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Executive Summary

The ROTAN model has been calibrated for the LakRia catchment and a satisfactory fit achieved
to: (1) the long-term water balance, (2) previoyshplished estimates of nitrogen input to the lake
and (3) measured TN concentrations in the majeasts.

GIS maps of land use/cover for 1940, 1958, 1986612001 and 2003 were used in this study. No
map was available for the 1970s — a period of laed intensification — and it is desirable to
incorporate such a map. Land use is only descrithed958 and 2003 and there are uncertainties in
estimating land use from land cover in 1986, 1986 2001.

Agricultural statistics for the Rotorua district igeused to estimate: (1) land use from land comdr a
(2) stocking rates. These data were then used ars@er® (www.agresearch.co.nz/overseerweb) to
estimate nitrogen export rates. No allowance wadenfiar changes in animal weight during the study
period although significant increases in carcasghweccurred from 1985-2005.

ROTAN simulations in this report use the Phase 7SGternal aquifer boundaries which give a
satisfactory water balance for the lake. There differences in the internal boundaries between
ROTAN and Phase 7 GNS but these are unlikely tce hesignificant effect on predicted total

nitrogen input.

Aquifer parameters were selected to match grourstwatan residence times (MRTS) reported by
Morgenstern & Gordon (2006).

The match between observed and predicted nitrogeceatrations in the major streams, and between
total input to the lake and previously publishetinestes, are both satisfactory. The earliest stream
measurements used were from 1976-1977 (Hoare HI8DROTAN simulations cannot be verified
prior to the 1970s.

Predicted nitrogen concentrations in the majorastie are sensitive to uncertainties in aquifer
boundaries, land use history, stocking rate histand MRT — further work is desirable to refine
current estimates of aquifer boundaries and laechistory.

The simulations in this report assume zero attéoual he satisfactory match obtained indicates that
either nitrogen exports have been under-estimatddatienuation is non-zero, or that nitrogen export
have been estimated correctly and attenuationgkgilge.

ROTAN can now be used to forecast likely changelalwe nitrogen input for different scenarios of
land use and mitigation measures.

Nitrogen exports from the Lake Rotorua catchment iv
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1. Introduction

NIWA was contracted by Environment Bay of PlentyB@P) to use the catchment-
scale model ROTAN_(R®rua and TAipo Ntrogen model) to aid the restoration of
lakes Rotorua and Rotoiti. An earlier report déssithe ROTAN model and outlines
calibration of its hydrology component (Rutherfaidal. 2008). This report describes
the re-calibration of the hydrology component aralibcation of the nitrogen
component. The report makes extensive use of irgtom about aquifer boundaries
from GNS investigations (White et al. 2004, 2004rlyenstern & Gordon 2006).

Baseflow nitrate concentrations in major streanasniing into Lake Rotorua increased
significantly over the period 1968-2003 (Rutherf@@03). As a result the nitrogen
input to Lake Rotorua from streams is now signifiba higher than the ‘target’ input
set for the lake. There is no apparent increaséaseflow soluble phosphorus
concentration or load.

Groundwater in some parts of the catchment is séwdgcades old (Stewart and
Morgenstern 2001). There was a period of land aleze in the 1940s and it has been
hypothesised that current trends in stream coregonirare the effects of historic land
use changes making their way slowly through theugdavater (Williamson et al.
1996). Recent land use intensification may be dmming to lake inputs where
groundwater lags are small, and this contributidhimcrease in the future.

Strategies for lake restoration include land usangke and measures to reduce
nitrogen exports from farmland. EBoP requires difectools for predicting the
cumulative effect of land use change and mitigatr@asures on nutrient inputs to the
lakes. Two challenges for managers are: (1) torohe which properties contribute
diffuse nitrogen via runoff to the lake, given ttia¢ boundaries of aquifers draining to
the lake may not coincide with the boundaries ef shrface catchment; and (2) to
predict how quickly reductions of nutrient expadrh different parts of the catchment
will reduce inputs to the lakes, given the grounewiags in the system.

Steady-state estimates of the effects of land baage and mitigation could be made
using the CLUES model (www.maf.govt.nz/mafnet/rumalsustainable-resource-
use/clues/stage-2/page-06.htm), but CLUES curraidlys not include groundwater
lags. Morgenstern and Gordon (2006) have estimiedeffects of a step change in
land use just after WWII including predictions bét'loads to come’. This report aims
to complement Morgenstern and Gordon (2006) by Isitimg temporal and spatial

variations in rainfall, infiltration, land use andrate leaching.

Nitrogen exports from the Lake Rotorua catchment 1
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2. Background

Nitrogen and water quality

Lake Rotorua is important for recreation and tourignd deteriorating water quality
has been a concern since the 1960s (Rutherfordl 4989). Short-term bioassays
indicate that the lake is nitrogen limited (Whiteak 1977), although recent studies
(Burger et al. 2007) indicate that phosphorus htigh is beginning to occur. Nitrate
concentrations in streams draining into Lake Raidrave increased significantly over
the period 1968-2003 (Rutherford 2003) and thisdrs believed to have contributed
to recent poor lake water quality. It has been biypsised that current trends in stream
nitrate concentration are the result of land ugensification in the 1940s making their
way slowly through the groundwater (Williamson dt 2996; Morgenstern and
Gordon 2006). However, further land use intendiiicahas occurred in recent years
and this may also be contributing to nitrogen isgotthe lake.

The geology of the Rotorua catchment is complexe&lrseparate ignimbrite layers
have been identified which are punctured in sevglia@des by rhyolite domes, while
the lake shores comprise sedimentary rocks (Whis. 004). Groundwater aquifers
occur in all three formations. The Lake Rotoruackatent contains several large
springs fed by groundwater. Pang et al. (1996)tifled 10 groups of springs with a
total flow of 6.5 ni s* (32% of lake inflow) the largest being Hamurana& @r sV,
Awahou (1.7 m s) and Rainbow/Fairy (0.3 trs") (Figure 1). Dating using tritium
has shown that spring and stream water variesérfragn 15-170 years (Stewart and
Morgenstern 2001; Morgenstern et al. 2005; Morganstand Gordon 2006).
Geothermal springs in the lakebed have been ideahtif shallow water on the south
and south-eastern shoreline (John and Lock 19%4¥}rere may be other geothermal
and coldwater springs elsewhere in the lake.

Nitrogen exports from the Lake Rotorua catchment 2
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Figure 1: Catchment map showing the main streams, the outilmdvmajor springs.

Water balance

Stream flow measured at the outlet of a catchmeets chot always match runoff
calculated as the difference between rainfall amepetranspiration because of
groundwater gains or losses. This situation is comrthroughout the world and
occurs where the underlying geology is anisotrgpid inhomogeneous as a result of
dissolution by water, fracturing or layering. Whehés occurs, aquifer boundaries do
not match the boundaries of surface (topographthements and specific yields
(flow divided by surface catchment area) vary sigti In such situations it is difficult
to calibrate models of nutrient runoff and delivesydownstream lakes. It is especially
difficult to determine which properties located nethe catchment boundaries
contribute nutrient to the lake.

