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Abstract

Water quality outcomes can vary spatially asrtee landscape, even when there are similar
land use pressures. These differences are often the result of natural spatial variation in the
landscape, which alters the composition of the water through coupled physical, chemical and
biological processes. ting Water (a Fonterra and Department of Conservation partnership)
commissioned a highesolution physiographic assessment of the Waituna Catchment,
Southland, to support water quality and biodiversity investment decisions for the catchment.

The physiogrp hi ¢ approach i s an ipredicatgdrupoh thelspatial 0 sy
coupling between landscape attributes and the key processes governing water quality outcomes

in surface and shallow groundwater. For example, the relationship between sode Edass

(attribute) and redoxroces$ canbe used t@redict soil denitrification potential. Unlike other

mapping and classification approachbs, physiographic approach incorporatederquality,
hydrochemical and/onydrological response signalsto a spatial formato identify, select,

combine and classify those landscape gradients that drive variation in water quality outcomes.

The key procesattribute layers identified for the Waitu@atchment are hydrology and redox.

Areas characterised bynsiar processttribute classes for both hydrology and redox are
defined ashysiographic Units (PGUEachPGUresponds in a similar fashion at the process
level to broadly equivalent land use pressures. Through classification of the catchment into
PGUswe demonstrate that: (i) physiographic mappiag be usetb estimate the steadyate

water composition of surface water and shallow unconfined groundwater with a high degree of
confidence, and; (ii) procesdtribute gradients and resultadGUsare apowerful tool for
informing and optimising efforts to improve water qualitynatching efforts to the process
level controls over water quality at the land parcel scale.

A national physiographic classification (Physiographic Environments of New Zeaknd) i
currently being createdin conjunction withthe Our Land and Water National Science
Challenge and a range of stakeholders. A-lvabed interface for farmers and industry to
access physiographic sciencengially being developed in the Southland regampart of a
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Ministry for Primary IndustriesSustainable Farming Fund grant. Development and design of
the webbased interface is being guided by farmers, industry groups and Environment
Southland farm extension staff.

Introduction

Water quality can vary spatially across the landscape, even whemtesirailar landuses or
pressures in a catchment. These differermasir because of natural spatial variation in
landscapeattributes which alters the composition of the water thitougpupled physical,
chemical and biological processd2revious researchas noted that spatial variation in
landscapattributescan account for more than twice the variability in water quality than land
use alone (Johnson et al., 1997; Hale et al.42Rihg et al., 2005Dow et al., 206; Shiels,
2010; Becker et al., 2014Jhe role of landscape variability over water quality outcomes is
especially true for countries such as New Zealand, which is often recognagezbéthe most
complex geological igions in the worldJohnson et al., 1997

Until recently a systematic approach to mapping the integrated landscape controls over surface
and shallow groundwater quality has been lacKimghis papera conceptual overview of the
physiographianethod for identifying and mapping the critical attributes of the landscape that
controlspatial variation in water quality outcomisspresentedFigure 1).The physiographic

method providesa greater opportunity to target and implement mitigations that ar
environmentally and cosffective in addition to providing critical context to calibrate existing
toolsthatseek to better understand and model land use |cas&s asutrients andgediment

(SFF, 2017%.
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Figure 1: lllustration of the connectivity aiearsurfacewater resources, including soil water,
surface and shallow groundwateHughes et al. 2016). Green tick marks show the
hydrologically connected settings included in the physiographic appmwheheasedcrosses
identify settings that are excluded.



To explain the physiographic approach examples fromthe initial &hysiographis of
Southlandprojead are providedEnvironment Southland, 201Bjssmann et 812016 Hughes

et al., 201% In addition, seleed outputsfrom the ecent high resolution physiographic
mapping for the Waituna CatchmeBbuthlandare presented. These outputs wenepared
through theLiving Water (Department of ConservatiodQC)-Fonterra Partnershipand
Whakamana Te Waituna feat partners(lwi/hag, Environment Southland, Southland
District Council, DOC and Fontertdjinally, it is proposéd that the physiographic method has

a natural home in supportimgisting tools that seek to understand and minimise land use losses
by providing critical context as to the role of the landscape over spatial variation in surface and
shallow groundwater.

