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Executive Summary

This report is the third in a series prepared fay Bf Plenty Regional Council. It outlines recent
refinements made to the ROTAN model, and descriiss®ral scenarios of land use change and
mitigation. Findings are intended to help managkengelop policy by estimating the extent of export
reduction required to meet the lake target of 48%rt and how quickly the load to the lake is likéb
respond to such reductions. The results will bed use the University of Waikato to predict likely
changes in lake water quality.

We reviewed the history of the target lake loadindit of 435 t/yr on the nitrogen input to the lake

was first suggested in 1986 by the National WateB@l Conservation Organisation. Their figure
included nitrogen in streams and groundwater (8¥r}, rainfall on the lake (30 tN/yr), and treated
sewage (30 tN/yr). Since the advent of the Rotdraad Treatment System (RLTS) in 1991, the
allowance for treated sewage enters the Puaremgan$in drainage from the RLTS. Therefore, we
compare model results for nitrogen in streams andrgiwater with the figure of 405 tN/yr which is

the target for streams and groundwater (375 tN/yr$ the consented input from the RLTS (30 tN/yr)
but excludes 30 tN/yr in rainfall on the lake.

This study estimates that currently the total gigno export from forests, farmland, geothermal, mrba
and treated sewage is 725 tN/yr which is similaratwes in the Proposed Action Plan of 783 and 746
tN/yr. To meet the target of 405 tN/yr in streamd groundwater, we estimate that exports need to be
reduced by about 320 tN/yr. If the total nitrogemq@t remains constant at the current level, the la
load is likely to increase slowly over the next BDyears and to approach a steady state of 725 tN/y
by about 2080. If the total nitrogen export is reell by 320 tN/yr and held constant, the lake lsad i
likely to decrease quickly and to approach theetaod 405 tN/yr within about 35 years.

The predicted recovery time of about 35 yearssgefahan expected, but plausible assuming that: th
average proportions of nitrogen reaching the laedeep groundwater (slowly) and near-surface flow
(quickly) are 53% and 47% respectively; and thagépdgroundwater is well-mixed. The actual
recovery rate is likely to be slower than this hesaall the land use change is unlikely to occu in
single year.

It has been assumed that the best way to redudakianéoad is to reduce nitrogen exports in catafiswevith
short groundwater lag times. However, modellingdates that catchments with widely differing
groundwater lag times respond at a similar raterims of nitrogen export. Consequently, the beategjy

for most of the Lake Rotorua catchment may be ¢aganitigation measures on those land parcels where
is easiest to reduce nitrogen exports, regardiestere these are located. The response time of the
Hamurana Stream catchment is unique becausewarigssmall surface catchment, and it will take many
years for nitrogen export loads to fully reflectolges in land use.

Prediction of nitrogen loads to Lake Rotorua uslrggROTAN model iv



Technical Summary

New input data was introduced, changes were matleetmodel to facilitate long model runs, and the
model was re-calibrated — a new version of the mealeed ROTAN-1 was the result. Some problems
remained. These included matching groundwateogein loads owing to uncertainties in the extent of
aquifer boundaries, groundwater age, land userpaftand nitrogen export rates. However, the model
fit is sufficiently good for scenario modelling. &#al alternative versions of the ROTAN model were
developed to test the sensitivity of predictionsuteertainties in key model coefficients and input
data. These versions were named ROTAN-2 to ROTAWASile they were not calibrated as carefully
as ROTAN-1, they provided valuable insights intodeldoehaviour and reliability.

This report estimates that currently exports frares$t, farmland, geothermal, septic tanks, sewage
and urban runoff total 725 tN/yr. Independent as®esnts commissioned by Bay of Plenty Regional
Council (EBoP, 2007) provided estimates of simiteagnitude — 746 and 783 tN/yr.

ROTAN-1 simulations indicate that if the total nilen export remains at the current level, the lake
load is likely to increase slowly over the next BDyears and to approach a steady state of 725 tN/y
by about 2080. ROTAN-1 simulations also indicatat tti total nitrogen exports were reduced by
about 320 tN/yr in 2015 and held constant, thenlake load is likely to decrease fairly quickly and
approach the target of 405 tN/yr within about 3&rge The predicted response time of about 35 years
takes into account the time required for nitrogeres in the soil to be depleted following land use
change. The actual recovery time is likely to lmevelr than this because land use change is unlikely
all occur in 2015 as assumed, but will occur griguaer several years.

The response time of about 35 years is faster alxpacted. It is a likely lower bound which assumes
that on average the proportions of nitrogen reaghie lake via deep groundwater and near-surface
flow are 53% and 47% respectively, and that deepurgdwater is well-mixed. By calibrating
ROTAN-1 to observed stream concentrations and flawes have determined that on average about
47% of the total nitrogen export load travels vielbow groundwater, reaching the lake within a
period of months-years. The figure of 47% was aatiby matching the observed week-to-week
variability in stream concentration and flow, withistoric lake loads. Nitrogen concentrations in
shallow groundwater respond very quickly to land akanges. The remaining 53% of total nitrogen
export travels via deep groundwater, reachingdke hfter ‘lag periods’ of the order 16-127 ye#rs.
ROTAN these proportions are assumed to be spatiaifprm. There is, however, evidence that more
water infiltrates (and hence more nitrogen entempdgroundwater) in some parts of the catchment
than others — some parts of the catchment hale dittno permanent stream flow (e.g., Hauraki, or
Waiteti headwaters etc.). The relative locationsnténsive land use and high infiltration soils may
affect the response times, but further modellingkwaould be required to quantify this effect.

The time required for deep groundwater concentnatto respond to land use change depends on four
factors: groundwater lag time, the steady stateimwater concentration for historic land use, the

Prediction of nitrogen loads to Lake Rotorua uslrggROTAN model \Y



difference between groundwater concentrations #tdrit steady-state concentrations when land use
changes, and the steady state groundwater contbentigr the new land use.

In catchments with a very long lag time, groundwatencentrations change very slowly after a land
use change. In such catchments (e.g., Waingaehm)ndwater concentrations were predicted to
increase very slowly as land use intensified frdd2@2010. When land use intensity decreased in
2015 groundwater concentrations were elevated tbligibove background, and well below steady
state for current land use. Consequently, it waslipted that following the land use change in 2015,
the deep groundwater load would remain small. I weedicted that the shallow groundwater load
would decrease quickly (as in all catchments) &atlthe total load would decrease rapidly.

In catchments with a short lag time, it was preaticthat groundwater concentrations would change
rapidly after a land use change. In these catctsn@ng., Ngongotaha), groundwater concentrations
were predicted to increase as land use intensifitt 1920-2010. At the time land use intensity
decreased in 2015, groundwater concentration tszeh ivell above background levels and was near
the steady state value for current land use. Fatigwhe land use change in 2015, the nitrogen inad
deep groundwater was predicted to decrease at @ratedrate. As in all catchments, shallow
groundwater load decreased very quickly. The tmatl decreased at a similar rate to that in the
Waingaehe.

The finding that catchments with short and long MRfiave a similar response time is partly

dependent on the proportion of nitrogen reachirgldlke via deep or shallow groundwater and partly
on the assumption that groundwater is well-mixegquifers are commonly assumed to be well-mixed

(e.g., Morgenstern et al. 2005) but if this assuompis not valid then response times may be longer
than predicted.

It has been argued that the quickest way to rethieeload would be to reduce nitrogen exports in
catchments with short groundwater lag times. Ounuftions indicate that export reductions in
catchments with widely differing lag times resultdignificant load reductions within a similar time
period. Consequently, it may not be sensible taigosolely on catchments with short groundwater
lags. A more effective strategy may be to focuspawperties where it is easiest to reduce nitrogen
exports (for economic or social reasons) regardiésshere these occur.

The Hamurana is unusual in that its surface catahmsevery small and shallow groundwater flows
are minimal. It has a long groundwater lag time aadsequently nitrogen loads take a long time to
respond to land use changes. Simulations suggasitshioad will take nearly a century to approach
steady state following land use change.

Prediction of nitrogen loads to Lake Rotorua uslrggROTAN model Vi



1. Introduction

11 Background

Lake Rotorua is important for recreation and tourignd deteriorating water quality
has been a concern since the 1960s (Rutherfotd389).

While short-term bioassays indicate that the lakenitrogen limited (White et al.
1977), recent studies (Burger et al. 2007) indichi@ phosphorus limitation is
beginning to occur. Baseflow nitrate concentratiomsnajor streams draining into
Lake Rotorua increased significantly over the peri®68-2003 (Rutherford 2003)
and this trend is believed to have contributedeiwent poor lake water quality. The
nitrogen load to Lake Rotorua is now significantly higher th&e target load of 435
tN/yr set for the lake (EBoP 2007, 2009).

There is no apparent increase in baseflow solutdsghorus concentration or load.

The geology of the Rotorua catchment is complexe@&lseparate ignimbrite layers
have been identified which are punctured in sevglades by rhyolite domes, while
the lake shores comprise sedimentary rocks (Whitd. 2004). Aquifers occur in all

three formations. The Lake Rotorua catchment costaeveral large springs fed by
groundwater. Pang et al. (1996) identified 10 gsoofpsprings with a total flow of 6.5

m3/s (32% of lake inflow) the largest being Hamar§®.7 m3/s), Awahou (1.7 m3/s)
and Rainbow/Fairy (0.3 m3/s). Geothermal springhélakebed have been identified
in shallow water on the south and south-easterrebhe (John and Lock 1977) and
there may be geothermal and coldwater springs &ksewin the lake. White et al.

(2007) summarised information about the many sgrangd spring-fed streams in the
Lake Rotorua catchment.

Dating using tritium has shown that spring andastrevater varies in age from 15-170
years (Stewart and Morgenstern 2001; Morgensteral.e2005; Morgenstern and
Gordon 2006). There was a period of land clearanate 1940s and it has been
hypothesised that current trends in stream coraiotr are the effects of these
historic land use changes making their way slowhyough the groundwater

(Williamson et al. 1996). Recent land use intenatfon may be contributing to lake
inputs where groundwater lags are small, and tbigribution will increase in the

future.

! Hereafter ‘export’ refers to the flux of nitrogé/yr) that leaves a parcel of land or a point
source, ‘yield’ refers to the export per unit asfdand (kgN/ha/yr), and ‘load’ refers to the
flux (tN/yr) that reaches Lake Rotorua after allogiifor attenuation (viz., any permanent
losses (e.g., denitrification) and temporary sterggg., groundwater lags)).

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 1



This report, the third in a series prepared for BdyPlenty Regional Council
(BoPRC), describes predictions of nitrogen load_édke Rotorua, made using the
model ROTAN (R@orua and_TApo Ntrogerf), for several scenarios of possible
future land use.

Strategies for lake restoration include land usangke and measures to reduce
nitrogen and phosphorus exports from farmland. BoR&quires effective tools for
predicting the cumulative effect of land use chatmge mitigation measures on
nutrient inputs to the lakes. Two challenges fonaggers are:

« Determining which properties contribute diffusermgen via runoff to the
lake, given that the boundaries of aquifers drginio the lake may not
coincide with the boundaries of the surface catatime

* Predicting how quickly reductions of nutrient expbiom different parts of
the catchment will reduce inputs to the lakes, mittee groundwater lags in
the system.

Morgenstern and Gordon (2006) estimated the effetts step change in land use
during the 1940s-1950s, including predictions @ tlitrogen ‘loads to come’. This
series of reports complements Morgenstern and Gq2i206) by simulating temporal
and spatial variations in rainfall, infiltratiorgiid use and nitrogen export and refining
estimates of the magnitude and timing of the nirojoads to come’.

ROTAN hydrology calibration

The first report in this series, Rutherford et(2D08), described fitting ROTAN to the
observed daily flows in the nine major streams fluat into Lake Rotorua and to the
observed lake outflow in the Ohau Channel overpthigod 1975-1979. The spatial
distribution of rainfall was estimated by interp@a between rain gauges, making
use of the very dense network of rain gauges deglog the mid-1970s by Hoare
(1980a). It was found that in order to achieve dewaalance, the model needed to
include an ‘extra’ area of land, outside the bounad the surface catchment of Lake
Rotorua, whose groundwater drained to the lake. &tternal aquifer boundaries
encompassed the surface catchment of the lake'gttrs’ land whose most likely
area was estimated to be 60 *knBecause of uncertainties in rainfall and
evapotranspiration, the area of ‘extra’ land coddge from 5-80 ki White et al.
(2007) suggested this ‘extra’ area lay mainly @ iorthwest of the lake.

2 The ROTAN model is described in detail elsewh&etlerford et al. 2008, 2009).

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 2



ROTAN nitrogen calibration

The second report (Rutherford et al. 2009), deedrifitting ROTAN to measured
total nitrogen (TN) concentrations in the majoreatns and published estimates of
nitrogen input to the lake. Aquifer parameters weedected to match groundwater
mean residence times (MRTSs) reported by Morgensagich Gordon (2006) which
ranged from 16 to 127 years. Long groundwater esgid times meant that historic
nitrogen exports from the land surface needed tedtenated. GIS maps of land use
or land cover for 1940, 1958, 1986, 1996, 2001 2008 were obtained. No map was
available for the 1970s — a period of land usensifecation. Land use (e.g., Forest,
Dairy, Sheep, Beef etc.) was only described for8188d 2003 — land cover (e.g.,
NativeForest, Scrub, ImprovedPasture etc.) wasritbest for the other years. There
are uncertainties in estimating land use from lemnker in 1940, 1986, 1996 and 2001.
Agricultural statistics for the Rotorua district meused to help estimate land use from
land cover and to estimate stocking rates. Thete wlare then used in Overseer®
(www.overseer.org.nz to estimate nitrogen yields (kgN/halyr). The orad
hydrology calibration of Rutherford et al. (2008pasvrefined in Rutherford et al.
(2009) to incorporate revised aquifer boundariesif@/and Rutherford 2009, and
Phase 7 GNS results, Paul White, GN#grs. comm.). The ‘extra’ area which
contributes groundwater to the lake was reduce! tonf from the 60 krfireported in
Rutherford et al. (2008). The long-term water baéaaver the period 1950-2008 was
found to be satisfactory. Hereafter, the originaDTAN model described in
Rutherford et al. (2009) is termed ROTAN-0.

ROTAN scenario modelling

This report, the third in the series, describes R@TAN was recalibrated using

recently collated data for land cover and streatemguality, and then used to predict
nitrogen loads to the lake for several scenaridarad use and nitrogen export. Several
versions of ROTAN were developed which make difiérassumptions about key

model processes and coefficients — the differemsions of the model are termed

ROTAN-0, ROTAN-1, ROTAN-2...etc.

This report aims to:

¢ Quantify the reductions in lake load (hereaftemied ‘load reduction”) that
are likely to be achieved for several scenarigsassible mitigation measures,
undertaken on agricultural land.

e Estimate how quickly the lake load is likely to demse (hereafter termed
‘response time’) once these mitigation measurepuairén place.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 3



‘Response time’ refers to how quickly lake loadlw#crease following a step change
in land use. ‘Response time’ is determined by tinsjzal properties of the catchment,
and includes the time taken for nitrogen storeshm soil to readjust following a
change in land use, and the time taken for watéménogen to make their way to the
lake via the various flow pathways that operatghi@ catchment. ‘Recovery time’
refers to the rate at which the lake load decreagestime, which takes into account
not only catchment ‘response time’ but also the wawhich land use changes over
time.

This report focuses on the required reductionsiffuske sources of nitrogen in the
catchment, which are largely on agricultural lafdhis report does not discuss
possible reductions in point source loads — theséngluded in each of the ROTAN
models but do not vary between scenarios. Thisrtépmtended to:

« Inform BoPRC managers about what can be achieveatims of reducing the
load of nitrogen entering Lake Rotorua through dfiragnland use or changing
the way land is managed.

¢ Quantify the total area of each current land usé will need to change to
meet the lake load target.

* Indicate where in the catchment these land usesrdily occur.

« Estimate the likely rate at which the nitrogen Idadhe lake will decrease
after changes are made.

* Help develop effective policy regarding land usd Emd management.

This report does not set out to identify parceltaofl where it would be best to effect
change land use in order to reach the target inehst time and/or at least cost —
although ROTAN has the potential to be used for p@pose in the future.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 4



2. Methods

21

2.2

I ntroduction

BoPRC is considering mitigation actions to redua&iant loads to Lake Rotorua in
order to improve lake water quality. Two issuegtdrest to managers are:

* The likely magnitude of the decrease in lake |dadd reduction) resulting
from proposed mitigations.

* How quickly lake loads are likely to decrease failog changes in land use
(response time).

This report addresses both issues. It concluddédahd reductions can be estimated
reliably. Response times are difficult to quantifyt likely responses time are
discussed.

Lakeload tar get

The target for nitrogen load to the lake has beras435 tN/yr (EBoP 2007, 2009).

This is the estimated load to which the lake wdgesit during the early 1960s, before
there was widespread concern about water qualitthén main body of the lake

(Rutherford et al. 1989). Note that in the ear6a® there was concern about the
proliferation of weed growths around the edges loé tlake, but not about

phytoplankton blooms in the main body of the lake.

There was some confusion about whether the tarde#3% tN/yr included
contributions from rainfall and/or treated sewage.part of this study, the original
publications which described the derivation of thasget were re-examined — see
Appendix 2.

It can be confirmed that the target of 435 tN/yates to the sum of the nitrogen loads
entering the lake from streams and groundwater gdirs plus sewage. Stream and
groundwater loads include contributions from fose$armland, septic tanks, urban
runoff, and geothermal sources. The rainfall loadrages 30 tN/yr (Hoare 1980b).
The 435 tN/yr figure includes an allowance for sgavaf 30 tN/yr and the current

consent for the Rotorua Land Treatment System (Rlall®ws 30 tN/yr to enter the

Puarenga Stream.

In ROTAN, the reported lake load includes inputsrrforests, farmland, septic tanks,
geothermal areas (Tikitere and Whakarewarewa),nurbaoff and drainage from the

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 5



RLTS. ROTAN excludes the load from rain fallingetitly on the lake. Consequently,
ROTAN lake loads should be compared with a tamggd lof 405 tN/yr.

23 Uncertainty

As discussed in Rutherford et al. (2009), therenisertainty in estimating lake loads
and response times arising from uncertainties in:

» Historic land use and in particular which areasPaSture were Dairy and
DryStock.

e Historic nitrogen export rates from each land use.

* When land use and export rates changed.

e Aquifer boundaries.

e Aguifer parameters (including the proportions dfatanfiltration that enter
the quickflow, slowflow and deep aquifers, and tlwume, porosity and
conductivity of those aquifers), which determinewgrdwater lag times.

< Nitrogen attenuation.

24 Re-calibration

For this report the ROTAN model was recalibratethgisnformation that recently
became available, information used previously betamalysed, and following
consideration of suggestions made by reviewersdod# report.

The new information comprises:

* Recently obtained information on land cover/useérdguthe 1970s.

* Recently measured flow and concentration data enntlajor streams during
the period 2005-2010.

« Information regarding nitrogen loss from gorse (Esmn and Wang, 2008;
Male et al. 2010), and land converted from woodguiminous vegetation to
pasture (Jonanovic et al. 2008).

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 6



Re-analysed existing information comprises:

« Nitrogen yields for dairy and drystock farms whitdive been re-analysed by
an ‘expert panel' of agricultural consultants, fars) scientists and BoPRC
staff that met in October 2009.

e Agricultural statistics from 1900-2000 which haweeh re-examined.

* Information regarding the population and areasesklwy septic tanks, which
has been updated from census data.

e Historical N load during the early 1960s which le ttarget load for lake
restoration (EBoP 2007, 2009).

The principal review comments were:

e Sensitivity analysis is desirable to determine #ifects of uncertainty in
MRT, nitrogen exports, and land use changes.

« The nitrogen species modelled need to be explainddliscussed.

« ROTAN assumes a step change in nitrogen exporthwianrealistic.

*«  ROTAN does not consider groundwater flowing dingatko the lake.

e There are inconsistencies between internal aqbidendaries used by GNS
and NIWA.

* ROTAN incorrectly links streams and aquifers, nbtain the Waingaehe
Stream catchment.

« ROTAN is unable to link exports from specific lapdrcels to the lake, to
help inform catchment-scale remediation.

Details of the review comments and responses aem gn Appendix 1.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 7



25 Alter native models

One way to quantify uncertainty is to run severiecent models, or several different
‘calibrations’ of the same model, and compare mtemhs. The latter approach is
adopted in this report — several versions of ROTdgihg different values for key
model coefficients provide estimates of achievadie reductions together with likely
upper and lower bounds on the response time. Biffe¥s between model runs
include:

« Major springs are either fed by a single aquifebypseveral separate aquifers.

» The proportion of infiltration that enters deep wrdwater is either 70% or
80% — likely upper and lower bounds.

e The location of the internal aquifer boundaries adisted to maintain water
balances in the nine major streams.

e The proportion of nitrogen that is generated in ¢bé layer is either 100%,
75% or 50%, with the balance generated in the djoiskaquifer.

* The climate in the years immediately after mitigatimeasures are put in
place is either wet or dry.

Table 1 summarises features of the different vassal the ROTAN model.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 8



Table 1: Features of the different versions of ROTAN usethis study.

3

) Infiltration N generation )
Model Deep aquifers MRT ] . . ] Exports Climate
Deep aquifer Shallow aquifer Deep aquifer Shallow a  quifer
ROTAN-0 * Multiple Morgenstern® 70% 30% 53% 47% Rutherford * Wei Ye °
ROTAN-1 Multiple 70% 30% 53% 47% Table 6 Wei Ye
ROTAN-2 Single 80% 20% 80% 20% Table 6 Wei Ye
ROTAN-3 Single ) 70% 30% 53% 47% Table 6 Wei Ye
_ Morgenstern )

ROTAN-4 Single 70% 30% 35% 65% Table 6 Wei Ye
ROTAN-8 Single 70% 30% 53% 47% 110% of Table 6 Wei Ye
ROTAN-9 Single 70% 30% 53% 47% Table 6 Shuffled Wei Ye

! Results are detailed in Rutherford et al. (2009).

2 MRT match published estimates in Morgenstern et al. (2005)

3 Percentage of the total N generation estimated by Overseer®

4 Exports are detailed in Rutherford et al. (2009)

® Climate change predictions made by Wei Ye, University of Waikato.
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2.6 Surface catchments and aquifers

For all versions of ROTAN, the surface catchmentrigaries remain unchanged from
ROTAN-O (see Rutherford et al. 2009 for details ROTAN-0). Streams in
catchments outside the surface catchment boundahedake catchment (Mamaku,
Hiwiroa and Kaharoa) flow to the north or west atanot enter the lake, although
deep drainage in these catchments enters groundihateeventually flows into the
lake. The surface catchments and stream flow cdiomscare shown in Figure 1.

For ROTAN-1, internal and external aquifer bounésrremain unchanged from
ROTAN-O (Figure 2). The external aquifer boundagksely match the GNS Phase 7
external aquifer boundaries, but the internal aguibundaries differ slightly from the
GNS Phase 7 internal aquifer boundaries (Figurédg)iscussed in Rutherford et al.
(2009), it was not possible to achieve water badarin ROTAN-O for each of the 9
major streams using the “as supplied” GNS-Scieri@s® 7 boundaries. Therefore, in
ROTAN-0, internal aquifer boundaries were adjustiéghtly using ‘normalised’ data
— starting in the Hamurana and moving counter-clos& around the lake — so that
average predicted flow in the major streams matdiegrved average flow over the
same time periods.

As part of the GNS-Science Phase 7 study, Whitd. 2007) also sized the aquifers
that feed the nine major streams to achieve a wrtience. They estimated average
flow in each stream using data collated from a etgriof different sources and
covering different time periods (viz., not ‘norngdd’ data), assumed groundwater
recharge was 50% of rainfall, and used a rainfatridution map for the 1970s
extrapolated from Hoare (1980a). The internal amulfoundaries so derived are
described in more detail by White and Rutherfoi@d@.