Nitrogen exports from the Lake Rotorua catchment 3
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Rutherford et al. (2008) used the GIS-based catohm®del ROTAN to study the
water balance of the Lake Rotorua catchment. Thepd that in order to achieve a
water balance for Lake Rotorua it was necessaposiulate that groundwater from
land outside the surface catchment drains intdatke They concluded that the ‘most
likely’ estimate of the area of the additional ¢atent was 60 kfnbased on pasture
actual evapotranspiration (AET) = 800 mm, forestTAE 1100 mm, rainfall under-
catch = 5% and rainfall interpolation error = 5%heTestimate of 60 Knfor the
‘extra’ catchment area is very similar to the estienmade by White et al. (2007)
although the two are based on different rainfatl amapotranspiration data.

The 2008 study has important implications for rarti management because it
showed there is a fairly large area of land outdite boundary of the surface
catchment contributing water and nutrients to Hieel The location of this additional
catchment is uncertain. Although the ‘most likedydditional area is 60 Knit could
range from 5-80 kf

Model description

ROTAN is a daily time-step, conceptual rainfall-ofiagroundwater model. The
model runs within ArcGIS using Microsoft Access®alzases. Details of the model
are given elsewhere (Rucinski et al. 2006).

Catchments are defined using the River Environn@assification (REC) stream
network system www.niwascience.co.nz/ncwr/rec). Catchments used in the
simulations reported here are shown in Figure 2thi larger catchments (e.g.,
Ngongotaha, Utuhina and Puarenga) there are sessbatatchments connected by
stream channels, but smaller catchments are netlisided. Catchments outside the
boundaries of the lake catchment (e.g., Hiwiroa Blaanaku) contain streams that
flow to the north west and do not enter the lake,deep drainage in these catchments
enters groundwater that eventually flows into tieel

Nitrogen exports from the Lake Rotorua catchment 4
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Figure 2: Surface catchments used in the ROTAN model. Liresvsthe stream flow
connections. Catchments without lines (white) dbote groundwater to the lake
but not stream flow.

In ROTAN there is a single land use layer compgsinnumber of functional units
(FU) which is underlain by 1-3 aquifer layers (Figu3). FUs are defined by
intersecting GIS layers of surface catchment bouneslavegetation cover, land use,
soil drainage and rainfall. Maps for 1940, 195834,91996, 2001 and 2003 are used
in this study. Water balance calculations are peréal on each FU and the results
combined to estimate stream flows and drainages riate any underlying aquifers.
Each FU has a characteristic set of coefficieras ¢uantify interception, infiltration,
drainage, and evapotranspiration. FU coefficiemtsdt vary over time but land use
changes are simulated by allowing the spatialitigion of FUs to change.

Within each FU there are 4 sub-layers (Figure Bg fop 2 sub-layers encompass the
root-zone in which are simulated interception, lirdtion, evapotranspiration and

drainage. Surface runoff is simulated by infiltoatiexcess and saturation-excess
runoff during heavy rain, although neither processurs very often in the free-

draining pumice soils of the central volcanic pdate The bottom 2 sub-layers are
conceptual reservoirs that represent quick-flowz.(vshallow sub-surface flow to

streams with a time scale of days) and slow-flow.{\sub-surface flow to streams

with a time scale of weeks-months).

Nitrogen exports from the Lake Rotorua catchment 5
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AQ1, AQ2, AQ3 = aquifers
FU1, FU2, FU... = functional units
SP1, SP2, SP3 = spring flows

Figure 3: Conceptual rainfall-runoff model that operates atte Functional Unit (top) and
connections between Functional Units, Aquifers &pdngs (bottom).

Nitrogen exports from the Lake Rotorua catchment 6
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Each FU is assigned a nitrogen export rate (kglNymd) estimated using Overseer®.

Differences in rainfall and drainage are assumelgaie no effect on nitrogen export
rate. For example the FU termed ‘Pasturel’ is assica total export rate of 10 kgN

ha' yr' and this export rate is applied to all ‘Pasturpalygons in the catchment,

regardless of location, rainfall region or drainaggion. Nitrogen can be exported
from each of the 4 sub-layers. The rate of rele@satrogen, evapotranspiration (sub-
layer 1 only), drainage and runoff determines titeogen concentration in water

exported from each sub-layer. By sub-dividing thialtnitrogen export between sub-
layers, the model simulates different pathwayélake and different delivery times.

Thus nitrogen generated in sub-layer 3 reachestieam and hence the lake soon
after it is generated via quickflow following raadf whereas nitrogen generated in
sub-layers that drain to groundwater reaches the lears-decades after it is
generated.

In the model a proportion of the surface, quick ahtawv flow can pass through
wetlands and/or riparian zones where nitrogen remaxccurs. Each surface
catchment contains a stream which receives flomfiloe FUs within that catchment
and may also receive springflow from one or moraifags. Nitrogen removal can
also occur in the stream channel. In this way ROTA&h simulate nutrient
attenuation.

Drainage occurs from each sub-layer within a F@ emy underlying aquifers. Up to
3 aquifers can underlie the surface layer contgitine FUs but only 1 aquifer is used
in this study. The boundaries of the aquifers nestdcoincide with boundaries of the
surface catchments and this allows groundwaterldw into the lake from land
outside the surface catchment. Horizontal groundwdlow is estimated using
Darcy’s Law. Groundwater can either flow into afjeadnt aquifer or it can emerge as
springflow at the outlet of the overlying surfacatahment. The proportion of
springflow emerging from an aquifer is defined e tuser. Figure 4 shows the
aquifers used in this study and the connectionsvdet aquifers. Note that
groundwater which emerges as springflow enterdake as streamflow (e.g., in the
Hamurana) but the connection to the lake is stilbven in Figure 4. Direct
groundwater flow to the lake can be simulated ligreethe proportion of springflow
that re-emerges in the catchment adjacent to Keettabe <1.

Water balance

Rutherford et al. (2008) give details of the oraihydrology calibration to achieve a
water balance. Refinements were made during tbdy<b incorporate the new Phase
7 GNS aquifer boundaries.

Nitrogen exports from the Lake Rotorua catchment 7
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ROTAN aquifers are created by merging adjacent REGace catchments. In this
study the external aquifer boundaries (i.e., thtsida boundary in Figure 4) were
made to match the Phase 7 GNS boundaries as claselas possible by merging
REC surface catchments. Very slight differencestebetween the ROTAN and GNS
externalboundaries (Figure 5) and both give a satisfac{oiz., within 5%) water
balance at the lake outlet (see Tables 1 and 2cHdoges were made to previously
calibrated parameters for forest AET (1100 mm)tyrasAET (800 mm), raingauge
undercatch (5%) and interpolation bias (5%) (Rutrdret al. 2008). The ROTAN
external aquifer boundaries encompass the entifacgucatchment of the lake plus
three additional catchments — Mamaku, Hiwiroa arahdtoa (see Figure 2). Deep
drainage from FUs in these additional catchmerashies the lake as groundwater, but
streams in these additional catchments flow tontbrthwest or north out of the model
domain. The surface area of these 3 additionahoaats is 45 kfncompared with 60
km? estimated previously (Rutherford et al. 2008). égivthe uncertainty in rainfall
and AET, there is no significant difference in thestimates.

Table 1:  Summary of the water balance achieved using the AOD&aquifer boundaries
shown in Figure 4. Observed and predicted flowstlagemeans for periods when
observations are available from 1950-2008. Theopenf observations differs
between streams.

