwater interaction

Natural springs connect shallow
groundwater, dominated by NO
concentration, into ditches

This drainage water will pass to an adjoining farm and will be mitig
as another landowners Farm Management Plan. Some mitigation car
in Outflow ditches using mitigation management practices provide(
Farmyard Connection and Outlet ditches a@prapriate, which may
increase the efficacy of mitigation across the farm landscape.

4. Secondary

A ditch that typically
flows perpendicular to
the slope of

the land connecting twa

larger ditches. Can alsg

Subsurface interaction

In-field drains (pipes; moles; gravel
moles; older variation) bring P and N,
dominated by N@from fields to the
open ditch.

Mitigation is unlikely to occur in these open ditches as they do
discharge directly to waters but act as conduits. Some mitigation can
in Secondary ditches using-ititch mitigation management practic
provided for Farmyard Connection and Outtbtches as appropriate
which may increase the efficacy of mitigation across an individual fa




occur as an open ditch
running through a field
to collect and remove
large excesses of
surface water

Surface runoff

Farm internal roadways introduce PP,
DRP and N@ dominated within the
water from hard surface to the ditch

Mitigation is unlikely to occur in these open ditches as they do
discharge directly to waters but act as conduits. Some mitigation can
in Secondary ditches using-ititch mitigation management practic
provided for Farmyard Connection and Outtbtches as appropriatg
which may increase the efficacy of mitigation across an individual fa

Groundwater interaction

Natural springs bring shallow
groundwater, dominated by NO
concentration, through piped drains
over ditch sides to introduce both PP
and NQ into the ditch

Mitigation is unlikely to occur in these open ditches as they do
discharge directly to waters but act as conduits. Some mitigation can
in Secondary ditches using-dtitch mitigation management practic
provided for Farmyard Connection and OuttBtches as appropriate
which may increase the efficacy of mitigation across an individual fa

Groundwater interaction

Deep groundwater, dominated by O
seeps through ditch side surfaces and
upwells through ditch base to introdug
PP and N@ into ditches

Mitigation is unlikely to occur in these open ditches as they do
discharge directly to waters but act as conduits. Some mitigation can
in Secondary ditches using-ditch mitigation management practic
provided for Farmyard Connection and Outtbtches as appropriate
which may increase the efficacy of mitigation across an individual fa

5. Disconnected

A ditch that is not
connected to the overal
ditch network. May be
connected with
groundwater.

Surface and Groundwatg

interaction

Diffuse source of N® interacts with
open ditch. Runoff may interact with
the open ditch.

Connectivity is not present to surface water within the open networ
there may be a groundwater connection which subsequently dischar
surface water. Precautionary practices should be taken at these lo
to minimise recharge to groundwaterfpvision of a soil buffer.
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42l ntroducti on

Agricultural landscapes in areas of high annual precipitation and heavy textured soils are
characterised by high densities of open drainage channels, which provide outfal&efiar in
drainage systen(&hore et al., 2015; Tuohy et al., 2018pen drainage channels, comprising
drainage ditches and smaller streams, are networked to collect and drain away excess water
from different parts of a farm to larger water cour@@ger et al., 2007)Within the open

drainage channel network, streams exishesmittent or perenniahatural channels, whereas


https://doi.org/10.3389/fenvs.2024.1435418

drainage ditches exist as marade channels that may be intermittent or perennial, depending
on their landscape position and their interplay with subsurface water and groundiveser.

open drainage channels perform many functi@aly et al., 2017; Ezzati et al., 2020)
including storage and release of nutrients by sediments, transportation and interception of farm

surface and subsurface runoff which may carry nutrients to the larger water courses.

It is important to minimise the source of nutrients and intercept instantaneous and legacy
nutrients from farms in high rainfall arefiSenton et al., 2021; Peyton et al., 2016; Valbuena
Parralejo et al., 2019In these areas, open drainage channels form an integral part eithe S
P-R component of the nutrient transfer continu(ifaygarth et al., 2005)defined as the
framework that captures the nutridass influencing factors from source to receptor). Water
drained in both natural and mamade open diaage channels may be nutrigith from
different nutrient sources that are mobilised through point (e.g. farmytdifezSuller et
al., 2010; Vero et al., 2020grm roadway(Fenton et al., 2021; Rice et al., 2022 diffuse
(Daly et al., 2017; Roberts et al., 2018purces. Where hydrological connectivity exists with
the surrounding environment, nutrients from these sources travel through different pathways
(Wall et al., 2011)o enter open drainage channels. The nutrients are either transfarmed o
remain unchanged along the pathway to the open drainage channel, before being transported
to the adjoining waterway&lagnan et al., 20H. Aside from nutrient transformation, these
nutrients can be buffered and/or retained to prevent connectivity losses as they go through the
processes and pathwaiBeelstra et al., 2014Ynderstanding the nutrient dynamics and loss
risks occurring within an open drainage channel system is critical to assessing, managing and

mitigating nutrient losses from farms (Go# et al., 2016; Herzon and Helenius, 2008)

Moloney et al. (2020) ranked connectivity risk for P loss along-made open
drainage channels and showed that varying levels of connectivity to nutrient source, depending

on their geographical position, exist between fmaue open drainage channels andaze



waters. The highest to lowest connectivity for P loss was as follows: farmyard connection ditch,
outlet (a ditch that connects the drainage network to a surface water body), outflow (a ditch
that carries drainage water across the farm boundary throudtiboaigng land), secondary,

or disconnected ditctChapter JFurther developed this concept by creating an integrated (i.e.

P and N) ranked connectivity risk incorporating nutrient loss from sources within open drainage
channels.That study showed that othéactors i.e. farm management practices, landscape
characteristics, and surface and subsurface hydrological connectivity of directly connecting
areas, described the risk of P and N loss in categories ofrada open drainage channels.
These factors vargpatially and temporallyHarrison et al., 2019; Mellander et al., 2017;
Withers and Lord, 2002gven in a very small distan@&dams et al., 2022and therefore may

vary in the nutrient loss risk they pose for individual open drainage channels at different
geographic locations on farm. Characterising these factors for individual open drainage
channels is essential to assess the risk of connedtvitytrient losses from an open drainage
channel network, but is not well studied. In previous nutrient loss risk studies, open drainage
channels were risk assessed largely as a (transport) pathway factor for nutrient loss based on
either their presencdgnsity, connectivity to highisk fields or sloping condition@Buczko &
Kuchenbuch, 2007; Magette et al., 2007; Roberts et al., 2017; Schoumans & Chardagn, 2003)
thereby limiting a holistic assessmd@ranger et al., 2010Furthermore, in studies where
these factors have been used in assessing farm nutrient loss conn@tieisgra et al., 2014;
Gramlich et al., 2018}heir influences on connectivity to open drainage channels under their
respective nutrient transfer continuum sections to enablgletenunderstanding of their
nutrient loss riskgHaygarth et al., 2005; Murphy et al., 20H5d improve regulation@Vall

et al., 2011have not been evaluated. Such an evaluation could be achieved by exploring a risk

assessment of the factors under the nutrient transfer continuum of open drainage channels and



may allow mitigation efforts to be optimised to prevent nutrient losses to open drainage
channels and transfer to adjoining water bodies.

Risk assessment provides an overall appraisal of the connectivity components for each
element (SM-P-R) of the nutrient transfer continuum to inform their combined implications
and relationships for nutrient loss to open drainage channels on (ffordan et al., 2005)
Risk can be assessed quantitatively (where data are suffisdiat; et al., 2014)qualitatively
(where data are insufficientlag et al., 202Q)and semuguantitatively (a blend of the two e.g.
Rice et al., 2023) Subjective expert judgemt may be used to approximate risk values to
inform decisioamaking(Redmill, 2002; Rice et al., 2022)ifferent assessment approaches to
identify and characterise landscape hotspots for nutrient losses have been documented. These
include direct nutrient concentration measurements in open drainage ch&zzeals et al.,
2020; Mattila and Ezzati, 2022) combination of some nutrient transfer continuum parameters
(Alder et al., 2015Fenton et al., 202Hayes et al., 2028 or predictive model@Radclife et
al., 2015; Vadas et al., 2007; Vadas et al., 20A5)sk assessment to identify open drainage
channel sections associated with Rigtk nutrient runoff connectivity using all possible field
management data, and landscape and hydrological connectivity data across the nutrient transfer
continuum for heay textured farms has not been developed to date. Undertaking an appraisal
incorporating these elements will help identify and rank-hnigk areas (also known as critical
source areadvicDowell et al, 2024)on the open drainage channel network for heavy textured

grassland dairy farms for targeted mitigation.

The objective of this study was to develop a squantitative risk model for heavy textured
grassland dairy farms that identifies open drainage channel network sections that pose a risk of
contributing nutrients to the adjoining aquatic water courseswdmch require mitigation.

Instead of considering only nutrient source connectivity to classify open drainage channel risks

for nutrient lossessge Chapter)3the current study builds on this theory and captures all



relevant SM-P-R factors under the open drainage network nutrient transfer continuum to rank
the nutrient loss risk in the open drainage channel network on a farm. To conduct this research,
data were collected during field and ddxsed studies across sawheavy textured grassland
farms in Ireland. These farms are considered representative of heavy textured, poorly draining
soils in Ireland, all receive high rainfall and were subjected to-tagblution data collection

on a vast range of static and dynawariables related to farm management.

4 Materials and met hods

4.3 Nutrient transfer continuum framewor Kk

A semiquantitative risk assessment model was developed based on isexEsive
grassland heavy textured daifgrms. Using expert opinion and the literature, various
parameters that best describe the nutrient transfer contibetween a source and an open
drainage channel netwofbollinger et al., 2015; Kleinman et al., 2011; Needelman et al.,

2007)were collated and categorised intd/SP-R components as in Tablel.



Table 4.1 Nutrient transfer continuum element, parameter description, units, type, relative magnitude score, relative impact deootathonl

from pipes)

Nutrient Transfer | Parameter Parameter Parameter type Relative Magnitude (M) score? Denotation Relative Impact (1)
Continuum Description unit scoré
element
Source (Point) Connection to farmyard Categorical 0 No 10
3 Yes (e.g. pipe dischargg
seepage from leaking tanks)
Source (Diffuse) Soil P mg/l Categorical 1 Adequate (<8.0 m/l) 5
3 Excessive (O 8§
Source (Diffuse) N Fertiliser (kg) applied kg N hat Continuous Weighted to O 3 8
Source (Diffuse) P Fertiliser (kg) applied kg P ha Continuous Weighted to O 3 8
Source (Diffuse) Nutrient deposition associated with grazing (e.g. urine, d| Grazed or nomrazed field® | Continuous Weighted to 0 3 6
pats) grazing frequency
(Based on grazing field (1 = no|
grazed, 3 = grazed)? grazing
frequency)
Source (Diffuse) Fertiliser application count # perfield Continuous Weighted to O 3 3
Mobilisation Rainfall mm Continuous 1 Low (<1000 mm) 10
2 Moderate (1004300 mm)
High (>1300 mm)
3
Pathway Farm roadway runoff Categorical 0 No® 4
1 Yesi flat slope
2 Yes- moderate slope
3 Yesi steep slope
Pathway Farmyard surface runoff Categorical 0 No® 3
1 Yesi flat slope
2 Yes- moderate slope
3 Yesi steep slope
Pathway Field surface runoff Categorical 0 No® 6
1 Yesi flat slope
2 Yes- moderate slope
3 Yesi steep slope
Pathway Subsurface connection from infield drains Categorical 0 No 4
3 Yes (e.g. low flow dischargg




Pathway Groundwater connection to ditch Categorical No
Yes (e.g. springs, upwelling an
seepage)

Receptor Connection to watercourse Categorical No
Yes

1 Relative Magnitude score (M) = the relative magnitude of contributing nutrients to an open drainage channel network.
2 Relative Impact score (I) = subjective evaluation of relative relevance (énl@ $cale) for nutrient contribution to an open drainage channel network.
3 A barrier e.g. buffer prevents connectivity of this runoff accordingRé (2020)and USDA (2001) with the surface water (rraade or natural) body.




