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ABSTRACT

Intensification of agriculture in the European Union has resulted in nutrient losses from
farms, which have contributed to a deterioration in water quality. As soil in drainage
water ditch networks has limited capacity to attenuate nutrients leaving farms, efforts
to reduce nutrient loads have been unsuccessful. Therefore, innovative solutions and
experimental approaches are needed to intercept nutrients in ditches before final
discharge to receiving waters. The existing ditch networks on farms may offer an
opportunity for implementation of nutrient attenuation measures, by combining the
natural attenuation capacity of the ditch with in-ditch engineered structures containing
media capable of adsorbing nutrients. Although these structures have gained in
popularity as a mitigation option, their configuration or optimal placement in the
landscape has not yet been fully considered. The selection of appropriate media
depends on the type of nutrient losses, the nutrient loads, media adsorption capacity
and lifetime. In addition, the identification of an optimal location for the placement of
in-ditch engineered structures is crucial for successful implementation as such
structures are capable of only removing a proportion of nutrient loads exiting the farm,

so the natural attenuation capacity of the ditch is important to further reduce the load.

This thesis proposes two innovative mitigation techniques to remove both nitrogen (N)
and phosphorus (P) in an agricultural drainage system: an in-ditch engineered system
filled with reactive media and a natural solution which utilises soil chemistry of the

ditch network for nutrient removal.

In order to develop the first technique, a novel, internationally applicable decision
support tool (DST) was developed to select locally sourced media for single or dual
mitigation of N and P. The developed DST was validated in several case studies and it
was then used to select an optimal combination of media for the removal of ammonium
(NH4") and P in water draining from an intensive dairy farm in south-east Ireland.
Normally, large-scale column tests need to be conducted to develop design criteria for
engineered structures, but as these are time consuming and expensive, rapid small-scale
column tests (RSSCTSs) were used, for the first time, to assess the media performance

and longevity in simultaneous N and P removal in comparison with large-scale



columns. The adsorption capacity and lifetime of the selected media in large- and
small-scale column studies were consistent and the generated data using RSSCTs were
successfully used to model P and N removals in the large-scale filters. This indicated
that RSSCTs may be used to accurately and quickly develop design criteria for in-ditch

engineered structures.

In the second technique, the natural P remediation capacity of the ditch network of the
study site was investigated with a view to identifying the optimum location for the
placement of an engineered structure and to examine the capacity of a ditch in retaining
or mobilising P. Experimental analyses indicated that the ideal location for installation
of an in-ditch structure was at the point where a sharp increase in nutrient concentration
was observed, which was due to discharges from the farm yard. The results also
showed that P inputs into the drainage network accumulated in the sediments and
bankside over time. This not only contributed to degradation of water quality leaving
this farm, but the stored nutrients in the ditch network, as a result of decades of
application, had also changed the chemistry of sediments to act as a secondary source

of P, adding to the already polluted water.

Arising from the findings of this thesis, in order to limit nutrient losses from intensive
farms into drainage waters, implementation of an enhanced remediation technique is
essential where natural attenuation is insufficient to eliminate pollution. An efficient
mitigation measure starts with characterisation of the type of nutrient losses and then
the development of appropriate in-ditch engineered structures filled with media to
remove the identified nutrients. However, cognisance must also be taken of potential
pollution swapping as a result of using the media, appropriate structure dimension and
optimal location, and the nutrient remediation or immobilisation capacity of the
ditches. This thesis provides a design framework that will contribute to sustainable,

environmentally friendly farm management.



ACKNOWIEAZEMENTS. ...\ e |

ADSTIACT. .. i
Table Of CONENLS. .. ...ee e \Y
LSt Of FIgUICS. .o v ettt e e IX
List Of Tables ...o.ueii s X1V
ADDIEVIAtIONS. ...\t XVI
Table of Contents
Chapter 1 INtrOQUCTION .....c..eivieieee ettt nre s 1
L.LLOVEIVIBW ...ttt bbbttt bbbt beene et ne s 1
1.2.ReSEArch ODJECTIVES .....c.oviiiiiciieee e 4
1.3.THESIS STTUCTUIE.....ceeeeieee ettt sre e neenneas 5
1.4. Contributing to existing KNOWIEAQE .........ccceevveiieiiiieiecce e 6
1.4.1. Peer-reviewed publications (published) ...........ccccooviiiiiiiiiciciee e 6
1.4.2. POSEEr PreSENTAtiONS .......ooviitiitiiieiiieieeeee ettt 7
1.4.3. Oral PreSentations.........ccooiiiiriiineeeeiese e 7
1.5. INSPIRATION-ITN Marie Curie Actions H2020: Network-wide training and
SKIll AEVEIOPMENT ...t re e 8
1.5.1. Secondments to partner organiSations............ccovrererieerieresesese e 8
1.5.2. WOTKSNOPS ...t 8
1.5.3. Seasonal SChOOIS ........cceiiiiiiiee e 8
1.6. Research dissemination as Marie Curie Early Stage Researcher..................... 9
Chapter 2 LItErature REVIBW...........ooiiiiiiieieieiese e 10
0 I T VT USSR 10
2.2. Agricultural INtensification...........cccooveiiiiiiicce e 11
2.3. Phosphorus iN SOIl ........c.ooiiiiie e 18
2.4, NITrOGEN 1N SOI ... 21
2.5. Nutrient 10SSes from farm SYStEMS .......cc.overerereiinirieiee e, 22
2.5.1. PROSPNOIUS [0SSES......ccuviiiiiciiieiie sttt 22
2.5.2. NITFOQEN T0SSES .. .veevieiiii ettt ettt re e 25
2.6. Regulations of N and P I0SSES .......cccuuiiiiiiieieieeeee e 26
2.7. Mitigation measures to reduce nutrient losses in drainage ditches ................. 30
2.7.1. Natural AtENUALION .....cc.viiieiiiiie e e 31
2.7.2. Engineered mitigation OPtiONS.........cccivviiiiiieiie e 34



2.7.3. Pollution swapping and limiting factors...........ccccoveviiin v, 41
2.7.4. Adaptation of engineered solutions by farmers.............cccooevviieiieinciennen, 43

2.8. Adsorption isotherms to develop an in-ditch engineered structure design criteria

................................................................................................................................ 44
2.9. ldentifying the location for placement of an in-ditch engineered structure .... 46
Chapter 3 Farm characterisation and identification of nutrient losses..................... 48
3.1 OVBIVIBW ...ttt sttt sttt s et e et esbeeteeneesbeenbeeneenreas 48
3.2. Agriculture in Co. Wexford, South East Ireland ...........ccccoooveviiiiiiiiiiinns 48
3.2, SIte AESCIIPLION ....vieiiciie sttt e aeanaesre s 51
3.3. Delineation of Johnstown Castle mini-catchment boundary...............c........... 53
3.4. Water sampling and analysis..........cccooooiiiiiiiininiiee 54
3.5. Implications of the fINAINGS.........ccoeririiiii e, 59
3.6, SUMMIAIY oottt bbb e et e et e e br e e s be e e snees 59
Chapter 4 Developing and validating a decision support tool (DST) for media
selection to mitigate nutrients in drainNage Waters..........ccceverererenenenesieseeeeees 60
4.1, OVEIVIEW ..ottt sttt sttt e e e sbeetees e sbeenteaneesbeeteaneesneenteaneenrees 60
4.2, INEFOTUCTION ...ttt sttt r e 60
4.3. Materials and MethodS...........covviiiiiiie s 62
4.3.1. NULTTENT SCENAITOS ... veevierieeieesieeiesieesiee e ereesteesee s e sreesteeseesreeseeeneesneesseeneennes 62
4.3.2. Systematic literature review to form media database.........c...cccceevervennne. 64
4.3.4. Testing of FarMit DST using different case studies...........ccccceevvivvervenenne. 77
4.3.5. Validation of DST (SWOT analysis) .......cccccvevviieiieiiciecie e 78
A4, RESUILS ..ottt ettt e e e sre et e ene e re e reeneenres 79
44,1, CASE STUAIES ..eeveeeeeeeeesieeie ettt e e e sneenre e nnes 79
4.4.2. SWOT ANAIYSIS...cuviiuiiiiieie ittt sre e ens 84
4.5, DISCUSSION ...vviuienieieite sttt sttt ettt sttt et b e nbe st besbeaneereeneenens 84
4.5.1. Performance of DST in case-study applications ..........ccccoceverinirnieeniennn, 84
4.5.2. SWOT @NAIYSIS.....viiiiiiieiiiiiieeie e 88
4.6. Limitations and future recommendationsS............ccooeieererienienesie e 89
A.7. CONCIUSIONS ...ttt bttt e besneenneas 90

Chapter 5 Use of rapid small-scale column tests for simultaneous prediction of

phosphorus and nitrogen retention in large-scale filters..........cccccovvviiivvceivenen, 92
ST I O 1YL= T SO PPP 92
ST [0 (oo (1T 4 o] o ISP 92



5.3. Materials and METNOUS. ... ...eeeeeeee et e e 94

5.3.1. Media SEIECHION. .....cviiiiieieiie e 94
5.3.2. Preparation of filter COIUMNS ..., 96
5.3.3. Operation of the FIlter UNILS ........cccooeiiiiiiiiieceee e, 99
5.3.4. Data collection and analysiS..........ccovvieereeieiieieeic e 100
5.3.5. STALISTICS. ...ttt 101
5.4. ReSUItS and dISCUSSION ........ccuiiiiiieeiesiie ettt 101
5.4.1. Selection Of MEdIA........cccuiiiiieiiie e e 101
5.4.2. Retention of DRP and NHas-N in the columns..........ccccooveiiiiiiiininiinen, 104
5.4.3. Predicting DRP effluent concentration in large columns using scale column
0= LSS 106
5.4.4. Predicting NH4-N effluent concentration from large columns using small
COIUIMING .ttt ettt bbb r e e e e 108
5.4.5. Implications of study for drainage filters ............ccccvveviive i, 111
TS 00 0 [0d [0 [ USSR 112
5.6, SUMMEIY ..ot 112
Chapter 6 Impact of P inputs on source-sink P dynamics of sediment along an
agricultural ditCh NEIWOIK...........coviiieii e 113
TN I @ V=T VT SRS 113
LGB 1 10T L1 T £ ] o SRS 113
6.3. Materials and Methods............cooviiiiiiie e 115
6.3.1. Site description and identification of sampling locations ......................... 115
6.3.2. Bankside and sediment sampling and analysis.............ccccoovoninininncnnene 120
6.3.3. SOil Chemistry @nalySiS.........ccooiiiiiiiiiieiee e 121
6.3.4. Phosphorus sorption isotherm and equilibrium P concentration............... 122
6.3.5. Data treatMeNnt .......cc.oiiieieiiie e 123
6.3.6. Ditch water sampling and analysis..........ccooooiiiiiinnie 123
6.4. ReSUILS and dISCUSSION ........ccviivierieeie e st 124
6.4.1. Trends in water quality along the open ditch ..........ccccoveviiiicie e, 124
6.4.2. Bankside and sediment charaCteristiCs ..........cccovvvviiieniiin e 127

6.4.3. Trends in Bankside and sediment P dynamics along the ditch network ... 129
6.4.5. Impacts on water quality and source-sink properties of ditch sediments.. 134
6.5. Conclusion and reComMmEeNdatioNS...........ccoouerirrieriieiie e 136
B.6. SUMIMAIY ...viiiiiiie ettt e e e e bb e e e bs e e anteeeantes 137



Chapter 7 Conclusions and recommendations...........ccoevivereerieiieeiesieesieese s 138

7.0 OVEIVIBW ..ottt bbbttt bbbttt n e 138
7.2. Summary of the main findings and their implications ...........c.cccoevvovnienne 139
7.3. Recommendations for future research..........ccccocevvieiinic e 141
RO I ENICES. .. et 144
A PPN AL e 185
APPENAIX B 206
APPENAIX G 207
APPENAIX Do 211

Vil



LIST OF FIGURES

Figure 2.1. World population growth by 2100 based on UN-medium scenario

projection in 2019. Adapted from Pison (2019).........coviiiiiiiiiiiiiiiie 12
Figure 2.2. Projected world population (based on median growth) and fertilizer
consumption to 2050. Source: Alexandratos and Bruinsma (2012) ..................... 12
Figure 2.3. Livestock density in EU-28 as in 2016. Adapted from Eurostat
(20000 .t e 13
Figure 2.4. Annual greenhouse gas emissions from agriculture and forestry in the
WOrld. SOUrce: FAO (2016) ....vniieiiti e e 15

Figure 2.5. Share of estimated total national N and P surplus attributed to each farm
type (representing 61% of farms and 76% of utilized agricultural areas from 2008-2015
showing dairy sector as the largest contributor). Adapted from EPA
(2000 i e 16
Figure 2.6. Schematic diagram showing major elements of time lag in response of
water quality to mitigation measures: Programme management, system, effects
measurement. Adapted from Meals and Dressing (2010)........cccoeveviveveiieeieeniesiiennns 18
Figure 2.7. Phosphorus cycle in soil-plant-animal system. Source: Boitt (2017).....20
Figure 2.8. Nitrogen cycle. Adapted from Daims et al. (2016).......................... 21
Figure 2.9. Main P load pathway transfer from diffuse sources to surface water.
SOUNCE: Gt (2017) . uet it e e e 23
Figure 2.10. Conceptual diagram of N loss pathway on the Johnstown Castle Dairy
Farm with elevated NH4" concentration in drainage water: (1) migration pathway in
poorly-imperfectly drained soils with high NOs-N attenuation (2) migration pathway
under moderately-well drained conditions with no NO3-N attenuation is lower, leading
to its transformation in NHs-N. Source: Clagnan etal. (2019).............ccoiviiinnn. 26
Figure 2.11. Proportion of classified river and lake water bodies holding less than good
ecological status. Adapted from EEA (2018).......cooviiiiiiiiiiii e, 27
Figure 2.12. Average annual mean concentrations of nitrate (top), phosphate (middle)

and ammonium (bottom) in rivers across Europe. Adopted from EEA (2018,

200 28
Figure 2.13. Average annual mean NOs™ concentrations in groundwater across Europe.
Adapted from EEA (2018).....uiiiiiii e 29



Figure 2.14. Left: Sediment accumulation in pipe discharging directly into ditches,
Johnstown Castle, Co. Wexford, Ireland, 2018. Right: In-field ditches with elevated
concentrations of DRP and NOz™ in Sint-Truiden, Belgium (2018)..................... 32
Figure 2.15. A partially open extensive ditch on the farm, receiving nutrients from

pipes, relying on natural attenuation of the soil to remediate excess nutrient loads.

Johnstown Castle, Co. Wexford, Ireland (2017)........ccooiiiiiiiiiiiiiie, 32
Figure 2.16. Concept of monitored natural attenuation. Source: Brusseau et al.
(2009 et 33

Figure 2.17. Generalized illustration of a woodchip denitrifying bioreactor for nitrate
treatment in subsurface drainage. Credit: L. Christianson/University of Illinois......38
Figure 2.18. Criteria for selecting cost-effective ammonium adsorbent material:
source (availability and cost), process (easy operation and efficiency), waste
(environmental friendliness). Adapted from Huang et al. (2017)......................... 39
Figure 2.19. Diagram illustrating basic premise of a P removal structure filled with P
sorbing material. Source: Penn and Bowen (2018)...........cccoeiiiiieieiiiiiein 40
Figure 2.20. Space and required equipment to run Large scale column test. Johnstown
Castle Research Centre, Co. Wexford.............coooiiiiiiiiiiiiee e 46
Figure 2.21. Farm yard run-off parallel to an open ditch network. Johnstown Castle
Dairy Farm, Co. WeXford .............oooiiiiiiiiii e eee e AT
Figure 3.1. Mean phosphate concentrations (mg L) in rivers across Ireland during
the period 2014-2016. Adapted from EPA (2018); Black circle: Lower Slaney River
iNCo. Wexford SEIreland ............ooiiiiii e 49
Figure 3.2. Mean nitrate concentrations (mg L) in rivers across Ireland during the
period 2014-2016. Adapted from EPA (2018); Black circle: Lower Slaney River in
Co. Wexford SETreland ..........oooiiiiiii e 50
Figure 3.3. The soil drainage class, artificial lake system, river network and drainage
system of Johnstown Castle Beef and Dairy Farm, Co. Wexford......................... 52
Figure 3.4. The mini-catchment boundary, drainage system, concrete weirs and new

sampling points along the open ditch network of Johnstown Castle Dairy Farm, Co.

WEXTOI ... 54
Figure 3.5. Sampling surface water (left) and groundwater (right)..................... 55
Figure 3.6. Nutrient and biogeochemical Water sampling..........ccccccooeeviniiiiicinn, 56



Figure 3.7. Two corbett type weirs installed in the middle and end of the ditch network
(left), and deploying divers in stilling wells at the inlet of the weirs to collect water-
Flow data (FIgNL)... ..o 57
Figure 4.1. Flowchart for the development of FarMit DST.....................eeenie 62
Figure 4.2. Farm pollution scenarios: A: Farm pollution with leaching of NO3-N and
retention of P, or Farm pollution with leaching of NH4-N and mobilisation of P, B:
Farm pollution with leaching of NOs-N and retention of P, or Farm pollution with
leaching of NHs-N and mobilisation of P, C: Farm pollution with DRP mobilisation

andno leaching Of N... ..o e 63
Figure 4.3. The user interface of FarMit DST...........cooiiiiiiiiieeee e 79
Figure 4.4. Irish Case Study results: Ammonium (top) and DRP (bottom)............. 80
Figure 4.5. Belgian Case Study results: Nitrate (top) and DRP (bottom).................82
Figure 4.6. US Case Study results: Nitrate.............ccoeveiiiiiiiiiiniiiiiieeieeeiiinns 83

Figure 5.1. Some of the different waste materials used as in Table 5.1. Top left: Peat

soil, sand, woodchip, zeolite, puraflo (from left to right). Bottom left: Eight types of

sand. Right column: Different grading of zeolite ......................ccooiviiiviieee.....95
Figure 5.2. Schematic diagram of large-scale columns.......................c.occeas 97
Figure 5.3. Large scale columns located in temperature-controlled room.............. 97
Figure 5.4. Schematic diagram of small columns................ccccceeiiiiiiiicnne. ... 98

Figure 5.5. Small scale columns set-up. Packing columns with media (left), small
columns with different lengths (middle), fixing the columns to retort stand

Figure 5.6. Large scale column operation (left) and sampling (right) from 6 columns
packed with sand and zeolite in different configurations........................eeeen. 99
Figure 5.7. Small scale columns operation (left) and sampling (right)............... 100
Figure 5.8. Measured DRP concentration (y-axis) vs. filter volume (x-axis) for both
configurations (sand over zeolite (A, B and C) and zeolite over sand (D, E, F)) of the
large filter columns. The dashed line is the model fit using coefficients from small
[670) 11100 1 TSP 104
Figure 5.9. Measured NHas-N concentration (y-axis) vs. filter volume (x-axis) for both
configurations (sand over zeolite (A, B and C) and zeolite over sand (D, E, F)) of the
large filter columns. The dashed line is the model fit using coefficients from small

COMUMINGS . <o, 105

Xl



Figure 5.10. Measured DRP (top) and NHs-N concentrations (bottom) vs. filter
volume from the small columns...............ooviiiiiiii e 106
Figure 5.11. Observed DRP concentrations versus predicted DRP concentrations.
Configuration 1 (zeolite at the bottom, sand at the top) (A, B, C) and Configuration 2
(zeolite at the top and sand at the bottom) (D, E, F). ..., 107
Figure 5.12. Observed NHs-N concentrations versus predicted NH4-N concentrations.
Configuration 1 (zeolite at the bottom and sand at the top) (A, B, C) and Configuration
2 (zeolite at the top and sand at the bottom) (D, E, F). Black centres- small-scale
[e0] 1010111 T 110
Figure 6.1. Johnstown Castle, Co. Wexford, Intensive Dairy Farm showing the up-
gradient and down-gradient surface/subsurface drainage system and runoff areas and
their entry point into the open ditch system, soil drainage class, and sampling points
across the farm documented by Kurz et al. (2005) and Clagnan et al. (2019). @ No.1;
DN 0. 2 ettt 116
Figure 6.2. Main open ditch network at high flow (left) and low flow (right)........ 117
Figure 6.3. Farm yard housed with miling cows. Johnstown Castle, Co.
WK OTd. . 117
Figure 6.4. Simple diagram showing the open ditch and the storage facility underneath
the farmyard for collecting slurry and DSW...........oooi i 118
Figure 6.5. In ditch grab water and soil-subsoil-sediment sampling points (Sites A-G).
Position of farmyard, entry points of up-gradient and down-gradient discharge to the
ditch (& No.1; € No.2), position of pipes discharging directly into the ditch and water
table height (m AOD) around the ditch network. Groundwater flow is perpendicular
to groundwater contoursi.e.intoditch...............c.oooiiiii 119
Figure 6.6. Bankside sampling with 30cm intervals (left) after removing grass and
PIANTS (FIZNT). ..ot 120
Figure 6.7. Collected bankside and sediment samples....................cceevviennn.n. 121
Figure 6.8. Reciprocating shaker and filtration of samples in Mehlich-3 test (top) and
measuring organic matter of samples in crucibles after ashing in the oven
(DOEOM) .. e 122
Figure 6.9. Boxplots showing distribution of water quality data: DRP, TP, PP, and TRP
(mg/l) at sampling 10CationS A-G........cooniiniiii e e, 126
Figure 6.10. Boxplots showing the distribution of Smax, EPCo, K, and M3P values at
SampPling 10CAtIONS A-Gi.....ooiiiie e 132



Figure 6.11. Scatter plot showing (a) regression line between log EPCo and log K and
(b) regression line between log EPCo and log M3P in all bankside and sediment
SAMPIES. ..t e e 133
Figure 6.12. Mean DRP values collected at sampling points as a function of average
EPCo at bankside and EPCo of sediment. Close circle: Average EPCo from bankside
(mg L), Open circle: EPCo (mg L) values from sediment. Values below 1:1 line
indicate that the point act as a potential source of P..............c.ooiiiiinn, 135
Figure 7.1. Flow chart for implementation of on-site design............................ 140

Xl



LIST OF TABLES

Table 2.1. Annual maximum fertilisation rates of nitrogen on grassland in Ireland..30
Table 2.2. Annual maximum fertilisation rates of phosphorus on grassland in
Treland. ... 30
Table 2.3. Comparison between engineered mitigation options: wetlands, buffers,

controlled drainage and in-ditch Structures............c.cooeiiviiiiiiiii s 35
Table 3.1. Summary statistics of N and P concentrations and biogeochemical data for
open ditch network during January 2017-July 2018............ccooiiiiiiiiiiiiee, 58
Table 4.1. Wood-based nutrient remediation applications.......................cove 65
Table 4.2. Vegetation-based nutrient remediation/Phytoremediation (dead fibrous
material, carbon-based processed biomass)............c.ooviiiiriiiiiiiiiieiean 66
Table 4.3. Inorganic materials for nutrient remediation.......................coeviinenn. 68
Table 4.4. Static (1-7) and Dynamic (8-9) criteria and corresponding scoring
TATIZES . « «eeureeureesteeesreesseeas e e st e se e es e e s e e s e e e R e e e e R e e e R e e e e Rt nR e et et e e e e 72
Table 4.5. Site-specific case studies in Ireland, Belgium and USA based on land
drainage discharges, shallow groundwater, drainage ditch nitrogen and phosphorus
concentrations (spatial and temporal data considered). Locations highlighted in
greyscale were used to validate the DST..........coooiiiiiiiiii e 73
Table 4.6. Summary of SWOT analysis results: strength and weakness (attributes of
the tool) and opportunities and threats (attributes of the environment) of FarMit DST
identified through different workshops............c..coiiiiii i 85
Table 5.1. Stages of media selection for dual nutrient mitigation. At the end of each
selection stage, media failing the criteria are omitted from the table..................... 95
Table 5.2. Batch experiment and constant head data for maximum adsorption capacity
of media (qmax; g kg2), binding energy (k; L mg™) and selected elemental composition
based on XRF analysis of sand and zeolite wused in the column
O (0151311115 1 TP 103
Table 5.3. Comparison of model parameters, coefficients and ERRSQ values, obtained
when (a) fitting Egn. 4 to DRP concentration data from large columns using model
coefficients determined from small columns, (b) parameters at different depths of small
COUIMNS. ..o e e e et e et e 108
Table 5.4. Comparison of model parameters, coefficients and ERRSQ values, obtained

when (a) fitting Egn. 4 to NH4-N concentration data from large columns using model

XV



coefficients determined from small columns, (b) model parameters at different depths
of small COIUMNS. ... ... e e e 111
Table 6.1. Summary statistics of phosphorus concentrations and biogeochemical data
for sites A-G in the ditch during January 2017-July 2018.................ccooovineenn... 125
Table 6.2. Bankside and sediment biogeochemical properties from each depth

represented by Mehlich extractable Al, Fe, Ca, with % organic matter (OM) and
Table 6.3. Phosphorus sorption expressed by Langmuir Smax, k, R?, EPCo and PEBC,

and Mehlich extractable P from each interval depth of the bankside and

1= ¢ 11001 0 | P 130

bY



Al
AI-WTR

AOD

BDST
bgl

Co

Ca
CAN
Ce
CH4
Ct
DIN
DOC
DRP
DST
EBCT
EC
EEA
EPA
EPCo
ERRSQ

EU

ABBREVIATIONS

Constant of proportionality (mg g™*)(L) ¢/®
Aluminium

Alum-based water treatment residual
Above ordnance datum

Diffusional kinetic

Bed depth service time

Below ground level

Influent concentration (mg L™?)
Calcium

Calcium ammonium nitrate

The concentration of P in solution at equilibrium (mg L™?)
Methane

Effluent concentration (mg L)
Dissolved inorganic nitrogen
Dissolved organic carbon

Dissolved reactive phosphorus
Decision support tool

Empty bed contact time

Electrical conductivity (uS cm™)
European environment agency
Environmental protection agency
Equilibrium P concentration

Errors squared

European Union

XVI



Fe

FAO
FWMC
FH2020
FW2025
g

GHG
H20

HRT

Ksat

LU

M3
MAC
Mg

Ms

Na
NAP
Nr
N20
ND
NH4*

NH4-N

Iron

Food and agriculture organization
Flow weighted mean concentration
Food Harvest 2020

Food Wise 2025

Gravity (m s?)

Greenhouse Gas

Dihydrogen monoxide (water)
Hydraulic retention time
Potassium

Binding energy (L mg™)
Hydraulic conductivity (m s™)
Livestock Unit

Weight

Mehlich-111

Maximum allowable concentration
Magnesium

Manganese

Nitrogen

Sodium

Nitrates action programme
Reactive nitrogen

Nitrous oxide

Nitrate directive

Ammonium

Ammonium-nitrogen

XVl



NOs Nitrate

NOs-N Nitrate-nitrogen

NOx Nitrogen oxide

NUE Nitrogen use efficiency

oM Organic matter

P Phosphorus

Pbaro Pressure of the baro-diver (cm H20)
Pdiver Pressure of the diver (cm H20)

PP Particulate phosphorus

PSM Phosphorus sorbing material

Q Water flow (L s%)

Omax Maximum adsorption capacity (g Kg™t)
p Density of water (1000 kg m™)

R R programming language

RDO Rugged dissolved oxygen (mg L™?)
rpm Revolutions per minute

RSSCT Rapid small scale column test

S Phosphorus sorbed in isotherm test (mg P L™?)
S Average retention efficiency (%)

Si Silicon

Smax (mg kg™)

Su Sulphur

Ti Titanium

TP Total Phosphorus

TRP Total Reactive Phosphorus

USDA United States department of agriculture

XV



USEPA

WED
WL

wWQ

United States environmental protection agency
Volume

Empty bed volumes of filtered solution (no units)
Water framework directive

Water Level (cm)

Water quality

XIX



Chapter 1

Introduction

1.1. Overview

Excess nutrient losses from intensive agricultural sites across the European Union (EU)
have contributed to significant impairment of water quality in receiving waters (FAO,
2017a; EEA, 2018). Coastal, aquatic and terrestrial eutrophication, as well as soil and
water acidification, suggest the need for the development of integrated nutrient
management strategies to address this problem (EU, 2014a). Farming in the EU
contributes to between 40 and 80 % of nitrogen (N) and 20 to 40 % of phosphorus (P)
entering surface waters (EPA, 2014). Direct discharges along surface and near surface
pathways (Thomas et al., 2016) and groundwater discharge deliver P to surface water
bodies, while reactive nitrogen (Ny) leaches through soil and subsoil to groundwater and
onwards to associated surface water bodies (Fenton et al., 2009; Mellander et al., 2018).
On any agricultural landscape, heterogeneous soils, subsoil and geology have a combined
natural attenuation or water purification function (Jahangir et al., 2013; McAleer et al.,
2017). This offers some protection against N and P surpluses, but agricultural systems are
inherently leaky and enhanced attenuation is needed at “breakthrough” points (where P
is transported between fields) and delivery points in the landscape to protect water quality
(Thomas et al., 2016).

One option for enhanced remediation is to install an engineered structure that intercepts
nutrients along the transfer continuum (source-mobilisation-delivery to water bodies-
impact) (Haygarth et al., 2005). On Irish farms the ditch network offers an opportunity to
intercept surface and subsurface waters before final discharge from the farm. Such ditch
networks are extensive on grassland farms and are currently being mapped and divided
into typologies of risk (Moloney et al., 2020). These ditch systems offer a site for
engineered structures, as landowners are reluctant to sacrifice land for purposes other than
production. Researchers have attempted to combine individual nutrient removal
technologies at laboratory and field scales (Goodwin et al., 2015; Ahnen et al., 2016;
Gottschal et al., 2016) to examine the efficiency of employing a “treatment train”

(Majsztrik et al., 2017), a sequenced combination of natural and engineered mitigation



measures, for complex contaminant mixtures. Such solutions may include the installation
of ecologically engineered structures filled with organic/inorganic materials, placed at
key points in the landscape to protect water quality. Denitrifying bioreactors, containing
carbon (C)-rich media such as woodchip, are a commonly used engineered structure to
reduce nitrate (NO3z") in surface and subsurface runoff from agricultural fields and land
drainage systems (Christianson et al., 2011). However, N can be transformed along the
transfer continuum. For example, on heavy textured (high clay content) soils NO3™ is
transformed to ammonium (NH4"). This process depends on physical and biogeochemical
characteristics of the soil (O’Sullivan et al., 2015; Coyle et al., 2016). Therefore, an
efficient removal of NH4" requires materials with high retention or ion exchange capacity
for NH4" (Demir et al., 2002).

To date, the efficiency of numerous media-based engineered structures in treating a single
contaminant, predominantly N and more recently P, has been widely reported (Addy et
al., 2016; Christianson and Schipper, 2016). Yet, many of the media examined may pose
potentially negative impacts on the environment through “pollution swapping” (the
unplanned creation of secondary contaminants during the treatment of targeted
contaminants e.g. the creation of nitrous oxide (N20) during the treatment of NOz"), which
has often been overlooked (Stevens and Quinton, 2009; Healy et al., 2012, 2014).
Considering the simultaneous loss of N (either as NO3™ and NH4") and dissolved reactive
phosphorus (DRP) and possible occurrence of pollution swapping during mitigation of
drainage water, there is a need to develop an interceptor containing media that mitigates
all contaminants arising from agricultural activities and contaminant remediation
measures (Fenton et al., 2014). However, a knowledge gap exists with respect to suitable
combinations of media to be used in engineered structures while considering the three

pillars of sustainability (environmental, social, economic).

Generally, the performance and practicality of mitigation technologies utilising single or
blended media in engineered structures depends on several factors including nutrient
adsorption capacity, removal of pollutants such as suspended solids/particles/pesticides,
hydraulic conductivity and porosity, availability, practicality, cost, and life-time
(Schipper et al., 2010b; Ahsan et al., 2011; Payne et al., 2014). Yet, until now, there is no
decision support tool (DST) that incorporates all these factors and provides the user with

a list of appropriate media considering specific criteria (logistics and economics). In



addition, in farms, various types and combinations of nutrients are lost, therefore such a
tool would need to consider different farm nutrient pollution scenarios, i.e. provide

options for the dual mitigation of N and P.

The next important step in developing design criteria of an efficient engineered structure
is related to the initial characterisation of the physical, chemical and biological properties
of selected medium/media, while taking cognizance of potential negative side effects such
as leaching of organic C and metals and emission of greenhouse gases (GHGs). This step
is often completed using large-scale column studies (of around 1 m in length) which are
costly to operate and labour intensive. In addition, generation of data may take up to
several months. Much smaller-scale column tests (of around 0.4 m in length or less) have
been used to generate models to predict the P removal performance of media (Callery et
al., 2017). These have overcome the time and financial burden of large-scale column
studies. However, to date, these studies have only examined the efficacy of a single
medium to remove a single contaminant of interest (mainly P). As drainage water (and
wastewater) may contain many contaminants, the use of one or more media, selected to
remove specific contaminants, needs to be examined in small-scale column studies, with
a view to generating data to model the performance of large-scale columns. If this
approach proves successful, it may negate the need for long-term and expensive large-

scale column studies.

On intensive input dairy farms, the ditch network has been identified by Fenton et al.
(2018) as an ideal location for engineered structures to mitigate drainage waters before
final discharge occurs to surface water bodies. There has been much research with regard
to the classification and attenuation capacity of such networks (e.g. Shore et al., 2016).
Such systems have ad-hoc abilities to store and release nutrients and, therefore, a thorough
examination and characterisation of bank and base horizons could identify an optimal
location for the installation of engineered structures along these systems. It is important
to note that an engineered structure is designed to treat only a small percentage of the
nutrients discharging in a ditch system, hence, a percentage of the water remains untreated
by the structure. As a result, the water purification function of the ditch system could be
utilised to further protect water quality by exposing different soil chemistries and horizons
to drainage waters, thereby capturing and storing these nutrients. Successful soil P

management, and placement of such engineered structures in a ditch network and



optimization of their nutrient removal efficiency, requires a precise and site-specific
characterisation (Kronvang et al., 2007) to understand the soil and water chemistry
interacting along the ditch. This may help in identifying the type and style of nutrient
removal structure to be used (Penn et al., 2017; Rosen and Christianson, 2017). It may
also help the decision makers to make more informed choices about how to manage a

polluted site and minimise DRP losses.

There are several components that should be improved upon to enable an in-ditch
engineered structure to become a reality on intensive dairy farms:
i) the process of medium/media selection
i) the development of a more efficient process to elucidate adsorption capacity
of selected media

iii)  quantification of ditch P storage capacity and mobility

1.2. Research objectives

The main objective of this research was to develop an efficient, sustainable and cost
effective mitigation technique to prevent pollution losses and remove mixed contaminants

in an agricultural drainage ditch by intercepting nutrients with locally sourced media.

The specific aims of the study to achieve this objective were:

1. the development of a DST to facilitate identification of a ranked list of locally
sourced materials, to be used in isolation or in combination, to maximise mixed-
contaminant mitigation whilst minimising pollution swapping (Chapter 4)

2. to assess the accuracy of rapid, small-scale column studies, conducted cheaply
and quickly in the laboratory, in estimating the removal of NH4* and DRP from
water replicating the characteristics of agricultural drainage ditch water and to
compare the modelled results to those of much larger-scale laboratory columns
(Chapter 5)

3. to study P retention and mobilisation dynamics in an open ditch network,
investigate P storage capacity, and identify the best location for placement of an
engineered-structure filled with adsorptive media (Chapter 6)



1.3. Thesis structure

Chapter 2 comprises a literature review focusing on intensive agriculture and the increase
in stocking rate and the usage of N and P fertilisers. This increase has consequences for
nutrient losses in drainage water that has significantly degraded water and soil quality.
Therefore, mitigation measures such as engineered solutions are required to remediate
these contaminants flowing through in-field ditches before they reach water bodies.
However, engineered structures only mitigate a percentage of the total flow and are
designed to treat a section of the nutrient load to avoid blockage of the ditch during high
flow conditions. Thus, the natural attenuation of the ditch is important and can boost this
remediation potential even during high flow events. Hence, it is important to investigate
the capacity of the ditch in providing natural attenuation before placement of an in-ditch

engineered structure in a ditch.

Chapter 3 describes and characterises the study site (an intensive dairy farm in Co.
Wexford, Ireland) used in part of this study. The elevated concentrations of NH4" and
DRP in the drainage network leaving the catchment influenced the selection of media to
be used in column experiments for the mitigation of the selected contaminants (Chapter

5) and DRP losses in an open-ditch network (Chapter 6).

Chapter 4 discusses various media-based nutrient mitigation options and examines the
selection of locally sourced media with maximum adsorption capacity for remediation of
mixed nutrient contaminants in agricultural drainage waters. A user-friendly Farm
Mitigation Decision Support Tool, FarMit, was developed that takes local conditions
into account and is applicable for any nutrient pollution scenario in any geographical

location.

Chapter 5 discusses characterisation and performance of selected media in Chapter 4 for
the removal of NH4* and DRP in column adsorption experiments. Small- and large-scale
column tests were conducted to evaluate the accuracy of small-scale columns in

predicting the concentrations of the final discharge from large-scale columns.

Chapter 6 discusses water and ditch soil/subsoil chemistry (connectivity of ditch to farm

yard) and investigates the P retention/mobilization capacity in an open ditch network, soil



P storage, and better site management decisions to minimize DRP losses on the farm.
Demarcating natural attenuation and pollution hotspots may enable identification of an
optimal location for the installation of an engineered structure and provide possible
changes in the management of discharges from the connecting farm yard.

Chapter 7 presents the overall conclusion of previous chapters and provides

recommendations for future research.

1.4. Contributing to existing knowledge
1.4.1. Peer-reviewed publications (published)
To date, two peer review papers have been published from this work, based on Chapter 4

and 6 respectively:

Ezzati, G., Healy, M.G., Christianson, L., Feyereisen, G.W., Thornton, S., Daly, K.,
Fenton, O., 2019. Developing and validating an adaptable decision support tool (FarMit)
for selection of locally sourced media for dual mitigation of nutrients in drainage water
from intensively farmed landscapes. Ecological Engineering: X, 2, 100010.
https://doi.org/10.1016/J.ECOENA.2019.100010

Ezzati, G., Fenton, O., Healy, M.G., Christianson, L., Feyereisen, G.W., Thornton, S.,
Chen, Q., Fan, B., Ding, J., Daly, K., 2020. Impact of P inputs on source-sink P dynamics
of sediment along an agricultural ditch network. Journal of Environmental Management,
257,109988. https://doi.org/10.1016/j.jenvman.2019.109988

Additionally, a paper has been published as part of an INSPIRATION-ITN project, which
examines an intensive dairy farm (the same farm as in the present study) and utilises a

12-year dataset, including a field campaign undertaken during the present study.

Clagnan, E., Thornton, S.F., Rolfe, S.A., Wells, N.S., Kndller, K., Murphy, J., Tuohy, P.,
Daly, K., Healy, M.G., Ezzati, G., von Chamier, J., Fenton, O., 2019. An integrated
assessment of nitrogen source, transformation and fate within an intensive dairy system
to inform management change. PLOS ONE, 14, 7, e0219479.
https://doi.org/10.1371/journal.pone.0219479


https://doi.org/10.1016/J.ECOENA.2019.100010
https://doi.org/10.1016/j.jenvman.2019.109988

In addition, a paper has been published in association with the China Agricultural
University, Beijing, China. A PhD student was placed on secondment in Teagasc and

helped with the ditch survey undertaken in Chapter 6.

Fan, B., Wang, J., Fenton, O., Daly, K., Ezzati, G., Chen, Q., 2018. Strategic differences
in phosphorus stabilization by alum and dolomite amendments in calcareous and red soils.
Environmental Science and Pollution Research, 26, 5, 4842-4854.
https://doi.org/10.1007/s11356-018-3968-9

The published journal papers are presented in Appendix A.

1.4.2. Poster presentations

Ezzati, G., Healy, M.G., Christianson, L., Feyereisen, G.W., Thornton, S., Daly, K.,
Fenton, O. Sustainable treatment technologies using mixed waste media to mitigate
agricultural contaminants in land drainage. INSPIRATION 4th Workshop: Agronomy
management from “field” to “fork”. Oct. 14-19. 2018. Wexford, Ireland.

Ezzati, G., Healy, M.G., Feyereisen, G.W., Christianson, L., Daly, K., Thornton, S.,
Fenton. O., 2017. Feasibility Matrix to Identify Locally Sourced Mixed Media to Mitigate
Agricultural Pollutants in Land Drainage. Soil and Water Management and Conservation

General Poster II. Oct. 22-25, 2017. Tampa, FL, US.

Dhaese, K., Koopmans, K., Ezzati, G., Christianson, L.E. Nitrate removal rate in an ‘in-
ditch’-woodchip bioreactor in Flanders (Belgium). Land Use and Water Quality
Conference, June. 3-6, 2019. Aarhus, Denmark.

1.4.3. Oral presentations
INSPIRATION-ITN Network Management Committee Meetings:
e Netherlands, March 2019
e Ireland, October 2018
¢ Belgium, March 2018 [EU commission Interim Project Evaluation]
e Greece, September 2017
e UK, March 2017
Erasmus Mundus for the Community- EM2 , Warsaw, Poland, April 2017



1.5. INSPIRATION-ITN Marie Curie Actions H2020
Network-wide training and skill development

1.5.1. Secondments to partner organisations
February-April 2019, University of Sheffield, Sheffield, UK
April-May 2018, PcFruit, Sint Truiden, Belgium

May-June 2017, Tellabs, Co. Carlow, Ireland

1.5.2. Workshops

WS1: Project and time management skills, strategies for effective knowledge transfer,
science dissemination and outreach, March 2017, Sheffield, UK

WS3: Innovative methods for solute flux measurement in the subsurface environment,
September 2017, Athens, Greece

WS4: Agronomy management from “field” to “fork™: Developing sustainable practices
& mitigation of environmental impacts, incl. field visit for technology demonstration,
October 2018, Wexford, Ireland

WS 5/7: Careers workshop/ Entrepreneurship (consultant-led) incl. commercialisation,
project finance, market research, media inputs, patents, IPR, spin-outs for technology
R&D, August 2019, Sheffield, UK

WS6: Integrating sustainability into agricultural practice: assessment methods,

technology appraisal, management concepts, March 2019, Wageningen, Netherlands

1.5.3. Seasonal Schools

SS1: Winter School on developing science into practice, including stakeholder
involvement, with input from non-academic partners and invited external organisations,
March 2017, Sheffield, UK

SS2: Novel monitoring techniques to assess contaminant sources, natural processes and
remediation performance with focus on nutrient and C cycles, September 2017, Athens,
Greece

SS3: Numerical modelling and interpretation of pollutant fluxes and cycles between

atmosphere, soil and groundwater at different scales, January 2019, Liege, Belgium.