Catchment area Observed Yield * Predicted

Stream 2 3 1 3 1
km m”s mm m°s
Hamurana 2.8 2.7 34000 2.6
Awahou 16 1.6 3300 15
Waiteti 62 1.2 1400 1.3
Ngongotaha 73 1.8 1950 1.6
Waiowhiro 7.5 0.34 410 0.38
Utuhina 61 2.0 2020 2.0
Puarenga 73 1.8 2030 1.7
Waiohewa 14 0.33 370 0.41
Waingaehe 10 0.23 270 0.26
Ohau outlet 80.5 lake 17.7 17.7 17.6

497 lake + catchment
from Rutherford et al. (2008)

Nitrogen exports from the Lake Rotorua catchment 8
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Figure 4: Aquifers used in the ROTAN model. Lines show theoumdwater flow
connections. Where all the groundwater emergegiasgfiow (e.g., Hamurana)
the connection to the lake is still shown althowadhthe groundwater enters the
lake as stream flow.

Internal aquifer boundaries in ROTAN are determiryd merging adjacent REC
surface catchments to give a satisfactory (vizthiwi 10%) water balance in each
major tributary. In this study aquifer boundariesrevadjusted working anti-clockwise
around the lake starting at the Hamurana. The eortboundary of the Hamurana-
Hauraki-Hiwiroa-Mamaku aquifer system (Figure 4)swthe external boundary
established previously from the lake water baladde Hauraki-Awahou boundary
was defined such that the Awahou springs lay jugtimthe Awahou aquifer. The
boundary of the Mamaku aquifer was then definedjit®@ a water balance at the
Hamurana springs.

GNS aquifer boundaries are derived using the FEM&WRTmodel. Boundaries are
aligned parallel to predicted groundwater flow westand adjusted to achieve a flow
balance (Dr Paul White, GN$ers. comm.).

Nitrogen exports from the Lake Rotorua catchment 9
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Figure 5: Comparison of Phase 7 aquifer boundaries estinigt€aNS (red) and those used
in ROTAN (black). Underlying land use is for 2001.

ROTAN and FEMWATER internal boundaries are very iEimfor the Kaharoa,
Hamurana, Hauraki and Hiwiroa aquifers that fees Hamurana springs. However,
internal boundaries differ in the Mamaku aquifeig(ffe 5). In ROTAN all the
groundwater from Mamaku flows to the Hamurana gwivia Hiwiroa and Hauraki
(Figure 4). In FEMWATER about half of the grounderatrom Mamaku flows to the
Hamurana springs while the other half flows to fheahou springs. ROTAN and
FEMWATER use the same rainfall and AET and so ilikely that FEMWATER
underestimates flow in the Hamurana springs.

In FEMWATER groundwater flows in a south east di@tin the Mamaku aquifer
(Paul White, GNSpers. comm.). This is consistent with the peizometric headaae
(Figure 6) which, in the Mamaku, slopes downwauodegards the lake from north west
to south east. In ROTAN groundwater flows in a hoeast direction from the
southern part of the Mamaku aquifer into the Hiaiequifer (Figure 4) and crosses
the Phase 7 GNS aquifer boundary (Figure 5).

In ROTAN groundwater could be made to flow in athoeast direction in the vicinity
of the Mamaku aquifer in two ways. First, by indhgi more of the Awahou aquifer,
and less of the Mamaku aquifer, in the catchmenthef Hamurana springs. This
would, however, mean that the Awahou springs waubd longer lie within the
boundaries of the Awahou aquifer. Second, by utiegmulti-layer aquifer feature of
ROTAN. In the current simulations ROTAN assumesimgle aquifer layer which

Nitrogen exports from the Lake Rotorua catchment 10
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means groundwater can only flow between adjacamterg. Hence once the external
aquifer boundary and the northern boundary of the&lou aquifer were fixed, the
only way to achieve a water balance in the Hamurgpring was to extend the
Mamaku aquifer SW around the top of the Awahou faquivith multi-layer aquifers,
groundwater can flow between non-adjacent aquifsege Figure 7). The Awahou
springs could be fed from a shallow aquifer, wiaildeeper aquifer could carry water
north east under the Awahou aquifer to the Hamusgmiags. This refinement could
be added to ROTAN provided information is availalbbe support a multi-layer
calibration.

Alternatively, groundwater could flow towards tharmurana springs from land to the
north of the springs. This land is currently outsithe external boundaries of both
ROTAN and FEMWATER based on the peizometric heag.rrowever, there are
very few wells on the Kaharoa plateau to the nathHamurana which leads to
uncertainty in the location of the groundwater dévi(viz., the external aquifer
boundary). To maintain the water balance for the,l& would be necessary to reduce
the size of the Mamaku and Hiwiroa aquifers if H@murana and Hauraki aquifers
were extended northwards.

Figure 6: Contours of peizometric head (red) (Source: GN3) surface elevation (blue)
(Source: REC). Units are m above mean sea levalo Ahown (black) are the
ROTAN aquifer boundaries. For an isotropic, homagers porous medium,
groundwater flows at right angles to the peizorodtead contours. There are few
wells in some parts of the catchment (e.g., imntellianorth of the lake) which
increases the uncertainty in inferred groundwatevd directions.

Nitrogen exports from the Lake Rotorua catchment 11
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Having fixed the northern boundary of the Awahouwitey (such that the Awahou
springs lay just within the Awahou aquifer) it wascessary to include groundwater
flow from the Oturoa and Waipapa aquifers in ROTANbrder to get a satisfactory
water balance at the Awahou springs. This meartarttROTAN, groundwater flows
to the NE from the Waipapa and Oturoa aquiferhé&Awahou aquifer, and crosses
the boundaries of the FEMWATER aquifers (Figure Bhis is at variance with
FEMWATER simulations which show groundwater flovazalel to the Phase 7 GNS
aquifer boundaries. Similarly, having included tMaipapa in the catchment of the
Awahou springs, a flow balance in the Waiteti cooiidy be achieved in ROTAN by
assuming that groundwater flows NE from the Walteiato the Waiteti aquifer.
Again this means that in ROTAN groundwater flowsoas the aquifer boundaries in
FEMWATER.

spring 1
spring 2
-> ->
A B C D

\ spring 1

layer 1 spring 2

E = F

layer 2 e s s s &
A B C D

Figure 7:  Sketch of a 1-layer aquifer system (top) (as usdtieé current version of ROTAN)
and a 2-layer aquifer system (bottom). In the Ztagystem nitrogen from E and F
can reach spring 1 more quickly because it doesirotvith B and C.

ROTAN was run with the Phase 7 GNS aquifer boumrdarA satisfactory water

balance was achieved for the lake, but not in tamtttana, Waiteti and Ngongotaha
streams (Table 2). Flow was underestimated in thendtana and Awahou, and
overestimated in the Waiteti and Ngongotaha. Siheavater balance for the lake was
satisfactory, it would be unreasonable to postujateindwater flow into the lake bed
in the Waiteti and Ngongotaha plus ‘extra’ inflowgo the Hamurana and Awahou. It
would seem reasonable, based on the water baladngasstulate groundwater flow in

a NE direction from the Ngongotaha and Waiteti ithte Awahou and Hamurana.

Nitrogen exports from the Lake Rotorua catchment 12
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However, this implies groundwater flows at an oldicangle to the peizometric head
slope and the flow direction predicted by FEMWATER.