43. 1Justifi eMxP-R opman amet er s

a. Source

In a nutrient loss risk assessment, identifying potential sources and their characteristics is
critical (Carton et al., 2008; McDowell et al., 2024 armyards are largely associated with
potential nutrient sources, and connection to them imposesribiglof direct or indirect
discharges of point source nutrients into the open drainage channel néedokey et al.,

2020; Vero et al., 202050il P status of fields directly connected to open drainage channels
offers a potential source contribution of soil nutrients that can be readily lost, and dictates the
amount of P that can be applied in a mineral or organic(Bl@loney et al., 202Q)and is
therefore essential as a source parameter. The organic matter proportion in mineral and organic
soils determines the adsorption or repulsion of dissolved nutrients unto soil péRubests

etal., 2017; Tejada & Gonzalez, 20@8d therefore influences the soil P status. Soil P Indices

of 1, 2 and 3 are defined as low risk, while index 4 is defined asrisighwith all organic soils
categorised as index 4 by defaialy, 2005; Wall & Plunkett, 2016 he amount of P and N
fertiliser (kg) applied i®ne of the major nutrient sources that influences surface and subsurface
nutrient losses in open drainage chaniidit et al., 2004; Ibrahim et al., 2013; Richards et

al., 2015; Watson & Foy, 200IJhe rate of fertiliser application increases soluble reactive P
(SRP) and TP concentrations in overland flow and drainage \(W&&#son et al., 2007)0n

these connecting fields, fertiliser application count is another source parameter that contributes
nutrient loss to open drainage channels and may increasent losses especially under wet

soil conditions. The grazing status of a field connecting to open drainage channel specifies the
risk of another major nutrient source that determines probability of livestock wastes (faeces

and urine) being depositedarean open drainage chaniiBilotta et al., 2007; Gary et al.,
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1983; Hubbard et al., 200d4hd damage to soils (that may be high nutrient rich) by trafficking
and poaching to runoff into open drainage chanf@ssidy et al., 2017; Doody et al., 2014;
Pietola et al., 2005)ts impact varies with grazing frequency (the number of times a grazing
field is accessed by animals for grazing), with frequently grazed fields more susceptible to

increase nutrient lossé8assidy et al., 2017; Doody et al., 2014; Hubbard et al., 2004)

b. Mobilisation

Rainfall is the prime mobilising parameter that controls the transfer of nutrients within and
around the open drainage chanfidrezGutiérrez et al., 2020; Vadas et al., 2011; Yao et al.,

2021)

C. Pathway

Farm roadways that are connected to open drainage channels under the nutrient transfer
continuum acts as pathway by which runoff, carrying nutrients, is transferred into the open
drain(Mabher et al., 2023; Rice et al., 2022)Jong the farm roadway network, nutrients may

be contributed from the road surfg@avison et al., 2008; Edwards & Withers, 2008; Fenton

et al., 2022)The farmyard is another pathway, which comprises hard standing areas that collect
rainfall that becomes runoff to the adjacent opa&indige channel&dwards et al., 2008; Vero

et al., 2020) The field surface influences runoff to connecting open drainage channels. Field
surface is dependent of the soil drainage class (well, moderate, imperfect, anedpaionhg

soils) and this dictates the runoff pathway between surface and subsurfaeeygat
(Houlbrooke & Monaghan, 2009 here is high P loss risk from overland flow in poorly
drained soils, moderate P loss risk from imperfectly drained soils, low P loss risk from both
moderate and wellrained soil{Magette et al., 2007 he subsurface ifield drain pathway

influences soil drainage capacity and subsequently the surface and subsurface pathways
>n



(Houlbrooke & Monaghan, 2009)Subsurface Hfield drains enhance infiltration and other
processes in soils. Groundwater upwelling or seeping pathways introduces nitrafé) (&

P into open drainage channels, but depends on many factors such as landscape position and
soil type. Groundwater composition may be high in nitrate concentrations, especially if the soll

processes are modified by drainggewards & Withers, 2008)

d. Receptor

The receptor is associated with the final direct impact on a watercedkeet al., 2011)
Watercourse in this regard is defined as any natural river, stream, or lake (but netnaadean
drainage channe(Department of Agriculture Food and the Marine, 20ti@htifiable on an
Ordnance Survey Irelandifich map ywww.osi.ie). In this study, all natural open drainage
channels were assumed to have a final connection to a watercourse, with or without any

proximity observed during the ground survey.

43. 2 Scoring continuous and categorical par ar

The parameters were assigned individual risk scores that were scored arithmetically in a
magnitudeimpact matrix(Teunis& Schijven, 2019)For each open drainage channel, the risk
score for every parameter was calculated by multiplying the score for magnitude (M) for
contributing nutrients to an open drainage channel by the score for its relative impact (I) (Table

4.1) (after Shariff& Zaini, 2013)

Within the risk assessment, data for some parameters were measured quantitatively as

continuous datge.g. N fertiliser (kg) rate applied; Tabdel), while others were assessed
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gualitatively agategorical dataduring field observation (e.g. connection to a farmyard; Table

4.1). As such, the M value for each parameter differed depending on the parameter type.

For continuous parameters, the M value was weighted between 0 and 3 using the formula:

(X|T Xmin)3 3 / (XmaxT Xmin) Eqn 1

where X is the orfarm observed data value; and Xnax are the minimum and maximum

values observed across all farms.

For categorical parameters, the value was based on literature and/or expert judgement.
Either A0O0O or Al1l0 was scored as t heél).Rdrowest
each open drainage channel, a total risk score was calculated by summing up all the risk scores
for each continuous and/or categorical nutrient transfer contimanmameter for that open
drainage channeA total risk score represents the degree of (iigk the scale of likelihood or
propensity at which an open drainage channel contributes nutrients to a wateassoseted
with the blend of complex parameters (TablE) for nutrient losscross all the open drainage
channels on a given farm. Although the risk assessment takes into account the influence of the
contributing area to an open drainage channel, the approach of weighting the contributions over
the area rather than adding theipiamcts ens@d an unbiased assessment where a larger area
of fields surrounding the stretch of an open drainage channel could have led-tiskhigine
risk assessment is simple to use, relying on easily accessible farm data, and can be used to
assess the relativesk agricultural open drainage channels pose to water quality, without

guantifying the nutrient loss.
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4.3 Fieldwork to coll ect nutrient transfer C

Seven farms, dominated by heavy textured soils of a wide variety-phlggical settings,
were selected. These farms represented varying open drainage channel network density and
connectivity risk compositions. During winter (November 2021 to March 2@4®ld survey
was conducted in which all open drainage channel networks were mappe@hager 3and
Moloney et al. (2020)Open drainage channel network features such as connection to the
farmyard, field slope, the proximity to water bodies, andhegtivity pathways for nutrients
into the open drainage channel network frorfiéhd drains, farm roadways, groundwater
springs, seepage and upwelling throughout the open drainage channel network, were noted on
each farm. All the information characterigithe open drainage channel network was recorded
using an electronic device with ESRI ArcGIS Field Maps mobile software (version 21.4.0)
(ESRI, 2024) during the field survey. Thi s
i nformati on sy sdoftwardé, AlcM&ap Slp softnane fversiog 10.5). Data on
other parameters for the nutrient transfer continuum elements was obtained from previous
studies(Corbett et al., 2022a; Corbett et al., 2022b; Tuohy et al., 2&2d)ongoing data
collection by participating farmers and field agents. The data were downloaded and collated
with data from the field survey, and the parameters in Tablevere assigned an M score for

every open drainage channel network across the farms.

In applying nutrient loss risk magnitude to areas that have never been calibrated, errors may
prevail due to the unknowns in parameter sef
opinions to set model parameters without calibration (Sharpley 04l7). However, the
adoption of systems that are assessed and approved (as suggested by Bhandari et al. (2017) and

Nelson et al. (2017)) enhanced the robust calibration of the parametersrisk gssessment
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4.3 Formation of Risk Classification System

Total risk score values for every open drainage channel for all seven farms were split
into four categories of equal intervals to produce four potential risk classes (i.e. low risk,
moderate risk, highisk, and very highriisk). The range was determinedthg possible highest
and lowestotal riskscore that could occur as per the risk assessment scoring system developed.

The risk classes were developed by:

(TRShighi TRSow) / 4= le Eqn. 2

where TR&ghand TR%w are the highest and lowest total risk score values recorded across the
seven farms, and is the interval between the four risk classes. These were emded as

green, yellow, orange, and red, respectively, on farm maps. Such maps provide information on
the open drainage channels that are potential critical hotspots for nutrient lossss/gn h
textured dairy farms. Risk classes in high and very-highranges are identified as hotspots

that may require mitigation measures.

4.3% Synoptic water sampling across dairy far

Water quality parameters change over time, depending on the local climatic conditions
and farming practice@Huebsch et al., 2013\t 105 sampling points throughout the drainage
network across all farms, a total of 210 water samples (a pair of filtered and unfiltered at each
sampling point) were collected during each season (sampling event) for 4 seasons (Spring
(March) 2022 to Wirdr (January) 2023). The sampling was carried out across all 4 seasons to
capture hydrological fluctuations and conditionsludang surface and subsurface connectivity

as peChapter 3As this study aimed to assess the risk of the open drainage channels, the water
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N and P chemistry only validated the potential nutrient losses from the open drainage channel
network surroundings and did not aim to elucidate the load or impact of this connection. Except

for disconnected ditches (which were mostly dry), all smade ope drainage channels

(farmyard connection, outlet, outflow, and secondary ditdiietoney et al., 202(nd natural

open drainage channels were sampled. At each water sample location, two 50 ml samples
(fiteredons i t e usi ng 0. 45 tered)wele totleeted fopdisgpolved aral totdl u n f |
P analyses, respectively. All water samples were kept in an ice box during sampling and

transportation, and then tested within one day of sample collection.