1.6. Research dissemination as Marie Curie Early Stage Researcher

Face to face: Science Week for primary school students —Showcasing and introducing the
use of natural media for mitigation of drainage water (INSPIRATION project), 12-15. 11.
2018, Johnstown Castle Research Centre, Co. Wexford, Ireland.

Face to face: Johnstown Castle Farm Visit for Marie Curie INSPIRATION Consortium
(including early stage researchers/supervisors/beneficiaries), 15. 10. 2018, Johnstown

Castle Research Centre, Co. Wexford, Ireland.

Stand exhibition- Posters and Demonstration: European Researchers Night powered by
Marie Curie Actions at Cork Discovers: A world of research, 28. 09. 2018, University
College Cork, Co. Cork, Ireland.

INSPIRATION ITN seminar for BE-based ESRs, 7. 05. 2018, Flemish Institute for
Technological Research (VITO), Mol, Belgium.

Project Presentation, 14. 05. 2018, Department of Architecture Geology Environment and

Construction, University Liege.

Face to Face: Johnstown Castle and INSPIRATION’s field site visit for participants in
Ramiran International Conference 07. 04. 2017, Johnstown Castle Research Centre, Co.
Wexford, Ireland.

Online forum for Q&A in “I am a scientist, get me out of here!” with primary school

student across Ireland in FOOD ZONE, 06-11. 11. 2017, Online.

Print Media: Teagasc Women in STEM (science, technology, engineering, mathematics),
11. 2017, Teagasc Publication.

Face to Face: Science Week Interaction with school students- Showcasing project’s
experiments in growth chambers, 14-15. 11. 2017, Johnstown Castle Research Centre,
Co. Wexford, Ireland.

Video: WP4- Investigating loss of phosphorus from agricultural drainage water to open
ditch: Soil sampling-phosphorus loss into ditch, available from inspiration_itn in twitter

and online at http://inspirationitn.group.shef.ac.uk/


http://scanmail.trustwave.com/?c=6600&d=-_LR239qjg1T2l97BPgzsSV6dQOE8k1_5S97Co0M_g&s=61&u=http%3a%2f%2fec%2eeuropa%2eeu%2fresearch%2fmariecurieactions%2factions%2feuropean-researchers-night%5fen
http://inspirationitn.group.shef.ac.uk/

Chapter 2

Literature Review

2.1. Overview

Intensive dairy systems are inherently leaky systems with low nutrient use efficiencies.
Such low efficiencies lead to high nutrient surpluses which can be stored in soil
profiles, and when conditions are favourable, can be lost to connected water bodies for
decades (Fenton et al., 2011a). Nutrient losses can occur along surface and subsurface
pathways and on marginal heavy textured land. The installation of tile drainage further
complicates the proportionality of such pathway losses. Land drainage can also be
installed on well to moderately drained land to control the water table depth. The ditch
networks serve these tile drainage systems and act as a conduit between the farm and

surface water bodies.

The European Union Water Framework Directive (EU WFD) (OJEC, 2000) aims to
achieve “at least” good status in all water bodies by designated reporting periods. States
must develop and implement “programmes of measures” (POM) to aid with
minimizing nutrient losses to water bodies. In Ireland, the Nitrates Directive National
Action Plan (NAP) (DAFM, 2006) is imposed on a national territory basis and is
Ireland’s POM. Such measures are considered “baseline”, whereas the vast majority of

stored subsurface nutrients cannot be mitigated using current POM.

The concept of “hydrological and biogeochemical time lags” shows that both legacy N
(Fenton et al., 2011a; Van Meter et al., 2016) and P (Schulte et al., 2011; Wall et al.,
2013), released from subsurface horizons, will affect water quality for decades to come.
Therefore, there is a need for “above baseline” engineered options at delivery points in
the landscape to intercept these nutrients before they enter a water body. There is a vast
array of such options in the literature, such as the COST Action 869 database (Cost,
2011) or Rural Sustainable Drainage Systems (Quinn et al., 2014), where mitigation
measures are installed at breakthrough or delivery points (Thomas et al., 2016) in the
landscape to treat water before it reaches surface water bodies. Probably the best

examples of in situ engineered structures on farms are in New Zealand (Schipper et al.,
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2010a) and the USA (Hassanpour et al., 2017), where tile drainage systems on arable
farms in states such as North/South Dakota have denitrifying bioreactors (woodchip
biological reactors that treat NO3") at the final outlet to ensure drainage waters have
minimal loads of N;. Other systems concentrate on P mitigation and have been used to

intercept surface runoff on golf courses and urban areas (Penn et al., 2017).

Recently, there is a move towards acknowledging that both N and P are lost from
drainage systems and that engineered structures need to be designed for both.
Therefore, these is a need to re-visit several aspects of the design process such as how
media are selected, how design criterion are elucidated, and how the natural system in
which these structures are placed could be better utilized to take advantage of their

inherent water purification functions.

This chapter discusses intensive input agriculture, nutrient losses from farming
systems, EU legislation, drainage systems and specifically ditch systems and associated
mitigation options, including sustainable engineered solutions, appropriate media-
based mitigation options, limitations and media characterization, and identification of

optimal locations in a farm system to implement these measures.

2.2. Agricultural intensification

According to the Food and Agriculture Organisation of the United Nations (FAO UN)
(FAO, 2017a; UN, 2019), the current level of food production needs to increase by 60
% in order to satisfy the increase in protein-rich animal food for a world population of
more than 9 billion in 2050 and 11 billion by the end of this century (Figure 2.1) (Pison,
2019). World population growth poses a challenge to produce enough food, but this
needs to be done sustainably to ensure the prudent use of water, atmosphere, soil,
nutrients and biodiversity (EU, 2014a,b), and compliance with environmental

legislation. This may constrain agricultural expansion.
The global use of pesticides and mineral/organic fertiliser, mainly as N and P (Gruber

and Galloway, 2008; FAO, 2017a), as a response to population growth and higher food
demand, has increased considerably (and it is projected to continue to increase to
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service a world population of 9 billion in 2050 (Alexandratos and Bruinsma, 2012)

(Figure 2.2).
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Figure 2.1. World population growth by 2100 based on UN-medium
scenario projection in 2019. Adapted from Pison (2019).
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In2017,1.3 Mtand 11.6 Mt of P and N fertilisers were used across EU states (Eurostat,
2019a) and the average livestock density reached 0.8 livestock units per hectare of
agricultural farms, with Ireland reported to be one of the countries with high values for
total livestock density among Member States (Eurostat, 2019b) (Figure 2.3).
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Figure 2.3. Livestock density in EU-28 as in 2016. Adapted from Eurostat
(2019Db).

Increased fertiliser use has not only resulted in greater agricultural production, but has
also contributed to the vulnerability of natural resources including ecosystem services
and aquatic biodiversity (Schindler, 2006; Withers and Haygarth, 2007; Kay et al.,
2009). An increase in stocking rate density has led to higher N losses to water bodies
due to higher production of urine and slurry (Selbie et al., 2015) and dairy soiled water

(DSW; a mixture of relatively dilute slurry and effluent arising from the washing-down
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of the farmyard (Minogue et al., 2015)). Agricultural intensification (intensive input)
has also lead to more waste generation (Jhansi et al., 2013), excessive loading of
nutrients and sediment to receiving waters, and altered channel morphology, hydrology
and water temperature (Mainstone and Parr, 2002; Elser et al., 2007; Lewis and
Wurtsbaugh, 2008).

Agricultural intensification has also contributed substantially to GHG emissions from
soils (FAO, 2003). The livestock and crop production sectors produce approximately
21 % of total GHGs in the world (FAO, 2016) (Figure 2.4), which has almost doubled
during the past 50 years (Tubiello et al., 2014). Overgrazing, unsustainable land use
and improper soil management have also increased erosion, and have resulted in land
degradation and breaches of the soil’s capacity to store nutrients (FAO, 2011).
According to the FAO and Intergovernmental Technical Panel on Soils (ITPS) (2015),
33 % of the Earth’s soil is already degraded, and it is projected that over 90 % could
become degraded by 2050 which may lead to a 50 % loss in crop yields.

In response to increases in food demand, countries such as Ireland have set ambitious
growth strategies for the agri-food sector. These include Food Harvest 2020 (DAFM,
2010), which aims to increase primary output in agriculture, fisheries and forestry by
33 % compared to 2007-2009, and Food Wise 2025 (FW2025; DAFM, 2015), which
aims to increase exports from the agri-food sector by 85 % and increase primary
production by 60 % by 2025. Intensive farms in Ireland, which are mostly located in
south-west and south-east of the country, are therefore subject to apply for a
“derogation” (exemption/relaxation from agricultural restrictions) of 210 kg N ha*!
(DAFM, 2017), which if successful, will allow them to carry a higher stocking rate.
This will inevitably put pressure on already vulnerable natural resources such as water
and air quality. Due to the abolition of the milk quota, coupled with ambitious
expansion targets, the N surplus on intensive dairy farms is likely to increase, as will
the storage of subsurface nutrients. Therefore, water quality is likely to suffer. In
addition, as marginal land makes up a large percentage of dairy farms (30 % of milk
comes from heavy textured soils), artificial drainage will enable grazing and trafficking
of land to occur for longer periods of the year. This will have implications for the

release of nutrients through drainage and ditch systems. It is projected that the Irish
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Gigatonnes of carbon dioxide equivalent

dairy cow herd will increase by 16 % between 2014 and 2020 and N fertiliser use is

projected to increase by 21 % during the same period of time (EPA, 2016a).
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Figure 2.4. Annual greenhouse gas emissions from agriculture and forestry in the world.

Source: FAO (2016).

Agriculture in Ireland is the largest contributor to GHG emissions and accounts for
over 30 % of the total emissions in the country (EPA, 2019). Nationally, 81 % of
agricultural lands are devoted to grass (silage, hay and pasture), 9 % to grazing and 9
% to crop production (Teagasc, 2016), and about 11.2 % of farms are considered to be
dairy farms (IFA, 2017). According to the EPA (2019), 43 % of the national N surplus
and 31 % of the national P surplus are derived from the dairy sector (Figure 2.5). By
2015, the amount of P and N fertiliser use reached about 30000 kg and 325000 kg
respectively (Wall and Dillon, 2017). FW2025 has recognized that intensive agriculture
and the expansion of the dairy industry need to be both agronomically and
environmentally sustainable and therefore has proposed over 400 sustainable growth
recommendations to be implemented by different stakeholders (DAFM, 2015). For
example, a prohibited period of chemical fertiliser application has been identified for
different regions in Ireland in order to increase fertiliser use efficiency and minimize

risk of nutrient losses.
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Figure 2.5. Share of estimated total national N and P surplus attributed to each
farm type (representing 61 % of farms and 76 % of utilized agricultural areas from
2008-2015 showing dairy sector as the largest contributor). Adapted from EPA
(2019).

Maintaining long-term soil productivity and nutrient balances depends on farm
management (Teagasc, 2016). For example, artificial land drainage of pasture land is
typically installed in heavy textured soils (soils high in clay, with poor water
penetration) to increase grass utilisation and reduce costs. In Ireland, over 33 % of milk
production originates on heavy soils (Humphreys et al., 2011), therefore maintaining
productivity and intensification necessities installation of such artificial drainage
networks on poorly drained gley soils. These drainage networks regulate water table
and transmit water from agricultural lands to ditches or collector drains (Herzon and
Helenius 2008; Veraart et al., 2017), so they frequently receive large quantities of
nutrient-rich runoff (agrochemicals, organic matter (OM), drug residues, sediments)

(FAO, 2017b) or shallow groundwater from adjacent fields.

Nutrients originating from DSW might also reach a water body through different
pathways, such as leakage in storage facilities or runoff to nearby water bodies (Ruane
et al., 2011). Here, catchment monitoring studies have shown total P losses of < 1 kg
hat yrt in the wettest years on all farms, including farms with predominantly poorly
drained soils and associated high run-off potential (Melland et al., 2012; Murphy et al.,
2015; Shore et al., 2016; EPA, 2019). Nitrogen losses are believed to be highly variable
spatiotemporally, as other unaccounted input/output factors such as biological N
fixation, immobilisation and mineralization make it difficult to establish a concrete
relationship between N balances and N leaching (Humphreys et al., 2008; Burchill et
al., 2016, EPA, 2019).

16



In addition, the already stored N and P accumulated over decades due to fertiliser
application and low N use efficiency (NUE), creates subsurface stores of nutrients not
available to the crop, but available to be mobilised and delivered to water bodies. This
continued release has created a time lag between implementation of mitigation
measures and improvement in water quality (Wall et al., 2013) (Figure 2.6).
Quantification of such time lags, which is based on soil nutrient accumulation
(biogeochemical legacy) and groundwater distribution (hydrologic legacy) (Van Meter
and Basu, 2015), is challenging due to the long and complex N leaching pathways via
soils, ground waters and rivers (Fenton et al., 2011a). In addition, different processes
control the retention and remobilisation of P, which are also linked to water-sediment
interactions (Sharpley et al., 2013). The time lags vary between regions for all kinds of
reasons such as climatic factors, soil/subsoil chemistry, hydrogeology and farm
management (Stark and Richards, 2008). Time lags may also mask the effectiveness of
measures during the early stages of implementation. Managing the expectations of
policy and regulators means that time lag needs to be presented as a viable reason why
water quality targets are not being met, while at the same time investigation continues

to diminish point and diffuse losses through implementation of POM.

A recent study by Melland et al. (2018) showed that in meso-scale catchments (1-100
km?) around the world (n=25), scientists should account for long time lags, from 4 to
20 years, to measure tangible water quality changes when designing measurement
programmes. The review indicated the need to consider the limitations of combining
response data from multiple catchment scales and over multiple soil, subsurface and
geological conditions, when gauging the effectiveness of practice change policies on
water quality (Melland et al., 2018). Other factors that need to be taken into
consideration are potential pollution swapping, identification of the degree to which
water quality targets are likely to be attained, and estimation of the temporal and spatial
scale of effectiveness of practice change (Roberts and Craig, 2014). The latter may
incorporate the variation between different indicators of improved water quality
according to the appropriate monitoring period and location, and calculation of the ratio
of costs to benefits arising from practice changes (Stoeckl et al., 2014).
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Figure 2.6. Schematic diagram showing major elements of time lag in response of
water quality to mitigation measures: Programme management, system, effects
measurement. Adapted from Meals and Dressing (2010).

2.3. Phosphorus in soil

Phosphorus is a key limiting nutrient for plants (Kroger et al., 2013) and a key
component in fundamental biochemical reactions including genetic material (DNA,
RNA), energy transfer (adenosine triphosphate) and structural support of organisms
(phospholipids and hydroxypatite) (Ruttenberg, 2001). Conversion of unavailable P
locked in bedrock, soils and sediments to dissolved P as orthophosphate (the directly
available form of P) occurs through geochemical and biochemical reactions. During
photosynthesis, mineral orthophosphte, carbon and other essential nutrients are
utilized, while biological productivity is controlled by the availability of P. The global
biogeochemical P cycle is built upon four major components: exposure of P-bearing
rocks to weathering and uplift, physical erosion/chemical weathering resulting in the
production of soil which transports dissolved and particulate P to rivers, transport of P
to large water bodies, and sedimentation of P with organic and mineral matter and
deposition in sediments (Ruttenberg, 2003). These components create two fluxes that
circulate P through living organisms: a land-based flux (which transfers P from soil to
plants, animals, and back to soil) and a water-based flux (which circulates P among
aquatic animals) (Liu and Chen, 2014).
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The total global amount of P in the world’s soil is estimated to be 90 to 200 x 10° Mt,
although only a small fraction is available to biota (Liu and Chen, 2008). The
equilibrium of orthophosphate between the soil surface and soil solution is controlled
by sorption and desorption. The metal oxides of iron (Fe) and aluminium (Al), clay
minerals, and organic ligands enhance the adsorption of orthophosphate in soil (Sims
and Pierzynski, 2005) and the desorption reactions include precipitation of
orthophosphate ions with cations, depending on soil pH, calcium (Ca) (in alkaline
soils), and Fe and Al (in acidic soils).

Figure 2.7 presents the dynamic interrelationships between different forms of P
occurring in soil-plant-animal systems (Boitt, 2017). The P cycle undergoes many
abiotic and biotic reactions in the soil to maintain equilibrium conditions (Frossard et
al., 2011). The biotic processes include uptake and assimilation of dissolved P into
particulate organic P by plants, macrophytes, plankton, periphyton and microbes; and
the abiotic processes include adsorption of dissolved P by sediments, immobilisation
of dissolved P by mineral precipitation and erosion, biochemical remobilisation of
particulate P in sediment, and exchange of dissolved P between soil and the overlying
water column (Boitt, 2017; Frossard et al., 2011).

Phosphorus does not undergo oxidation-reduction reactions. Therefore, the P cycle
lacks the complexity of the N cycle (Mullen, 2005). However, the P cycle has been
affected by human activities, causing serious ecological problems (Liu and Chen,
2014). The mining and application of P after the middle of the 20" entry have doubled
the amount of mobilised P produced by preindustrial weathering processes (Carpenter
and Bennett, 2011; Ludwig and Steffen, 2018). Hence, if the P being exported is not
replaced by additional inputs of P, crop productivity will be severely limited (Hedley
and McLaughlin, 2005). This bioavailable P needs to be supplied by soluble P-
containing mineral/organic fertilisers (slurry, manures) (Pierzynski et al., 2005). At the
same time, agricultural P fertilisers are major source of P input to surface freshwaters

due to soil erosion (Carpenter and Bennett, 2011).
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Figure 2.7. Phosphorus cycle in soil-plant-animal system. Source: Boitt (2017).

In Ireland, a national P soil index system (1-4) is used to determine the levels of
nutrients in the soil and recommend P fertiliser applications. The national P index
classifies soils into deficient (1), low (2), optimum (3) and excessive (4) in available P.
However, this may not provide a holistic guide as most of Irish soils are P-deficient
and below the optimum value for productive agriculture (Teagasc, 2019), which is due
to the differences in P buffering capacities (the ability to supply soluble P as a function
of capacity) in grassland soils (Wall et al., 2011). The P sorption and P buffering
capacity control the supply and availability of P in the soil solution and hence influence
fertiliser uptake and critical soil P values (Daly et al., 2015), and are highly correlated
with soil/subsoil properties and chemistry (Dougherty et al., 2011). Therefore, an
efficient use of P fertiliser and nutrient management requires a more soil-specific
approach to increase P-supplying capacity and reach optimal range under reduced P

input legislation.
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2.4. Nitrogen in soil

The N cycle provides N as an essential source of energy for living organisms to produce
amino acids and proteins (Pidwirnym, 2006). The dominant source of N, mainly
present as di-nitrogen gas (N.), is the atmosphere, followed by dissolved N2 in oceans,
and organic/inorganic matter in terrestrial and marine ecosystems (Mills, 2012).
Nitrogen is taken up as either NOs™ ions or NH4™ ions by plants, depending on density
of ions at the root wall cells and soil type and abundance of oxygen.

Nitrogen loading originates from a mixture of animal waste and fertiliser inputs,
comprising both inorganic (urea, calcium ammonium nitrate (CAN)) and/or organic
(DSW, manure, slurry and urine) components. As the subsurface is heterogeneous,
surplus N can be transformed at different rates through biological processes within the
N cycle, especially nitrification and denitrification, in which NH4" is oxidised to NOs’
and then reduced to N> (Rivett et al., 2008) (Figure 2.8). This and other pathways (e.g.
nitrification, DNRA (dissimilatory nitrate reduction to ammonium) and anammox) are
composed of sequential reactions (Clagnan et al., 2019), with the production and
possible release of intermediate and undesirable N compounds, such as NOs-N, nitrite
(NO2-N) and N0, to the environment.
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oxidation oxidation
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Figure 2.8. Nitrogen cycle. Adapted from Daims et al. (2016)
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Current policy instruments, such as the EU WFD regulate N use for water quality
protection and treat the farm as a homogeneous block; however, the ability of the
soil/subsoil and underlying geology to attenuate a N surplus is highly variable and
linked to the subsurface heterogeneity (Jahangir et al., 2013; MacAleer et al., 2017).

2.5. Nutrient losses from farm systems

The losses of N and P, and release of sediment-associated contaminants in drainage
water (Walling et al., 2003) are site-specific and depend on many factors such as
geology, climate condition (Mellander et al., 2018), annual rainfall (Vero et al., 2016),
farm management (Cichota and Snow, 2009), drainage status of the soil, soil and
subsoil type, and the permeability of the soil (Schulte et al., 2005). The nutrient losses
(N and P) impair the quality of water and stream habitat by moving through soil, subsoil
and aquifers to the subsurface or groundwater in many different time scales from
months (provided that the soil is well drained and highly permeable) to years (for
moderately drained and low permeable soils) (Fenton et al., 2011b).

2.5.1. Phosphorus losses

The application of organic and inorganic fertilisers (Preedy et al., 2001; Haygarth et
al., 2005) results in critical and incidental P losses to both surface and subsurface water
bodies (Heathwaite and Dils, 2000; Leinweber et al., 2002) (Figure 2.8). This
contributes to a large proportion of water quality problems such as eutrophication
(Schindler, 2006; Brennan et al., 2017) at both local and regional scales (Torrent et al.,
2007; Dale et al., 2010; Kroger et al., 2013), and has degraded “high status” water
bodies in Europe (Gonzales et al., 2018).

The transfer of P bound to soil to water bodies happens via two main pathways, surface
runoff and subsurface flow (leaching). Phosphorus is transferred as dissolved P (DP)
and particulate P (PP) (Figure 2.9). Haygarth et al. (2005) developed the “pollutant
transfer continuum” concept which describes the transfer of P from source to water
(Thomas et al., 2016). This four-tiered P-transfer continuum model (comprising source,
mobilisation, delivery, and impact components) explains the interdisciplinary and
inter-scale nature of P losses and shows that increasing the connectivity between in-

field water and nearby water bodies would increase the risk of P being transferred (Daly
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et al., 2015, Moloney, 2020) and, therefore, increase the risk of deteriorating the water

quality.
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Figure 2.9. Main P load pathway transfer from diffuse sources to surface water.
Source: Grift (2017).

Mineral fertiliser and manure add a greater amount of P to water compared to
agricultural soils (DAFM, 2017). Other factors such as soil erosion, physical transfer
of P with soil particles, soil P concentrations and manure input, also constitute
pathways of P transfer from soil to water (Haygarth et al., 2005; Haygarth and Sharpley,
2000). According to Thomas et al. (2016), soil properties such as Al, Fe, calcium
carbonate, clay, pH and OM define the capacity of soils to bind and immobilise P.
Therefore, the transfer of total P to surface runoff is more likely from some soils than
others (Daly et al., 2001, 2015).

Generally, soil type (Campbell and Foy, 2008) and its drainage status (Sims et al.,
1998), and the type of water resources (surface or groundwater) play an important role
in mobilising or retaining P. Kurz et al. (2005) showed that poorly drained sites with
elevated soil P levels (average of 17 mg P L™ measured as Morgan’s P) have more
potential for losing DRP to water bodies. Generally, nutrient losses in wet soils that are

characterized by a heavy texture are associated with overland flow, while on free-
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draining light-textured soils, nutrients are lost through leaching (Kiely et al., 2007).
Hence, P retention and potential of P loss to water is site-specific and depends on soil
hydrology, water flow velocity, and biological/chemical characteristics of running
water and underlying sediments (Withers and Jarvie, 2008).

Managing P resources on farms is a serious challenge for farmers, as they not only need
to consider increasing food demand and rising P fertiliser costs, but also soil fertility
(Daly et al., 2015). Therefore, prioritising a precise site characterisation and a soil-
specific approach is required for efficient soil P management, successful reduction of
P losses and sustainable intensification (both economically and environmentally)
(Kronvang et al., 2007). As significant amounts of sediment and nutrients are
transported in surface runoff pathways (McDowell and Monaghan, 2015), it was
previously believed that reducing sediment transport was enough to control non-point
P losses (Penn et al., 2017). Hence, soil infiltration and sedimentation were encouraged
to reduce nutrient loss (McDowell and Laurenson, 2014). However, as P losses,
originating from farmyards and silage/manure storage areas, includes PP and dissolved
inorganic and organic P, its remediation is more complicated than originally thought
(Macdowel and Laurenson, 2014; Kroger et al., 2013).

In addition, terrestrial legacy P (Sharpley et al., 2013) that has accumulated in
sediments and river/lake systems will continue releasing DRP to water bodies via
surface and subsurface pathways, and the timescale of retention and remobilisation of
P are linked to water and sediment residence time (Sharpley et al., 2011), with the
magnitude of time lag ranging from months, to years, to decades depending on the site
hydrology and drainage status (Meals and Dressing, 2010), even if no inputs (fertiliser)
are spread on farms during this period. This means that water quality improvement
through diffuse P source mitigation must factor in time for P sources to transfer to and
within river networks (Wall et al., 2013). Hence, a site-specific designing of monitoring
program and mitigation measure is required to appropriately address the lag between

implementing the measures and an improvement in water quality.
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2.5.2. Nitrogen losses

Reactive N surplus in agricultural catchments accumulate in the rooting zone of soils
due to low N-use efficiency (NUE) (Bouwman et al., 2017). Nitrogen leaching
originates from inorganic or organic fertiliser applications to soil, as both the soil
particles and NOs are negatively charged and, therefore, NO3z™can move easily through
water (Kung et al., 2000; Fenton et al., 2008). Several factors increase the rate of N
leaching. These include a well-drained soil, heavy rainfall, high inputs of N, especially
outside the growing season, and the concentration of NOs in the soil (Huebsch et al.,
2013).

Depending on the soil, subsoil and bedrock conditions, N leaches along surface or
pathways as either NO3™ (well-drained soil) or NH4* (heavy textured soils) (Clagnan et
al., 2018a). The N biotransformation includes nitrification (chemical oxidation caused
by autotrophic bacteria), denitrification (conversion of NO3 to N2 gas called full
denitrification or to N>O gas called partial denitrification), anaerobic ammonium
oxidation (annamox) and DNRA (Deni and Pennincks, 1999).

Nitrogen transformational processes within water and soil/subsoil continua and soil
drainage classes (Alterra, 2011) define the type of excess N leaching along surface or
pathways to be as either NH4" and/or NOs™ (Figure 2.10). The fate of N losses depends
on the soil function, which is governed by the soil type and agricultural land uses
(O’Sullivan et al., 2015). This means that adequate denitrification in poorly drained or
lower permeability soils would ensure that the N surplus leaving the rooting zone does
not lead to elevated groundwater N concentrations. Therefore, the soil would have a
high naturally N purification capacity (Schulte et al., 2014), whereas well-drained soils
would create unsuitable conditions for denitrification (higher aerobicity, lower water
saturation and higher residence time) which leads to greater NOs™ losses (Clagnan et
al., 2018a).

25



N 03' Monitoring System of subsoil
multilevel monitoring RF 1100 mm
wells piezometers

y 1 Evapotranspiration
50% of RF T

l ~0 (m bgl)

Drained
50% of RF

Rainfall (RF)
1100 mm
Evapotranspiration
50% of RF

Runoff 2
' 3;:6001‘ RF ‘l/

NO;" attenuation
by denitrification

Drained

sy!
Subsoil |_Poorly/Moderately drained soil L5

Well drained soil
10

Limiting
concentrations of -
NO;

Interface

Bedrock DNRA +

Figure 2.10. Conceptual diagram of N loss pathway on the Johnstown Castle Dairy

Farm with elevated NH4" concentration in drainage water: (1) migration pathway in

poorly-imperfectly drained soils with high NO3-N attenuation (2) migration pathway
under moderately-well drained conditions with no NOs-N attenuation is lower, leading

to its transformation in NHs-N. Source: Clagnan et al. (2019).

2.6. Regulations of N and P losses

The EU WFD (OJEC, 2000) aims to achieve at least “good status” of ground and
surface waters through implementation of mitigation measures to reduce nutrient loads
entering receiving waters. These mitigation measures are enacted by the Nitrates
Directive (OJEC, 1991), while the EU WFD guidelines monitor their effectiveness. In
recent years, focus has been placed on the potential impact of agricultural
intensification on the degradation of natural resources and water quality (McDowell et
al., 2008; Preston et al., 2011; Sutton et al., 2011). A high proportion of EU countries
have less than good ecological status of water bodies due to multiple anthropogenic
pressures (Figure 2.11) (EEA, 2018).

The negative impact of intensification on ecological status has been observed by the

26



Proportion of classified river
and lake water bodies in
different River Basin Districts
(RBD) holding less than good
ecological status or potential

[ <10%
[ 10-30%
30-50%
I s50-70%
I 70-90%
Bl - o0%

:’ EEA member countries
not reporting under
Water Framework
Directive

No data

]
1

Outside coverage

Figure 2.11. Proportion of classified river and lake water bodies holding less than good
ecological status. Adapted from EEA (2018).

positive correlation between increase in N/P concentrations in freshwater ecosystems
and an increase in poor and bad ecological status; therefore, agriculture in drained
catchments (imbalance between agricultural nutrient inputs and outputs) has been
identified as one of the most important predictors of good ecological status in rivers
(EEA, 2018; Grizzetti et al., 2017).

In contrast to the general downward trend of nutrient concentrations in Europe’s river
from 2000-2015 (Figure 2.12), groundwater NO3™ has no overall decline (EEA, 2018)
(Figure 2.13) and even exceeded limits set by the Drinking Water Directive in many
water supplies (EEA, 2016). According to the EEA (2018), between 2013 and 2015,
12 out of 22 countries had average groundwater NO3s™ concentrations above the EU
quality standard of 50 mg NOs L™ (or 11.3 mg NOs-N L?) as described in the EU
Groundwater Directive (OJEC, 2006). These figures show that further reduction in
level of nutrients are necessary to achieve “good” status of water bodies across the EU
and, therefore, full implementation of EU WFD (EEA, 2018).

During 2014-2016 in Ireland, 38% of monitored river sites had average NOs3
concentrations > 8 mg L* and over 26% had average phosphate concentrations > 0.035
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Figure 2.12. Average annual mean concentrations of nitrate (top), phosphate
(middle) and ammonium (bottom) in rivers across Europe. Adopted from EEA
(2018, 2019).
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Figure 2.13. Average annual mean NOz™ concentrations in groundwater
across Europe. Adapted from EEA (2018).

mg L which were mostly located in the south and south-east of the country (EPA,
2017). According to EPA (2016), the annual rate of change since 2007 of nitrate
concentrations in 50% of river sites improved slightly or remained stable whereas
phosphate concentrations in 74.4% of rivers remained constant and decreased in 22.1%
of rivers. Here, the first NAP came into operation in 2006 (DEHLG and DAF, 2004)
and was designed to improve water quality and prevent pollution of surface waters and
groundwater from agricultural sources by measures such as limiting the number of
animals and the amount of manure applied per hectare. The NAP sets the maximum
allowable concentration (MAC) as 11.3 mg NOs-N L and 0.23 mg NH4-N L for
drinking water (EU, 2014c). For estuarine water bodies, Irish legislation stipulates a
mean annual dissolved inorganic N (DIN) concentration of <2.6 mg L™ combined with
mean annual acceptable molybdate reactive phosphorus (MRP) concentration of 15 mg
L (EPA, 2014). In lotic systems, a mandatory annual mean total P concentration of 25
mg L and ortho-phosphate concentration of <0.035 mg L* are set (Statutory
Instruments 2009; Mellander et al., 2014; EPA, 2013).

The NAP is reviewed every four years and considers managing nutrient source
pressures of significant importance (Wall et al., 2011) and is utilised for mitigation of
diffuse agricultural pollution (Zhang et al., 2012). Hence, the fourth iteration of
Ireland’s NAP (NAP4), which will run until the end of 2021, has defined a fertiliser
input program in order to target the application based on soil N and P requirements

(Table 2.1). This would ensure efficient use of N and P at the correct time during the
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growing season and would avoid cattle fertiliser applications on fields with high
available N or high soil P status, or on “critical source areas” (areas with large amount

of P, and a high risk of P mobilisation and transport) (Thomas et al., 2016).

Table 2.1. Annual maximum fertilisation rates of N on grassland in Ireland.

Grassland stocking rate Available nitrogen
(kg halyr?) (kg ha'l)
170 206
Grassland stocking rate greater than 170 (kg ha™* yr?)
171-210 282
211-250 250
>250 250"

*The application of N from livestock manure (including that deposited by the animals
themselves) shall not exceed 250 kg N ha* yr? (for holding granted with derogation).

Table 2.2. Annual maximum fertilisation rates of P on grassland in Ireland.

Grassland stocking rate Phosphorus Index
(kg hatyr?)
1 | 2 [ 3 | 4
Available Phosphorus (kg ha™)
<85 27 17 7 0
86-130 30 20 10 0
131-170 33 23 13 0
Grassland stocking rate greater than 170 (kg ha* yr?)

171-210 36 26 16 0
211-250 39 29 19 0
>250 39 29 19 0

2.7. Mitigation measures to reduce nutrient losses in drainage ditches

Numerous pilot and farm-scale studies have investigated the efficiency of various
agricultural mitigation measures to target nutrient losses, contamination in different
water bodies and GHG emissions for a range of agricultural activities (Campbell et al.,
2004; McKergow et al., 2008; Kay et al., 2009; Merriman et al., 2009; Monaghan,
2009; Sharpley et al., 2010; Newell Price et al., 2011; Wall et al., 2011). Source
mitigation at farm level to reduce the risk of nutrient transfer are not only cost saving
(Zhang et al., 2012; Buckley and Carney, 2013), but are more beneficial than other
measures such as mobilisation or delivery control measures (Collins et al., 2014).

Long-term monitoring studies in the U.S. have shown that the high nutrient export from
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predominantly agricultural crop production (<70 %) watersheds to surface or
groundwater can successfully be prevented or reduced by implementation of best
management practices e.qg. filter strips or water control basins (Makarewicz et al., 2009)
and engineering-based solutions such as denitrifying bioreactors (Christianson et al.,
2012). Nutrient mitigation measures include natural or engineered options. After
careful characterization of farm nutrient losses, the most appropriate solution can be
developed, which may incorporate the natural attenuation function with engineered

solutions to maximize the efficiency of the mitigation measure.

2.7.1. Natural Attenuation

All soils can perform multiple functions of primary productivity (food, fuel and fibre),
carbon sequestration, housing biodiversity, recycling nutrients, as well as water
purification (Coyle et al., 2016). The supply of each function highly depends on land
use management and local soil properties including soil drainage (Schutle et al., 2015).
The concept of ‘Functional Land Management’ (Schutle et al., 2014) was developed to
optimize the supply of soil functions including its water purification function. In
Ireland, a high proportion of land (99 %) provides high water attenuation capacity
(supply of denitrification as a partial proxy for water purification) that helps the
groundwater nitrate concentrations remain below thresholds (Byrne and Fanning,

2015), even in intensively grazed agricultural landscapes.

Many studies have reported significant nutrient losses from tile drain outlets, while
enhancing drainage capacity of poorly-drained soils could positively or negatively
impact nutrient losses (Kalita et al., 2007; Algoazany et al. 2007; Gentry et al., 2007;
Vidon and Cuadra, 2010). Drainage reduces N and P loads through flow reductions
(Skaggs et al., 2012) and increases denitrification, which contribute to further N
reductions (Skaggs et al., 2010). However, controlling the discharges into ditches and
maintaining the network is important to prevent possible increase in the amount of
sediment losses from agricultural fields to water bodies (Randall and Goss, 2001)
(Figure 2.14).

Meanwhile, the natural attenuation of the soil, defined as the use of processes occurring

in the natural soil environment to contain the spread of contamination (Mulligan and
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Figure 2.14. Left: Sediment accumulation in pipe discharging directly into ditches,
Johnstown Castle, Co. Wexford, Ireland, 2018. Right: In-field ditches with elevated
concentrations of DRP and NOzs™ in Sint-Truiden, Belgium, 2018.

Yong, 2004), may reduce contaminant concentration and transform contaminants to
less harmful forms (Bjerg et al., 2003). This has encouraged farmers to rely on the
natural attenuation of the soil to remediate excessive nutrient loads (Figure 2.15). The
usefulness of this technique has been used in ‘monitored natural attenuation’ systems
(Speight, 2017) (Figure 2.16), which are engineered natural attenuation systems, whose
effectiveness in achieving site-specific remediation within a specific time-frame is

compared to other techniques.

Figure 2.15. A partially open extensive ditch on the farm, receiving nutrients from
pipes, relying on natural attenuation of the soil to remediate excess nutrient loads.
Johnstown Castle, Co. Wexford, Ireland, 2017.
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The natural attenuation capacity of soils is due to the bedrock chemistry through which
water migrates. Various studies have highlighted this natural attenuation capacity of N
(EPA US, 2007; Jahangir et al., 2016) and P (Mellander et al., 2015; Shore et al., 2016)
on agricultural farms and showed that many aspects of soil/subsoil and aquifer
biogeochemistry prevent N and P losses, even in drained landscapes. Studies have even
reported remediation of heavy metal contamination through natural attenuation

occurring around mining areas (Krishna et al., 2010).

Compliance
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mass loading) (mass attenuation ¢

-source flux Inside plume:

-infiltration - biodegradation

-desorption - abiotic degradation
- adsorption

At plume boundary:

- advection
- dispersion
- volatilization
- plant uptake

Figure 2.16. Concept of monitored natural attenuation. Source: Brusseau et al.
(2019).

The processes responsible for natural attenuation include volatilisation, leaching,
dilution, dispersion, photo-oxidation, biodegradation by on-site bacteria and fungi, and
phytoremediation, and adsorption of contaminates to clay minerals and OM in the soil
(Scow and Hicks, 2005; Nelson et al., 2014). Complete remediation may take from 1
to 50 years, depending on several factors including history of contamination (soil
legacy), microbial community, concentration/chemistry of contaminants, soil
chemistry, and temperature (Alvarez and Illman, 2005; Ouvard et al., 2013).
Additionally, natural attenuation often follows first-order kinetics, meaning that the
rate of attenuation will decrease over time as contaminants become sequestered in the
soil (Nelson et al., 2014). Shore et al. (2016) and Daly et al. (2017) showed that exposed

drainage ditch sediments with appropriate soil chemistry can act as natural DRP traps,
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as soil properties such as Al, Fe, calcium carbonate, clay, pH and OM define the
capacity of soils to bind and immobilise P (Thomas et al., 2016). Therefore, the transfer
of total P into surface runoff is more vulnerable in some soils than in others (Daly et
al., 2001, 2015). Similarly, heavy textured soils offer high water purification function
in terms of N (higher denitrification rate) due to an abundance of microbial

communities in soils with high clay content (Li et al., 2018).

In general, the best result arising from mitigation measures is when natural attenuation,
as a non-engineered treatment with a very slow biodegradation processes (Mulligan
and Yogn, 2004), is used in conjunction with other remediation techniques (Krishna et
al., 2010) such as source removal or controlled engineered solutions like controlled
drainage systems. This is because natural remediation systems on their own are not
sufficient to remediate large fluxes of contaminates that may occur in intensive dairy

farms.

2.7.2. Engineered mitigation options

Ecologically engineered solutions eliminate nutrient problems in drainage water at field
and watershed-scales through a multidisciplinary approach (Krdger et al., 2013) to
make a “treatment train” (a sequence of various mitigation measures) of various
mitigation practices which appears to be the best technique to meet water quality
standards (Dinnes et al., 2002, Christianson, 2011).

Some of the most commonly used engineered measures are constructed wetlands
(Blackwell et al., 2002; Kadlec, 2012), buffers (Braskerud, 2002; Fogg et al., 2005),
controlled drainage and in-ditch techniques (Strock et al., 2010; Woli et al., 2010;
Puckett, 2014), which are highlighted in Table 2.3.

In short, constructed wetlands are artificial sinks for Nrand other organic and inorganic
contaminants that have been used for treating domestic sewage, industrial and
agricultural wastewater and leachate through biogeochemical reactions (Rozema et al.,
2016). As little research has quantified all delivery pathways of transformed nutrients
in and around wetlands (Jahangir et al., 2016), variable removal efficiencies have been

reported (Kadlec, 2012). Buffers, strips of permanent area designed within and between

34



Table 2.3. Comparison between engineered mitigation options: wetlands, buffers, controlled drainage and in-ditch structures.