Because there are differences between the raiafall stream flow data used by
NIWA and GNS-Science, the water balance calculatifurnish internal aquifer

boundaries that differ slightly. It is highly undéily that these differences will have a
significant effect on predicted load reductionseyhmay, however, affect predicted
response times in some catchments — especialle tfeg., the Waingaehe) where
ROTAN assumes a single aquifer but GNS-Sciencenasdwo or more aquifers.

They will also affect the pathways whereby wated aitrogen is predicted to exit

land parcels located near aquifer or surface catahimoundaries.

For ROTAN-2 to ROTAN-9, new internal aquifer bounda were created (Figure 3)
by merging the surface catchments shown in Figur@duifers feeding the major
spring-fed streams (e.g., Hamurana, Awahou, Utulsind Puarenga) are not sub-

% ‘Normalised’ means that rainfall and flow data enthe same time period.
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divided as they were in ROTAN-1 but rather are niledeas single, fully-mixed
aquifers. This matches the way the GNS Phase #eaguire drawn (Figures 4-5).
Morgenstern et al. (2004), Morgenstern et al. (200% Morgenstern and Gordon
(2006) assume single, fully-mixed aquifers whernythaodel ‘bomb tritium’ in the
nine major streams/springs. They assume that fotlreoRotorua aquifers also have a
‘piston flow’ component (viz., a time delay betweetium falling in rain and entering
the aquifer) — while ROTAN can include a similand delay, the simulations reported
here do not.

ROTAN-2 to ROTAN-9 are used in this report to assi® sensitivity of predicted
load reductions and response times for the lakeyanodel coefficients. They are not
intended to provide accurate predictions for indlidl catchments. Internal aquifer
boundaries coincide with surface catchments boueslaand, as a result, water
balances in some major streams are not as godas in ROTAN-O or ROTAN-1.
While it is highly unlikely that these differenceggnificantly affect predicted lake
load reductions, they may have a second-orderteffe@redicted response times. In
this report we use the ROTAN-2 to ROTAN-9 prediotdo understand the behaviour
of the model (and by inference the groundwateresystto changes in land use. We
use the ROTAN-1 model to provide the ‘most likedgtimates of load reductions and
response times. Thus ROTAN-2 to ROTAN-9 are usedntake qualitative
predictions, and ROTAN-1 is relied upon to makergitative predictions.
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Figure 1 Surface catchments used in all the ROTAN modelsl IRes show the surface flow
connections. The three catchments without linesnfital, Hiwiroa and Kaharoa)
contribute groundwater to the lake but not surfims.
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Figure 2: Aquifers used in the ROTAN-1 model. Lines show ghneundwater flow connections.
‘S’ denotes where the groundwater emerges as sfiawgwhich then joins stream
flow in the surface catchment (see Figure 1 forstindace catchments).
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Ruamata

Figure3: Aquifers used in the ROTAN-2 to ROTAN-9 models. Gndwater emerges at the
lake edge from each aquifer.
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Figure4: Comparison of aquifer boundaries in the ROTAN-1 aiddoloured) with the GNS
Phase 7 boundaries (black lines).
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Figureb5: Comparison of aquifer boundaries in the ROTAN-ROTAN-9 models (coloured)
with the GNS Phase 7 boundaries (black lines).
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2.7 Land use maps

Rutherford et al. (2009) describe six GIS maps 19058, 1986, 1996, 2001 and
2003) for the Lake Rotorua catchment. These majpstdy land use in 1958 and
2003, and land cover in the other years. For ye&en only land cover was defined,
land use was estimated by interpolation betweemadable land use maps such that
the proportions of each land use matched regiagréddtural statistics. For details of
how this was done see Rutherford et al. (2009)rd i®some uncertainty associated
with estimating land use in this manner. Furtheemdtutherford et al. (2009) were
unable to locate a GIS map of either land covdamd use for the 1970s — a period of
land use intensification.

Four new GIS maps were developed for this report:

* BoPRC provided aerial photographs for 1974 fromawhNIWA created a
GIS land use map. Pasture areas were classifieer éDairy’ or ‘DryStock’
following discussions with two local farmers (Studorrison and Robert
Moore) who have extensive knowledge of land usenduthis period. The
1958 and 1986 maps were used to help fill gapsdrl®74 map.

e BoOPRC provided a GIS land use map for 2005 basedh @003 aerial
photograph of land cover and results from a larelquestionnaire sent out to
landowners in 2005. This map was dated 2005.

« BOPRC provided a GIS map of the dairy platfbrreated in 2009 based on
2007 aerial photographs and local knowledge. Th@52thap (described
above) was copied, adjusted using the dairy platforap, and dated 2010.
The most noticeable change was the conversiomdfdasignated ‘Dairy’ on
Wharenui land (on the eastern side of the laké&)tgStock’ or ‘Forest’.

e The 1940 land use map in Rutherford et al. (20@3umed the same land
cover as 1958. Agricultural statistics for Roto@aunty in the 1940s indicate,
however, that only 13% of land was in pasture caegbavith 36% in 1958.
The 1940 map was ‘corrected’ by converting pasamsas below 15 ha to
forest — such areas were distributed randomly tjitout the catchment. After
this ‘correction’, 13% of the catchment was in past

Rotorua District Council (RDC) provided updatedoimhation about the changes over
time in the population and areas served by septikst Using this information, the

* The area that the milking herd graze and prodwm® {excludes any runoff blocks and land
that cannot be grazed, e.g., bush)
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areas of land designated ‘SepticTanks’ within th@ TRN land use maps were
revised.

2.8 Land use categories

The 20 or so land use categories used in Rutheefoadl (2009) were found to be too
numerous to run ROTAN efficiently. In addition, thetrogen yields for several
categories were very similar and/or were uncertdinerefore, several land use
categoriedwere combined.

1. BareGround, Cattle, Cropping, ExtensiveSheep, Guads Horticulture,
IntensiveSheep, Sheep, SheepBeef and TreesGrazatid®ryStock.

2. ExoticForest, IndigenousForest, MixedTrees, Scruabl &Vetland became
Forest.

The 12 new land use categories are: Dairy, DryStdeérest, SepticTanks,
SewageTreatmentPlant (STP), LifeStyle, NewLifeStyérban, UrbanOpenSpace
(UOS), Tikitere, Whakarewarewa (Whaka), and RotbamaTreatmentSystem
(RLTS).

29 Land use areas

Table 2 gives the land use areas and Figures ®&dw the spatial distribution of the
land uses following these adjustments.

® Hereafter quote marks around land use categagigs (Dairy’, ‘DryStock’ etc.) are omitted
for brevity, but they remain capitalised.
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Land use areas used in ROTAN.

Table2:
Year 1940 1958 1974 1986 1996 2001 2003 2005 2010
Land use Area (ha)
Dairy 565 1,073 1,627 2,838 4,742 5,532 5,731 5,412 5,050
DryStock 5,639 15,818 18,716 17,788 17,157 16,842 16,891 14,710 15,072
Forest 37,801 25,447 20,580 20,652 19,039 18,457 18,122 19,594 19,594
ForestPuarenga 1,957 1,957 1,901 1,901 1,599 1,599 1,599 1,588 1,588
RLTS 300 300 300 300 300
LifeStyle 1,053 1,053
SepticTanks 355 908 940 324 258 268 304 308 308
STP 4 4
Tikitere 28 28 28 28 28 28 28 28 28
Urban 1,811 2,070 2,339 2,508 2,565 2,548 2,548
uos 1,114 738 740 883 811 805 805 805
Whaka 31 31 31 31 31 31 31 31 31
Total land 46,376 46,376 46,376 46,376 46,376 46,37 6 46,376 46,376 46,376

19
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1940 land use
- Dairy

DryStock
- Forest

- SepticTanks
Tikitere

-Water
[ Whaka

Figure6: Land use distribution in the Lake Rotorua catchmi&4i0.
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1958 land use

I Dairy
DryStock

I Forest

[ SepticTanks

[ Tikitere

uos

I Water

[ Whaka

Figure7: Land use distribution in the Lake Rotorua catchni®%s8.
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Figure8: Land use distribution in the Lake Rotorua catchm&m4.

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model

22



1986 land use

I Dairy
Drystock

I Forest

[ SepticTanks

[ sTP
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Figure9: Land use distribution in the Lake Rotorua catchni®&o.
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1996 land use

I Dairy
Drystock

I Forest
RLTS
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I Urban
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[ Whaka

Figure 10: Land use distribution in the Lake Rotorua catchni®e6.
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2001 land use

I Dairy
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Figure 11: Land use distribution in the Lake Rotorua catchn28tl.
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2003 land use

I Dairy
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Figure 12: Land use distribution in the Lake Rotorua catchn283.

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model

26



Talt!
=L .-"."".

LI e
2 L]

2005 land use

I Dairy
Drystock

I Forest
RLTS
LifeStyle

[ SepticTanks

[ Tikitere

I Urban

[uos

I \Vater

[ Whaka

Figure 13: Land use distribution in the Lake Rotorua catchn28ab.
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2010 land use
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Figure 14: Land use distribution in the Lake Rotorua catchn2&0.
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2.10 Nitrogen yieldsfrom pasture

Nitrogen vyields from pasture were estimated by Bdthrd et al. (2009) using
stocking rates based on agricultural statisticenfd®00-2007, published information
on animal weights, and the Overseer® model. An éexmroup’ of agriculture
consultants, farmers, scientists and BoPRC staffim®ctober 2009 to review and
refine these yields. The group discussed the ird@on available for stocking rates
(including valuable but unpublished information rfrolocal farmers and farm
consultants), together with information derived niromodel farms, and various
published and unpublished Overseer® estimates twbgen export. The group
concluded that:

e The current (2003-2009) nitrogen yield from dairgrrhs averages 56
kgN/halyr.

e The current (2003-2009) nitrogen vyield from dry&tofarms is 11-18
kgN/halyr, with the average being 16 kgN/ha/yr.

¢ On average, life style and drystock land yield Emamounts of nitrogen at
present and in the immediate past.

Subsequently, NIWA re-examined agricultural statssfor 1900-2000 and ‘adjusted’
earlier estimates of nitrogen export during thatiqee Stocking rates were re-
examined and Overseer® was re-run to calculategatr yields. This re-analysis gave
slightly higher yields rates than previously estieaby Rutherford et al. (2009).

211 Nitrogen exports during development

Exports for pasture from 1940-1970 were furtherised because this was a period
during which considerable forest and scrub was eded to pasture. Overseer®
predicts the long-term average nitrogen export femtablished land uses but it does
not predict accurately nitrogen export immediatefter a land use change (Stewart
Ledgard, AgResearchers. comm.).

In South Africa, Jovanovic et al. (2008) found thahen leguminous woody
vegetation was converted to pasture there was rafisant, short-term release of
nitrogen to the groundwater. They reported leachigs of 380 kgN/ha/yr from
converted land compared with 60 kgN/ha/yr from eackd land. Their yield from
uncleared land is comparable with New Zealand @d&mof yield from dairy farms
(typically 40-50 kgN/ha/yr, Menneer et al. 2004 dasignificantly higher than yields
from New Zealand pine and indigenous forest (4 kgi¥/r). However, Mageson and
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Wang (2008) and Male et al. (2010) have measurachlag rates that average 50
kgN/ha/yr from gorse and broom in the Rotorua aatett.

The conversion of gorse and broom to pasture imMatduring the 1940-1970s may
have released significant amounts of nitrogen. Malel. (2010) estimate there is
currently 900 ha of gorse in the Rotorua catchmrite LCDB1 and LCDB2 give
600-700 ha of gorse in 1996 and 2001 respecti@bantitative data regarding the
extent of gorse and broom cover in the period 1820 or how much was converted
to pasture in that period do not exist.

Alastair MacCormick (BoPRC), has gathered the feilg anecdotal information
from two retired farmers:

* On the western side of the lake:

o New country was mainly broken in from heavy ferm @ome native
forest.

0 There was very little gorse and broom on the wasiite of the lake.
There was a little more on the northern side, lmitas much as the
eastern side.

0 Most development on western side occurred in 19#dsearlier.

0 Usually, bush was felled then burned before dis@and cropping
with either soft turnips or swedes. Usually landsveaopped twice
before going into pasture to even out the humpsharidws. Every
farmer had a crop — roughly about 10% of the faremaThere was
more cropping than today.

o Land was fertilised with potash and super — no was used until the
1970s. Without potash they could carry less thaowa to the acre —
with potash they could carry up to a cow and a tweihe acre.

* On the eastern and southern side of the catchment:

o0 Some of the last bush cleared in that part of #iehenent would have
been on their property around 1965.

0 On their property the steep bush was felled byamda chainsaw then
burnt in January/February. A plane was then usegwograss seed.
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0 The lower country was often covered with gorsepbrar lupins. On
their property the lower gorse areas were cleaiigdahainsaws, then
the gorse ploughed in and either sown to crop asgrit was well
known that cleared gorse country produced goodscfopa number
of years.

0 Steeper areas of gorse and scrub were sprayedl{2#5crushed, and
then stocked heavily

+ General comments about the catchment:

0 A lot of country around Rotorua was cleared in t@20s then
allowed to revert to gorse and scrub. One farmenngented that a
block next to his property had been cleared andrtegt to gorse six
times in his lifetime.

0 One farmer said he could remember significantly engorse, broom
and lupin on the eastern and southern sides ofaltee during that
period than there is today.

It is not known how much nitrogen is released wherub, gorse, broom or lupin is
converted to pasture, or how long after converbigh release rates persist.

Jovanovic et al. (2008) report a ‘one-off' releaske 380 kgN/ha following the
conversion of woody, leguminose vegetation to pastRecent studies at Taupo (on
similar soils to Rotorua) have shown that ‘develepth results in an increase in
nitrogen leaching rate. AgResearch measured a itepdiess of 63 kgN/halyr
immediately following ‘development’ (spraying, plghing, cropping, and followed
by re-grassing) compared with 10 kgN/ha/yr fromdemeloped’ (viz., extensively
grazed) pasture. We interpreted this finding asre-off’ release of an additional 53
kgN/ha immediately after ‘development’.

It is likely that “development” in the Lake Rotoruzatchment included various
combinations of cutting and burning, giant-discriaeseeding, ploughing and
cropping. Typically land was cropped twice befomnly grassed. Taking the Taupo
estimate of 53 kgN/ha release after cropping, asdiming land was cropped twice,
we estimate a ‘one-off’ release of 100 kgN/ha oamlirin the year that land was
converted from forest or scrub to pasture. Thigiimed the ‘land conversion’ release.

The yields used in ROTAN are summarised in Tablés 3
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212 Nitrogen ddivery pathways

Nitrogen may be transported from where it is getegrto the lake by several different
pathways. These include:

« Deep groundwaters, which contain soluble nitrogemedominantly nitrate
(NNN) and dissolved organic nitrogen (DON).

* Shallow groundwaters, which contain soluble nitrogeredominantly NNN
and DON), and occasionally ammonium (NH4N) and fiaeticulate organic
nitrogen (FPON).

* Surface flow (during rainfall events), which comsoluble nitrogen and also
fine and coarse particulate-bound organic nitrdg@tON and CPON).

ROTAN models total nitrogen (TN), which is the s@fiNNN + NH4N + DON +
PON. The Overseer® model predicts the yield ofogién from agricultural land but it
does not distinguish between NNN and NH4N, and itat clear whether it includes
DON, FPON and CPON.

Rutherford et al. (2009) used Overseer® in the ROF0AModel to estimate nitrogen
yield and assumed that 75% of the total yield aszlifrom the soil layer and 25%
from the quickflow aquifer. Nitrogen generationtire soil layer mimics the leaching
of NNN and possibly NH4N but it is not clear wheatl@verseer® quantifies DON
leaching. Nitrogen generation in the quickflow dguimimics the mobilisation of
nitrogen during rainfall events, which includes BP@nd CPON. Rutherford et al.
(2009) assumed that 70% of infiltration (viz., watsaving the soil layer) entered the
deep aquifer, 20% the quickflow aquifer, and 10%e tklowflow aquifer.
Consequently, 53% of the total nitrogen export eatehe deep aquifer, 40% the
quickflow aquifer and 7% the slowflow aquifer. Img study, ROTAN-1, ROTAN-3,
ROTAN-8 and ROTAN-9 retain these assumptions (Taple

ROTAN-4 has the same infiltration as ROTAN-1, b0®®& of the total export occurs
from the ‘soil layer’ and 50% from the ‘quickflov@quifer. Therefore 35% of the total
nitrogen export enters the ‘deep’ aquifer, 60% ‘thdckflow’ aquifer and 5% the
‘slowflow’ aquifer (Table 1). ROTAN-2 assumes tH&0% of nitrogen export is from
the ‘soil layer’ and is transported to the lake the ‘quickflow’, ‘slowflow’ and
‘deep’ aquifers in proportion to the amount of linéition that is routed through each
of these aquifers, which means that 80% of tota Bkported from the ‘deep’ aquifer
and 20% exported from the ‘quickflow’ aquifer (Tadl).

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 32



Table 3: Nitrogen yieldSor Dairy pasture estimated by Overseer®, revisethb ‘expert group’, and revised to include eféeat ‘land conversion’.
Year 1940 1958 1974 1986 1996 2001 2003 2005 2010
Stocking 2.1 23 23 23 2.4 25 26 26 26
cows/ha
Milksolids
kgMS/halyr 440 525 600 665 725 750 800 830 830
Breed J J FXJ FXJ F F F F F
off from off from off from off from off from
Replacements On farm on farm on farm on farm . . . .
9 mths weaning weaning weaning weaning
2 pond + 2 pond + 2 pond + 2 pond + Spray from Spray from Spray from Spray from Spray from
Effluent . . . .
discharge discharge discharge discharge sump sump sump sump sump
Fertiliser
kgN/halyr 0 0 50 100 140 160 180 180 180
Yield (kgN/halyr)
Overseer® 30 32 40 46 51 52 57 58 58
Expert group 30 32 40 46 51 52 56 56 56
Land 34.6 34.6 42.1 46 51 53.5 56 56 56
conversion

Overseer® Version =5.4.6.0
Annual PET = 801-950 mm
Topography = rolling

Region = Bay of Plenty
Latitude South = 380
J = Jersey

Distance from coast = 100 km
Altitude =100 m
F X J = Friesian-Jersey cross

Annual rainfall = 2000 mm
Soil = well drained, pumice

Mean temperature = 13C
Top soil = deep
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Table 4: Nitrogen yields from Drystock pasture estimatedis ‘expert group’, revised using agricultural istats, and revised to include effects of
‘land conversion’.
1940 1958 1974 1986 1996 2001 2003 2005 2010
Stocking
SU/hal 4 6.6 8 8.8 9.2 9.6 12 12 12
Yield (kg/ha/yr)
Expert 7 11 12 13 14 14 16 16 16
group
Agricultural 12.1 13.4 16.8 17.4 185 17 16 16 16
statistics
Land 13.8 17.0 17.8 17.4 185 17 16 16 16
conversion

1 SU = Stock Units
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2.13 Point sources

Geothermal sources

Recent monitoring shows that the nitrogen load fithe Tikitere geothermal area
averages 30 tN/yr (Paul Dines, Rotorua District @l pers. comm.). This is similar
to historic estimates (Williamson and Cooke 198%jité/ et al. 2004). In ROTAN,
Tikitere is modelled as an area of 28 ha with amrage export rate of 1,071
kgN/halyr.

The nitrogen load from Whakarewarewa geothermad areerages 0.32 tN/yr (Ellis
and Mahon 1977, White et al. 2004). In ROTAN Whakearewa (Whaka) is defined
as an area of 31 ha and assigned a yield of 10egj/

Note that the Tikitere and Whakarewarewa geothermiaas have different
geochemistry and hence significantly differentogen loads (Ellis and Mahon 1977).

Rotorua Sewage Treatment Plant

Prior to the 1970s the central part of Rotorua s&wved by large municipal septic
tanks, while the suburbs were served by smallyviddal septic tanks. The Rotorua
sewage treatment plant (STP) was completed in B@itdsince the early 1970s the
population it serves has increased steadily. Ondlyduburbs previously served by
septic tanks, and more recently, lakeside commagjithave been progressively
connected to the STP. Nevertheless, some rural conties continue to rely on septic
tanks.

The STP discharged treated sewage containing eitrand phosphorus to Lake
Rotorua via the Puarenga Stream from the early 49#@il 1991. The STP was
upgraded several times to cope with increasing ekl of sewage, and to control
nutrient loads on the Lake Rotorua. During the E9&@d early 1980s chemical
treatment was used to ‘strip’ phosphorus. Chentiegltment proved costly and did
not control nitrogen. During the mid-late 1980sltiical treatment (the Bardenpho
process) was used to remove both phosphorus armhenit There were technical
difficulties which meant that effluent did not catently meet consent limits for N
and P load. Commencing in mid-1991 effluent waat&e at the STP and then spray
irrigated in Whakarewarewa Forest. The Rotorua Laredtment System (RLTS) has
consistently controlled phosphorus but after séwsars the nitrogen load escaping
from the RLTS approached the consented limit oftl8Qr. Since 2001 biological
treatment has been ‘optimised’ to remove nitrogearfo spray irrigation, and this
combination has reduced the N load that escapestite RLTS.
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STP 1971-1990

In ROTAN the STP is modelled as an area of 4 haassigned average nitrogen
yields of:

0 kg/halyr before 1971

15,000 kg/halyr from 1971-1980

30,000 kg/hal/yr from 1981-1990, and

0 kg/halyr after 1990.

The nitrogen yield of 15,000 kg/ha/yr for 1971-198Res into account the municipal
septic tanks that operated prior to the STP bemmpieted, and the fact that the
reticulated population increased during this period

RLTS 1991-2010

In ROTAN the RLTS is modelled as an area of 30@hpine forest with a uniform
leaching rate. The average daily flow applied te RLTS is 20,000 m3 (Park and
Holst 2009) and in ROTAN this amount is added trthinfall falling on the RLTS.

From 1991-2001 the total nitrogen load appliedn® RLTS averaged 80 tN/yr (Park
and Holst 2009). ROTAN simulates this as a consegplication rate of 267

kgN/ha/yr applied to 300 ha. The STP was upgrade@0i0l to increase nitrogen
removal. Since 2001 the total nitrogen appliedn® RLTS has averaged 56 tN/yr
(Park and Holst 2009) which ROTAN simulates as &§N/ha/yr applied to 300 ha.
As discussed below, ROTAN reduces the applied géinoloads by 40% to account
for attenuation, giving nett yields of 160 and ki/ha/yr (Table 5).

Septic tanks

Prior to the 1970s all domestic sewage in the Ritaratchment was discharged to
either municipal or household septic tanks. Theglarof land served by septic tanks
were identified from land use maps and the popmratesiding within those areas was
estimated from census data. Since the STP was etedplunreticulated suburbs and
lakeside communities have progressively been cdeddo the STP, although some
rural communities (e.g., Mamaku), lakeside commesit(e.g., Hamurana) and

isolated dwellings continue to rely on septic tadkBC provided updated information
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about the population served by septic tanks whiak used to revise the areas of land
designated SepticTanks in the land use maps.

ROTAN modelled SepticTanks as having a constard yie85 kgN/ha/yr. Using this
value, the total annual load from septic tanks megcahe population served by septic
tanks times the average per capita yield (3-4 kaplta/year, Hoare 1984; RDC
unpublished data). The revised yield of 85 kgN/h&és at the upper end of the range
35-84 kgN/ha/yr estimated by Rutherford et al. @0@om data in Hoare (1984).

214 Timing of historic land use changes

ROTAN can only accommodate a limited number of lasd maps (currently 8). The
model assumes that a step change in land use cacemne date between land use
map$ (see Start and End dates in Table 5). There i® somertainty about the timing
of historic land use changes.