Filtered water samples were analysed for DRP and TDP using a Gallery discrete
analyser (Gallery reference manual, 2016) and a Hach Ganimede P analyser, respectively. Total
dissolved phosphorus was measured by acid persulphate oxidation, under high teengedat
pressure. The unfiltered water samples were analysed for nitrite-NINONHs-N, total
oxidised nitrogen (TON), and TRP using a Gallery analyser. Total phosphorus was analysed
using the Ganimede P analyser. Phosphorus was measured colourimedyich®ascorbic
acid reduction methoqAskew & Smith, 2005), where the dolybdophosphoric acid
complex is formed by the reaction of orthophosphate ion with ammonium molybdate and
antimony potassium tartrate (catalyst) and reduced ascorbic acghmfiles, reagent blanks,
and check standards werealyrsed following the Standard Methods (APHA, 2005). All QC
samples/check standards are made from certified stock standards from a different source than
calibration standards. Quality control samples were analysed at the beginning and end of every
batch, ad every 10 samples within a batch, and if the QC fell outside limits, samples were
repeated back to the last correct QC. Blanks were included in every batch and approximately

10 % of samples were repeated. Tolerances range up to a maximum &hiof.Bominal
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val ue. Al | i nstrument s used were cal i brated

Nitrate-N was calculated by subtracting M8 from TON, PP was the difference between TP
and TDP, and dissolved unreactive phosphorus (DUP) was the difference between TDP and

DRP.

4 Rlesults and Discussi on

44,1 Open drainage channel <characteristics

The total length and the number of open drainage channels in the farms are shown in
Table4.2. The length of an open drainage channel characterised the field area of contribution
influencing the connectivity and potential risk of nutrient loss to an open drainage channel.
Chapter Jeported that multiple connectivity pathways may exist on a single open drainage
channel. Although the relationship between the presence of connectivity pathways in open
drainage channels and the length of the open drainageatbavas not assessed in that study,
longer open drainage channel lengths may have high connectivity, resulting in a potentially
higher risk of nutrient loss. However, other parameters such as soil chgairet al., 2017;

Ezzati et al., 2020slope, desig(Hodaj et al., 2017)and vegetatio(Soana et al., 201 ay

also influence nutrient loss.
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Table 4.2 The characteristics (length (m) and number) of open drainage channels per farm.

Length of all open drainage channpés farm (m)

Number of open Natural open Man-made open

Farm #  drainage channels Average length Total length drainage channel drainage channel
perfarm average length average length

1 25 291.50 7290 n/a 203

2 9 271.38 3799 382 188

3 40 509.23 25971 1898 170

4 16 397.44 14308 716 142

5 19 372.71 14163 1030 197

6 49 134.95 10526 322 122

7 13 204.27 4494 860 139

4 . 2Ri sk classification system

Table4.3 presents the risk classification system ranges based on the minimum and maximum
possible total risk score from thisk assessmersgcoring system. These risk classification
ranges were the basis on whitsk class output maps for open drainage channel networks on

each farm were developed (Figuré).

Table 4.3 Risk classification system (risk class and score ranges) for risk assessment model
for open drainage channels on heavy textured dairy farms.

Risk class Risk score classification ranges
Moderate 60.8 107.5
High 107.6 154.3
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Legend
Open drainage channels

Risk Classes

Low

Moderate
== High
Subsurface drainage

» Infield drains
Piped spring drains

0.2 Kilometers

Figure 4.1 A map of a heavy textured grassland dairy farm (Farm #1 from #&)leshowing
the risk classes of the open drainage channel network.

Although the possible lowest and highest total risk score are 14.0 and 201.0 according
to the risk assessment scoring system (T4Ble the actual lowest and highest total risk scores
recorded for the open drainage channels for the farms studied were 35.9 (Farm 4) and 144.4

(Farm 4), respectively. This indicates the highest total risk score across the farms reached only
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about 72 % of the potential maximum total risk score. Of the 171 open drainage channels on
all seven farms, 23 %, 68 %, 9 %, and 0 % were ranked as low, moderate, high, and very high
risk classes, respectively (Figué&). Data from individual farms were similar to the overall
trend (Figuret.2), except for Farm 6, where the majority (57 %) of the open drainage channels

ranked as lowrisk.
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Figure 4.2 Percentages of risk classes for open drainage channels across all farms and within
farms (inset).

Across thehigh-risk open drainage channels, the total risk score varied, with 144.4
being the highest recorded (a farmyard connection ditch) on Farm 4 and 109.9 being the lowest
(a farmyard connection ditch) on Farm 7. The 9 % ‘igk open drainage channels acribss
study farms were mostly on farmyard connection and outlet ditches @dhl& his result is
similar to Chapter 3and Moloney et al. (2020), who found that farmyard connection ditches
were potentially the riskiest.
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Table 4.4 Number of highr i s k

category.

channels (indicated by a

Farm #

Natural open

drainage channel

Outflow
ditch

Outlet
ditch

Farmyard Secondary Disconnected

connection ditch ditch ditch

N o o0 A WN P

X

X XXX X

XX X

XXX

XX

Agricultural pressures on waterbodies in Ireland are associated with excess nutrients,

mainly present as NN or DRP(EPA, 2023a)Phosphorus dominates in poorly drained soils,

such as those included in this study, while N loss is more likely to vary depending on other

specific site condition$EPA, 2023a) In Ireland, the EPA considers good water in rivers to

have NQ-N concentrations of less than 1.8 mgdnd DRP concentrations of less than 0.035

mg P L! (EPA, 2023b) While open drainage channels assessed in these study farms are

different water bodies from rivers as defined on national ordnance survey riapk (6aps)

(www.osi.ie), comparisons of NN and DRP concentrations on the open drainage channels

with the water quality standards for rivers act as a guide to show if a water sample is high or

low.

The annual mean DRP concentrations in the open drainage channels, which ranged

from 0.09 mg ! in moderaterisk class to 0.40 mgtin highrisk class (Figuret.3), were

higher than the surface water standard of 0.035 ™a@ he annual mean NN concentrations

on the open drainage channels were lower across the risk classes, with ranges of 059 mg L

in low-risk class to 1.18 mgtin moderateisk class (Figurd.3) relative to the standard of
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1.8 mg NQ-N L. This is consistent with the poorly draining conceptual model of the EPA in
Ireland, as P losses dominate nutrients relative to N losses. While this may be beyond the scope
of the present study, 3 of sampling locations had high N® concentrations, indicating

the N connectivity pathways that may be introducingMnto these open drainage channels
(Chapter 3. Average P and N concentrations per risk class increased as the risk of the open
drainage channels increased, except for average P concentrations for the nnsttecttss

(Figure 4.3). This could be due to the anthropogenic and natural characteristics that create
hydrochemical variation in the farm landscapes that contribute nutrients to the open drainage
channels. With this caveat, this showed that the water quality seasonalrgpbssealidated

the total risk score.
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Figure 4.3 (A) Nitrogen and (B) phosphorus mean plus standard error concentrations from
seasonal water sampling from within open drainage channels as per the risk classes across the

case study farms



4.8 Assessment of t he nutrient transfer cC ol

channel s

The contribution of the source to the average total risk score of open drainage channels
per farm ranged from 44.2 % (Farm 2) to 63.5 % (Farm 5) (Fidute Similarly, the
contribution of the source to the total risk score of each of thertsglopen drainage channels

ranged from 40.8 70.2 % (Figuret.5).
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Figure 4.4 Percentages of averaged risk scores per farm across nutrient transfer continuum
elements.
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Figure 4.5 Risk score percentages of nutrient transfer continuum elements for farms with high
risk open drainage channels, excluding Farm 2 which had neislgbpen drainage channels.

The high proportion for source total risk score indicates that the multiple sources of
nutrients, either from connection to farmyard, legacy soil P, fertiliser application, and grazing
input parameters, primarily influenced the risk of nutrient logSassidy et al., 2017; Moloney
et al., 2020}o these open drainage channélader source coribution, he majaity of the
high-risk open drainage chann&greconneced tofarmyardg(point sources)accounting for
62.5 % implying the remaining 37.5 % wereonnected to diffuse sourcéBable 4.4) The
highest source contribution to a total risk score recoahuigh-risk open drainage channel
was70.2 % and thisoccurred orsecondary ditchwith no farmyard connection igure 4.5).

This could be attributed to the opestatusir ai na
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fields, which received high fertiliser application for the duration of this study. This, together
with surface and subsurface sources, may have led to the high total risk score on the other 37.5

% (Table 4.4)of the whole higkrisk open drainage channels with no connection to farmyards.

Along a connected pathway to the open drainage channel, the mobilisation of nutrients
from the source was integral in most of the open drainage channels. The percentage of
mobilisation contribution to the average total risk score of the open drainagelshaemnfarm
ranged from 10.2 % to 31.5 % (Figurd). Rainfall is the primary factor by which mobilisation
occurs for nutrient loss€8Vang et al., 2020Rainfall characteristics, including the intensity,
duration and frequency, may influence the hyolgatal conditions that are critical to the
surface and subsurface nutrient movemedrézGutiérrez et al. 2020)his necessitates the

need to break the pathway to prevent the mobilised nutrient from the source to the receptor.

Nutrients enter the open drainage channels through multiple (surface, shallow
subsurface and groundwater) pathways. The pathway contribution to the average total risk
score per farm ranged from 10.5 % to 18.4 % (Figute Heavy textured farms have multiple
subsurface and surface connectivity pathways through which nutrients d@agstan et al.,

2019; Granger et al., 2010gnd these may have contributed to the ‘nigk open drainage
channels. Eighteepointsix percent and 18.6 % of the higkk open drainage channels
received risk scores from roadway and farmyard runoff surface connectivity pathways to the
total risk score, respectivelyhile 87.5 % and 31.3 % of the higisk open drainage channels
received risk scores from-iield drains and groundwater subsurface connectivity pathways,
respectively. Although the pathway percentage contribution to the total risk score of the high

risk open drainage channels ranged from 102R.6 %, the highest pathway contribution to
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total risk score for an open drainage channel was 44.9 % which was a mod&rajgen

drainage channel on Farm 6.

The connection to the receptor was not present on alrisglopen drainage channels.
However, contributions from 14.5 to 18.6 % of the total risk score ofsglhopen drainage
channels with connection to receptor for the study farms (Figie This informs the
importance of considering the delivery of the final nutrient loss through the open drainage

channels and may inform the mitigation type.

A5Mi t i gati onriodk tchperhidrhai nage channel s

In Ireland, the EU Nitrates Directive is implemented through the NAP, which applies
to all farms in the country. This programme of measures outlines best farming practices to
achieve good water quality outcomes for different farm enterprises. The EPAlandir
identifies Abreaking the pathwayo on poorly
as an effective way to break the connectivity of surface orsweéace runoff between sources
and waters.Chapter 3classified the open drainage channetwork into different ditch
categories. Building on this work, the present study identifies open drainage channel sections
within these large networks to be of higher risk and which may need mitigation. A combination
of targeted measures is therefoegessary to improve water quality. This may include (1)
source management (2) breaking the pathway (stopping runoff eruresdf being delivered
to waters), and (3) installation of-ghannel filters (to slow the flow and attenuate a proportion
of nutriens in dissolved and particulate forms from discharging through that open drainage
channel section). On poorly draining soils this combined treatment(Baurke et al., 2022)

may prevent high nutriesdontent water discharging from higisk open drainage channel
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sections to the broader aquatic environment. Scrutiny of individuairtsghotal risk score

for different open drainage channel sections enables an advisor and farmer to identify specific
sources, pathways, and-¢channel actions as required. These midfgr due to sitespecific

factors and cannot therefore be generic. Farmers are more inclined to accept less costly
measuregvan den Berg et al., 2023and therefore these should be considered during the

selection of mitigation measures (McDow&IlINash 2012; King et al., 2015).