Constructed
Wetland

Buffer strips

Controlled drainage

In-ditch structures
for filtration

1. Biological removal
(denitrifying
bioreactors)

2. Sorption filters

Targeted
contaminants
BOD, COD & particulate
pollutants

Nitrogen (mainly nitrate)
in field runoff, river/stream
improvement

Mechanism

Biologically active system
depending on microbial
and plant activity

Main
disadvantages
Not good for mitigation
of dissolved P

Advantages

Efficient year-around
Efficient in storm-water runoff
Biodiversity conservation

Limiting factors

Very low temperature requires certain
design considerations

Carbon availability at high nitrate
loadings

Management practices

Large areal requirement

Sediments /particulate
materials

Removal of N in
organic/particulate form

Very good for removing
sediment-bound P

Not good for soluble P and
nitrate

Limited microbial
process and subsurface
denitrification

Sediment build-up at
top of buffer

Easy adaptation to existing
farming practices

Good for poorly drained and
permeable soils (not sandy or
heavy textured soil)

Large buffer width required

Creates uncultivated land area

Type of vegetation/non-growing season
Groundwater distance to surface

slope < 5%

High velocity flow/snowmelt/ice cover

Excess nutrient discharges

Managing excess and
deficit soil-water
conditions

Lower pollutant loads
Trapping nutrients with a long
hydraulic residence time
during dry seasons

Regular maintenance

Conduits of field pollutants during wet
seasons

Depth and drain spacing

Hydrology of the area

Excess nutrient loads

Intercept water with
materials that have
chemical contaminant
removal capacity

Carbon-based materials:
microbially mediated
process of denitrification
(conversion of nitrate to N
gas

Sorption/precipitation/lon
exchange

High cost (depending
on target removal
rate/size of the farm)

Appropriate material
selection

Efficient under different
climate condition

Flexibility of design (in-
ditch/in-field/edge of field)

Location to install the structures
Hydrology of the catchment may result
in bypassing riparian zones and
discharging into water bodies

Short life time

Hydraulic characteristics of material(s)
Retention time

Cost of materials

Filter material characteristics:

Carbon availability for denitrification of
NOs’; P/NH4* binding/retention capacity
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agricultural fields to slow runoff, have been recognised as a designed measure to
control nonpoint source pollution from agricultural fields and mitigate negative impact
on water quality (Yuan et al., 2009). Although the efficiency of buffers is site-specific
and studies provide highly variable results, buffers are known to have high sediment
trapping capacity, which depends on the buffer width (wider buffers have higher
potential for trapping sediments) (Fogg et al., 2005).

Generally, there are limitations and major financial drawbacks associated with buffers
and wetlands, which influence their practicality such as loss of productive land by using
buffer strips or initial high cost of constructing wetlands (IDALS, 2009). Other options
such as controlled drainage may actually improve the yield (thus the income), whereas
in-ditch techniques provide more flexibility without the need of turning a piece of
productive land into a non-productive area. A well-managed drainage system that was
initially developed to improve drainage water quality via a decreasing nutrient load
(Dinnes et al., 2002), can mitigate nutrient losses, increase fertiliser nitrogen-use
efficiency and reduce GHG emissions (Strock et al., 2017; Castellano et al., 2019).
According to Ballantine and Tanner (2012), controlled drainage systems yield
significant benefits for water quality and nutrient-water use efficiency. Cooley et al.
(2013) showed that a well-controlled drainage network not only offers agronomic
benefits such as improving the crop yields and reducing surface runoff, but may also
improve soil quality and reduce soil erosion. The effectiveness of drainage can result
in an increase in crop growth of up to 30 %, and an increase in N and P uptake of 45 %
and 62 %, respectively, on 20-yr drained soil compared to undrained soil (Brown et al.,
2013).

Among various options, in-field (in-ditch/along the ditch) structures filled with
filtration materials and the use of different adsorbents (natural, manufactured or
recycled from various sources) have gained more popularity as a cost-effective, easy to
install, and low-maintenance technology during recent years (Delgado and Berry, 2008;
Bhatnagar and Sillanpaa, 2011, Bibi et al., 2015). To date, the performance of in-ditch
structures has mainly been evaluated in terms of their ability to treat a single
contaminant, predominantly NOs™ (Addy et al., 2016; Christianson and Schipper, 2016)
and more recently P (Penn et al., 2014a). Recent studies have examined combining

individual nutrient removal technologies (Goodwin et al., 2015; Ahnen et al., 2016;
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Gottschal et al., 2016) such as a combination of in-ditch structures (Christianson et al.,
2017) to examine the efficiency of employing a treatment train in the remediation of
complex contaminant mixtures (Tsitonaki, 2008). The different types of engineered
structures for the removal of N and P are explained in the following sections. However,
a knowledge gap exists with respect to (1) identifying the suitable medium/or
combination of media for the remediation of multiple water quality parameters and (2)
site/contaminant-specific design criteria such as the occurrence of single or mixed
nutrient losses, logistics/availability of selected filter material to the user (farmer) and
associated costs, ditch capacity in retaining/mobilising nutrients, for an engineered

structure to target simultaneous contaminant remediation.

2.7.2.1. Denitrifying bioreactors for nitrate remediation

Denitrifying bioreactors (i.e. biofilters), as a recently established engineered-based
agricultural best management practice (Bock et al., 2018), are in situ engineered
structures filled with C-sourced materials such as woodchip, straw, corn cob or
compost. They have gained in popularity for the treatment of excess NOs™ loadings in
drainage water due to their low cost, low maintenance and energy input (Kim et al.,
2003).

Denitrifying bioreactors capture and biologically degrade organic and inorganic
pollutants to fuel heterotrophic activity and provide non-toxic discharges using
microorganisms (Schipper et al., 2010a). They are used in tile drainage systems and
intercept nutrients and convert NO3s™ to N2 gas (Christianson et al., 2011, 2013; Healy
et al., 2014). In the microbial process of heterotrophic denitrification, NO3z™ uses a C-
source as an electron donor to be converted to gaseous forms of N (Coyne, 2008) so
the media serve as an electron donor, helping the bioreactor to create required anaerobic
conditions (Shipper et al., 2010). Therefore, full denitrification removes N effectively
from biological cycling (Rutting et al., 2011; Burgin et al., 2013). Biofilters are
versatile and can be designed to facilitate a wide range of applications and nutrients
from different emission sources such as pesticides (Ranaivoson et al., 2012) in a variety
of agricultural settings from subtropical climates to snow-covered areas (Addy et al.,
2016). However, they react differently in adsorbing heavy metals or volatile organics
(Saliling et al., 2007; Schipper et al. 2010a,b). Therefore, the correct choice of structure

design and filter medium depends on the contaminated site, climate conditions and
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topography of the region. Wood-based denitrifying bioreactors (Figure 2.17) have
gained more popularity due to their relative low cost, ease of handling, low
maintenance, good capacity for turbid water and long lifetime (Sharrer et al., 2016).
Woodchip’s high porosity and permeability and surface roughness mean that they are
an effective suspended solids (TSS) and chemical oxygen demand (COD) adsorbent
for subsurface agricultural drainage water (Feyereisen et al., 2016; Hoover et al., 2016;
Pluer et al., 2016; Sharrer et al., 2016). On the other hand, they have little DRP removal
capacity (Choudhury et al., 2016).

Figure 2.17. Generalized illustration of a woodchip denitrifying bioreactor for nitrate
treatment in subsurface drainage. Credit: L. Christianson/University of Illinois.

2.7.2.2. Sorption filters

2.7.2.2.1 NH4* removal structures

Typically, N losses from land drainage systems can occur as either NOs™ (Nangia et al.,
2010) or NH.* (Clagnan et al., 2019). The occurrence of different types of N is
explained by the fact that the physical and biogeochemical factors that control the
transformation of N along subsurface pathways vary widely along the soil-subsoil-
bedrock continuum (Rivett et al., 2008; Fenton et al., 2009¢c). Ammonium pollution in
agricultural landscapes is not only dependent on soil chemistry, but it also originates
from diffuse sources which make it difficult to control or mitigate (Huang et al., 2017).
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Consequently, there has been little research on NH4* removal structures (Rabah and

Darwish, 2013) in comparison to NOs™ removal structures (Section 2.7.2.1).

Among various NH4" removal technologies such as air stripping (Gustin and Marin$ek-
Logar, 2011), reverse osmosis (Bodalo et al., 2005), microwave radiation (Lin et al.,
2009) (which is mostly used for industrial wastewater treatment), ion-exchange and
adsorption, media-based treatment options have proved to be efficient, cost-effective
and simple to apply (Turan, 2016; Huang et al., 2017). According to Huang et al.
(2017), zeolite, activated carbon, biochar and carbon-based materials are effective for
NH4* removal, although their efficiency depends on country of origin, pyrolisis
conditions and vegetation type (for biochar). In recent years, there has been a growing
number of studies using natural adsorbents (Wang et al., 2014; Gupta et al., 2015) for
remediation of NH4" losses in ditch networks. Huang et al. (2017) has proposed a
criteria-tree for identifying the most suitable adsorbents to remove NHs* from

agricultural drainage water in large (field) scale filters (Figure 2.18).

Source
- Abundance
- Low Cost

Selection of
NH,*
adsorbents

7 N

Process
Waste
-Easy handling )
. . -Easy regeneration
-High removal capacity
-Reusable
-Short residence time
Figure 2.18. Criteria for selecting cost-effective ammonium adsorbent material:
source (availability and cost), process (easy operation and efficiency), waste

(environmental friendliness). Adapted from Huang et al. (2017).

An efficient engineered solution for removing NH4* losses in agricultural drainage

water is the installation of in-ditch control structures comprising appropriate adsorption
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media (Fenton et al., 2016). However, as adsorption capacity of filter media may vary
by region, developing an efficient structure filled with an adsorptive material requires

an initial adsorption characterization to match site-specific conditions.

2.7.2.2.2 P removal structures

Phosphorus losses from an agricultural catchment can occur in dissolved and/or
particulate (McDowell and Sharpley, 2001) and in reactive forms readily available to
organisms for algae growth (Barsanti and Gualtieri, 2014). This fraction of P is
measured as DRP and its interception and remediation can be achieved by using a P-
sorbing filter (Lyngsie, 2013; Penn et al., 2017) (Figure 2.19). The necessity of
constructing P removal structures is justified by the ready bioavailability of dissolved
P, poor performance of best management practices to reduce P losses from legacy soil,
and high P legacy in soils as a continuous source of pollution to drainage water (Penn
and Bowen, 2018).

High P water ﬁ

PSM layer with
retained P

Drainage layer

(sand/perforated
pipe) —— ‘

Low P water

High P water

PSM layer

Clean water Drainage layer

is released ¥ o @ ® ¢ ¢ o p

Figure 2.19. Diagram illustrating basic premise of a P removal structure
filled with P sorbing material . Source: Penn and Bowen (2018).

The P-adsorption ability of a media depends on its redox potential, pH, the content of
Al, Ca and Fe (Cucarella and Renman, 2006; Standford and Larson, 2015), and the Fe
to P ratio (Healy et al., 2010; Reisner and Pradeep, 2014). Commonly used media for
use in P removal are industrial by-products such as red mud, crushed concrete, fly ash
and Bayer residue (Li et al., 2006; Egemose et al., 2012; Grace et al., 2015), metal mine
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ochre (Fenton et al., 2009a), and acid mine drainage residual (Pen et al., 2007). The
configuration of an appropriate P removal structure also depends on the soil chemistry
of the site (Penn et al., 2017). This means that a thorough examination of site
characteristics (in terms of nutrient losses and attenuation/mobilisation potential) needs

to take place before the installation of any structure.

2.7.3. Pollution swapping and limiting factors

Until recently, the focus of most studies has been on NOs removal (Christianson et al.,
2011), while generation of N2O, ammonia (NH3), NH4", carbon dioxide (CO2), and
methane (CHsa), as a result of the biophysical and biogeochemical processes within the
denitrifying bioreactors filled with woodchips, have often been neglected (Greenan et
al., 2009; Schipper et al., 2010; Woli et al., 2010; Fenton et al., 2014; Healy et al.,
2015). These negative impacts on the environment are the result of incomplete
denitrification, which also releases dissolved organic carbon (DOC) and tannins during
bioreactor start-up (Schipper et al., 2010; Warneke et al., 2011; Christianson et al.,
2012; Hartz et al., 2017). Additionally, significant increases in woodchip P content in
bags placed near the bioreactor outlets and along the bioreactor floor are reported
(Christianson et al., 2016). This is aligned with the observation of Sharrer et al. (2016),
who showed that woodchip leaching from denitrifying bioreactors could be an
important source of P during bioreactor start-up, with most rapid P release within first

24 h of operation.

In terms of P sorption materials, contaminant release has been reported from both
organic and inorganic filter media (Trois et al., 2010; Christianson and Schipper, 2016)
and there may be adverse consequences associated with using industrial by-products.
Metal leaching may occur arising from the use of fly ash, crushed concrete and Bayer
residue (Grace et al., 2016) and the high Ca, Fe, and mostly Al content of furnace slag
is believed to cause environmental problems, including elevated pH of water (Sanford
and Larson, 2015). The materials react differently in adsorbing heavy metals or volatile
organics (Sailing et al., 2007; Schipper et al., 2010). In addition, their low economic
and geographical availability are other important issues in ensuring treatment
sustainability (Yinetal., 2017). Other limiting factors for efficiency of such engineered

structures filled with media include a positive linear relationship between nitrogen
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oxide (NOy) removal and solute hydraulic retention times (HRTs) (Greenan et al., 2009;
Chun et al., 2009; Bruun et al, 2016; Pluer et al., 2016; Hoover et al., 2016). Similarly,
enhanced P removal efficiency as a function of a longer HRT has been observed
(Sanford and Larson, 2015).

Therefore, many of the previously tested media that have been found to be successful
in the remediation of a single contaminant may potentially be net polluters. The concept
of pollution swapping is widely recognized (Stevens and Quinton, 2009) now, yet no
single mitigation measure has been found that can eliminate all contaminants
simultaneously. An ambitious goal would be to completely remove all pollutants
without pollution swapping, though few studies have taken this into consideration
(Healy et al., 2015). Only recent laboratory studies have investigated the dual removal
of NOs™ and DRP (Ibrahim et al., 2015; Choudhury et al., 2016; Christianson et al.,
2017). Fenton et al. (2014) proposed the use of a Permeable Reactive Interceptor (PRI),
in which a bioreactor is designed with additional remediation sequences to
simultaneously mitigate NO3", NH4*, DRP and DOC through the use of interconnected
cells (Ibrahim et al., 2015).

Due to the limited bioavailability of C, engineered structures have a decreasing removal
capacity over time. Therefore, selection of the medium/media is another important
factor when considering lifetime of an engineered structure. For example, the
efficiency of denitrifying bioreactors depends on the long-term ability of C-rich media
in sustaining and enhancing denitrification over several decades (Moorman et al., 2010;
Schipper et al., 2010; Long et al., 2011; Christianson et al., 2012). David et al. (2016)
examined a woodchip bioreactor during the first three years of operation and showed
that aging woodchip influenced the performance of the bioreactor negatively due to
decreased amount of degradable C in the woodchips during the second and third years
of operation. Temperature is also a limiting factor in the performance of denitrifying
bioreactors (Cameron and Shipper, 2010). Chen et al. (2012) reported decreased
removals from 80 % to 30 % following a 10°C temperature drop, while Ahnen et al.

(2016) reported good performance at temperature of 1 to 5 °C.
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2.7.4. Adaptation of engineered solutions by farmers

In general, discharges of agricultural system-driven mixed contaminants to water
bodies are a common problem. Therefore, considering these simultaneous nutrient
losses, the correct choice of nutrient removal structure design and filter media will be
defined based on specifics of a site, including climate, topography of the region, and
site-specific nutrient contamination (Christianson and Helmers, 2011; Penn et al.,
2017; Rosen and Christianson, 2017) to address mitigation of all contaminants
produced as a result of both agricultural activities and contaminant remediation

measures.

The performance and practicality of mitigation technology utilizing single or blended
media depends on the long-term ability of C-rich media in sustaining and enhancing
denitrification over several decades (for NOs  removal) (Moorman et al., 2010;
Schipper et al., 2010) or adsorption capacity (saturation time) for NH4" and DRP
removal. Therefore, the physical, chemical, and biological properties of the media
characterise an engineered structure’s hydraulic conductivity, porosity, carbon:
nitrogen ratio (C:N), microbially available C, availability, practicality, cost, and life-
time (Ahsan et al., 2011; Christianson et al., 2012; Christianson et al., 2017).
Additionally, potential negative side effects such as leaching of organic C, leaching of
metals, and emission of GHGs must be considered. However, a knowledge gap exists
with regard to a decision tool that has considered these factors. Farmers, as major
stakeholders in the agricultural industry, need holistic advice (Schnyder et al., 2019)
that considers practicality at farm-scale, ease of operation and cost. Until now, most of
the advice has neither evaluated the whole-farm context nor has considered any

potential adverse environmental effects (Schnyder et al., 2019).

Dissemination of information to farmers and stakeholders has shifted from a
“procedure-like” (EPA, 2019) one-way approach, to a more dynamic and adaptive
approach which is intended to be farmer-led and support them in their decision making.
In recent years, online platforms have started to emerge (e.g. Nutrient Management
Planning https://nmp.teagasc.ie (Teagasc, 2018)). However, a knowledge gap still
exists with respect to a DST that is not only easily understood by the farmer, but also

considers different factors in farm management such as environmental risk. Therefore,
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there is a need of a DST that provides farmers with a catalogue of sustainable nutrient

mitigation options that incorporate environmental, economic, and social metrics.

Hence, more substantial research and work are needed to provide a user-friendly tool
for farmers that not only targets mitigation of pollution caused by nutrient losses, but
also considers perception of farmers on a suitable solution (Kerebel et al., 2013)
specific to their local (cost/applicability/availability/logistics) conditions. Other criteria
that influence the uptake of DSTs by farmers (Rose et al., 2016) are usability,
performance, relevance to user and presenting outcomes resulting from different
options (such as pollution swapping with regard to media-based engineered solutions

for mitigation of nutrient contamination).

2.8. Adsorption isotherms to develop an in-ditch engineered structure design

criteria

Frequently, mitigation options consider only a single medium filter which may or may
not release secondary pollutant. The use of one medium will also accelerate saturation
time and thus requires earlier replacement of the filter. Regardless of the number of
media used in any remediation technology, and prior to deployment, it is necessary to
characterize the adsorption capacity of these media. Frequently, this is done in batch-
scale experiments, which are quick, cheap and easy-to-perform (Crini and Badot,
2008).

The amount of adsorbed molecules on the surface of the solid (adsorbent) depends on
the concentration of the solution, and equilibrium is reached when adsorption
(movement of molecules of adsorptive from solution and attaching to solid phase) and
desorption (molecules of adsorptive detaching from solid phase to enter solution) are
equal. This equilibrium found in batch adsorption systems is calculated as:

(Co_ Ce)V
e = ——— [Eqgn. 2.1]

m

where ge (mg g?) is equilibrium of the solid-phase, Ce (mg L) is equilibrium of the
liquid-phase, Co (mg L) is initial concentration of the solution, and m (g) is mass of

adsorbent. The equilibrium concentration data are then fitted to adsorption isotherm
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models, with the two most commonly known to be Langmuir (Langmuir, 1918) and
Freundlich (Freundlich, 1906).

However, the materials that are intended to fill engineered structures and remove
nutrients must not only have a capacity to adsorb P but also perform well under
expected field conditions. Yet, batch tests fail to replicate in-field conditions, which
experience varying temperatures, humidity, flow dynamics, pollutant load, and
therefore often fail to accurately estimate the lifespan of the media (Pratt and Shilton,
2009). Batch isotherms use excessive nutrient concentrations and much longer
retention times compared to field conditions (Penn et al., 2017). In order to overcome
the limitation of batch studies in the accurate estimation of long-term performance of
a medium, the closest simulation to in-field conditions are known to be large-scale
adsorption columns (Monrabal-Martinez et al., 2017), which are an integral part of any
media characterisation procedure (Ali and Gupta, 2007), to represent continuous flow
conditions in the field (Pratt et al., 2012)

However, large-scale column experiments occupy large spaces, require a lot of
equipment (Figure 2.20), are labour-intensive, and time consuming and expensive to
run (Penn et al., 2014b). In addition, simultaneous mixed contaminant removal using
more than one medium has only been investigated recently in long-term experiments
running for several months. Therefore, rapid small-scale column tests (RSSCTSs) could
provide accurately enough data for the development of a field-scale engineered
structure filled with adsorption media. RSSCTs offer a quick estimation of media
performance in real-world conditions (Callery and Healy, 2017) using the minimum
quantity of medium and contaminant solution (Poddar et al., 2013). This technique is
mostly useful for assessing capacity or Kinetic characteristics of untested materials and
to avoid the possibility of metals or other polluting substances leaching from the media
(Velghe et al., 2012).
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Figure 2.20. Spa and required equipment to run Iarge-séale
column test. Johnstown Castle Research Centre, Co. Wexford.

2.9. Identifying the location for placement of an in-ditch engineered structure

The major problem in choosing the correct mitigation option and implementing an
efficient measure to reduce/eliminate excess nutrients in drainage water is identifying
where nutrients are being stored and released in the ditch systems (EC, 2014).
Therefore, before considering mitigation of nutrient loads in the ditch, it is important
to initially characterise the ditch network and demarcate hotspots of nutrient losses and
natural attenuation areas in the agricultural landscape. Penn et al. (2007) pointed out
that demarcating hotspots of P losses and natural attenuation areas allows for a more
accurate siting of engineered structures with P sorbing material (PSM) to control
dissolved fractions in open ditches or at the end of tile drainage. In addition, the natural
attenuation function of ditches is also controlled by connectivity to the source of
pollution, such as a farm yard (Figure 2.21), which is associated with greatest risk of P
loss to ditches (Moloney et al., 2020). A practical remediation strategy would then be
to reduce this connectivity or to reduce the volume of contaminated discharges into the
ditch (Dollinger et al., 2015).

The soil-subsoil-sediment chemistry along the ditch network and between the source
and the ditch (Mellander et al., 2016) should be thoroughly examined. This would then
define if the sediments in the ditch are acting as a pollution sink (retaining contaminants
from the drainage water) or a pollution source (releasing contaminants to the drainage
water) (Smith et al., 2004).
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Figure 2.21. Farm yard run-off parallel to an open ditch network.
Johnstown Castle Dairy Farm, Co. Wexford.

In general, characterization of the ditch network and establishing the connectivity
between the ditch and the source of pollution allow for the utilization of the unique
features of the overall drainage network to disconnect nutrient transfers to surface water
bodies (Moloney et al., 2020). This is done by placing engineered structures with
appropriate carbon-based or sorbing materials more strategically at breakthrough or
delivery points to intercept nutrients and protect water quality. Additionally, it is
important to consider the existing surplus of nutrients in the soil (Hamilton, 2012),
which may impair water quality and therefore create a time lag between initiation of
implementing mitigation measures and observing a measurable improvement in the
target water body (Van Meter et al., 2016; Fiorellino et al., 2017).

Methodologies such as “sustainable drainage design” or “rural sustainable drainage
systems” (Quinn et al., 2014) aim to trap nutrients before they reach delivery points
(Thomas et al., 2016), which would ultimately enable on-farm management and in-
ditch decisions to prevent further losses and improve water quality. Ideally, a drainage
network in a sustainable intensification system should not only provide opportunities
for nutrient use efficiency and increased crop production, but will also have positive
financial and environmental impacts by offering opportunities for implementing cost

efficient mitigation measures (Pretty et al., 2018).
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Chapter 3

Farm characterisation and identification of nutrient losses

3.1 Overview

This chapter investigates nutrient losses in the installed drainage network at Johnstown
Castle Dairy Farm. The data generated from this chapter were used in the selection of
media for use in the laboratory column experiments to mitigate mixed contaminants on
this site (Chapters 4 and 5).

3.2. Agriculture in Co. Wexford, South East Ireland

Wexford County, located in South East (SE) Ireland, is considered to be one the most
intensive farming areas of the country. Wexford has 4,426 farms, of which a significant
proportion are dairy (Teagasc, 2015). The dairy sector is a significant enterprise (1193
suppliers) of the county, while specialist beef farms is the dominant agricultural system
(Teagasc, 2015). According to the Census of Agriculture in 2010, the average farm size
in Wexford increased from 18 to 41 ha from 1915 to 2010 (a 128 % increase) (CSO,
2019), which is higher than the national average of 32.7 ha (Teagasc, 2015).

Monitoring and remediating the drainage water leaving Johnstown Castle Dairy Farm
(located in Co. Wexford) is of great importance as it enters the River Kildavin (Slaney
River Lower Part, Wexford) and contributes to its water quality. The Slaney River is
categorized as low-quality (less than good status) (EPA, 2012), and is considered to be
mainly eutrophic (EPA, 2016a). The potential cause of the pollution is believed to be

diffuse agricultural pollution.

In addition, the geology and the soil-type (predominantly brown earth, gley, and brown
podzolics) of Wexford makes it susceptible to contamination (EPA, 2016b). The DIN
concentrations in the Lower and Upper Slaney Estuary were some of the highest among
water bodies in Ireland (EPA, 2017). However, nationally the overall trend between
2007-2016 showed some reduction of the N load, but the total P load has remained
unchanged (EPA, 2018) (Figure 3.1 and Figure 3.2).
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Figure 3.1. Mean phosphate concentrations (mg L) in rivers across Ireland
during the period of 2014-2016. Adapted from EPA (2018); Black circle:
Lower Slaney River in Co. Wexford, SE Ireland.
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Figure 3.2. Mean nitrate concentrations (mg L) in rivers across Ireland
during the period of 2014-2016. Adapted from EPA (2018); Black circle:
Lower Slaney River in Co. Wexford, SE Ireland.

Meanwhile, soil fertility remains a limiting factor as about 60 % of Irish soils are below
optimum soil fertility levels (Teagasc, 2019), with only 11 % of all dairy farms
surveyed between 2007-2013 perceived as being optimum for soil test P (Teagasc,
2015). In general, the high levels of P losses to water bodies in Wexford is associated
with an increase in chemical P fertiliser inputs, but also P application history is a major
component in terms of P storage in the subsoil (Fenton et al., 2017). Therefore,
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measures such as nutrient management planning are important to limit maximum farm

P applications to crop requirements, stocking rate and soil test P levels (Teagasc, 2019).

3.2. Site description

The field site used in the present work is at Johnstown Castle, Co. Wexford, which
contains an intensive dairy farm (190.4 ha) (52°17°52” N and 06°29°48” W) operating
at 3.1 Livestock Units per hectare (LU ha') and having a grazing season length of 243
days. The elevation ranges from 34 to 120 m above ordnance datum (AOD) and the
area has a cool maritime climate with an annual temperature of 9.6 °C. Figure 3.3
presents the satellite imagery of the Johnstown Castle farms overlaid with the drainage

status map, drainage system (surface and subsurface) and existing sampling points.

An artificial random drainage system has been installed on poorly and imperfectly
drained soil within the dairy and beef farms and in-field drains discharge to the ditch
network. The entire drainage network is 10.25 km and comprises 1.01 km of open
drains and 9.24 km of subsurface drains installed at approximately 1.2-2.9 m depth
below the ground surface. The main ditch within the farm runs parallel to a farmyard
and is 850 m in length. It consists of a 500 m primary open ditch network with some

sections being fully cased and connected to different parts of the network.

There is an in situ synoptic meteorological station (Figure 3.3) on the dairy farm which
records daily rainfall, wind speed and hours of sunshine. The 30-year mean annual
rainfall (1981-2011) on site is approximately 1040 mm with a maximum intensity
between September and November. Approximately half of the precipitation is drained

at different rates into well to poorly drained soils on site.

Due to glaciated origins of the area, soil and associated drainage classes are
heterogeneous (saturated hydraulic conductivity ranges from 0.0001 to 0.029 m d;
Jahangir et al., 2013). This grassland area consists of poorly and imperfectly drained
gleys to well drained silty clay loam (topsoil) and dense gravels intermixed with clay
at 0.6-10.0 m subsoil geology. The bedrock geology is ordovician sediments of

sandstone and shales at 10 m below ground level (bgl) (Jahangir et al., 2013).
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Figure 3.3. The soil drainage class, artificial lake system, river network and
drainage system of Johnstown Castle Beef and Dairy Farm.

The N inputs on Johnstown Castle farm arise from urea and CAN and the central area
of the dairy farm receives DSW. The total N balance during the period of 2011-2015

is approximately 360 kg N ha (Clagnan et al., 2019) compared with an average of 223
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kg N ha* (Tracey et al., 2008). The N-surplus is stored in the soil or leached from the
system in the absence of NHz volatilisation. The P inputs on the farm come from
manures and animal feed and 4 %, 10 % and 16 % superphosphate fertiliser. The total
amount of P fertiliser used on this site is about 27.5 tons (data for 2018).

3.3. Delineation of Johnstown Castle mini-catchment boundary

In order to study the high and low risk areas of N and P along the surface and subsurface
pathways of losses in the field site, a water sampling campaign using multiple sampling
points, presented in Figure 3.3, was conducted in June-July 2017. This fieldwork, in
addition to a 12-year water quality (WQ) dataset, contributed to data used in Clagnan
et al. (2019), which showed that water purification across the field varied. The study
also showed that an incomplete denitrification in poorly drained sites transferred NO3
to NH4" (Clagnan et al., 2019). The present study continued this work, but from a P

perspective.

To develop a necessary secondary dataset for delineation of a mini-catchment and to
detect areas with natural attenuation capacity along the existing drains and streams, the
existing 12-year WQ data (of groundwater and surface water sampling points), along
with previous studies examining the soil type and nutrient concentrations in
groundwater and drains, were collated. The quarterly long-term water quality data
indicated elevated N concentration in the open ditches contributing to surface water
quality in form of ammonium (ranging from 0.006 to 3.94 mg L™ NH4-N) and sporadic
DRP sampling with concentrations ranging from 0.004 to 2.97 mg L.

All primary data of the study site and the contour map of the area were incorporated in
the Geographic Information System (GIS) to delineate a boundary for a mini-catchment
with an area of 189.0 ha. Finally, new sampling points in the ditch were selected to
provide higher resolution data to study the nutrient losses in the open ditch and
demarcating hotspots with high nutrient concentrations (area lacking natural
attenuation) (Figure 3.4 and Chapter 6). Eight sampling points (Locations A, B, C, D,
E, F, G, H in Figure 3.4) along the ditch network were selected. Site H represents the
sampling point at the end of the catchment and is excluded in the P investigation in
Chapter 6.

53



Met station

River network
Farm boundaries
Built-up areas
Artificial lake system

N -

Drainage System
Sub-surface piped
———= Surface open drain

o 0.15 03 0.8 Kilometers
' ' I

@® Sampling points (Location A:H)
@®  Concrete Weir

Figure 3.4. The mini-catchment boundary, drainage system, concrete weirs and new
sampling points along the open ditch network of Johnstown Castle Dairy Farm, Co.
Wexford.

3.4. Water sampling and analysis

In order to locate step changes in nutrient concentrations along the ditch network

(Figure 3.5), grab samples were collected regularly from the surface water and the open
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ditch from Jan 2017 to July 2018 (n=100) (presented in Chapter 6). In addition,

bimonthly water samples were collected from groundwater boreholes and piezometers.
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Initially, water at each sampling location was pumped to a flow cell connected to an in
situ multiparameter probe (Fort Collins; Multi-parameter; Troll 9500, USA) to measure
temperature, electrical conductivity (EC), rugged dissolved oxygen (RDO) and pH
under steady-state conditions (Figure 3.6). Then, duplicate 50 ml water samples were
collected in screw top tubes and one sample was filtered in the field using 0.45 pum pore
size filters. The samples were then transferred to a water laboratory on the same day.
The filtered samples were analysed for mineral N (NHa4-N, NO2-N, total oxidised
nitrogen (TON)) and DRP calorimetrically using a nutrient analyser (Aquachem600
Labmedics Analytics, Thermo Clinical Labsystems, Finland). The unfiltered sample
were analysed for total phosphorus (TP) (with acid persulphate digestion) (Askew and
Smith, 2005). Nitrate concentration was calculated by subtracting NO2-N from TON.
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Figure 3.6. Nutrient and biogeochemical water sampling.

In order to monitor the flow in the ditch network, two Corbett-type weirs were installed
in the middle of the open ditch and at the end of the mini-catchment (Figure 3.4 and

3.7). The flow was calculated using the following equation:
Q = 0.0452 * (WL*2472) [Eqgn. 3.1]

where Q is the discharge (L s); and WL is the water level (cm) at the throat of the

weir.

In order to measure the water level passing through the weirs, a stilling well was
installed at the inlet of each weir. Water level data loggers (“TD-Divers”; van Essen
Instruments), were deployed inside each well (Figure 3.7) so that the diver’s pressure
sensor was at the same level as the bottom of the weir. The divers measured the height
of the water column by measuring the water pressure using the built-in pressure sensor.
The height above the diver’s pressure sensor was calculated using the following

equation:

WL = 98.6.65 Zdiver ~Pharo [Eqn. 3.2]
p.g
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where Pgiver IS the pressure in the diver (cm H20), Praro iS atmospheric pressure
measured by a Baro-Diver (cm H20), g is the acceleration due to gravity (9.81 m s2),
and p is the density of water (1000 kg m™). The Baro-Diver installed in the catchment
was used for accurate barometric compensation and the high resolution (10-minute)
data on temperature and pressure stored in divers were downloaded using Diver-Office

Software.

The water flow data collected from July 2017 - July 2018 were consistent at both
locations showing a minimum and maximum flow of 0.85- 23 L sec™’. These data were
used to develop the column study design (Chapter 5) and to calculate the nutrient load
(Chapter 6).

The drainage water flow data plotted against time is presented in Appendix B.

Figure 3.7. Two Corbett-type weirs installed in the middle and end of the ditch
network (left), and deploying divers in stilling wells at the inlet of the weirs to
collect water-flow data (right).
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Table 3.1. Summary statistics of N and P concentrations and biogeochemical data for
open ditch network during January 2017 - July 2018.

Sampling Sample NHs-N NOs-N DRP TP pH  Temp. EC RDO
Location size .
mg L C uScm mglL?
A 10
Max 1.44 4.21 0.12 0.22 8.44 12.99 471.1 10.67
Min 0 0.39 0.02 0.01 6.86 8.06 251.9 9.12
Mean 0.30 3.17 0.04 0.08 7.26 9.873 364.13 9.99
Median 0.03 3.59 0.03 0.05
B 10
Max 0.28 5.24 0.08 0.11 7.27 10.07 388.8 9.64
Min 0 3.25 0.008 0.00 5.95 9.03 366.9 8.93
Mean 0.053 4.33 0.03 0.05 6.82 9.3 375.3 9.24
Median 0.016 4.43 0.01 0.05
C 18
Max 0.68 4.74 0.114 0.33 8.2 1258  426.7 12.56
Min 0 1.94 0.02 0.02 6.97 7.92 236.7 8.21
Mean 0.099 3.73 0.05 0.08 7.23 9.625 348.5 10.18
Median 0.014 3.8 0.04 0.05
D 10
Max 6.38 5.284 0.61 2.29 7.56 12.6 423.8 10.75
Min 0.08 0 0.04 0.03 6.9 9.16 342 8.98
Mean 2.65 1.771 0.22 0.53 7.183 11.31 392.9 9.86
Median 2.868 0.856 0.12 0.15
E 16
Max 18.77 17.98 2.97 4.89 8.6 14.93 720 11.7
Min 0 1.42 0.008 0.01 6.34 7.99 252 8.89
Mean 2.24 5.09 0.27 0.53 7.32 11.14 466.1 10.28
Median 0.12 4 0.03 0.08
F 18
Max 1.55 9.89 1.25 1.32 8.6 14.88 560.8 10.86
Min 0 0 0.02 0.03 7.05 9.15 346.2 9.98
Mean 0.196 1.48 0.43 0.53 7.56 11.58 423.2 10.56
Median 0.06 3.181 0.14 0.16
G 18
Max 18.47 4.32 2.75 4.29 9.24 12.61 632.1 11.9
Min 0 0 0.004 0.01 6.98 8.22 233.2 8.09
Mean 1.3 3.11 0.22 0.24 7.90 9.51 385.06 10.102
Median 0.03 3.9 0.06 0.10
H: End of 18
catchment
Max 10.38 4.41 2.11 1.54 9.08 13.08 537.4 12.04
Min 0 0 0 0.01 6.57 8.42 372.4 0.00
Mean 0.7 3.5 0.201 0.2 7.55 10.75 455.0 6.92
Median 0.1 3.7 0.0875 0.11
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The high-resolution water sampling (Table 3.1) indicated high concentrations of NHa-
N and DRP leaving the catchment that discharges directly into the adjacent river.
Concentration ranged from 0-18.77 mg NHs-N L and 0-2.97 mg DRP L. The data
exceeded the MAC of 0.23 mg L of NH4-N for surface drinking water and 0.035 mg
L of DRP for surface water (EU, 2014c).

3.5. Implications of the findings

The results indicated that no attenuation capacity was offered by the ditch system in
this study site. This necessitates the implementation of an engineered measure that
would mitigate the nutrients and clean the water before it leaves the catchment. The
most efficient measure for this system would be the installation of an in-ditch
engineered structure filled with adsorptive media in parts of the ditch that has low or

no natural attenuation capacity for NHs-N and DRP.

3.6. Summary

This chapter investigates the nutrient losses on Johnstown Castle Dairy Farm. The
results showed elevated concentrations of N (as NHs-N) and DRP leaving the
catchment.

Chapter 4 investigates the selection of an appropriate mixture of media that can mitigate

both NHs-N and DRP in Johnstown Castle, or any other type of nutrient pollution that

may occur in drainage waters worldwide.
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Chapter 4
Developing and validating a decision support tool (DST) for media

selection to mitigate nutrients in drainage waters

4.1. Overview

In this chapter, a DST was developed to select locally sourced single medium/mixed
media to attenuate mixed nutrient contamination. This tool provides a rapid, easily
modifiable screening of many media-based treatments (75 media). The DST was tested
in various case studies in Ireland, Belgium and USA, and was validated through several
SWOT (Strength, Weakness, Opportunity, Threat) workshops.

This study has been published in Ecological Engineering-X:

Ezzati, G., Healy, M., Christinson, L., Feyereisen, G., Daly, K., Thornton, S.,
2019. Developing and validating an adaptable decision support tool (FarMit)
for selection of locally sourced media for dual mitigation of nutrients in
drainage water from intensively farmed landscapes. Ecological Engineering-
X. https://doi.org/10.1016/J.ECOENA.2019.100010

4.2. Introduction

Decades of research have shown that aquatic environments are under pressure due to
population growth, waste generation (FAO, 2011; Jhansi et al., 2013), excessive
loading of nutrients (Billen et al., 2013; Erisman et al., 2011; Addy et al., 2016; Fenton
et al., 2017), pesticides (Gramlich et al., 2018), and sediment inputs (Sherriff et al.,
2015). Nutrients such as Nr (NOs-N and NH4-N) and DRP in drainage waters from
intensively farmed agricultural sites have contributed significantly to impairment of
water quality (Daly et al., 2017; Fenton et al., 2017; Rosen and Christianson, 2017;
Clagnan et al., 2018 a,b).

The interception of single pollutants along surface or near surface drainage loss

pathways using in situ engineered structures filled with biological (e.g. woodchip in a
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denitrifying bioreactor) or reactive (e.g. steel slag in a P-sorbing structure) media is
receiving increasing research attention (e.g. Penn et al., 2017). The removal rates of N
and P using these media can be high. For example, Hassanpour et al. (2017) measured
50 % NOgz removal from drainage water using woodchip media in a denitrifying
bioreactor over a 3-year period and Okello (2016) reported a 74 % removal of DRP in
drainage water using iron-coated sand in a reactive P-sorbing filter. However, the
simultaneous removal of these pollutants in drainage water using dual media has mostly
been examined at laboratory-scale (Healy et al., 2012, 2014, Ibrahim et al. 2015; Hua
et al., 2016; Christianson et al., 2017; Fenton et al., 2017; Stroek et al., 2017). In
addition, the transferability of these results to other locations due to the availability,
suitability or delivered cost of media is often overlooked. An example here is the use
of iron ochre to sorb P in drainage water; the availability of the ochre may not be a
problem, but the form of ochre may be contaminated with heavy metals and its use may
therefore be prohibitive (Fenton et al., 2009a).

There is a vast catalogue of media in the literature that are reported to mitigate
pollutants leaving farms. However, there is currently no DST available to select a
suitable medium, or a combination of media, for the targeted removal of NOs", NH4*
and DRP, considered separately or together, while also considering factors other than
pollutant removal capacity. These factors may include the media lifetime, hydraulic
conductivity, the potential for “pollution swapping”, capacity to attenuate other (non-
target) contaminants (e.g. pesticides, organic carbon, etc.), and availability and local

price of the media.

Decision Support Tools, usually software-based, manipulate data (often obtained
through literature review or expert opinion) and recommend management actions
through clear decision stages (SIP, 2018). In a review of DSTs for use in agriculture,
Rose et al. (2016) found that in the UK 49 % of farmers used some kind of DST to
inform decisions whereas all advisors used DSTs, and software versions were the
preferred form of DST platform. In terms of selecting media to mitigate drainage water
impacts, there is no DST that provides all the relevant information in one platform.
Therefore, the objectives of this chapter were to: (1) develop a globally-applicable,
user-friendly DST to assist selection of locally sourced media, in order to reduce NO3z

, NHs" and DRP, as single or mixed pollutants, from drainage water at farm-scale (2)
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evaluate the effectiveness and practicality of the DST in two phases: (a) applying it in
different geographical/farming-practice case studies, and (b) validating the framework

through SWOT (strength, weakness, opportunities, and threats) analysis.

To meet these objectives, several steps were implemented to build a platform on which
the DST could be developed. These included identifying a number of scenarios for N
and P losses from farms and compiling a database of media for mitigation of nutrient
losses. Figure 4.1 illustrates the steps taken in developing the FarMit (Farm Mitigation
Tool) DST.

SystematicLiterature

Nutrient Scenarios
Review of Media

Media Database
-Static/Dynamic criteria
-Scoring

vy

Decision Support Tool

Validation of DST (SWOT analysis)

Figure 4.1. Flowchart for the development of FarMit DST

4.3. Materials and methods
4.3.1. Nutrient scenarios

Testing water samples for nutrients collected at the drainage discharge point can
provide a spatial and temporal profile of single or mixed pollutants at a given site.
Typically, N losses from land drainage systems may occur as NO3z-N (Nangia et al.,
2010) or NH4-N (Clagnan, 2017), depending on various physical and biogeochemical
factors that control the transformation of N (Rivett et al., 2005; Fenton et al., 2009a;
Clagnan et al., 2018a). Phosphorus losses from agricultural land, which are either

retained or mobilized, may occur in particulate and dissolved forms (McDowell and
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Sharpley, 2001). Based on the complexities of nutrient losses from agricultural land, a
conceptual model of different possible diffuse nutrient loss scenarios that may occur at

farm-scale was developed.