The nitrogen predictions (described below) giveatistactory match to observed
stream TN concentrations and total lake nitrogguts It seems unlikely that the
differences in internal boundaries (described apdweve a significant effect on
nitrogen input predictions.

Table 2:  Summary of the water balance achieved using the BiN&e 7 aquifer boundaries
shown in Figure 5 (red). Observed and predicteddlare the means for periods
when observations are available from 1950-2008. pagod of observations
differs between streams. In streams shaded greseredd and predicted flows
differ by more than 0.3 ns* (c. 20%) which exceeds the likely uncertainty in
observed flow.

Catchment area Observed Predicted

Stream P 3 1 3 .1
km m°s m” s
Hamurana 2.8 2.8 2.3
Awahou 16 1.6 1.4
Waiteti 62 1.2 15
Ngongotaha 73 1.8 2.2
Waiowhiro 7.5 0.34 0.26
Utuhina 61 2.0 2.2
Puarenga 73 1.8 1.6
Waingaehe 10 0.23 0.27
Waiohewa 14 0.33 0.46
Ohau outlet 497 * 17.8 17.8

including lake 80.5 km?

ROTAN achieved a satisfactory water balance in Mgongotaha, Waiowhiro,
Utuhina and Puarenga streams. In each of theshnoatits groundwater flows from
outside the surface catchment. Thus, the Waitetiifag includes parts of the
Waitetahi and Ohinenui surface catchments whosarsis flow into the Ngongotaha.
The Waiowhiro aquifer includes part of the Parad&el Mangakakahi surface
catchments whose streams flow into the Ngongotalgal#tuhina respectively. The
Utuhina aquifer includes parts of the Horohoro acef catchment whose streams flow
into the Ngongotaha. The Puarenga aquifer inclymes of the Springfield surface
catchment whose streams flow into the Utuhina. Dyr@more receives groundwater
from the Tokorangi catchments whose streams flow ithe Puarenga. In the
remaining catchments, aquifer and surface catchbmmdaries coincide.

Land cover/use maps

GIS maps for 1940, 1958, 1986, 1996, 1999, 2001288 were available for this
study.

Nitrogen exports from the Lake Rotorua catchment 13
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The 1940 land cover map was created from black wnite aerial photographs —
scanning and classification was done as part efihdject by a contractor to EBoP.
The 1958 map originated from Landcare, Palmerstorh\ It reports both land cover
and land use, but only at a coarse spatial resoluihe 1986 and 1999 land cover
maps are LANDSAT and ECOSAT images respectivelye TB99 ECOSAT image

was not used because it focuses on forest typleerrétan pasture and provides little
additional information to LCDB1 (Land Cover Data€®y The 1996 and 2001 land
cover maps are LCDB1 and LCDB2 respectively. The32thap was supplied by

EBoP and is based on LCDB2 (land cover) updateld 2603 land use data.

The 1958 and 2003 maps give land use as well asdaver, while the other maps
give only land cover. The number of polygons in Gk maps varied from a few
hundred (1958) to a several thousand (1996). T®é (OCDB1) and 2001 (LCDB2)
maps cover the entire study region while maps tbewoyears are based on local
government (not catchment) boundaries, and exchatee land outside the surface
catchment (e.g., Hiwiroa, Mamaku and Kaharoa cagctisiin Figure 2). Topographic
maps for the years 1952, 1964 and 1980 were usedelp extend catchment
boundaries but we relied mostly on LCDB1 and LCDB2.

In order to check and modify the available mapsytheeded to be overlain and
compared. However, the polygons in each map wer@edeindependently and did

not coincide. When the 6 maps were intersectedngposgsibly large number of

polygons was created (~100,000), many of which werg small. To overcome this

problem each map was converted to a 100 x 100 ternasth the same origin, and the
predominant land cover/use was assigned to eadhcghi There were ~17,000 cells
in each raster. Rasters were then converted baskape files whose polygons were
the same in each map. These maps were then irtstsmed land cover or land use in
each of the ~17,000 polygons compared over time.

Data were exported to Excel and ‘rules’ written VBA to identify and remove
inconsistencies in the data, and to estimate laedftom land cover. These rules are
detailed in Appendix 1.

This method has two main sources of uncertainty:

1. 1958 land use classification was very coarse. kamgle, some polygons classified
‘Dairy’ in 1958 were classified ‘IndigenousForestt ‘Scrub’ in 1986 and 1996.
Although the ‘rules’ in Appendix 1 sought to elirate inconsistencies such as this,
there is some uncertainty about their effectiveness

2. Where land use intensification occurred betweer8 % 2003 it was not possible to
estimate whether intensification occurred in 19886 or 2001 because those maps

Nitrogen exports from the Lake Rotorua catchment 14
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only show land cover and not land use. Again tl#e§' in Appendix 1 sought to
estimate when land use changes occurred based raulagal statistics for the
Rotorua region (discussed in Section 3) but theresome uncertainty about their
effectiveness.

The Rotorua sewage treatment plant was commissiont@i73. In the 1940 and 1958
maps land classified ‘UrbanBuilt’ was assigned thass ‘SepticTanks'’. In the 1986
and later maps ‘UrbanBuilt’ land within Rotorua ygitthe eastern suburbs and
Ngongotaha was assigned the class ‘UrbanSewerde eisewhere it was assigned
the class ‘SepticTanks’. From 1973-1991 a smalh arfeland near Sulphur Bay was
assigned the class ‘SewageTreatmentPlant’ andtassohulate the nutrient load from
treated sewage. In 1991 this land was re-desigridibanOpenSpace’ and the spray
disposal areas in Whakarewarewa Forest was assitpeedlass ‘RLTS’ (Rtorua
Land Treatment $stem). Small areas of land at Tikitere and Whakarewa were
assigned the class ‘Tikitere’ and ‘Whaka’ and usedimulate geothermal nitrogen
inputs.

Nitrogen exports from the Lake Rotorua catchment 15
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3. Agricultural statistics

Table 3:

Palliser and Rutherford (2009) have collated anagaicultural statistics from 1898-
2007 which are used in Overseer® to estimate rétmolgaching rates. Data were
collated from New Zealand Year Books, AgricultuBtoduction Reports, the
Statistics New Zealand website (INFOS), and the isttip of Agriculture and

Forestry. Over time there have been significanhgka to the methods of collecting
agricultural statistics, the boundaries of the répg areas, the types of farming
enterprise included, the way in which land use land cover is reported, and the way
in which livestock numbers are reported. These gbaraffect the accuracy with
which stocking rates for each animal type can lienased in the Rotorua catchment.

Stock unit conversions used in this study. Souwsgw.ew.govt.nz /Environmental-
information/Environmental-indicators/Land-and-dadlhd/riv9-technical-information.

Animal type SuU
Sheep 0.93
Beef 4.8
Dairy 6.3

Deer 5

Figure 8 shows total stock units (SU) divided bg thtal area of Rotorua District.
Animal numbers have been converted to stock ursisguthe conversion factors in
Table 3. In the Rotorua District stock units in@e@ slowly from 1900-1950.
Immediately after WWII stock units increased, caidinng with an increased work
force, aerial topdressing and methods to overcdmush sickness’. Stock numbers
peaked during the 1970s, followed by a significauuction. Total stock units have
remained almost constant since the 1980s but dmitg have increased and sheep
units have decreased.