Chapter 3and Fenton et al. (2021Jetailed potential mitigation measures and costs
available in terms of Abreak the pathwayo
include: re-directing runoff away from internal roadways and the farmyard to collection or
buffer areas with lovcost diversion bars or water bgfenton et al., 2021)nstallation of
riparian (spatially targeted and linear) buffers along natural stréatuter et al., 2021fo
control nutrient losses from the upslope field and comuaeictternal farm roadway®almer,

2012; Yuan et al., 2009)argeted engineered mitigation measures includingdade weirs
(Faust et al., 2018pbunded drains, filter cell§eagasc, 2022and management of-thannel
sediments through maintenance or characterisation of sedsutayer chemistryShore et

al., 2015) which is both a sink and source of nutriemaly et al. 2017)

46Concl usi on

Assessments of nutrient loss from open drainage channels on poorly draining (heavy
textured) soils are largely associated with predictions of surface runoff from critical hotspots.
The risk assessment developed in this study combines potential watey gopétts from
surface, subsurface, and groundwater characteristics of connecting fields to produce-a colour

coded model of different potential water quality risk levels by which open drainage channels
YM



can be risk assessed. This risk assessment enables the production of risk maps that identify
potential high or veryhigh risk open drainage channels on dairy farms with heavy textured
soils and assesses the nutrient transfer continuum elements to infogatiom. Unlike
previous open drainage channel risk assessment studies of Moloney et al. (20203 pted

3, this study critically assesses all the souraabilisationrpathwayreceptor multiparameters

of the open drainage channel nutrient transferticonm framework, provides idepth
information regarding highisk open drainage channels to elucidate which parameters require
attention during mitigation. The findings of this study apply to dairy farms on heavy textured
soils in high rainfall areas, dmmay (or may not) differ in other geographic areas with different
soils, climates and agricultural practices. However, it should be noted that the same
methodology can be applied anywhere to develop a-gaaititative risk assessment that will
inform mitigation management. Future work incorporating varying risks encountered over time
across wider farm characteristics will improve the risk scoring system to produce a more robust

model that can be applied more generally on farms.

4. 7 Summary

This chapteridentified high-risk surface drain®n grasslandand theircontributingfactors.
Farm roadwaysurface runoffconnectivity to surface drains among the keyontributing
factors to nutrient losses from diffuseurces Numerous measurdsave been proposed to
mitigate farm roadway runoff, but to date, uptake by farmers has been liGhegpter 5

examines the efficacy of such systems on a farm in Ireland.
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5.Examination of nutrient and sedi ment | oss m

l rish dairy farm.

5. Qverview

The aim of tthewsvelcthmapmieri gvatsi on strategy to I
the surfacmpldewmens, wcobh farmers and assess

uptake on far ms.

Parts okfhthephddamtbednal of AManaagé@mamkd, Wat
D. G., Healy, OM. &G(T2mErwamPnat i on of nutrient
mitigation for farm roadwgyicuhbtfabnWamnhetr r

322 11p00@Ps://doi .org/10) 1016/ .agwat. 2025. 1:

To avoid repetition, acronyms that have alr
defined in this chapter. Citations to paper:

referred to by Chapter number.

5. 12nt roducti on

Agricultural pollution from nutrient and sediment losses remains a concern for water
guality degradation globallfMcDowell et al., 2020; Shortle & Horan, 201 %) the European
Union (EU), pollution from agriculture contributes to 22 of surface water and 2 of
groundwater pollution(EEA, 2021) To alleviate this environmental concern, multiple

international, regional and local policies and regulations for managing agricultural pollution
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have been developed and continue to be adapted for practical implementation. In 2000, the EU
developed the Water Framework Directive (WFD) (2000/60/EC; OJEC, 2000) for member
states to adopt an integrated approach for managing waterbodies to reducenpatati

i mprove water quality to a fAgood statuso by
approach on water quality management, the Nitrates Directive (91/676/EEC) targets reducing
agricultural pollution to waterbodies through good agricultural mest(OJEC, 1991) and

requires EU member states to deveddpAP in reaching this goal.

In Ireland, programmes of measures to fulfil the goals of the WFD are set out and revised
within the NAP(DHLGH, 2021a)to minimise both diffuse and point agricultural pollution
potential. The NAP measures include, but are not limited to, limits on farm stocking rates and
nutrient application rates, prohibitions on organic and chemical fertiliser application at
environmerally-sensitive periods, minimum storage capacity for livestock manures and

minimum setback distances from wategf@HLGH, 2021b)

Recent iterations of the Nitrates Directive (S.l. No. 605 of 2017) acknowledge the risk of
pollution from farm roadway runoff into connected open drainage channels and stipulate that
At here shal.l be no direct runotérsfromiJasuary | ed v
202106, alongside mitigation gui-scaeagreulturght i ons
pollution. Recent research on roadway runoff shows nutrient losses occurring both on open and
closed periods on grassland farms (Fenton eR@R4; Sifundza et al., 2024). It has been
found that 8.4% (Rice et al., 2022)o 11.6% (Maher et al., 2023pf roadway sections are
connected to open drainage channels, while farm roadway and open drainage channel densities
are highest on heavy textured soils. During rainfall events, nutrients within and on farm

roadway sections connected to open drainage efmform CSAgChapters 3 and)4&nd are
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a subcomponent of the nutrient transfer continu(frenton et al., 2022After identification
of CSAs, breaking the pathway before delivery of nutrresit roadway runoff to open

channels is advised on farrfizenton et al., 2021; Lucci et al., 2010)

Mitigation measures exist in broad terms, but bespoke solutions are needed for specific
runoff problems. Primarily, approaches for preventing roadway runoff connectivity focus on
breaking the pathway with emvadway flow diversion structures and retentioirtigation
systems to reduce the transfer of nutrient and sediment losses to open drainage channels
(Fenton et al., 2021; Tanner et al., 2023)e NAP recommends multiple mitigation measures
and highlights a Aright mesa®address diffusegdilutantp| ac e
sources, including farm roadwaypHLGH, 2024) However, the implementation of these
recommended mitigation measures has generally only occurred on EIP participant farms with
no efficiency testing to guide future iterations and improvements of the mitigation measures.

This limits knowledge of the effiency of these mitigation measures, especially as they have

tailored designs.

The efficiency of mitigation measures likely varies depending on thgggitioning and
design of the measu(€anner et al., 2020; Thomas et al., 20d:&) on the CSA characteristics
(Tanner et al., 202&uch as farm management (e.g. grazing, stocking rate), rainfall, landscape
characteristics (e.g. slope, soil) and contributing roadway area (e.g. size, composition, length
and slope). These factors influence the impact on the hydrological and bioge@hemic
processes that determine the efficiency of gaifion measure@ersson & Wittgren, 2003)
Furthermore, their efficiency may be influenced by available farmland sizes, which is often a
constraint due to f ar me(tastraBravoead.i2015;Wicocket r el e

al., 2012)tor environmental measurdlyan et al. (2025) observed that farmers are inclined to
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undertake evidenebased measures and those that require -leigdl knowledge or
understanding for effective implementatidkssessing the efficiency of NARcommended
mitigation measures in breaking the pathway and slowing farm roadway runoff to reduce
agricultural nutrient and sediment transfer to connecting open drainage channels will provide
a thorough understanding tiie context under whiclthese mitigation measuresay be
effective work. Suchan understandingf their efficiencywill improve knowledje of the

mitigation measures in managing farm roadway runoff on Irish farms.

This study selects an Irish dairy farm with a high density of farm roadways and open
drainage channels. The study aims to (1) use existing tools to examine and identify farm
roadway CSAs where connectivity runoff enters open drainage channelsd@yelqp and
implement bespoke mitigation measures for these identified locations with the farmer, and (3)
monitor the efficiency of the implemented mitigation measures at these locations under

practical conditions.

53Mat eri als and Met hods

53. 1 Study site

A dairy farm (45 ha) situated in the sowtlest of Ireland was selected (Fig&é) following
a previous semjuantitative risk assessment on open drainage channels where farm roadway
runoff connectivity was a prevalent issue and locations with a high risk of roadway runoff were

identified (Chapter 4)The location has a iyear average annual rainfall of 1541m. The

annual agronomic soil testing (Peech&kEhglish,phor us

1944)carri ed out on t heohaddighdssil Psntex & 8.0 mghP3. t 10.
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The site has undulating topography with steep slopés3(4 A )

texturedo.

The

and soil s- ¢l a

s 0 i | gFealyatraly, 2009ammd are mainty enodardtelyt o

drained (55%) or poorly drained (486), with 13.6% of the fields having Hiield drains

installed. The nature of the soils and the topography enable overland flow and potential runoff

from CSAs of sediment, N and P into open drainage channels. The fields in the central parts of

the farm have mostly moda&ely drainingsoils and therefore have a potential for infiltration

(leaching) of nutrients, which complicates the task of isolating pollutant loss pathways on the

farm.
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major contributor were identified (Figutel). These locations were cresisecked with the

national EPA nutrient loss pathway mahttgs://qgis.epa.ie/EPAMaps/Walefor risky

pathways and delivery points to identify roadway runoff CSAs with a high likelihood of
nutrient and sediment los§he identified points of surface runoff delivery to open drainage
channels from the national EPA nutrient loss pathway map were noted for further assessment.
Following this, a ground survey assessment and visual assessment (Fenton et al., 2021) was
conducted during hydrologicalgctive periods to findune these farm roadway CSAs and to

identify the optimum locations for mitigation measures.

533 -dCeov el opi-nmphathenbati on of mitigation mea

Several farm visits were undertaken to determine possible mitigation solutions for the
three identified farm roadway CSAs in consultation with the farmer. For all three locations, a
treatment train mitigation measure of diversgadiment pondegetated parian buffer was
proposed because it combines multiple measures with diverse functions to complement one
anot her 6 s(Nicholson et &.,t2018; Qsinn et al., 200¥he diversion bar/cambered
roadway diverts runoff to the sediment pond for primagatment (sedimentation) and
subsequently to the riparian buffer for secondary treatment (removal of dissolved pollutants).
At Locations A and B, omoadway concretbased diversion bars extending 0.3 m beyond the
edge of the roadwayereinstalled to direct runoff to the sediment ponds. For Location C, the
farm roadway was resurfaced using gravel and cambered to divert roadway runoff towards the
sediment ponds. A constant groundwater spring flow from an adjacent field through the
camberedsection into te sediment pond was observed at this locafldre process of co
designing mitigation measures with landowners or advisors typically involves compromises
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associated with many factors that affect the final mitigation designs. These may for example,
limit the size of the installed sediment pond from optimal e.g., this decision could be based on

land availability at the delivery point or an unwillingness & ldmdowner to use that land.