ROTAN-1 was run from 1920-2010 using several dé@fg¢rcombinations of land use
distribution, nitrogen vyields, timing of land usbamnges, and aquifer depth. It was
found that predictions were not particularly sdmsito uncertainty in the timing of
land use change, but were sensitive to yield and Mitight adjustments were made
from the timing of land use change reported in Brftird et al. (2009).

2.15 Attenuation

As discussed by Rutherford et al. (2009), nitrogencentrations in the Puarenga
Stream are lower than would be expected given thpaptions of pasture and forest
in the catchment, and the typical nitrogen exptotsthese land uses. Wetlands are
common in the catchment and nitrogen removal (afgon) in these wetlands may
explain the low concentrations observed in stredraging areas of pasture. This led
Rutherford et al. (2009) to reduce the nitrogenogtspfor all pastoral land uses in the
Puarenga by 50% which gave an improved match terebd concentrations.

Mageson and Wang (2008) have recently measureditate leaching rates from

pine forest in the Rotorua catchment. It is conmiele that the extensive production
forest at Whakarewarewa has a lower average yretl the value of 4 kgN/ha/yr

which is assumed for native forest, exotic forgstse, broom and scrub in the model.
In this report ROTAN retains the same nitrogen etgfor Dairy and DryStock as

elsewhere in the Rotorua catchment, but reducenittegen export for Forest in the

Puarenga catchment by 50% (see ForestPuarengdli@ 3@ This gave a good match
to observed concentrations in the Waipa Stream.

® The model user can, if they choose, interpolate/den land use maps — but this option was
not used in this report.
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The nitrogen loads applied to the RLTS are sigaiftty higher than the measured
loads escaping from the RLTS via the Waipa StreRBarl( and Holst 2009). This
indicates that significant nitrogen attenuationz (vistorage and/or removal) occurs
within the RLTS area, most likely within natural tkeends (Peacock et al. 1998) and
riparian soils (Rutherford et al. 2000). A satisfeg match was obtained between
observed and predicted nitrogen concentrationsaiWaipa and Puarenga Streams by
assuming that RLTS loads are attenuated by 40%Rs€8 in Table 5).

2.16 Groundwater age

The goodness of fit between observed and preda&ttedm nitrogen concentrations is
strongly influenced by:

* The area of each land use in the catchment.

e The nitrogen yield for each land use.

* The timing of any land use and nitrogen yield clesng

In streams fed by groundwater, the goodness ofsfialso strongly affected by
‘groundwater lags’ which, in the ROTAN model, aetaefmined by:

* The proportions of nitrogen export that enter sivaldnd deep groundwater.

« The coefficients of the shallow and deep aquifengcty determine their mean
residence times (MRTS).
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Table5: Nitrogen yields.

LU Map 1940 1958 1974 1986 1996 2003 2010 R-250, 300, 350

dS;?;ZEnd 1920-1949 1950-1970 1971-1980 1981-1990 1991-2000 2001-2007 2008-2100 2015-2100
Yields (kgN/ha/yr)

Dairy 34.6 34.6 42.1 46.0 51.0 56.0 56.0 40.0

DryStock 13.8 17.0 17.8 17.4 185 16 16 14.4

Forest 4 4 4 4 4 4 4 4

ForestPuarenga 2 2 2 2 2 2 2 2

RLTS NA NA NA NA 160 112 112 112

LifeStyle NA NA NA NA NA NA 16 14.4

NewLifestyle NA NA NA NA NA NA NA 10

SepticTanks 85 85 85 85 85 85 85 85

STP NA NA 15,000 30,000 NA NA NA NA

Tikitere 1,071 1,071 1,071 1,071 1,071 1,071 1,071 1,071

Urban 10 10 10 10 10 10 10 10

UoS 10 10 10 10 10 10 10 10

Water 0 0 0 0 0 0 0 0

Whaka 10 10 10 10 10 10 10 10

Average ! 6.7 11.4 14.7 15.8 16.6 18.3 17.2

! Area-weighted.

‘LU Map’ denotes the date of the map used to describe the spatial distribution of each land use.

‘Start-End’ denotes the period for which the land use spatial distribution and the yields apply.

ROTAN-8 uses 110% of the above yields.
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Table6: Historic nitrogen exports for ROTAN-1, 3 and 9.
LU Map 1940 1958 1974 1986 1996 2003 2010
Stzztfsnd 1920-1949 1950-1970 1971-1980 1981-1990 1991-2000 2001-2007 2008-2100
Exports (tN/yr)
Land use
Dairy 19.5 37.1 67.4 124 235 309 273
DryStock 76.7 264 325 304 312 266 236
Forest 143 94.8 76 76.2 69.8 66.3 72.2
ForestPuarenga 3.9 3.9 3.8 3.8 3.2 3.2 3.2
RLTS 48.1 33.7 33.7
LifeStyle 16.7
SepticTanks 30.2 77.2 79.9 27.5 21.9 25.8 26.2
STP 60.0 120.0
Tikitere 30 30.0 30.0 30.0 30.0 30.0 30.0
Urban 18.1 20.7 23.4 25.7 25.5
uos 11.1 7.4 7.4 8.8 8.0 8.0
Water 0 0 0 0 0 0 0
Whaka 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Total 304 518 668 714 752 768 725*

Total exports are slightly different for ROTAN-2 (737 tN/yr), ROTAN-4 (717 tN/yr) and ROTAN-8 (797 tN/yr).
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Rutherford et al. (2009) describe how the coeffitseof the aquifers in ROTAN are
‘calibrated’. First, the coefficients of the two atlow aquifers (‘quickflow’ and
‘slowflow’) are adjusted to match the observed shemm variability in flow and
nitrogen concentration. Second, the coefficientthefdeep aquifer are ‘calibrated’ by
setting the initial nitrogen concentration to zexeerywhere, the concentration in
rainfall to 1,000 g/m3, predicting stream nitrogesncentration, and adjusting the
deep aquifer coefficients until the average streamcentrations reaches 50% of the
steady state value at the published MRT.

In ROTAN-O infiltration occurs from the ‘soil’ layeof which:

* 20% enters the ‘quickflow’ aquifers (with MRTs e¥d weeks for Pasture and
four weeks for Forest).

* 10% enters the ‘slowflow’ aquifers (with MRTs of 2@eks for Pasture and
40 weeks for Forest).

e 70% enters the ‘deep’ aquifers (with MRTs of 16-32ars, Morgenstern et
al. 2005).

This approach gave a satisfactory match in ROTANBO observed nitrogen
concentrations in seven of the nine major streaffowis. In the Hamurana and
Awahou Streams, however, ROTAN-0 under-estimatadgen concentrations in the
1970s (see Rutherford et al. 2009 for details).

As part of this study, the coefficients of the desguifers in the Awahou were

adjusted to reduce the MRTs and thereby improventaech between observed and
predicted nitrogen concentrations. Reducing the M&RZ20 years (compared with the
published tritium estimate of 61 years) improveca tfit to observed nitrogen

concentrations. However, 20 years is consideretdet@an unrealistic MRT for the

Awahou and these results are not reported in detail

In this report, results are presented for the ROTIANModel which is almost identical
to the original ROTAN-0 model, the only changesbei

* Revised land use maps.

e Higher nitrogen yields.

+ A ‘one off’ land conversion release.
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¢ MRTs that match published values (Morgenstern.e2G05).

ROTAN-1 is the most detailed version of ROTAN deypsd to date, and provides
‘most likely’ predictions of load reductions andpense times.

In order to assess the sensitivity of predictian&dy model assumptions, this study
also developed versions ROTAN-2 to ROTAN-9. Newifigiboundaries were drawn
for these models to better match those supplie@M$-Science (see Figures 3 and 5).
These models enabled us to assess the sensifivitgael predictions to:

« The proportions of water entering the shallow ae€pdaquifers.

» Aquifer coefficients which, together with the propons of water, affect
MRT.

e The proportions of nitrogen exports entering thallstwv and deep aquifers.

In each model ROTAN-2 to ROTAN-9 aquifer coeffidigrwere adjusted so that
MRTs matched those reported by Morgenstern e280%). Observed and predicted
short-term variability in flow and nitrogen conceatton matched for some, but not
all, models and catchments.

217 Goodness of fit

In this report, goodness of fit is assessed botaAntigatively and qualitatively.
ROTAN reports mean observed and predicted flows emmtentrations, and root
mean square differences (RMS) between weekly flawd concentrations. These
statistics are only calculated for weeks when kptdictions and observations are
available. Formal comparisons are discussed betwablished annual loads to the
lake (Hoare 1980b, Rutherford et al. 1989) and totds predicted by ROTAN, and
between predicted and observed average flows.

Formal statistical comparisons between observedoasdicted stream concentrations
are potentially misleading for two reasons. Figssthe of the observed concentrations
are suspiciously low. The reasons for these ostliered to be identified and the data
removed or corrected. Second, as discussed in Ruortieet al. (2008), ROTAN
simulates the rainfall pattern across the catchnmeatgiven week by multiplying the
weekly rainfall at two reference rain gauges byealing factor’ map. The map was
derived by spatial extrapolation of annual rainfakkasured at several rain gauges.
This method gives reliable estimates of the spatisiribution of annual average
rainfall. However, it does not give reliable estigg of the spatial distribution of
rainfall in any particular week. Consequently, ibuld be unwise to assess models
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Table7:

solely by comparing predictions of flow, nitrogeoncentration and nitrogen flux in a
particular week with observations in that week .(elgy calculating the RMS
difference between weekly observations and prexfisji Better comparisons might
involve loads observed and predicted at monthlyaonual timesteps. However,
reliable estimates of monthly or annual load hastengt been published for individual
streams. Further work is required to remove owlieom the observed data, and to
apply robust methods for the calculation of loadsnf the available flow and
concentration data.

Mean residence times (MRT) for nitrogen in the @asi ROTAN models and as
reported for tritium by Morgenstern et al. (2005).

Morgenstern ROTAN-1 ROTAN-2 ROTAN-3 to 9
Catchment MRT (years)
Hamurana 110 80-100 96-97 106-108
Awahou 61 50-60 56-58 59-65
Waiteti 40 35-45 39-41 35-41
Ngongotaha 155 14-15 16 16
Waiowhiro 41.5 39-45 39 39-43
Utuhina 48 45-53 47-48 44-48
Puarenga 37 32-39 39-45 39
Waingaehe 127 100-150 117-123 119-123
Waiohewa 40 33-46 34-38 31-40
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3.

Futur e scenarios

31

Land use and nitrogen export

This report presents four scenarios of possibld lase change (R-0, R-250, R-300
and R-350), aimed at achieving the target nitroigew to the lake. The focus is on
predicting the magnitude (load reduction) and tgm{pesponse time) of changes in
lake load.

The four scenarios are:

* R-0in which land use and nitrogen exports rematheir current levels from
2015-2100 (viz., a ‘holding’ scenario). The totéragen export is currently
725 tN/yr for ROTAN-1, 3 and 9 of which 38%, 33%dah0% originates
from Dairy, DryStock and Forest respectively, witle balance from lifestyle,
point sources, geothermal inflows and sewage. Totabgen export is
slightly different for ROTAN-2 (737 tN/yr) and ROT4 (717 tN/yr).

* R-250 in which total nitrogen export from land isduced by 250 tN/yr
through a combination of land use change and ectieduin nitrogen yields.

¢« R-300 in which total nitrogen export from land isduced by 300 tN/yr
through a combination of land use change and ectieduin nitrogen yields.

« R-350 in which total nitrogen export from land isduced by 350 tN/yr
through a combination of land use change and actiesfuin nitrogen export.
100% of the Dairy area becomes either LifeStyl®yStock. In addition, for
ROTAN-1, 3 and 9 85% of DryStock becomes eithee&tfle or Forest.
Overall Forest increases by 55% and LifeStyle (iditig NewLifeStyle) by
145% compared with R-0.

The scenarios were selected by an ‘expert panassess likely load reductions and
response times for three increasing levels of lag&lchange and on-farm mitigation.
They are intended to inform managers about thes ssfaéxport reductions required to
achieve the lake target and to provide an indioatichow quickly the lake is likely to
recover once exports are reduced.

The land use changes modelled for agricultural larel between Dairy, DryStock,
LifeStyle and Forest. It is important to note, hoes that the scenarios quantify what
happens to lake load when total nitrogen expontsane constant or are reduced by
250, 300 and 350 tN/yr, regardless of how thoseiatiohs are achieved. Several
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different combinations of land use change couldieagh the required export
reductions. The R-350 scenario assumes that 100%heofDairy area becomes
LifeStyle or DryStock and 85% of DryStock area bees LifeStyle or Forest.
However, it might be possible to achieve the tamgiéh some Dairy, less DryStock
and more Forest, or with less LifeStyle and moreefband DryStock etc. It might
also be possible to achieve the target with lamd egher than those modelled.

If decisions are made about what land use changéseecur, and where in the
catchment they will occur, then modelling couldused to estimate the likely effect
on lake load. Conversely, more detailed modelliogld be used to explore possible
alternative spatial distributions of land use clanigowever, such analysis is best
done in the next phase of investigations.

The scenarios assume:

e There is a step change in all land uses in 2015.

e There is an immediate change in nitrogen yieldofelhg a given land use
change.

All scenarios are run from 1920-2010 with historilzand use, nitrogen exports and
historical climate data. From 2010 each scenarimuisassuming climate change —
whose effects are minor as discussed below. Laacthianges and export reductions
are assumed to occur in 2015.

It is important to appreciate that these scengieslict ‘response time’, which are
estimates of the time required for lake load torel@se after a theoretical step
reduction in nitrogen export. The response tima operty of the catchment which
depends on the travel times of the various pathwakimg the lake to where nitrogen
is generated (viz., deep groundwater, shallow giaater, springs, surface flow,
streams, and groundwater direct). ROTAN simulatés aspect of response time. It
also depends on the time it takes nitrogen stardhe soil to adjust to a change in
land use, and for nitrogen yields to change tghwe steady state. Overseer® does not
predict how long this takes, and neither does ROToANently. However, ROTAN
outputs were ‘corrected’ by assuming that soilagign stores adjust to new land use at
a rate of 10% per year.

Managers are interested in the ‘recovery time’,ahis the time it will take for the
lake load to reach the target following land usangies. Land use changes are likely
to occur progressively over many years, rather thama step change in 2015 as
simulated in ROTAN. The models could be re-run mgkassumptions about how
quickly land use will change but that was not damethis report. Alternatively,
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managers can estimate the ‘recovery time’ as faldiWand use changes are likely to
occur over 20-30 years, then given the ‘respomse’ tof 35 years, the ‘recovery time’
will be approximately 60 years.

Table8: Land use areas used in ROTAN-1, 3 and 9 for theduicenarios.
2010* R-250 R-300 R-350
Area (ha)

Dairy 5,050 2,525
DryStock 15,072 9,016 12,668 9,036
Forest 21,182 28,248 27,121 30,753
RLTS 300 300 300 300
LifeStyle 1,053 1,024 1,024 1,024
NewLifeStyle 2 1,553 1,553 1,553
SepticTanks 308 300 300 300
STP
Tikitere 28 28 28 28
Urban 2,548 2,548 2,548 2,548
uos 805 805 805 805
Whaka 31 31 31 31

Total 46,376 46,376 46,376 46,376
! See Table 2

> The NewLifeStyle areas incorporated in R-250, R-300 and R-350 are based on RDC plans for
future lifestyle areas as interpreted by Simon Park (Simon Park, pers. comm.) (see Table 9).
Areas for ROTAN-2, ROTAN-4 and ROTAN-8 for DryStock and Forest are slightly different.

Table9: Land areas that become NewLifeStyle in scenari@dé®-R-300 and R-350.
Area of NewLifeStyle (ha)
Dairy 319
DryStock 1,197
LifeStyle 29
SepticTanks 8
Total 1,553
Table 10: Annual total nitrogen exports from the land compaveth predicted steady state

nitrogen loads to the lake.

Total export from Predicted input to lake
land at steady state

Scenario Nitrogen (tN/yr)

R-0 725 724

R-250 475 473

R-300 425 426

R-350 375 380

Target 405

Exports in the Puarenga and RLTS are nett of attenuation.
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R-250 land use

I Dairy
Drystock

I Forest
RLTS
LifeStyle

Il NewLifeStyle

[ SepticTanks

[0 Tikitere

I Urban

[uos

I \Water

[ Whaka

Figure 15: Land use distribution in the Lake Rotorua catchnfi@nscenario R-250.
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R-300 land use
Drystock

[ Forest
LifeStyle

Il NewLifeStyle
RLTS

[0 SepticTanks

[0 Tikitere

I Urban

[uos

I \Water

[ Whaka

Figure 16: Land use distribution in the Lake Rotorua catchnfienscenario R-300.

R-350 land use
Drystock

[ Forest
LifeStyle

I NewLlifeStyle
RLTS

[0 SepticTanks

[ Tikitere

I Urban

[uos

I Water

[ Whaka

Figure 17: Land use distribution in the Lake Rotorua catchnfi@nscenario R-350.
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4. ROTAN-1 calibration

4.1 I ntroduction

ROTAN-1 differs from the original ROTAN-0 (Rutherfibet al. 2009) in that:

e Thereis less pasture in the 1920-1940s.

* Nitrogen yields are higher.

« There is a pulse of nitrogen during land developnrethe 1940-1970s.

Key features of ROTAN-1 are:

» Large aquifers are modelled as several well-mixqdifars, connected in
series and/or parallel (see Figure 2).

e 70% of infiltrating water (hereafter termed jusbfiitration’) enters deep
groundwater.

« 53% of the total nitrogen export (hereafter terjued ‘nitrogen’) enters deep
groundwater.

* 30% of infiltration enters shallow groundwater.

e 47% of nitrogen enters shallow groundwater.

 MRTs for nitrogen match published estimates fdiutm (Morgenstern et al.
2005) (see Table 7).

4.2 M ean residencetime

In this study MRTs were estimated slightly diffettgrirom Rutherford et al. (2009).
As previously, the initial nitrogen concentratiomsvset to zero everywhere, nitrogen
generation was set to zero, the concentrationimfalhwas set to 1,000 g/m3 and
stream nitrogen concentrations were predicted 8@ yiears. The MRT is the time at
which stream concentration reached 50% of the gtstade value.

One-compartment and two-compartment exponentialetsosdere fitted to the weekly
predicted concentrations which increased from ten@rds a steady state value. The
steady state concentration varied slightly betweatthments depending on the
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amount of evapotranspiration. Typically 45% of falh is lost through
evapotranspiration in the model and this conceggraitrogen in the soil to a steady
state value of about 1,800 g/m3 in these simulatiolmn some catchments,
concentration reached the steady state within tB@ $ears simulated but in
catchments with long MRT a steady state was nathexd, making it more difficult to
fit the one-compartment and two-compartment exptalemodels.

The exponential models gave a good fit to ROTAN-ddtions in catchments where
short-term variability in predicted concentratiomasvlow, and/or concentrations
approached steady state within the period modelleduch catchments the MRT
from the two different models are reported. It wdifficult to get a good fit in
catchments where short-term variability in concatidn was high and/or
concentrations did not approach steady state witién period modelled. In these
catchments several different models were fitted #iedrange of MRTSs is reported.
The aquifer coefficients in ROTAN-1 were adjustediluthe model MRTs matched
published estimates for tritium (Morgenstern e2805).

Because the one- and two-compartment models wiged to average concentrations,
the MRTs estimated include all the flow pathwayat thperate in the ROTAN model
(viz., deep groundwater, shallow groundwater antbsa flow). The same is true for
measured tritium provided sampling is conductedr @veange of flows. If sampling

occurs only during baseflow in a spring fed systien tritium may over-estimate

MRT.

4.3 Results

Appendix 3 compares observed and predicted stredow, ftotal nitrogen
concentration (TN) and dissolved inorganic nitrogemcentration (DIN). Table 7
summarises nitrogen MRTs and Table 11 summarigemtidel fit to observed flows
and concentrations. Figure 18 compares observegraditted total lake loads.

Water balance

The water balances for the lake and each of the major streams are within the
likely measurement errors (£5-10%) (see Table Thjs indicates that the model
successfully quantifies the volumes of water tletch the lake from the catchment
and leave the lake via the Ohau Channel. Predatetage flows at the nine gauging
sites on major streams total 11.9 m3/s, whereadiqieel average total inflow to the
lake is 14.0 m3/s. The difference (2.2 m3/s) (hiteeaalled the ‘ungauged inflow’) is
the predicted average flow in catchments withowoivflrecorders (e.g., Hauraki,
Ruamata etc.), together with predicted average fitmm land downstream of flow
recorders on the major streams. Hoare (1980a) texparlake water balance for 1976-
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1977 based on measured stream inflows, measuredolatflow, measured rainfall,

estimated evaporation, and measured change in \‘akeme. He estimated the

‘ungauged inflow’ to be 2.1 m3/s. This is similarthe value of 2.2 m3/s predicted by
ROTAN-1 although a direct comparison is not styiathlid because Hoare (1980a)
included in his ‘measured inflow’ data from severainor streams that are not
modelled separately within ROTAN-1.

In ROTAN-1 the groundwater component (70%) of thiegauged inflow’ is assumed
to emerge in springs near the lake edge and ta émdelake as stream flow. The
groundwater component of the ‘ungauged inflow’ neaer the lake directly through
the lake bed. ROTAN-1 predicts that ‘groundwateect is at most 2.2 m3/s (the
total ‘ungauged inflow’) and is most likely 1.5 ms3(the groundwater component
(70%) of the ‘ungauged inflow’). GNS-Science estiengroundwater direct’ at 4.0
m3/s (rounded from their value of 3.97 m3/s, Wheteal. 2007). This figure is
significantly higher than predicted by ROTAN-1, aaldo significantly higher than
the total ‘ungauged inflow’ (2.1 m3/s) in 1976-19{Hoare 1980a). Appendix 1
contains further discussion of ‘groundwater diréaffow to the lake.

Regardless of whether it enters the lake as ‘groatel direct’ or surfaces as
springflow and enters via streams, all the runaffl ahe nitrogen it contains is
included in the ‘lake loads’ reported for the ROTAd\nulations. Thus, although
ROTAN is ‘calibrated’ by comparing flows and contations at gauging sites, the
model takes account of runoff from land downstrdaom the sampling sites and
groundwater that by-passes the sampling sites.

Flow variability

In six of the nine major inflows, the observed @neldicted short-term flow variability

is similar. However, in three streams (Ngongotdbfyhina, Puarenga) ROTAN-1
under-estimates short-term flow variability. Thiedicates that, in these three
catchments, the model over-estimates the propomibmnfiltration routed to the

stream via deep aquifers. As a result, ROTAN-1 @&timates baseflow in these
catchments and under-estimates stormflow. Howewer,the other six major

catchments, ROTAN-1 successfully predicts the aleskflow variability.

It would be possible to improve the match to obsdrshort-term flow variability by

allowing the proportion of infiltration entering allow and deep aquifers to vary
between sub-catchments. ROTAN-1 assumes that tbpomgiions of water and

nitrogen entering shallow and deep groundwaterthee same everywhere in the
catchment for a given land type (e.g., pastureoogst). There is, however, evidence
that these proportions vary spatially — some pafthe catchment have little or no
surface flow (indicating that infiltration mostlyheers deep groundwater) while other
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parts of the catchment contain small streams (iked be fed by shallow

groundwater). ROTAN has the capacity to vary thepprtions of water and nitrogen
that enter shallow and deep groundwater withinteheaent, but more work would be
required on the spatial heterogeneity of soil digen properties and stream flow
distribution to make this possible. Modelling suspatial heterogeneity would
increase model complexity and run-times.