Figure 9 shows total SU divided by the total arégasture in the district. Total
stocking rate is highly variable from 1900-196M0lpably because of variations in the
methods of collecting and reporting agriculturahtistics. Total stocking rate
increased significantly after WWII and peaked ie th970s. Thereafter there was
some reduction in total stocking rate which coieddwith the removal of farm
subsidies. Total stocking rate has increased dgaiecent years. The points labelled
‘Total’ provide a reliable estimate of the averaggwcking rate for all animals
combined. The points for each animal type, howears,not reliable estimates of the
true stocking rate for that animal type. This isdiese, in the case of sheep, the points
are the total number of sheep divided by the tteh of pasture and this is grazed by
sheep, beef and cows.
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Figure 10 shows national stocking rate statisttesme, but not all, Agricultural
Production Reports list pasture area and stock ewsrfior particular farm types. Data
are presented for farms where cows, beef or sheele mp >85% of total stock units
and hence are close to ‘true’ stocking rates. Eidifh contains dairy stocking rates
from two independent datasets — results are brozaihgistent which increases our
confidence in the methods used. There are no dguivdata for the Rotorua District
or Lake Rotorua catchment.
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Figure 10: National stocking rates 1950-2007. Figures are ahimmmbers, converted to SU,
divided by area of pasture for farms that are pmgdantly dairy, beef or sheep.
For Dairy open circles are from Agricultural Protdon Reports while closed
circles are from LIC (2007). Animal numbers are \med to SU using the
conversion factors in Table 3.

Figure 11 shows that there has been a significeanease in butterfat production per
cow over the period 1916-2006. Note that both stmrkate (cows h8 and butterfat
production per cow (kgBF coly have increased over time, and as a result, ptioeiuc
per unit area (kgBF Ha has increased dramatically. The nitrogen leaching
calculations described in the next section accdonthe increasing trend in milk
production.
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Figure 11: Trends in butterfat (BF) production 1916-2006. Faguare butterfat production
divided by numbers of cows in milk. Sources: LIG@Z) and New Zealand

Yearbooks 1920, 1940, 1950, 1957 and 1965.

Data on average carcass weight for cattle (Fig@&)eshow a significant increasing

trend from 1970-2002. Woodford and Nicol (2005)mabut that carcass weight is
only a surrogate for live animal weight. Nevertlsslethe strong inference is that the
average weight of animals on farms increased duhirggperiod. This is likely to be

the result of farmers choosing heavier breeds,csefe for larger animals, and

improved feed (Woodford and Nicol 2005). There acereliable data for average
cattle weight prior to 1970. Data for sheep in Fgd3 also show an increase in
average carcass weight from 1980-2006. Howevegcasarweights for sheep from
1920-1960 were similar to current weights, with arked decline from 1960-1980.
The minimum average carcass weight occurred ar&@i@ and this corresponds with

high stocking rates (see Figure 8).

The nitrogen leaching calculations described inribgt section do not account for
changes in the average weight of sheep or bed¢ catting the study period but they
do account for changes in stocking rate.
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Figure 12: Trends in carcass weight for cattle 1970-2006. Symhare from Woodford and
Nicol (2005). Line is from Meat and Wool New Zealaconomic Service.
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Figure 13: Trends in carcass weight for sheep 1923-2006. Sigvdre data from Woodford
and Nicol (2005) while the lines are data suppbgdvieat and Wool New Zealand
Economic Service.
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4. Nitrogen inputs

Runoff from farmland

Nitrogen export rates from farmland are estimatedetich polygon using Overseer®.
Nitrate leaching rate depends on soil type, hydypl@nimal type and stocking rate,
and is sensitive to the amount of nitrogen fediligpplied. Rotorua soils were
classified as either ‘very well drained’ or ‘weltained’ based on information in the
National Soils Database and whether or not streeens perennial or ephemeral.

For dairy farms, Overseer® requires stocking ratavé hd), breed (Jersey, Friesian
etc.) and milk solids production (kgMS hgr). Pastoral farming in Rotorua district
has been a mix of dairy, sheep and sheep/beef giacearly 1900s. From 1980-2006
total stocking rates (dairy + beef + sheep) forRwtorua district (‘District’ in Figure
14) plot slightly below national stocking rates fiairy farms (‘National’ in Figure
14). This is consistent with a mix of dairy, sheem beef farming in the district, and
with dairy farms having higher stocking rates tisaeep and beef farms. Smeeton and
Ledgard (2007) surveyed several dairy farms inRb&rua catchment and found an
average stocking rate equivalent to 18.2 SU {r Stewart Ledgard, AgResearch,

pers. comm.).
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Figure 14: Trends in stocking rate for dairy cows. ‘Districtata are stocking rates for all
animals (dairy, sheep and beef) on all farms inoRm@t district. ‘National’ are
national stocking rates for cows on dairy farmsedgard’ are stocking rates from
Smeeton & Ledgard (2007). The line is used to gbyastocking rates on dairy
farms in the Rotorua catchment.
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The line in Figure 14 is an upper bound for thestbiet’ and ‘National’ points passing
through the ‘Ledgard’ point. There is high uncertgiin dairy stocking rates from
1900-1960 but lower uncertainty thereafter. Stogkiates in cows ha— required by
Overseer® — were estimated from the trend lineiguifeé 14 by dividing by 6.3 SU
cow™. When making the Overseer® calculations for déiryns we also assumed (see
Table 4) that: (1) the predominant dairy breed gedn (2) application of urea
fertiliser started in the 1980s and (3) milk solieduction increased over time.

Nitrogen export rates predicted using Overseer®msed from 9-57 kgN Hayr™ for
dairy farms north of Rotorua City in the period 09805 (Table 4 and Figure 18).
The increase around 1990 is associated with amaserin the use of urea fertiliser.
Smeeton and Ledgard (2007) recently reported titr@atyen leaching rates from dairy
farms at Rotorua for the ‘base year (2005-06) aged 58 kgN hayr™. This is
slightly higher than our estimated value of 55 Kuid yr for 2005.

Table 4:  Nitrogen export rate for dairy farms estimated gsverseer®. J = Jersey, F =
Friesian, CB1 = cross bred (predominantly Jersésskm), CB2 = cross bred
(predominantly Holstein-Friesian). North and Soarté relative to Rotorua City.

Year Stocking Breed Stocking Production  Production Fertiliser Leaching  Leaching
cows/ha SU/ha kgMF/cow kgMS/cow  kgN/hal/yr North South
kgN/halyr  kgN/halyr
1880 0.8 J 5.0 69 121 0 9 7
1885 0.8 J 5.0 72 125 0 9 7
1890 0.8 J 5.0 74 130 0 9 7
1895 0.8 J 5.0 77 135 0 9 7
1900 0.8 J 5.0 80 140 0 9 7
1905 0.8 J 5.0 83 145 0 9 7
1910 0.8 J 5.0 86 151 0 9 7
1915 0.8 J 5.0 89 156 0 9 7
1920 0.8 J 5.0 93 162 0 9 7
1925 0.8 J 5.0 96 168 0 10 8
1930 1.0 J 6.4 100 174 0 11 9
1935 1.2 J 7.6 103 181 0 13 10
1940 1.4 J 8.8 107 188 0 14 11
1945 1.6 J 9.8 111 195 0 15 12
1950 1.7 J 10.8 115 202 0 17 14
1955 1.9 J 11.7 120 209 0 18 14
1960 2.0 J 12.5 124 217 0 20 16
1965 2.1 CcB1 13.3 129 225 0 23 18
1970 2.2 CcB1 14.0 134 234 0 24 19
1975 2.3 CB1 14.7 138 242 50 29 23
1980 2.4 CB1 15.3 144 251 100 34 27
1985 25 CB1 15.9 149 261 100 35 28
1990 2.6 CB2 16.4 155 270 200 51 41
1995 2.7 CcB2 16.9 160 281 200 53 42
2000 2.8 CcB2 17.4 166 291 200 54 43
2005 2.8 CcB2 17.9 172 302 200 55 44
2010 2.9 CB2 18.3 179 313 200 57 45
22
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Table 5:  Nitrogen export rate for sheep, beef and sheep/li@ehs estimated using
Overseer®. North and South are relative to Rot@ia