The FarMit DST is based around identifying materials to treat three nutrient loss

scenarios (Figure 4.2).

Farm Nutrient losses

l i l

Scenario A Scenario B Scenario C
e ™ s h e
Nitrate + DRP Ammonium + DRP DRP
> C v v >
a / \ 2 u / \ o
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Figure 4.2. Farm pollution scenarios: A: Farm pollution with leaching of NOs-N
and retention of P, or Farm pollution with leaching of NH4-N and mobilization of P,
B: Farm pollution with leaching of NOs-N and retention of P, or Farm pollution with
leaching of NH4-N and mobilization of P, C: Farm pollution with DRP mobilization

and no leaching of N.

In Scenario A, mineralised N; in the soil, in the form of NOs", leaches to shallow
pathways along low permeable layers or artificial drainage systems (e.g. Clagnan et al.,
2018a,b) or along deeper groundwater pathways (Brouyere et al., 2003). In Scenario
B, subsurface conditions, such as limited N, and oxygen supply, combined with high
soil C, may induce transformation of NO3™ to NH.* (by DNRA). In Scenarios A and B,
DRP losses may also occur along surface, near surface, or deeper groundwater
pathways. These losses could originate from the soil/subsoil, geological strata, or media
used within an engineered bioreactor used to treat water and wastewater. Therefore,
site-specific conditions (soil chemistry and drainage composition) or media
characteristics may lead to the retention of P losses or the mobilisation of P. Finally,
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Scenario C represents a farm with only loss of P, where N, in either form does not
exceed a threshold or MAC. This may be due to the high attenuation capacity of the
site, with conversion of N, into gaseous forms (e.g. di-nitrogen or nitrous oxide),
isolation from potential sources, or adaptation of perennial crop farming systems
(Stanek et al., 2017).

4.3.2. Systematic literature review to form media database

The five steps of a systematic review were followed, as outlined in Khan et al. (2003).
The problem to be addressed was specified as follows (Step 1): what media have been
used in the literature to attenuate NO3", NH4" and DRP from drainage waters? What is
the efficacy of a medium to remove NOs’, NHs" and DRP, or other pollutants in
drainage waters? What is the hydraulic conductivity of the media? What is the lifetime

of the media? What pollution swapping may occur using these media?

Next (Step 2), relevant work within the literature was identified. For this purpose,
several keywords were selected to ensure relevancy for the literature search of over 175
media-based water treatment studies published during the last 20 years (150 papers
were considered in final review). These included: water/wastewater treatment, water
quality, agricultural waste, denitrification, denitrifying bioreactor, nutrient pollution,
leaching, nutrient removal, adsorption, drainage, nitrate, phosphorus, and ammonium.
The database search engines used were Google Scholar, Agricultural Research
Database (AGRICOLA), International System for Agricultural Science and
Technology (AGRIS), Web of Science, Scopus, American Society of Civil Engineering
(ASCE), and the National Agricultural Library. To assess the quality of these relevant
studies (Step 3), the following criteria were imposed: use of standard methods, and
experimental design including replication and data interpretation. This enabled a
database of 75 distinct media types to be assembled. Data were then synthesised (Step
4) in tables and grouped as follows: wood-based (Table 4.1),

vegetation/phytoremediation (Table 4.2) and inorganic materials (Table 4.3).
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Table 4.1. Wood-based nutrient remediation applications.

Positive . .
roperties/ Disadvantages Example of amendments to overcome Example of Positive consequence Example of Negative consequence Other References
X dvantages disadvantages of amendments of amendments
a) Addition of a soluble C source (such as a) 1.4:1 (C applied: N denitrified,
methanol or glycerine) to increase on a mass basis) for methanol and
microbial-available C (Hartz et al., 2017) ; 2.0:1 for glycerine : Complete b) Biochar addition reduced reduction | Van Driel et al., 2006;
Application of acetate (NCERA, 2017) denitrification and reduction of by 10% (NCERA, 2017) Saliling et al., 2007;
Low C availability b) Addition of Biochar to enhance microbial | bioreactor size ; increase in Nitrate- Greenan et al., 2009;
limit the denitrification | activity (Lassiter & Easton, 2013) N reduction from 38 % to 98 % Chun et al.. 2009a.b:
Low cost, rate (Cameron and ¢) Coupling with solid settling tank b) Pottential increase in d) Higher NH,*, DRP and dissolved Cameton & Schipf)e’r,

easy handling,
low maintenance,
good capacity for
turbid water,
long life time,
surface
roughness,

high porosity and
permeability,
Effective
adsorbent of
Nitrate,
Suspended solids
(TSS),

Chemical oxygen
demand (COD)

Schipper, 2010;
Warneke et al., 2011)

Removal efficiency
depends on type of
wood (Grace et al.,
2016)

Little dissolved
reactive phosphorus
(DRP) removal
capacity (Fenton et al.,
2016)

Better performance at
lower turbidity
(Choudhury et al.,
2016)

(Chudhury et al., 2016)

d) Weathering woodchips (Hoover et al.,
2016)

e) Pre-installation washing of woodchip
(Ibrahim et al., 2015)

f) Biochar amendments (Lassiter and Easton,
2013; Pluer et al., 2016)

g) Mixture of woodchips with zeolite and
pea gravel (Ibrahim et al., 2015)
h)Woodchip with corn cob (Feyereisen et
al., 2016)

i) Ammendment with water treatment
residuals (Kim et al., 2003; Razali et al.,
2007; Zoski et al., 2013; Gottschall et al.,
2016)

j) Woodchip lined with 40 mm heavy duty
agricultural liner (Wagner et al., 2015)

denitrification rate and P adosrption
(up to 75 %) while decreasing
nitrogen leaching as a result of
enhancig microbial activity

¢) Increase of TP removal to 71 %
d)Better performance and higher
reduction in initial C losses

e) Lower NOj3™ production

f) Pottential increase in
denitrification rate and P adosrption
(up to 75%) while decreasing
nitrogen leaching as a result of
enhancig microbial activity
(Lassiter & Easton, 2013)

g) First successful implementation
of PRI for simultaneous nutrient
remediation

h) Lower NOx production (0.9 %
against 9.7 % with woodchip only)
i) Significant higher removal rate of
DRP and Nitrate

organic carbon losses

e) No significant P removal

f) No significant increase in P
removal (Pluer et al., 2016);
Depending on retention time and type
of biochar (Roser, 2016)

g) Pollution swapping; Short
longevity of pea gravel depending on
wastewater strength

i) Particle size (Kim et al., 2003) and
pH (Kim et al., 2003; Razali et al.,
2007); Increase in total coliform; Life
time could be an issue depending on
flow strength and retention time,
hydraulagic condition, land
management (Zoski et al., 2013); No
significant change in Ammonium
removal efficiency (Gottschal et al.,
2016)

) Unsatisfactory pesticide removal
efficiency

2010; Schipper et al.,
2010a,b; Moorman et
al., 2010; Robertson,
2010;

Christianson et al.,
2010a,b, 2011, 2012a,b,
2013, 2016; Ruane et al.,
2011;

Lassiter & Easton, 2013;
Dassanayake et al.,
2015; Feyereisen et al.,
2015a,b;

Ahnen et al., 2016;
Brunn et al., 2016;
David et al., 2016;
Fenton et al., 2016;
Ghane et al., 2016;
Hoover et al., 2016;
Lepine et al., 2016;
Sharrer et al., 2016
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Table 4.2. Vegetation-based nutrient remediation/Phytoremediation (dead fibrous material, carbon-based processed biomass ).

Proven removal potential

Reference

Medium Positive properties/ Advantages Disadvantages Limitations
NOs-N NHas-N DRP
Over 80 % nutrient removal efficiency Troung et al., 2000; Troung and
(Ash & Truong, 2004; Troung and Hart Hart, 2001; Ash & Truong, 2004;
,2001; Bedewi,2010; Mayorca, 2007; Mayorca, 2007; Bonsong and
Vetiver grass X X Donaldson and Grimshaw, 2013) Chansiri, 2008; Bedewi, 2010;
Donaldson and Grimshaw, 2013;
Good Ammonium, BODS5, SS and Oku et al., 2016
coliform removal
Plant Uptake, Zheli et al., 2012; Chen et al.,
Rye grass x Poor P treatment o 2013
lifetime ,
Maintenance-free operation, minimum . . . .
consumption of non-renewable energy, geographical limitation | Patterson, 2001; Patterson, 2004,
and the possibility of using treated . due to various types of Perez et al., 2005; Headley, .2006’
Peat , L Absence of completely anaerobic zone P Kalmykova et al., 2008; Batista et
effluent for spray irrigation (Patterson, S ; . ] L
Sphangum Peat X X 2001) Insignificant P removal potential plants according to al., 2009; Christianson et al.,
Cocopeat N (Danley-Thomson et al., 2015) . . 2012; Ezzati and Asghari, 2015;
Very good NH,", BODs and TSS climate condition, Danley-Thomson et al., 2015a,b;
removal efficiency and prolonged . f I
lifetime vegetation cover, Jinetal., 2017
Yard waste age of decomposition,
Green waste ~ Inefficient for long-term operation - .
Waste cellulose ~ (Christianson et al., 2012) practicality Robert_son etal. 2'000,_Cz?1meron
x x & Schipper, 2010; Christianson et
(leaf compost, No need for replacement for up to 10 ~ al. 2012
wood mulch, years (Robertson et al., 2000) ~ N
saw dust)
High removal capacity shortly after
Compost 9 operation Unsustainable due to large amount of N Gilbert et al., 2008; Trois et al.,
P Complete NO5™ removal within first leaching 2010
week (Trois et al., 2010)
Releases large amounts of phenolic
compounds and hydroxylated benzene
Pine bark X rings Trois et al., 2010

Pathogens like Enterobacter and Pantoea
aglomerans prevents the applicability of

the pine bark in full-scale operations
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Walnut ,

almond, coconut
shell charchoal

Potential for cation/metal removal

Time and temperature of heating, time
limited (Kazemipour et al., 2008)

Kazemipour et al., 2008; Ahsan et
al., 2011; Agarwal et al., 2011;
Bhatnagar et al., 2010; Penn et al.,
2011

Corn stalks
Corn cob

Good Nitrate Removal

Additional carbon release (Feyereisen et
al., 2016)

Greenan et al., 2006; Cameron
and Shipper, 2010; Feyereisen et
al., 2015a, 2016

Barley straw

Feyereisen et al., 2015a; Healy et
al., 2014

Cardboard

High COzemission
Poor P removal

Healy et al., 2012, 2014

Wheat straw

High NOs™ removal

Need frequent replacement (Soares &
Abeliovich, 1998)

Sailing et al., 2007; Cameron and
Schipper, 2010

Daifullah et al., 2003;

Rice husk Excellent metal removal capacity Ahmaruzzaman and Gupta, 2011
Tea/Coffee Potential for adsorption of cationic Partlcle_ conce_ntr_atlon effect on Djati Utomo and Hunter, 2010;
adsorption (Djati Utomo & Hunter,
waste compounds 2010) Wang et al., 2014
Li et al., 2006; We et al., 2006;
Fly ash Alinnor, 2007; Nascimento et al.,
2009
Bottom ash Significant P removal ;'HE,& Yang, 2002; Grace etal.,
Adsorption capacity depends on biochar Ezzati and Asghari, 2015;
Biochar production condition, type of biochar, Dalahmed, 2016; Pluer et al.,
water characteristics, equilibrium, etc 2016
Coal _ Relqtlve adsorption capacity for all Ahsan et al., 2001
Charcoal-bio nutrients
Gre_mular Grace et al., 2015
activated carbon
Raw Brown Better removal at higher concentration Nazari et al., 2017
Coal and higher pH
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Table 4.3. Inorganic materials for nutrient remediation.

Removal Potential . . . Example of Exam_p_le of
. Positive properties/ Disadvantages/ amendments to Positive
Medium A Reference
NO=N  NHeN DRP Advantages Limitation overcome consequence of
3 4 .
disadvantages amendments
Constantly go_od P Kim et al., 2003; Yang et
removal efficiency ) .
.. Potential for applying as al., 2006; Razali et al.,
Aluminium-based . . 2007; Penn et al., 2007;
dairy waste amendment Metal leaching (Grace et . ,
water treatment sludge X for mitigation of nutrient  al., 2016) Wendling et al., 2013;
(AL-WTR) 9 g Zoskiet al., 2013; Zhao et
losses in surface runoff al. 2007 Malecki-Brown
(Healy et al., 2015b; etlél 2069
Murnane et al., 2015) B
. Ahsan et al., 2001; Rahman
Metal leaching _
. et al., 2004; Colman et al.,
Very good P removal and  Not effective as stand- i ,
Crushed concrete X . . 2005; Berg et al., 2005;
good metal capacity alone filter (Berg et al., E | ,
2005) gemose et al., 2012;
Grace et al., 2015
Leaching of contaminants Hua et al., 2014; Grace et
Bayer residue /Red Good P and metal g al., 2015; Herron et al.,
X thus pre-storage treatment ) ,
mud removal is needed Liu et al., 2011) 2016; Chen et al., 2016 ;
" Lieetal., 2011
Granulated blast 9 Potentlgl for metal Grace et al., 2015
furnace slag adsorptions
Metal mine ochre X High P adsorption Fenton et al., 2009
—— - S -
Ac!d mine drainage 9 99 % of P, zinc (Zn), and Clogging Penn et al., 2007
residual Cu
Adsorption highly
i 0,
Steel slag 9 9 Capturing over 54 % of P dep(_ends on flow rate, . Penn et al., 2011, 2012
load particle size and retention
time
Sanford & Larson, 2016;
Furnace slag X x

Grace et al., 2015
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Natural zeolites

Very good removal of
NH,4*

Widiastuti et al., 2011;
Bhatnagar and Sillanpaa,
2011; Grace et al., 2015

Limestone

Good metal removal
capacity

Average TSS and BODs
removal capacity

Contact time (Siedek,
2010)
Size of filter

Combination of
limestone and
granular
activated carbon
(Kanawade,
2016)

Smaller filter
covered with
biofilm (Maung,
2006)

Double Nitrate
removal (58 %)

Higher turbidity,
suspended solids,
and coliform
bacteria removal
rate

Ahsan et al., 2001; Siedek,
20110

Crushed glass

Over 90 % BODs, TSS
removal and around 80%
oil and grease level
reduction

Higher value usage such
as recycling

Aqua Test, Inc. & Stuth
Co., Inc., 1997; Healy et
al., 2010

Recycled shredded-tire
chips

Over 90% removal of
BODs, Escherichia coli
and fat-oil-grease
reduction of 65 % TP

Intermediate Nitrate
removal

Higher value usage such
as recycling levy

Garcia-Perez et al., 2016)

Sand

Complete nitrification,
almost complete BODs
and TSS reduction

80 % QOil level reduction

Natural soil (top soil)

Excellent removal of
organic carbon, TN, and
bacteria

Very good P removal
capacity

Sand and soil
characteristics are linked
to geological processes
thus the mineral content

of them is a vital factor in

defining removal
capacity.

Permeability against
water flow: Possible

surface clogging (Rodgers

et al., 2004)

CWC, 1997; Gill et al.,
2001; Healy et al., 2007;
Healy et al, 2011

Healy et al., 2010, Sanford
and Larson, 2016

Natural rock
phosphate (Apatite)

Very good P removal

Troesch et al., 2016
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Natrolite (partially
processed mineral

Ahsan et al., 2001; Siedek,
20110

zeolite)
Andesite Ahsan et al., 2001
Saw dust Schipper and Vukovic,

1998; Rodgers et al., 2006

Expanded clay

Sanford & Larson, 2016

Flue Gas
Desulfurization Bryant et al., 2011; 2012
Gypsum
Pea gravel Low cost Pgrtic_:le size Healy et aI.,_ 2007; AAFC,
Lifetime 2015; lbrahim et al., 2016
Removal rate depends on
several limiting factors
Pond culture such as presence of Erbanova et al., 2012
organic substrate,
temperature, etc
Synthetic
Pyrite modified by Wang Et al., 2012; Chet et al.,
calcination 2014
Thermally-
modified calcium- HongbinYin et al., 2017
rich attapulgite
K1 Kaldness media Saliling et al., 2007; Pfeiffer
:plastic MB3 /AMB and Wills, 2011
Synthetic zeolites Cu rer_noval Pefia et al., 2000; Querrol et
capacity al., 2002

Laboratory
expanded shale

Sanford & Larson, 2016

Peat modified with
iron(111) hydroxy
ions

Significant higher
removal than raw
peat

Robals et al., 2015

Cationic cellulose
nanopapers

Mautner et al., 2017
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Media were then assigned nine criteria with an equal weight (seven static and two
dynamic), based on Steps 1-4, and a corresponding scoring system (Step 5 data
interpretation) was developed for each criterion. In the static component, these criteria
were NOs3-N, NHs-N and DRP removal capacity (Static Criteria 1-3 in the FarMit
DST), removal of other pollutants of concern (Static Criterion 4), hydraulic
conductivity (Static Criterion 5), lifetime of media before saturation (Static Criterion
6), and negative externalities such as emission of GHGs, contaminant leaching, or the
presence of other pollutants in the final effluent (Static Criterion 7) (Table 4.4). For
example, Criterion 1 (% NOs-N removal) had a score range of -1, 0, 1, 2, 3, 4
corresponding to < 10 %, 10-30 %, 30-50 %, 50-70 %, 70-85 %, and >85 % reduction,
respectively. Although many studies report % removal, there are other factors that
affect this criterion, such as hydraulic residence time in denitrifying bioreactors and

contact time in P-sorbing filters.

In the dynamic component of FarMit, media were scored according to geographically-
based criteria such as availability and delivery cost to the treatment site or farm. These
criteria are country/region-specific and will change over time. As the amount of media
needed will vary depending on the drainage flow and composition at the site of concern,
local knowledge is required and only the end-user can obtain the most appropriate
ranking of media by assigning scores to these two components. The score ranges for

these two final dynamic criteria are presented in Table 4.4.

The nutrient combinations identified (A, B and C) in Figure 4.2 and the scoring system
developed as part of Step 5 (Table 4.4) for all criteria (1-9) were combined to form the
FarMit DST (Figure 4.1). In order to test the DST, case studies from Ireland, Belgium
(Flanders), and the USA (highlighted in grey in Table 4.5) were used.
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Table 4.4. Static (1-7) and Dynamic (8-9) criteria and corresponding scoring ranges

Criteria ‘ Performance within each criterion ‘ Score
! Static scores based on an average performance reported
NOs-N concentration reduction > 85% 4
% NOs-N concentration reduction: 70-85% 3
s % NOz-N concentration reduction: 50-70% 2
- % é NO3-N concentration reduction: 30-50% 1
& NOs-N concentration reduction: 10-30% 0
NOs-N concentration reduction < 10% and increase in concentration -1
NHa-N concentration reduction > 85% 4
% NHa-N concentration reduction: 70-85% 3
. T % NH.-N concentration reduction: 50-70% 2
o g é NHa-N concentration reduction: 30-50% 1
& NH4-N concentration reduction: 10-30% 0
NH.-N concentration reduction < 10% and increase in concentration -1
P concentration reduction > 85% 4
% P concentration reduction: 70-85% 3
& & % P concentration reduction: 50-70% 2
] é P concentration reduction: 30-50% 1
& P concentration reduction: 10-30% 0
P concentration reduction < 10% and increase in concentration -1
:—C: o 2 £| Removal of other nutrient/pollutant> 80% 2
<3288
SE:’ ° %_ 3| Removal of other nutrient/pollutant< 80% 1
S5 Very good: > 4 cm/h 3
b S g > | Good: 1.5-4 cm/h 2
Nf § Acceptable/depending on compactness: <1.5 cm/h 1
2 Lifetime >10 years 2
' E Lifetime : 5-10 years 1
- Lifetime <5 years 0
2 é GHG emission -3
~ % % ¢ | Contaminant leaching/other pollutants in effluent -2
< ?5 Expensive pre-treatment -1
3 Dynamic scores subject to change based on geographical region
- 2 Scale of Availability: farm scale 4
. ; % Scale of Availability: local/country scale 3
® § T; Scale of Availability: EU/continent scale 2
< Scale of Availability: International scale 1
- Cost (low) 3
o é Cost (medium) 2
Cost (high) 1

! Extracted from the developed Media Database (Tables 4.1, 4.2, 4.3) based on average performance of conducted

studies

2Required additional data from other sources
3 Scoring should be defined by individual users (requires case study knowledge on temporal/spatial factors)

72




Table 4.5. Site-specific case studies in Ireland, Belgium and USA based on land drainage discharges, shallow groundwater and drainage ditch nitrogen
and phosphorus concentrations (spatial and temporal data considered). Locations highlighted in greyscale were used to validate the DST.

Mean Mean . .
: . Mean Pollution Scenario
. . . Geology /soil drainage- NHas-N DRP .
Site details/reference | Location 9y i g NOs-N (m4|_- (Mg L- Study Period
soil type (mg LY f; g Description Type
IRELAND
Intensive dairy NOs-N dominates with P retained in
farm/Teagasc Dairy Curtin’s, Fermoy, Co. . the soil-subsoil-geology. Only one
Production Centre Cork Limestone/free-brown earth 116 03 <0.08 specific borehole had NH4-N breaches Al 2001- 2010
(Huebsch et al., 2013) caused by localised conditions.
Dairy research farm, . . . . .
Kil h-M k . NOs-N hP 2001-201 1
(Huebsch et al., 2013; tworth-MOOrepark, | | imestonefree-brown earth 11.1 | <0.05* | <0.035 Os , domln.a tes with P retained in Al 001-2010 and 18
Fermoy, Co. Cork the soil-subsoil-geology. months from 2012
Fenton et al., 2017)
Glacial deposits underlain
Beef research farm, by Pre-Cambrian NOs-N dominates shallow
Johnstown Castle Foals House, Co. greywacke-schist-massive 7.5+ 01 <0.035 groundwater with P retained in the Al/ 2007-2009 and
(Fenton et al., 2009a,b; Wexford schistose 4.5*% ' ' soil-subsoil-geology. Also some NHy- B1 2009-2017
Clagnan et al. 2018b) quartzites/moderate-Typical N in shallow groundwater.
groundwater gley
Beef research farm, Glacial deposits underlain
Johnstown Castle byPre-Cambrian . .
. Foals H . . . A5+ D DRP
(Ibrahim et al., 2013; V\(/):xior(cj)use’ Co greywacke-schist-massive 00 :3 <0.1 | >0.035 Onrf'nage water dominated by C 2000- 2017
Peyton et al., 2016; Clagnan schistose quartzites/poor- ' y
etal., 2018b) typical groundwater gley
Commercial dairy farm Castleisland, Co. sr:z:zftﬁrc;f-fans:j;):jrface 292+ | 043% 0,035 NH.-N dominates with DRP, low B2 Aug 2015- Aug
(Clagnan et al., 2018a) Kerry POOT-yp 146 | 046 : NOs-N 2016
water gley
Commercial dairy farm N Shale/poor-humic surface 047+ | 017+ NH,-N dominates with DRP, low Aug 2015- Aug
Ath .L k . B2
(Clagnan et al., 2018a) thea, Co. Limerick |\ ater gley 037 | 018 | %% | noaN 2016
Commercial dairy farm . . Aug 2015-Aug
R -shal - 716 £ 22+ NHs-N h DRP, |
(Clagnan et al, 2018z; Daly | ~ oo ©° Sandotone shalelmoderater | 0.78% | 022 | ggggr | NI dOmInetes Wit DRE, fow B2 | 2016 and Oct 2015-
etal. (2017) pperary yp gey ' ' 3 May 2016
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Devonian sandstone/poorly
Dairy research farm Solohead, Co. drained Gleys (90%) and . .
+ -
(Necpalova et al., 2012) Tipperary grey brown Podzolics <1 0.33% >0.035 NHa-N dominates with DRP, low B2 2008- 2010
0.95 NOs-N
(10%)
Dairy farm, Johnstown Pre-Cambrian greywacke-
Castle Environmental Co. Wexford schist-massive schistose 0.98 0.055 | NH4-N dominates with DRP, low B2 Jan 2016- Dec
Research Centre ’ quartzite/poor to moderately NOs-N 2017
(unpublished data) well-gleyic cambisol
FLANDERS, BELGIUM
Mean Mean Mean
. . . Geology /soil drainage- Pollution Scenario .
Site details/reference | Location 9y it g NOs"_\ll NH«N - DRP Study Period
St type (mg L5 | (MgL™) | (mg L) Description Type
Grassland/maize/fruits and Kaalbeek, Alken, Mo.d erately to poorly NO3-N dominates with high Jan 2015- Dec
. drained-sandy loam- heavy 11.84 0.357 . . . A2
nuts* Limburg subsoil concentration of P being mobilized 2016
. Moderately to poorly
Fruits and nuts* Nlleuwerkerken, drained- sandy loam- heavy 10.85 0.07 A2 Jan 2017- Mareh
Limburg . 2018
subsoil
Grains, legumes, Slrlt—Pleters—KapeIIe, Very poorly drained- hea\_/y NH.-N dominates with high Sep 2014- Dec
ornamental plants/ Middelkerke, W clay-heterogeneous topsoil: <5.6 0.495 1.2 . B2
. concentrations of DRP 2016
maize/grassland* Flanders Polder
. Moerkantsebaan, Insufficient drainage-sand NOs-N above very good status but A2/ Jan 2014 — Jul
*
Maizefgrassland/potato Essen, Antwerp (dominant)/loamy sand 783 156 below good status C 2016
Grassland/fruit and Herk-de-Stad, Moderately drained-sandy 282 | 083 | Very high NH.N with DRP mobilized | B2 | Jan 2014- Nov2015
nuts/maize* Limburg loam-heavy subsoil
. Moderately drained-loamy . .
Grassland/maize/grassland Bree, Limburg sand/light sandy loam 24,02 0.0278 Very high NOs-N with most of DRP Al Jan 2015- Nov
corn/vegetables* retained 2016
. . Insufficient to moderately .
Potato/maize/other crops™ Leisele, Alveringem, drained/loam (dominant) 1041 167 NOs-N above good status but below A2/ Jan 2017- April
West-Flanders very good status C 2018
and sandy loam
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Grassland/grains,

Aarschot-Flemish

Moderately to poorly
drained-sandy loam/loamy

Jan 2014- Nov

. . <56 1.45 | No N pollution; DRP C
legumes/vegetables* Brabant, Limburg sand/light sandy o N potiution 2016
loam/loam/gley soil:
Maize/grassland/vegetables . Very well to poorly drained-
. Boll k, Peer, . 2015- D

and herbs/grains .O isenbeek, Peer sand and loamy sand, 21.60 >0.07 | High NOs-N and DRP > MAC A2 Jan 2015- Dec

Limburg L . 2017
* subsoil with humus/iron

USA
. . . Geology /soil drainage- | Mean | Mean | Mean Pollution Scenario .
Site details/reference | Location 9y it g NOs-N | NHs-N DRP Study Period
soil type (mgL?) | (mgL?Y | (mgLY Description Type
Agricultural field with crop
rotation, Northegst Research Northeast lowa n.a. 13.18 NO3-N dominates Al 2010
and Demonstration Farm
(Christianson et al., 2012a)
Agricultural field with crop
rotation, Green County Central lowa n.a. 15.18 NO3-N dominates Al 2008
(Christianson et al., 2012a)
Dairy farm, Rld_ge_ly Farm Chesapeake Bay . Sassafras sandy loam (47%) | 8.17+ | 11.25+ | 2.52+ . A2/
(Rosen and Christianson, catchment, Caroline 105 118 ’8 Both N species; DRP B2
2017) Co., Maryland ' ' '
Organic field (rotation of
various crops), Queen Anne | Queen Anne’s Co., Ingleside sandy loam 9.49+ 015+
Farm Maryland (29.5%) 5 O_ 0 2_ NOs-N dominates; DRP A2
(Rosen & Christianson, ' '
2017)
Tama/moderately eroded- . .

Grazed pasture and hayed Platteville, Wisconsin | silt loam/sandy clay loam 1.4 15 Based on flow weighted nutrient B2 | Aug 2010-Jul 2012

pasture (Vadas et al., 2015)

concentration for DRP and NH4-N
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Minnetonka/ poorly

. . 15.76
Blue Earth t -silty cl .
Corn an.d soybean _ue arth County, drained-silty clay (FWMC NOs-N dominates WY2011-2017
production ** Minnesota loam/sandy clay loam/sandy )
clay/silty clay
Readlyn/somewhat poorly
Dodge County, . . 26.18
corn an.d soybear Minnesota drained S”t. loam/sandy (FWMC NO3-N dominates WY2013-2017
production ** clay loam/silty clay )
loam/sandy clay/silty clay
Grimstad/somewhat poorly
Grains (sugar beet-corn- Norman County, drained-fine sandy loam/silt | 2236 . WY2013-2017
dry bean-soybean- . loam/clay loam/silty clay (FWMC NOs-N dominates
. Minnesota .
wheat crop rotation) ** loam/sandy clay/silty clay )
_ Renville County, Canisteo-Glenco/poorly 15.08 WY?2012-2017
Grains (sweetcorn-peas- . drained-silt loam/clay .
. Minnesota . (FWMC NOs-N dominates
soybean crop rotation) ** loam/silty clay loam/sandy )
clay/silty clay
Elmville /somewhat poorly 1797
Grains (_corn-soybean) W_|Ik|n County, drained-very fine sandy (FWMC NOs-N dominates WY2013-2017
production ** Minnesota loam )
Cordova/poorly drained-
Grams (corn-alfa alfa Wright County, clay Iotalm/sandy clay 20.02 0.27 .
rotation) ** . loam/silty clay loam/sandy (FWMC (FWMC | NOs-N dominates WY2012-2017
Minnesota .
clay/silty clay ) )
Corn and soybean - Poorly drained-Drummer
production *** Salt Fork Vermillion 12.00 NO3-N dominates Al | WY2011-2012
River, Illinois
C duction (David et U Mississippi . .
orn production (David & pper MISSISSIPPI Poorly drained-Drummer 16.00 NOs-N dominates Al | WY2010-2012

al., 2015)

River basin, Illinois

Unpublished data from regional/national database:* VMM; ** Discovery Farms Minnesota; *** USDA

FWMC= Flow weighted mean concentration; WY=Water Year: the year beginning on 1 October and ending 30 September the following year
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4.3.4. Testing of FarMit DST using different case studies

Three case studies each with their own distinctive nutrient scenario from Ireland,
Belgium and the USA were used to test the DST (see Table 4.5 for details). Nutrient
losses from drainage systems are ubiquitous, but water quality regulation standards
differ worldwide. For example, in an Irish dairy system, cattle are kept outdoors for
most of the year with both organic and inorganic fertilizer being land spread. Studies
have shown high N surpluses on dairy farms due to low N utilisation efficiencies, e.g.
Clagnan et al. (2018a) found a range from 211 to 292 kg N ha' on heavy textured sites.
As drainage waters are not governed directly by water quality legislation, other
standards for surface or groundwater (e.g. drinking water standards) can be used to
quantify the level of pollution. For example, in Ireland surface waters are of “high” and
“good” status if their DRP is <0.025 mg L™ and < 0.035 mg L™, respectively (EU,
2014c; EPA, 2016b). For NOs-N, an average drinking water concentration of 11.3 mg
Lt applies for groundwater, whereas a lower standard of <0.9 mg L™ and <1.8 mg L™
are indicative of surface waters with “high” and “good” status, respectively (EPA,
2016b). Although a drinking water standard, and not specific to drainage waters, an

indicative NH4-N concentration of <0.23 mg L™ may be considered to be non-polluting.

The region of Flanders in Belgium is mostly dominated by fruit production and arable
farming in the east, with livestock production and production of vegetables for the
frozen food market in the west (Flemish Agriculture and Fisheries, 2017). This region
comprises 75 % of agricultural production in Belgium, and is considered by the
Government of Flanders, Investment and Trade Body to be a “global leader in intensive
farming”. The water standard for NOz-N should be < 11.3 mg L* and the same standard
for NHs-N as in Ireland applies. In terms of DRP, there is a range of concentrations for
“very good” and “good” status of surface water from 0.04 to 0.06 mg DRP L and 0.07
to 0.14 mg DRP L, respectively.

Finally, the sites selected in the USA were in the states of lowa, Minnesota, Wisconsin
and Maryland, in which the dominant agricultural systems are corn, soybean, livestock,
vegetables, fruits, and tree nuts (Hatfield, 2012). As with Ireland, NOs-N standards in
the USA are specific to drinking water, and not drainage water, but with a slightly lower

standard at 10 mg NOs-N L, which is termed a “maximum contaminant level”. In
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terms of DRP in the USA, there is a limit of 0.037 mg DRP L (USEPA, 2000) in

surface waters.

4.3.5. Validation of DST (SWOT analysis)

The procedure of Andersson-Skéld et al. (2014) was followed to validate the DST. The
FarMit DST was validated by running several SWOT (Strength, Weakness,
Opportunity, Threat) analysis sessions with end-users. This allowed the DST to be
critically  reviewed by independent stakeholders and external experts
(researchers/scientists in the fields of water/soil quality monitoring/remediation and
environmental protection, agricultural consultants/advisors) at the following SWOT

analysis workshops:

i. PCFruit, Fruit Research Centre, Belgium (May 2018; five attendees)

ii. Department of Environment Research Centre of Teagasc, Agriculture and Food
Development Authority of Ireland, Ireland (December 2018; 14 attendees)

iii. Water Research Group/ Groundwater Protection Group in Sheffield University, UK
(February 2019; 10 attendees)

iv. Network Meeting of EU Horizon2020 Early Stage Researchers representing
different partner countries in the INSPIRATION (Managing soil and groundwater
impacts from agriculture for sustainable Intensification) Independent Training
Network (ITN), Netherlands (March 2019; 14 attendees)

The process was carried out by presenting the FarMit DST to participants, starting with
a summary of current media-based mitigation measures for removing/remediating
nutrients in drainage water at farm-scale. The attendees were then divided into groups
of three to four and participants were given a chart explaining each criterion. The
groups were then asked to use the DST with a view to making best management
decisions from a farmer/advisor point of view. The opinions of groups on the
performance of FarMit DST with regard to its strengths and weaknesses as attributes
of the DST and opportunities and threats as attributes of the environment were recorded

and discussed among attendees.
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4.4. Results

The FarMit DST is available online as an Excel-based tool. It may be used by first
accessing the ‘INPUT’ tab on the file. Figure 4.3 shows the user interface of FarMit

DST. The results of the three case studies are now presented.

CHOOSE YOUR WATER QUALITY ISSUE

— Lo | D

Ammonium

NITRATE DRP

Nitrate
DRP

Ammonium

DRP

Figure 4.3. The user interface of FarMit DST.

4.4.1. Case studies
4.4.1.1. Ireland
The results of the Irish case study are presented in Figure 4.4. The following steps were

taken to obtain the final results:

1- Based on the drainage water test results (Table 4.5), the “Ammonium/DRP”

icon in the DST user interface was selected (Figure 4.3).

2- The DST recommends the top 10 media based on static criteria for treatment of
this scenario. For example, the top three media for NHs-N removal are zeolite,
crushed glass and peat/sphagnum peat with a cumulative score of 10, 9.5 and
8.5, respectively. The equivalent media for DRP removal are vetiver grass, lime
and sand with cumulative scores of 10, 9 and 8, respectively.
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3- The dynamic criteria 8 and 9 were assigned scores considering local conditions
and resources available at farm-scale. For example, in Ireland sand and gravel
can be delivered to site at 0.21 and 0.15 € kg, while zeolite, lime, and
limestone cost over 0.70, 0.95, and 1.3 €, respectively. Any media priced below
and over 0.5 € kg™ were assigned scores of 3 and 2, respectively, while media
over 2 € kg! (e.g. andesite, charcoal, nitrolite, etc.) were assigned a score of 1.
The DST sums the total scores of static and dynamic criteria.

4-  After pressing “Run”, the DST presented a high to low ranking of media for the
mitigation of pollutants in the Irish case-study. These are presented graphically
(by a histogram) and in table format.

Ammonium
Media Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion & Criterion 7 Criterion 8 Criterion 3 Tot:
Zeolite 1 0 4 0 2 3 1 B 2 15
PeatiSphangum peat 3 0 3 1] 2 2 15 B ] 4.5
Soil (no clay) d [1] 3 i} 2 1 1 3 3 13
Sand g 1] 3 o 1 H 1 3 el 13
Pea gravel 10 0 1 0 0 3 2 4 3 13
Crushed glass 2 0 4 0 15 3 1 2 1 12.5
Vetiver grass 5} 0 1 0 2 2 2 2 1 10
Natrolite 7 0 3 0 1 3 0 2 1 10
Lime g 0 1 o 2 3 1 -1 3 1 10
Limestone 3 1] 1 0 2 3 0 3 1 10
DRP
Media Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion 6 Criterion 7 Criterion § Criterion 9 Toti
Sand 3 0 0 4 1 2 1 3 3 14
Vetiver grass 1 L] 1] 4 2 2 2 2 1 13
Lime 2 0 1] 4 2 3 1 -1 7] 1 13
Zeaolite 4 0 [1] 2 2 3 1 =l 2 13
Crushed concerete 5 0 0 4 2 3 1 =2 =l 2 13
Soil (no clay) & 0 0 3 2 1 1 3 3 13
Peat!Sphangum peat 3 0 0 1 2 2 15 3 =l 2.5
Apatitellimestone 50-50% ,w| 7 1] 1] 4 0 3 0 3 1 11
Apatite pellets g 0 1] 4 0 3 0 2 1 0
Andesitelrefuse concretelch{ 10 0 1) 4 2 2 0 =2 2 1 3

Figure 4.4. Irish Case Study results: Ammonium (top) and DRP (bottom).

The order of the top five media for NH4-N removal was (from best to worst): zeolite,
peat/sphagnum peat, soil (no clay), sand and pea gravel. The top five media for DRP
removal were (from best to worst): sand, lime, vetiver grass, zeolite, and crushed
concrete. The ranking implied the influence of wide (local) application of some media
over others in the dynamic criteria scoring. For example, zeolite is highly available
despite being imported, therefore it has higher availability with lower delivery cost.

Similarly, the extensive peat harvest/extraction from peat deposits along with the
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geology of Ireland, which provides limestone rocks or sand with various compositions,

influenced the dynamic criteria scoring and therefore the final ranking of media.

4.4.1.2. Belgium

The results of the Belgian case study are presented in Figure 4.5. The following four

steps were taken to obtain the final results:

1-

4-

Based on the drainage water test results (Table 4.5), the “Nitrate/DRP” icon in

the user interface was selected (Figure 4.3).

The DST recommends the top 10 media for treatment of this scenario. For
example, the top three media based on static criteria for NOs-N removal are
woodchips, vetiver grass, and coco-peat, with a cumulative score of 9, 9 and

8.5, respectively. The media for DRP removal are similar to the Irish case study.

The dynamic Criteria 8 and 9 were assigned scores considering local conditions
and resources available at farm-scale. This information was confirmed through
consultation and face-to-face communication with a local private soft fruit
company. A medium such as woodchip costs about €15 m™ to be delivered to
a farm, which is considered inexpensive (i.e. Score 3) and similar to barley
straw, or pea gravel. Some media such as apatite, limestone or vetiver grass are
considered to be very costly, and must be imported to the site (with an
associated high delivery cost). This was therefore assigned a Score of 1. The
DST sums the total scores of the static and dynamic criteria.

After pressing “Run”, the DST presented a high to low ranking of media for the
Belgian case-study.
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Nitrate
Media Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion & Criterion 7 Criterion 8 Criterion 9 Total

Woodchip 1 4 0 0 0 3 2 0 3 2 14
Cardboard [ 0 0 0 3 1] 1] 4 3 14
Barley straw + [native) soil 10 4 0 [1] 0 2 1] 1] [] al 13
CocoPeat 3 3 0 0 H 2 15 1 3 1 125
Sand 5 3 0 0 1 2 1 0 3 2 12
Immature compost E] 4 0 0 0 2 0 0 3 3 12
Crushed glass 4 2 0 0 15 3 1 0 3 1 ns
Vetiver grass 2 3 0 0 2 2 4 0 1 1 N
Zeolite 7 1 0 1] 2 3 1 a 3 1 1
Granular actuivated carbon 8 3 0 0 1 3 0 0 3 1 il

DRP

Media Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion & Criterion 7 Criterion 8 Criterion §  Total
Crushed concerete 5 0 0 4 2 3 1 -2 3 3 |
Soil [no clay) 5] n 0 3 2 1 1 4 3 L
PeatiSphangum peat E] [1] a 1 2 2 15 4 7] 135
Sand 3 0 0 4 1 2 1 3 2 13
Vetiver grass 1 0 0 4 2 4 2 1 1 2
Lime 2 [1] 1] 4 2 3 1 -1 2 1 2
Zealite 4 0 0 2 2 3 1 3 1 2
Apatitellimestone 50-503% , wiw 7 0 1] 4 1] 3 1] 2 1 0
Apatite pellets ] 0 1] 4 [1] 3 i 2 1 0
Andesitelrefuse 0 0 0 4 i 2 ] -2 1 1 8

Figure 4.5. Belgian Case Study results: Nitrate (top) and DRP (bottom).

The top five ranked media for mitigation of NO3™ were (from best to worst): woodchips,
cardboard, barley straw with native soil, coco-peat and sand. Soil (no clay) together
with crushed concrete, peat/sphagnum peat, sand, and vetiver grass together with lime
and zeolite, were the highest ranked media for mitigation of DRP. The feedback from
face to face communication with farmers indicated that considering the availability of
resources at farm scale, waste cellulose (combination of leaf compost, wood mulch and
saw dust) could gain more interest than woodchips. In addition, availability of locally
sourced barley straw and peat with high NOs™ removal potential could consequently
change the scores for the dynamic criteria to compensate for a low score for a static
criterion (e.g. lifetime). Farmers perceived “pollution swapping” as being important
and the final material needed to have a low pollution swapping potential. This was
perceived as important to avoid monetary fines in terms of water regulations in the

future.