Week-to-week variability of nitrogen concentration

In the Hamurana, Ngongotaha, Utuhina, Waiowhiro Afaingaehe the observed and
predicted short-term variability in concentratiore asimilar. This indicates that, in
these five catchments, ROTAN-1 successfully quistifhe proportions of water and
nitrogen that enter shallow groundwater and fingirthvay to the stream on time-
scales of weeks-months. However, in three catclsn€Ruarenga, Waiteti and
Waingaehe), ROTAN-1 over-estimates the variabilityconcentration. As discussed
in the previous paragraph, the proportions of watet nitrogen that enter shallow and
deep groundwater may vary spatially (i.e., a highan average proportion of the total
nitrogen export may enter shallow groundwater imeaatchments — which would
give rise to higher variability). ROTAN has the eajty to vary the proportions of
water and nitrogen that enter shallow and deeprglwater between catchments, but
further work would be required to make this possibl

Trendsin nitrogen concentration

In the Hamurana, Ngongotaha, Utuhina, Waiowhiro Afaingaehe the observed and
predicted trends (viz., the timing of increasespuerage concentration from 1970-
2010 match. This indicates that in these five cathts ROTAN-1 successfully

quantifies the timing and magnitude of changestiogen exports (viz., the timing of

land use changes and the nitrogen vyields from &auh use) and the ‘groundwater
lags’ for nitrogen.

Concentrations in the Puarenga are affected byrexfpom the RLTS. There is a
mismatch in the timing of concentration changedofaihg commissioning of the
RLTS in 1991 — ROTAN-1 predicts that concentratiomsrease more quickly than
was observed. An improved match could be obtainyedltering the start time for the
RLTS and/or the MRT of the aquifers underlying ReTS. However, after 2000
ROTAN-1 predicts average concentrations that matbkervations in the Waipa
Stream (which drains the RLTS), indicating thasi@ady state, the exports from the
RLTS are accurately quantified in the model.
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In the Awahou Stream the model under-estimatesestdrations in the 1970s (i.e., it
does not accurately predict the timing of the trehthcreasing concentration). This is
discussed in detail in the next section.

Aver age nitrogen concentration

In the Hamurana, Ngongotaha and Utuhina (largenivd) and the Waiowhiro and

Waingaehe (smaller inflows), observed and predicteerage concentrations match
closely. This indicates that in these catchmentsSTR®1 successfully quantifies

nitrogen exports (viz., the areas and nitrogerdgiébr each land use, which both vary
over time) and travel times (viz., the proportiafstotal nitrogen export that enter
shallow and deep groundwater, and the MRTs of tagséers).

In the Puarenga, ROTAN-1 over-estimates the aver@ije concentration. As

discussed in Section 2.15, observed concentratioriie Puarenga are lower than
expected for the land uses in the catchment. Wiidlaare more numerous in the
Puarenga than elsewhere and Rutherford et al. J20@€ulated that attenuation is
high in the Puarenga as a result. ROTAN-1 assunmm@sagen yield from Forest in

the Puarenga 50% lower than elsewhere in the Ratoaichment. An improved

match to concentrations in the Puarenga could béeeed by reducing the yields
from DryStock and Dairy in the Puarenga as was donEorest.

In the Awahou (a large inflow), the observed anddpmted TN concentrations from
1990-2010 match. However, predicted TN concentnatio the 1970s are lower than
observed DIN concentrations, whereas they shouldhigker. There is a similar
mismatch in the Waiohewa (a smaller inflow).

Although the mismatches only occur in two of thenenimajor streams, it is
informative to consider the possible mechanismsdhee rise to the mismatches and
the implications for the accuracy of predicted loaductions and response times. The
mismatch between observed and predicted concemtsaiin the 1970s indicates that
either:

* historic nitrogen yields from 1920-1970 have beedarestimated, or

e nitrogen finds its way to the stream from farmlamwbre quickly than
predicted using the reported MRTSs for tritium.

Rutherford et al. (2009) found that ROTAN-O alsalerestimated concentrations in
the Awahou during the 1970s. Historic nitrogen déein the Awahou catchment are
slightly higher in ROTAN-1 than ROTAN-O. Neverthete ROTAN-1 still
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underestimates nitrogen concentrations in the 191M@sre are three possible reasons
for the mismatch.

First, ROTAN-1 accurately quantifies nitrogen triatimes but there are errors in the
historic nitrogen yields. In this case ROTAN-1 gaobably be used with confidence
to predict load reductions and response times Isecaurrent and future nitrogen
yields can be estimated more accurately. In the Wawathe MRT used to predict
nitrogen concentrations (50-60 years) is very clésethe MRT estimated by
Morgenstern et al. (2005) using tritium (61 yeafd)is suggests that the mismatch is
the result of errors in historic nitrogen yieldsowkver, the available historic data has
been carefully reviewed and the uncertainty indgdk considered too small to fully
explain the mismatch.

Second, historic nitrogen yields are accurate BDTRN-1 does not quantify nitrogen

travel times accurately. In this case ROTAN-1 may predict response times
accurately but, provided yields can be estimatedirately, it can be relied upon to
predict load reductions. As discussed above, thd N&R nitrogen in the Awahou is

very close to the MRT for tritium. It is possibleowever, that the MRTs of tritium

and nitrogen are not identical in the Awahou beeatlge spatial distributions of

nitrogen and tritium input are not the same. Thehoe used by Morgenstern et al.
(2005) assumes a uniform distribution of tritium input@ss the catchment. Tritium

is deposited in rainfall and in the Awahou catchtibare is a strong rainfall gradient.
Consequently, tritium input is likely to have bedgghest in the Awahou headwaters
and lowest close to the lake. The highest nitrogguits occur where land use is
intensive. In the 1900-1950s, farming on the wasside of Lake Rotorua appears to
have been concentrated on land near the lake. $were dairying has moved into
higher rainfall regions to the west — notably i thpper Ngongotaha, Waiteti and
Awahou catchments (see Figures 6-14). We postthatienitrogen inputs were high

close to the lake and the Awahou Stream histoyicHllso then the MRT for nitrogen

could be lower than the MRT for tritium.

Third, there are errors in the historic nitrogerelgs and ROTAN-1 does not
accurately quantify nitrogen travel times. In tbése ROTAN-1 may not predict load
reductions or response times accurately. In th@édétVéhe model over-estimates both
the average TN concentration and the short-termabidity in concentration. The mis-
match in variability indicates that ROTAN-1 ovetiggates the proportion of nitrogen
export entering shallow groundwater. This in turayncontribute to the mis-match in
average concentration although it is possible R@QTAN-1 over-estimates nitrogen
exports in the Waiteti catchment. The same issimesrto a lesser extent in the
Waingaehe and Waiohewa.

" The so-called EPM (exponential + piston flow mddel
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As discussed earlier, it might be possible to elate these mismatches by allowing
the proportions of water and nitrogen enteringlsiabnd deep groundwater to vary
spatially. This would require mapping the spatiatiability of soil properties and
surface flow, and then re-calibrating ROTAN. Thght be a worthwhile study in
the future. However, uncertainties that result fioeglecting spatial variations are not
considered to be sufficiently large to invaliddte tain findings of this study.
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Table 11: ROTAN-1: Observed and predicted mean flows andgén concentrations.

Mean observed Mean predicted RMS error N Comment
Stream Flow (L/s)
Hamurana 2646 2482 312 244
Awahou 1609 1581 173 405
Waiteti 1176 1245 349 513
Ngongotaha 1761 1790 523 1820 Low variability
Waiowhiro 334 411 123 371
Utuhina 1943 2091 529 1628 Low variability
Puarenga 1772 1644 501 1336 Low variability
Waingaehe 234 291 97 739
Waiohewa 334 395 107 452
Ohau Channel 17694 17361 3134 2981 Low variability
Mean observed Mean predicted RMS error N Comment
Stream Concentration (gTN/m3)
Hamurana 0.764 0.882 0.270 94
Awahou 1.275 1.525 0.651 111 Low in 1970s
Waiteti 1.380 3.156 2.841 97 High variability & mean
Ngongotaha 1.008 1.434 0.885 276
Waiowhiro 1.132 1.204 0.662 122
Utuhina 0.950 1.068 0.479 149
Puarenga 1.163 2.812 2.320 215 High mean, high in 1990s
Waingaehe 1.605 2.658 2.620 121 High variability
Waiohewa 3.645 3.272 1.974 119 Low in 1970s
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4.4

Table 12;

Groundwater concentrations

Grinsted and Wilson (1978) reported nitrate conegiuns in shallow groundwater
around Lake Rotorua in the range 1-5 g/m3, with highest values in bores near
cowsheds. Gordon (cited in White et al. 2007) reggbran average nitrate
concentration of 3.3 g/m3 in shallow (<20m) weliglie Bay of Plenty region. White
et al. (2007) reported groundwater concentratidn$68 sites in 2005-2006 (Table
12).

Observed total nitrogen (TN) concentrations in gohwater at 169 sites in the
Rotorua catchment from 2005-2006. Source: Whitd.gR007).

Aquifer Median conc Aquifer Median conc
(9TN/m3) (9TN/m3)

Awahou 1.04 Awahou Point 5.96
Hamurana 1.69 Hauraki 2.44
Mission Bay 1.09 Ngongotaha 1.77
Ngongotaha township 2.41 Pohue Bay 2.30
Puarenga 1.52 Rotokawa 1.04
Utuhina 0.41 Waimehia 0.41
Waingaehe 2.74 Waiohewa 0.65
Waiowhiro 0.97 Waitawa 4.43
Waiteti 1.40

Table 13 compares springflow (viz., groundwaternhaamtrations predicted by
ROTAN-1 for 2005-2006 with values measured by Whital. (2007). The ranges of
predicted and observed concentration are similarfour of the ten catchments,
ROTAN-1 predictions match observations. Howeversix of the ten catchments
concentrations differ by a factor of two or more.

White et al. (2007) report a median TN concentratib 1.60 g/m3 in the Hamurana
Spring — significantly higher than the ROTAN preddio of 0.62 g/m3. EBoP

measured an average concentration in the Hamurean$ of 0.76 g/m3 over the
same period. Hamurana Stream is dominated by thmukma Spring and it is

difficult to see why the concentrations should &iffin the Waiohewa, ROTAN-1

predictions are significantly higher than measuvatiies. The likely explanation is
that in ROTAN-1 about half of the nitrogen loadrfrarikitere is assumed to drain
into the deep groundwater but this may not be astEaassumption. The observed
concentration of 0.65 g/m3 is consistent with ROTAdictions in catchments with
low-moderate intensity pastoral land use.

In the Utuhina, ROTAN-1 predictions include draieafom suburban areas of
Rotorua City which may explain why they are higthem the observations.
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In the Waingaehe, White et al. (2007) report a emedaioncentration of 2.74 g/m3 —
significantly higher that the ROTAN-1 prediction 0f44 g/m3. ROTAN-1 assumes
that the Waingaehe aquifer is very deep and fullyeoh with a mean residence time
of 100-150 years. Consequently, even though thasebken intensive land use in the
catchment since the 1960s, deep groundwater caatiens have increased only very
slowly from the pre-development vafudt is conceivable that the reported high
concentrations occur in places where pasture dyairganot fully mixed with the deep
groundwater. Most Waingaehe groundwater samplesirarghallow groundwater
(White et al. 2007, Figure 104) and it is concelgalbhat the reported high
concentrations in the Waingaehe are affected biypadrainage.

In the Ngongotaha and Waimehia, ROTAN-1 predictiares significantly lower than

measured values. No explanation for this discrepam@pparent. In the Waimehia,
there is uncertainty about land use and aquifen@ades which may explain why
ROTAN-1 predictions are higher than the observatidkgain, it is conceivable that
the reported high concentrations occur in placesreipasture drainage is not fully
mixed with the deep groundwater.

In conclusion:
* The ranges of predicted and observed groundwateectration overlap.

« There are significant differences between mediasented and mean
predicted groundwater concentration in six of tBecdtchments.

» Given that groundwater concentration has a higtiapeariability and that
ROTAN-1 assumes aquifers are completely mixed, stis@epancies are to
be expected.

* ROTAN-1 predictions are broadly consistent with swad groundwater
concentrations.

8 ROTAN uses a pre-development nitrogen concentratio0.40 gN/m3. This is calculated
assuming a ‘typical’ yield from forest of 4 kgN/ke/and a groundwater recharge of 1000
mm/year (viz., about 50% of average rainfall). Mengtern (in EBoP 2007) assumes a pre-
development concentration of 0.14 gN/m3 whichhie minimum value measured in ‘old’
groundwater.
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Table 13: Comparison between predicted mean springflow andsemied nitrogen

concentrations.
Concentration

Aquifer (gTN/m3)

ROTAN predicted mean Measured median
Hamurana * 0.62 1.69
Waingaehe * 0.44 2.74
Kauae/Ngongotaha * 0.64, 0.55 1.77
Waiteti * 0.53 1.40
Waiohewa * 1.83 0.65
Utuhina * 0.88 0.41
Waimehia * 1.07 0.41
Puarenga 1.03 1.52
Utuhina 0.53 0.41
Awahou 1.10 1.04
Waiowhiro 0.67 0.97
Range 0.44-1.83 0.41-2.74
Lynmore 1.09 ND
Valley 0.53 ND
Morea 1.51 ND
Kawaha 0.73 ND
Tureporepo 0.60 ND
Pikirangi 1.65 ND
Kauaka 0.58 ND
Ohinemutu 0.55 ND
Waihuahua 0.80 ND
Ruamata 1.06 ND
Motutara 1.49 ND
Waipa 1.66 ND
Ohau 3.33 ND

* Concentrations differ by a factor of 2 or more.

45 Trendsin lakeload

Figure 18 shows that lake loads predicted using ROT match published estimates
of lake load reasonably well. In the early 1960® predicted load slightly over-

estimates the target of 405 tN/yr. In the 1920s0%%Be lake load is predicted to have
averaged c. 250 tN/yr which is c. 60% of the talgatl and c. 40% of the current
load.
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Figure 18: Annual lake loads predicted using ROTAN-1 (solideli. Also shown (circles) are
published estimates of lake load, and the target (dashed line).

4.6 Discussion and conclusions

The main features of the ROTAN-1 model that affist ability to predict load
reductions and response times are:

Good water balances are achieved for the lakelendihe major streams.

Annual loads entering the lake from the catchmeaiichn published estimates
reasonably well.

Flow variability is reproduced in 6 of the 9 magireams.

In three major streams, flow variability is undetimated (viz., baseflow is
over-estimated and stormflow under-estimated). €gnently, in these three
streams the amount of water and nitrogen that esathe lake via deep
groundwater is over-estimated. This means that R‘'IAnay over-estimate
response times in these three catchments.

In five of the nine major streams average TN cotre¢ions, short-term
variability in TN concentration, and long-term irases in TN concentration
are predicted accurately.
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* In two streams, average TN concentrations in th&4%re under-estimated,
although from 1990-2010 predictions match. Thestoht mismatches may
be the result of errors in historic nitrogen expstimates rather than a flaw in
the model. If so then ROTAN-1 can be used with warfce for prediction.

« The mismatches may, however, arise because the fdRfFitium does not
apply to nitrogen — a consequence of the spatsdfillutions of tritium and
nitrogen input being significantly different. If sben the model may, in the
future, need to be re-calibrated with a finer spatesolution in order to
predict accurate response times.

* In two streams average TN concentrations are cstémated. The likely
reason is that ROTAN-1 over-estimates nitrogendgieind/or under-estimates
attenuation. In the future, it would be worthwhile re-calibrate export
coefficients and/or attenuation in these catchments

e Several coefficients in ROTAN-1 were estimated tglibration’ to observed
flows and concentrations. This was done for: thepprtions of water and
nitrogen that infiltrate into shallow and deep &ers, the MRTs of shallow
and deep aquifers, and the amount of attenuatibareTare uncertainties in
input data including: aquifer boundaries, land ws&ps, historic nitrogen
yields, and the timing of land use changes. Uniei#s in input data make
the ‘calibration’ of model coefficients a difficutask. First, it is a very time
consuming exercise given the complexity of the R®TAodel. Second, it is
possible to arrive at equally good fits to obseoret using several different
combinations of input data and model coefficients.

* ROTAN-1 does allow spatial variability in key modaefficients (e.g., the
proportions of infiltration and nitrogen export thenter shallow and deep
groundwater). While ROTAN-1 quantifies the ‘catchrraverage’ delivery
of nitrogen, it does not quantify the (possibly telpeffects of such spatial
variability. While ROTAN has the capacity to vatyetproportions of water
and nitrogen that enter shallow and deep groundwaitdin a catchment,
more work would be required to achieve this, andleh@omplexity and run-
times would increase.

« Bay of Plenty Regional Council has a pressing rieadake policy decisions
and our approach is to ‘calibrate’ ROTAN-1 as bestcan, identify major
uncertainties, highlight conclusions that are weijjkto be affected by these
uncertainties, and identify where these uncer&sntare likely to affect
predictions of load reduction and response timethl next sections we
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discuss other ROTAN models in which key model doefhts and input data
are varied, and the sensitivity of predicted ladedk are examined.

We conclude that:

* ROTAN-1 provides a satisfactory match to key feesusf observed flows and
concentrations.

* Some questions remain about the uniqueness of noatibration and hence
the robustness of ROTAN-1 for making predictions.

e ROTAN-1 predictions are considered to be suffidieneliable to inform
policy and management.

* Predicted load reductions are considered to bestdut predicted response
times are likely to have a higher uncertainty.

* Follow up modelling can be undertaken if more refinsimulations are
required.

e Sensitivity analysis using ROTAN-2 to ROTAN-9 (debed below) helps
quantify the likely robustness of predictions.
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Figure19: ROTAN-1. Predicted lake loads for current land (ReD) and three scenarios of land use change (RRSD0 and R-350). Simulations
assume climate change (CC). Land use change doc2@45. The target lake load is 405 tN/yr.
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Figure 20: ROTAN-1. Predicted lake loads for three scenaridamd use change (R-250, R-300 and R-350). Sinaniatassume climate change (CC).
Land use change occurs in 2015. The target lakkito405 tN/yr.
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5. ROTAN-1 predictions

Figures 19-20 show predicted annual nitrogen |ldad$fe lake for four scenarios of
land use and nitrogen export, including the effeftdimate change.

51 R-0 scenario

Scenario R-0 assumes that nitrogen yields remashamged from 2008-2100 at their
current value$ This implies that there is not nett intensifioati(viz., any increase in
stocking rate or production per animal is offsetdoyfarm mitigation, or is offset by
changes to less intensive land use elsewhere incaélhehment). This simulation
provides information about what might happen ih@ding’ or ‘do nothing’ scenario.

The year-to-year variations in lake load (Figurg afise from variations in rainfall
and evapotranspiration. In wet years, more nitragaches the lake than in dry years,
while in dry years nitrogen accumulates in thessaild aquifers. In these simulations,
nitrogen yields do not change after 2008 and tilstesy eventually reaches a ‘steady
state’ (SS) in which the lake load equals the stith@ exports. Table 10 shows that
steady state lake loads (predicted by ROTAN) andl texports (the sum of the
exports from all land parcels) match closely — destiating internal consistency
within ROTAN.

In Figure 21 the lake load increases for severats/after 2008 even though the yields
do not change. This is because it takes years-dedad nitrogen to travel through the
groundwater to the lake (especially in catchmeikis the Hamurana, Awahou and
Waingaehe) and for the lake load to reach equilibriwith the exports. From the
annual loads it is difficult to determine how loitgakes for the lake load to reach
steady state. Also shown in Figure 21 is the stetate lake load for the current land
use. This was predicted in ROTAN by setting rainfaid PET to their long-term
average values (in place of their weekly values)ding nitrogen yields constant at
their current values, and running the model todstestate. Figure 21 shows that, if
nitrogen exports were to remain unchanged at thehnent values, the lake load would
increase slowly over the next 65 years and apprsteddy state by about 2080. In
Figure 21 the lake load appears to reach steaty atabout 2080 before decreasing.
This occurs because in these simulations rainfglpkens to be below average from
2080-2100 which results in a slight reduction keldoad.

° In subsequent scenarios, land use changes in B@l6urrent land use is unchanged from
2008-2015 and so effectively Scenario R-0 assumestant nitrogen exports from 2008-2100.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 65



Figure 21:
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ROTAN-1 Scenario R-0. Annual lake loads predicteguaning historic nitrogen
exports from 1920 followed by constant exportsuatent levels from 2008-2100 (R-0
CC). Also shown (R-0 SS) is the steady state laadlipted by ROTAN assuming
constant nitrogen exports at current levels (72BN The simulations assume
climate change (CC).

R-350 scenario

Figures 22-23 show the predicted annual lake Idadshe R-350 scenario which is
the largest reduction in nitrogen export modell@dspite the year to year variations,
predicted lake load decreases significantly assaltref the assumed reductions of
nitrogen exports in 2015. By 2025 (viz., after 1€ags) the predicted lake load has
decreased significantly and has occasionally digpddw the steady state load. Note
that the horizontal lines in Figures 22-23 aredteady state load for scenario R-350
(375 tN/yr), not the target lake load (405 tN/ABY 2040 (viz., after 25 years) the
average lake load is consistently within 10-15%hef steady state load, although even
at 2100 lake load is still not quite at steadyestat
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Figure 22: ROTAN-1 Scenario R-350. Annual lake loads predicasduming historic nitrogen
exports from 1920-2015 followed by reduced expthréd remain constant from 2015-
2100 (R-350 CC). Also shown (R-350 SS) is the stestate load predicted by
ROTAN assuming the land use and nitrogen expontstife R-350 scenario (375
tN/yr). Simulations assume climate change (CC).

800 -

R-350 CC

700 — - - _R-350SS

600 -

500 -

SEUNNA ANW\ |

Y U W v vv VVVV\M\

Lake load (tN/yr)

300

2040 -
2050 -
2060
2070 -
2080 -
2090 -
2100 -

2000
2010
2020 -
2030 -

Figure 23: ROTAN-1 Scenario R-350. Annual lake loads predicésduming reduced exports
that remain constant from 2015-2100 (R-350 CC)oAdhown (Steady state) is the
steady state load predicted by ROTAN assumingahd lse and nitrogen exports for
the R-350 scenario (375 tN/yr). Simulations assualineate change (CC).
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53 L oad components

Figure 24 shows the components of lake load. ‘§flom’ is the nitrogen load
transported to the lake via deep groundwater, @uickflow’ is the load transported
via surface flow and the two shallow aquifers.

In 2010 the springflow and quickflow loads are $miin magnitude which is
consistent with the ROTAN-1 assumption that 53%ibbgen export is routed to the
lake via deep groundwater, while 47% reaches tke Véa surface flow and the two
shallow aquifers. Following the step change in lasd in 2015, the quickflow load
decreases very quickly which is consistent withfda that the response times of the
two shallow aquifers are of the order months-yeatse springflow load decreases
more slowly. The quickflow load reaches its nevadiestate within about five years.
By comparison, the springflow load is not at steatiyte value in 2100. This is
consistent with the long MRTs of deep groundwater.
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Figure 24: ROTAN-1 Scenario R-350. Components of predicteck lidad. A step change in
nitrogen exports occurs in 2015.
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54 Soil lags

ROTAN-1 assumes a step change in nitrogen yielthényear land use changes. In
practice it may take several years for nitrogermrestain the soil to be depleted
(hereafter termed the ‘soil lag’), and for nitrogexports to decrease to a new steady
state value for the changed land use. Overseer@igbselong-term average (viz.,
steady state) yields but not how quickly yieldsréase or decrease after a land use
change.

There is no reliable information about ‘soil lags’Rotorua soils. However, Figure 25

shows simulations of the springflow and quickfloamgponents of lake load assuming
that yields decrease by 10% per year following It use change in 2015. These
results were obtained by applying a 15-term bac#sanoving average filter to the

quickflow and springflow loads output from ROTAN21

Comparing Figures 24 and 25 it can be seen thdtlags’ affect quickflow loads
more than springflow loads. The reason is thatkilae transports about 50% of the
nitrogen exports to the lake within 1-2 years s léshe than it takes for the soil stores
to adjust to a new steady state. In some catchmegntsindwater lags are long
compared with soil lags and in these catchmentsnakes little difference to
springflow load whether soil lags are modelled ot.nn a few catchments (e.g.,
Ngongotaha) soil lags are comparable with grouneilags.