The optimal sediment pond volume was calculated based on the hydraulic loading rate
of the site to ensure optimal pollutant removal through sediment reté8thath & Muirhead,
2023; Robotham et al., 2021for each location, the sediment pond voluMém?®), was

calculated using:
V=R3T Eq. 1

whereR s the peak discharge rate¥m), andT is the residence time (s). The peak discharge

rate, R, in Eg. 1 was calculated using (Barber, 2013):
R=C3 A3 | Eqg. 2

whereC is a dimensionless runoff coefficient dependent on hydrological factors (the soil type,
land use, degree of imperviousness, slope, surface roughness, antecedent moisture condition,
duration and intensity of rainfall, recurrence interval of rainfall, ogption and surface
storage variablesf is the contributing farm roadway areaZjrandl is the average intensity

of rainfall (m s?). A value of 0.5 was assigned @ which was estimated for forest roadways
(Jordan & MartineZavala, 2008pf similar gravel and unpaved characteristics. Using local
meteorological records, rainfall intensity,for a 6hour duration, 4in-5-year return period,

storm event was uséd5.67 mm htt (1.57 x 10° m s?). Contributing farm roadway areas of

429.3 ntover an 8.4 ° slope (Location A), 106.8 aver a 6.7 ° slope (Location B) aRd9.5

m? over a7.3 ° slopgLocation C) were used.

The residence timd,, in Eqg. 1 was calculated using:
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T =sl/Vs Eq. 3

wheres (m) is the travel distance set for sediments to fully settle in the sediment pond (using s
at 1 m) andvs (ms?) is the velocity of sediment settling for clay sediment, calculated using

Stokesd Law:

i —— Eq. 4

where,d is the diameter of the particle (3.9 x %6 for clay; Barber, 2013) is gravity (9.8
m s?), Dp is the density of clay particles (2860 kg*nBchjgnning et al., 2017DPf is the

density of the fluid (1000 kg 1), andAis the dynamic viscosity of the fluid (0.001 kg (m s)
1)_

Based on these hydrological flow estimations, the volumes (V) at depth (s) = 1 m required for
the sediment ponds were calculated as 28,67rh n¥ and 16.6 mfor Locations A, B and C,
respectively. While these estimated sediment pond sizes may allow optimum effectiveness, site
constraints including high water table of the adjacent open drainage channels and limited land
area, especially at Location A, necesitl resizing of the sediment pond sizes to < 4-n7

m3and ~17 Mat sediment settling deptls) of 0.5 m, 0.5 m and 1 m for Locations A, B and

C respectively (Figure 2). These constraints led taraersized sediment pond volume at
Location A, while Locations B and C remained with their optimum sediment pond volumes.
Based on these newolumesadjusted to suit the available land conditioesidence timér),

using T = V/R wasestimatedas 3 lours, 23 hours and 24 hours for locasoh, B and C
respectivelyFollowing Barber (2013)the sediment ponds were configured into pond cells to
enhance removal efficiency while adapting to the site conditibos.the sediment pond

configurationstwo sediment pond cells, each measuring32853 0.5 m (L x W x D)at
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Location A, one sediment pond cell measuring 4.8.53 0.5 m at Location B and two
sediment pond cells, each measuring 4.292 1.0 m at Location C, were excavated (Figure

5.2). The sediment ponds were manually levelled after digger excavation and crosschecked

with a spirit level. This allowed accurate measurement of the accumulated sediment volume.

LocationA § (2.5x1.5m) (2.5x1.5m) (3m)
Road g o P Buffer
o (0.5m) (0.5m)
LocationB ]
El 4x3.5m
g ( ) @m)
c r ]
=]
Road — &7 Buffer
g
:
(0.5m)
LocationC
8~
T8 (3m)
ge
Road ] Buffer
—_— o]
D =
£8
@ 3
§ 2
@ Water sampling point @ sediment sampling point @B sadiment pond & Open drainage channel

Figure 5.2 Schematic representation of mitigation measures and dimensions.

To prevent pond bank erosion, sediment ponds were excavated to create banked sides for
stability (Barber, 2013pand lined with weed mats which enabled estimation of accumulated
sediment volume. Edges (excluding exit and entry) along the sediment pond cell(s) were
bunded and grassed to prevent overland flow from adjacent areas during rainfall events. At the
exit of every sediment pond, a 1-long, 0.10m-diameter plastic pipe was connected to the

next sediment pond or discharged into the-@iate riparian buffer.
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The riparian buffer was installed at the end of sediment pond configuration at each location
before the adjacent open drainage channel to meet the current recommendation of at least a 3
m-wide vegetated riparian buffer to prevent direct soiled runoff weterbodies under the

2022 NAP 5 in the EPA Research Report No. @&uallachain et al., 2023While such an
additional measure is expected to further reduce the sediment and pollutant concentration in
the runoff from the sediment ponds, the natureexfetated riparian buffers does not allow
direct measurement of downstream water quality at all locations, and therefore measurement
at these locations was not undertaken. This study, therefore, only evaluates the efficiency of

the sediment ponds on therfar

5.3 Water and sediment sampling for testing

5.3.1 Water and sediment sampling

Water and sediment samples were taken during the hydrologamilye periods between the

week of 229 October 2024 to f9March 2025, except for 3 weeks from late December 2024

to early January 2025 when the site was not accessible due to heavy snowfall. Using sampling
points in Figuré.2, two 50 ml paired (filtered and unfiltered) water samples were taken weekly
from all water sampling points in all locations for N and P fractions analysis. In addition, 500
ml water samples were taken weekly at these water sampling points in all Isdatidotal
suspended solids (TSS) concentration measurement. Inlet water samples were collected from
diverted roadway runoff flows at the entry points for each location. All the 50 ml (filtered and
unfiltered) and the 500 ml water samples were storedtrangported in cool boxes to the

laboratory for water analysis and TSS within 24 h of sample collection.
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To measure accumulated sediment volume in each pond, two 1 m graduated staffs were placed
in each pond to measure the depth of accumulated sediment over the study ([Doaien et

al., 2019) The average depth readings of accumulated sediment from both graduated staffs
within each pond were calculated every 4 weeks. For a particular pond cell, the calculated
average depth and pond area were multiplied to estimate the accumulated volurae4or th
week period. After eacheek measurement of accumulasediment, ~0.5 kg of fresh (wet)
sediment samples were collected from the base of each pond cell. The sediment samples were
transported in cool ice boxes to the laboratory and then analysed forsotatele P (WSP) to

ascertain the sediment P composition.

5.% Laboratory analysis

The unfiltered 50 ml grab water samples were analysed calorimetricalNCig8N, NHs-N,

TON, and TRP using a Thermo Fisher Scientific Gall&iscrete Analyzer. The unfiltered
samples were analysed for TP and TN was analysed using the Hach Ganimede P analyser and
the Hach Ganimede N analyser, respectively. The filtered 50 ml grab water samples were
analysed for DRP and TDP using a Thermo FiSiuentific Gallery™ Discrete Analyzeand

a Hach Ganimede P analyser, respectively. All water samples,ntealgeaks and check
standards were analysed following the Standard Methods (APHA, 2005). All QC
samples/check standards were prepared from certified stock standards from a different source
than calibration standards. Quality control samples were analyieel lzeginning and end of

every sample batch, for every 10 samples within a batch, and if the QC fell outside limits,
samples were repeated to the last correct QC. Blanks were included in every sample batch for
analysis, and approximately ¥ of sampleswere repeated. Tolerances ranged up to a
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maximum of £7.5% of the nominal value. All instruments used were calibrated in line with
the manufacturer s o6 -Nwas caloulated ldy sdbiraotingsh@® frohn t r at e
TON, PP was calculated by the difference between TP and TDP, and DUP was calculated by
the difference between TDP and DRP. Total suspended sediment concentrations were

measured using the standard gravimetric method (APHA, 2005).

For WSP analysis, portions of the sediment samples for each pond cell were prepared by air
drying and sieving through 2 mm, and 1 g of the prepared sediments were moistened with 2 ml

of deionised water and allowed to stand for 22 hours. These were fudtstened with 70 ml

of deionised water, equilibrated for 1 h on a reciprocating st{akarder Paauw, 197&nd
yltered using Whatman No. 4 ylter paper befo
P. Using the sediment mass (g) and total volume of deionised water (ml; converted to L) used

for moistening the sediment, P concentration (i ib the filtrate was converted to mg/g.
Thewater soluble P values provide informatmmthe concentratioof thereadily availabld?

within the sediment anthdicatehow easily thisreadily available Ranbe releasednto the

pond water.

5. 36 Data anal ysi s

Microsoft Excel software version 16.0 (2016) was used for data computing and preparation
prior to statistical analysis, and R Studio version 4.3.2 (2023) was used for statistical
procedures. To assess the efficiency of the sediment ponds deployed aiotre leaations,

the water sampling results for the N and P fractions, TSS, and physical and chemical sediment

characteristics were compared. The removal efficiency was defined as the percentage removal
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calculated as the difference in water quality parameter concentrations at the inlet sampling

point of the sediment pond and the outlet sampling point of the sediment pond (Equation 5):

2 A0 T B AKEE A ATAY Tp i Eq. 5

All'inlet and outlet water quality data were assessed for normality with the Sivpkroest

and were not transformed. To test efficiency of sediment ponds statistically at individual
locations, the inlet and outlet water quality data for each locateve tested for statistically
significant differences using the pairedest for normally distributed water quality parameters

(Barber, 2013; Robotham et al., 202hd the Wilcoxon SigneRank (pairwise test) for nen

normally distributed water quality pprme t er s. Al |l signiycant di ff e
alphalevel of 0.05(9%) conydence | evel, and where al pha
%) confidence | evel was used. All water qual

of Detection) or f@Anot detectabled were trea
undertaken for WSP, accumulated sediment volume and weather data ((prefapitation)

and temperatureRainfall refers to the total precipitation, and as these heavy textwedy p

drained soils remained wet throughout the study period, precipitation/rainfall may be
considered as very crucial for rundffoncentrations of P and N fractions of the inlet and outlet

of pond configuration systems for a location were examined as proportions of total P and N.

5 Rlesults and Discussion

541 Sedi ment trapping in sediment pond conf i

During the study, accumulated sediment volume3 \rithin pond cells increased by 0.16§ m
in pond cell 1 and 0.128%in pond cell 2 at Location A, 0.088%im pond cell 1 at Location
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B, and 0.077 rhin pond cell 1 and 0.038%in pond cell 2 at Location C. This indicates a 53

% to 567% sediment accumulation (relative to the initial sampling volumes) across locations
during the monitoring period (Tab&l). These findings show that sediment accumulation in
ponds is related to contributing area, with larger areas yielding more accumulated sediment in

ponds.

Table 5.1 Accumulated sediment volumes{nand percentage increase from start to the end
of monitoring.