Sheep Beef Sheep/Beef
North South
v Stocking Leaching  Stocking Leaching  Stocking Leaching Stocking Leaching
e SU/ha kgN/halyr SU/ha kgN/halyr SU/ha kgN/halyr SU/ha kgN/halyr
1880 4.0 10 4.0 15 4.0 12 4.0 12
1885 4.0 10 4.0 15 4.0 12 4.0 12
1890 4.0 10 4.0 15 4.0 12 4.0 12
1895 4.0 10 4.0 15 4.0 12 4.0 12
1900 4.0 10 4.0 15 4.0 12 4.0 12
1905 4.0 10 4.0 15 4.0 12 4.0 12
1910 4.0 10 4.0 15 4.0 12 4.0 12
1915 4.0 10 4.0 15 4.0 12 4.0 12
1920 4.0 10 4.0 15 4.0 12 4.0 12
1925 4.0 10 4.0 15 4.0 12 4.0 12
1930 4.0 10 4.0 15 4.0 12 4.0 12
1935 4.0 10 4.0 15 4.0 12 4.0 12
1940 4.0 10 4.0 15 4.0 12 4.0 12
1945 4.0 10 4.0 15 51 15 4.7 13
1950 4.0 10 4.0 15 6.0 18 5.4 16
1955 4.7 11 4.0 15 6.9 20 6.0 18
1960 5.3 11 4.0 15 7.8 22 6.5 19
1965 5.8 13 4.8 18 8.5 24 7.0 20
1970 6.3 14 55 20 9.2 26 7.5 21
1975 6.8 15 6.2 22 9.8 28 7.9 22
1980 7.2 16 6.8 24 104 29 8.3 23
1985 7.6 17 7.4 26 11.0 31 8.7 24
1990 8.0 18 7.9 28 11.5 32 9.0 25
1995 8.3 18 8.4 29 12.0 33 9.3 26
2000 8.7 19 8.9 31 12.4 35 9.6 27
2005 9.0 20 9.3 32 12.9 36 9.9 28
2010 9.3 20 9.7 34 13.3 37 10.2 29

For beef, sheep and mixed sheep/beef farms Ov@sesuires, as a minimum,
stocking rate (SU h8 by animal type. There are currently no ‘sheep/oot ‘beef
only’ farms in Rotorua (Alastair MacCormack, EBgders. comm.) although the GIS
map for 2003 (based on LCDB2) does classify somé fmarcels as ‘sheep’ or ‘beef.
National statistics indicate that stocking rates lmef-only farms have increased
steadily since 1950 (Figure 15).
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Figure 15: Trends in stocking rate for beef cattle. ‘Totaltalare stocking rates of all animals
on all farms Rotorua district. ‘Beef’ are natiorsibcking rates for beef cattle on
beef only farms. The line is used to quantify stogkrates on beef only farms in
the Rotorua catchment.
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National stocking rates on sheep farms increased 940 to 1980 and then declined
(Figure 16). This is possibly the result of: (1)riolsland sheep farms having higher
stocking rates than South Island (high country)ephtarms, and (2) many North
Island sheep farms converting to sheep/beef. Tldfficents of the trends lines in
Figures 15 and 16 are trained to national stasighiat the shape is constrained to
follow the monotonic increase in total stockingerfdr Rotorua.

20 4

15 oo
& .
-t
g ¢ * @ Total
< [ ]
2 104 ° ".
[ + Sheep
’ ‘.. - + // "
° /t%ﬂ"b, ++
5 ° L T
,,,74,777777777771/

0 T T T T T T T )
1860 1880 1900 1920 1940 1960 1980 2000 2020

Figure 16: Trends in stocking rate for sheep farms. ‘Totaltadare stocking rates of all
animals on all farms Rotorua district. ‘Sheep’ aational stocking rates for sheep
on sheep only farms. The line is used to quantibglsng rates on sheep only
farms in the Rotorua catchment.
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National stocking rates on sheep/beef farms alsceased from 1940 to 1980 and
then declined (Figure 17). Data supplied by a chasu to EBoP (Alastair
MacCormack, EBoPpers. comm.) indicates current stocking rates on sheep/beef
farms of 12-13 SU hanorth of Rotorua City and 10.5-12 SUhsouth of Rotorua
City. The difference reflects farms south of thy dieing at a higher elevation and
colder. These stocking rates do not match natieats (see points labelled ‘EBoP’
in Figure 17). While the reasons for this are rlec it seems likely that national
statistics are strongly influenced by South Isldath which may not be representative
of Rotorua. The trend line for sheep/beef is traiteenational data for 1940-1980 and
then to recent EBoP data assuming stocking rat2808 of 13 and 10 SU Hanorth
and south of the city respectively. Making thisumsgtion, nitrogen leaching rates
estimated using Overseer® are on average 20% leaveh of the city.
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Figure 17: Trends in stocking rate for sheep/beef farms. ‘Taage stocking rates of all
animals on all farms Rotorua district. ‘S/B’ aretiamal stocking rates on
sheep/beef farms. ‘EBoP’ are stocking rates on@heef farms determined by
EBoOP (Alastair MacCormack., EBoP, pers. comm.). &ltkd Sth refer to an East-
West line drawn through Rotorua City. The dasheediare used to quantify
stocking rates on sheep/beef farms in the RotaateEhment.

Nitrogen export rates predicted using Overseer@emsed from 15-34 kgN Hayr
for beef, from 10-20 kgN Hayr! for sheep and from 12-37 kgN har™ for
sheep/beef farms north of Rotorua City (Table §uFé 18).
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Figure 18: Trends in nitrogen export rates for sheep, sheep/ed dairy farms in Rotorua
District estimated using the Overseer® model. Starkates, fertiliser use, animal
breed and other information used are summaris@ales 4-5. The vertical lines
indicate where a step change in land use is assimted model.

Table 6:  Nitrogen yields (kgN hayr™) assigned to various land use classes 1940-2083. N
all land use classes occur in all years. STP isa§ewWreatment Plant.