Figure 26 compares predicted lake loads assumgtgpachange in yield in 2015 with

(‘soil lag’) and without (‘step change”) soil lagbleglecting soil lags, lake load is

predicted to dip below the steady state in 202@(& years). Including soil lags, lake

load dips close to the steady state in 2030 (1Bsyeand again near 2050 (35 years),
but has not reached steady state by 2070.

These simulations indicate that:

< If nitrogen stores in the soil adjust to new lasgsiat 10% per year, then the
response time of lake load is increased by 10-20sye

* When soil lags are included, predicted lake loatlase to the steady state by
about 2050 (after 35 years) although it takes waftiér 2100 to fully reach
steady state.

19:30ijl lags’ can be modelled within ROTAN. Howevéhis is not done in this study because
there is insufficient reliable information aboutvhauickly soil nitrogen stores are likely to
adjust following land use change. If such inforrmatbecomes available, it can be incorporated
into ROTAN.
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Figure 25: ROTAN-1 Scenario R-350. Predicted components of laled. A step change in land
use occurs in 2015 and nitrogen yields decreashetmew steady state at a rate of
10% per year.
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Figure 26: ROTAN-1 Scenario R-350. Predicted lake loads witld svithout soil lags. A step
change in land use occurs in 2015.
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55 Climate change

The R-0 scenario was run using ROTAN-1 with (C@J avithout (NCC) accounting
for changes induced by climate change, to assesffibct on lake load. The effects of
climate change on lake load were found to be m({see details below) and so the
scenarios R-250, R-300 and R-350 were only run glithate change (CC).

For the NCC scenarios, synthetic rainfall and PEFeagenerated for 2010-2100 by
‘copying and pasting’ historical climate recordsr Fhe CC scenarios these rainfall
and PET data were ‘adjusted’ for climate changegiéformation supplied by the
University of Waikato (UoW) (Wei Ye, UoWpers. comm.). UoW downloaded from
NIWA the 12 statistical Global Climate Model (GCMtputs for New Zealand. The
pattern-scaling method was used to generate thtiveelchanges in rainfall and air
temperature for each Julian month 2010-2100. Théhadefirstly normalises the
downscaled GCM monthly data according to the ptept@nnual global warming
trend. Future changes are then calculated frorménmalised data and annual global
warming projections from IPCC SRES. The relativargie for each month is the
median value of the 12 GCM ensembles, under IPCESSR1B, assuming the mid-
range of climate sensitivity.

NIWA use the perturbed air temperature, togethén wynthetic humidity and wind
speed, to re-calculate PET for Forest and Paddetails of the PET models used are
given in Rutherford et al. (2008). Note that théeetfs of climate change on wind
speed and humidity are unknown and any resultifecesf on PET are not included in
this report.

Annual rainfall is predicted to decrease as a tasfutlimate change while year-to-
year variability is predicted to increase (Figuré).2The changes in the 10-year
centred moving average rainfall range from +0.4 ywn{0.02%) to -6.4 mm/yr
(0.47%), compared with the NCC average rainfall @19 mm/yr. This change has a
negligibly small effect on predicted lake inflowa. contrast, annual average PET is
predicted to increase substantially (Figure 28)e Tdihanges in 10-year moving
average PET range from +49 mm/yr (5%) to +302 mr{Z880) for Forest and from
+141 mm/yr (14%) to +297 mm/yr (30%) for Pasturs. dAresult ROTAN predicts a
significant decrease in runoff from 2010-2100 whaimate change is included
(Figure 29). Average lake inflow decreases by 231sni14%) from 15.1 to 13.0 m3/s.
This is equivalent to a reduction in average ruriafn 1,030 mm/yr to 888 mm/yr
(242 mm/yr) compared with runoff observed undereniraverage rainfall conditions
of 1,619 mm/yr.
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Figure 27: Ten year centred moving average of the differe@@-KNCC) between annual rainfall
with climate change (CC) and without climate cha(/€C).
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Figure 28: Ten year centred moving average of the differe@@-NCC) between annual PET
with climate change (CC) and without climate cha@y€&C) for Forest (solid line)
and Pasture (dashed line).
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Figure 29: Ten year centred moving average of annual lakewnflith climate change (CC) and

without climate change (NCC).

Figure 30 compares loads predicted using ROTANA{1 scenario R-0 with and
without climate change. ROTAN-1 predicts that clienahange results in significantly
lower lake inflows (Figure 29), but only slightlpwer lake loads (Figure 30). Lake
loads are lower in dry periods (e.g., 2020, 2030 2040) but climate change only
reduces the average load to the lake by 2%.

The reason that climate change does not reduceldaick is as follows. ROTAN
assumes that climate change does not affect nitrgggds. Thus for scenario R-O,
Dairy is assumed to leach 56 kgN/ha/yr from 2016€degardless of climate change.
The effect of climate change is to reduce runoff aence lake inflows by 2.1 m3/s
(14%). However, for constant nitrogen export, tmesults in higher nitrogen
concentrations in groundwater and streams. Lakd (tize sum of the products of
concentration x stream or spring flow) remains atmmchanged.

It is conceivable that climate change may resulthanges to stocking rate, pasture
dynamics and/or farming practice. If this is theasathen nitrogen yields may change
for a given land use and the effects of climatengeamay be more significant than
those shown in Figure 30. We currently have normfgion about how climate
change may affect nitrogen yields. However, if sirfbrmation comes to hand then
ROTAN could be re-run to estimate the effects de l@ad.
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Figure 30:
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ROTAN-1. Predicted nitrogen loads to the lake toe turrent land use (R-0) with
(CC) and without climate change (NCC).

Sensitivity analysis

A feature of Figures 19, 20 and 22 is that the lalael seems to approach steady state
quickly for scenario R-350. There are three aspecROTAN that affect the rate of
change of lake load:

1. The fractions of water and nitrogen that enterl#ke via shallow and deep
groundwater.

2. The depth of the aquifer that determines its meaidence time.
3. The relative size of the surface and groundwatehoaents.

The ROTAN model used in this study simulates fayels: soil, quickflow aquifer,
slowflow aquifer and deep aquifer. Water and n#mognter the shallow and deep
aquifers as drainage from the soil layer. Water @itrdgen enter the stream from the
quickflow and slowflow aquifers and as springflolat emerges from the deep
aquifer. The model coefficients that determine watentent and water flux in
ROTAN-1 were adjusted so that the variability inegicted weekly streamflow
matched the observed flow variability, and the pted average flow matched the
observed average flow. It was found that a satisfgcmatch was obtained by
allowing 70% of drainage from the soil layer toenthe deep aquifer, 20% to enter
the quickflow aquifer and 10% to enter the slowflaguifer. In the model these
percentages are averages applied to all land usessathe entire catchment and
different land use types. In reality there is sgatiariability in soil drainage which
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probably causes these percentages to vary spatiglich variability is not currently
captured in ROTAN.

For given hydrology coefficients, the coefficienthat determine nitrogen
concentration and flux in ROTAN are the nitrogemegmtion or removal rates in the
soil layer, the quickflow aquifer, the slowflow afgr and the deep aquifer. In the
simulations reported here, there is no removah@ndoil, shallow or deep aquifers, or
streams.

For each land use category the total generatioea eguals the nitrogen yield
(kgN/ha/yr) estimated from land use and stockirtg tesing Overseer®. The majority
of nitrogen is generated in the soil layer, buR@TAN-1 some nitrogen is generated
in the quickflow aquifer to simulate the flushin§ arganic and particulate nitrogen
during rainfall events. In the ROTAN-1 model, 75%nitrogen is generated in the
soil layer, 25% in the quickflow aquifer and noragen is generated in the slowflow
aquifer or the deep aquifer. This means that 53%h@fitrogen generated enters the
deep aquifer via drainage from soil layer 1, andabse there is no nitrogen
attenuation in deep groundwater, this nitrogen ®adly enters the lake via
springflow. Forty per cent of the nitrogen genedagditers streams via the quickflow
aquifer and 7% enters streams via the slowflow faquiThis apportionment was
derived by calibration (Rutherford et al. 2009) avak found to give a tolerably good
match between observed and predicted stream nitrogecentration (see Appendix
3). Note that in the other ROTAN models discusseldw, nitrogen is only generated
in the soil layer.

5.6.1 Nitrogen generation

Figure 31 compares annual average nitrogen coratEms predicted in the
Ngongotaha Stream, assuming:

a. 75% of nitrogen generation occurs in the soil lagyed 25% in the quickflow
aquifer (top), and

b. 100% of nitrogen generation occurs in the soil tapettom).

For case (a) 25% of the total nitrogen export isegated in the quickflow aquifer, and
20% of the nitrogen generated in the soil layep algains through the quickflow
aquifer. Consequently 40% of the nitrogen expart,dnly 20% of total runoff, passes
through the quickflow aquifer, and quickflow contrations are high. For case (b)
20% of the nitrogen generated in the soil layeindréhrough the quickflow aquifer
but no nitrogen is generated. Consequently, quekitoncentrations are lower than
for case (a). The converse is true for slowflow apdngflow — for case (b) a higher
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proportion of total nitrogen export passes throtighslowflow and deep aquifers, the

water flow remains unchanged, and consequentlpgetn concentrations are higher
than for case (a).

The time scales at which the deep aquifer resptmdisnd use change is similar in
both scenarios because drainage and springflowrarieanged. The nitrogen loading
changes and as a result nitrogen concentratiofes Oitween scenarios.
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Figure 31: ROTAN-1 Scenario R-350. Predicted annual averag@gen concentration in the
quickflow, slowflow and deep aquifers of the Ngotadwm catchment assuming: 75%
of nitrogen is generated in the soil layer and 2B%he quickflow aquifer (top) and

100% of nitrogen is generated in the soil layerttfbn). The vertical lines denote
2008 and 2015 when land use changes occur.
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Figure 32:

Figure 32 shows that despite significant differeniceconcentration, the differences in
total load (viz., quickflow + slowflow + springfloyare relatively small. Of particular
importance is the fact that the rate of changeotdl tload following the land use
changes in 2008 and 2015 are not significantlyedsfit for cases (a) and (b). In other
words, the rate of change of nitrogen load is troingly influenced by the mechanism
of generation.

In ROTAN the proportions of nitrogen export fronetland reaching the lake via deep
groundwater and via near-surface flow are spatiatliform. There is evidence that
more water infiltrates (and hence more nitrogeremsntieep groundwater) in some
parts of the catchment than others — some partheotatchment have little or no
permanent stream flow (e.g., Hauraki, or Waitetadwaters etc.). The relative
locations of intensive land use and high infilvatisoils may affect the response
times. Further modelling work would be requiredjt@ntify this effect.
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ROTAN-1 Scenario R-350. Predicted annual averadal toitrogen load in the
Ngongotaha Stream assuming: 75% of nitrogen isrgégkbin soil layer 1 and 25% in
the quickflow aquifer (75/25), and 100% of nitrogsngenerated in soil layer 1

(100/0).
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5.6.2  Aquifer depth

The Ngongotaha aquifer has the shortest groundwar (16 years). Groundwater
concentrations increase significantly from 1980£0ith response to intensive
agriculture (Figure 31). Groundwater concentratials® decrease significantly from
2015-2100 in response to the reduced nitrogen &xpdrscenario R-350. The fairly
rapid change in groundwater concentrations is stersi with the short MRT of the
Ngongotaha aquifer.

Figures 33-34 show concentration and load predistiftor the Waingaehe Stream
whose aquifer has a long MRT (127 years). As exqae@uickflow concentrations are
higher for case (a) (75% generation in soil layemtl 25% in the quickflow aquifer)
than for case (b) (100% generation in soil layer @) contrast, slowflow
concentrations are higher for case (b) than cajefdjathe reasons discussed
previously. The main difference between Figures é8d 33 is that springflow
concentrations (viz., concentrations in the deeagfers) hardly change over time in
the Waingaehe, whereas in the Ngongotaha they eh&dy quickly. The muted
response of springflow concentration in the Waihgais a consequence of its very
long MRT. In ROTAN the long MRT was simulated by kitey the aquifer very deep
so that its volume is very large. ROTAN assumespteta mixing within the aquifer.
Land use intensification in both the Ngongotaha thikdWaingaehe commenced in the
1960s, at which time the nitrogen concentratiordriainage increased significantly.
However, because the deep aquifer volume in thenyéahe is large, and it is
assumed to be fully mixed, the rate of change otentration in the deep aquifer is
very slow. In the Ngongotaha, however, the deepfaguolume is small and so the
rate of change of concentration is fairly fast.
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Figure 33: ROTAN-1 Scenario R-350. Predicted annual averag@gen concentration in the
quickflow, slowflow and deep aquifers of the Waiaba catchment assuming: 75% of
nitrogen is generated in soil layer 1 and 25% @dhickflow aquifer (top) and 100%
of nitrogen is generated in soil layer 1 (bottofffe vertical lines denote 2008 and
2015 when land use changes occur.

Despite having a large, slow responding aquifes, rtirogen load in the Waingaehe
Stream is predicted to decrease quickly following fland use changes in scenario R-
350 (Figure 34). Although the loads in the Ngonbatand Waingaehe differ in
magnitude, the response times following land usengh appear to be similar — in
both streams, nitrogen load decreases quickly ltw2015 and 2030-2040 and,
thereafter, do not appear to change. One compigd#ictor is that in the Waingaehe
there was a significant land use change in 200&hwhe Wharenui block converted
from Dairy to DryStock or Forest — no comparabledlaise change occurred in 2008
in the Ngongotaha. Nevertheless, Figure 34 indscHtat stream nitrogen load in the
Waingaehe is predicted to decrease fairly quickNofving a reduction in nitrogen
export, despite its aquifer having a very long MRT.
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Figure 34:
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ROTAN-1 Scenario R-350. Predicted annual averadal twitrogen load in the
Waingaehe Stream assuming: (a) 75% of nitrogeerneigted in soil layer 1 and 25%
in the quickflow aquifer (75/25) and (b) 100% ofragen is generated in soil layer 1
(100/0).

This finding seems counter-intuitive. One might estpcatchments with short MRTs
to respond to land use change more quickly thachoants with long MRTs. The
reasons stream nitrogen load in the Waingaehe edligied to decrease quickly
following land use change include:

Only some of the nitrogen export drains into theplequifer to subsequently emerge
as springflow. In the ROTAN-1 simulations, 47% bEtnitrogen export enters the
stream via quickflow or slowflow, while 53% draittsthe deep aquifer. Nitrogen that
drains into the quickflow and slowflow aquifers chas the stream within months-
years and, therefore, aquifer N concentrationsorsmuickly to land use change.
Thus, in these simulations, about half the nitrogemort responds quickly to land use
change.

The other half of the nitrogen export enters thepdaquifer, and responds to land use
change more slowly. In the Waingaehe, by 2015 gétnoconcentrations in the deep
aquifer have not yet fully responded to the intemdiand use of the 1970-2000s.
Figure 33 indicates that concentrations in the degpfer hardly change from 1960-
2015 despite land use intensification and a sicguifi increase in nitrogen exports.
The reason, discussed above, is that the voluntieeadleep aquifer in the Waingaehe
is very large, and the model assumes the aquitngpletely mixed. The assumption
of well-mixed aquifers is commonly made (e.g., Mmngtern et al. 2005). If this
assumption is not valid then response times mdgriger than predicted.

Consequently, in the Waingaehe Stream in 2015:
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* Land use changes reduce exports close to pre-geweld levels.

e Quickflow and slowflow loads decrease quickly aft@015 to pre-
development levels.

« Springflow load hardly changes but springflow laadonly slightly higher
than it was pre-development.

» Total load decreases quickly soon after 2015 an@080-2040 is close to
pre-development levels.

By comparison, in the Ngongotaha Stream:

By 2015 nitrogen concentrations in the deep aquiéere increased significantly as a
result of land use intensification. The reasorh& the volume of the deep aquifer in
the Ngongotaha is small and by 2015 the springftmad lies close to the steady state
value for the intensive land use in the 1970-2000s.

In 2015 when land use changes:

e Quickflow and slowflow loads decrease quickly aft@015 to pre-
development levels.

» Springflow load decreases over about 32 years ¢tilie MRT of 16 years).

e In 2015, springflow load is significantly higherath its was pre-development
because nitrogen concentrations in the deep adigfelose to the steady state
value for the intensive land use of the 1970-2000s.

< Springflow load takes about 32 years to decrease flose to the steady state
value for current intensive land use to the stesdie for the new land use.

» Consequently, the total load (47% quickflow/slowflo- 53% springflow)
decreases at a moderate rate.

In both the Ngongotaha and Waingaehe streams, lmddl appears to approach a
steady state by about 2030-2040 (after 15-20 yeakspwever, in the Ngongotaha,
springflow concentrations reach a true steady stbitg about 32 years for constant
nitrogen exports — twice the MRT of 16 years. la Waingaehe, it would take about
254 years (twice the MRT of 127 years) for spriagflconcentrations to reach a true

1 Note that these simulations neglect ‘soil lagsiaitare of the order 10 years.
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steady state. However, because predicted springflmveentrations in 2015 are not
significantly different from pre-development valuethe very slow response of
springflow concentration has little effect on catent or lake load.

The finding that catchments with short and long MRiEve a similar response time is
partly dependent on the assumption that groundvietsell-mixed, and partly on the

assumed proportions of nitrogen reaching the lakedgep and shallow groundwater.
The assumption of well-mixed aquifers is commonlgde (e.g., Morgenstern et al.
2005). If this assumption is not valid then resgoriBnes may be longer than
predicted.

5.6.3 Size of the surface and groundwater catchments

The Hamurana Stream is the largest lake inflow (v 2.7 m3/s), but has only a
very small surface catchment (Figure 1). The Hamaur8prings are fed by aquifers
that lie to the north-west and north-east (Whitale2007, Morgenstern and Gordon
2006). Because its surface catchment is very srR@ITAN-0' predicts that the
quickflow and slowflow nitrogen loads in the Hamuaaare small compared with the
springflow nitrogen load (Figure 35, top). Nitrogenfiltrates into the aquifers
underlying the Mamaku, Hiwiroa, Hauraki and Kahasogace catchments (Figure 1)
and then makes its way to the Hamurana Springs.

The Awahou Stream is adjacent to the Hamuranasatbd groundwater dominated.
However, in the Awahou the surface catchment douliels a larger proportion of the
total nitrogen than does the surface catchmertarHamurana (Figure 35, bottom). In
2015 predicted springflow and quickflow loads ir tAwahou are 55 and 20 tN/yr
respectively (ratio 2.75), whereas in the Hamurtdveg are 50 and 5 tN/yr (ratio 10).
In these simulations, the MRT of the Hamurana amdhtfou are 40-60 and 20-30
years respectively. Consequently, springflow cotregions increase more slowly
from 1920-2015, and decrease more slowly from 20, in the Hamurana than in
the Awahou. Quickflow and slowflow respond quickiyboth the Hamurana and the
Awahou to the land use change that occurs in 20h&.Hamurana does not reach a
new steady state within the period of these sirmariat However, the Hamurana is
unusual in having such a small surface catchmert being dominated by
groundwater from aquifers with long lag times. Tb&l load responds more quickly
in the Awahou than in the Hamurana for two reagéigure 36). Firstly, the MRT of
the aquifer is lower in the Awahou than the Hamarg®econdly, the proportion of
quickflow and slowflow is higher in the Awahou thédre Hamurana.

12 ROTAN-0 has MRTs in the Hamurana and Awahou Steeafmorter than ROTAN-1.
However, these simulations are sufficiently acaurtd illustrate the behaviour of these
catchments.
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Figure 35: ROTAN-0 Scenario R-350. Predicted annual averagmgen loads in quickflow,
slowflow and springflow in the Hamurana (HAM) anevAhou (AWA) streams.
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Figure 36: ROTAN-O Scenario R-350. Predicted annual averadal twitrogen load in the
Hamurana (HAM) and Awahou (AWA) streams.
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6. ROTAN-2

6.1 Calibration

The models ROTAN-2 to ROTAN-9 were developed teasthe sensitivity of model
predictions to uncertainties in key model coeffitgeand input data.

In ROTAN-2 to ROTAN-9, large catchments contairnirgke, well-mixed aquifer (see
Figure 3), whereas in ROTAN-1 large catchments aiantseveral well-mixed
aquifers, connected in series and/or parallel Fsgeare 2).

ROTAN-2 differs from ROTAN-1 in that:

« 80% of infiltration enters deep groundwater (ratian 70%).

* 80% of nitrogen enters deep groundwater (rather 5386).

* 20% of infiltration enters shallow groundwater (@t than 30%).

« 20% of nitrogen enters shallow groundwater (rathan 47%).

In other respects ROTAN-2 and ROTAN-1 are identikitably:

MRTs for nitrogen match published values for tntigsee Table 7).

e There is less pasture in the 1920-1940s than in/RQ0.

« Nitrogen exports are higher than in ROTAN-O.

e There is a pulse of nitrogen during land developnrethe 1940-1970s that is
not included in ROTAN-O.

Soil lags are not included in the ROTAN-2 to ROTANRodels.

6.2 Results

Appendix 4 compares observed and predicted stréam TN concentration DIN
concentrations. Tables 14 summarises the goodrfefis af the model. Figure 37
compares observed and predicted total lake loads.

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 85



Figure 37:

The water balance for the lake is good but ROTApr&icts a smaller week-to-week
variability in lake outflow than what is observedean predicted and observed flows
in the major inflows do not match as well as in ROIF1, notably in the Waiowhiro
(see Table 15). However, internal aquifer boundaneROTAN-2 to ROTAN-9 were
not ‘fine-tuned’ to achieve water balances for widiial streams.
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Annual lake loads predicted using ROTAN-2 (solite) and ROTAN-1 (dashed line).
Also shown (circles) are published estimates dbhis lake load. The horizontal line
is the target load. Soil lags are not modelled.

ROTAN-2 predictions differ in two important respgétom ROTAN-1.
« Predicted lake loads under-estimate published dstichates (Figure 37).

* Predicted week-to-week variabilities of flow andncentration in most
streams are smaller than those predicted in ROTAdd are smaller than
what are observed (Tables 14 and Appendix 4).

The reason for these differences is that a highgpagstion of the nitrogen export is
routed through the deep groundwater in ROTAN-2 (B@8an in ROTAN-1 (53%).
Consequently, in ROTAN-2 a higher proportion of thitrogen yield experiences a
‘groundwater lag’ and the lake load takes longaespond to land use changes.

This may seem strange given that the MRTs in ROTIAAkd ROTAN-2 are similar,
and both match published tritium MRTs (see Table HQwever, in ROTAN-1 a
larger proportion (47%) of the nitrogen exportasited through the shallow aquifers
with MRTs of weeks-months than in ROTAN-2 (20%).idt not just the_mean
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residence time that determines lake load respanse tut the shape of the unit
response functidfl (URF).

Week-to-week variability is smaller than observadmost streams. This is because
only 20% of infiltration is routed through the dioal aquifers. Variability is high in a
few streams (notably Waiteti and Waingaehe). Toibaécause these catchments are
predominantly pasture and in ROTAN pasture funaiamits® (FUs) (viz., Dairy,
DryStock, Lifestyle, SepticTanks etc.) respond Rlyido rainfall. By comparison
forest FUs respond quite slowly.

6.3 Discussion

ROTAN-2 consistently under-estimates week-to-wekekv fvariability (viz., over-
estimates baseflows and under-estimates stormfléis)conclude, therefore, that the
proportion of infiltration entering deep groundwatie less than 80% — the figure
assumed in ROTAN-2. Note that the proportions diltiation entering deep and
shallow groundwater do not affect the long-term exdialance (viz., annual mean
flows still match observations) — only the weekateek variability in stream flows do
not match.