4.4.1.3. USA
The results of the US case study are presented in Figure 4.6. The following four steps
were taken to obtain the final results:

1- Based on the drainage water test results as in Table 4.5, the “Nitrate” icon on

in the user interface was selected (Figure 4.3).
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2- The DST recommends the top 10 media for treatment of NO3™ pollution scenario

(similar to Belgium Case Study for NOz™ related media).

3- The dynamic Criteria 8 and 9 were assigned scores based on a comparative scale
using online information in consultation with the USA stakeholder, considering
local conditions and resources available at farm-scale within the vicinity of case
study region. The use of woodchips (to be used in denitrifying bioreactors)
receive financial support from the government and the existence of numerous
wholesale suppliers/or producers of coco-peat (coconut coir), vetiver grass, and
zeolite made these media accessible and available. The DST then summed the
total scores of static and dynamic criteria.

4-  After pressing “Run”, the DST recommended a high to low ranking of media
for USA case-study.

Nitrate

Media Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion 6 Criterion 7 Criterion 8 Criterion9 T
Woodchip 1 4 0 0 0 3 2 0 3 1
CocoPeat 3 3 0 0 2 2 15 0 2 2
Vetiver grass 2 3 0 0 2 2 2 0 1 1
Sand S 3 0 0 1 2 1 0 3 1
Zeolite 7 1 0 0 2 3 1 0 3 1
Barley straw + [native) s| 10 4 0 1] 0 2 1] 0 1 3
Crushed glass B 2 0 0 15 3 1 0 1 1
Cardboard 6 4 0 0 0 3 0 0 1 1
Granular actuivated car| 8 3 0 0 1 3 0 0 1 1
Immature compost 3 4 0 0 0 2 0 0 1 1

Figure 4.6. US Case Study results: Nitrate.

The DST recommended woodchips, coco-peat, vetiver grass together with sand and
zeolite, barley straw with native soil, as the highest ranked media from best to worst.
This result supports the common use of denitrifying woodchip bioreactors in the USA
as a well-established NO3z™ remediation technology (Christianson et al., 2012a). The
installation of woodchip bioreactors at the end of tile drainage systems is also
financially supported by the US Department of Agriculture Natural Resources
Conservation Service (USDA NRCS) (NRCS, NHCP, 2015). Such schemes, along
with  the major local productions, industry needs and wholesale
suppliers/distributors/importers, have a direct influence on media availability and cost
and, consequently, the scoring and final selection. The output of the FarMit DST
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considers only selection of a medium/media. Future research is required to test the
medium/media under controlled laboratory conditions to elucidate design and

operational parameters.

4.4.2. SWOT analysis

The overall SWOT analysis results from different workshops is summarised in Table
4.6. It was perceived that the major strengths of the FarMit DST were its easy concept
and worldwide applicability for targeting dual removal of nutrient pollution, regardless
of farming practice and considering specific local economic conditions and media-
availability to individual users. Weaknesses identified included the absence of a
sustainability factor (i.e. possible reusability of saturated media as a fertilizer or a soil
amendment) and impracticality of using certain media regardless of their high ranking
in nutrient mitigation. The major opportunity provided by FarMit was that it may be a
long-term efficient decision support framework that can be implemented at the initial
stage of decision making. The threats were seen as the risk of extreme weather events
or social/economical/political changes that may have an impact of availability and price

of media for farmers.

4.5. Discussion

4.5.1. Performance of DST in case-study applications

The DST application in different case studies representing different geographical
locations and showcasing different farming practices, provided a ranking of media with
high potential to remove nutrients in drainage water for various farm pollution
scenarios. SWOT analysis showed the DST to be an effective tool to communicate
management options to different stakeholders. It provided a list of options to the

stakeholder and the results are clear enough to provide applicable information.
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Table 4.6. Summary of SWOT analysis results: strength and weakness (attributes of the tool), and opportunities and threats (attributes of the

environment) of FarMit DST identified through different workshops.

STRENGTH

WEAKNESS

OPPORTUNITIES

THREATS

Clear concept, provides quick view of
best media, and easy to understand

User friendly without any complications,
thus suitable for any software skill level.

Time saving by providing a list of best
media

Static criteria do not change from region
to region but are of paramount important
in any mitigation option regardless of
farm size.

Low-cost DST which is easy to
disseminate

Robust selection of media (based on
literature review and actual experiments)
Informative and encouraging to consider
several options

The ranking list is provided based on an
order from most efficient

Lack of a factor showing raw/waste
nature of a medium

Lack of a criterion for environmental
sustainability and post-implementation
cost (disposal of used media and
associated costs)

Bar graphs may be misleading for non-
scientific community

The tool doesn’t consider unfeasibility
of having certain medium at site,
regardless of its good adsorption
capacity
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Flexibility of the tool to be further
developed

Easy to change scores from time to
time depending on environmental
circumstances

Positive impact on decision making as
an easy to access tool

Enabling knowledge transfer between
different stakeholders

Supporting document to be used for
legal purposes

Possibility to add a factor considering
the applicability at site

The use of the tool/scorings
depend on local/national
legislations

Impact of local geographical
conditions on removal efficiency
(e.g. weather, humidity,

Farmers’ constraint might not let
them to choose top ranked media
based on lower “Cost” or higher

“Availability”



Providing the user with options helps in
making a more informed selection
considering environmental impacts

Considers negative externalities
(pollution swapping) thus prevents
further post-treatment in near/far future

Considers two types of nutrient (N & P)
pollutions emerging as singled or
simultaneously

Does not consider GHG emission
caused by transport of media

“Pollution Swapping” has not been
considered in many studies so not
sufficient information on all 75 media
in this regard
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Draws the attention toward the critical
issue of creating a new pollutant as the
result of mitigating a existing
pollutant.

Change habits and therefore improve
accidental (further) environmental
pollution

Influence mindset by considering
several criteria of importance for
overall pollution remediation

Information on
availability/efficiency of some
media at shorter time period
depends on extreme weather
condition, land use changes,
growing/failure of an industry,
etc.

Changes in Geopolitical
landscapes have direct impact on
commercial deals and
import/export agreements
Fluctuation of exchange rate in
case of importation can change
the cost



Considers environmental, economical,
and logistical criteria into account

Taking user’s income (“Cost”) into
account

Some media may appear exotic and
unknown depending of geographical
location where the tool is applied

The scoring range for “Cost” is not
narrow enough to make differentiation

Possibility to add a weighting factor to
show importance of dynamic criteria

easier
Lack of differentiating between
organic/inorganic components of
media and information on nonlocal
media !

Provide decision support framework

which is efficient at longer terms.

Possibility of data collection regarding
farmers’ preferences in order to
improve decision making processes
Encourage farmer to monitor the water
quality more often to avoid possible
contamination of water by the end of
medium’s lifetime

Can be further developed to include new  Lack of information on amount of

emerging media , as well as results from  required media and their exact lifetime

new laboratory and field experiments on 2

currently listed media

L All 75 media are differentiated based on being wood-based, vegetation/phytoremediation based or inorganic in Table 4.1, Table 4.2, Table 4.2, respectively, documenting
detailed list of advantages/disadvantages of media and already tested amendments to improve their efficiency.

2 Acquisition of this information requires batch or column adsorption studies and modelling of adsorption capacity of selected media based on nutrient load and targeted
removal percentage of pollution in a defined time period.
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The results were consistent with the hypothesis that the dynamic criteria (availability
and delivery cost of media to site) would vary spatially and temporarily. This was due
to reasons such as geopolitical situation and proximity to a national border (e.g. to the
French border for Flanders in Belgium), size of the country and therefore availability
of wholesale manufacturers/suppliers/distributers, local production (e.g. wood-based
or corn-based media like corn cob/stover may suit farmers in USA better than Belgium
or lIreland), levies on recyclable materials (e.g. glass in Ireland or cardboard in
Belgium), financial support from government (e.g. installation of woodchip
denitrifying bioreactors in USA), the extent of application of media according to the
dominant industry/use, etc. A good example for the latter is zeolite, which is a natural
mineral medium with high potential for removal of both NHs-N and DRP. Although
imported in Ireland, this has wide application in Ireland and thus higher availability
with lower delivery cost compared to Belgium, for example. Conversely, coco-peat is
more available in Belgium than Ireland due to the wide application of coco-based media
for other purposes (e.g. coco-chips in pesticide biofilter), while this medium is readily
available and may be purchased at a relatively low cost in the USA.

4.5.2. SWOT analysis

Generally, the ranking of media is similar based on static (non-geographical) criteria
for comparable case studies in different locations, although it is expected to change
when considering the dynamic criteria (8 and 9) at specific sites. The operator may
choose from 75 options (Appendix C) according to their local knowledge and personal
preference. This was considered as a strength in the SWOT analysis. This flexibility
enabled the operators (farmer/adviser/engineer) to make a quick and informed medium
selection based on possible future costs. This strength of the FarMit DST was
welcomed in Belgium, where farmers were willing to take an active role in
implementing sustainable solutions to minimize pollution caused by nutrient losses and
they may opt for natural/organic media with zero pollution swapping and longer
saturation time regardless of nutrient adsorption capacity. For example, despite the high
availability of cardboard or crushed concrete at farm-scale and their high nutrient
removal efficiency, the stakeholder (farmer) was concerned about the media lifetime
and potential negative externalities. Therefore, the preference was to implement a more

sustainable, but more expensive, alternative (e.g. zeolite).
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In addition, if an operator wishes to avoid expensive pre-treatment or post-treatment of
media due to pollution swapping caused by, for example, leaching of heavy metals (e.g.
andesite and re-used concrete), they may wish to select a medium further down the
ranking that may be more expensive but which has a lower environmental footprint. In
addition, after the selection and operation of an engineered treatment system, the
FarMit DST can be used again to minimize the effects of pollution swapping. For
example, woodchip has been shown in some studies to release DRP (e.g. Fenton et al.,
2016). In these cases, the DST can be used to select a Scenario C medium instead.

Another SWOT strength, as well as opportunity of FarMit, is the flexibility to be further
developed and to adjust with time of application, as the dynamic criteria may also
change over time. For example, a non-native plant such as vetiver grass has a high
pollutant removal efficiency (Ash and Truong, 2004; Mayorca, 2007; Donaldson and
Grimshaw, 2013) and can be purchased at a relatively low cost in the USA. It was
initially only available at international-scale to Ireland and Belgium (where it was
imported from Asia), but now has a growing market in Europe (with ensuing lower
supply costs and higher availability). Here, the SWOT threats lie in the fact that
changes in geopolitical landscapes impact commercial trade directly and extreme

weather might change availability (and price) of local products.

The SWOT analysis identified a lack of a criteria considering environmental
sustainability and post-implementation cost (e.g., disposal of used media and
associated costs). This can be addressed in the future as the tool has the flexibility to
be further developed.

4.6. Limitations and future recommendations

Phytoremediation and organic materials, presented in Table 4.2, have limitations (such
as type of vegetation plant, geology, geographical features), which may affect the
results of their application (e.g. peat). Similarly, soils and sands may differ in metal
content and geochemistry, which could influence their nutrient adsorption capacity.
Therefore, the user can subsequently decide to test several highly ranked media in batch
studies to confirm their performance in specific contexts. This would then help to

screen suitable materials and identify the most efficient type or chemistry of locally
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sourced media (thus with highest nutrient mitigation potential or longer lifetime) to be

used in the site under examination.

In terms of final selection for an engineered structure, further media testing may be
needed to elucidate on-site removal capacity, which may differ from literature or even
laboratory conditions e.g. woodchip and denitrification rate. Additionally, the design
of a system for dual nutrient mitigation will usually require the user to consider the
sequence of media needed to address pollution swapping (Fenton et al., 2016).

Future development of this FarMit DST should consider incorporation of other factors
by individual users (e.g. circular economy/agronomic value of saturated media) for
scoring and finalising media selection, as well as aligning the ranking of media for
removal performance based on similar conditions, e.g. residence time, and to factor in
other issues that influence the removal efficiency, e.g. atmospheric conditions such as
temperature. Furthermore, dynamic criteria could outweigh all other components if
weightings are assigned. This would exclude all media for which access is not possible
(e.g. vetiver grass in some areas). Another factor which could be included in the DST
at a later stage would be maintenance costs pertaining to the selected medium/media at
the field site.

The flexibility of the FarMit DST provides a tool with the capability to be updated by
adding media emerging from new studies as well as new tests on the current 75 media
reviewed, but in different experimental settings. This would consequently update the
“static component” of the DST as new results indicate higher or lower removal rates,

lifetime, or new insights into the pollution swapping potential of a media.

4.7. Conclusions

A decision support tool (“FarMit”) was developed and validated. This tool enables the
end-user to select locally sourced media which can be used in drainage ditch structures
to mitigate polluted outflows. The tool provides seven static criteria for 75 media and
the operator provides dynamic criteria (availability and delivery cost) to adjust the final

ranked list for local conditions.
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SWOT analysis, conducted in a series of workshops, showed the tool to be systematic,
transparent and user-friendly, providing the user with a wide catalogue of options, and
considers users’ local economic and market conditions. Despite the fact that the tool
does not provide an end-use for the saturated medium (media) or insight about re-use
potential, it provides the opportunity of knowledge transfer between different

stakeholders, and therefore can positively impact decision making.

4.8. Summary

This chapter is summarised in the following bullet points:

e Different nutrient pollution scenarios that would occur on farms were identified.

e ADST was developed to select media for mitigation of nutrients in drainage water.

e This DST enables users to choose media specific to pollution and local conditions.

e The DST considers static/dynamic criteria to ensure environmental/logistics
compliance.

e The DST was tested using case studies in Ireland, Belgium and USA.

e SWAOT analysis found the DST to be systematic, flexible and transparent.

The suitable media for mitigation of nutrient losses at the study site (Chapter 3) were
selected using the DST developed herein. The next chapter investigates the dual
nutrient removal efficiency of selected mixed media in small and large-scale adsorption
column tests. The objective is to investigate possibility of using small-scale columns

to predict effluent concentrations leaving large-scale columns.
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Chapter 5
Use of rapid small-scale column tests for simultaneous prediction of

phosphorus and nitrogen retention in large-scale filters

5.1. Overview

The objectives of this chapter are to examine the efficacy of the RSSCT modelling
approach in simultaneous prediction of DRP and NH4-N effluent concentrations in

large-scale filters filled with mixed media.

The content of this chapter has been submitted to the Journal of Agricultural Water
Management:

Ezzati, G., Healy, M., Christianson, L.E., Daly, K., Fenton, O., Feyereisen, G.,
Thornton, S., Callery, O. Use of rapid small-scale column tests for simultaneous

prediction of phosphorus and nitrogen retention in large-scale filters.

5.2. Introduction

Intensification of agriculture through crop growth strategies and increased animal
stocking rates has been enacted in many countries of the EU (Van Zanten et al., 2016).
This may result in unabated diffuse and point-source nutrient (N and P) losses to water
bodies, causing multiple effects on environmental systems while traveling along
biogeochemical pathways and continua from soil to water bodies (Galloway et al.,
2003; Sharpley et al., 2011). As surface and subsurface storage components of these
mixed nutrients are large, critical and incidental losses which are deleterious for the
aquatic system, will occur (Schulte et al., 2014; Ascott et al., 2018). Therefore,
alongside existing best management practices to mitigate surface and groundwater
nutrient losses, there is a need for a number of additional measures that can intercept
and mitigate nutrients before they leave the farm system. Engineered remediation
technologies are amongst these measures and have moved beyond proof of concept in
recent years (e.g. Christianson and Schipper, 2016). These include installation of
structures filled with P sorbing materials (Penn et al., 2014a; Sanford and Larson, 2016)

to intercept surface runoff, in-ditch control structures designed to remove both P and N
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in drainage waters (Fenton et al., 2016), and denitrifying bioreactors connected to tile
systems that are filled with carbon-based media that convert NO3™ to di-nitrogen gas
(Christianson et al., 2013; Healy et al., 2014, Fenton et al., 2016).

In Chapter 4, a DST was developed to assist users in the selection of locally sourced
media for use in mitigating pollution associated with excess nutrients in drainage
waters. Within this DST, several water contamination scenarios were identified, such
as NOs only, DRP only, or a mixed discharge of NHs* and DRP. On heavy textured
soils, where land drainage has been installed to extend the grazing season, there is a
large body of evidence (e.g. Clagnan et al., 2019) that identifies NH4" and DRP as the
main nutrients of concern in both shallow and groundwater drainage systems. The aim
of the current study is to design and quantify the effectiveness of filters containing

appropriate media capable of retaining both NH4* and DRP.

Prior to deployment of filters in field situations, it is advisable to characterise the
adsorption capacity of the media using batch experiments. These tests are quick, cheap,
and easy-to-perform (Crini and Badot, 2008), but fail to replicate in-field conditions,
in which there may be additional variables, such as fluctuating water temperatures, flow
dynamics and pollutant loads. Consequently, they often fail to accurately estimate
lifespan or effectiveness of the media (Pratt and Shilton, 2009). As the accurate
estimation of long-term performance of a medium is only possible under continuous
flow conditions in the field (Pratt et al., 2012), the closest simulation to in-field
conditions is to allow nutrient-rich water to flow through large-scale adsorption
columns which are frequently operated in the laboratory (Nwabanne and Igbokwe,
2012; Monrabal-Martinez et al., 2017). However, these tests are costly and may take a

long period to reach steady-state conditions (Penn et al., 2014b).

RSSCTs, which use only a minimum quantity of medium and contaminant solution,
have been developed to reproduce the results of large-scale column studies (Poddar,
2013). Callery et al. (2016) used RSSCTs to predict the long-term P retention
performance of large-scale, single medium adsorption filters. Callery and Healy (2017)
developed the model further to predict medium saturation, as well as filter-pore and
effluent concentration data. This RSSCT and modelling approach has never been

attempted to examine a mixed contaminant scenario such as that found in heavy
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textured soils i.e. DRP and NH4*. Such a scenario would necessitate the presence of
more than one medium in a filter that would have both a capacity for P adsorption and
N removal. Therefore, the objective of the current study is to examine the efficacy of
the RSSCT modelling approach in predicting DRP and NH4" effluent concentrations in
large-scale filters. If this methodology proves successful, this approach may provide an
accurate and quick method of predicting the performance of filter media that may

negate the need for long-term and expensive large-scale column studies.

5.3. Materials and methods

5.3.1. Media selection

The DST, developed in Chapter 4, was used to generate a list of media capable of
mitigating DRP and NH4" in drainage water (Table 5.1- Stage 1). Batch and adsorption
isotherm experiments were conducted to identify media with the highest adsorption
capacities for DRP and NH4* (Table 5.1- Stage 2). Figure 5.1 shows some of the

different media selected by the DST.

Table 5.1. Stages of media selection for dual nutrient mitigation. At the end of each
selection stage, media failing the criteria are omitted from the table.

Stage 1 Stage 2 Stage 3
Selection of media usinga  Batch & Adsorption isotherm Ksat tests
DST! tests
Peat soil Peat soil
Puraflo peat Puraflo peat
Compost Compost
Woodchip Woodchip

Dewatered alum-sludge
Soil (air dried at 40 °C)
Sand

Turkish (Yildizeli) zeolite
(particle size: 1-3 and 3-5

Eight types of sands?
Turkish (Yildizeli) zeolite
(particle size :1-3 and 3-5

Five types of sand?
Turkish (Yildizeli) zeolite
(particle size: 1-3 and 3-5

mm) mm) mm)
Barley straw Barley straw (cut into 2 mm)
Maize
Silage
! Chapter 4

2 Collected from quarries in the south of Ireland
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Figure 5.1. Some of the different waste materials used as in Table 5.1. Top left: Peat

soil, sand, woodchip, zeolite, Puraflo™ (from left to right); Bottom left: Eight types of
sand. Right column: Different grading of zeolite.

The batch experiments were conducted as follows: 2 g of locally sourced media,
identified in Stage 1, were placed in 50 ml-capacity glass containers. Each medium
was overlain with 35 ml of distilled water, which was amended with KH>PO4 and
NH4Cl to produce DRP and NH4-N solutions with concentrations ranging from 1 mg
L to 40 mg L. The containers were then sealed and placed in an end-over end shaker
for 24 h. Following this, the samples were allowed to settle for 1 h and then centrifuged
at 3500 rpm for 10 min, before the supernatant was withdrawn and filtered using 0.45-
um filters. A multipoint Langmuir isotherm (McBride, 2000) was used to estimate the
adsorption capacity of each medium. The specific adsorption (ge) (the mass of nutrient
adsorbed per unit mass of amendment at equilibrium) (g kg ) was calculated from the

following equation:
Ge = (Co— Co) * = [Eqn. 5.1]

where Ce is the concentration of nutrient (DRP or NH4-N) in solution at equilibrium
(mg L), Cois initial concentration, V is the volume of solution (L), and M is the weight

of adsorbent medium (g). gmax, the estimate of the maximum monolayer adsorption
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capacity of the media, was calculated by plotting qe/Ce against Ce and using the slope

and intercept from the following equation:

Ce

1
g = b * Qmax T Ce/Qmax [Eqn- 5-2]

where b is the coefficient associated with adsorption energy (L mg?) to form a
complete monolayer on the surface.
The average retention efficiency S (%) was calculated as follows:

_ Ce—Cp

S = —* 100 [Egn. 5.3]

o

where Ce and Co are as defined above.

A constant head method (ASTM D2434; ASTM, 2000) was used to measure the
saturated hydraulic conductivity (Ksa,, m d1) of the media selected in Stage 2 (Table
5.1- Stage 3). This parameter helps in avoiding filter clogging and is considered to be
one of the factors that ensures effective operation of filters (Segismundo et al., 2017).
The elemental composition of selected media was analysed with a Rigaku NEX CG
energy dispersive X-ray fluorescence bench-top spectrometer (EDXRF; Rigaku,
Austin, USA).

5.3.2. Preparation of filter columns

In this experiment, two sets of filter columns were constructed: small columns, with
lengths ranging from 0.1 to 0.4 m, and large columns, with lengths of 0.4 m. For both
scales, the selected media for DRP retention and NH.* removal was sand and zeolite,
respectively. The packing density for both sand and zeolite was 1.8 g cm=and 0.92 g

cm3, respectively.

Figures 5.2 and 5.3 shows the large-scale columns which were manufactured using
acrylic tubes with an internal diameter of 0.10 m. Each column was instrumented with
an inlet pipe at the base and an outlet pipe, which was positioned 0.38 m from the

base (after the second media).
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Figure 5.2. Schematic diagram of large-scale columns

The media overlay a fine metal mesh, positioned 0.01 m from the base to prevent
clogging and to allow for uniform water distribution. The columns were positioned
vertically and fixed on a steel frame, with flow entering the bottom of the columns.
For the large columns, the media configurations were as follows: sand over zeolite or
zeolite over sand (each at n=3) and each layer was 0.19 m deep, giving a total depth

of filter media of 0.38 m.

Figure 5.3. Large scale columns located in temperature-controlled room.
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Figure 5.4 shows a schematic diagram of small-scale columns, for which
polycarbonate tubes with an internal diameter of 0.01 m and lengths of 0.1, 0.2, 0.3,
and 0.4 m were used (Figure 5.5-middle). Plastic syringes were connected to either
end of the columns, into which acid-washed glass wool (2 g) was placed to retain the
media and prevent biofilm formation. The columns were positioned vertically and

fixed in retort stands, with flow entering the bottom of the columns.

VA Medum 21
RN Medium 22

Feed Pump
(High precision)

Figure 5.4. Schematic diagram of small columns.

Figure 5.5. Small-scale column set-up. Packing columns with media (left), small

columns with different lengths (middle), fixing the columns to retort stand (right).

As media configuration change made no difference to retention (Section 5.3.2), a

single configuration was chosen i.e. zeolite over sand. To achieve a similar packing
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density to the large columns for each column length, a mass of 12.4, 24.9, 37.4 and
49.7 g of sand and 6.3, 12.7, 19.1 and 25.5 g of zeolite were used for the 0.1, 0.2, 0.3
and 0.4 m columns, respectively.

5.3.3. Operation of the filter units

Prior to the start of the experiment, potable water was pumped through the small and
large columns to remove background concentrations of DRP and NH4". When the
outlet concentrations were < 0.01 mg DRP L and < 0.01 mg NHs-N L?, the
experiment commenced. KH2PO4 and NH4Cl were used to produce influent water for
the large and small columns with concentrations of 1 mg DRP L™ and 1 mg NHs-N
Lt

Peristaltic pumps were used to pump the influent water to the large columns at a HLR
of 156 cm d*, which is similar to the HLR applied in onsite wastewater filtration
systems (Hermann et al., 2013). The large columns were operated for 42 d, with the
pumps operational for 5 h per day (Figure 5.6).

container

Figure 5.6. Large scale column operation (left) and sampling (right) from 6 columns

packed with sand and zeolite in different configurations.

For operation of the small columns (Figure 5.7), influent water (1 mg DRP L and 1
mg NHs-N L) was pumped into the base of the columns at a HLR 52.8 ¢cm d! for 6
h per day. The HLR was chosen so as the median empty bed contact time (EBCT) of
the small columns was similar to the large columns. The duration of the small column

99



experiment was 11 d, which was the length of time over which both DRP and NHs-N

removals dropped below 100 %.

| Sample
7 collection \‘ =

ya -
- Effluent
containers

Figure 5.7. Small scale columns operation (left) and sampling (right).

5.3.4. Data collection and analysis

For both column scales, the influent (daily) and effluent (different time points) were
sampled in 50 mL tubes and filtered immediately through 0.45 um filters and analysed
for DRP and NHs-N within 24 h using a Thermo Konelab 20 analyser (Technical Lab
Services, Ontario, Canada). During the first four days of operation of the large
columns, the effluent was sampled after every bed volume. After reaching steady-
state conditions (defined as the point at which the effluent concentration began to
stabilise), sampling was increased to every 5 bed volumes for another 2 days, and
later on increased to every 10 bed volumes. For the small columns, sampling was
conducted every two hours. On each sampling occasion, two samples were taken from
each column: a sample (5 ml) was taken directly from the effluent (marking the end
of the 2-h period and compared with the influent daily concentration) and a sub-

sample (50 ml) was taken from the total filtered volume in that 2-h composite period.

In order to model the effluent concentrations of nutrients leaving the large and small
columns, the adsorption model of Callery and Healy (2017) was used, assuming that
pseudo-second order kinetics was occurring for both nutrients (Zang et al., 2010; Jiang
etal., 2013; Olgun et al., 2013; Sieczka and Koda, 2016; Riahi et al., 2017; Zhan et al.,
2017; Wasielewski et al., 2018):

o)

Ce = Co = [((AV," M))/VB] * [t/(t + K)] [Ean. 5.4]
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where C; is the filter effluent concentration (mg L), C, is the influent concentration
(mg LY); A, B and K are coefficients representing a constant of proportionality (mg
g 1), a constant of system heterogeneity (i.e. existence of multiple types of adsorption
sites in the medium) (no units), and a time constant (min), respectively; Vg is the empty
bed volumes of filtered solution (no units), M is the mass of adsorbent (g), V is the

volume of filtered solution (L), and the empty bed contact time (min).

The coefficients (A, B, and K), determined from the small column study, were fitted
using the Levenberg-Marquant algorithm via Solver in Excel to give the least error
squared (ERRSQ) of difference between the predicted and the actual effluent
concentrations. They were then applied to predict the effluent concentration of the

large columns.

As the concentration of NH4" effluent in the 0.2 to 0.4 m columns was zero during the
early bed volumes of the experiment (i.e. 100 % retention was achieved initially), data
for the modelling process was taken after 12 bed volumes for all column sizes. From

this period onwards, the % retention in the columns dropped below 100 %.

5.3.5. Statistics

To assess if there were any differences in % of nutrient retention capacity based on
media configuration in the large columns i.e. sand over zeolite or zeolite over sand, a
z-test was conducted. A p value of < 0.05 rejected the null hypotheses i.e. no difference

in terms of retention based on the configuration.

5.4. Results and discussion

5.4.1. Selection of media

The final selected media for the small and large column experiments were coarse sand
sourced from the south west of Ireland with a high Fe content and natural Turkish
(Yildizeli) zeolite (particle size 1-3 mm). Batch experiment results indicated that both
the sand and zeolite had good DRP and NH4" removals, and had good Ksz values for
the column experiments (Table 5.2).
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The sand had a gmax Of 8.34 g DRP kg with a binding energy, k, of 2.87 L mg*
(Table 5.2). This gmax Was higher than other sands commonly used in filter systems
(e.g. Danish sands, which have 0.02 to 0.13 g DRP kg!; Fenton et al., 2008). Zeolite,
which is an aluminosilicate mineral, also had good DRP retention, similar to the
results of other studies (Lin et al., 2014; lbrahim et al., 2015; Gérard, 2016).

Zeolite, used in the current study to target NH4* removal, had an Al content of 12.8%
(Table 5.2), which is within the range of commonly used filter P materials (i.e. 1.3 to
> 40 %) (Cucarella and Renman, 2009). According to Penn et al. (2017), high Fe and
Al content of a P-sorption material indicates ligand exchange (ion binding to a metal)
as the main mechanism for DRP retention rather than precipitation, which would

occur in high calcium content materials.

Zeolite had a gmax Of 39.5 g NH4-N kg with a binding energy of 9.8 L mg™? (Table
5.2). Various ranges of gmax for zeolite are found in the literature due to variations in
country of origin and chemical element (Wasielewski et al., 2018) e.g. 15.3-25 g NHs-
N kg (Langwald, 2008; Zhang et al., 2010; Kotoulas et al., 2019), 31.9 g NH4-N kg
!(Hametal., 2018), and 40.3 g NH4-N kg (Ibrahim et al., 2015). These have resulted
in 84 % to complete NH4-N removal (99 %), depending on operational conditions
such as influent concentration, temperature, pH, and adsorbent dosage.
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Table 5.2. Batch experiment and constant head data for maximum adsorption capacity of media (qmax; g kg™), binding energy (k; L mg™); and

selected elemental composition based on XRF analysis of sand and zeolite used in the column experiments.

Omax k Ksat Na Mg Al Si Fe K Ca Ti S Mn P
(gkg?) (L mg*) (ms?) N
DRP NHs-N DRP NHs-N % of total composition?
Sand 8.34 0.6 2.87 7.41x10* 13 10 11.8 709 86 40 01 12 04 02 01
Zeolite 6.33 39.52 2.2 9.8 7.39x10* - 1.3 12.8 700 28 74 43 - - 0.1 -

! Na: Sodium; Mg: Magnesium; Al: Aluminium; Si: Silicon; Fe: Iron; K: Potassium; Ca: Calcium; Ti: Titanium; Su: Sulphur; Ms: Manganese; P: Phosphorus. Elements
presented only for those having > 0.1% of total composition.
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5.4.2. Retention of DRP and NH4-N in the columns

For the large columns, the DRP retention was initially high at >95 % for the first two
empty bed volumes, Vg, of filtered solution, and decreased gradually to 13 % after
>100 L of filtered volume (43 V) (Figure 5.8). The configuration of the media did not
affect DRP or NH" retentions (p > 0.05).
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Figure 5.8. Measured DRP concentration (y-axis) vs. filter volume (x-axis) for both
configurations (sand over zeolite (A, B and C) and zeolite over sand (D, E, F)) of the
large filter columns. The dashed line is the model fit using coefficients from small
columns.

One hundred percent NHs-N retention was achieved for the first 25 L filtered volumes
(11 V), but decreased to 80 % after 120 L filtered volumes (52 Vg) (Figure 5.9).
Similar trends in NHs-N retention using zeolite were also documented by other studies
(Alshameri et al., 2014; Huang et al., 2015; Kotoulas et al., 2019). Clinoptilolite zeolite
is known to be a very good ion-exchanger (Wasielewski et al., 2018), and a high
adsorption rate has been associated with diffusion of NHs-N ions (Huang et al., 2010)

through macropores and mesopores to the surface of zeolite (Shaban et al., 2017).
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Figure 5.9. Measured NHs-N concentration (y-axis) vs. filter volume (x-axis) for both
configurations (sand over zeolite (A, B and C) and zeolite over sand (D, E, F)) of the
large filter columns. The dashed line is the model fit using coefficients from small
columns.

The small columns were P-saturated after 1L of filtered volume (V=50 for the 0.3 m
column), whereas the NH4* saturation of the columns took substantially longer to
occur; the 0.1 m column was 80 % saturated after approximately 10 L filter volumes
(VB=1550) and duration of complete removal was related to the length of the column
(Figure 5.10). Unlike many batch adsorption experiments and large-scale column
tests examining the NH4* removal efficiency of zeolite, RSSCTs operated under
continuous loading of a few hours per day has never been investigated. However, the
results here are in agreement with other studies, which showed a positive relationship
between removal efficiency, mass of adsorbent and contact time (Kotoulas et al.,
2019).
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Figure 5.10. Measured DRP (top) and NH4-N concentrations (bottom) vs. filter
volume from the small columns.

5.4.3. Predicting DRP effluent concentration in large columns using scale column
data

The model developed using the small column data (Table 5.3, ERRSQ=5.56) was able
to predict DRP effluent in the large columns. Figure 5.8 superimposes the modelled
data from the small columns onto the measured data from the large columns and
Figure 5.11 presents the observed versus modelled data using coefficients from small

column tests for each individual column and configuration.
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Figure 5.11. Observed DRP concentrations versus predicted DRP concentrations.

1

1

Configuration 1 (zeolite at the bottom, sand at the top) (A, B, C) and Configuration

2 (zeolite at the top and sand at the bottom) (D, E, F).
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The constant of heterogeneity, B, was a dominant coefficient in predicting effluent
concentrations. This is indicative of potentially multiple adsorption mechanisms
responsible for nutrient removal which can be explained by the fact that the model is
predicting combined removal efficiency of two media with different elemental
compositions (Table 5.2) which are packed into one filter column. According to
Callery and Healy (2017), the curve produced by Eqn. 5.4, which is based on second-
order kinetics, can indicate the importance of intraparticle diffusion (Ko et al., 2000)
for model prediction within small columns at different lengths. This is shown in
Figures 5.8 and 5.10 where the tailing of the breakthrough curve has likely been
caused by intra-particle diffusion (Doekar and Mandavgane, 2015). This may become
significant as the surface of the medium/media become saturated or as EBCT

increases (Callery and Healy, 2017).

Table 5.3. Comparison of model parameters, coefficients and ERRSQ values, obtained
when (a) fitting Eqn. 5.4 to DRP concentration data from large columns using model
coefficients determined from small columns, (b) parameters at different depths of small

columns.
(a) Parameters (b) Parameters at different lengths of small
determined using small columns
column data
Small column depth (m)
Model 0.1 0.2 0.3 0.4
Coefficients

A 0.03 280.56 447.05 206.32 669.24

B 2.13 18684.43 18681.93 18687.69 18682.58

K 901 897.99 846.75 972.76 877.25
ERRSQ 5.56 0.04 0.04 0.08 0.052

A: Constant of proportionality
B: Constant of system heterogeneity
K: Constant of time

5.4.4. Predicting NHas-N effluent concentration from large columns using small
columns

Complete NH4-N removal was observed during the initial operational period of the
large and small columns, which is consistent with other studies (Balci and Dince, 2002;
Sharifnia et al., 2016; Mazloomi and Jalali, 2016; Kotoulas et al., 2019). Consequently,

the small columns were operated for a longer period of time (11 d in total) to generate
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enough data for the successful prediction of NH4-N effluent concentrations leaving the

large columns.

Eqgn. 5.4 predicted the behaviour of the filters in retaining NH4-N (Figure 5.9) and
Figure 5.12 presents observed versus modelled data using coefficients from small
column tests for each individual column. The constant of heterogeneity in NH4-N
adsorption, B, was less than DRP (Table 5.4), which may be due to the fact that zeolite
was the only medium in the columns capable of NH4-N retention (and not sand as
observed in the batch experiment). However, the high K values indicate that the
adsorption rate did not follow a linear regression with filter depth, as initially proposed
by filter bed depth service time (BDST) (Hutchins, 1973) which has been used by many
adsorption studies. The BDST model assumes that intraparticle diffusion is negligible
(Ayoob and Gupta, 2007) which becomes an important factor as a medium’s surface

becomes more saturated (Doekar and Mandavgane, 2015; Callery and Healy, 2017).

The proposed model in this study is therefore describing a real-world adsorption system
in which several factors control the adsorption (Crini and Badot, 2010), meaning that
larger amounts of media and increased contact time may not produce directly
proportionally higher adsorption. A similar lack of proportionality between the length
of columns (amount of adsorbent) and increase in NH4-N retention has been reported
by Sarioglu (2004).

Although the experiments were carefully designed to provide similar environmental
conditions for all columns, there was a small difference between data generated from
various large scale columns. In order to avoid any bias, the average effluent data was

calculated to generate model parameters.

109


https://www.semanticscholar.org/author/Murat-Sario%C4%9Flu/49130847

0.2 0.2
0.15
0.15 o
[ ]
[ ]
. .
[ ]
0.1 ° 0.1 °
[ ] ..
[ ]
e © g ]
0.05 . 0.05 ,
[
[ )
. .
[ ]
0 cseem %
0 ¢ eeems .
0 0.05 01 0.15 0 0.05 0.1 0.15
?
o : E
(@)) 0.2
S
N
[ 0.2
2
T 015 . o~
S
pra) L ]
% . 0.15
(&] °
g °
0.1
© L ] * 01 L )
Z| [] - °®
<
T s ® . ?
Z o005 0.05 A
@ . .
'S . P A
8 0e o e 0 co @e
a 0 0.05 0.1 0.15 0 0.05 01 015
0.2
0.2
0.15 ¢ o0
. . 0.15 .
° -,
°®
0.1 *
. L4
.
. . 0.1 ..
o
. o * *
0.05 0.05
. _ o
.
e
0.5;..-. 0w @ oo ®
0 0.05 0.1 0.15 0 0.05 0.1 0.15

Observed NHz-N concentration (mg L)

Figure 5.12. Observed NHs-N concentrations versus predicted NHs-N concentrations.
Configuration 1 (zeolite at the bottom, sand at the top) (A, B, C) and Configuration 2
(zeolite at the top and sand at the bottom) (D, E, F). Black centres- small-scale columns
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Table 5.4. Comparison of model parameters, coefficients and ERRSQ values, obtained
when (a) fitting Eqn. 5.4 to NH4-N concentration data from large columns using model
coefficients determined from small columns, (b) model parameters at different depths

of small columns.

(a) Parameters (b) Parameters at different lengths of
determined using small small columns
column data
Small column depth (m)
Model 0.1 0.2 0.3 0.4
coefficients
A 0.057 0.051 0.048 0.11 0.11
B 1.13 1.13 1.10 1.04 1.04
K 1961.61 1961.61 1961.61 1961.63 1961.60
ERRSQ 0.13 0.11 0.12 5.23 1.75

A: Constant of proportionality
B: Constant of system heterogeneity
K: Constant of time

5.4.5. Implications of study for drainage filters

To date, large-scale columns have been mainly used to estimate nutrient saturation and
longevity of media to replicate operational conditions (Peyne et al., 2014; Lopez-
Ponnada et al., 2017; Monrabal-Martinez et al., 2017). However, moving from large-
scale columns to RSSCTs would gain financial and labour advantages, whilst not
sacrificing the accuracy of model outcomes. This may include considerable savings on:
time required for constructing and operating the columns, labour hours and number of
staff required, space required to house the structure and experimental set up,
number/capacity of containers, amount of influent (chemical and distilled water),
procurement of adsorbent(s) (media) and sampling equipment e.g. tubes, syringes, filter
pours; number of pumps, cost of laboratory analysis of water samples; and overhead

costs, including electricity and light.

The results of this study validated the model, showing that it could upscale RSSCTs
accurately to describe the pattern of large-scale column performance. However, it is
important to design the experiment carefully so as the media becomes saturated over
the duration of the experiment. In the current study, the modelling parameters of Eqgn.
5.4 were incapable of modelling NH4-N in the filter effluent in the large columns until
the retention of NHs-N in the small columns dropped to below 100%.
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5.5. Conclusions

In this study, rapid small-scale column tests were used to predict effluent DRP and
NH4-N concentrations from much larger columns with good accuracy. As large-scale
laboratory filter column tests are time consuming and expensive, but are considered to
replicate in-field conditions well, the methodology used in this study will save
operational, financial and labour costs, whilst providing accurate model predictions of
DRP and NH4-N. Future work should consider modelling biological N systems, where
adsorption is not the dominant removal mechanism and the structure if filled with a C-

sourced media e.g. in woodchip-based systems that convert nitrate to di-nitrogen.

5.6. Summary

This chapter is summarised in the following bullet points:

e Small-scale filters were used to generate data to model P and N removals in much
larger scale filters.

e Models derived from small-scale column tests predicted DRP and NH4-N
concentrations leaving large-scale columns with great accuracy.

e The order of packing the media did not influence adsorption or modelling
outcomes.

e Moving to small scale tests provides operational, financial and labour savings
and facilitates developing design criteria of an in-ditch engineered structure filled
with media.

e Simultaneous modelling of DRP and NHs-N was based on second-order kinetics.

e  Future research should focus on modelling of biological N transformations.

The next chapter looks into ditch characterisation and P losses in the open ditch
network at the study site. This would enable identification of “hot spot” areas without
natural attenuation and therefore suitable locations for the installation of engineered

structures.
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Chapter 6
Impact of P inputs on source-sink P dynamics of sediment along an

agricultural ditch network

6.1. Overview

This chapter investigates the retention and mobilisation of P along the open ditch network
of the study site, establishes connectivity between the ditch and source of pollution, and

identifies the best location for placing an in-ditch engineered structure filled with media.