Physiographic Method

It is widely recognised in hydrochemicahcageochemical literature that there are four key
process families governing the composition of frestter- atmospheric, hydrological, redox
and weathering Mo | dan & L er & Ffritz, 1990 Quder, & TBynea 2084Kendall

& McDonnell, 2008 Tratnyek et al., 202). Of these process families, hydrological and redox
processes areften consideredhe most significantn governing variation in water quality
outcomesMo | dan & L leangmiir, 1997;9\8eder et al., 200fatnyek et al., 202
Eriksson, 201p The fundamental premise of thghysiographicapproach is that spatial
variation in water composition (quality and hydrochemistry) can be understaddritifying
and mapping thepatialcoupling betweeprocess signalsn waterandlandscapeattributes

For examplespatial variation in the concentrationsaidium(Na), chloride(Cl), and the stable
isotopesof water (d'20/d’H-H,0, V-SMOW) in precipitation &tmospherigrocess signajs
areknown to be governed kaltitude and distance from tleeast [andscapeattributeg (Clark

& Fritz, 199; Langmuir, 1997; Wieder et al., 200Kendall & McDonnel] 2009; spatial
variation in theNa, ClandiD/it®0 in surface and shallow groundwatbydrological process
signalg are known tovary accordingto water source and connectivity between recharge
domains kandscapeattribute) (Clark & Fritz, 199; Kendall & McDonnel] 2008 Inamdar,
2011); spatial variation igroundwater pHand hence alkalinityweatheringprocess signa)s
aregoverned by thacidneutralising capacity (ANJXlandscapeattribute) of soil and rockas
well asits degree of weathering\(right, 1988;Mo | dan & L €ilendl Malimgvist 4
2004 Lydersen et al., 2004and aquifer reduction potentigredox processsignalg varies
according to the abundance of electron donors within an adattebute) (Krantz and Powars,
2002 McMahon and Chapelle, 280Rissmann, 201 Beyer et al., 20L18Nilson et al., 2018

The signals in wategire usedo verify the effective properties of the landscapleis process

is important for: (i) linking landscape compartmef(its., land surface, sqiaquifer, surface
waterg; (i) understandingthe relative significance of each compartmenbver water
composiion, and; {ii) refining pre-existing maps of landscape attributes that may not have
been mapped with water in minat do not contain the key attributes governing water quality
outcomes.

With this integrated perspective in mirttie ultimate aimof the physiographic method i®
produce a number of classpdocessattribute GIS layersthat depictthe spatial coupling
betweerprocess signals waterand landscape attribugeadientsThe steps for physiographic
mapping of the landscapee summarised in Figure 2



Formulate hypotheses as to the landscape attributes
governing spatial variation in process-signals

a (e.g. water quality, hydrochemical, hydrological signals)
HypotheSise, Use existing process-attribute knowledge including
Test. R efin e that derived from literature.
J
(Step 1) b Test and refine hypotheses using process signal data

Extract, Map,
Refine
(Step 2)

Test
Performance
(Step 3)

(e.g. water quality, hydrochemical and/or hydrological data)

Compare spatial variation in the process-signals of water against
gradients in key landscape attributes. Identify and investigate anomalies,
within a spatial framework (GIS).

Extract, combine and map relevant attributes to
produce an unclassified process-attribute gradient

Utilise attributes within existing geospatial layers (e.g. topographic,
edaphic, geological, hydrological). Generate attribute layers
if key attribute data is missing.

Use process signals in water to classify
process-attribute gradients

Statistical methods are applied to process-signal data relevant to the
process of interest to produce ‘homogeneous subgroups’ or classes
of attributes that correspond to a particular signal.

|

Test performance of combined process-attribute
layers to estimate water composition and quality

Spatial variation in most water quality and hydrochemical measures are
governed by more than one process family. Accordingly, classed
process-attribute layers specific to key water quality and hydrochemical
measures are combined and tested. The main objective is
to asses the ability of multiple process-attribute layers to estimate
spatial variation in stream and shallow groundwater
quality and composition. Various methods are used for testing
including machine learning approaches.

Produce
Physiographic
Map(s)
(Step 4)

Produce Physiographic Map(s)

If the combined process-attribute layers accurately estimate the
spatial variation in water quality and /or hydrochemical measures the
layers are combined within a spatial framework (GIS). Areas with the same
assemblage of process-attribute classes are called ‘Physiographic Units
(PGUs). PGUs respond in a similar manner at a process level and as such
produce similar waters and as such respond in a similar way to a
broadly equivalent land use pressure. The resulting map(s) depicts
the inherent properties of the landscape that govern the natural
variation in water quality and hydrochemical signatures

in addition to land use.