ROTAN-2 under-estimates published estimates of take load in the 1960s-1980s,
and under-estimates observed concentrations inraeweajor streams. Possible
reasons for this are:

Initial concentrations in the deep aquifers areenrabstimated.

e Historic nitrogen exports are under-estimated.

* Land use intensification occurred earlier thani®40s.

e Too much water and nitrogen is routed into deepimgovater.

The initial concentration in all ROTAN simulatioissassumed to be 0.4 g/m3. This is
an estimated concentration, assuming a pre-developexport of 4 kgN/halyr (a
‘typical’ value for forest) and an average infitica of 1000 mm/year. Morgenstern et
al. (2005) estimate a lower initial concentratiohOol4 g/m3 based on observed
concentrations in ‘old’ groundwater.

3 The URF is the distribution over time of lake legdiz., lake loads (tN/yr) in Years 0, 1, 2,
3..00) that arise from the export of one unit of nitronde.g., 1 tN) in Year 0.
% Functional units are described in detail by Riufdreret al. (2009).
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Anecdotal evidence suggests that parts of the weagnh were first cleared of native
bush in the 1920s and allowed to revert to scrubinduthe depression (Alastair
MacCormack, BoPR(pers. comm.). If so, the initial clearance may have released a
pulse of nitrogen into the deep aquifers and afiittoncentrations in 1920 may have
been higher than the 0.4 g/m3 value used in ROTAgficultural statistics do not
indicate that large areas were cleared for pagtuitee 1920s and in our opinion there
is insufficient evidence to support modelling sfgrdnt land use changes, or a
significant increase in nitrogen exports, earli@r the 1940s.

It would be necessary to increase yields by 20-1i0%e 1920s-1930s to match the
observed loads and this is considered to be ustiealHowever, in ROTAN-8 yields
are increased by 10%, in combination with other ehamefficient changes, and an
improved fit is obtained.

In our opinion the most likely reason ROTAN-2 unédstimates lake loads is that the
proportion of nitrogen exports entering deep grovateér is less than 80%.

6.4 Predictions

Notwithstanding the short-comings outlined abov€@TRN-2 was used to model
scenario R-350 (Figure 38). An interesting feanfr¢hese predictions is that there is
very little change in lake load in 2015 when nigngexports decrease significantly.
The reason is that nitrogen concentrations in deepndwater are either similar to, or
less than, the steady state values for the newdaadHence, springflow loads do not
change much from 2015-2100. The decrease in ladtlmat does occur in 2015 is the
result of the decrease in quickflow load, whichordy 20% of the total nitrogen
export.

6.5 Conclusions

ROTAN-2 does not match observed lake loads. Thet tilady reason is that the

proportion of nitrogen exports entering deep graustér is less than 80%. We
conclude that ROTAN-2 is not suitable for makinggictions about the effects of
land use change on load reductions and respones.tlowever, the behaviour of the
model helps interpret results from other ROTAN ruhshows that model predictions
are sensitive to the coefficients controlling thegortions of infiltration (water) and

export (nitrogen) routed through the shallow anelpdaquifers.
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Figure 38: ROTAN-2. Predicted lake loads for the current larsg (R-0) and one scenario of
land use change (R-350). Also shown is the taaget (horizontal line) and published
estimates of lake load (circles). Simulations asswhmate change (CC). Land use
change is assumed to occur in 2015 (vertical li@e)l. lags are not modelled.
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Table 14: ROTAN-2: Observed and predicted mean flow and géroconcentration.

Mean observed Mean predicted RMS error N Comment
Stream Flow (L/s)
Hamurana 2646 2479 359 244
Awahou 1609 1829 312 405
Waiteti 1176 1739 646 513 Low variability
Ngongotaha 1761 1947 594 1820 Low variability
Waiowhiro 334 793 481 371 High mean
Utuhina 1943 1961 562 1628 Low variability
Puarenga 1772 1343 640 1336 Low variability
Waingaehe 234 293 91 739
Waiohewa 334 399 117 452
Ohau Channel 17694 17574 3275 2981 Low variability
Mean observed Mean predicted RMS error Mean observ  ed Comment
Stream Concentration (QTN/m3)
Hamurana 0.764 0.760 0.259 94
Awahou 1.275 1.118 0.370 209 Low mean 1970s, 1990s
Waiteti 1.380 1.374 0.512 97
Ngongotaha 1.008 1.133 0.368 276 Low variability
Waiowhiro 1.132 1.170 0.458 122 Low variability
Utuhina 0.950 0.873 0.333 149 Low variability, Low mean 1970s, 1990s
Puarenga 1.163 2.192 1.258 215 High mean
Waingaehe 1.605 1.532 1.000 121 Low variability
Waiohewa 3.645 2.551 1.937 119 Low variability
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7. ROTAN-3

7.1

7.2

Calibration

The key features of ROTAN-3 compared with ROTANk: a

»  70% of infiltration enters deep groundwater (ratian 80%).

* 53% of nitrogen enters deep groundwater (rather 886).

* 30% of infiltration enters shallow groundwater (i@t than 20%).
*  47% of nitrogen enters shallow groundwater (rathan 20%).

In other respects, ROTAN-3 and ROTAN-2 are idefhtica

Results

Appendix 5 compares observed and predicted stredow, ftotal nitrogen
concentration (TN) and dissolved inorganic nitrogemcentration (DIN). Table 15
summarises the model fit. Figure 39 compares obgeamd predicted total lake loads.

Predicted and observed mean flows in the Ohau Ghanatch closely (Table 15),

indicating a good water balance for the catchmerat @hole. Predicted week-to-week
variability in Ohau Channel flow is higher than ROTAN-2 and better matches
observed variability (Appendix 5). The water baksdor individual streams are not
as good as in ROTAN-1. However, as for ROTAN-2eiinal aquifer boundaries were
not ‘fine-tuned’ to achieve water balances for undiual streams. Short-term flow

variability is higher than in ROTAN-2, but is stibwer than observed in three of the
nine major streams (see Table 15).

Predicted mean concentrations match observatioris invdive of the nine major
streams (Appendix 5, Table 15). However, in the Asg predicted concentrations
are smaller than observed TN concentrations in18&s and 1990s, while in the
Puarenga, Waiteti and Waingaehe predicted condiEmsa consistently exceed
observations. Short-term variability in concentratis higher than in ROTAN-2 and
matches observed variability in most catchmentsp@glix 5, Table 15). However,
predicted variability is higher in the Waiteti, atmver in the Waiowhiro, than is
actually observed.

ROTAN-3 predicts annual lake loads that match shield estimates fairly well, and
are similar to ROTAN-1 loads (Figure 39).
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Figure 39:

7.3
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Annual lake loads predicted using ROTAN-3 (solite)iand ROTAN-1 (dashed line).
Also shown (circles) are published estimates oé lldad. The horizontal line is the
target load. Soil lags are not modelled.

Discussion

ROTAN-3 provides a moderately good fit to obserfledss, concentrations and lake
loads — similar to ROTAN-1.

However, concentration mismatches remain in thedPgm and the Awahou, and to a
lesser degree in the Waiteti and Waingaehe. Asisiisrl in Section 4.3, an improved
match to concentrations in the Puarenga could béeed by reducing the yields
from DryStock and Dairy in that catchment, as wasedfor Forest.

In the Awahou, ROTAN-3 predicts an increase in emiations from 1920-2010 but
predictions lag observations by 20-30 years (sgaeAgix 5). There are four possible
reasons for this mismatch:

Nitrogen exports may be higher than specified.

There is uncertainty about historic nitrogen expoHowever, in other parts of the
catchment, the rates estimated from historic stmckates using Overseer® give a
good match between observed and predicted streaogem concentrations. Were
nitrogen export rates to be increased across thelewltatchment to match
concentrations observed in the Awahou, this woelsult in concentrations being
over-estimated in most other catchments.
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Theinitial concentration may be higher than specified.

Because of the long groundwater lag time in the KWava (61 years), the initial
concentration specified in 1920 affects predictiamdil at least the 1980s. If the
concentration in 1920 were set at say 0.75 g/me&) firedicted concentrations in the
1970s and 1990s would increase and better matcknai®ns. In the 2000s,
predicted concentrations would remain similar beeathey are less affected by the
initial concentration. A higher initial groundwatertrogen concentration would be
justified if, within the Awahou catchment, thereswvintensive agriculture in the early
1900s, a high population density (viz., septic &nk the early 1900s, and/or a source
of geothermal nitrogen. There is no recorded geptlk activity in the Awahou
catchment. Population density is known from censtasistics. Historic land use is
discussed below.

L and use changes may have occurred earlier than specified.

A higher initial concentration in the Awahou aquifgould be justified if there was
more intensive agriculture within the Awahou catemmin the early 1900s than is
currently modelled. The first reliable land use msvailable for 1958. It shows
some dairying in the catchment, but it is not cledren this commenced. It is
desirable to seek earlier land use or land covéa ¢eg., from the 1940 aerial
photographic survey of New Zealand).

The MRT of deep groundwater may be shorter than specified.

The MRTSs reported by Morgenstern et al. (2005) tjfyathe average residence time
of ‘bomb tritium’ in historic rainfall. There arétee potential problems with using
tritium to estimate the MRT of nitrogen.

First, nitrogen and tritium may follow differentofiv pathways. Nitrate plus nitrite
(NNN) is highly mobile in the soil and, once gerietq follows a similar flow
pathway to tritium. Ammoniacal-N (NH4N) is less nilelthan nitrate in the soil, and
generally does not leach into groundwater at a ab. However, NH4N can be
oxidised to NNN which then gets mobilised. The m&joof NNN makes its way to
the lake by the same pathways as tritium, so teatMRTs estimated by Morgenstern
et al. (2005) apply to NNN. Dissolved organic mat(®ON) occurs in stream
samples. Very little is known about the rates aictviDON is leached from pasture,
its bioavailability, and hence its impact on streaend lakes. Particulate organic
nitrogen (PON) finds its way into streams and thkel through surface processes
(erosion and overland flow). PON travels by diffarpathways and probably reaches
the lake without experiencing ‘groundwater lagséitNer DON nor PON is included
in the nitrogen yields estimated by Overseer®. D@i/or PON exports could be

Prediction of nitrogen loads to Lake Rotorua ushgROTAN model 93



included in ROTAN by increasing Overseer® yieldsluble DON could be made to
follow the same pathway as NNN by specifying ithemation in the soil layer.
Particulate PON could be made to follow a differgathway by specifying its
generation in the quickflow or slowflow aquifers.

Second, the spatial distributions of rainfall aritagen export are not co-incident.
Rainfall is not distributed uniformly within the Aatou catchment — there is a strong
gradient with higher rainfall on the Mamaku Plateathe head of the catchment than
near the lake in the lower parts of the catchmBmior to the 1960s, agriculture
appears to have been concentrated in the lowes pathe Awahou catchment, but
from the 1970s onwards, dairying has expandedtianiddle and upper parts of the
catchment. It is conceivable that much of the histaitrogen generation occurred
close to the Awahou Springs and the lake, rathan theing distributed uniformly
across the catchment. If so, then the MRT for ggromay be lower than the MRT of
tritium in rainfall.

Third, there is evidence of localised ‘connectioms*short circuits’ between parts of
the land surface and streams or springs. For exaniRdng et al. (1996) report
evidence of high nitrate concentrations in certagmes, thought to have occurred
because of such ‘connections’ to contaminated $eeas, offal holes, septic tanks,
dairy shed disposal areas etc.). Such small-seaeanections’ are not currently
modelled within ROTAN which assumes one or morg/falixed aquifers.

7.4 Predictions

ROTAN-3 predicts a rapid decrease in lake loadfihg land use changes in 2015
(Figure 40). The reasons for this are discussetdiail in connection with ROTAN-1
(see Section 5.2) and are not repeated here.

75 Conclusions

ROTAN-3 gives very similar predictions to ROTAN-Both assume that similar
proportions of infiltration (water) and export (@itjen) are routed to the lake via deep
aquifers, and both have MRTs that match publisheldes. The main difference
between the two models is that ROTAN-3 assumesglesiwell-mixed aquifer in
each catchment, whereas ROTAN-1 assumes two or separate aquifers connected
in series and/or parallel. The internal aquiferrimtaries in ROTAN-3 have not been
‘fine-tuned’ to achieve a water balance in eacthefnine major streams, but this does
not adversely affect the water balance for the (ak@ch is excellent) or alter the total
lake load significantly (although it might have acend-order effect on response
time).
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These simulations indicate that similar responsediare predicted assuming a single
well-mixed aquifer in each large catchment (as DTRN-3) or assuming several,
smaller connected aquifers (as in ROTAN-1).
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ROTAN-3. Predicted lake loads for the current larsg (R-0) and one scenario of
land use change (R-350). ROTAN-4 predictions. Bgi are not modelled.
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Table 15: ROTAN-3: Observed and predicted mean flow and géroconcentration.
Mean observed Mean predicted RMS error N Comment
Stream Flow (L/s)
Hamurana 2646 2195 539 244 Low mean
Awahou 1609 1641 203 405
Waiteti 1176 1796 724 513
Ngongotaha 1761 1965 559 1820 Low variability
Waiowhiro 334 722 409 371 High mean
Utuhina 1943 1980 492 1628 Low variability
Puarenga 1772 1387 577 1336 Low variability
Waingaehe 234 290 96 739
Waiohewa 334 394 107 452
Ohau Channel 17694 17356 3112 2981
Mean obs conc Mean prd conc RMS
N Comment
g/m3 g/m3 g/m3

Hamurana 0.764 0.714 0.256 94
Awahou 1.275 1.084 0.428 111 Low 1970s-1990s
Waiteti 1.380 2.301 1.720 97 High variability, high mean
Ngongotaha 1.008 1.352 0.753 276
Waiowhiro 1.132 1.095 0.469 122 Low variability
Utuhina 0.950 1.062 0.485 149
Puarenga 1.163 2.935 2.363 215 High mean
Waingaehe 1.605 2.760 2.679 121 High mean
Waiohewa 3.645 3.273 1.957 119
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8. ROTAN-4

8.1 Calibration

The key features of ROTAN-4 which differ from ROTANare:

« 35% of nitrogen enters deep groundwater (rather 5386).

* 65% of nitrogen enters shallow groundwater (rathan 47%).

In other respects ROTAN-3 and ROTAN-4 are identiddlere are no differences in
predicted flow.

8.2 Predictions

Appendix 6 compares observed and predicted totedgdn concentration (TN) and
dissolved inorganic nitrogen concentration (DIN)lows are unchanged from
ROTAN-3. Table 16 summarises the model fit for @nication. Figure 41 compares
observed and predicted total lake loads.

The week-to-week variability in concentration igiér than in ROTAN-3 because a
higher proportion of the total nitrogen exportasited through the shallow aquifers in
ROTAN-4 (65%) than in ROTAN-3 (53%). This has twansequences.

First, baseflow concentrations are consistentlyemastimated in ROTAN-4 (see
Appendix 6 and Table 16). Emerging springflow makesignificant contribution to
baseflow. Groundwater concentrations are lower @TRN-4 because a smaller
proportion of the total nitrogen export (35%) biietsame proportion of total
infiltration (70%) is routed into the deep aquifergesulting in lower groundwater
concentrations.

Second, response time to land use changes areesshiosin in ROTAN-3. This is

because a higher proportion of the total nitrogepoet is routed to the lake through
shallow aquifers which have response times of weadsths. As a result, predicted
concentrations exceed observations in severalmstredth intensive land use (Table
16).

Annual lake loads are higher than in ROTAN-3 antlidpanatch published estimates
(Figure 41). This is largely the result of the @=se in response times. Farming
intensity and nitrogen exports increased during 18d40s-1970s and the shorter
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response times resulted in a faster increasekéenldéed than in ROTAN-3 and hence
a better fit to historic loads.

ROTAN-4 gives annual lake loads that match obsmmat more closely than
ROTAN-3. However, this does not guarantee that iit provide more accurate
predictions. ROTAN-4 predicts a very rapid reductio lake load following land use
changes and export reductions in 2015 (Figure #Bp load target of 405 tN/yr
appears to be achieved by 2020 (viz., within ceéry).
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Figure41: Annual lake loads predicted using ROTAN-4 (solite) and ROTAN-3 (dashed line).
Also shown (circles) are published estimates o€ ladad. The horizontal line is the
target load. Soil lags are not modelled.

8.3 Conclusions

The fact that ROTAN-4 consistently under-estimategseflow concentrations
indicates that it under-estimates the amount obgén finding its way to the lake via
the deep aquifers. Were ROTAN-4 used to prediceffects of land use change, it is
likely to under-estimate the response time. We kwmlecfrom these simulations that a
higher proportion of the total nitrogen export estdeep groundwater than the value
of 35% used in ROTAN-4.
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Figure 42: ROTAN-4. Predicted lake loads for the current larsg (R-0) and one scenario of
land use change (R-350). Soil lags are not modelled
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Table 16: ROTAN-4: Observed and predicted mean TN concentrati

Mean obs Mean prd RMS error N Comment
Stream Concentration (QTN/m3)
Hamurana 0.764 0.667 0.282 94 Low baseflow
Awahou 1.275 1.035 0.515 111 Low baseflow, low mean
Waiteti 1.380 2.930 2.590 97 High variability, high mean
Ngongotaha 1.008 1.513 1.060 276
Waiowhiro 1.132 1.014 0.529 122 Low baseflow
Utuhina 0.950 1.212 0.691 149 Low baseflow
Puarenga 1.163 3.507 3.181 215 High variability, high mean
Waingaehe 1.605 3.567 3.953 121
Waiohewa 3.645 3.774 2.561 119 Low baseflow

Prediction of nitrogen loads to Lake Rotorua uslrggROTAN model

100



0.

ROTAN-8

9.1

9.2

Predictions

ROTANS-8 is identical to ROTAN-3 except that allniggen exports are increased by
10% in all years. This simulation explores whetheder-estimation of historic yields
could explain mismatches to historic lake loads strehm concentrations.

Appendix 7 compares observed and predicted totedgdn concentration (TN) and
dissolved inorganic nitrogen concentration (DIN)lows are unchanged from
ROTAN-3. Table 17 summarises the model fit for @nication. Figure 43 compares
observed and predicted total lake loads.

Compared with ROTAN-3: (1) annual lake loads aghar which gives a better fit to
published loads, (2) predicted mean concentratinagh better, and (3) short-term
variability matches better in most streams. Howgverthe Awahou, predicted
concentrations still under-estimate observed TNceaotrations in the 1970s and
1990s, while in the Puarenga they still over-estenudbservations.

ROTAN-8 predicts a very rapid decrease in lake lfmldwing land use changes in
2015 (Figure 44). The response time is similar @TRN-3 and ROTAN-1 for the
reasons discussed earlier.

Conclusions

Scaling was undertaken because of uncertaintidgsioric yields. After increasing
nitrogen yields by 10% ROTAN-8 gives a good fitistoric lake loads, and to stream
concentrations in most streams. Current and futiglels do not have the same high
uncertainty as historic loads. Consequently, ROT&AMNd ROTAN-3 will give
identical predictions of future load reductions ardponse times for the same land
uses and nitrogen yields. Nevertheless, these afions show that an improved fit to
historic lake load and stream concentrations (ibati the Awahou and Puarenga) can
be achieved by increasing historic nitrogen yiétdgalues that remain plausible.
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Figure43: Annual lake loads predicted using ROTAN-8 (solite)iand ROTAN-3 (dashed line).
Also shown (circles) are published estimates oé lldad. The horizontal line is the
target load. Soil lags are not modelled.
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Figure 44: ROTAN-8. Predicted lake loads for the current lars# (R-0) and one scenario of
land use change (R-350). Soil lags are not modelled

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model 102



Tablel7: ROTAN-8: Observed and predicted mean TN concentrati

Mean obs Mean prd RMS error N Comment
Stream Concentration (QTN/m3)
Hamurana 0.764 0.761 0.256 94
Awahou 1.275 1.173 0.417 111 Low mean
Waiteti 1.380 2.516 1.995 97 High variability
Ngongotaha 1.008 1.484 0.877 276
Waiowhiro 1.132 1.190 0.496 122
Utuhina 0.950 1.151 0.594 149
Puarenga 1.163 3.207 2.667 215 High mean
Waingaehe 1.605 3.004 2.994 121
Waiohewa 3.645 3.586 2.088 119
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10. ROTAN-9

101

Figure 45:

Predictions and conclusions

ROTAN-9 is identical to ROTAN-3 except that weekginfall and PET in three dry
years soon after the land use change (2020-2022p@aapped’ for rainfall and PET
in three wet years (2072-2074). There are no clsatmeoncentrations or lake loads
prior to 2015 compared with ROTAN-3.

In 2020-2022 lake loads predicted by ROTAN-3 amedothan those predicted by
ROTAN-9 because the former are affected by the vbeleerage rainfall. The
converse is true in 2072-2074. In other years, fhedicted lake loads are
indistinguishable (Figure 45). The effects of aigerof low or high rainfall are
predicted to be quite transient.

The conclusion from this comparison is that thequeof dry weather soon after the
land use change in 2015 is not the main causeeofapid decrease in predicted lake
load. Periods of prolonged low or high rainfall ilowever, give rise to fluctuations in
lake load of the order 100 tN/yr.
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Predicted lake loads assuming 3 dry years (ROTAIR) 3 wet years (ROTAN-9)
soon after land use change (2020-2022). Also shiswhe comparison assuming 3
wet and dry years near steady state (2072-2074)la8e are not modelled.
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11. Discussion and conclusions

111 Soil lags

Currently when modelling land use changes in ROTAte nitrogen export rate
changes immediately. However, it may take seveeaks for nitrogen stores in the
soil to be depleted and for the nitrogen exporntieéorease to a steady state value for
the new land use (the soil lag). Overseer® is useOTAN to estimate nitrogen
export rates but it only gives the long-term averagport and does not account for
soil lags.

Soil lags affect nitrogen exported via shallow &epg with MRTS of months-years. In
these simulations, shallow aquifers carry 47% efttital nitrogen export. The other
53% enters deep groundwater where lags are 16-&arsyIn most catchments,
groundwater lags are large compared with soil lagjsough in a few catchments
(Ngongotaha) soil lags may be comparable with gilawter lags.

Currently, ROTAN neglects soil lags, which meanat tsimulations furnish a lower

bound estimate of the how quickly the lake loadpoesis to land use changes.
However, outputs from ROTAN-1 were ‘post procesgedhimic soil nitrogen stores

adjusting to new land uses at a rate of 10% per. yidas added 10-20 years to the
predicted response time.

Including the effects of soil lags, these simulasiandicate that the ‘response time’ of
lake load to a step change in land use is of tdera85 years. Here ‘response time’
means that within 35 years the lake load is expeiticbe within 10-15% of the new
total nitrogen export, although it may take up @ Years for the lake load to fully
adjust to the new land use.

No reliable information about soil lags in Rotorsails exist at present. If such
information became available, ROTAN could be madifiso that nitrogen exports
adjusted over several years after a land use change

11.2 Land use change

Scenarios R-250, R-300 and R-350 assume that Isadcclianges all occur in 2015
(step change). In practice, land use change ilyltkeoccur progressively over several
years or decades. This study did not run scenariagich land use change occurred
over say 10-20 years, although such simulationiddmeirun in the future.

Managers can, however, make rough calculationsstisate the time required for
lake load ‘recovery’. If land use were to changerosay 15 years, then assuming a
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response time of 35 years, the lake load wouldXpeaed to recover in about 50
years. Here ‘recovery’ means that lake load is etqaeto be within 10-15% of the
new total nitrogen export within about 50 yearshalgh it may take 100 years or
more for the lake load to fully adjust to the nend use.