The contents of this chapter have been published in the Journal of Environmental
Management:

Ezzati, G., Fenton, O., Healy, M.G., Christianson, L., Feyereisen, G.W., Thornton, S.,
Chen, Q., Fan, B., Ding, J., Daly, K., 2020. Impact of P inputs on source-sink P dynamics
of sediment along an agricultural ditch network. Journal of Environmental Management,
257, 109988. https://doi.org/10.1016/j.jenvman.2019.109988

6.2. Introduction

Diffuse and point-source nutrient pollution from agriculture results in degradation of water
quality (Sutton et al., 2011), including loss of aquatic biodiversity (FAO, 2011) and
ecosystem services (Schindler et al., 2010). Incidental and legacy P losses from agriculture
to water (Haygarth et al., 2005) are major sources which contribute to eutrophication
(Verheyen et al., 2015). The European Union Water Framework Directives (OJEC, 2000)
sets a target to achieve at least “good” status in all water bodies by 2020 and member states
must implement POM to minimise point and diffuse P losses (Kronvang et al, 2007,
Sharpley, 2016; Macintosh et al., 2018; Melland et al., 2018). For example, in Ireland the
Nitrates Directive has been implemented as a baseline set of measures to protect water
bodies from nutrient and sediment loss. However, legacy P stores which are stored over
decades of excessive P applications are difficult to mitigate and therefore further measures

are needed to tackle such losses (Sharpley et al., 2013; VVadas et al., 2005; Fiorellino et al.,
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2017). Typically, water infiltrates into soil and interacts with legacy P stores along the
transfer continuum. This water often discharges to drainage ditches which may act as
corridors for nutrient movement (Needelman et al., 2007). However, concentrations of
dissolved P in these networks may change due to dilution, direct discharges from pipes

connected with a source, or as a result of sediment chemistry.

Clagnan et al. (2019) examined the connectivity of surplus nutrients lost from intensive
dairy systems to adjoining ditch networks and found elevated DRP at all sampling
locations. Moloney et al. (2020) classified the on-farm ditch networks according to P loss
risk and concluded that the risk was attributed to connectivity of the farm yards to ditches
as well as legacy P stored in the sediment. There is a constant interplay between dissolved
P in water and bankside-sediment/sediment chemistry in which physiochemical properties
such as Al, Fe, calcium carbonate, clay, pH and OM, which enable mobilisation or
immobilisation of P along the transfer continuum (Thomas et al., 2016). Shore et al. (2016)
classified drainage ditch networks based on physical and chemical attributes such as Fe,
Al, and Ca contents, with ditch maintenance that includes both removal and leaving
vegetated sections being key to aid attenuation along ditch networks (Haggard et al., 2004;
Smith et al., 2005).

The challenge for catchment managers and water policy is determining where these
measures should be carried out. In addition, a synoptic view of the role of bank side and
soil-sediments in the retention and mobilisation of P along these networks has shown that
subsurface horizons rich in Al could attenuate P or make it less soluble (Daly et al., 2017).
Therefore, a ‘right measure, right place’ approach to drainage measure implementation
could be effective (Delgado and Berry, 2008; Dollinger et al., 2015; Daly et al., 2017).
According to Haggard et al. (2004), sediments are spatially heterogeneous and can act as
temporary stores of P or a transient storage pool that may be released back into water
depending on in situ conditions. Smith et al. (2004) investigated the transient nature of P
stored in ditches and found that sediment physiochemical properties affect ditch capacity
to become a source, sink or regulator of DRP in ditch water. Hence, characterisation of

ditch networks and closer monitoring of mobilisation of P is important in terms of their
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influence on the potential for nutrient losses to water (Kurz et al., 2005) and ditch
management e.g. cost-effective installation of an in-ditch P sorbing structure requires

demarcating hotspots of P loss whilst avoiding natural attenuation areas (Penn et al., 2007).

There is a lack of basic understanding of how a ditch network functions as a natural
attenuation area both laterally and vertically, with no studies considering how this changes
along the network. Therefore, the primary objective of the current study was to identify
optimal locations for implementing mitigation measures along an agricultural ditch, by
examining the source-sink dynamics for P along a ditch network. This was done by
examining high resolution spatial trends of P retention and mobilisation in bankside
sediment and ditch basal sediment along a ditch connected to an intensive dairy farm, and
to couple this signature with spatial and temporal dissolved reactive P trends. The
connectivity between surface (runoff) and subsurface (groundwater and artificial drainage
system) flow pathways was established, and extensive field and laboratory work was
conducted to elucidate bankside and sediment and water characteristics at key sampling
locations along the ditch network. This was used to evaluate the potential of the ditch
becoming a P source for drainage water. Finally, the equilibrium P concentration of the

sediments was investigated to study their dynamics with water.

6.3. Materials and methods

6.3.1. Site description and identification of sampling locations

The Johnstown Castle catchment, delineated in Figure 6.1, and presented in detail in
Chapter 3, contains an intensive dairy farm (190.4 ha). Due to its glaciated origins, soils at
the site are heterogeneous, varying in drainage class from well to poorly drained soils
(saturated hydraulic conductivity ranges from 0.0001 to 0.029 m d** (Jahangir et al., 2013)).
The grassland areas of the site consist of poorly and imperfectly drained gleys to well
drained silty clay loam (topsoil) and dense gravels intermixed with clay at 0.6 to 10.0 m

subsoil geology.
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Figure 6.1. Johnstown Castle Intensive Dairy farm showing the up-gradient and down-
gradient surface/subsurface drainage system and runoff areas and their entry point into
the open ditch system, soil drainage class, and sampling points across the farm
documented by Kurz et al. (2005) and Clagnan et al. (2019). @ No.1 ; & No.2
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In poorly drained areas, an artificial drainage system has been installed and in-field drains
discharge into a ditch network with high connectivity to the surrounding landscape. The
total length of the drainage system within the catchment boundary is 10.25 km, comprising
1.01 km of ditches with drains installed at approximately 1.2 to 2.9 m depth. The main
ditch within the farm (Figure 6.2) is 850 m in length and runs parallel to the farmyard
(Figures 6.3 and 6.4). This ditch starts with a shallow depth of 30 cm and gradually gets
deeper to 270 cm, with 20 m AOD change in elevation, and is the focus of this current

study.

Figure 6.3. Farm yard housing dairy cows. Johnstown Castle.
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Figure 6.4. Simple diagram showing the open ditch and the storage facility

underneath the farmyard for collecting slurry and DSW.

In terms of runoff and sub-surface drainage, an area of 94 ha (Kurz et al. 2005), including
of an up-gradient (24 ha) and down-gradient (70 ha) (Figure 6.1), contributes to discharges
entering the ditch through concrete pipes at No 1 and 2 (Figure 6.5). The down-gradient
contribution area enters the ditch at No 2 and is represented by the sampling point A. The
up-gradient area (Figure 6.1) enters the ditch at No 1. Other sources of water into the ditch
stem from direct rainfall or groundwater. A groundwater well between the ditch and the
farmyard (Figure 6.5, Well 2 total depth of ~ 5 bgl) indicates an average water table height
of < 1 m bgl with a hydraulic gradient of 0.5, indicating discharge to the ditch through the

bankside subsoil horizons and through the base of the ditch.
Figure 6.5 shows the groundwater elevation in the area of the ditch with contour beside the

farm yard running perpendicular to the flow of the ditch. This places the water-table at 1

m below the farmyard which interacts with the depth of the concrete slurry storage
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Figure 6.5. In ditch grab water and soil-subsoil-sediment sampling points (Sites A-G).
Position of farmyard, entry points of up-gradient and down-gradient discharge to the ditch
(® No.1; & No.2), position of pipes discharging directly into the ditch and water table
height (m AOD) around the ditch network. Groundwater flow is perpendicular to

groundwater contours i.e. into ditch.

facilities. On the opposite side of the ditch poorly drained soils have not been artificially
drained and are presently out of production. Based on their connectivity and landscape
position, Moloney et al. (2020) identified agricultural ditches as being high risk areas of P

loss on Irish farms. At the Johnstown Castle site, water quality and P dynamics of bankside
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and sediment samples along the length of the ditch were collected to provide a detailed
appraisal of the impacts of sources entering the ditch. Seven sediment and water sampling
points (Sites A, B, C, D, E, F, G in Figure 6.4) along the ditch network were selected for
sample collection.

6.3.2. Bankside and sediment sampling and analysis
Sediment samples from the bankside and base locations of the ditch were collected in
October 2017. Grass and plants were removed and the bankside profile was sampled at

depth intervals of 30 cm from top to base (Figure 6.6).

The number of samples collected at each sampling points varied according to the depth of
the ditch along the total length and are listed as follows: A: 1; B: 3; C: 4; D: 4; E: 8; F: 10;
G: 9. Location-Code represents the depth interval number (e.g. Al as shown in Table 6.2
and 6.3). Similarly, sediments from the base of the ditch were collected at the same location
as bankside samples. Figure 6.7 shows the collected samples with a range of different
colours indicative of different elemental composition (chemistry) of individual samples.

Figure 6.6. Bankside sampling with 30 cm intervals (left) after removing
grass and plants (right).
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Figure 6.7. Collected bankside and sediment samples.

6.3.3. Soil Chemistry analysis

All sediment samples were oven dried (40°C) and sieved (2 mm) to remove stones and
debris, and were stored at room temperature prior to analysis. The modified Mehlich 3-P
(M3P) method (Mehlich, 1984) was used to determine labile extractable P, Al, Fe, Ca using
a soil solution ratio of 1:10 in Mehlich 3 reagent (0.2M CH3COOH + 0.25MNH4NO3+
0.015M NH4F + 0.13M HNO3+0.001M EDTA). Two grams of samples were shaken on
a reciprocating shaker (Figure 6.7) for 5 min and the supernatant was filtered (Figure 6.8)
to determine concentrations of labile extractable P, Al, Fe and Ca. Sediment pH was
analysed on 2:1 soil-water ratio and OM was measured based on loss-on-ignition of 4 g of
samples at 500°C (Schulte, 1995) (Figure 6.8).
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Figure 6.8. Reciprocating shaker and filtration of samples in Mehlich-3 test

(top) and measuring organic matter of samples in crucibles after ashing in
the oven (bottom).

6.3.4. Phosphorus sorption isotherm and equilibrium P concentration

The P sorption properties of the bankside and sediment samples were described by a P
sorption isotherm derived for all locations and depths along the ditch. Sediment samples
from the bankside and base locations were equilibrated with six solutions with
concentrations of 0, 5, 10, 15, 20 and 25 mg P L™ (Paulter and Sims, 2000). Analyses were
carried out in duplicate by adding 30 ml of initial P solutions to 2 g sediment in 50 ml
centrifuge tubes. The tubes were shaken on an end over end shaker at room temperature
for 24 h, centrifuged and filtered, and the final concentration of P in solution was measured
colorimetrically. The difference between initial concentration and final equilibrium P
concentration was calculated as P sorbed to the soil. The linear form of the Langmuir

isotherm equation was fitted to the sorption data as follows:
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fs=1/s

max

This equation was used to derive the maximum sorption capacity (Smax; mg kg™t) and k (L

mg1), the constants related to the P binding energy in sediment.

The P sink/source dynamics of bankside and sediment samples was described the
equilibrium P concentration (EPCo) which represents a solution P concentration at the
sediment-water interface where P is neither sorbed nor released. This parameter is often
used to describe the role of sediment in freshwater systems in regulating P concentrations
where sediment will adsorb/desorb P in order to reach a target P concentration at
equilibrium, or EPCo. If EPCo measured in sediment is higher than freshwater DRP, the
sediment will release P to the water column in order to reach that equilibrium solution P
concentration. If the sediment EPCo is lower than surrounding DRP, this favours net P
adsorption from water into sediment in an effort to maintain a lower P concentration in
solution at equilibrium (McDowell et al., 2015). The EPCo in bankside and sediment
samples collected along the ditch was measured using 1g sediment equilibrated with 20 ml
of solution P concentration of 0, 0.1, 0.25, 0.5, 1 mg L™* and shaken at room temperature
for 24 h, centrifuged and filtered through 0.45 um filters to measure the concentration of
P in solution measured colorimetrically (Murphy and Riley, 1962). The EPCo was
calculated from the slope of the linear plot of P sorbed on the solid phase against final

solution P concentration.

6.3.5. Data treatment
Statistical analyses were carried out using R-Programming Language. The Null-hypothesis
for all tests was considered to have no variance and no difference between groups and p-

value of 0.05 was used to accept or reject hypothesis.

6.3.6. Ditch water sampling and analysis
Grab water samples from sampling points A to G (Figure 6.5) were collected from January

2017 to July 2018. Filtered (0.45 pm) water samples were collected in 50 ml tubes and
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analysed for DRP using colorimetric analysis (Aquachem600 Labmedics Analytics,
Thermo Clinical Labsystems, Finland) and digested with acid persulphate to determine
total dissolved P (TDP). Unfiltered samples were analysed for total reactive P (TRP) using
colorimetry (Aquachem) and PP was calculated by subtracting TDP from TP.
Additionally, ditch water at each location was pumped to a flow cell connected with an in
situ Multiparameter Probe (In Situ Inc. Ltd., USA) to measure temperature, electrical

conductivity (EC), RDO, and pH under steady-state conditions.

6.4. Results and discussion

6.4.1. Trends in water quality along the open ditch

Table 6.1 presents summary statistics of DRP, TP, PP, and TRP across sampling points for
the sample period January 2017 to July 2018. The distribution of these data is shown as
boxplots in Figure 6.9. Values of DRP and TP at sample points A to C were lower in
comparison to values recorded further downstream from D to G. Average DRP and TP
values between A and C were 0.042 and 0.168 mg L, respectively, and increased to 0.237
mg DRP L and 0.48 mg TP L between D and G.

A step change in P concentrations was observed at sample point D indicating a point source
contribution possibly due to inputs from the farmyard located between sampling points D
and E. Field work during the present study identified several pipes directly discharging
(odorous) into the ditch from the farmyard area and these were also tested when running
water discharged from the pipes and recorded DRP concentrations ranging from 0.011 to
0.093 mg L™ and TP ranging from 0.027 to 1.72 mg L™ (red straight lines between
farmyard and ditch in Figure 6.3).

The results at point E are indicative of direct discharges from the farm yard as evidenced
by maximum DRP and TP of 2.976 mg L™ and 4.89 mg L respectively. Downstream from
D, these parameters remained high and increased along the length of the ditch with highest
mean DRP at F (0.434 mg L) almost 10 times higher than A and twice that
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Table 6.1. Summary statistics of phosphorus concentrations and biogeochemical
data for sites A-G in the ditch during January 2017-July 2018.

Sampling Sample DRP TP PP TRP pH  Temp EC RDO
Location size mg L2 oS Som®  mg LY
A 10
Max 0.120 0.227 0.227 0.052 844 1299 4711 10.67
Min 0.020 0.014 0.004 0.021 6.86  8.06 251.9 9.12
Mean 0.041 0.080 0.077 0.037 726 9.873 364.1333  9.99
Median 0.030 0.053 0.042 0.038
B 10
Max 0.088 0.110 0.110 0.093 727 10.07 3888 9.64
Min 0.008 0.009 0.009 0.019 595 9.03 366.9 8.93
Mean 0.036 0.051 0.031 0.043 682 93 375.3 9.24
Median 0.019 0.053 0.013 0.040
C 18
Max 0.114 0.330 0.284 0.090 8.2 1258  426.7 12.56
Min 0.021 0.028 0.005 0.025 6.97 7.92 236.7 8.21
Mean 0.054 0.087 0.066 0.045 723 9.625 3485 10.18
Median 0.043 0.055 0.040 0.039
D 10
Max 0.610 2.290 0.318 1.210 756 12,6 423.8 10.75
Min 0.047 0.031 0.005 0.048 6.9 916 342 8.98
Mean 0.228 0.536 0.135 0.363 7.183 11.31  392.9 9.86
Median 0.123 0.156 0.100 0.132
E 16
Max 2976 4.890 0.180 2.980 8.6 14.93 720 11.7
Min 0.008 0.017 0.001 0.007 6.34  7.99 252 8.89
Mean 0.272 0.536 0.036 0.432 732 1114  466.1 10.28
Median 0.031 0.086 0.010 0.071
F 18
Max 1258 1.320 0.784 1.230 8.6 14.88  560.8 10.86
Min 0.027 0.034 0.003 0.025 705 9.15 346.2 9.98
Mean 0.434 0.537 0.096 0.451 756 1158 4232 10.56
Median 0.147 0.165 0.058 0.167
G 18
Max 2.759 4.290 0.234 2.781 9.24 1261 6321 11.9
Min 0.004 0.016 0.000 0.025 6.98 8.22 233.2 8.09
Mean 0.220 0.242 0.037 0.225 790 951 38506 10.102
Median 0.062 0.105 0.005 0.094

Temp: Temperature; EC: Electric conductivity; RDO: Rugged dissolved oxygen.
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TRPmg L™}

recorded at E. Maximum DRP values recorded at F of 1.258 mg L™, suggested that high P
inputs are not attenuated by bankside and sediment along the ditch but continued to
increase downstream at G, were some extreme values were recorded, reaching maximum
DRP almost twice than F. Highest values at G are likely due to the direct discharges into
the ditch from the yard (positioned at 37m AOD) along with inputs from another ditch and
potentially the diffuse inputs coming from surrounding fields including a dairy lagoon,

which are accumulated down slope (33m AOD).

20 25
1

1

5
1
TP mgl™?

w '
o A5 : 8

o ﬁ_r;,m 1_:_1 Q 8 [ | — —

=3 — — o o e e — [ ] g ==
T T T T T T T T T T T T T T
A 9 < 0 E 3 ¢ A B c ) E 3 G
Sampling Locations Sampling Locations

1

L
PPmg L™}

04

© 2 o

°
—p—

—_— H o

0+:1rj = | P

T T T Ll T T T T T T T
A B c D E F G A B (o D E F G

Sampling Locations Sampling Locations
Figure 6.9. Boxplots showing distribution of water quality data: DRP,TP, PP, and TRP
(mg/l) at sampling locations A-G.
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A step-change in TP values was also observed at D. Maximum TP of between 0.11-0.33
mg L between A-C, rose to 1.32-4.89 mg L from D to G and these values align with
previously reported TP values in agricultural ditches with a direct connection to a farmyard
(Harrison et al., 2019). At catchment scale, Harrison et al. (2019) reported mean TP values
>1.5 mg L in a riparian survey of ditches connected to farmyards and Moloney et al.
(2020) have identified this type of ditch as highest risk for P loss, if its landscape position
allows for a direct connection into watercourses, compared to disconnected and secondary
ditches.

Over the length of the ditch, average PP values were similar at all sample points except D,
where a sharp increase to 0.135 mg L™ was observed, coinciding with potential point
source inputs from the farmyard. However, mean PP values further downstream fell back
to within the range observed at upstream points, indicating some attenuation of the
particulate fraction from this point onward. Point source inputs to the ditch were evident
at sample point D, as soluble P remained high along the length of the ditch. However, the
sharp increase in PP reverted to lower concentrations, indicating some ability to attenuate

particulate fractions downstream.

6.4.2. Bankside and sediment characteristics

The biogeochemical properties of bankside and sediment samples for each depth interval
are represented by Mehlich extractable Al, Fe, Ca, % OM and pH, and are presented in
Table 6.2. Sediment and bankside pH ranged from 5.38 to 7.9, with high pH values
coinciding with highest values of Ca at sample points E, F and G.

In general, most of the bankside and sediment samples had a neutral pH and moderately
low Al and Fe values compared to those recorded in previous studies on lIrish soils and
sediments (Daly et al., 2015; Daly et al., 2017). High extractable Ca was evident at sample
points E, F and G, perhaps as a consequence of a change in soil characteristics or soil type
along this reach of the ditch, as illustrated in Figure 6.7. Extractable metals Al, Fe and Ca
have been reported to have a high affinity for P in both soils and sediment (Gachter and
Miiller, 2003; Mellander et al., 2012; Daly et al., 2017). However, the
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Table 6.2. Bankside and sediment biogeochemical properties from each depth
represented by Mehlich extractable Al, Fe, Ca, with % organic matter (OM) and pH.

Sampling Depth pH oM M3Ca M3AI M3Fe
Location
Code (cm) (%) mg kg*
A
Al 0-30 6.9 3.2 12568 213 230
Sediment 6.0 1.8 977 259 134
B Bl 0-30 5.38 8.0 12363 448 259
B2 30-60 5.42 5.5 10592 511 308
B3 60-100 5.66 5.0 1172 449 401
Sediment 7.2 3.1 1530 173 26
c C1 0-30 6.1 6.8 1811 338 284
C2 30-60 6.2 4.8 15012 309 269
C3 60-90 7.3 2.8 14563 234 418
C4 90-110 7.5 52 34854 65 781
Sediment 7.9 1.0 698 68 139
D D1 0-30 6.5 5.2 1996 469 149
D2 30-60 6.5 2.0 792 362 67
D3 60-90 6.4 0.8 303 130 142
D4 90-110 6.7 1.7 870 205 323
Sediment 7.8 14 986 91.88 190
E El 0-30 7.1 5.6 25454 180 264
E2 30-60 7.2 6.1 21864 200 276
E3 60-90 7.4 5.0 22672 285 193
E4 90-120 7.4 3.9 19943 373 215
E5 120-150 7.5 2.9 13851 411 178
E6 150-180 7.6 14 849 256 236
E7 180-210 7.9 24 20217 369 146
E8 210-240 7.9 1.0 20175 362 154
Sediment 7.8 2.9 91 89.54 239
F F1 030 68 46 19997 493 225
F2 30-60 5.9 4.4 1397 399 230
F3 60-90 6.0 3.9 12546 456 226
F4 90-120 6.2 3.8 12148 277 164
F5 120-150 6.0 3.8 11765 328 179
F6 150-180 6.1 3.2 11054 191 157
F7 180-210 6.4 5.7 17744 307 278
F8 210-240 6.6 7.1 22538 343 245
F9 240-270 6.7 7.4 26862 484 266
F10 270-290 6.7 6.1 23473 476 191
Sediment 7.2 3.3 1705 158.73 336

128



G
Gl 0-30 6.3 21.3 45266 376 261
G2 30-60 6.5 18.1 38003 312 226
G3 60-90 6.6 17.7 42736 372 280
G4 90-120 7.1 6.5 2728 399 275
G5 120-150 6.7 10.1 25664 315 260
G6 150-180 7.1 8.0 27634 251 225
G7 180-210 7.1 5.4 19883 256 282
G8 210-240 7.4 17.7 18495 244 266
G9 240-270 7.8 1.3 15364 129 204
Sediment 7.6 1.5 1015 143.4 266

bankside/sediment analysis of our study showed low levels of Al (range of 355 mg kg
between bankside of all sites) and Fe (range of 351 mg kg™ between all sites except C4,
which showed sharp increase to 781 mg kg), with moderate to high M3Ca values (range
of 4223 mg kg with lowest values recorded at D and highest at G in the imperfectly
drained area of the farm).

The % OM ranged from 1.8 to 21.3 % from point A to G, demonstrating the variability in
soil types and drainage classes on surrounding fields at the site, with highest values
recorded at surface bankside samples on imperfectly drained soils and lowest values along
the length of the ditch dominated by well drained soils (Figure 6.8).

Appendix D presents the comparison between P adsorption isotherms of different bankside

interval depths and sediments.

6.4.3. Trends in Bankside and sediment P dynamics along the ditch network
Mehlich3 extractable P varied along the length and depth of the ditch network, with values
exceeding the agronomic optimum of 50 mg kg recorded at all sample points except A
and C. Values in Table 6.3 indicate a shift toward higher M3P values at E which continued
downstream reaching highest M3P values recorded at the surface bankside samples at G
of 101-108 mg kg at depth of 90 cm.
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Table 6.3. Phosphorus sorption expressed by Langmuir Smax, k, R?; EPCo and PEBC, and
Mehlich extractable P from each interval depth of the bankside and sediment.

Sampling Depth Langmuir Equilibrium Phosphorus M3P
Location
Smax k R? EPCo PEBC R?
Code  (cm) (mgkg®) (L mg?) (mgLh) (LKg?) (mg kg?)
A Al 0-30 208.33 0.85 0.98 0.40 12.22 0.99 32.81
Sediment 200.0 0.728 0.98 0.06 14.92 1.00 42.98
B B1 0-30 285.71 1.093 0.95 0.07 16.20 1.00 14.22
B2 30-60 333.33 1.87 0.97 0.03 18.04 1.00 13.05
B3 60-100 322.58 1.55 0.98 0.14 16.61 1.00 31.49
Sediment 196.07 0.850 0.98 0.44 13.00 0.99 19.72
c C1 0-30 357.14 0.58 0.95 1.71 17.11 0.92 83.98
Cc2 30-60 294.11 1.03 0.99 0.62 12.51 1.00 40.57
C3 60-90 357.14 2.33 0.97 0.06 18.58 1.00 26.97
*C4 90-110 n/a n/a 0.42 0.01 19.94 1.00 9.1
Sediment 131.57 0.5278  0.96 0.28 10.96 1.00 20.33
D D1 0-30 250.0 0.85 0.97 0.07 14.93 1.00 13.81
D2 30-60 370.62 1.57 0.977 0.05 9.60 0.99 11.42
D3 60-90 116.27 0.741 0.98 0.04 10.41 0.99 7.87
D4 90-110 81.96 2.440 0.91 0.04 14.00 0.99 15.7
Sediment 163.93 2.902 0.97 0.25 10.47 1.00 28.09
E E1l 0-30 285.71 0.66 0.98 2.05 9.55 0.99 97.36
E2 30-60 285.7 0.56 0.95 1.75 9.64 1.00 86.39
E3 60-90 256.41 0.81 0.96 0.75 10.87 1.00 59.73
E4 90-120 294.11 0.79 0.97 0.84 10.99 1.00 68.65
E5 120-150 243.90 0.69 0.96 0.35 11.65 1.00 38.25
E6 150-180 187.68 0.75 0.97 0.14 13.43 1.00 26.4
E7 180-210 400.0 2.50 0.9 0.00 19.88 1.00 5.4
E8 210-240 303.03 1.73 0.97 0.01 19.53 1.00 7.15
Sediment 192.30 0.55 0.95 0.36 9.42 0.98 31.79
F F1 0-30 256.41 1.0 0.97 0.21 14.18 1.00 25.81
F2 30-60 217.39 0.75 0.96 0.12 14.31 1.00 14.23
F3 60-90 222.22 1.32 0.98 0.15 15.17 1.00 19.02
F4 90-120 185.18 0.675 0.96 0.18 13.41 1.00 17.37
F5 120-150 188.67 0.73 0.97 0.27 12.26 0.99 20.71
F6 150-180 151.51 0.55 0.97 0.35 11.10 0.99 20.08
F7 180-210 250.0 0.68 0.97 1.62 8.41 0.99 60.73
F8 210-240 250.0 0.68 0.97 1.11 11.94 0.99 59.18
F9 240-270 344.82 1.38 0.99 0.58 15.04 1.00 53.27
F10 270-290 333.33 1.50 0.98 0.42 13.73 1.00 28.77
Sediment 285.71 0.89 0.96 0.41 14.18 1.00 50.1
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Gl 0-30 285.71 0.49 0.99 4.61 7.01 0.94  101.49
G2 30-60 357.14 0.38 0.98 4.17 9.80 0.94 108.84
G3 60-90 416.66 0.48 0.97 2.98 9.82 0.89 111.36
G4 90-120 344.82 0.93 0.98 0.78 12.55 1.00 89.79
G5 120-150 285.71 0.74 0.98 1.19 13.03 0.88 86.78
G6 150-180  303.033 0.67 0.97 1.21 10.73 0.99 72,77
G7 180-210 256.41 0.92 0.98 1.00 11.28 0.99 80.19
G8 210-240 250.0 0.95 0.98 0.65 11.04 0.99 70.75
G9 240-270 178.57 0.708 0.97 0.46 10.64 0.99 40.88
Sediment 227.27 0.88 0.98 0.24 12.56 1.00 38

* Freundlich K (mg kg™, n (L mg™?), R?

The step change in water quality P values recorded at D, signalling point source inputs,
was also observed in bankside and sediment P data; however, this occurred at the next
downstream sample point (E). Welch’s t-test results showed significant differences in M3P
and EPCq values from D to E (p-value <0.05) and D and G (p-value of 0.0084), and
significant differences in EPCq values between B and G (p-value= 0.009). This implies
that whilst point source P impacted water quality at D, these inputs may be mobilised

downstream where they start to accumulate as M3P in sediment, starting at E.

At upstream points between A and C, M3P values were generally low; however,
accumulation of extractable P is evidenced by increasing M3P values from E, downstream
to G and likely due to P deposition by water draining the site. Box plots in Figure 6.10
illustrate the shift upwards in extractable P along the length of the ditch.

Phosphorus sorption isotherm parameters Smax and k representing sorption capacity and
P binding energies are presented alongside EPCo along the length and depth of the ditch in
Table 6.3 with the spread of data represented as boxplots in Figure 6.9. Values of k ranged
from 0.3 to 2.9 L mg™ with lowest values recorded at sample point G and coinciding with
high M3P values at this point. This parameter, representing P binding and affinity,
decreased along the length of the ditch, from point E onward, and coincided with the

upward shift in extractable P bankside and sediment samples from E to G. Bankside and
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sediment locations downstream were characterised by loosely bound P and high

extractable P, thereby increasing the likelihood of P loss to the overlying water.
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Figure 6.10. Boxplots showing the distribution of Smax, EPCoq, K, and M3P values at

sampling locations A-G.

The EPCo parameter in this study was measured along the length and depth of the ditch to
identify whether this ditch acts as a source or sink at bankside and sediment locations along
its reach. However, EPCy illustrated in Figure 6.10 and tabulated in Table 6.3 highlighted
the variability in EPCo with highest values recorded at surface bankside locations and a
trend toward increasing values from A to G along the length of the ditch. The boxplots in
Figure 6.9 illustrate increases in EPCo from A to G, coinciding with M3P recorded at

downstream points compared to upstream sample points. Highest EPCo and M3P values

132



downstream at G, indicate accumulation and deposition of P, that is loosely bound P (low
k values) and released to water (EPCo) therefore acting as a source of P to the overlying

water and water draining into the ditch.

At all bankside depths at G, k values were low (<1 mg L) and EPCy values ranged from
0.24 t0 4.61 mg L. The P dynamics at this point on the ditch indicate that deposition of P
from upstream sources and water draining the site has altered the sediment P sorption
characteristics towards net release of P to water. This is largely driven by accumulated P
in bankside and sediment, that is loosely bound (low k values), making this junction at
source of P leaving the ditch. The relationship between k and EPCo in bankside and
sediment samples is illustrated in Figure 6.11 (a), showing the influence of binding
energies on potential P release. Bankside and sediment k values accounted for 40 % of the
variation in EPCo values. Moloney et al. (2020) found a similar regression coefficient
between k and EPCo measured in ditch sediment across 10 farms and also reported the
influence of accumulated labile P in ditch sediment on EPCo values. A similar relationship
between M3P and EPCo was observed and is plotted in Figure 6.11 (b) demonstrating the
positive relationship between accumulated labile P (M3P) and EPCo values, therefore
supporting the suggestion that P deposition in ditches can act as a source of P to overlying

water, thereby increasing the sediment EPCo.
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Figure 6.11. Scatter plot showing (a) regression line between log EPCo and log K and

(b) regression line between log EPCo and log M3P in all bankside and sediment samples.
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6.4.5. Impacts on water quality and source-sink properties of ditch sediments

The water quality and bankside-sediment data are both indicative of diffuse and point
sources of P coming into the ditch network. A step change in water quality was observed
at D, due to point source inputs from the yard, but the effect on sediment P dynamics and
deposition occurred further downstream at E. These data signal the influence of the farm
yard on water quality and sediment P deposition in agricultural ditches. These inputs acted
as a direct point source of P into the ditch and a source of P accumulation in sediment,
causing deterioration in water quality and altered P sorption dynamics of the bankside and
sediment. Changes in sediment P were characterised by higher extractable P (M3P) and
lower P binding energies. Furthermore, P inputs into the ditch altered the EPCo reducing
the attenuation capacity of bankside and sediments in the ditch. This is also evidenced by
the positive correlation between M3P and EPCyq highlighting the influence of P inputs on

sediment ability to attenuate P.

The accumulated P in surface layers of E, coupled with lower k values, and consistently
high DRP and TP concentrations show release of P from bankside sediment. This is similar
to some deeper intervals of site F and all intervals of G which were saturated with P and k
values get lowers as P deposited into system. This had consequently resulted in more
releasing of accumulated P into the water and thus higher DRP concentrations. This
observation is also supported by EPCq values which are presented in Figure 6.12 with mean
bankside and sediment EPCo at each sampling point along the ditch, plotted against mean
DRP values at each point. The plot includes the 1:1 line of equality between EPCo and
DRP values where points below the line indicate sediment acting as a P source and points
above line indicate a P sink (Smith et al., 2004). In Figure 6.11 most of the EPCo values
along this ditch, with the exception of values recorded at A and B, acted as source of P,

releasing P to water.
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Figure 6.12. Mean DRP values collected at sampling points as a function of
average EPCy at bankside and EPC, of sediment. Close circle: Average
EPCo from bankside (mg L), Open circle: EPCo (mg L) values from
sediment. Values below 1:1 line indicate that the point act as a potential

source of P.

It is also necessary to implement mitigation interventions (McDowell and Nash, 2012) to

clean ditch water before it leaves the farm (king et al., 2015).

This study identified the location for successful installation of an in-ditch nutrient
interceptor at point D-E when the nutrient pollution starts to elevate and before they
accumulate at point G. Using the ditch network and maximising their natural attenuation
capacity by implementing in-ditch engineered structures filled with medium/media with
nutrient adsorption/remediation capacity will retain P before entering into surface water.
Here again, we should consider the high legacy P in deeper soil layers of the bankside
which will continue releasing P into the water. Therefore, there will not be an immediate

impact of water quality even after removing the source pollution.
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6.5. Conclusion and recommendations

This study examined hydrochemistry and sediment P trends along the length and depth of
an agricultural ditch network on an intensive dairy farm. High spatial resolution grab
samples of ditch water were collected over 18 months alongside measurements of bankside
and sediment P chemistry at depth intervals at points along the ditch. Phosphorus
concentrations in the water increased along the length of the ditch, due to inputs from a
point source, identified by the presence of pipes discharging from the farm yard directly
into the ditch. This caused a step-change in water P concentrations at this point as mean
DRP and TRP values increased >10-fold from upstream to downstream points, indicating
little or no attenuation of reactive P in the ditch by sediment. Particulate P increased
sharply at the sample point closest to point source inputs from the yard, but values fell
back in line with upstream values, indicating some attenuation of PP along the length of
the ditch. Inputs from point and diffuse sources were transferred downstream resulting in
deposition of P in sediment, which inhibited any natural attenuation of soluble P along the
length of the ditch. The highest accumulation of P in the ditch sediment was recorded at
the furthest downstream sampling point and P inputs into the ditch not only affected water
quality, but also altered the sorptive properties of the sediment toward acting as a
secondary source of P to water leaving the ditch network. The effects of P inputs from the
yard on water quality and sediment P characteristics did not coincide at the same point on
the ditch, rather, the step change in water quality occurred at D whilst changes in sediment
P were only evident further downstream at D, indicating transfer and deposition in ditch
sediment. The results demonstrated that such P inputs have altered the physico-chemical
characteristics of the ditch sediment which highlights the need to remediate sediment to
restore its natural P attenuation capacity and reverse its role as a secondary source of P to
water. Water quality policy design will need to account for physico-chemical time lag
phases in sediment remediation before any improvements are observed. Preventing further
point source inputs to the ditch requires substantial restructuring in the farm yard, such as,
redirecting yard runoff entering ditches, directly or indirectly, by e.g. blocking the pipes

and collecting runoff for water treatment.
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6.6. Summary

This chapter investigates the P mobilisation/retention dynamics along the ditch network at
Johnstown Castle intensive dairy farm and the results are summarised in the following

bullet points:

e Point source inputs from farm yard to the ditch have accumulated in the sediments.

e High P inputs into the ditch had altered sediment P dynamics by turning them into a
source of P.

e Soil chemistry and P attenuation was heterogeneous laterally and vertically

e In-ditch measures are needed to remediate water and sediment

e A physico-chemical lag time was identified

The next chapter will summarise conclusions and implications of the entire thesis and

will discuss recommendations for future work.
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Chapter 7

Conclusions and Recommendations

7.1. Overview

Ireland has set ambitious food growth strategies to promote its intensive agricultural
production. While government policies consider agronomic and environmental
sustainability to be of equal importance, growth projections of the dairy sector (DAFM,
2010, 2015) suggest higher nutrient losses to the environment are inevitable. In
addition, legacy P and N stored within the soil profile will continue discharging to ditch
networks for decades, even after the removal of the source of pollution or

implementation of any mitigation measure.

Therefore, there is a need to impose conservation practices, which may also include the
use of engineered structures as an in situ remediation technique, to target point and
diffuse losses of nutrients from farms. Such structures have gained popularity due to
their lower costs and higher efficiency compared to other engineered mitigation
measures, and are commonplace on drained landscapes in the USA (Hassanpour et al.,
2017) and New Zealand (Schipper et al., 2010a). To date, many studies have used in-
field/in-ditch engineered structures filled with reactive media to reduce or remediate
nutrient losses. However, a dearth of knowledge exists with regard to the selection of
appropriate media for the remediation of specific contaminants (NOs", NH4* and DRP,
as single or mixed contaminants), and local conditions are infrequently considered. In
addition, the efficacy of such structures may only be accurately quantified by first
conducting large-scale column studies, which are expensive and time and labour
intensive. As ditch systems have an inherent natural nutrient attenuation capacity, they
could be used to supplement engineered technologies, which can only treat a fraction

of the total amount of nutrients discharging from an agricultural system.

The main objective of this research was to develop an efficient, sustainable, and cost-
effective mitigation technique to prevent pollution losses and remove mixed
contaminants in an agricultural drainage system. Two mitigation techniques were

explored: (1) an engineered solution in which filters, filled with locally sourced media
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selected for their ability to mitigate N and P, were used to intercept nutrients in drainage
networks, and (2) a natural solution, which took advantage of the soil chemistry in
drainage networks to remove nutrients. To address the first mitigation technique, a DST
was developed to identify locally sourced materials to be used to remediate N and P in
drainage water. These materials were placed in rapid, small-scale laboratory columns
to predict their performance and longevity, and the modelled results were compared to
those of large-scale columns. To address the second mitigation technique, P retention
and mobilisation dynamics in an open ditch network were investigated to assess P
retention/mobilisation capacity, investigate connectivity between the source of
pollution (farm yard) and the ditch, and identify an optimum location for the placement

of an engineered structure filled with adsorptive media.

7.2. Summary of the main findings and their implications

e A novel, globally applicable and user-friendly DST was developed, which
incorporated various parameters for the selection of an appropriate, locally
sourced medium or a combination of media to target contaminants in drainage
waters. The DST utilised a catalogue of 75 organic/inorganic and
natural/synthetic materials. The DST provides a fast, versatile, flexible, and
easily modifiable media selection process for various nutrient-based water
drainage problems. It assists users in making informed choices on appropriate
media-based mitigation measures according to various technical, economic and
logistical factors, while considering other important factors such as pollution

swapping.

e Rapid, small-scale column tests (RSSCTs), comprising columns 0.1 to 0.4 m
long and 0.01 m in diameter, were used, for the first time, to generate data to
accurately model the DRP and NH4-N removal in large-scale columns in a
fraction of the time. The associated financial, operational and labour advantages
of using RSSCTs are the time required for constructing and operating the
columns, labour hours, space to house the structure, number/capacity of
containers, amount of influent (chemical and distilled water), procurement of

adsorbent(s), sampling equipment, number of pumps, cost of laboratory
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analysis of water samples, and overhead costs including electricity and light.
An important finding of this study was that the media needs to become saturated
over the duration of the experiment in order to accurately model its

performance.

The flowchart for development of an efficient field-scale engineered structure
filled with adsorptive media, using the data ascertained from different chapters,

is presented in Figure 7.1:

Site measurements

s Calculate average dissolved reactive phosphorus (DRP) and ammonium nitrogen
(NHz-N) coneentration in ditch water

e Measure average flow in ditch

+ Calculate annual DRP and NH4-N load (kg/year) in ditch

s Identify optimal location for placement of remediation unit (Chapter 6)

h 4

Select appropriate media using FarMit Decision Support Tool (Chapter 4)

¥

Laboratory measurements (Chapter 5)

o Characterise media for saturated hydraulic conductivity (Ksat), maximum
adsorption capacity (qmax: mg/kg) [1] and particle size

* Place media in rapid small-scale columns, noting packing density

* Hydraulically load water, with the same characteristics as measured at the
proposed site, onto the filters as per method detailed in Callery et al. (2019)

o Graph the cumulative P or N added per unit mass (mg/g) over the duration of the
experiment versus the removal percentage (influent cone. minus effluent cone.

divided by mfluent cone. * 100)

Calculation of filter dimensions

s Selecting a removal percentage above which the filter will be considered to have
failed, identify the equivalent cumulative P or N added to unit mass (mg/g) [2]

¢ Divide [2] by [1] to determine mass of filter media required

* Using same packing density as the laboratory columns, select an appropriate size

for the ditch

Figure 7.1. Flow chart for implementation of on-site design.

140



Investigating the existence of lack of natural attenuation capacity of a ditch
system, before the development of appropriate engineered mitigation measures,
is of significant importance because engineered structures are designed to only
treat a percentage of the total load discharging through the ditch system.
Therefore, any additional help in terms of natural attenuation and management
of the ditch network through dredging, for example, to expose binding sites for

P attenuation would be advantageous.

Continuous drainage of water from a farm yard into a ditch may alter the
physico-chemical characteristics of the ditch sediment, turning it into a
secondary source of P to water. There was an elevated P concentration in the
drainage water closest to the point source inputs from the yard, which indicated

an ideal location for placement of an engineered, in-ditch structure.