Figure 2. Summary of steps to develop theygiographic mapping method (Rissmann et al.

in prep).




Step 1:Hypothesise and Test

Firstly, hypotheses as to the likely landscape attributes governing spatial variation in a
particular process signadre formulated(Step H). Hypotheses may be informed by
international peer revieliterature, priotechnical reportingnd/ora workingknowledge ofa
catchment or regional scale landscape controls ovariation in water compason. For
example, thalissolved oxygen¥O) and nitrate (NOs) concentration in surface watease
expected tavary according to the landscape attributes soil drainage class and the abundance of
electron donors (mainlgrganic carbohin soil andshallowaquifers(Rissmann, 2011; Beyer

et al., 2016; Beyer and Rissmann, 2016

Using the above examplehd hypothesis is then testdaly interrogatingthe relationship
betweerfield measure®f DO and N@ andsoil drainage classoil carbon conterdand the
likely electron donor abundance of the shallow aquifer associate@ \gitlen surface and/or
groundwatermonitoring site and associated capture z@p 1b).The key question is
whether instream or shallow groundwatprocess signalsary in the hypothsised manner
within and betweenapture zong Various hydrochemical, graphical and multivariate methods
are used during this phadeissmann et al., 2012018. Pre-existing geospatial laye(g.qg.
Digital Elevation Model DEM), soil, geological)are used as the source of landscape attribute
data

During the hypothesis testing stagespatialdisconnect betweeprocesssignalsand a key
landscape attributsuggest decoupling of théypothesisegrocessattribute relationshig~or
example,acros a significant area ofSouthlanda disconnect was observed between soils
mapped as poorly drained (reducing) &nmel occurrence daflevated nitrate (>8.0 mg/L NO

N) in shallow groundwaters beneath these gsi& Central Plains Physiographic Zone after
Hughes et al., 2016[EIsewhere, aquifers underlying poorly drained soils shadikxisign of
anomalous\NOs’, indicating considerableemoval withn the soil zone by reductiofBeyer et
al., 2016) Further investigatiomto the nature othis anomalyndicated thathese soils crack

in response to soil moisture deficit, with autumn recharge of higk Wéers bypassing the
reducing soil zonandrapidly rechargng the underlyingstrongly oxidisingaquifer(Rissmann

et al., 2016; Hughes et al., 20}6Accordingly, where the correlation betweargivenprocess
signal and geospatial representations of landscagitributes are anomalous further
investigationas tothe character aheattributeswithin an area mapenecessary

Step 2:Extract Landscape Attributes, Map and Classify

Once the hypotheses have been tested and subsequently tefmsalporate any anomalous
signals an unclassed proceatiribute layer is produced by extracting the key landscape
attributesthat govern proess signaturebom preexisting geospatial layerStep 2a) For
example, attribute datan@oil chroma, redox segregations, organic carbon coatetiexture
wereextractedrom preexisting geospatial layers (e.lZLRI, regional soil layers, -$1ap)

and combined to producenaunclassifiedprocessattribute layer that definea soil zone
reduction potentiagradientfor SouthlandKillick et al., 2015; Beyer et al., 201Rissmann et

al. in prep). Similarly, data onthe abundance of electron dondis., organic carbon
glauconiteand ironsulphide$ associated with shallow aquifengere extracted and mapped
from preexisting geological (Map (Turnbull & Allibone, 2003); Rock 2 INNZLRI (Lynn et

al., 2009) and petrochemical (Petlalstrong et al.,2016) data setgRissmann, 2011)
Critically, the method utilises the smallest scale polygons associated with soil series mapping
as the basis for delineating processibute gradientsAt this stageadditional information



provided by regional or catchent scale surveys of attribute propertiesino®rporatede.g.
finer scale soil mapping,iDAR, radiometric imagerysee Rissmann et al., 2017)

Following the mappingf each procesattribute gradientwater signals are useddiassify the
attribute gradientinto key classesthat are associated with relativelyjomogenous process
signalsin water(Step 2h Rissmann et al., 201.6The number of classes is finite and often
correlated with the number of distinctly different attributes that malenatribute gradient.
For examplepH and alkalinityin Southland shallow groundwater wabserved tovary
strongly betweesix key rock/sediment classes, decreasing across the carbonatemafltra