11.3 New land uses

The scenarios consider only a small number of thesiple land uses after 2015
(Dairy, DryStock, LifeStyle and Forest). Innovatilend uses (e.g., Cut and Carry,
Organic Dairy, Tree Crops etc.) are not considénethis report. It is important to

note, however, that the scenarios quantify whatpbap to lake load when total
nitrogen exports remain constant or are reduce2bBy 300 and 350 t/yr regardless of
how those reductions are achieved. These sceraraide estimates to be made of:

e export reductions that will be required to meetltie load target, and

» time delay after the export reductions before &hke lload reaches the target.

If land uses other than those modelled are identifis being attractive (e.g., based on
economics and nitrogen export), then either esémaf lake load can be made from
these simulations, or ROTAN can be re-run to previtbre detailed predictions.

114 Meeting lake load tar gets

Figure 20 indicates that the average of the predikike loads 2080-2100 are close to
the target of 405 tN/yr for scenarios R-300 and3R-3Together with Table 10, this
confirms that scenarios R-300 and R-350 ‘brackbg take load target. These
simulations indicate that for the catchment expmat to match the lake load target of
405 tN/yr, total nitrogen export needs to be reduftem the current value of 725
tN/yr by about 320 tN/yr.

The 405 tN/yr target includes geothermal inputgtisetanks and sewage. The
principal geothermal input is Tikitere (30 tN/yrhcathe principal sewage input is
drainage from the RLTS (consent limit 30 tN/yr)the Tikitere nitrogen input were to
be reduced (trials are underway) by say 60% (byN2@r), then reduction by another
300 tN/yr needs to be sought from forests, farmlaegtic tanks, and urban runoff.

Note that in Tables 4-5 ‘exports’ are nett of attgrauation. In ROTAN attenuation is
only significant in the Puarenga catchment, wheie suspected that wetlands remove
or store nitrogen. In the Puarenga catchment,tperefrom Forest is 50% lower than
in the other catchments, and the export from th& RIs 60% of the applied nitrogen
load.
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115 Responsetime

ROTAN simulations produce two findings that seemnter-intuitive.

First, when total nitrogen export remains unchangetds current value (Figure 21),
lake load is predicted to increase slowly overribgt 70 years, approaching a steady
state of 725 tN/yr at about 2070-2080, but doesfulbt adjust until well after 2100.
However, following a step reduction of nitrogen estpby 350 tN/yr, lake load is
predicted to decrease significantly over a peribdlmut 35 years and approaches a
steady state of 375 tN/yr by about 2050 (Figure ZBys lake load approaches steady
state faster following a step reduction in nitrogeports than if exports remained
constant.

Second, following a step reduction in nitrogen ekpgbe stream load leaving a
catchment with a short groundwater lag time (Ngdéalga, MRT 16 years) and the
stream load leaving a catchment with a long growdiMag time (Waingaehe, MRT
127 years), both decreases quickly and at a simat@. Both findings arise from
similar mechanisms, which were described in detaith the aid of simulations in
catchments with different aquifer and surface aatett characteristics, in Section 5.

The following concepts are the key to understanttiiegoredicted behaviour.

If the total export is increased and held constidet,predicted lake load will increase
gradually and eventually reach a steady state,ldquthe total export minus any
attenuation. The time it takes for the lake loadetach steady state will depend on the
lag times of the shallow and deep aquifers, andrtagnitude of the increase in total
export.

If the total export is decreased and held constdrg, predicted lake load will
eventually reach a new steady state equal to tive to¢al export minus any
attenuation. If at the time the export is decreahedload is higher than the new
steady state, the load will gradually decrease twee. However, if at the time the
export is decreased the load is lower than the steady state, the load will gradually
increase over time. The time taken to reach the steady state depends on: the lag
times of the shallow and deep aquifers — as befaed the length of time the export
had been at the old level.

In order to reach the lake load target, total gigm export nett of any attenuation
needs to be reduced to equal the target.
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Considering the ROTAN simulations for Lake Rotorabput half the total nitrogen

export enters the shallow groundwater that respdnd$éand use change within

months-years in all catchments. The other halfrerdeep groundwater with lag times
of 16-127 years.

In catchments with a short deep groundwater lag {ib6 years):

« Deep groundwater nitrogen concentrations increem® f1960-2010 in response
to land use intensification and the resulting higihogen exports. By 2015, deep
groundwater concentrations approach the steady etdtie for the high nitrogen
exports because the groundwater lag time is short.

* In 2015, nitrogen exports drop. It takes about 8ary (twice the lag time of 16
years) for deep groundwater concentrations to @mra new steady state for the
lower export rates. During that time the deep gdwater (viz., springflow) load
decreases significantly. This accounts for aboft 50 the total load.

e The shallow groundwater load decreases very quidlkig sum of the shallow and
deep groundwater loads decreases only moderatatklyjbbecause of the high
initial deep groundwater load.

In catchments with a long deep groundwater lag {isag 127 years):

* Deep groundwater nitrogen concentrations hardiypgedrom 1960-2010 despite
land use intensification and high nitrogen expoftsis is because it takes about
254 years (twice the lag time of 127 years) fougdwater concentration to reach
steady state and land use intensification only cenued in the 1960s.

* In 2015 nitrogen exports drop. However, in 2015ugdwater concentration is not
significantly different from pre-development valudherefore springflow (viz.,
deep groundwater) load hardly changes.

e The shallow groundwater load decreases very quitkiyice, the sum of the deep
and shallow groundwater loads decreases quite lguidiowever, it takes a very
long time for the deep groundwater to reach adtaeady state.

11.6 Robustness of predicted responsetime

The ROTAN simulations indicate that if total niteog exports are reduced by 320
tN/yr and held constant then the lake load will rdase quite quickly and will
approach the target of 405 tN/yr within about 3arge This is a faster recovery than
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expected. There is a plausible explanation — dssmligarlier — but uncertainty about
the response time exists.

The response time of 35 years is a likely lowerrabwhich assumes that:

* On average the proportions of nitrogen export ftbemland reaching the lake
via deep groundwater and near-surface flow are &3&07% respectively.

* Deep groundwater is well-mixed.

In ROTAN, the proportions of nitrogen exported fron@ land reaching the lake via
deep groundwater or near-surface flow are spatialifjorm. There is evidence that
more water infiltrates (and hence more nitrogeremsntieep groundwater) in some
parts of the catchment than others — some partheotatchment have little or no
permanent stream flow (e.g., Hauraki, or Waitetadwaters etc.). The relative
locations of intensive land use and high infilbatisoils may affect the response
times. Further modelling work would be requiredjt@ntify this effect.

The assumption of well-mixed aquifers is commonhade (e.g., Stewart and
Morgenstern 2001). If this assumption is not véftien response times may be longer
than predicted by ROTAN. However, ROTAN is calileditso that the MRTs match
published values for tritium (Morgenstern et al02D This ensures that ROTAN
matches the ‘average’ lag time. However, ROTAN may match the distribution of
lag times. The assumption of complete mixing metias when a slug of nitrogen
enters the aquifer it immediately mixes and, assalt, outlet concentration increases
immediately regardless of where in the catchmeatsing entered the groundwater.
Concentrations then decreases exponentially oxez.tln a poorly mixed aquifer, a
slug of nitrogen that enters near the outlet mayseaoutlet concentration to increase
almost immediately. However, a slug of nitrogenttkaters near the top of the
catchment may take a long time to make its wayh# dutlet. The behaviour of a
poorly mixed aquifer may be better captured bytee&ntube’ or ‘particle tracking’
model, such as the GNS FEFLOW model (Chris Daugh@&is, pers. comm.).

We note that the published tritium MRTs (Morgenstet al. 2005) were estimated
using the pistonflow-exponential model which asssimell-mixed aquifers, and that
the FEFLOW model has been calibrated to matchritiet MRTs. We conclude that
the ROTAN assumption of well-mixed aquifers is deible.

Consequently, the aspects of the current ROTAN lsitims that most affect the
predicted response time are the proportions dtriafion that enter deep groundwater
(53%) and shallow groundwater (47%). In our opintbese proportions (53% and
47%) are defensible estimates of the ‘average’ gntags — based on the fact that
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they give a reasonable match to week-to-week viitiam flow and concentration.
As discussed above, however, these proportionsvargyspatially and this may affect
the response time. Further modelling work couldityee on this topic.

The work done with ROTAN leads us to the conclugtmat the lake load is likely to
decrease faster than was suggested by other wsirlg astimates based on published
groundwater MRTs. We believe our conclusion is stbaven if the estimated
response time of 35 years is open to debate.

11.7 Targeting catchments

One might expect catchments with short MRTs to gadpto land use change more
quickly than catchments with long MRTs. Indeedcdssions about how to achieve a
rapid reduction in lake load have tended to asstinisewill be achieved by focusing
mitigation efforts in catchments with short MRTowtver, the simulations presented
in this report indicate that this may not be thstlst¢rategy.

Before identifying catchments to target for lané abhange, it is necessary to consider:
the lag times of the deep groundwater, as welttes:steady state concentrations in
deep groundwater for the historic land use, howselourrent deep groundwater
concentrations are to historic steady state coratioris, and the steady state
concentrations in deep groundwater for the proposedland use.

These four factors determine how quickly land ubanges in a given catchment
contribute to a reduction in lake load, not just finst factor. These factors are in turn
influenced by: the location of aquifer and surfacatchment boundaries, the
proportion of water infiltration that enters theicdlow, slowflow and deep aquifers,
and the proportion of nitrogen export that entées quickflow, slowflow and deep
aquifers.

A closer examination of the results of the existR@OTAN simulations on a
catchment by catchment basis, in conjunction wituriil staff and stakeholders,
could help identify how to achieve the most ragduction in lake load. However, it
may not be sensible to try and ‘optimise’ mitigasobased solely on achieving the
most rapid reduction in lake load. It may be bettefocus mitigation measures on
land parcels where it is easiest and/or leastyctstlieduce nitrogen exports regardless
of where these lie in the catchment. The simulatidane during this study suggest
that export reductions in catchments with widelffeding characteristics could result
in significant lake load reductions within a periaidabout 35 years.
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13. Appendix 1. Review by GNS and responses

Comments on: Prediction of nitrogen loads to LakéoRua using the ROTAN model
Kit Rutherford et al. NIWA client report Ham20104.8ebruary 2011

Paul White
Responses by Kit Rutherford & Chris Palliser

Introduction

1.1 Para 2 references White et al. 2004 — shoigdothWhite et al. 2007®/hite 2004
reviews the geology, and is the intended reference.

White et al. 2007 contained a summary of the mamygs and spring-fed streams in
the Lake Rotorua catchment — is this worth refdranas a development form Pang et
al. 19967Pang is mentioned. | have added reference to Véhié 2007.

1.2 ROTAN is at the catchment scale — | think thiorth mentioningDone.
Note N species considered in the report (e.g.|2aoti#rate-nitrogen?Note added.

Re the ‘two challenges for managers’
- in my opinion the stated challenges ignore direttient export to the lake with
groundwaterQOur term ‘runoff’ includes both stream and grouatisv flow. We
have reworded this sentence to separate streamgimumndwater flow.

- | presume therefore that ROTAN considers only rbiaafl does not consider
direct nutrient export to the lake with groundwatacorrect. ROTAN considers
both groundwater and stream flow.

- itis a surprise that ROTAN does not address dmatient export to the lake
with groundwater as White et al. (2007, their tat88, 36) estimate significant
water and N discharge with direct gw outfloROTAN does ‘address’
groundwater water and nitrogen loads to the lakavéver, in this report all
groundwater generated in sub-catchments adjacdin¢ take is assumed to re-
emerge as springflow at the lake edge. This assampas no effect on the total
water and nitrogen load entering the lake.

- Inthe larger catchments (e.g., Ngongotaha), théetrmssumes small sub-
catchments between the flow recorder site andatke Infiltration and runoff
from these small sub-catchments is assumed to enasrgpringflow at the lake
edge and flow into the lake as stream flow. It deedually well have been
assumed to flow into the lake as ‘groundwater dir&ither assumption would
give the same total water and nitrogen inflow t® like.

- NIWA notes that the GNS model assumes rainfall aegh of 14.47 m3/s based
on their extrapolation of Hoare’s rainfall surfdoe 1976-1977 assuming 50%
of rainfall infiltrates. The approach is sensibheldhe estimate is plausible.
However, there are large uncertainties in estingatetchment-scale rainfall and
infiltration, and so in our opinion estimates oflarge should be ascribed an
uncertainty of at least 10% and possibly 20-30%hBord et al. 2008 discuss
errors in rainfall and AET. We note that White 2009 page 27 give another
estimate of recharge — 15.2 m3/s. So from GNS éguthe uncertainty in
rainfall recharge is at least 5%.
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- White et al. 2009 p22 gives a total streamflow 026 m3/s. On page 75 they
state that the model was calibrated to a totahsiftow of 11.913 m3/s — for
reasons that are not clear to the reader. HoaBd&)9neasured streamflow
totalling 13.7 m3/s — higher than either GNS figuaS streamflow data are
summarised in Table 8 page 23. We note that Tatme8 not use all the
available streamflow data. The major sites haws fliecorders that operated
during 1974-1980, 1990-1995 and 2001-present,tifordonger. GNS seems
only to have used published average flows for 12980 plus occasional spot
measurements from other periods.

- Itis important when doing water balance calculasdito attempt to ‘normalise’
flow and rainfall so that they cover the same gkrikhis is difficult when there
are gaps in the time-series. Nevertheless, GNSsaetrto have normalised
flows and rainfall — which adds to the uncertaiimtyhe water balance.

1) Direct groundwater discharge to Lake Rotoruarayp 3.9 ni/s.

GNS state (White et al. 2007 Table 35) that ther8.97 m3/s of water emerging as
groundwater direct into the lake. This figure seeimsbe derived from the GNS
groundwater model. GNS notes that this model urstienates stream flow in the
Awahou (by 254 L/s 15%) and Ngongotaha (by 73427f) catchments (White et al.
2009 Table 26) and overestimates stream flow inNgengotaha (217 L/s 13%).
Overall, the model underestimates stream flow @9hmajor catchments by 788 L/s
(7%). If the model underestimates streamflow, titepresumably compensates by
overestimating ‘groundwater direct’. Recent GNS wgitbdg may have revised the
figure for ‘groundwater direct’. We note that Hoaneasured total streamflow in 1977
(an average rainfall year) to be 13.7 m3/s. Based water balance for the lake, he
determined a figure of 2.1 m3/s for the ‘missing’ ungauged flow. The ‘missing’
flow is likely to comprise runoff from the ungaugpdrt of the catchment (viz., land
downstream from gauging sites or in ungauged catalsh together with groundwater
generated by infiltration within the gauged catchteewhich by-passes the stream
gauging sites (viz., via groundwater flow). Hoat®§0a) estimated that 2.1 m3/s of
runoff (either stream or groundwater flow) was gible based on the area of the
ungauged catchment multiplied by the average ¥ielth the gauged catchment. Thus
Hoare (1980a) saw no need to invoke a large groateiwflow from the gauged
catchment in order to close the water balancell lfha infiltration in the ungauged
catchment flowed as groundwater then, based onepastimates, the ‘groundwater
direct’ could be as large as 2.1 m3/s. This is Enahan the GNS estimate of 3.9
ma3/s.

2) Surface water baseflow discharge to Lake RotdrBari/s.

This figure seems plausible for recent years wihiabe been drier than average. We
note, however, that Hoare measured total streamiitow977 to be 13.7 m3/s and

estimated that another 2.1 m3/s of runoff from thgauged catchment.1977 was an
average rainfall year, but it had been precededdmge wet years and springflows

may have been higher than in recent years whicle baen drier than average. For
example, Hoare (1980a) reported an average flalwvdrHamurana Stream in 1977 of
3,040 L/s whereas the average in recent yearsdes @ 2,750 L/s — as reported by
GNS.

3) Nitrogen discharge to Lake Rotorua with dirg@iundwater discharge to Lake
Rotorua: approx 271 tonnes/year

4) Nitrogen discharge to Lake Rotorua with surfaeger baseflow: approx 377
tonnes/year
Other estimates include:
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Yields (viz., nutrient leaving the land rather tramering the lake)

1. Draft Action Plan page 50 — 783 tN/yr — yieldsnh land, rain and geothermal

2. Rutherford et al. 2001 page 25 — 768 tN/yr i026 yields from land, geothermal,
septic tanks and sewage

Discharge to the lake

3. Rutherford et al. 2001 page 42 — 620 tN/yr ayer2003-2008 — lake input

4. Draft Action Plan page 51 — 547 tN/yr in 200%rem streams, lake-side springs
and groundwater direct

5. From GNS 3) and 4) above — 648 tN/yr — lake inpu

So the total load to the lake of 648 tN/yr estirdaby GNS is consistent with other
estimates. We believe, however, there is consiteeratrertainty in what proportions
enter in streamflow and groundwater direct.

| note the report does not mention ‘complimentanitith White et al. (2007). The
ROTAN model has considered the outside boundathefake catchment estimated
with White et al. (200¥ ROTAN uses the outside boundary provided by GiNtBeir
Phase 7 analysis.

, but | recall ROTAN does not consider proposed t&/leit al. (2007) groundwater
catchment boundaries within the Lake Rotorua catctimApologies if | am wrong
here! You are wrong! Rutherford et al. (2009) used the GNS Phasmternal
boundaries. Note — the figure you provide beloviorsthe Phase 3 boundaries which
GNS subsequently revised.

We used the Phase 7 internal boundaries but wableio get a satisfactory flow
balance at individual streams. Using the Phasetétnal boundaries as supplied,
ROTAN underestimated flow in the Hamurana and AwahStreams, and
overestimated flow in the Waiteti and Ngongotahare®@nhs. So, working
anticlockwise around the lake, we adjusted thermaie boundaries until we got
enough water in each stream. This mostly affe@dHamurana, Awahou and Waiteti.
After that surface and groundwater catchments rgugherlap. Figure 5 (from
Rutherford et al. 2009 at page 10, copied belowWwshalmost exact correspondence
to the external boundaries, and a reasonable nmatofost catchments — except the
Hamurana, Awahou and Waiteti.

Omitted for brevity

Figureb5: Comparison of Phase 7 aquifer boundaries estimage@NS (red) and
those used in ROTAN-O (black). Underlying land isséor 2001. Source:
Rutherford et al. 2009.

See Figure 2 where “ ‘S’ denotes where the grouteimeanerges as springflow which
then joins the stream flow” however groundwateedirto the lake occurs on some
catchments on the eastern side of the lake, somdveater doesn't join stream flow in
quite a few of these catchments as streams doist &xis is a fair comment. We will
write some words explaining that, for convenienegs assume all groundwater
emerges as springflow. For catchments that adfmnake, these springs occur at the
lake edge. In reality, the springs may be in thes laed. However, the catchments
where the model is likely to be over-simplistic yrontribute a small amount of
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water and nitrogen. Nevertheless, more detailedetting may be required further
down the track.

So | have an issue with the ability of ROTAN to trdyute to linking properties with
catchment-scale remediation optiokiée accept that there is uncertainty about which
properties contribute water and nitrogen in streamsoundwater direct and
groundwater feed springs — this is mostly an igsu@roperties that lie near assumed
groundwater catchment boundaries. More detailedeflind using the GNS and/or
NIWA models may be required in the future to addrpsoperty issues in particular
catchments. However, the main objective of thisorejs total load to the lake to
inform policy.

| have mentioned, at the TAG and to Kit on numeroasasions since White et al.
(2007) that the internal catchment boundaries o R® are commonly inconsistent
with groundwater catchments developed by White let(2007). Yes, we have
discussed this issue several tiniEdese comments have fallen on deaf ears$ last
statement is incorrect and something of a ‘cheap’.shs explained above, we have
only adjusted internal boundaries where we neededotthat to get a good water
balance (viz., Hamurana, Awahou, Waiteti and Ngdaige). The result of the
ROTAN catchments not considering some featuresafirgiwater hydrology is that
ROTAN catchment-by-catchment calculations of coulfive an incorrect
representation of land use and effects on hydrolegy:

1) Waingaehe Stream catchment gains most flow edtbre the lake (e.g., ‘250 L/s

point approx 2 km from the lake White et al. 20Bigure 21). The gw catchment of
the inflow is estimated in gw catchment ‘11’ (Figut) and Uwe’s water date relates
to this inflow. | think groundwater direct flow oaxs between gw catchment ‘11’ and
the lake gw catchment ‘27’ (Figure 1) and therefarel in this area probably doesn't
contribute much flow to Waingaehe Stream.

2) ROTAN has all land in the Waingaehe Stream ca&sit contributing to stream
flow, if my understanding is correct. Therefore REN estimates of N in surface flow
will significantly overestimate N discharge to Wgaehe Stream and ROTAN N
reduction options will significantly overestimaterBiductions to the strearim some
catchments (e.g., Waingaehe and Waiohewa) a sagldfer and a single surface
catchment are assumed. This is done because: € 1atftribution to the total load
from such catchments is fairly small, and (2) wedht reduce the number of aquifers
and surface catchments to keep model run times dowh920-2100 simulations. In
the Waingaehe it is conceivable that runoff andtration from land ‘downstream’
from, or ‘to one side’ of, the recorder site entidrs lake directly and is not measured
at the recorder. Hence, our assumption could affextel calibration in some of the
smaller catchments. It is possible that the cdiibmaof water flow in the Waingaehe
and Waiohewa could be improved by sub-dividing theface and groundwater
catchments. There are earlier versions of ROTAMich the Waingaehe and other
catchments are sub-divided into more aquifers amAse catchments than shown in
Figures 1 and 2 of this report. These could be techore detailed modelling in the
future if required. However, we do not believe ttiet simplifications result in major
errors in total water or nitrogen load to the lake.

However it looks like the groundwater in the ‘Tologi’ surface catchment
(Rutherford et al. 2011, Figure 2) goes to the Lgrencatchment, in agreement with
one of the findings of White et al. 200ine.

Also | recall this is the first time (I recall) lake been asked to review a ROTAN
report.l recall receiving comments from you on the hydgyl and nitrate reports.
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Also for introduction | suggest mentioning the campnts you calculate (Section
4.5.1), with an interpretation of the hydrologiéedture, e.g.:
* 4 near- surface layers 2 soil layers and 2 nedaseiaquifers
» 3 deep aquifers: quickflow = ??; slow flow = ?7isgiflow = groundwater
flow from deep aquifers??

- this gives some introduction to Section\We do direct the reader to our earlier
reports which describe the model structure in sdetail.

1.2.2 ‘Mr’ Paul White is my correct titleChanged.
There is a report (White and Rutherford 2009) twatld be referred to herédded.
Land uses — use lower case fdxbt changed.

2.1 There is also uncertainty surrounding aquifaunoaries Good point. Comment
added.

It seems that ROTAN assumes no uncertainty in agaifea, i.e., the boundaries in
Figure 2 are fixedNot sure what the point is here.

Does ROTAN consider the urban area with treatedage® Major changes in the
treatment and pathway of treated sewage to theHake occurred in the pastes,
these changes are modelled — as explained in plogtrdé’re-1970s all sewage was to
septic tanks, 1970s-1990s — city sewage was t81i 1990s onwards — city sewage
is to the RLTS. These are all modelled in someildetsee Section 2.13

Figure 2. Rutherford et al. 2011 groundwater catafis (his Figure 2) differ
somewhat from Figure 1 (following)Ve note that Figure 1 below relates to Phase 3
of GNS studies. However, GNS supplied NIWA with B&& aquifer boundaries that
are significantly different from Figure 1. NIWA u$¢hat Phase 7 boundaries as their
starting point, but — as explained above — adjusteche internal boundaries to
improve the water balance at individual stream gaygites.

Figure 1. White et al. 2007, Figure 178. Omittedtfe sake of brevity

2.5 and 2.7.2 | see urban/Whaka is covereuk.