High levels of P accumulated in the sediments and on the surface and deeper
bankside depths of a ditch may indicate a high “P legacy” in the system. This
highlights the necessity to remediate sediments to restore their natural P
attenuation capacity. Therefore, physico-chemical lag phases in sediment
remediation must be considered in developing appropriate engineered solutions
before any improvements are observed, as sediments will keep releasing P into

the ditch discharge waters for some time.

7.3. Recommendations for future research

Future development of the DST should incorporate other criteria, such as the
possible re-use of the media after it becomes saturated in the engineered
structure. Therefore, aspects pertaining to the circular economy should be

considered.

Aligning the ranking of media for removal performance based on similar
conditions like residence time, and factoring in other issues that influence the
removal efficiency (e.g. temperature), may provide users with more holistic

options. A user may also wish to have more flexibility in the dynamic criteria,
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so that it would outweigh all other components if weightings are assigned. This
would exclude all media that may be unavailable due to the geographical
location where the DST is being used. Consideration of the maintenance costs
pertaining to the selected medium/media may be another factor to consider.

The RSSCT modelling approach needs to be modified to incorporate biological
N removal in C-source filter media, such as woodchip, where adsorption is not

the dominant removal mechanism and NOs™ is converted to No.

Small-scale column tests should be designed to have consistently less than
complete (100 %) removal from the columns. This can be done by increasing
the concentration of influent when the filter medium is known to have high
retention capacity.

The question of what happens to the saturated media is always difficult. In the
first instance, the media is expected to adsorb nutrients from drainage waters.
Next, once saturation has occurred, the same filter media is expected to act as a
fertilizer, offering plant-available nutrients to grassland in the adjoining areas
to the ditch network.

Future work should examine the concept of a circular economy and find ways
to close the bio-economy loop within the farm. Other uses may include: reuse
of media as farm roadway aggregate or as a soil conditioner to enhance soil

health in compacted areas of the farm.

Placement of an engineered structure, containing locally sourced media with a
high DRP and NH4" removal capacity, in a ditch must be considered to
remediate the drainage water, where natural attenuation is insufficient to

eliminate pollution from an intensive dairy farm.
Furthermore, future work should consider the installation of a sediment trap in

the up-gradient farm to trap sediments gaining access to the underground

drainage network. The entire ditch network should be over-engineered
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(trapezoidal shape) to increase water storage capacity. This would slow down

the water and create a longer overall retention time.

Careful consideration should also be given to the management of dairy soiled
water (DSW) on the farm. This could be facilitated by opening up the last
section of underground concrete pipe on site and installing an integrated
constructed wetland to receive both drainage waters and DSW from the
farmyard.

Further investigation into the interaction between groundwater and surface
water should be undertaken and a more accurate water balance of the site should
also be undertaken. This would lead to a greater understanding of the load of N

and P travelling along different pathways on the site.

A long-term research programme should be initiated whereby water quality
could be monitored using high resolution techniques such as in situ nutrient
sensors (instead of grab sampling), field portable soil analyzers such as
handheld XRF to investigate soil and sediment chemistry (instead of soil
sampling and costly/time consuming laboratory analysis), isotope techniques to
identify sources of P losses; and earth observation techniques to track changes

in water and soil quality.
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ARTICLEINFO ABSTRACT

The nitrate nitrogen (NOyN) and ammaonium (NH,N) and/or dissolved reactive phosphorus (DRF) load
drainage water from farms can be managsd by reactive or bialogical media filkers. The nutrient content of the
drainage water can be obtmined directly from water anahsis, which immedistely foss atention on filter
meedia selection. There are many factors thatmay be impontant before choming a medium or media . 3. nutment
remanval capacity, lifetime, hydmulic conductivity, the potential for *pollution swapping”, atenuation of non-
target contaminants {e.g. pesticides, arganic carban, etc.], and local svailability and ramportation cost of media
& site., In this study, a novel decision suppart wal (DET) was developed, which broughtall these Baoms togsther
in one place for five mitrient soemamios. A systematic litermhre review was onducted to oreate 2 datbose
mniaining 75 media with an axsociated static scoring system aooes seven criteria (% of nutrent onentation
reduction, remaval of other pollutints, lfstime, hydmulic conductivity, negative evtermalities) and a dynamic
soaring system aces two criteria {delivery cost and availability). The IST wes tested wsing case studies from
Feland, Belgium and USA with different agriculiural padicss and mitrent somarios.  was then validaed by
SWOT (strength, weaknes, opporiunities and thrests) analysis. The 6T provided a rapid, easily modifiahle
screening of many mediabased trestments for specific dual or single mutrient-bassd water dainage problems.
This provides stakehalders (farmers/regulators/sdvisors) with a versatile, flexible and mobust yet easy-toam-
derstand framework to make informed choices on appropriate media-based mitigation mesune acconding ©
wers relevant technical, sconamic and kogitical factors.
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1. Introduction

Decades of research have shown that aquatie environments are
under pressume due to population growth, waste generation (FAD, 2011;
Jhand et al., 2013), excessive oading of mtdents (Bllen et al, 2013
Erlsman et al., 2011; Addy et al., 2016; Fenton et al., 2017), pesticides
(Gramlich et al, 2015), and sediment nputs {Sherdff e al, 2015).
Mutdents such as mactive nitrogen (ndirate (NOy-N) and ammondim
(MH,-M)) and dissolved reactive phosphorus (DRP) in dminage waters
from intensively farmed agricultural sieshave contributed significantly
o Impairment of water quality (Daly et al, 2017; Fenton et al, 2017;
Rosen and Christianson, 2017, Clagnan et al., 301 8ab). The intercep-
thon of sngle polletants along surface or near surface drainage los
pathways wsing insit engneered structures Alled with blologleal (eg.
woodehip in a dendtrfying bloreactor) or reactive (eg. steel slag In a P-

* Comssponding authar.
E-mul addrese owen fenton@teagase ie (0. Fenton].

hitper / /doi org /1 01 016,/ ecoena 20191 00010

sorbing structure) meadia is recelving Increasing research attentlon e.g.
Penn et al, 2017). The removal rates of nltrogen (N) and phosphorus
(F) udng these media can be high For example, Hassanpour et al
(201 7) measured 50% Ny removal from dralnage water wsing wood-
chip media in a dendtrifylng bloreactor over a S-year perod and Okello
(201 &) reported a 74% removal of DRP in drainage water wsing (ron-
coated sand In a reactive F4orbing flier. However, the simulianeous
remaoval of thete pollutants in drainage water wsing dual media has
mostly been examined at bboratory-scale (Healy et al., 2012, 2014;
Iheahim et al. 2015 Hua et al, 2016 Chestanson et al., 2017; Fenton
et al, 2017). In additon, the transferability of these results to other
locations due to the avallability, sultability or delivered cost of media is
often overdooked. An example here §s the we of lon ochre to sorb P in
drainage water; the avallability of the ochre may not be a problem, but
the form of ochre may be contaminated with heavy metals and s use
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may therefore be prohibitve (Fenton et al., 2009k,

There |5 a vast catalogee of media in the lterature that are reponed
o mitigate pollutanis leaving farms. However, there s currently no
decision support ool (DST) avalable to select a sultable med um, or a
combination of media, for the targeted removal of NOy, NH, and DRP,
considered separately or together, while ako consldering factors other
than pollutant removal capacity. These factors may include the meadia
lifetime, hydmulic conductivity, the potential for “polhetjon swapplng”
(e the ceation of greenhwse gases (GHGS) or leaching of ocon-
taminanis that may ecowr during operation), capacity to attenuate other
(non-target) contaminants (e.g pesticldes, organie carbon, eic.), and
avallability and local price of the media.

Declzlon Support Took, waally software-based, manipulate data
(often obtalmed throwgh lieranere review or expert opindon) and re-
commend management actions throwgh clear decidon stages (SIF,
2018) In a review of DSTs for we n agriculteme, Rose et al. (2016)
found that in the UK 49% of famers wed some kind of DST to inform
decldons whereas all advisors wed DSTs, and software verdons were
the preferred form of DST platform. In terms of selecting media to
mitigate dralnage water impacts, there s no DST that provides all the
relevant information in one platform. Therefore, the objectives of thi
study were toc (1) develop a globally-applicable, werfriendly DST to
amist selectlon of locally sowrced media, in onrder to reduce MOy, NH,
and DRF, as single or mixed pollutants, from drainage water at farm-
scale (Z) evaluate the effectivenes and practicality of the DST in two
phases: {a) applying it in different geographical farming practice case
studies, and (b) validating the framework throwgh SWOT (strength,
weakness, opporiunities, and threats) amalysiz

Tomeet these objectives, several steps were implemented to builda
platform on which the DST could be developed. These included iden-
tifying a mumber of scenarios for N and P losses from farms and com-
piling a database of media for mitigaton of nuident losses. Fig. 1 0-
lustrates the steps taken in developing the FarMit (Farm Mitgation
Tool) DET.

Systematic Literature

Nutrient Scenarios Review of Medla

Media Database
<Static/Dynamic criteria
Scoring

T

FarMit Decision Support Tool

l

Testing FarMit DST using different case studies

1

Validation of FarMit DST {SWOT analysis)

Fig. 1. Flowchart for the development of FarMit [ST.

187

Ecnlogicnl Enpineering: X 2 (2019 100010
2 Materials and methods
21, Mutrient scenarios

Testing water samples for nuidenis collected at the drainage dis-
charge point can provide a spatial and temporal profile of single or
mixed pollutants at a glven site. Typleally, reactive mdirogen (N,) losses
from land dralnage systems may occur as NOy-M or NH-N, depending
on vadous physical and blogeochemical factors that control the trans-
formation of N, (Fenton et al, 200%9; agnan ef al, 2018a). Phos-
phorus losses from agriculieral Land, which are elther retalned or mo-
bilized, may occwr in particulate and dissolved forms (McDowel and
Sharpley, 2001). Basad on the complexdties of nutrlent losses from
agricultural land, a conceptual model of different possible diffuse nu-
trient loss scenarios that may ocewr at farmscale was developad.

The FarMit DST Is based around ldentifing materials to treat three
nutrient loss scenarios (Fig. 20 In Scenario A, mineralised N, in the soll,
in the form of NOy, leaches to shallow pathways along low permeable
layers or anificlal dminage systems (e.g Clagnan ef al, 2018a,b) or
alomg deeper groundwater pathways In Scenario B, subsurface condi-
tons, such as limited Ny and oxygen supply, combined with high sodl
carbon (], may indwee transformation of NOs to NH, (by dissimilatory
mitrate reducton o ammonfum, DNRA). In Scenarlos A and B, DRP
losses may ako occur along surface, near suface, or desper ground-
water pathways. These lsses could orginaie from the soll Ssubsoll,
genlogical strata, or media wed within an engineered bloreactor wed
1o treat water and wastewater. Therefore, slte-specific conditions {sodl
chembtry and drainage composition) or media characterstics may lead
1o the retention of P lsses or the mobilisaton of P. Fimally, Scenaris C
represents a Brm with only loss of P, wheme N, in elther form does not
axcead a threshold or maximem allowable contentration (MAC). This
may be duetothe high atemation capacity of the site, with conversion
of N, into gaseows forms (eyg. dinltrogen or ndtrous oxdde), (solation
from potent tal sowrces, or adaptation of perenndal crop farming systems
(Stanek et al, 2017).

22 Systematic leranee review to form maeda doefohase

The fve steps of a systematic review were followed, & outlined in
Ehan et al (2003). The problem to be addressed was specified as fiol-
lows (Step 1) what media have been used in the ltemture to aftenuate
M, MH4 and DRP from draisage waters? What is the efficacy of a
medium 1o remove Ny, NHy and DRP, or other pollutants in drainage
waters? What Is the hydraulic conductivity of the media? What is the
lifetime of the media? What pollution swapping may oocwr usdng these
media?

Next {Step 2, relevant work within the lterature was identifled. For
this purpose, several keywonds were selected to ensure relevancy for the
ltemture seamh of over 175 medisabased water treatment studies
publighed dring the last 30 years (150 papers were congdered in fnal
meview]. These included: water/wastewater treaiment, water quality,
agricultural waste, dendiification, dendirfying blomeactor, nuirdent
pollution, leaching, nuident removal, adsorption, drainage, nlirate,
phosphores, and ammondum, The database search englnes wed wem
Google  Scholar, Agricultural Research Database (AGRICOLA),
Intermational System for Agriculieml Sclence and Technology (AGRIS),
Web of Sclence, Scopus, American Soclaty of Civil Engineering { ASCE),
and the Matlonal Agriculium] Library. To assess the quality of these
melevant sudies (Step 3), the following criterls were Imposed: use of
standard methods, and experimental desdgn inclueding replication and
diata interpretation. This enabled a database of 75 distinet madia types
i be asmembled. Data wem then syntheskad (S2p 4) In tables and
grouped as follows: wood-based (Table 51), vegetation/phytoremedia-
tlon (Table 52) and Inorgank materdak (Table $3). Madia were then
assfgned nine criterts (seven stathe and two dynamic), based on Steps
1-4, and a corresponding scofng system (Sep 5 data imterpret ation)
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Fig. 2 Parm pollution scenaries A Parm pollution
with leaching of NOy-N and retention of P, ar Parm
pallution with leaching of NHeN and mobil textion
af P, B: Farm pollution with leaching of KOy-N and

1 ,

Scenario A Scenario B

Fa

e

Tahle 1
Static (1-7) and dynamic (8-9) criteria and coresponding scaring ranges.

retention of P, or Farm pallution with leaching of
l NH, N and mebilization of P, C: Farm pelhution with
DRPF mobdl teation and no leaching of M.
Scenario C

=

S

Crimeria

Parformance within sch eserion Seone

Stafle seones hased on an aversge performance reported'
1-M0N removal raie

2-NHy =N remaoval rate

EDRP removal rate

4 Removal of other pollutans of concemn

S Hydrmaulie aonduetivin ™~

& Lietme

T-Regative exiemal ithes

Dynamibe scores subjea o change based on geog raphical reglon’
B-Sealeoliva llab Dty

Slnst ot B

ot {mediam])

et (Rdgh)

NOy-N conenintion edocdon > 5%

M0 N concenimiion sdoedon: TO-55%

M- N concentmtion mdoedon: S0-T0R

NO,-N contenindion mducton: 30-50%

NO,-N concenimtion edocton: 10-30%

W0y N concentmtion mdueton < 10% and inoresse in conoeniradon
NH,-N concendration redocdon > S55%

MH,-N concendration redoedon: 70-55%

MNH,-N eoneentration radoed o 50-T0%

NH.-N conceniration redocdon 30-50%

NH.-N conceniration redocdon 10-30%

NH,-N conceniration redocdon < 10% and inoresse |n consenmation
P eoncentration redocton > B5%

P eoncensration redoetoo TO-55%

P eamceraration reduetors 50-70%

P concenmration redoeton 30-50%

P concenmration redocton 10-30%

P concenmration reducton < 10% and inomse in conceniradon
Removal of other moriemy/pollatant > 50%

Removal of other mmrimy/pollotant < 20%

Very good > 4 am

Good 1.5-4 am/h

Aeceptable depeding on compacimesr < 15cm'h

lifedme > 10years

lifedme : 5-10 pears

lifetme < 5 years

GHG amdsshon

Comtaminan | aach g fother pollo@nts in ofioet

Expomsiwe predramiment

Seale of Awallabiliy: frm scale

seale of Awallahiliy: boealfennnery scale
Seale of Awndlahilin: ELloontnent sl
eale of Awllahily: Inemationad sl

(=TI SRR TV

- G - R - TN
-

LI}
= b

LB SR R R TV

! Extractsd from the develapsd Madia Dntihese | Tables 52-54) head on average performane of conducted studis.

* Required sdditiona] data from ather sources.

? Scaring should be defined by individual users {requin= case study knowlsdge on temparal/spatial faciors).

was developed for each eriterion. In the static component, these criterta
werme NOw-N, NHe-N and DRP removal capacity (Statle Criterla 1-3 in
the FarMit DST), removal of other pollutants of concem (Statle
Criterdon 4), hydmulie conductivity (Statle Criterlon 5), lifetime of
media before saturation (Statle Crteron &), and negative externalities
such as emisslon of GHGS, contaminant leaching or the presence of
other pollutants in the fnal effsent (Statlke Crtedon 7) (Table 1). For
example, Criteron 1 (% NOy-N removal) had a soore range of —1, 0, 1,
2,3, 4 comresponding 1o < 100, 10-30%, 30-50%, 50-70%, T70-85%,
and > B5% reduction, respectively. Although many studies report %
removal, there are other factors that affect this crtedon, such &
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hydraulic msidence time in dendtrifying bloreactos and contact dme in
Posorbing Alters

In the dynamic component of FarMit, media were scored acoording
to geographically-based cdtera such as avallability and delivery cost to
ithe treatment site or farm. These criterta are country/reglon-specific
and will change over time. As the amount of media needed will vary
depending on the dralnage low and compositon at the site of concern,
local knowledge is required and only the end-user can obtain the most
ap propriate ranking of media by sssigning scores to these two compo-
nents The score ranges for these two Anal dynamic criterta ame pre-
sented in Table 1.
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The mutrient combinations identified (A, B and C) in Fig. 2 and the
seorng system developed & part of Step 5 (Table 1) for all criteria
{1-4) were combined to form the FarMit DST (Fig. 10 In order to test
the DST, case siudies from Ieland, Belghum (Flandes), and the USA
(highlighted in grey in Table 54) wene wsed.

2 3. Tesdng of Farbiy DST using different case snedies

Three case studies aach with thelr own distinetive nutrent scenaro
from Ireland, Belglum and the USA were wed to test the DET (see Table
54 for detalls). Nutrlent losses from dralnage systems are whiguitous,
but water quality regulation standands differ worddwide. For example,
in an Irsh dairy system, cattle are kept outdoors for most of the year
with both organde and inorgande fertllizer being land spread. Studies
have shown high N surpluses on dabry farms due to low N willisation
efflclencles, eg Clagnan et al (20184) found a range from 211 to
202kg Nha ® on heavy textured sites. As dralnage waters are not
governed directly by water quality legklation, oiber standands for
suface or groundwater (eg. drinking water standards) can be wed to
quantify the level of pollution. For example, In Ireland surface waters
are of “high” and “good” stats i thelr DRP is < QL025mg L7
and = 0.035mg LY respectively (EL, 2014; EPA, 2018). For NOs-N,
an average drinking water concentration of 11.3mg L™ applies for
gmoundwater, whemas a lower standand of = 0.9mg L™ and <
15 mg L~" are indicative of surface waters with “high” and “good”
statug, respectively (EPA, 2018). Although a drinldng water standand
and not specific to drainage waters, an indicat ive NH,-N conocen tration
of = 023 mg L ° may be consddered to be non-polluting.

The reglon of Flanders in Belglum is mostly dominated by frult
production and amble farming in the eas, with livestock production
and production of vegetables for the frozen food market in the west
(Flemish Agricultere and Fisherles, 2017). This reglon comprises 75%
of agrculiural production in Belgium, and {5 considered by the
Government of Flanders, Investment and Trade Body to be a “global
leader in intensive farming”. The water standard for MOs-N should
be < 113mg L™ and the same standard for NHe-N & in Ireland ap-
pliss. Interms of DRP, there & a range of concen trtlons for “very good”
and “good” status of surface water from 0.04 to .06 mg DRP L™ and
0.07 to 0.14 mg DRP L7, mspectively.

Finally, the sites selected in the USA wem in the states of lowa
Minnesota, Wheoonsn and Maryland, in which the domimant agd-
cultural systems are corn, soybean, lvestock, vegetables, frudis, and tree
muts (Hatfleld, 2012). As with Ireland, NOs-N standands (nthe USA are
specific to drinking water, and not dralnage water, but with a slightly
lower standard at 10mg NOyN L%, which is termed a “maximum
contaminant level”. In terms of DRP in the USA, there iz a Imit of
0.037 mg DRP L~ {LSEPA, 2000) In surface waters.

24, Validorion of DST (SWOT analysis)

The procedure of Andersson-Skild et al. (2014) was followed to
valldate the DET. The FarMit DST was validated by running several
SWOT (Strength, Weakness, Opporiunity, Threat) analysk sesions with
end-sers Thi alowed the DST to be critically reviewad by in-
dependent stakeholders and external expens (researchers/sclentlsts in
the felds of water/soll quality mondtoring/remediation and environ-
mental protection, agriculteral consulansadvisos) at the folowing
SWOT analysds workshops

L PCFruit, Frult Research Centre, Belglum (May 2018; 5 aitendess)
Il Department of Eovironment Research Centre of Teagase,
Agrculume and Food Development Authorty of Ireland, Ireland
(December 2018; 14 attendess)
L Water Research Group/ Groundwater Protec thon Group in Sheffield
University, UK (February 2019 10 attendees)
Iv. Metwork Meeting of EU Horlzon2020 Eady 5Stage Researches
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representing different partmer countres in the INSPIRATION
(Managing soll and groundwater impacts from agriculture for sus-
tainable Intensfication) Innovative Traindng Network (TTN),
Netherlands (March 2019; 14 artendees)

The process was carfed out by presenting the FaidMit DST o par-
telpants, starting with a summary of current medfa-based mitdgation
measures for emoving/emediating moarlents in dralnage water at
farm-scale The attendees were then dividad into groups of thmee to four
and paricipants were given a chart explaining each criterion. The
gmups weme then asked to wse the DST with a view to making best
management decklons from a farmer/advisor polnt of view. The opl-
ndons of groups on the pedormance of FarMit DST with regard 1o lis
arengths and weaknesses as attributes of the DST and op porfunities and
threats as attributes of the environment were recorded and discwsed
among attendaes,

3. Resulis

The FarMit DT Is available in the supplemental Excel Ale 1t may be
used by frst accessing the “INPUT' tab on the file. The resulis of the
three case studies are now presented.

3.1, Cose snndies

3.1.1. Ireland

The results of the Insh case study are presented in the supplemental
Excel file (Tab: EXAMPLES). The following steps were taken to obtain
ithe final resulis:

1- Based on the drainage water test resulis (Table 54), the
“Ammondum,DRP" jcon in the DST wer terface was selected.

2- The DET recommends the top 10 media based on site erterla for
treatment of this scenarip. For example, the top three madia for
NH4-M removal are zeolite, crushed glas and peat/sphagmem peat
with a cumulative score of 10, 9.5 and B.5, respectively. The
equivalent media for DRP remaoval are vetlver grass, lme and sand
with cumulative scores of 10, 9 and B, respact ively.

- The dynamnic eriterta 8 and 9 were asigned scores considering local
conditons and mesources avallable at farm-scale. For example, in
Ireland sand and gravel can be delivered to site at 0.21 and 0.15 €
kg ', while zeclite, lime, and limestone cost over 0.70, 095, and
1.3 €, respactivaly. Any media priced below and over 0.5€ kg~*
were aslgmed soores of 3 and 2, respectively, while media over 2 €
kg ¥ (e.g andesite, charcoal, nitrolite, ete.) were asigmed a soore of
1. The DAT sums the total scores of statle and dynamic eriterda.

4- After presing “Run”, the DST presented a high to low ranking of
media for the mitgation of polhitants in the Insh case-study. These
are presented graphically (by a histogram) and in table format,

The onder of the top fAve media for NH,-N removal was (from best to
worst): zeolite, peat/sphagnem peat, soll (no clay), sand and pea
gravel. The top five madia for DRP removal were (from best to worst):
sand, lime, vetiver grmss, zeolite, and crushed concrete. The mnking
implied the influence of wide (local) application of some media over
others in the dymamic criterla scoring. For example, zeolite is highly
avallable despite belng Impored, therefore it kas higher avallablity
with lower delivery cost. Similardy, the extensive peat harvest fexdrac-
thon from peat deposits along with the geology of Ireland, which pro-
vides limestone mocks or sand with variows compositions, Influenced the
dynamic criteda scorng and therefore the fAnal mnking of media.

3.1.2 Belglum

The results of the Belglan case study are presentad in the supple-
mental Excel file (Tab: EXAMPLES). The following four steps werne
taken to obtaln the Anal resls:
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Summary of SWOT amalysis remlts: sirength and wealnes (atiributes of the tool), and opportmities and thrests (attribues of the environment) of FarMit DST

identifisd through different workshops.

Smengh Wiealne sy Dpporiundiies Threas

Clear concept, provides an averview of best Flaxibility for dhe DET to be forder
et da, and ensy 1o ond ersand devedoped

User friendly withom any com plications, Sus Easy o change scoms fom dmeto dme  The me of fe toolsecorings depend an
suttable for any scfneare skill level depending oo evizamenal local/madonal kgkligon

Time saving, as it provides a bt of best

perfoem dng meadia

smde arfierk do not change fom reglon ©
region, b am imporao in any mitgaton
option regandiess of Grm siee

Low-cost DET which b sy 1o diseminge

Rt sedection of media (based on Heraore

rewiew and acmal experimens)
Informative and presents several media optons

& ramiing Mt (from best to worst) of potendal
media b prond ded

Provides the peer with options which helps in
making 2 more infomed sdection Sar
eodehders envinonemental impucs

Tomshders negative antermalivhes | polloiion
swnpping), Sns prewnts fngher poot-
wemment in nearsfr fnmre

Tomshders both N and P individoally o
shmubanecsly

Comsiders anvionmenal, & onomic and
logbemcal crheria

The DET corsiders te mers” | noomes

Prowides a derision s ppont Eramesork
comprising bong ienm goak

an be fosther developed i indnde new
emerging media, s wellas nesnl s fom new
labemtory and fedd experi men s on
currerdy tited media

Mot showin g raw waste namre of &
medium

Do 0ot comsider envinonmensl
szaalnab iy and posi mpkemesmdon
cot (digpomd of mead media and
associated coots)

Bar graphs may be mislmding for non-
sl entifle commm mnity

Lack the facior of nndeas hility at site,
regardiess of its good adeeption
ALY

Do not consider greenhomse gas
emissions cansed by transpon of media

“Polltion Seapping™ has oot been
corsidemd in many smd e oo not
smffle et infrmation on all 75 matia

in this regard

Some media baed may oot be fam far
o thee e depend dng of geographical
locaion where the ool & applied

The sooring range for “Cost” & masow

and indormation on nond ool madia*

Lawck of {rdormaton on amonnt of
megyuired mmectia and therexaet Hifedme

= i =Erd
Positive impact on decbsion making as &
15 an easy o e hood

Erahling inowledge tramder beneaen
different smiehodders

Snppontng domment i be meed for
kel purpeds

Pogsibdlity 0 add a facor corsidering
e applicatdiyy & site

Highiighs poliution swapplng a3 an
e

Knowledge presented could affect end
dee bsbom dherely moving io 2 maderial
with a bower mnronmensl fopdn
Inflmence: mindset by eoeel dering
several eriterla of Importance for
overall podbrion remediad on

Possibility 0 add a wel ghting Betor to
shonw impostance of dynamic crieri

Pogsibility of data ool bertion reganding
farmes” profenenees in cnder tod mprove

dertsion making processes
Encomrages fanmers to monfinr wate

quality more aften 1o avodd p o ble
oot inad om of water by the end of
mecdiom’s lifedme

tmpact of kel geographical condigons
an removal effid ey (o3 weather,
b ity

Fasmers” costralngs mi ghtnot ket them o
ehoose top mnked madia haaed on lower
“rodt™ or hgher “awndlabliny”
Information on sadlabd ity fefflelency of
some media depends on exrem e weatar
cond fens, land e changes, growings
faflnme of an industry, e
Changes in geapolitial Lindseapes may
have a direst imjpact on commencial and
LT A T F BT
Fluzmaton of exhange rae in Sezase of
importaion can alier gie aet

' Al 75 madia are difierentisted hasad an being wood-hased, vegetation,/phytaremsdistion besed ar inorganic in Table 52, Tabls 53, Table 54, repectively,
documenting detailed list of advaniages/dEahvantiges of media and already =ted amendments to improve their eficiency.

* Amuisition of this information requinss baich or column adsorption studies and modeling of adsorption capacity of seleced media ased on nurient load and
targeisd removal percentage of pollution in a defined time period.

1- Based on the dminage water test resulis (Table 54, the “Nitrate/
DRP* loon in the DSET wser interface was selected.

2. The DSET recommends the top 10 media for treatment of thl sce
nario. For example, the top three media based on stafe eriteria for
NO4-M removal are woodchips, vetlver grass, and coco-peat, with a
cumulative seore of 9, 9 and 8.5, respectively. The meadia for DRP
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removal are similar to the Insh case study.

3- The dynamie Criterts B and 9 wem ssgdgned scores consldering local
condithons and resources avallable at farm-scale. This nformation
was confirmed through consultation and face-to-face commundea-
ton with a lecal private soft fmdt company. A medium such as
wisd chip costs about €£15m ™ o be delivered to a farm, which is
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considered Inexpensive (Le. Score 3) and similar to badey straw, or
pea gravel, Some media such as apat ite, limestone or vetiver gras
are conslderad to be very costly, and must be Imported to the site
(with an ssoclated high dellvery cost). This was therefore assigned
a Seore of 1. The DET sumsthe total scores of the statle and dynamic
criteda.

4 After pressing “Run”, the DST presented a high to low ranking of
media for the Belgian casestudy.,

The top fAve ranked media for mitigation of NO, were { from best 1o
waors): wondchips, candboard, barley straw with native soll, coco-peat
and sand S0l (no cly) together with crushed concrete, peat/
sphagnum peat, sand, and vetlver grass together with lime and zeolite,
weme the highst ranked media for mitigation of DRP. The feedback
from faceto-face communication with famers ndicated that con-
sidering the avallabiliy of resources at farm-scale, waste cellulose
{combinaton of leal compost, wood mulch and saw dust) could gain
more [nterest than woodchips. In additbon, avallability of locally
sounced barley straw and peat with high NOs removal potentlal cowld
comsequent by change the scores for the dynamic erterda to compensate
for a low seore for a gtate ertedon (eg. lifetime). Farmers perceived
“pollution swapping” as belng important and the Anal material needad
1o hawve a low pollution swapping potentlal. This was perceived as im-
portant to avold monetary fines in terms of water regulatims n the
futizre.

313 UsA

The reailts of the US case study are presented In Supplement Excel
Sheat (Tab: EXAMPLES). The following four steps were taken to obtain
the fnal results:

1- Based on the drainage water test results as in Table 54, the“Mitrate®
jcon on the DST wer interface was selected.

2 The DST recommends the top 10 media for treatment of MOy pol-
lution seenario (similar to Belgum Cae Study for NOs-related
media).

3 The dwaml Criterta B and 9 were amigned scores based on a
comparative seale wing online information in consultatlon with the
USA stakeholder, considering local conditions and resounces aval-
able at farm-seale within the velndty of case study reglon. Thewse of
wiisdchips (1o be wed in denitrifing bloreactors) recelve Anancial
aupport from the govemment and the esstence of numemas
wholssale suppliers/or prsducers of coco-peat (omtonut colr), ve
thver grass, and zeolite made these media accessdble and avallable
The DSET then summed the total scores of statle and dynamic crteria.

4 After pressing “Bun”, the DET recommendad a high to low mnking
of media for USA case-study.

The DET recommended wood chips, coco-peat, vetlver gras together
with sand and zeolite, barley straw with native soll, as the highest
ranked meadia from best to worst, This result supports the common wse
of denitrifying wosdchip bloreactors in the USA & a well-establihed
Ny remediation technology (Christlanson et al., 2012a). The nsalla-
tion of wondchip bioreactors at the end of tle drainage systems is alo
fimancially supported by the US Deparment of Agrculture Natwral
Resouirces Conservation Service (USDA NRCS) (NRCS, NHOP, 2015).
Such schemes, alomg with the major local productions, industry neads
and wholesale suppliers Adistrbut ors Amporters, have a direct influence
on media avallability and cost amnd, comsequently, the scorng and fmal
selection. The output of the FarMit DST considers only selectlon of a
medium,/media. Futume research s required to test the madium/media
under controlled laboratory conditions to elucidate design and opera-
tipnal parameters.
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32 SWOT analysk

The overall SWOT analysls resulis from differemt workshops Is
summarisad in Table 2, It was percefved that the major strengths of the
FarMit DST werme |is easy concept and worddwide applicability for tar-
geting dual removal of metrient pollution, regandles of farming practice
and conslderng specific local economic conditions and medis-avall-
ability to individual wers. Weakneses identified included the absence
of a sustalnability factor {Le. possible eusability of satumted media as
a fertilizer or a 30l amendment) and impracticality of wing certain
media regardless of thelr high rankng in nutrlent mitgaton. The major
opportundty provided by Farbit was that it may be a longterm efficlent
dec Elon support framework that can be implemented at the initial stage
of decldon making. The threats wem seen as the dsk of extreme
weather events or sectal feconomicalypolitcal changes that may have
an impact of avallability and price of meadia for farmers.

4. Discussion

4.1, Performance of DST in case-snudy applications

The DST application in different case stdies representing different
gepgraphical locations and showcasing different farming practices
provided a ranking of media with high potential to remove metrients in
drainage water for vadows farm polleton scenardos. SWOT analyss
showed the DST to be an effective tool to communicate management
options o different stakeholders It provided a list of optons to the
sdakeholder and the msults are clear encugh to provide applicable in-
forrva o,

The results were consstent with the hypothesls that the dynamic
criterta (avallability and delivery cost of media to site) would vary
spatlally and temporanly. This was dee to reasons such as geopolitieal
ansation and proximity to a natlonal border {eg. to the French border
for Flanders in Belgum), slze of the country and therefore availablity
of wholsale mamsfacturers suppliers/disrbuters, local producton
{eg. woid-based or corn-based media lke corn cob/stover may sult
farmers in USA better than Belgum or Ireland), levies o recyclable
materals {eg. glas in Ieland or candboard in Belglum), fnancial
auppot from government (eg. Installation of wondehip dendidfying
bioreactors In USA), the extent of application of media acoording to the
dominant industry/usa, ee. A good example for the later is zenlite,
which & a nateral minerm] medium with high potential for removal of
both MHe-N and DRP. Although imported in Ireland, this kas wide
application in lreland and this higher avallability with lower delivery
oost compared to Belghim, for example. Conversely, cooo-peat & maone
avallable in Belgium than Ireland due to the wide application of coco-
basad media for other purposes (eg. cocochips in pesticide blofilier),
while thiz medium s readily available and may be purchased at a re-
latlvely low oost in the USA.

42 SWOT analysis

Generally, the ranking of media s similar based on statle (non-
gengraphical) eriterta for comparable case studies in different locat lons,
althowgh it s expected to change when consldering the dynamic eriteria
(& and 9) at spacific dtes The operator may chiose from 75 optlons
(Table 5) acconding to thelr local knowledge and persomal preference
This was considered as a strength in the SWOT amalyds. This lexbliny
emabled the operators (farmer/adviser/englneer) to make a quick and
informed medium selection based on possible futere costs This strength
of the FarMit DST was welcomed In Belglum, where farmers weme
willing o take an active role In implementing sustainable solutions o
minimize pollutlon caused by nuident losses and they may opt for
natural forgan e media with zem polleton swapping and longer sa-
turation tHme reganiless of nuirlent adsorption capacity. For example,
desplite the high avalability of cardboand or crushed concrete at fam-
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seale and thelr high nuirlent removal efficlency, the stakeholder
(farmer) was concerned abowt the media lifet ime and potential negative
extemalites. Therefore, the preference was to implement a more saus-
tainable, but more expensdve, alternative (eg. zeolite).

In addition, if an operator wishes to avold expensve pre-treatment
or post-reatment of media due to polheton swapping caused by, for
example, leaching of heavy metals (e g. andesite and re-used concrete],
they may wihtoselect a medium ferther down the ranking that may be
more expendve but which has a lower environmental footprint. In
additlon, after the slection and operation of an englneered {reatment
system, the FarMit DST can be wed agaln to minimize the affects of
pollution swapplng. For example, woosdchip has been shown In some
studies torelease DRP (e.g. Fenton et al, 2016). In these cases, the DST
can be wad to seledt a Scenanio C medium Instead.

Another SWOT strength, as well & opporiunity of FarMit, & the
flexibility to be ferther developad and to adjust with tme of applica-
thon, as the dynamic crteda may ako change over me. For example, a
nomemative plant such & vetlver gras has a high pollutant removal
efflclency (Ash and Troomg, 2004; Mayorca, 2007, Donaldson and
Grimshaw, 201 3) and can be purchased at a relatively low cost in the
USA. It was initlally only avallable at international-scale to Ireland and
Belghim (where it was Imported from Asla), but now has a growing
market in Eumope (with ensuing lower supply costs and higher aval-
ablliiy). Here, ihe SWOT threais le in the fact that changes in geopo-
litical landscapes Impact commercial trade directly and extreme
weather might change avallability (and price) of local products

The SWOT analysis identified a lack of a criterla considering en-
vimnmental swstainability and post-implementation cost {e.g., disposal
of used medla and asoclated costs). This can be addressed In the future
as the tool has the fexbiity to be further devalopead.

5. Limitatdons and future recommendations

Phytoremediation and organde materials, presented in Table 52,
have lmitations (such as type of vegetatlon plant, geology, geo-
graphical features), which may affect the mesulis of thelr application
{eg. peat). Similady, sods and sands may differ in metal content and
geoc bemiztry, which could influence thelr mutdent adsorption capac ity
Therefore, the user can subsequently declde to test several highly
ranked media in baich studies 1o confirm thelr perfomance in specific
contexis This would then belp to screen suitable materials and identify
the most efficient type or chemistry of locally sourced media (thus with
highest murient mitdgation potential or longer lifetime) to be wad in
the site under examination.

In terms of fimal selection for an engineered strecture, ferther media
testing may be neaded to elucidate on-gite removal capacity, which may
differ from lterature or even bboratory conditions e.g. wondchip and
denitrification mte. Additomally, the design of a system for dua nu-
trient mitgation will wually require the wser to consider the sequence
of madia needed to address pollution swapplng (Fenton et al., 2016)

Future development of this FarMit DT should consider incorpom-
ton of other factors by individeal wes {eg. creular economy/agro-
nomie value of sturated medla) for seordng and Analising media se
lection, as well & aligning the ranklng of medla for removal
performance based on similar conditlons, ag. residence tme, and to
factor in other lsues that influence the removal efflclency, eg. amo-
spheric conditions such & temperature. Furthermore, dymamie eriterta
could outwelgh all cther components if welghtings are assigned. This
would exclude all madia for which access Is not possible (eg. vetiver
grass in some areas). Another factor which could be included in the DST
at a later stage would be maintenance costs pertalning to the selacted
medium;/media at the feld dte.

The Nexibility of the Famit DST provides a tool with the capability
1o be updated by adding media emerging from new studies a5 well &
new tests on the curent 75 media reviewed, but in different experd-
mental settings This would consequently update the “statie
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component” of the DET as new resulis indicate higher or lower removal
rates, Lietime, or new insights into the pollution swapping potential of
amedia

6. Conclusions

A declslon support ool (“FarMit™) was developed and valldated.
This ool enables the end-wser to select locally sounced medla which can
be uwsed in drainage ditch structures to mitigate polheted out fows. The
o] provides seven statle eriterta for 75 media and the operator pro-
vides dymamic eriteria (avallability and delivery cost) to adjust the final
ranked st for local condithms

SWOT analyss, conducted in a serles of workshops, showed the tool
1o be systematie, ransparent and wer-fiendly, providing the wser with
a wide catalogee of optlons, and conslders wers' local economic and
market conditlons. Desplie the fact that the tool does nal provide an
end-use fior the saturated mediem (media) or insight abowt rewse po-
tential, it provides the opportunity of knowledge trangfer between
different stakeholders, and therefore can positively impact decision
making.
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ARTICLEINFO ABSTRACT

Keywards:
Drainage water
Farm pollution

Phosphorus (P) loss from intensive dairy farms is a pressure on water quality in agricultural catchments. At farm
scale, P sources can enter in-field drains and open ditches, resulting in transfer along ditch networks and delivery
into nearby streams. Open ditches could be a potential location for P mitigation if the right location was iden-

::;;SPIIOI = tified, depending on P sources entering the ditch and the source-sink dynamics at the sediment-water interface.
Agricultire The objective of this study was to identify the right location along a ditch to mitigate P losses on an intensive
Sediment dairy farm. High spatial resolution grab samples for water quality, along with sediment and bankside samples,

were collected along an open ditch network to characterise the P dynamics within the ditch. Phosphorus inputs
to the ditch adversely affected water quality, and a step change in P concentrations (increase in mean dissolved
reactive phosphorus (DRP) from 0.054 to 0.228 mg L~') midway along the section of the ditch sampled, signalled
the influence of a point source entering the ditch. Phosphorus inputs altered sediment P sorption properties as P
accumulated along the length of the ditch. Accumulation of bankside and sediment labile extractable P, Mehlich
3P (M3P) (from 13 to 97 mg kg'l) resulted in a decrease in P binding energies (k) to < 1 L mg‘1 at downstream
points and raised the equilibrium P concentrations (EPCy) from 0.07 to 4.61 mg L~" along the ditch. The increase
in EPCy was in line with increasing dissolved and total P in water, d rating the role of sediment down-
stream in this ditch as a secondary source of P to water. Implementation of intervention measures are needed to
both mitigate P loss and remediate sediment to restore the sink properties. In-ditch measures need to account for
a physicochemical lag time before improvements in water quality will be observed.

1. Introduction

Diffuse and point-source inputs from agriculture result in degrada-
tion of water quality (Sutton et al, 2009), including loss of aquatic
biodiversity (FAO, 2011) and ecosystem services (Schindler et al,
2010). Incidental and legacy P losses from agriculture to water (Hay-
garth et al, 2005) are major sources which contribute to eutrophication
(Verheyen et al, 2015). The European Union Water Framework Di-
rectives (OJEC, 2000) requires member states to achieve at least “good”
status in all water bodies and implement “programmes of measures” to
minimise point and diffuse P losses (Kronvang et al., 2007; Sharpley,
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2016; Macintosh et al.,, 2018; Melland et al,, 2018). In Ireland the Ni-
trates Directive regulates P use on farms as a baseline measure to protect
water bodies from nutrient and sediment loss. However, legacy P stores
which are stored over decades of excessive P applications are difficult to
mitigate and further measures may be needed before any impact on
water quality is observed (Sharpley et al,, 2013; Vadas et al., 2005;
Fiorellino etal,, 2017). Typically, water infiltrates into soil and interacts
with legacy P stores along the transfer continuum. This water often
discharges to drainage ditches acting as corridors for nutrient movement
(Needelman et al, 2007). However, concentrations of dissolved P in
these networks can vary due to direct discharges from pipes connected
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with a source, or as a result of sediment chemistry (Moloney et al,,
2020).