> mafic > intermediate > felsic > and carbonaceous gonih Rissmann et al., 20).8Shallow
aquifers associated with each of these rock/sedinaagories showed statistically significant
differences in pH and alkalinity as well as major ion abundafidesrole of different rock,
sediment and soil attribigeverpH and alkalinityis well established in the international peer
reviewed literature anchasbeen used by many authorssjeatiallymapthe likely impact of
acid rainoverthe pH and alkalinity of aquatic ecosystems across North America and Europe
(Wright, 1988Giller & Malmqvist 2004 Lydersen et al., 2004In another examplanapping

of soil drainage class has historicathgen informed bysoil redox indicators, soil colour
(chroma) and the abundance of redox segregations (Mdtiiem et al.,2009. It is perhaps
not surprisingherefore,that theredox signatures in soil drainage waters a&s® correlated
with soil drainage clasBeyer et al., 201@eyer and Rissmann, 20I&issmann et al., 2018
Many other such relationships exist and banused to estimate the likely process signals in
waterand the number of classes within a region

Therefore, although there is abvious benefitn havinga significantwater sampling dataset

it is not essentialas much can be inferred from knowledgie how landscape attributes
influence different process signals in watdiapping ofdikely6 processattributeclasses can
be usedfor targetedwater quality samplingminimising the number of samples thae
requiredfor validation Further,as theapproach is looking at process signals, not trend,
historicalwater quality datas avaluablesource of process signal information fbe initial
evaluationof processattribute gradients and likely clasgese Rissmann et al., 2016)

Step 3:Test Peformance

As the spatial variation of most water quality and hydrochemical measures is controlled by
more than one process, the combination of classed pratteébsite layers is necessary in order

to best estimate spatial variation in water quality anlaydrochemical measur@issmann et

al., 2016; Snelder, 201850r example, the concentration of N{D a stream may be controlled

by both the overall redox setting in a capture zamdgthe degree of hydrological connection

to low NOs” waters sourceddm reducingparts of a catchment orhgrdrologically connected
recharge domaiwith naturally low NQ' (i.e. Alpine recharge domain)

Selection of the procesHtribute layers to be combined will depend on the objectives of the
study and the processes considdmee@xert the greatest control over spatial variabiligr
examplejf understanahg and estimang thespatial variation imitrogen (N) andphosphorous

(P) is the key objectivethen thehydrological and redox proceastribute gradientshould be
combined If the objective is to better understand and estimate spatial variation in the process
level controls over water source @nrecharge mechanisnthen the atmospheric and
hydrological attributgprocess layershould becombined|f the purposés to better understand

and estimate spatial variation in the process level controls over the major ion concentration,
pH and alkalinityof water then the atmospheric, hydrologicand weatheng process
attribute layersshould becombined Finally, if the objective is to better understand and



estimate both water quality and hydrochemical variatioen all four process attribute layers
should becombined

For the regionaiPhysiographics of Southladgroject all four-classegrocessattributelayers
representinggach key process family were combinadd both a simple hierarchal sorting
(Rissmanret al., 2016) and a more sophisticated machine learning approach (Random Forest
(RF) (Snelder, 2016) were appliethetwo key questions formulated for testing were: (i) can

the processttribute classes within the capture zone of a monitoring point emdiemtly
estimate spatial variation in water quality and hydrochemiirysurface and shallow
groundwater® and; (ii) do water quality and hydrochemical measures change in a manner
consistent with the process level understanding used to develop tle®layer

In the RF models of Snelder (2016), the classed prate#sute layers representing each key
process family were used as predictor variables and the water quality and hydrochemistry as
response variables. Snelder (2016) fotiredmappingccurately stimated spatial variation in
surfacewater quality and hydrochemistry for most key measures. Further, the response
characteristics evident in partial response plots derived from the RF modeadliagonsistent

with the underlying process level undersiagdisedto develop each layethe performance

of the physiographic approach to estimate groundwater signatures from bores across the region
was less accurate (Snelder, 2016). However, mapping still readily identified and constrained
all previously recogised groundwateNOsz and P hotspots and correctly estimatedvater

source andquiferredox status (Rissmamal, 2012 Rissmann, 203 Rissmann et al., 2016).
Furthermore, the strong performance for surface water suggested the agoudddbe used

to accurately estimate the shallow groundwater contribution most relevant to the surface water
network. This interpretation is consistent wistablishedknowledge that the zone wofater

table fluctuations oftenthekey driver ofthe younggroundvaterexporedto streans (Molenat

et al., 2008jnamdar, 2011 This issue occurs as groundwateglls aredrilled for security of

supply, not fortargetingthe shallow aquifer component most criticastoeam Accordingly,

regional groundwater data sets may vary as to their representativeness, with well depth and the
degree of confinement critical considerations.