2.7 Note White et al. 2003 also has a review otlggonal Added.

2.10. White et al. 2008 (Tables 5.6 and 5.7 follayyihas measurements of N
in rainfall. Not sure how this is relevant to Section 2.10.

2.10, para 2. Residence time: all streams but Awamal Hamurana matc@orrect.
2.10, para 3: areasonable approach for modddratibn Fine.

It would be good to see a figure comparing N cdocghe original with revisedNo
action.

2.10, para 4. note comments of Chris Daughney maile Now addressed in the
report.

2.10 para 5. Not comment about unique calibratawrROTAN- what does this mean
in terms of model prediction§&ood question. Now addressed in the text.

A useful statistic may be comparison of: mean egsi@ time (ROTAN); % catchment
in intensive land use, e.g., dairy; mean N concgtni@ams\White at al. 2007 page 59
showed that TN conc in streams were similar regaslbf land use. This probably
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reflects the spatial heterogeneity of land use thedfact that surface catchment and
aquifer boundaries do not always coincide. Furtherk on this type of analysis is
unlikely to be productive.

| wonder if some catchments have a similar ROTABIdence time to Awahou and
Hamurana but higher N concs in streahist sure what point is being made here.

2.11.1 — statistical estimates of the fit wouldveey useful, rather than an ‘eyeball’
results.Good point. We fit the hydrology model to annuadan flow based on RMS
difference. We considered formal statistical measwf ‘goodness of fit' for daily or
weekly model predictions. We discussed such measarButherford et al. 2008 and
2009. However, we rejected standard approaches RMS error) because we know
predictions of daily and weekly rainfall at indivial locations are inaccurate. We have
not yet identified suitable ‘goodness of fit'’ meeesi

- have you looked at the sensitivity to N lio@® Another variable (along with
residence time) that could explain some of thealdlity over time.This is a good
point. Chris Daughney is of the view that MRT ig timost accurate coefficient, and
the timing of land use change and the nutrient gxgades are the least accurate. |
have added discussion of this point to the text.

- fair comment about GNS (Chris Daughney) ytud

2.11.2 — a fair comparison is to compare gw comaéions in the same ‘aquifer’ as
the ROTAN modelGood.

Some of the gw measurements are in the Huka Famatia shallow aquifer that
probably discharge direct to the lakeam not sure how to respond to this comment.
We compared obs and prd groundwater concentratiortie same catchments. If
catchments contain a mix of geology, and geolofgcéd TN concentration, then that
is an additional source of uncertainty.

N concs are likely to be highén shallow groundwaterthanin? the deeper aquifer
(White et al. 2007, Table 21) and so not represieetaf spring-fed streams that
mainly take water from the deep aquifer. e.g., nWatngaehe groundwater samples
are in the zone of direct flow to the lake (Whiteak 2007, Figure 104) and so are not
so relevant to the ROTAN water flow which | guestates to the deep aquifer (see
notes above)-ine. This supports the statements made on pagd@er text added.

Future scenarios

3.1. scenario 2: a step change is unlikely in tyga@s N concs will gradually reduce.
We make this point in the report. No action.

- comment on effect of Awahou and Hamurana catchmesndence time options
and effect of variability of N inflows
- comment on effect of Awahou and Hamurana cagstt N inflow from land
use and effect of variability of N inflows

Figure 24.

4.1 Re Figure 24 — add another figure with F24 #pio major components:
- shallow layers (i.e., soil layer 1, see 4.5.1)?

- deep aquifers
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- here we may see the importance of reducing N |agitithe near-surface layer
(including a soil layer and the quickflow aquiferdhe deep aquifer. i.e., is it
the soils that are the cause of the rapid response?

add another figure with F24 split into major comeots:
» quickflow = near-surface layer aquifer
» slow flow = near-surface layer aquifer
» spring flow = deep aquifer

We have added new Figures 24-25.

- here we may see the importance of reducing N lggidirthe inflow to the lake
via aquifers

Which is most important? Which responds the fastény?

Can the N outflow for the whole Lake Rotorua catehinbe expressed as two
components, not fourRigures 24-25 separate load into ‘quick’ and ‘sl@and reflect
on these in following sections

4.3 comment that R-0 means ‘capping’ of land usensification

Which is most important? Which responds the faster?
Can the N outflow for the whole Lake Rotorua catehinbe expressed as two
components, not thre€vered already.

4.4. the decline seems quite rapid compared totirease (historical data)

- does a step change not represent the recordgfiselual increase relating to gradual
intensification?)ROTAN simulates the gradual intensification fro®20-2010. The
scenarios assume a step change in 2015.

4.5
1. Should this be: ‘The fractions of water and aggn that enter the lake via
quickflow, slow flow and spring flow'¥es. Changed.

3 Should this be: ‘The relative size and locatidnsorface and groundwater
catchments'2ocation has at most a second-order effect. Noract

4.5.1 — some improvements in clarity would be gotall use only four of the layers?
— say this at the stdrhave reworded this para.
- para 4 How can N be generated in thiekfjow aquifer? — needs
and explanationNow explained in the text.

‘tolerably good match’? This is quite subjeetiv best have
some stats that show this, | think. Some of thechest (red spots v blue lines)
look quite poor to meSee earlier discussion about statistical measufes o
‘goodness of fit'. There is always room to debateviwell a model fits (a) the
observed data and (b) the real world.

Would other combinations ofmissing text?

- para5 good.

* putan ‘a’ and ‘b’ against the figure, e.g., onealdahink that ‘soil layer
1 (bottom)’ is another unitChanged text to make it clear.

» Figure 28 expand with two one more plot (soil viéem— does soll
respond faster than aquifersRis would add little to the point being
made. The soil layer does not contribute N to #ke | only to the other
layers.
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» explain why the two aquifers seem to be respondirige same time
scale Comment added.

4.5.2 see my notes about the Waingaehe catchratigreWorth a comment in the
ROTAN report.See my responses to these comments.

Figure 31. Likely to be quite wrong as the catchmianwrong e.g.,
Waingaehe Stream doesn't take all the flow fromWeangaehe catchment
(ROTAN figures 1and 2). E.g., dairy land use in taéchment (Figure 10)
is mostly over the land area where groundwater giirext to the lakel
agree that the ROTAN simulations reported probaligrestimate flow at
the Waingaehe flow recorder because they assumiagke scatchment.
However, they probably estimate the flow to theelatorrectly. So the
results in Figure 33 are still valid.

4.5.3 | suggest another sub-section 4.5.4 Residdéimce — compare
Hamurana with short (40hrs) and long (Uwe figuregidence times and
comment.| think the place to discuss MRT is in the Discassiand

Conclusions. However, a note is added.

5.1 para 1 indent text under ‘1’ and ‘2’ so thederacan make the link between
assumptions and discussi@one.
Re discussion under point ‘2’ — why is it impraatito run simulations with soil lags?
Because we don’t know what these lag times are.
Last sentence. | suggest something like: ‘Assumptib and 2 mean that ROTAN
calculations provide under-estimates of the tinofdpke-load reductions due to land
use changeNo action.

- discussion on what provides an upper limit? Wdnthking about!include in

final Discussion but not relevant to this section.

I'd suggest a new subsection (between existingab®B5.4) discussing the importance
of soil v the aquifers in reduction in N inflow tiee lake Disagree. | think this topic is
well covered already.

5.4 — para 1 — refer back to the new subsectiospdrand aquifers and residence time,
then reformulate this subsectidrdon’t see that the suggestion to re-write Hastion

is necessary. Section 11.6 makes the point thathe. ROTAN simulations indicate
that if total nitrogen exports were reduced by al830 tN/yr and held constant at that
level then the lake load would decrease quite dyi@kd would approach the target of
435 tN/yr within about 35 years. This is a fastmavery than expected, but there is a
plausible explanation...” The points about soil lagsl uncertainty in residence time
have been added.

5.5, pg 60.

| would add points:

5. The balance between N flow from soils (a shaut, unknown) residence time and
N flow in deep groundwater (a longer residence Yime

6. Groundwater catchment boundaries including giauater catchments of streams
and groundwater flow directly to the lake.

Added.
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7. Water quality indicators for success (e.g.,aefmonitoring sites that should show
the effect of interventions, groundwater monitorgitgs that should show the effect of
interventions,?lake water qualityVhile monitoring is important, | don't see its

relevance in this section.

| suggest significant revision the last para, axuhed
* I'd suggest that that White et al. (2007) can helprm targeting — but you
may disagree! | have suggested this quite a fewsibut it seems to deaf ears.
» State some obvious things:

Are soils the key issueRey issue for what exactly? My view is that AgReasbaor
LandCare need to provide input on the response ¢ifvemils. There is not time for
this to go into our report. It could be a follow agtion for BoPRC.

What range do you think in response times2sume you mean what uncertainty do
we put on 35 years. Good point. | have added a taéhis figure where it occurs in
the report.

Do you think target catchment with short resideticees?Our whole point is that it

may not be sensible to target catchments with M&T. Rather, we consider each
catchment on its merits. In practice this may méaet the driver is landowner
willingness to act, rather than response time.

Do in—stream processes reduceltNseems only in the Puarenga. See Rutherfoadl et
2009.- so should we focus on direct-gw-to-lake catchs@db.

Do you recommend step changes in land use or vaiugal changes do the trick?
have no opinion. See my earlier point about landawvillingness.

Catchment-wide approach or subcatchment approathte?
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14. Appendix 2: Derivation of the nitrogen target for L ake Rotorua

Table Al:

The lake target of 435 tN/yr originated from megsinn 1986 involving scientists and
engineers from the Taupo Research Laboratory, Ham8cience Centre, Ministry of
Works & Development Wellington, National Water & iS@onservation Authority,
Bay of Plenty Regional Council, Rotorua District @il and several engineering
consultants. To aid these discussions a positiggempavas drafted in early 1986,
underwent a number of changes and was eventualdjisped by NWASCA in
October 1986 (Howard-Williams et al. 1986) and umledd in a journal paper
(Rutherford et al. 1989). This group recommendeldnit of 30 tN/yr input from
sewage and this is now a consent condition folamtfrom the RLTS.

Rutherford (2008) reported that there were 2 typpiical errors in the key table of
Rutherford et al. (1989). The nitrogen sectionhaf torrected table is included below.
The critical numbers, after being corrected, aeetttiget of 405 tN/yr for ‘...streams
+ rain...” based on the estimated value in 1965,3% #N/yr for ‘...streams + rain +
treated sewage...’.

Summary of nitrogen inputs to Lake Rotorua. Adagtedn Howard-Williams et al.
(1986) and Rutherford et al. (1989).

1965 1976-77 1981-82 1984-85 Target
Population 25,000 50,000 52,600 54,000
Nitrogen input
Raw sewage ty™ 34 100 170 260 -
Treated sewage ty'1 20 66 ° 134 150 30
Stream + rain ty'l a 405° 485 420 415 405
Septic tanks ty™ 50 80 15 10 0
Internal ty™ ND 0 140 >260 0
Totalty ™ 475 558 694 >825 435

®flood flow particulate P and N are excluded.

® the original table contains two typographical errors: 455 instead of 405, and 73 instead of 66.
Critical numbers are highlighted in grey.

Nitrogen input in rain is 30 tN/yr. The consent limit for nitrogen input to the lake from treated
sewage leaving the RLTS is also 30 tN/yr.

Rutherford (2008) also summarised published eséshabf nitrogen load for
‘...streams + rain omitting sewage...’. The nitrogetadare reproduced below (Table
A2). This table includes the 1965 estimate of 4941t from Table Al. Mcintosh’s
estimate of 206 tN/yr in 1900, Fish’s estimate 69 2N/yr for TIN in 1969-70, and
White's estimate of 431 tN/yr for 1975 load pravisupporting evidence for the 1965
estimate of 405 tN/yr for *...streams + rain...".
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Table A2:

Table A3:

Summary of nitrogen inputs to Lake Rotorua. Adagtech Rutherford (2008).

Year TIN @ TN?
tNy™ tNy™

Morgenstern & Gordon 2004 1900 90
Mclntosh in EBoP 2007 1900 206
Rutherford et al. 1989 1965 405
Fish 1975 1969-70 269
White 1978 1975 431
Hoare 1980a 1976-77 382-407 472-497
Morgenstern & Gordon 2004 2005 449 547
Morgenstern & Gordon 2004 steady state 746
Mclintosh in EBoP 2007 exports 783

&+ _.streams + rain omitting sewage...’

Estimates for nitrogen input from rain average 8@t (Hoare 1980b, Morgenstern &
Gordon 2004, EBoP 2007) with a tight range of 2af8/4/r. Hence the 1965 estimate
of nitrogen input from streams alone is 375 tN/yhis excludes inputs from septic
tanks which in 1965 were estimated to contributéNg@r to the lake. The 1965 figure
of 50 tN/yr includes contributions from the muniipseptic tanks operating in
Rotorua City at that time and not replaced by #sage treatment plant (STP) until
the late 1970s.

The target of 435 tN/yr in Howard-Williams et al986) and Rutherford et al. (1989)
comprises:

Components of the target for nitrogen input to LRktorua.

tN/yr
Streams 375
Rain 30 Range 29-31
Sewage 30 Now the consented input for the RLTS
Total 435

It is coincidence that the nitrogen inputs fronmrand sewage are both 30 tN/yr.

In the ROTAN simulations, input from the RLTS iglinded in the Puarenga Stream
The reported lake loads do not include rainfalltio® lake. The ROTAN simulations
include septic tanks, although the number of septiks has decreased significantly
over time. However, the contribution from septimks was included in the
recommended limit of 30 tN/yr for sewage when Hrgeét was set.

Consequently, ROTAN lake loads (streams + RLTS)dneebe compared with a
value of 405 tN/yr (total — rain) when assessin@tlibr the target has been met.
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15. Appendix 3: Predicted and observed stream flows and nitrogen
concentrationsfor ROTAN-1
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Figure Al ROTAN-1: Predicted weekly average flow (blue lines)d observed (red circles)
weekly average flow in the Ohau Channel (left) Bdasnurana Stream (right).
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Figure A2: ROTAN-1: Predicted weekly average flow (blue lines)d observed (red circles)
weekly average flow in the Awahou (left) and Waitaght) streams.
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Figure A3:

ROTAN-1: Predicted weekly average flow (blue lines)d observed (red circles)

weekly average flow in the Ngongotaha (left) and&Wiro (right) streams.
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ROTAN-1: Predicted weekly average flow (blue lines)d observed (red circles)

weekly average flow in the Utuhina (left) and Puayee (right) streams.
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Figure A5:

ROTAN-1: Predicted weekly average flow (blue lines)d observed (red circles)

weekly average flow in the Waingaehe (left) and ddaiva (right) streams.
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Figure A6:

ROTAN-1: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightdrwentration in the Hamurana
Stream.
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Figure A7: ROTAN-1: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightprzentration in the Awahou
Stream.
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[ROTAN Model Results.
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Figure A8: ROTAN-1: Predicted weekly average TN concentraffloe lines) and observed (red

circles) weekly average TN (left) and DIN (rightrcentration in the Waiteti Stream.
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Figure A9: ROTAN-1: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Ngongotaha
Stream.
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Figure A10:

ROTAN-1: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Waiowhiro
Stream.

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model

132



ROTAN Model Results

5 5
von | soeoo NN

ROTAN Model Results

won | swenvion | [IRERRREN
Long'tem | =
wodetocaten: [Uhme = s 1purem wodetocaten: [Uhme = s 1purem
Comparison of Nitrogen Ostatocston: | Unmarioweely =] € Conpanents o Fow Comparison of Nitrogen Datalocation: | Uninabweeky =] " Compenents of Fow

& Observed —— Smuleed
1

Nitrogen (/m3)

Nitrogen (/m3)

02
1011820 anonars 72028 0408 1011820 anonars 72028 0408
Start Dates [01/01/1520 = End Datef01/01/2100 Start Dates [01/01/1520 = End Datef01/01/2100

von | oo [N
e

von | oo [N

ngtem
Comparieon of i O v a— Comparieon of i O v a—
omparison of Nitrogen owatocstons [ Oupveriovesty =] Canpents o Fow omparison of Nitrogen owatocstons [ Oupreivmeey =] Canpents o Fow

Nitrogen (/m3)

Nitrogen (/m3)

Tainere sinses Tavanser 1su7nses Tansanes Tainars ) ez
st tes[mouro7e =] endoateorforzon =] st ot [mour7s =] endoateorforzon =]
10, | Loy

Figure All: ROTAN-1: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Utuhina
Stream.
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Figure A12: ROTAN-1: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpnzentration in the Puarenga
Stream.
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Figure A13: ROTAN-1: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (righthncentration in the Waingaehe
Stream.
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Figure Al4:

ROTAN-1: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyrcentration in the Waiohewa
Stream.
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16. Appendix 4: Predicted and observed stream flows and nitrogen
concentrationsfor ROTAN-2

[RoTAN Model Results ][R0 Model Resuts: |
ROTAN Model Results ROTAN Model Results

v [ s v [ s
St | SRR oo B
oo [ 3] otocson: [T 3]
¢ roarion ¢ roarion
Comparison of Streamflow Data Location: | Ohauwiecy <] € Components of Fow Comparison of Streamflow Data Location: | HamuranaWeekly =] € Components of Fow

& Observed —— Sinuleted & Observed —— Sinuleted

Flow (m3/s)
Flow (m3/s)

1imis20 anonsre 7028 9042084 111520 anonsre 07028 9042084
Start Date: [01/01/1920 End Date:f01/01/2100 ] Start Date: [01/01/1920 = End Date:f01/01/2100 ]
) ; ) |

Figure A15: ROTAN-2: Predicted weekly average flow (blue lines)d observed (red circles)
weekly average flow in the Ohau Channel (left) Bdasnurana Stream (right).
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Figure A16: ROTAN-2: Predicted weekly average flow (blue lines)d observed (red circles)
weekly average flow in the Awahou (left) and Waitaght) streams.
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Figure A20:

ROTAN-2: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightdrwentration in the Hamurana
Stream.
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Figure A21:

ROTAN-2: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightprzentration in the Awahou
Stream.
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Figure A22:
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ROTAN-2: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightrcentration in the Waiteti Stream.
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Figure A23:
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ROTAN-2: Predicted weekly average TN concentraffoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Ngongotaha
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Figure A24: ROTAN-2: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Waiowhiro
Stream.
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Figure A25:
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ROTAN-2: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Utuhina
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Figure A26:
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ROTAN-2: Predicted weekly average TN concentrafldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Puarenga
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Figure A27: ROTAN-2: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (righthncentration in the Waingaehe
Stream.
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Figure A28: ROTAN-2: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyrcentration in the Waiohewa
Stream.
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17. Appendix 5: Predicted and observed stream flows and nitrogen

concentrationsfor ROTAN-3
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Figure A29:

weekly average flow in the Ohau Channel (left) Bdasnurana Stream (right).
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Figure A37: ROTAN-3: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Ngongotaha
Stream.
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Figure A38:

ROTAN-3: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Waiowhiro
Stream.
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Figure A39: ROTAN-3: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Utuhina
Stream.
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Figure A4l: ROTAN-3: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (righthncentration in the Waingaehe
Stream.
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Figure A42:

ROTAN-3: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyrcentration in the Waiohewa
Stream.
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18. Appendix 6: Predicted and observed stream flows and nitrogen
concentrationsfor ROTAN-4
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Figure A43: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightprcentration in the Hamurana
Stream.
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Figure A44: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightprzentration in the Awahou
Stream.

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model 160



Figure A45:

[ROTAN Model Results.

ROTAN Model Results

v [N
e |

wodetocaten: [warer = 5 1urem
Comparison of Nitrogen vatatocson: | watsesty =] Conponertscf Fiow

B[ 07 Model Resuls

ROTAN Model Results

v [N
e |

odel Location: | watet I
Dotatocaton: | warstomweatty =] C Components of Fow

Comparison of Nitrogen

& Observed —— Smuleed

s

7
4
3
2
1

minez0 anonars 7028 042084

Nitrogen (/m3)

& Observed —— Smuleed

s

7
4

3
2
1

minez0 anonars 7028 042084

Nitrogen (/m3)

Start Date: [o1/01/1920 =] End Dateifo1/01/2100 7]

Start Date: [o1/01/1920 =] End Dateifo1/01/2100 7]

von | oo [N
e

wodetocaten: [warer = 5 1urem
Comparison of Nitrogen vatatocson: | watsesty =] Conponertscf Fiow

von | oo [N
e

odel Location: | watet I
Dotatocaton: | warstomweatty =] C Components of Fow

Comparison of Nitrogen

& Observed —— Smuleed

Nitrogen (/m3)

& Observed —— Smuleed

Nl[rogen g/m“3

wwwm

1mines2 2a0En 887 1422002 su82008 miners e 1ans2002
Start Dates [01/01/19%2 = End Date01/0172011 Start Date: [01/01/1975 =]

EndDateifor/or 2011 7]

ROTAN-4: Predicted weekly average TN concentraffaloe lines) and observed (red
circles) weekly average TN (left) and DIN (rightrcentration in the Waiteti Stream.

Prediction of nitrogen loads to Lake Rotorua usheyROTAN model

161



[ROTAN Model Results.

[ROTAN Model Results.

||
ROTAN Model Results ROTAN Model Results
v [N

svenon |[RERREN
Lon q»Yevm Lon ?YB""
wodeltocaten: [ Moomootms = = 1urom wodeltocaten: [ Moomootms = = 1urom
Comparison of Nitrogen Datatocation: | NomostahaTiwesy x] € Components of Fow Comparison of Nitrogen DataLocation: | NoongotahsDiNWeeky  x] " Componentsof Flow

& Observed —— Smuleed

Nitrogen (/m3)

Nitrogen (/m3)

0

3 I
2

1

minez0 anonars

7028 042084 minez0 anonars 7028 042084
Start Date: [o1/01/1920 =] End Dateifo1/01/2100 7] Start Dates [01/01/1520 = End Datef01/01/2100

| sveanron | AR van_ | svenson | [N
e

Long Term | ieSenes!
wodiccaton: [omors =] s rren wodiccaton: [omors =] s rren
Comparison of Nitrogen Datatocation: | NomostahaTiwesy x] € Components of Fow Comparison of Nitrogen DataLocation: | NoongotahsDiNWeeky  x] " Componentsof Flow

& Observed —— Smuleed

Nitrogen (/m3)

Nitrogen (/m3)

miners s 1onsnes 1507798 18052005

inrs awanses Tsnsaz
st tes[mouro7e =] endoateorforzon =] st ot [mour7s =] endoateorforzon =]
1513 | 175

Figure Ad6: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightyncentration in the Ngongotaha
Stream.
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Figure A47: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Waiowhiro
Stream.
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Figure A48: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Utuhina
Stream.
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Figure A49: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightpnzentration in the Puarenga
Stream.
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Figure A50:
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ROTAN-4: Predicted weekly average TN concentraffloe lines) and observed (red
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Figure A51: ROTAN-4: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyrcentration in the Waiohewa
Stream.
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19. Appendix 7: Predicted and observed stream flows and nitrogen
concentrationsfor ROTAN-8
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Figure A52: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightprcentration in the Hamurana
Stream.
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Figure A53:
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Figure A54: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (rightrcentration in the Waiteti Stream.
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Figure A55: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyncentration in the Ngongotaha
Stream.
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Figure A56:
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ROTAN-8: Predicted weekly average TN concentraffaloe lines) and observed (red
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Figure A57: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpncentration in the Utuhina
Stream.
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Figure A58: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightpnzentration in the Puarenga
Stream.
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Figure A59: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red

circles) weekly average TN (left) and DIN (righthncentration in the Waingaehe
Stream.
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Figure A60: ROTAN-8: Predicted weekly average TN concentraldoe lines) and observed (red
circles) weekly average TN (left) and DIN (rightyrcentration in the Waiohewa
Stream.
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