LC 1940 1958 1986 1996 2001 2003
BareGround 5 5 5 5 5 5
Cropping 25 25 25 25 25 25
Forest 4 4 4 4 4 4
Horticulture 25 25 25 25 25 25
IndigenousForest 4 4 4 4 4 4
Cattle 25 30 30 30
Dairy North 20 35 55 55 55
Dairy South 15 25 30 35 35
SheepBeef North 30 35 35 35
SheepBeef South 25 25 30 30
Sheep 10 15 20 20 20
ExtensiveSheep 10 10 10 15

IntensiveSheep 10 15 15

TreesGrazed 20 20
Urban 50 50 50 10 10 10
UrbanOpenSpace 10 10 10 10 10 10
RuralSepticTanks 50 50 50 50 50 50
RLTS 4 4 4 100 100 60
STP 10 10 STP 10 10 10
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The distributions of land use ranked according ittogen export rate are shown in
Table 6 and Figure 19. They show the expansiom@fRotorua City urban area and
the intensification of land use — notably in therthavest and south-east of the
catchment.

ROTAN allows the input of up to 5 FU maps descuiine spatial distribution of land
use. It also allows two alternatives: (1) a stepngfe in land use at a specified date, or
(2) linear or user defined interpolation betweeteslaln this study a step change in
land use was assumed. FU maps were derived frainuse data in 1940, 1958, 1986,
1996 and 2001. Guided by trends in stocking raigu(e 9) these maps were assumed
to describe land use as shown in Table 7. Tablen8marises the areas of each land
use class.

Table 7: LU maps used in the ROTAN simulations and the ragods they cover.

LU map Start End

1940 1900 1945
1958 1945 1960
1986 1960 1992
1996 1992 2002
2001 2002 2008
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Figure 19a: Land use distribution in the Rotorua catchment 1@d0) and 1958 (bottom).
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Land use distribution in the Rotorua catchment 1@86) and 1996 (bottom).

_NIWA_—

Nitrogen exports from the Lake Rotorua catchment

29



_NIWA_—

Taihoro Nukurangi

LU_2001

LC_Name

e

[ BareGround

B Cattle

[0 Cropping

B Dairy

[ ExoticForest
ExtensiveSheep
Farest
Grassland

[0 Horticulture
IndiganousForest
Intensive Sheep
MizedTrees

o Outside

I RLTS
Serub

[ SepticTanks

[ ] SewageTreatmentPlant
Sheep

[0 SheepBeef

B Tikitere

[ TreesGrazed

B Urban

| UrbanOpenSpace

" UrbanSewered

I water
Wetland

B haka

LU 2003

LC_Name

i

[0 BareGround

B Cattle

[0 Cropping

I Dairy

[ ExoticForest
ExtensiceSheep

[ Forest
Grassland

[ Harticulture
IndigenousForest
Intensive Sheep

0] MinedTrees
Outeide

I RLTS
Serub

[ SepticTanks

Il SevageTreatmentPlant
Sheep

[0 SheepBeef

B Tikitere
TreesGrazed

B Urban
UrbanOpenSpace

[ UrbanSepticTanks

[ UrbanSewered

[0 Water

© Wetland

B haka

Figure 19c:  Land use distribution in the Rotorua catchment 206d) and 2003 (bottom).
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Table 8:  Area of various land use/cover classes 1940-2003.

Area of land use/cover

ha
LC 1940 1958 1986 1996 2001 2003
BareGround 92 92 328 410 89 61
Cropping 6 6 9 209
ExoticForest 9681 10457 25925 26060 30600 29873
Horticulture 8 2 161 139
IndigenousForest 39076 41634 31288 30310 29565 28649
Beef 850
Dairy 6690 5777
DairyGrazers 881
Deer 1755
PastureExotic 2832 27329
HighProducingGrassland 40442 17829
LowProducingGrassland 147 100
NonGrazedGrass 286
Grassland 33326 582
Horses 265
Lifestyle 592
PrimePasture 1012 16695 44036
SheepBeef 10721
Sheep 98
ExtensiveSheep 16820
IntensiveSheep 8707
TreesGrazed 969 2028
RuralRecreation 131
Scrub 23593 16087 2948 4003 2684 2872
MixedTrees 2304 67 1650
UrbanBuilt 566 2914 2913 2626 3143 2827
UrbanOpenSpace 190 859 938 914 845 768
SepticTanks 136
Water 14293 14284 14364 14349 14245 14315
Wetland 11 68 470 348 305 393
TotalPasture 33326 36643 44024 44036 41558 41182
IndigenousForest,
Scrub & Wetland 62680 57789 34706 34661 32554 31914

Point sources

There are three significant point sources of n#grogn the catchment: septic tanks,
geothermal inputs and sewage from the Rotorua sewagtment plant.

Prior to completion of sewage reticulation, Hoal®80) measured significantly
higher concentrations of dissolved inorganic nigro@DIN) in urban streams than in
rural streams, which he attributed to inputs frapti tanks. Hoare (1984) reports on
studies in two residential areas (Pomare and Lyenon the outskirts of Rotorua
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carried out in 1976-1977 while they were still seed by septic tanks. He estimated
the net increase in stream nitrogen flux from sefatnks to be 1.8 and 7.4 t'yin
Pomare and Lynmore respectively. We determined résedential areas in each
catchment from GIS maps in 1958 and 1986 which gaesage values of 48 and 88
ha in Pomare and Lynmore respectively. Using tlaesas we estimate specific yields
of 38 and 84 kgN Hayr' in Pomare and Lynmore respectively. The uncestaimt
residential area in 1976-1977 is high giving riseat high uncertainty in specific
nitrogen yield.

Census figures for 1956 — prior to sewage retimnat give the total population in
the catchment as 19,000. The GIS map for 1958 gimesrban built area (excluding
urban open space) of 2,578 ha. The average nitrgighis 4 kgN capitayr® (Hoare
1984) — range 2-6 kgN capitgr’. From these figures we estimate a yield of 29 kgN
ha' yr'* which is comparable with the previous estimat8®B4 kgN ha yr.

In the ROTAN simulations described below we usetlaterage yield of 50 kgN ha
yr' for urban, rural and lakeside areas serviced bjicseanks. For urban areas after
reticulation we assumed an average yield of 10 kgiNyr™, the ‘background’ level
reported by Hoare (1984).

Since 1991 sewage from Rotorua City has been tteatel then sprayed into
Whakarewarewa Forest. Spraying increased from 1992-to reach about 80 t N'yr
from 1993-2001. Plant upgrades at that time haea sereduction to 40-60 t N yr
from 2003-2006. There is significant storage antliss in the forest soils. Results of
monitoring in the Waipa Stream showed a steadyeas® in nitrogen load leaving the
RLTS from 1994-2001 — peaking at about 40 t N ffeached). Plant upgrades have
reduced this to about 30 t N'yfrom 2003-2006.

ROTAN simulates the Rotorua Land Treatment SysRhTE) as a load of 30 tN yr
leaching from 220 ha at an average rate of 100haNy/r for the period 1992-2008.

Nutrient attenuation

Attenuation is the term applied to the temporagrasie and/or permanent loss of
nutrient between where it is generated in the cateit and where it enters the lake.
Typically in large catchments about 50% of the ieuatrexport is attenuated before it
leaves the catchment (Alexander et al. 2002). Hewewn some catchments

attenuation can be negligibly small (Wilcock et 2006). The ROTAN simulations

described below assume attenuation to be zerolaneftect of this assumption is
discussed.
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5. Nutrient predictions

Ngongotaha

In the Ngongotaha catchment groundwater makesréfisant contribution to stream
flow (Figure 20 — see Spring Flow). Based on tntimeasurements, groundwater is
young (mean residence time (MRT) 15.5 years, Mastggn and Gordon (2006)).