Volume of sediment Volume of

accumulated at sediment Mean volume of Total sediment

Location initial measurement accumulated at sediment accumulater volume increase
(contributing (m3) final measuremen: at each measuremen relative to initial
area (m)) Pond (m3) (md) volume (%)
A (429.3 M) Cell 1 0.038 0.206 0.13 450.0

Cell 2 0.023 0.150 0.10 566.7
B (106.8 ) Cell 1 0.049 0.137 0.09 178.6
C (249.5 m) Cell 1 0.068 0.145 0.11 112.5

Cell 2 0.072 0.111 0.09 52.9

The sedimentation process is influenced by factors including pond size and flow reduction
capacity, runoff flow velocity, sediment size characteristics. Sediment size influences
sedimentation, allowing coarse sediment to settle more quickly and findgsatticremain
suspended until flow slow€larke, 2013; Levine, 2020; Ockenden et al., 20dH&)her mean
sediment accumulation in the first pond cells at Locatioaadh\B (Tableb.1) suggests coarse
sediment trapping, which occupies more volume. Conlyerdewer mean sediment
accumulation in their respective second pond cells (Tab)esuggestfine sediment trapping
which, due to their smaller size and lower weight, travel far and occupy less volume. Visual
observations, especially during and immediately after rainfall, revealed cloudier water in

second pond cells, suggesting resuspensiongbtweight fine sediments. This aligns with
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findings of multipond studies, which also observed that first pond cells trapped heavier and
less mobile sediments than subsequent c8lsber, 2013 Robotham et al., 2021Fine
sediments are major P carriers that contribute to P loBsdlarftine et al., 20Q6hore et al.,

2015) This may have contributed to the higher WSP concentrations in sediments of the second

pond cells relative to the first pond cells at Locations A and C (FB8je
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Cell 1 Cell 2 Cell 1 Cell 1 Cell 2

Concentration (mg g!) for P in sediment

Location A Location B Location C

Different sediment pond cells at different locations

Figure 5.3 Watersoluble P (WSP) of sediment samples at different locations and pond cells.

Rainfall, the primary driver for sediment mobilisation from farm roadwagaton et al., 2021;
Rice et al., 2022had positive correlations with sediment accumulati®i=(0.65i 1) (Figure
5.4), suggesting that transport of accumulated sediments in ponds was dependent on rainfall.

This correlation was even more pronounced in the first pond cells.
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5.2 Nutrient and TSS removal in sediment
5.2.1 Nitrogen removal efficiency in sedi

Over the sampling period, TN removal efficiencies in Location A and C (botkcélo
configurations) wersimilar, at30.9 + 39.0% and 27.4 + 42.86 removalrespective}, while

the onecell pond configuration system at Locationr@&ordedonly 0.46 + 13.8% removal
(Figure5.5). Nevertheless, the mean outlet TN concentrations for the sediment ponds at all
locations AppendixC, Table C) were lower than the current N discharge limit of 10 g L
under EU Urban Waste Water Treatment Directive (UWWTD 91/2{H)ropean
Commission, 2024)The TN removal efficienesin Locations A and @reconsistent wittthe

average TN removal efficiency of 31 % for wet ponds in Koch et al. (2014), but relatively
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lower thanMallin et al. (2012yeported results of 66 96 % TN reduction in a 4.7 ha multi
segmented constructed wetland designed for-aa2d duration, 4n-100-year return period

storm eventWithin runoff treatment systems, sedimentation and microbial transformations
(mineralisation, nitrification and denitrification) and plant uptake are the primary N removal
mechanism¢Kill et al., 2018; Vymazal et al., 199&nd these factors considerably influence
variation in N removal efficiencie§ he relatiely low TN removal in this study could be due

to low temperatures measured during the study period (6.73 £ 0.26 °C) which reduce the
microbial transformation&Kill et al., 2018; Robotham et al., 2021¢gular wet season runoff
which limited hydraulic retentio(Braskerud, 2002)and lack of vegetation in the lined study

pond cells.

Organic N concentrations decreased at all three locations, albeit only significantly at Locations
A and C AppendixC, Table C). These positive organic N removal efficiencies agree with
Mallin et al. (2012) who reported an average #® organic N removal efficiency through a
treatment system. In segmented pond systems, the first pond cell slows flow velocity and
retains particulate nutrient forms. In contrast, flow in the-c#le pond configuration at
Location B lacks segmentation, patially leading to shottircuiting (with potential direct

flow out of ponds) and limiting organic N removal via sedimentation.

Organic N exists in dissolved (DON) and particulate (PON) forms, and removal mechanisms
may vary depending on its forms. Removal mechanisms include sedimentation for PON and
microbial mineralisation for DON, depending on the labile or refractory compositiarganic

N for microbial breakdowiiBronk et al., 2007; Mallin et al., 2012 onds are generally static
systems, where nearly all nutrient transformations occur through exchange pr@Begses

1995) Higher NQ-N concentrations recorded at exit paed outlets (Figur&.5) suggest that
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mineralisation of organic N to N&N, followed by rapid nitrification to N&N, may have
occurred within the ponds. The statistically significant positive organic N removal efficiencies
(Appendix C, Table CJ in the twacell pond configuration may stem from enhanced PON

sedimentation due to pond segmentation at Locations A and C.
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Figure 5.5 Nitrogen (N) mean + standard error concentrations from sediment pond cells at
Locations A, B and C on study farm.
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Inorganic nitrogen removal efficiencies varied considerably across locations. At Locations B

and C, NH-N concentrations increased, whereas it reduced in LocatiéyppehdixC, Table

C1). Theaveraganfluent NH-N concentrations were, however, very low, ranging from 0.02

to 0.072 mg . Similar NH-N r e mo v a | i nef fi &veercepaetesd byo f T 6
Robotham et al. (20210 a three small onlinpond study. The positive mean NN removal

efficiency in Location A (68.11 = 66.0%) may be due to shorter hydraulic residence time in

these undersized pond cells which may have limited the ammonification of retained organic N

in the first pond cell, leaving lower NHN concentrations to travel to the second pagitland

then the outletOn this assumption, where NHNI removal inefficiencies recorded in the

optimal size ponds maybe due to ammonification of retained organic N.

Through nitrification, NH-N concentrations convert into NI concentrationgVymazal et

al., 1998) adding to the initial N@N concentrations and increasing N leaving the ponds.
Although not statistically significant, all three locations had negative mearANN®@moval
efficiencies AppendixC, Table C). Studies byKim et al. (2011)Mallin et al. (2012) and
Robotham et al. (2021¢port contrasting results of positive mean reductions. Their results may
have varied from this study primarily due to the low mean air temperature over the monitoring
period of 6.7 = 0.3 °C in which this study was conducted. The temperature may hbiednhi
microbial transformations (e.g. denitrification) for B removal, compared to the reported
mean removal efficiencies for all seasons. Incorporating vegetation within these pond cells to
function as costructed wetlandélang et al., 2022Would improve NG-N removal via plant
uptake and provide carbon for denitrification under anaerobic condiftamgermore, the

riparian buffers atheend of each sediment pond may remtheNOs-N, andtherefore future
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studes could monitor the efficacy of both the sediment pond and the riparian buffer in

removingnutrients.

54. 2. 2 Phosphorus and TSS removal in sediment

The average influent TP concentration to the sediment ponds ranged from 0.08 mg L
(Location A) to 0.75 mg 1 (Location C). Locations A and B had TP removal efficiencies of
17.0 £ 38.1% and 11.7 + 7.2%6, respectively (Figur&.6), whereas Location C had a TP
removal efficiency 0f-10.4 £ 9.2% (Appendix C, Table CJ. Excluding three sampling
periods, all sampling periodsshowed negativeTP removal at Loation C for TP.
Notwithstanding the negative TP removal at Location C, mean outlet TP for all locations
remained lower than the current P discharge limit of 0.7 rhgider the EU Urban Waste
Water Treatment Directive (UWWTD 91/27@uropean Commission, 2024hhis discharge

limit was usedas a referenceguide as no specifidischarge limit guidelinesxist for farm

watertreatment measures

All locations had positive mean PP removal efficiencies: 47.0 +%0a3 Location A, 7.1 £

17.4% at Location B and 1.1 + 4% at Location CAppendixC, Table C). These reductions

indicate effective PP removal by sedimentation, consistent with the observatiimsnoét al.

(2002) There was a similar trend for TSS (Fig6reé), with mean removal efficiencies of 63.0

+ 79.2%, 81.5 + 90.9% and 57.9 + 84.%6 at Locations A, B and C, respectively. This
demonstrates suspendedP coreahtrativag@dogedet a.02015;r i but i
Evans et al., 200d)andhi ghl i ght s sedi ment pond systems
pollutants(Gu et al., 2017; Mekonnen et al., 201Tptal dissolved P, comprising DUP and

DRP, dominated P in the inlet, ranging from 7%5Location B) to 94.246 (Location C) of
NM=



TP (Figureb.6). Locations A, B and C had positive mean DRP removal efficiencies of 3.9 +
19.2%, 27.9 + 44.8%, and 3.0 £ 21.%, respectively. The DRP reductions are consistent with
the 14.9% and 29 + 36 mean removal efficiencies in the pond treatment studiBsudifer

(2013) and Robotham et al. (2021)respectively. Adsorption is the principal removal
mechanism for dissolved (Rai & Che, 2008) and this is influenced by the availability of the
adsorbing sites. The WSP, which indicates readily available P, of pond sediments at Location
C was relatively higher than at Locations A and B (Figal), indicating Pconcentrated
saliment. Concentrated P sediments have limited adsorption sites, and this may have
potentially lowered adsorption, leading to low P removal at locatioRu@ther research on
equilibrium P concentration and sorption analysis on the sediment, however, may be required

improve understanding on the adsorption.

The reduction trend of DRP was also observed for DUP at Locations A and B, but increased
significantly at Location C< 0.05).The ®ntinuous hydraulic loading and base flow, driven

by the connecting groundwater spring emerging through the cambered section of the
reconstructed farm roadway intoo ¢ at i o n cel3,6may have imgacted the P removal.