For thedhysiogaphics ofSouthlan@ project estimation othe spatial variability insurface
water sediment andkE. coliwasnot as wellconstrainedalthough variation in these measures
between monitoring sites with significantly different assemblages of pratieidsite classes
were statistically significarind as hypothesisedHughes et al., 2@). In the Waitunacase
study provided hereadditional effort was made to improve the spatial mappinghef
landscape controlgoverningvariation in steadystate sediment anf. coli measureswith
some significant improvemen(Rissmann et al., 2018)his was accomplished by mapping
landscape gradients jpercentageexcess rainfall occurring as overland flow and artificial
drainage density (Pearson, 2@1&nd . Theseattributes were not initially included in the
science component of thiegional sca project.At regional scalegyreater variability irthe
landscapattributesgoverningsedimentoss to streameecessitatethat additional attributes
be considerede(g. rock strenghh(Rissmann et al., 2017)

The strong performance of thphysiographic method to estimate spatial variation in water
composition suggesthe scale of geospatial layers used are appropriate. However, it is noted
that most surface water monitoring networks are biased towards larger order streams and that
some gespatial layers have limited resolutiéor drainage bas#<8 kn? (Rissmann et al.,

2017). At this level of resolutionadditioral fine scale geospatial data may be required to
improve mapping of processtribute gradientssuch as radiometric imagefgissmann et al.,

2017).



Finally, if processattributemappingcanbe used t@accurately estimate water quality and/or
hydrochemical composition across monitoring sitesnit is assumd that itcan be usetbr
areasvithoutmonitoringdatagiven similar land use intensiti€his assumption is based upon
the recognition that procesdtribute gradients argist as relevantfor areas without water
guality data(as noted in Step)2

Step 4: Produce Physiographic Map(s)

Following testing, pocessat t ri bute | ayers are combined to
Areas with the same assemblage of attripwtecess classes are identified as Physiographic

Units (PGUs). Combining classed procassibute layers to produce PGUs, essentially- self
classifies at the process level, the landscape attributes that govern variation in shallow ground
and surface water quality and/or hydrochemistry. Relevant here is that PGUs respond in a
similar manner at the process level and as sisdrespond in a similamannerto a broadly
equivalent land use pressure.

As with Step 3above, théPhysiographidMap that is produced will depend on the objectives
of the study. If traditional water quality contaminants are the key fdbes the process
attribute layers regsenting théanydrological and redox process layers are combametdareas
that share the same characterisaes identified. A more complex Physiographic Map is
produced when all four procea#tribute layers are combinegor the Southland region, 30
PGUswere identifiedbased on the combination of regional hydrological and redox process
attribute layers. Several hundrexd 300) PGUswvereproduced when all four proceastribute
layers were combinedJltimately, the number of PGUs is finite and degemt upon the
inherent complexity of the landscape within a given catchment or region.

An example of an important PGWithin theintensively farmedowlandarea of Southlands
that characterised bywell-drained soils overlying oxidised aquiéethat arerecharged
exclusively by local precipitationwith no flushing byalpineor hill country derived waters.
This PGUis commonly associated with elevated groundwaters"N¥Oncentrations and
contributes NOs™ rich waters to local streams as baseflow (Hughes ,e2016). Another PGU
that is also recharged exclusively by local precipitatiocheracterised bwell drained soils
that overly reducing aquifersNitrate leaching fom thesesoils is rapidly removed in the
underlying aquifemith little deleterios impacton hydrologically connectedroundvateror
surface water bodiggiughes et al., 2016 AnotherimportantPGU is associated withvell-
drained gravel soils overlying strdggxidising aquifers that amecharged by Alpine derived
waters(Hughes eal., 2016). In this PGUhigh NO3z concentrations in soil drainage water that
reach the underlying aquifer addutedto low levelsby largevolumes of lowNOs™ waters
More examples of Southland PGHIe presented iHughes et al., 2018ndRissmann et al.,
2018