Clagnan et al. (2019) examined the connectivity of surplus nutrients
lost from an intensive dairy system to adjoining ditch networks and
found elevated DRP in drainage water. Moloney et al. (2020) classified
the on-farm ditch networks according to P loss risk and concluded that
the highest risk was attributed to connectivity of the farm yards to
ditches in combination with legacy P stored in the sediment. There is a
constant interplay between dissolved P in water and
bankside-sediment/sediment chemistry in which physiochemical prop-
erties such as aluminium (Al), iron (Fe), calcium (Ca), clay, pH and
organic matter (OM) can enable mobilisation or immobilisation of P
along the transfer continuum (Thomas et al,, 2016). Shore et al,, 2016
classified drainage ditch networks based on physical and chemical at-
tributes and highlighted the role of vegetationfor nutrient and water
attenuation along the networks (Haggard et al, 2004; Smith et al,
2005). The challenge for catchment managers and water policy is
identifying the locations where these measures should be implemented.
T Ditch bank side soil and sediments have a fundacion in the retention
and mobilisation of P along these networks (Daly et al, 2017; Delgado
and Berry, 2008; Dollinger et al.,, 2015; Daly et al, 2017; Fenton et al.,
2017). Daly et al. (2017) found that subsurface horizons rich in Al could
attenuate P or make it less soluble and concluded that a ‘right measure,
right place’ approach to drainage measure implementation could be
effective. However, Haggard et al. (2004) reported that sediments are
spatially heterogeneous and can act as temporary stores of P or a tran-
sient storage pool that may be released back into water depending on in
situ conditions. This transient nature of sediment P can influence the
ditch capacity to become a source, sink or regulator of DRP in ditch
water Smith etal. (2005). Hence, characterisation of ditch networks and
closer monitoring of mobilisation of P is important in terms of their
influence on the potential for nutrient losses to water (Kuiz et al., 2005)
and ditch management.

There is a lack of basic understanding of how a ditch network
functions as both mobilisers and an attenuators of nutrients area both
laterally and vertically and how this might change along the network.
The primary objective of the current study was to identify optimal lo-
cations for implementing mitigation measures along an agricultural
ditch, by considering the source-sink dynamics for P. Spatial variation in
bankside soil and sediment P properties were measured along a ditch
connected to an intensive dairy farm, and coupled with spatial and
temporal DRP trends in the drainage water. The connectivity between
surface (runoff) and subsurface (groundwater and artificial drainage
system) flow pathways was established. An intensive dairy farm located
in Southeast Ireland was chosen as a case-study site for this work. The
catchment draining the farm was delineated and the main ditch carrying
water from the farm to an outlet point provided the location for soil and
sediment sampling and monitoring of water quality on the farm. Along
this ditch, bankside soil and sediment samples were taken at locations
and characterised for their P sorptive properties and P source/sink dy-
namics. Water quality draining the ditch was monitored for soluble,
particulate and total P fractions over an 18 month period to profile P
concentrations in the overlying water in the ditch so that alocation fora
potential mitigation option could be identified.

2. Materials and methods
2.1. Site description and identification of sampling locations

The Johnstown Castle catchment, delineated in Fig. 1, contains an
intensive dairy farm (190.4 ha) located in SE Ireland in North Atlantic
Europe (52°17'52" N and 06°29'48” W). The 30-year mean annual
rainfall on this site is approximately 1000 mm, of which approximately
half is drained at different rates into well to poorly drained soils (Fig. 1).
Due to its glaciated origins, soils at the site are heterogeneous, varying in
drainage class from well to poorly drained soils (saturated hydraulic
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conductivity ranges from 0.0001 to 0.029 md ! (Jahangir et al,, 2013)).
The grassland areas of the site consists of poorly and imperfectly drained
Gleys to well drained silty clay loam (topsoil) and dense gravels inter-
mixed with clay at 0.6-10.0 m subsoil geology. In poorly drained areas,
an artificial drainage system has been installed and in-field drains
discharge to a ditch network with high connectivity to the surrounding
landscape (Fig. 2). A detailed description of the drainage network is
provided in Clagnan et al. (2019). The total length of the drainage sys-
tem within the catchment boundary is 10.25 km, comprising of 1.01 km
of ditches with drains installed at approximately 1.2-2.9 m depth. The
main ditch within the farm runs parallel to the farmyard and is 850 m in
length. This ditch starts with shallow depth of 30 cm and gradually gets
deeper to 270 cm, with 20 m above ordnance datum (AOD) change in
elevation, and is the focus of this current study.

In terms of runoff and sub-surface drainage, an area of 94 ha (Kuiz
etal, 2005) - delineated up-gradient (24 ha) and down-gradient (70 ha)
in Fig. 1 - contributes to discharge which enters the ditch through
concrete pipes at No 1 & 2 (Fig. 2). The down-gradient contribution area
enters the ditch at No 2 and is represented by the sampling point A. The
up-gradient area (Fig. 1) enters the ditch at No 1. Other sources of water
into the ditch stem from direct rainfall or groundwater. A groundwater
well between the ditch and the farmyard (Fig. 2, Well 2 total depth of ~5
below ground level (bgl)) indicates an average water table height of <1
m bgl with a hydraulic gradient of 0.5, indicating discharge to the ditch
through the bankside subsoil horizons and through the base of the ditch.
Fig. 2 shows the groundwater elevation in the area of the ditch with
contour beside the farm yard running perpendicular to the flow of the
ditch. This places the water-table at 1 m below the farmyard which in-
teracts with the depth of the concrete slurry storage facilities. On the
opposite side of the ditch poorly drained soils have not been artificially
drained and are presently out of production. Based on their connectivity
and landscape position, Moloney et al. (2020) identified agricultural
ditches as being high risk areas of P loss on Irish farms. At the Johnstown
Castle, water quality and P dynamics of bankside and sediment samples
along the length of the ditch were collected to provide a detailed
appraisal of the impacts of sources entering the ditch. Seven sediment
and water sampling points (Locations A, B, C, D, E, F, G in Fig. 2) along
the ditch network were selected for sample collection.

2.2. Bankside and sedi ling and analysi:

s 2

Sediment samples from the bankside and base locations of the ditch
were collected in October 2017. Grass and plants were removed and the
bankside profile was sampled at depth intervals of 30 cm from top to
base. The number of samples collected at each sampling points varied
according to the depth of the ditch along the total length and are listed as
follows: A: 1; B: 3; C: 4; D: 4; E: 8; F: 10; G: 9. Location-Code represents
the depth interval number (e.g. Al) as shown in Tables 2 and 3. Simi-
larly, sediments from the base of the ditch were collected, at the same
location as bankside samples.

2.2.1. Soil chemistry analysis

All sediment samples were oven dried (40 °C) and sieved (2 mm) to
remove stones and debris, and stored at room temperature prior to
analysis. Sediment pH was analysed on 2:1 soil-water ratio paste and OM
was measured based on loss-on-ignition of 4 g of samples at 500 °C
(Schulte, 1995). The modified Mehlich 3-P (M3P) method (Mehlich,
1984) was used to determine labile extractable P, Al, Fe, Ca using a soil
solution ratio of 1:10 in Mehlich 3 reagent (0.2 M CH3COOH +
0.25MNH4NO3+ 0.015 M NH4F + 0.13 M HNO3-+0.001 M EDTA). Two
gram samples were shaken on a reciprocating shaker for 5 min and the
supernatant was filtered to determine concentrations of labile extract-
able P, Al, Fe and Ca.

2.2.2. Phosphorus sorption isotherm and equilibrium P concentration
The P sorption properties of the bankside and sediment samples were
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Met Station +  Sampling points

Farm Boundaries Soil Drainage Class
D Built-Up Areas - Imperfect
- Artificial Lake System - Moderate

River Network Moderate / imperfect

Drainage System [ ] Poor
b-Surface Piped ] wen
[Surface Open Drain ~ ++ Well / moderate

Fig. 1. Johnstown Castle Intensive Dairy farm showing the up-gradient and down-gradient surface/subsurface drainage system and runoff areas and their entry point
into the open ditch system, soil drainage class, and sampling points across the farm documented by Kuiz et al. (2005) and Clagnan et al. (2019). ® No.1; & No.2.
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Fig. 2. In ditch grab water and soil-subsoil-sedi ling points (Locations A-G). Position of farmyard, entry points of up-gradient and down-gradient discharge

to the ditch (® No.1; & No.2), position of pipes discharging directly into the ditch and water table height (m AOD) around the ditch network. Groundwater flow is

perpendicular to groundwater contours i.e. into ditch.

described by a P sorption isotherm derived for all locations and depths
along the ditch. Sediment samples from the bankside and base locations
were equilibrated with six solutions with concentrations of 0, 5, 10, 15,
20and 25 mgP L~ (Paulter and Sims, 2000). Analyses were carried out
in duplicate by adding 30 ml of initial P solutions to 2 g sediment in 50
ml centrifuge tubes. The tubes were shaken on an end over end shaker at
room temperature for 24 h, centrifuged and filtered, and the final con-
centration of P in solution was measured colorimetrically. The differ-
ence between initial concentration and final equilibrium P
concentration (C) was calculated as P sorbed to the soil (S). The linear
form of the Langmuir isotherm equation (C/S = 1/Syax *k + C/Spax)
was fitted to the sorption data and was used to derive the maximum
sorption capacity (Smax mg kg_l) and k (L mg'l), the constants related
to the P binding energy in sediment.

The P sink/source dynamics of b and was
described the EPCy which represents a solution P concentration at the
sediment-water interface where P is neither sorbed nor released. This

kaid i + 1

v
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parameter is often used to describe the role of sediment in freshwater
systems in regul where sediment will adsorb/
desorb P in order to reach a target P concentration at equilibrium, or
EPC. If EPCy measured in sediment is higher than freshwater DRP, the
sediment will release P to the water column in order to reach that
equilibrium solution P concentration. If the sediment EPCy is lower than
surrounding DRP, this favours net P adsorption from water into sedi-
ment in an effort to maintain a lower P concentration in solution at
equilibrium (McDowell and Monaghan, 2015). The EPCy in bankside
and sediment samples collected along the ditch was measured using 1 g
sediment equilibrated with 20 ml of solution P concentration of 0, 0.1,
0.25, 0.5, 1 mg L " and shaken at room temperature for 24 h, centri-
fuged and filtered through 0.45 pm filters to measure the concentration
of P in solution measured colorimetrically (Murphy and Riley, 1962).
The EPC, was calculated from the slope of the linear plot of P sorbed on
the solid phase against final solution P concentration.

g P concent
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2.2.3. Data treatment

Statistical analyses were carried out using R-Programming Lan-
guage. The Null-hypothesis for all tests was considered to have no
variance and no difference between groups and p-value of 0.05 was used
to accept or reject hypothesis.

2.3. Ditch water sampling and analysis

Grab water samples from sampling points A to G (Fig. 2) were
collected from Jan 2017 to July 2018. Filtered (0.45 pm) water samples
were collected in 50 ml tubes and analysed for DRP using colorimetric
analysis (Aquachem600 Labmedics Analytics, Thermo Clinical Labsys-
tems, Finland) and digested with acid persulphate to determine total
dissolved P (TDP). Unfiltered samples were analysed for total reactive P
(TRP) using colorimetry (Aquachem) and particulate P (PP) was calcu-
lated by subtracting total dissolved phosphorus (TDP) from total phos-
phorus (TP). Additionally, ditch water at each location was pumped to a
flow cell connected with an in-situ Multiparameter Probe (In Situ Inc.
Ltd., USA) to measure temperature, electrical conductivity (EC), rugged
dissolved oxygen (RDO), and pH under steady-state conditions.

3. Results and discussion
3.1. Trends in water quality along an open ditch

Table 1 presents summary statistics of DRP, TP, PP, and TRP across
sampling points for the sample period January 2017 to July 2018. The
distribution of these data is shown as boxplots in Fig. 3. Values of DRP
and TP at sample points A to C were lower in comparison to values
recorded further downstream from D to G. Average DRP and TP values
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between A and C were 0.042 and 0.168 mg L', respectively and
increased to 0.237 mg DRP L ! and 0.48 mg TP L' between D and G. A
step change in P concentrations was observed at sample point D indi-
cating a point source contribution possibly due to inputs from the
farmyard (Fig. 2) located between sampling points D and E. Field work
during the present study identified several pipes directly discharging
(odorous) into the ditch from the farmyard area and these were also
tested when running water discharged from the pipes and recorded DRP
concentrations ranging from 0.011 to 0.093 mgL Tand TP ranging from
0.027 to 1.72 mg L (red straight lines between farmyard and ditch in
Fig. 2). The results at point E are indicative of direct discharges from the
farm yard as evidenced by maximum DRP and TP of 2.976 mg L ! and
4.89 mg L' respectively. Downstream from D, these parameters
remained high and increased along the length of the ditch with highest
mean DRP at F (0.434 mg L 1) almost 10 times higher than A and twice
that recorded at E. Max DRP values recorded at F of 1.258 mg L,
suggested that high P inputs are not attenuated by bankside and sedi-
ment along the ditch but continued to increase downstream at G, were
some extreme values were recorded, reaching maximum DRP almost
twice than F. Highest values at G are likely due to the direct discharges
into the ditch from the yard (positioned at 37 m AOD) along with inputs
from another ditch and potentially the diffuse inputs coming from sur-
rounding fields including a dairy lagoon, which are accumulated down
slope (33 m AOD). A step-change in TP values was also observed at D.
Maximum TP of between 0.11 and 0.33 mg L-1 between A-C, rose to
1.32-4.89 mg L-1 from D to G and these values align with previously
reported TP values in agricultural ditches with a direct connection to a
farmyard (Harrison et al., 2019; Moloney et al, 2020). At catchment
scale, Harrison et al, (2019) reported mean TP values > 1.5 mg L-1ina
riparian survey of ditches connected to farmyards and Moloney et al,,

Table 1
Summaty statistics of ditch water phosphorus (P) fractions and hydrochemistry at sample points A-G along the length of ditch during January 2017-July 2018.
Location Sample size DRP TP PP TRP pH Temp. EC RDO
mgL™! °C pS em™! mgL™!

Site A 10
Max 0.120 0227 0.227 0.052 8.44 12.99 471.1 10.67
Min 0.020 0014 0.004 0.021 6.86 8.06 251.9 9.12
Mean 0.041 0.080 0.077 0.037 7.26 9.873 364.1333 9.99
Median 0.030 0.053 0.042 0.038

Site B 10
Max 0.088 0.110 0.110 0.093 7.27 10.07 388.8 9.64
Min 0.008 0.009 0.009 0019 5.95 9.03 366.9 8.93
Mean 0.036 0.051 0.031 0.043 6.82 9.3 3753 9.24
Median 0.019 0.053 0.013 0.040

Site C 18
Max 0.114 0330 0.284 0.090 8.2 12.58 426.7 12.56
Min 0.021 0.028 0.005 0.025 6.97 7.92 236.7 8.21
Mean 0.054 0.087 0.066 0.045 7.23 9.625 348.5 10.18
Median 0.043 0.055 0.040 0.039

Site D 10
Max 0.610 2290 0.318 1210 7.56 12.6 423.8 1075
Min 0.047 0.031 0.005 0.048 6.9 9.16 342 8.98
Mean 0.228 0.536 0.135 0.363 7.183 11.31 392.9 9.86
Median 0.123 0.156 0.100 0.132

Site E 16
Max 2.976 4890 0.180 2980 8.6 14.93 720 n7z
Min 0.008 0.017 0.001 0.007 6.34 7.99 252 8.89
Mean 0.272 0.536 0.036 0.432 7.32 11.14 466.1 10.28
Median 0.031 0.086 0.010 0.071

Site F 18
Max 1.258 1.320 0.784 1.230 8.6 14.88 560.8 1086
Min 0.027 0.034 0.003 0.025 7.05 9.15 346.2 9.98
Mean 0.434 0.537 0.096 0451 7.56 11.58 423.2 10.56
Median 0.147 0.165 0.058 0.167

Site G 18
Max 2.759 4290 0.234 2781 9.24 12.61 632.1 19
Min 0.004 0016 0.000 0.025 6.98 8.22 233.2 8.09
Mean 0.220 0242 0.037 0225 7.90 9.51 385.06 10.102
Median 0.062 0.105 0.005 0.094

Temp: Temperature; EC: Electric conductivity; RDO: Rugged dissolved oxygen.DRP: dissolved reactive phosphorus. TP: total P. PP: particulate P. TRP: total reactive P.
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Fig. 3. Boxplots showing distribution of water quality data: DRP, TP, PP, and TRP (mg/l) at sampling locations A-G. The midline represents the median.

(2020) have identified this type of ditch as highest risk for P loss, if its
landscape position allows for a direct connection into watercourses,
compared to disconnected and secondary ditches.

Over the length of the ditch, average PP values were similar at all
sample points except D, where a sharp increase to 0.135 mg L™! was
observed, coinciding with potential point source inputs from the farm-
yard. However, mean PP values further downstream fell back to within
the range observed at upstream points, indicating some attenuation of
the particulate fraction from this point onward. Point source inputs to
the ditch were evident at sample point D, as soluble P remained high
along the length of the ditch. However, the sharp increase in PP reverted
to lower concentrations, indicating some ability to attenuate particulate
fractions downstream.

3.2. Bankside and sediment characteristics

The biogeochemical properties of bankside and sediment samples for
each depth interval are represented by Mehlich extractable Al, Fe, Ca, %
OM and pH, and are presented in Table 2. Sediment and bankside pH
ranged from 5.38 to 7.9, with high pH values coinciding with highest
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values of Ca at sample points E, Fand G. In general, most of the bankside
and sediment samples had a neutral pH and moderately low Al and Fe
values compared to those recorded in previous studies on Irish soils and
sediments (Daly et al, 2015, 2017). High extractable Ca was evident at
sample points E, F and G, perhaps as a consequence of a change in soil
characteristics or soil type along this reach of the ditch as illustrated in
Fig. 2. The % OM ranged from 1.8 to 21.3% from point A to G,
demonstrating the variability in soil types and drainage classes on sur-
rounding fields at the site, with highest values recorded at surface
bankside samples on imperfectly drained soils and lowest values along
the length of the ditch dominated by well drained soils (Fig. 2).

Extractable metals Al, Fe and Ca have been reported to have a high
affinity for P in both soils and sediment (Géachter and Miiller, 2003;
Mellander et al,, 2012; Daly et al, 2017). However, the bankside/sedi-
ment analysis of our study showed low level of Al (range of 355 mg kg !
between bankside of all locations) and Fe (range of 351 mg kg ' be-
tween all locations except C4 which showed sharp increase to 781 mg
kg ), with moderate to high M3Ca values (range of 4223 mg kg ' with
lowest values recorded at D and highest at G in the imperfectly drained
area of the farm).
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Table 2

Bankside and sediment physic-chemical properties Mehlich extractable Al, Fe
and Ca, % organic matter (OM) and pH from bankside samples at 30 cm each
depth intervals and sediment at the base of the ditch, taken at sample points A to
G along the length of ditch.

Location Depth pH OM M3Ca M3Al M3Fe
Code (cm) (%) mg kg’I

Site A

Al 0-30 6.9 3.2 12,568 213 230
Sediment 6.0 18 977 259 134
Site B

Bl 0-30 5.38 8.0 12,363 448 259
B2 30-60 5.42 55 10,592 511 308
B3 60-100 5.66 5.0 1172 449 401
Sediment 7.2 31 1530 173 26
Site C

Cc1 0-30 6.1 6.8 1811 338 284
c2 30-60 6.2 48 15,012 309 269
L] 60-90 7.3 28 14,563 234 418
(o} 90-110 7.5 5.2 34,854 65 781
Sediment 7.9 1.0 698 68 139
Site D

D1 0-30 6.5 52 1996 469 149
D2 30-60 6.5 20 792 362 67
D3 60-90 6.4 0.8 303 130 142
D4 90-110 6.7 1.7 870 205 323
Sediment 78 14 986 91.88 190
Site E

El 0-30 71 5.6 25,454 180 264
E2 30-60 7.2 6.1 21,864 200 276
E3 60-90 7.4 5.0 22,672 285 193
E4 90-120 7.4 39 19,943 373 215
ES 120-150 7.5 29 13,851 411 178
E6 150-180 7.6 14 849 256 236
E7 180-210 7.9 24 20,217 369 146
E8 210-240 79 1.0 20,175 362 154
Sediment 7.8 29 91 89.54 239
Site F

F1 0-30 6.8 4.6 19,997 493 225
F2 30-60 59 4.4 1397 399 230
F3 60-90 6.0 39 12,546 456 226
F4 90-120 6.2 3.8 12,148 277 164
F5 120-150 6.0 3.8 11,765 328 179
F6 150-180 6.1 3.2 11,054 191 157
F7 180-210 6.4 57 17,744 307 278
F8 210-240 6.6 1 22,538 343 245
F9 240-270 6.7 7.4 26,862 484 266
F10 270-290 6.7 6.1 23,473 476 191
Sediment 7.2 3.3 1705 158.73 336
Site G

G1 0-30 6.3 213 45,266 376 261
G2 30-60 6.5 18.1 38,003 312 226
G3 60-90 6.6 177 42,736 372 280
G4 90-120 7.1 6.5 2728 399 275
G5 120-150 6.7 10.1 25,664 315 260
G6 150-180 74 8.0 27,634 251 225
G7 180-210 7.1 5.4 19,883 256 282
G8 210-240 7.4 177 18,495 244 266
G9 240-270 78 1.3 15,364 129 204
Sediment 7.6 1.5 1015 1434 266

3.3. Trends in Bankside and sediment P dynamics along the ditch network

Mehlich3 extractable P varied along the length and depth of the ditch
network, with values exceeding the agronomic optimum of 50 mg kg !
recorded at all sample points except A and C. Value in Table 3 indicate a
shift toward higher M3P values at E which continued downstream
reaching highest M3P values recorded at the surface bankside samples at
G of 101-108 mg kg ! at depth of 90 cm. The step change in water
quality P values recorded at D, signalling point source inputs, was also
observed in bankside and sediment P data; however, this occurred at the
next downstream sample point (E). Welch’s t-test results showed sig-
nificant differences in M3P and EPC, values from D to E (p-value <0.05)
and D and G (p-value of 0.0084), and significant differences in EPCy
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values between B and G (p-value = 0.009). This implies that whilst point
source P impacted water quality at D, these inputs may be mobilised
downstream where they start to accumulate as M3P in sediment, starting
at E. At upstream points between A and C, M3P values were generally
low; however, accumulation of extractable P is evidenced by increasing
M3P values from E, downstream to G and likely due to P deposition by
water draining the site. Box plots in Fig. 4 illustrate the shift upwards in
extractable P along the length of the ditch.

Phosphorus sorption isotherm parameters Smax and k representing
sorption capacity and P binding energies are presented alongside EPC,
along the length and depth of the ditch in Table 3 with the spread of data
represented as boxplots in Fig. 4. Values of k ranged from 0.3 to 29 L
mg " with lowest values recorded at sample point G and coinciding with
high M3P values at this point. This parameter, representing P binding
and affinity, decreased along the length of the ditch, from point E on-
ward, and coincided with the upward shift in extractable P bankside and
sediment samples from E to G. Bankside and sediment locations down-
stream were characterised by loosely bound P and high extractable P,
thereby increasing the likelihood of P loss to the overlying water. The
EPC,, parameter in this study was measured along the length and depth
of the ditch to identify whether this ditch acts as a source or sink at
bankside and sediment locations along its reach. However, EPCy illus-
trated in Fig. 4 and tabulated in Table 3 highlighted the variability in
EPC, with highest values recorded at surface bankside locations and a
trend toward increasing values from A to G along the length of the ditch.

The boxplots in Fig. 4 illustrate increases in EPCy from A to G,
coinciding with M3P recorded at downstream points compared to up-
stream sample points. Highest EPCo and M3P values downstream at G,
indicate accumulation and deposition of P, that is loosely bound P (low k
values) and released to water (EPCy) therefore acting as a source of P to
the overlying water and water draining into the ditch.

Atall bankside depths at G, k values were low (<1 mg L 1) and EPCy
values ranged from 0.24 to 4.61 mgL ™. The P dynamics at this point on
the ditch indicate that deposition of P from upstream sources and water
draining the site has altered the sediment P sorption characteristics to-
wards net release of P to water. This is largely driven by accumulated P
in bankside and sediment, that is loosely bound (low k values), making
this junction at source of P leaving the ditch.

The relationship between k and EPC, in bankside and sediment
samples is illustrated in Fig. 5 (a), showing the influence of binding
energies on potential P release. Bankside and sediment k values
accounted for 40% of the variation in EPCy values. Moloney et al. (2020)
found a similar regression coefficient between k and EPCy measured in
ditch sediment across 10 farms and also reported the influence of
accumulated labile P in ditch sediment on EPC,, values. A similar rela-
tionship between M3P and EPC, was observed and is plotted in Fig. 5 (b)
demonstrating the positive relationship between accumulated labile P
(M3P) and EPC, values, therefore supporting our suggestion that P
deposition in ditches can act as a source of P to overlying water, thereby
increasing the sediment EPCj.

3.4. Impacts on water quality and source-sink properties of ditch
sediments

The water quality and bankside-sediment data are both indicative of
diffuse and point sources of P coming into the ditch network. A step
change in water quality was observed at D, due to point source inputs
from the yard, but the effect on sediment P dynamics and deposition
occurred further downstream at E. These data signal the influence of the
farm yard on water quality and sediment P deposition in agricultural
ditches. Inputs from the yard acted as a direct point source of P into the
ditch and a source of P accumulation in sediment, causing deterioration
in water quality and altered P sorption dynamics of the bankside and
sediment. Changes in sediment P were characterised by higher extract-
able P (M3P) and lower P binding energies. Furthermore, P inputs into
the ditch altered the EPCy reducing the attenuation capacity of bankside
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Table 3
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Phosphorus (P) sorption isotherm parameters describing sorption maxima Smax, P binding energies k, and Langmuir model R measured in bankside and sediment
samples. Equilibrium P concentrations EPCy is derived from isotherms at low initial P concentrations. Accumulation of P is expressed as labile P using Mehlich
extractable P from bankside samples at 30 cm depth intervals to the base and sediment samples taken from sample point A to G along the length of the ditch.

Location Depth Sorption proper ties Equilibrium Phosphorus M3P
Code (cm) Smax (mg kg’” k(L mg") R? EPC, (mgL") R? (mg kg“)
Site A

Al 0-30 208.33 0.85 0.98 0.40 0.99 3281
Sediment Base 200.0 0.728 0.98 0.06 1.00 4298
Site B

B1 0-30 28571 1.093 0.95 0.07 1.00 1422
B2 30-60 333.33 1.87 0.97 0.03 1.00 13.05
B3 60-100 322.58 1.55 0.98 0.14 1.00 31.49
Sediment Base 196.07 0.850 0.98 0.44 0.9 19.72
Site C

C1 0-30 357.14 0.58 0.95 171 0.92 83.98
c2 30-60 294.11 1.03 0.99 0.62 1.00 40.57
3 60-90 357.14 2.33 0.97 0.06 1.00 2697
*C4 90-110 n/a n/a 0.42 0.01 1.00 9.1
Sediment Base 131.57 0.5278 0.96 0.28 1.00 2033
Site D

D1 0-30 250.0 0.85 0.97 0.07 1.00 1381
D2 30-60 370.62 1.57 0.977 0.05 0.99 11.42
D3 60-90 116.27 0.741 0.98 0.04 0.99 7.87
D4 90-110 81.96 2.440 0.91 0.04 0.9 157
Sediment Base 163.93 2.902 0.97 0.25 1.00 28.09
Site E

El 0-30 285.71 0.66 0.98 2.05 0.99 97.36
E2 30-60 2857 0.56 0.95 1.75 1.00 86.39
E3 60-90 256.41 0.81 0.96 0.75 1.00 59.73
E4 90-120 294.11 0.79 0.97 0.84 1.00 68.65
E5 120-150 243.90 0.69 0.96 0.35 1.00 3825
E6 150-180 187.68 0.75 0.97 0.14 1.00 26.4
E7 180-210 400.0 2.50 0.9 0.00 1.00 54
E8 210-240 303.03 1.73 0.97 0.01 1.00 7.15
Sediment Base 192.30 0.55 0.95 0.36 0.98 3179
Site F

F1 0-30 256.41 1.0 0.97 0.21 1.00 2581
F2 30-60 217.39 0.75 0.96 0.12 1.00 1423
F3 60-90 222.22 1.32 0.98 0.15 1.00 19.02
F4 90-120 185.18 0.675 0.96 0.18 1.00 1737
F5 120-150 188.67 0.73 0.97 0.27 0.99 2071
F6 150-180 151.51 0.55 0.97 0.35 0.99 20.08
F7 180-210 250.0 0.68 0.97 1.62 0.99 60.73
F8 210-240 250.0 0.68 0.97 11 0.99 59.18
F9 240-270 344.82 1.38 0.99 0.58 1.00 5327
F10 270-290 333.33 1.50 0.98 0.42 1.00 2877
Sediment Base 28571 0.89 0.96 0.41 1.00 50.1
Site G

Gl 0-30 28571 0.49 0.9 4.61 0.94 101.49
G2 30-60 357.14 0.38 0.98 417 0.94 108.84
G3 60-90 416.66 0.48 0.97 2,98 0.89 111.36
G4 90-120 344.82 0.93 0.98 0.78 1.00 8979
G5 120-150 285.71 0.74 0.98 119 0.88 86.78
G6 150-180 303.033 0.67 0.97 1.21 0.9 7277
G7 180-210 256.41 0.92 0.98 1.00 0.99 80.19
G8 210-240 250.0 0.95 0.98 0.65 0.99 7075
G9 240-270 178.57 0.708 0.97 0.46 0.99 40.88
Sediment 227.27 0.88 0.98 0.24 1.00 38

and sediments in the ditch. This is also evidenced by the positive cor-
relation between M3P and EPC highlighting the influence of P inputs on
sediment ability to attenuate P.

The accumulated P in surface layers of E, coupled with lower k
values, and consistently high DRP and TP concentrations show release of
P from bankside sediment. This is similar to some deeper intervals of F
and all intervals of G which were saturated with P and k values get
lowers as P deposited into system. This caused a release of accumulated
P into the water and thus higher DRP concentrations. This observation is
also supported by EPCy values which are presented in Fig. 6 with mean
bankside and sediment EPCy at each sampling point along the ditch,
plotted against mean DRP values at each point. The plot include the
(1:1) line of equality between EPCy and DRP values where points below
the line indicate sediment acting as a P source and points above line
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indicate a P sink (Smith et al, 2005). In Fig. 6 most of the EPC values
along this ditch, with the exception of values recorded at A and B, acted
as source of P, releasing P to water.

The results highlighted the need for a mitigation intervention
(McDowell and Nash, 2012) to clean ditch water before it leaves the
farm (King et al,, 2015).

This study identified the appropriate location for installation of an
in-ditch nutrient interceptor at point D-E when the nutrient pollution
starts to elevate before accumulating at point G. In-ditch engineered
structures filled with medium/media with nutrient adsorption/remedi-
ation capacity can retain P before leaving the ditch and entering a sur-
face water body (Ezzati et al,, 2019). However, mitigation options
should consider the high legacy P in deeper soil layers of the bankside
and sediment samples which will continue releasing P into the water,



G. Ezzati et al

400
1
1

i
1
i

k3 :
w B '
E o o
i
§g| —
2 - S 3
8 4 =
T T T T T T T
A B C D E F G
& °
o | =3
~
T i
S @4 | —_
E . E E 5
- ' H
x : _QD
e | AR
=) H 4

Journal of Environmental Management 257 (2020) 109988

< i
© - H
T
-
o
E —_
o V1 !
& H
w by H 0
= GQ—BE
T T T T T T T
A B C D E F G
8 H
8 1 s .
T ; !
x g = :
nng H H
€ -
a — '
) H
2 g o 3
.
so — i
o
T T T T T T T
A 8 Cc D E F G

Fig. 4. Boxplots showing the distribution of Smax, EPCo, k, and M3P values in all bankside and sediments at sampling locations A-G. The midline represents

the median.

and which will delay and short term impacts on water quality.
4. Conclusion and recommendations

This study examined hydrochemistry and sediment P trends along
the length and depth of an agricultural ditch network on an intensive
dairy farm. High spatial resolution grab samples of ditch water were
collected over 18 months alongside measurements of bankside and
sediment P chemistry at depth intervals at points along the ditch.
Phosphorus concentrations in water increased along the length of the
ditch, due to inputs from a point source, identified by the presence of
pipes discharging from the farm yard directly into the ditch. This caused
a step-change in water P concentrations at this point as mean DRP and
TRP values increased >10-fold from upstream to downstream points,
indicating little or no attenuation of reactive P in the ditch by sediment.
Particulate P increased sharply at the sample point closest to point
source inputs from the yard, but values fell back in line with upstream
values, indicating some attenuation of PP along the length of the ditch.
Inputs from point and diffuse sources were transferred downstream
resulting in deposition of P in sediment, which inhibited any natural
attenuation of soluble P along the length of the ditch. The highest
accumulation of P in the ditch sediment was recorded at the furthest
downstream sampling point and P inputs into the ditch not only affected
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water quality but altered the sorptive properties of the sediment toward
acting as a secondary source of P to water leaving the ditch network. The
effects of P inputs from the yard on water quality and sediment P
characteristics did not coincide at the same point on the ditch, rather,
the step change in water quality occurred at D whilst changes in sedi-
ment P were only evident further downstream at D, indicating transfer
and deposition in ditch sediment. The results demonstrated that such P
inputs have altered the physico-chemical characteristics of the ditch
sediment which highlights the need to remediate sediment to restore its
natural P attenuation capacity and reverse its role as a secondary source
of P to water. Water quality policy design will need to account for
physico-chemical the lag phases in sediment remediation before any
improvements are observed. Preventing further point source inputs to
the ditch requires substantial restructuring in the farm yard, such as,
redirecting yard runoff entering ditches, directly or indirectly, by e.g.
blocking the pipes and collecting runoff for water treatment.

Close circle: Average EPCy from bankside (mg L™'), Open circle:
EPCp(mgL 1) values from sediment. Values below 1:1 line indicate that
the point act as a potential source of P.
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Appendix B. Water flow data from open ditch network: July 2017- July 2018.
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Appendix C

Appendix C. Ranking list of 75 media for removal of NO3-N, NH4-N, and DRP based on static criteria.

Criterion Total Score Ranking
1 2 3 4 5 6 7 based on Static Criteria  based on Static Criteria
MEDIUM NO3-N NH4-N DRP- Removal Hydraulic Life time Negative NO3-N NH4-N DRP NO3-N NH4-N DRP
Removal ~Removal Removal of other  conductivity Externality Removal Removal removal Removal Removal removal
Rate Rate Rate pollutant

Lime 1 4.0 2.0 3.0 1.0 -1 5.0 6.0 9.0 9 8 2
Soil (no clay) 1.0 3.0 3.0 2.0 1.0 1.0 5.0 7.0 7.0 15 4 6
Woodchip 4 0.0 0.0 3.0 2.0 9.0 5.0 5.0 1 12 16
Peat/Sphangum peat 3.0 1.0 2.0 2.0 15 55 8.5 6.5 14 3 9
Vetiver grass 3.0 1.0 4.0 2.0 2.0 2.0 9.0 7.0 10.0 1 4 1
Andesite/refuse concrete/charcoal 0.0 1.0 4.0 2.0 2.0 -2 2.0 3.0 6.0 46 26 10
Sand 3.0 3.0 4.0 1.0 2.0 1.0 7.0 7.0 8.0 5 4 3
Natrolite/refuse concrete/charcoal 0.0 15 4.0 2.0 2.0 -2 2.0 35 6.0 46 24 10
Refuse concrete/nitrolite/charcoal-bio 0.0 15 3.0 2.0 2.0 -2 2.0 35 5.0 46 24 16
Crushed glass 2.0 4.0 0.0 15 3.0 10 7.5 9.5 5.5 4 2 14
Bottom ash 1.0 1.0 3.0 1.0 -2 0.0 0.0 2.0 70 67 51
Alum slugde:waste product from potable 0.0 3.0 2.0 1.0 -2 1.0 1.0 4.0 60 59 28
water
Apatite/limestone 50-50% , w/w 4.0 3.0 3.0 3.0 7.0 38 26 6
Andesite/waste paper/refuse concrete 0.0 1.0 2.0 2.0 2.0 -2 2.0 3.0 4.0 46 26 28
Refuse concrete/waste paper/nitrolite 0.0 1.0 2.0 2.0 2.0 -2 2.0 3.0 4.0 46 26 28
Refuse concrete/waste paper/limestone 0.0 1.0 2.0 2.0 2.0 -2 2.0 3.0 4.0 46 26 28
Refuse cement and waste paper 0.0 1.0 3.0 1.0 2.0 -2 1.0 2.0 4.0 60 41 28
Lime stone with granulated activated carbon 2.0 2.0 25 -2 25 45 2.5 43 15 50
Zeolite 1.0 4.0 2.0 2.0 3.0 1.0 7.0 10.0 8.0 5 1 3
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Apatite pellets
Ochre

Waste cellulose (leaf compost, wood mulch,
saw dust)

Fly ash

Limestone

Pea gravel

Steel slag

Recycled shredded tyres

Barley straw

Ryegrass

Refuse concrete and waste paper
Furnace slag

Natrolite

Andecite/limestone/refuse concrete/waste
paper

Andecite/waste paper/charcoal-bio/refuse
concrete

Cardboard
Barley straw + (native) soil
Granular actuivated carbon

Stratified layers of sand,granular activated
carbon,& pyritic fill

Crushed concerete
Sawdust (30% Volume)
bayer residue
corncorb+woodchip
Immature compost

Corn corb

0.0
0.0

2.0
2.0
2.0
1.0
0.0

0.0
0.0

0.0

4.0
4.0
3.0
2.0

3.0
0.0
1.0
4.0
25

1.0

1.0

1.0

1.0

0.0

1.0
3.0

0.0

1.0

4.0
4.0

2.0
1.0
0.0
2.0
3.0

3.0
2.0
2.0
3.0

3.0

4.0

1.0

2.0
2.0

2.0

2.0
0.0

1.0

1.0
1.0

2.0
0.0
2.0

3.0
3.0
2.0

1.0
3.0
3.0
2.0
3.0
2.0
2.0
2.0
3.0
3.0
2.0

2.0

3.0
2.0
3.0
3.0

3.0
2.0
2.0
2.0
2.0
2.0
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2.0
1.0
1.0
0.0
0.0

0.0

1.0

1.0
0.0
0.0

3.0
1.0
5.0

1.0
5.0
5.0
5.0
4.0
4.0
5.0
0.0
3.0
4.0
0.0

0.0

7.0
6.0
7.0
6.0

4.0
5.0
4.0
4.0
6.0
2.5

3.0
1.0
5.0

2.0
6.0
6.0
3.0
2.0
3.0
4.0
0.0
4.0
7.0
0.0

0.0

3.0
2.0
4.0
4.0

4.0
2.0
5.0
3.0
2.0
0.0

7.0
5.0
2.0

3.0
6.0
5.0
5.0
5.0
2.0
4.0
3.0
5.0
6.0
3.0

3.0

3.0
2.0
4.0
4.0

8.0
2.0
5.0
3.0
2.0
0.0

38
60
15

60
15
15
15
26
26
15
70
38
26
70

o o1 © u

15
26
26

43

26
59
12

41

26
41
26
16
67
16

67

67

26
41
16
16

16
41
12
26
41
67

16
51

36
10
16
16
16
51
28
36
16
10
36

36

36
51
28
28

51
16
36
51
70



Yard waste

Woodchip/pea gravel

Corn Stover

Rice husk

Tea/Coffee waste

Pine bark

Ryegrass/artificial aquatic mats biofilm
Sandy Loam soil

Woodchips+Acetate

Logepole pine needles(LPN)

Wheat straw

Lodepole pine woodchips

Pyrite modified by calcination

Shells

Sawdust with sand
Thermally-modified calciumrich attapulgite
Charcoal (from coconut)

CocoPeat

Charcoal-bio

Biochar

Expanded clay

Flue Gas Desulfurization Gypsum

K1 Kaldness media : plastic MB3/ AMB

Corn Cob + Modified Coconut Coir +
Modified biochar

Woodchip lined with 40-mm heavy duty
agricultural liner

Expanded shale

2.0
2.0
0.5

0.0
0.0
2.0
0.0

4.0
3.0
2.0
3.0
0.0
0.0

0.0

3.0

1.0
1.0

0.5

0.5

-1.0

-1.0

1.0

0.0

1.0

0.0

0.0

2.0

3.0
0.0

1.0

4.0
1.0
0.0
0.0

0.0
2.0

2.0

2.0
1.0

2.0

1.0
1.0
0.0

3.0
2.0
0.0

2.0
3.0
2.0
1.0
15
3.0
2.0
2.0
3.0
3.0
2.0
3.0
1.0
3.0
15
1.0
1.0
2.0
2.0
1.0
1.0
1.0
3.0
2.0

3.0

1.0
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0.0
2.0

2.0

0.0

1.5

0.0

4.0
5.0
25
2.0
1.5
3.0
5.0
0.0
6.0
4.0
5.0
2.0
5.0
4.0
1.5
1.0
2.0
8.5
1.0
2.0
1.0
1.0
3.5
4.0

3.5
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Appendix D. Comparison between Adsorption Isotherm between bankside intervals and sediments at sampling locations.
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