Kill et al. (2018)attributed low nutrient removal in a runoff treatment system to constant
groundwater flow seeping from adjacent fields. Such conditions create consistent flow currents
that reduce residence tinfBrown et al., 1981)cause sedimemesuspensioiiSaeed et al.,
2019)to release P into the water colur(®inke et al., 1990; Sgndergaard et al., 2G3)
organic P (DUP), and increase aeration for microbial desor{@i@hlberg et al., 2006; Yu et

al., 2022) This finding reinforces the importance of matchingghaesign to actual local

hydrological contexand provides a novel idghy including other characteristics associated
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with flow such as permanence and seasonal dynamics, where present, into the pond volume

estimations.
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Figure 5.6 Phosphorus (P) mean * standard error concentrations from sediment pond cells at
Locations A, B and C.
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5. 8oncl usi on

This study showed that sediment ponds, implemented at appropriate locations for managing
farm roadway runoff loss to open drainage channels, are effective in removing sediment, TSS
and particulate nutrients, but vary in the removal of dissolved nutri€hts.trapping of
sediment in ponds is dependent on the contributing area as a sediment source and rainfall as a
mobiliser, while nutrient removal is dependent on the pond design and site con&iabog.
recommendations delivered through farm advisoryises to farmers ofuture iterations of
sediment ponds shouldromote pondsegmerdtion them into smaller cellsincorporate
provisions for accoumtg for site-specific hydrological conditions such as constant
hydrological loadings from groundwater springs (if present), andsiwiuof vegetation to
improve dissolved nutrient forms to improwbeir hydrological and biogeochemical
functioning.Segmenting ponds into individual cglirovides theadditional benefit oénabling
segregation of pollutant fornte improve overall removal efficiengyvithout affecting the

total retention volumeWith the provision of this high angractical knowledge on sediment
pondeffectivenesgincluding those with constrained pond design siZ@siners will be more

likely to use sediment ponds for managing farm roadway runoff entering open drainage
channels. Longerm monitoring of at least one year to capture all seasonal runoff variations
and further research on equilibrium P concentrationsediment are required to make
estimations for maintenance measures such as pond dreldgiagrom sucimonitoringwill

allow estimations of whethenaintenance is needed evers or 10 yeardepending osite-

specificconditiors.
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6Conclusions and Recommendati ons

6.1 Overview
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An integrated connectivity risk
ranking for phosphorus and
nitrogen along agricultural open
ditches to inform targeted and
specific mitigation management
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Teagasc, Animal & Grassland Research and Innovation Centre, Moorepark Fermoy, Cork, Ireland,
2College of Science and Engineering, Civil Engineering and Ryan Institute, University of Galway, Galway,
Ireland, *Teagasc, Crops, Environment and Land Use Centre, Wexford, Ireland

Introduction: On dairy farms with poorly drained soils and high rainfall, open
ditches receive nutrients from different sources along different pathways which
are delivered to surface water. Recently, open ditches were ranked in terms of
their hydrologic connectivity risk for phosphorus (P) along the open ditch
network. However, the connectivity risk for nitrogen (N) was not considered in
that analysis, and there remains a knowledge gap. In addition, the P connectivity
classification system assumes all source-pathway interactions within open
ditches are active, but this may not be the case for N. The objective of the
current study, conducted across seven dairy farms, was to create an integrated
connectivity risk ranking for P and N simultaneously to better inform where and
which potential mitigation management strategies could be considered.

Methods: First, a conceptual figure of known N open ditch source-pathway
connections, developed using both the literature and observations in the field,
was used to identify water grab sampling locations on the farms. During fieldwork,
all open ditch networks were digitally mapped, divided into ditch sections, and
classified in terms of the existing P connectivity classification system.

Results and Discussion: The results showed that not all source-pathway
connections were present across ditch categories for all species of N. This
information was used to develop an improved open ditch connectivity
classification system. Farmyard-connected ditches were the riskiest for
potential point source losses, and outlet ditches had the highest connectivity
risk among the other ditch categories associated with diffuse sources. Tailored
mitigation options for P and N speciation were identified for these locations to
intercept nutrients before reaching receiving waters. In ditches associated with
diffuse sources, nitrate was introduced by subsurface sources (i.e., in-field drains
and groundwater interactions from springs, seepage, and upwelling) and
ammonium was introduced through surface connectivity pathways (i.e., runoff
from internal roadways). On similar dairy farms where open ditches are prevalent,
the integrated classification system and mapping procedure presented herein will
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enable a targeted and nutrient-specific mitigation plan to be developed. The same
methodology may be applied to develop a bespoke integrated connectivity risk
ranking for P and N along agricultural open ditches in other areas.

KEYWO

water quality, nutrient loss, grassland, drainage management, connectivity pathways,
North Atlantic Europe, agricultural ditches

1 Introduction

Open ditch networks, also referred to as “surface ditch
network,” are installed in poorly drained soils to remove
excess water, control the water table, and aid with grass
production and utilization (Tuohy et al, 2016; Hertzberger
et al, 2019). These networks comprise a series of connected
and unconnected sections that receive nutrients from a variety of
surface and subsurface pathways, all of which can then be
transported to other sections or associated waterbodies
(Kroger et al, 2007; Herzon and Helenius, 2008; Moloney
et al, 2020). Connectivity is defined as the transfer of energy
and matter across two landscape zones, whereas disconnectivity
is the isolation of these zones (Chorley and Kennedy, 1971).
Identifying the connectivity of these systems enables mitigation
strategies to be implemented at optimal locations where nutrients
can be reduced or restrained (e.g., intercepting the pathway,
slowing the flow, or removing some of the nutrients in the
water) to minimize the impact on the receiving waterbody
(Fenton et al, 2021). Research continues to help farmers
optimize farm management practices (baseline) and
engineering solutions (above baseline) (Moore et al, 2010;
Schoumans et al., 2014; Carstensen et al., 2020). Many studies
on open ditches have focused on nutrient dynamics (Sukias et al,
2003), sediment attenuation capacity (Ezzati et al., 2020; Mattila
and Ezzali, 2022), nutrient loss attenuation potential by

Diffuse Source: Organic and
Inorganic N &

Ledghing
DRENO Springs

DRP, NO.

Diffuse or Point Source DRP, NO,-
(leached and transformed)

vegetation (Soana et al., 2017; Zhang et al., 2020), dissolved
organic carbon dynamics (Tiemeyer and Kahle, 2014), organic
matter composition (Hunting et al., 2016), ditch management
(Dollinger et al., 2015; Hertzberger et al., 2019), and indirect
greenhouse gas emissions (Hyvonen et al.,, 2013; Clagnan et al.,
2019). However, few studies have investigated the role played by
open ditch connectivity in the transfer of nutrients from the
source to the receptor. Such studies may provide vital
information to ascertain the positioning of ditch mitigation
option and the dominant nutrient species it is required to
target. Moreover, there is a poor understanding of processes
leading to the immobilization and transformation of nutrients
within soil and drainage systems along the hydrological pathways
into ditches (Deelstra et al., 2014). For efficient mitigation of
nutrient loss from open ditch networks, a conceptual
understanding of how nutrient sources and their pathways
connect to the open ditch system must be established.

The general trend and pathways of agricultural pollutants have
been well-documented and are summarized in Figure 1. In
summary, nutrient entry into ditches is predominantly from
diffuse sources and often through the complex surface and
subsurface pathways determined by soil type, climate, landscape
position, farm management, and nutrient input sources (manure or
fertilizer type) (Granger et al, 2010; Monaghan et al, 2016;
Gramlich et al,, 2018). These factors regulate the hydrology, the
primary driver of nutrient transfer, and the terrestrial and aquatic

Bicld & Hard

In-coming N & P surface

‘MH‘ NO;- . NH+

Diffuse source - outflow from in-field
pipe drains

Upwelling (Groundwater uprising into open ditch)

Potential Connections:

@ Surface runoff — from field and hard surfaces including farmyards and roadways (N & P from critical source areas)
@ Subsurface interaction — from in-field drainage (N & P from connected point or diffuse sources)
@ Groundwater interaction — from springs, seepage faces along ditch sides and upwelling through base (N & P from connected

point and diffuse sources)

FIGURE 1

Conceptual figure of an open ditch showing all potential nitrogen and phosphorus sources (point and diffuse), pathways, and discharge connections

[modified from Teagasc (202

and Simpson et al. (2011)]
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biogeochemistry that defines the type and form/species of nutrients
entering open ditches and subsequently discharging to associated
waterbodies (Sukias et al, 2003). Conceptually, phosphorus (P),
either as particulate P (PP) or dissolved reactive phosphorus (DRP),
and nitrogen (N), as ammonium (NH,") or nitrate (NO5), are
transported from fields or hard surfaces like roadways through
surface flow pathways into open ditches (Figure 1).

As shown in Figure 1, any groundwater-to-open ditch water
connection represents a subsurface interaction distinct from in-field
drain connections. In this scenario, typically, P is in the form of
DRP, and NOj;  represents mineralized N that has become
mobilized due to infiltrating water. This N is primarily lost from
diffuse sources in fields due to fertilization and grazing of animals.
Clagnan et al. (2018) have shown the conversion of N to NH,' in
poorly drained soils, which can be discharged in waters from in-field
drains within the groundwater-to-open ditch water connections
(Needelman et al, 2007; Valbuena-Parralejo et al., 2019). The
presence of NO;™ in open ditch networks suggests more
permeable connectivity pathways that eventually seep into open
ditches along seepage faces or upwell as the water table rises, whereas
the presence of NH,' suggests less permeable routes before
discharge occurs. Groundwater springs represent a distinct
groundwater storage component that protrudes onto fields, which
are often drained by the installation of an intersecting pipe into an
open ditch below the spring. This creates a direct discharge point
within the open ditch (Figure 1). The presence of this discharge may
change during dry periods as the water level decreases below the base
of the open ditch.

Moloney et al. (2020) used this concept to rank the
connectivity risk (from highest to lowest) for P along
agricultural open ditches. The riskiest open ditches were those
directly connected to farmyards (farmyard connection ditches)
and watercourses (outlet ditches), while the least risky open
ditches included secondary and outflow ditches (disconnected
ditches did not pose any risk of connectivity). The system devised
by Moloney et al. (2020) conceptualized P sources and pathways
with the aim of disconnecting P losses before discharge to
associated waterbodies. The current study takes the same
approach but creates an integrated connectivity risk ranking
that considers both N, which discharges into the open ditch
network via surface and subsurface pathways (Figure 1), and P.
Such integration necessitates a thorough understanding of N and
P biogeochemical cycles, how sources are connected along
different surface and subsurface pathways to the open ditch
network, and how this network is connected and delivered to
the adjoining aquatic system (e.g., river). Accounting for
attenuation along the pathway and within the open ditch
network is a constraint within the current conceptual
framework. Therefore, there is a need to integrate N into the
connectivity risk ranking so that a more holistic mitigation
management strategy may be designed (i.e., source protection
on the farm and “right measure, right place” in the open ditch).

The objective of this study was to derive a farm-scale integrated
open ditch risk ranking for both P and N loss risk based on
connectivity to inform future mitigation management on heavy
textured, grassland dairy farms. To fulfil this objective, seven farms
were selected with open ditch networks on heavy textured soils. A
conceptual figure illustrating the trends and pathways of agricultural
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pollutants for an open ditch is presented. The open ditch networks
were mapped during a ground survey, and a qualitative water
sampling campaign was conducted (based on the conceptual
figure) to validate the presence or absence of pathways for N and
P. This enabled an integrated classification of an open ditch network
ranking to be developed. Mitigation options for each ditch class
are presented.

2 Materials and methods
2.1 Site selection and characteristics

Seven grassland dairy farms on poorly drained soils
geographically located across the SW and NE of Ireland were
selected to represent a variety of agronomic dairy production
systems and biophysical settings (Table 1). As per the Ireland
EPA soil and subsoil maps (Fealy et al, 2009), the soil types on
these farms varied from organic to mineral soils. The majority of
these farm fields were imperfectly or poorly drained, necessitating an
ad hoc network of artificial drainage installations on the farms. The
grazing area of each farm ranged from 28 to 45 ha. Intensive dairy
farm management practices were observed on all farms. Morgan’s
extractable soil P test (Wall and Plunkett, 2020) was used to
determine the agronomic excesses and deficiencies in plant
available P for fields of each farm. The farms in this study were
located in high-rainfall areas with an average rainfall of 1092.5 mm.
The average farm slope was measured on all seven farms, as it could
influence open ditch connectivity.