In addition to accurately estimating spatial variation in water qualityphirographianethod

has the advantage of beiableto explain at the processleved howé and o6whyo6é walt
and composition vary despite simil@vels of land usentensity (Hughes et al., 2016;

Rissmann et al., 201&nelderet al, 2016).As suchthe method @ds valueby providingthe

underlying context to question$ state and trendnd when communicating with stakeholders

the likely reasondr variation in water quality outcomes between different catchments or farms
(Hughes et al., 2016Rissmann et al., 2018For examplethe question oWhy is NQ

increasng in this stream or aquifer but not iother® For the same reasons, physiographic
mapping can be used to provide context to other useful toolsusmerical modelsommonly



used to estimate land use losse®l catchmentioads (i.e. OVERSEER Nutrient Budgets,
CLUES, LUCI, SPASMO etc.)

Waituna Case Sudy

Recent high resolution physiographic mappiogdertaken inthe Waituna Catchment
Southland are providedto demonstrat€i) the key procesattribute layers, hydrology and
redox,which govern spatial variation in water quality outcamaeross the calenent, and; (ii)
outline currentnvestment in theiseof physiographic mappingithin the catchment

The Waituna Catchmelit. 22,000 Haforms part of the AwarusVaituna wetland complex,

which has beerrecognised under the Rams@onvention as a wetland of international
importance since 1976. The Waitu@atchment drains into the Waituna Lagoon, a brackish
intermittently closed and open lak€€OL), within the Waituna Wetland Scientific Reserve.

The Waituna Lagoon is fed by WaitnMoffat, and Carrafreeks (Rissmann et al., 2012;
Rekker and Wilson, 2@l Rissmann et al., 2018raws Creek, a tributary of Carran Creek,
drains an area of undeveloped peat wetland, and provides a good reference catchment for
comparison with agriculirally land developed within a wetland setting.

Environment Southland has undertaken water quality monitoring at 15 sites across the three
subcatchments. Median data used for this analysicateslatedoetween the years 2012 and
2016. The number of sangd for the sites vary betweamaximum ofL43 and a minimum of

12.

1. Hydrological ProcessAttribute Layer

The hydrological procesattribute layer(H-PAL) for the Waituna Catchment was developed
following the method described abo{@teps 13) using pre-existing geospatial layers (i.e.,
DEM, artificial drainage network, soil and geological layers) and water quality data supplied
by Environment Southlan®ue to the small scale of the catchment addsrefor farm scale
relevance soil hydrologicalproperties at the soil series level, including the subordinate soil
series withirapolygon,governingvariation indrainageathwaysvereincluded Specifically,

the soils of the catchment were classified according to the likelihodelepf drainagérertical
percolation to depth through well drained sofl8lighes et al., 20} 6artificial subsurface and
farm ditch drainagé€mainly lateral flow)(Pearson, 2015b; Rissmann et al., 2048) the
percentageexcess precipitation occurring as overland flow FQPearson 2015aj water
source and routing layer for the perennial stream networkalgasncorporated to provide
constraint over the export of water from headwater aredsvm gradient reaches of streams
and ultimately th&Vaituna Lagoon (not showmere.

Following hypothesis testing and refinement (Step 1b), the key landscape attributes governing
variation in hydrological flow pathways were extracted and mapped (Step 2a) and subsequently
classified to produce the -RAL (Step 2b) (Figure 3). Duringach of these steps the
hydrological tracers, Na and Cl in conjunction with a small number of stable isoegsres
(d*BO/dPH-H,0, V-SMOW) were used as key signals of water source and routing via the
perennial stream network. Clarity, turbidity (NTUs)ptdl Suspended Sediment (TSS),
Volatile Suspended Sediment (VSS) and Dissolved Organic Carbon (DOC) concentrations
were used as key signals of hydrological pathivagainly deep drainage, lateral soil zone

flow and surficial OLF pathways.
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Low artificial drainage, high deep drainage,
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- Moderate artificial drainage, moderate deep
drainage, 2-6% annual rainfall as overland flow
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Figure 3. The HPAL layer for the Waituna Catchment, depicting the combination of drainage
pathways. The water source and routing layer is not depicted in this imagecongplexity
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Graphical exampkeof the performance of theydrological pathways within thid-PAL (Step

3), on its ownto estimatesteadystate process signdisr key water qualitymeasures known

to be influenced bywater flow pathare presented irFigure 4. The relationships for Total
Suspended Sediment (TSS) and Volatile Suspended Sediment (W8®gds similar
magnitudes of correlation. The use of steady state values reduced the influence of flow with
the magnitude of each process signal reflective of the relative proportion of artificial drainage
and OLF within each capture zor@uantitative mulzariate methodsvere also applied but

not discussed here.
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Figure 4. The relationship between the AL scores for a capture zone and water quality
metrics that are known to be influenced by flow pathway shows median tbidity vs.
artificial drainage densitwhere 0 = noeto little subsurface artificial drainage ané & high
proportion relativelyB) MeanE. colivs. percentage rainfall as/erland flowfrom developed
land.Mean datdor E. coliwascalculated froml2 monthly samples in 2012.

The spatial relationships betweerPAL pathwaysand steady state water quality measures
wereimprovedwhen a coarse land use lay®icorporatingconservation estate, reserves and
pastoralland wasused toestimate and weighhe proportion ofagriculturalland within the
capture zone of the surface water,siflecting the importance of land use loadingt shown;
see Rissmann et al., 2018pme additional minor improvements caracywere noted when
the weathering procesattribute (WPAL) and redox procesattribute (RPAL) layerswere
combined with the HPAL (not shown) The role of the WPAL and RPAL appear to reflect
landscape influensmver thesusceptibilityof different substrates terosionand te bnding

of sediments by the oxides and oxyhydroxides of iron, respectively.

In order to provide a farm scale interface to thRBAL and the final Physiographic Magector

style land parcel and paddock sd#ev pathsand convergence zones were mapped (Marapara

& Jackson, 2017). Zones of flow path convergence were integrated wiixiptieg maps of

the artificial drainage networkslftained fromEnvironment Southlan®017, likely artificial

drainage density (Pearson, 201l%nd spatial coordinates of medge drainage outfalls
(sourced fronDOC, and Environment Southlapn@017 beforea significant effort to digitise

open ditch drains and subsurface draindggure 5) Flow path vector layers provide a high
resolution interface for property owners and farrteagion experts seeking to better target the
reduction of land use losses to surface waters at the land parcel and paddock scale and are
designed to be used in conjunction th& AL and/or the final PGU layer.
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Figure 5. High resolution mapping of opemea subsurface artificial drainage, flow path and

flow convergence for land parcel and paddock scale interventions. Convergence zones (after
Marapara and Jackson, 2017) depict those areas of the land parcel where watBr(Highjs

to >20 (very high) thes highethan precipitation volumétrahler order pertains to convergent
zones not the perennial stream network.

2. Redox Procesgttribute Layer

The redox procesattribute layer (RPAL) for the Waituna Catchment is presented below in
Figure6. The layemwas developed following the method described above utilising a range of
soil and geological layerand leveraged off the existing regional scale redox layer produced
for Environment Sout hl andds (Rdsmann a glr206hi c s
Rissmann et al. 20)8The regional layer founthat inorder to estimate spatial variation in
shallow ground and surface water redox signatiaththe influence ofoil zone andlsallow

aquifer redox conditionsneead to be considered(Rissmann, 2011; Killick et al., 2015;
Rissmann et al., 20)6A similar conclusion was reached Wjilson et al.(2018.

Refinement of the regional scale-HRAL for the Waituna Catchmenncluded a new
classification for estimating soil reduction potehtiilising attributes of soil drainage and
carbon contenwithin thesolil layer(Rissmann et al., 2018).\Was evident during hypotheses
testing(Step b) thattheseattributes exerted a key control ové& mobility via thereductive
dissolution of Psoring minerals such as the oxides and oxyhydroxides of i(eee also
McDowell & Monaghan2015) During the production of the AL, DO, N&', manganese
(Mn?"), iron (F€"), sulphate $Qy) anddissolved organic carbo®QC) were used as key
signals of redox procesBollowing hypothesis testingnd refinemen{Step 1), the kegoil
and geologicahttributes were extracted and mapped (S®@ad subsequentlgiassified to
produce the RPAL (Step2b).
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Figure 6. The RPAL layer for the Waituna Catchment, depicting the -tdassed aquifer
(geological) and soil reduction potential layers and their subsequent combination to form the
R-PAL.

Graphical examples of the performance of thRRAL (Step 3) on its own, to estimateesidy

state process signals for water quality measures known to be influenced by water flow path are
presented in Figuré@. Quantitative multivariate methods were also applied but not discussed
heredue to complexity
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