2.2 Ground survey and mapping
connectivity pathways for N into P
connectivity risk ditch categories

A ground survey was carried out on all the farms during winter
(November 2021 to March 2022) to characterize the field
boundaries and surface and subsurface networks on each farm.
This period was selected following multiple field visits carried out
across all seasons in the previous year. This period was identified as
the best hydrological period when connectivity pathways were
active for grab sampling. Drainage network features such as open
ditches connected to the farmyard and the proximity of the open
ditch to waterbodies were noted on each farm during the ground
survey. In addition, the connectivity pathways for N into open
ditches from in-field drains, farm roadways, groundwater springs,
seepage, and upwelling as per the conceptual figure (Figure 1)
throughout the drainage network were noted during this time.
During the ground survey, all drainage network data, such as of
drain locations, flows and connections, and sampling locations,
were recorded by using an electronic device with ESRI ArcGIS
Field Maps mobile software (ESRI, 2024).

Open ditches were identified as manmade open drains usually
sited along the field edges to carry excess water from the field and
farm. Surface waterbodies (1%- and 2"%-order streams) in and around
each farm, defined as those appearing on the national ordnance
survey maps (6-inch maps) (osi.ie), were mapped onto each farm
map before each ground survey.
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TABLE 1 Summary of agronomic and soil data and

Farm Farm  NUE®
# size

% of the
number of
fields with
a high P
index®

Soil
OoM=
(%)

in-field drainage

Annual
rainfall
(mm)

Farm

topography
slope angle

range (°)

across case study farms.

Dominant
soil type

Poor

Drainage classes? (%)

Imperfect

Moderate

Well

Major soil type® (%)

Mineral

Humic

Organic

% of
fields
with in-
field
drains®

1 43 27 163 162 10863 2-3 Humic surface | 30.9 529 162 0 69.1 309 0 484
water gley

2 40 23 400 167 12837 3-11 Humic surface 88 397 351 164 68.4 316 0 341
water gley

3 45 24 196 306 1,0024 0 Groundwater 501 385 114 0 462 310 28 725

4 37 k) 103 180 13202 48 Humic brown | 45.1 09 54 0 584 416 0 136

podzolic
5 4 35 594 84 900.0 06-09 Surface water 575 172 21 231 882 s 0 784
sley

6 39 45 215 148 10356 1-8 Typical surface | 42.1 35 251 293 843 109 49 252
water gley

7 2 42 a7 121 10196 5-7 Typical surface | 50.2 51 425 22 97.1 17 12 696

“Nitrogen use efliciency.

water gley

"High P index (index 4) fields have soils with excess P concentration (above 8 mg -1, measured as Morgan's P, an grassland)

“OM, organic matter (Corhett t al, 2

“Data from Tuohy ct al Tuohy

% field with in-field drain = (size of drained field/total farm size) x 100%.

al. (2021).

Corbett et al., 2022b).
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FIGURE 2

Example of a farm output map (for farm 5) showing the ranked
classification risk along the open ditch network for P (color-coded into
categories of connectivity risk) and all conceptualized N open ditch
connectivity pathways to individual open ditch sections. For in-

field drains, arrows indicate fall and flow direction toward open ditch
sections, with a particular P risk indicated by the existing color-coding
scheme of Moloney et al. (2020).

Information from the ground survey observations and
qualitative interviews with farmers on drainage networks were
used to digitize and map farm and field boundaries and the open
ditch network (open ditches, sub-surface in-field drains, and
drainage outlets) and associated connectivity pathways for N
(Figure 2). For the open ditch network within each farm, each
ditch was assigned a ditch category using their connection to a
farmyard, watercourse, neighboring farm, other ditches on the same
farm, and also their non-connection to any other part of the open
ditch network after Moloney et al. (2020) (Table 2). These categories

10.3389/fenvs.2024.1337857

are as follows: (1) farmyard connection ditch, (2) outlet ditch, (3)
outflow ditch, (4) secondary ditch, and (5) disconnected ditch
(Figure 2) using ArcMap GIS software (version 10.5).

On each assigned ditch category, the connectivity pathways for
N (Table 3), where present, were mapped within this open ditch
network using the conceptual figure (Figure 1) as a guide during
fieldwork to integrate the N connectivity pathway risk into the P
connectivity risk open ditch categories. To identify the connectivity
pathways, landscape position was taken into account, especially for
assessing the interaction of groundwater with an open ditch section.
Groundwater seeping through open ditch bank sides and
groundwater upwelling through the base of the open ditch were
identified as groundwater seepage and upwelling, respectively
(Table 3), and were classified together as one connectivity
pathway. Roadways were identified as a connectivity pathway
when there were site observations of water flow and eroded/gully
surface (due to continuous past water flows) from the farm roads
into a nearby open ditch. Groundwater springs were identified as
high-flow groundwater purging out into open ditches either over the
surface or through pipes. Subsurface in-field drains were all piped
drains directed into ditches but were differentiated from piped
springs with their low and intermittent flows into the open ditches.

The length of the open ditches and farm and field boundaries
were measured in ArcGIS and compared for each farm, as shown in
Table 4. In addition, the occurrence of a particular N connectivity
pathway was calculated as a percentage of the total number of N
connectivity pathways observed for each farm and for each open
ditch category.

2.3 Grab water sampling campaign to assess
integrated nutrient connectivity pathways

Water quality parameters change over time, depending on the
local climatic conditions and farming practices (Huebsch et al,
2013). In the present study, the objective was to establish a link or
connection (see Figure 1) between the source and pathway to the
open ditch network. Therefore, “snapshot” sampling in spring
(March) presented a good opportunity to collect qualitative data.

In spring (March) 2022, a total of 210 water samples were
collected directly from 105 sampling sites in open ditches
throughout the drainage network across all farms during a one-
time sampling event following the procedure of Moloney et al.
(2020). These sampling sites reflected connectivity pathways
presented in Figure 1. March was selected for sampling because

TABLE 2 Definition and description of open ditch categories for the P classification system of Moloney et al. (2020).

Ditch category escription

1. Farmyard

A ditch/pipe that connects a farmyard to the drainage connection network or directly to a surface waterbody

2. Outlet A ditch that connects the drainage network to a surface waterbody

3. Outflow/transfer

4. Secondary
water removal

5. Disconnected
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A ditch that carries drainage water across the farm boundary onto the neighboring land

A ditch that typically flows perpendicular to the slope of the land connecting two larger open ditches or running through a field for excess

A ditch that is not connected to the overall drainage network but may have groundwater connectivity potential
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TABLE 3 Criteria for identifying N connectivity pathways on open ditch categories and associated source of connection.

N connectivity Source of

pathway connection

In-field drains Subsurface
Farm roadway Surface
Groundwater springs Subsurface
Groundwater upwelling or Subsurface
seepage

“Criteria description (Teagasc, 2022).

Criteria description®

Evidence of in-field pipe drains connecting into ditches, usually with less water flow

Evidence of farm roadway and hard surface runoff connectivity with the open ditch network (directly
during rainfall or indirect signs such as

Hlished Lt

rills and b

gh points)

Evidence of natural springs or pipe springs (with high water flow) connecting into ditches

Evidence of groundwater seeping from either the base or side of a ditch into the ditch

TABLE 4 Summary of open ditch data including the proportion of the open ditch network accounted for by different P open ditch categories for each case-

study farm.

Field % Perimeter Total Proportion of total ditch length (%)

perimeter as ditch ditch

(m) length 1. Farmyard 2. 3. 4, 51

(m) connection Outlet Outflow Secondary Disconnected

1 164715 443 7,290.4 10.7 0 18.4 702 07
2 21,524.1 9.0 1,935.1 6.8 59.4 338 0 0
3 19.737.9 354 6,990.7 5.7 226 94 624 0
4 7 16,572.3 17.2 2,8474 284 33 |46 10.5 32
5 13,0859 435 56924 25.5 395 0 343 0
6 16,966.5 526 89163 85 224 7.2 60.9 09
7 9,607.5 289 2,7733 342 117 158 383 0
Average 16280.8 330 5206.5 17.1 256 127 39.5 51

this month is hydrologically active in Ireland and all pathways
interact with the open ditch network (e.g., groundwater upwelling,
seepage, and springs), as observed from the previous year’s field
visits. As this study aimed to validate established connectivity risk
(water and the presence or absence of N and P) between open ditch
types and adjoining surface waterbodies and did not aim to elucidate
the load or impact of this connection, a temporal water sampling
survey was not required. It is acknowledged that the connectivity
level at the time of sampling water is influenced by the precipitation
level (both antecedent and current). Therefore, sampling was
undertaken when both surface and subsurface pathways were
most active, and such data were used to validate the source and
hydrologic connectivity with the open ditch network.

The number of samples collected was dictated mainly by the
observations of connectivity pathways on open ditches during the
initial fieldwork campaign. As such, open ditches that had surface or
subsurface connectivity pathways (Table 3) noted in the earlier
survey were prioritized for sampling. These observations were used
to validate surface, subsurface, and groundwater flows that entered
open ditches on the case study farms. However, some sampling
points had no N connectivity pathways. Only four ditch categories
from Table 2 (farmyard connection, outlet, outflow, and secondary
ditches) were sampled for water across the seven case study farms.
Shallow disconnected ditches (category 5 in Table 2) were dry, which
indicated no N connectivity with perched or true water tables at the
time of sampling. These acted as storage and recharge areas for
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groundwater during rainfall periods. At each water sampling
location, two 50-ml samples (filtered on-site using 0.45-um filter
paper and unfiltered) were collected for dissolved and total P
analyses, respectively. Grab water sampling was carried out in the
mapped ditch categories on each farm, provided water was present
in the open ditch. The grab water sampling taken directly from an
open ditch was conducted within 1 m downstream of in-field drain
outlets, farm roadways, groundwater springs, and groundwater
seepage/upwelling, where present, in the open ditch categories.
All water samples were kept in an ice box during sampling and
transportation and then tested within 1 day of sample collection.
Filtered water samples were analyzed for DRP and total dissolved
phosphorus (TDP) using a Gallery discrete analyzer (Gallery reference
manual, 2016) and a Hach Ganimede P analyzer, respectively. The total
dissolved phosphorus (TDP) was measured by acid persulfate oxidation
under high temperature and pressure. The unfiltered water samples
were analyzed for nitrite (NO,-N), NH,4-N, total oxidized nitrogen
(TON), and total reactive phosphorus (TRP) using the Gallery analyzer.
Total phosphorus (TP) was analyzed using the Ganimede P analyzer.
Phosphorus was measured colorimetrically by the ascorbic acid
reduction method (Askew and Smith, 2005), where the 12-
molybdophosphoric acid complex is formed by the reaction of
orthophosphate ions with ammonium molybdate and antimony
potassium tartrate (catalyst) and reduced ascorbic acid. All samples,
reagent blanks, and check standards were analyzed at the Teagasc
Johnstown laboratory following the Standard Methods (APHA, 2005).
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