DIN (NOsN + NON + NHsN)' concentrations are reported for 1976-1978 (Hoare
1980), 1987-1989 (Williamson et al. 1996) and 12080 (EBoP unpublished data).
NH4N concentrations are negligibly small in Rotoruzeams not affected by
geothermal inflows. ROTAN predictions consisterglyceed measured DIN (Figure
21) because concentrations of DON and PN are signifin the Ngongotaha Stream.
ROTAN predictions match observations of TN (DIN ©R + PN) in 1987-1989 and
1993-2000 tolerably well (Figure 21), and the fel measurements in 1976-1978.
Observed and predicted variability in nitrogen anmtcation are similar. This was
achieved by assigning 70% of total nitrogen expoiub-layer 1 (near surface soils)
and 15% each to the conceptual quickflow (sub-l8)eand slowflow (sub-layer 4)
reservoirs (Figure 3). Note that predictions anseotations are both weekly averages.

These results indicate that nitrogen exports froenland use types in the Ngongotaha
catchment have been estimated tolerably well. N@ethese simulations assume zero
nitrogen attenuation. Land use in the Ngongotahehozent is predominantly pasture
with forest on Mt Ngongotaha and the eastern edgbeo Mamaku Plateau (Figure
23). Land cover has not changed significantly siti@88 (Figures 19) although land
use intensity has increased.

! NO;N = nitrate-N, NON = nitrite-N, NH\N = ammonium-N, DON = dissolved organic
nitrogen-N, PN = particulate nitrogen-N, DIN = dibsed inorganic nitrogen-N = N@® +
NO,N + NH;N, and TN = total nitrogen-N = N{®™ + NO,N + NH;N + DON + PN
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viewed in colour.
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Figure 21: Comparisons between predicted TN concentrations aizserved TN
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Stream. Predictions and observations are weeklyages.
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Figure 22 shows predicted TN concentrations 19020940 land use was assumed
from 1900-1945 — an oversimplification — and thdtiah TN concentration of
groundwater was set to 0.17 g°rbased on the average concentration measured in
deep, old groundwater (Uwe Morgenstern, G&8s. comm.). Stream concentrations
respond quickly to land use change in the Ngongotetrere groundwater MRT (15.5
years) is the lowest measured at Rotorua. Predidiedoncentration increases from
1900-1905 which indicates that the specified ihgr@undwater concentration of 0.17
g m* is below the equilibrium value for the 1940 largku- closer to 0.5 gnlt is
desirable to estimate land use in 1900 consisté&ht gvroundwater concentrations of
0.17 g n¥. Predicted concentrations in the 1970s are naingly influenced by
exports prior to the 1950s and the good fit betwebrerved and predicted TN
concentrations shown in Figure 21 tells us litthewat the accuracy of nitrogen export
estimates from 1900-1950.

51
ROTAN Model Results

Main | Streamflow -
Lang-Trm | iiiesenes]
Madel Locakion: Mgongotaha % Total Flow

=
Comparison of Nitrogen Data Location: | Mgongotahahi =] € Components of Flow

4 Observed

Simulated |

254

Mitrogen {gfm™3)

054

a
1011900 20051927 SH0M954 200271982

Start Date:| 1 j01{1900 * End Date:l 1j01/2008 >

‘Observed Tokal Mitrogen= 370; Model Tatal Mitrogen= 646; RMSE=0.75

Figure 22: Comparisons between predicted TN concentrations afserved DIN
concentrations in the Ngongotaha Stream 1900-2000.
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Figure 23: Land use in 2001 in the surface catchments of dp@nijotaha Stream. Land cover
in the Ngongotaha is similar in 1958, 1986, 1998)2and 2003 although land use
intensity has increased. See Figures 19 for thak Uae legend.

Waiteti

The Waiteti catchment contains roughly equal propos of pasture and forest. Water
yield in the Waiteti Stream is very low (Table ®hich indicates that much of the
drainage from the Waiteti emerges as springflovgidatthe surface catchment.

In the ROTAN simulations, groundwater flows NE frohe Waitetahi to the Waiteti,
and NE from the Waipapa to the Awahou (Figure 4)xaN residence time of
groundwater in the Waiteti is 40 years (Morgensterd Gordon 2006).

Observed and predicted TN concentrations in 1995 18atch tolerably well (Figure
24), but there are no TN measurements in 1976-187bmpare with predictions.
Predicted TN consistently exceeds measured DINcpsoted (Figure 24). There is an
increasing trend in predicted TN concentration Wwhiiroadly matches increasing
trends in measured DIN.
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Figure 24: Comparisons between predicted TN concentrations aizserved TN
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Stream. Predictions and observations are weekiyages.
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Waingaehe

The Waingaehe catchment is predominantly pastutk some forest (Figure 19).
Mean residence time of groundwater in the Waingagli@7 years (Morgenstern and
Gordon 2006) — the longest measured in all Lake@iRatcatchments.

Predicted TN concentrations consistently exceeerobdg DIN concentrations — as
expected. The observed increasing trend in DIN eotrations is broadly matched by
the predicted increasing trend in TN concentrafieigure 25).

Predicted TN concentrations are slightly highemtiobserved TN concentrations in
1977 and are comparable in 1991-1995 (Figure 2%)TAN predicts similar
variability in TN concentration to the observations

Simulations in the Waiteti and Waingaehe providditamwhal support for the nitrogen
exports and groundwater travel times in ROTAN.
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Figure 25: Comparisons between predicted TN concentrations aizserved TN
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Stream. Predictions and observations are weeklyages.
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Waiohewa

DIN concentrations in the Waiohewa are stronglyuigriced by geothermal inflows
from Tikitere and NEIN concentrations are high. ROTAN includes a geatiaétoad
of 50 tN yr'. Predicted TN concentrations match observed TN &@ibl
concentrations in 1976-1977 and 1991-1995 tolerakely (Figure 26).

Waiowhiro

The Waiowhiro catchment contains the Rainbow/F&prings and a satisfactory
water balance could only be achieved by includirmugdwater inflows from parts of

the Paradise and Mangakakahi surface catchmergsirési 2 and 4). Land use is
roughly equal proportions of forest/scrub, pasamd urban, and groundwater MRT is
42 years.

Predicted TN concentrations match observations9a141995 tolerably well, with
similar variability (Figure 27). Predicted TN comteations are slightly lower than
observed DIN concentrations in 1976-1977, with lowshort-term variability.

However, in 1991-1995 these relationships are segkr
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Figure 26: Comparisons between predicted TN concentrations aizserved TN
concentrations (bottom) and observed DIN concdbtrat(top) in the Waiohewa
Stream. Predictions and observations are weeklyages.

Nitrogen exports from the Lake Rotorua catchment 42



//‘\LLWA -

Taihoro Nukurangi

ROTAN Madel Results x|

ROTAN Model Results
Iain Streamflow -

Long-Term I_

Comparison of Nitrogen

Model Location: waicwhira hd & Total Flow

Data Location: " Components of Flaw

% Cbserved Simulated |

254

Mitrogen (gfm™3)

-+
1N GTS SH1M931 Q09N I35 15071995 19i05/2002

Start Date:l 1 /01j1975 ¥ End Date:l 1 /012006 ¥
‘Ohserved Total Mitragen= 292; Madel Tatal Mitrogen= 275; RMSE= 0.51

51
ROTAN Model Results

IMain | Streamflow -
Long:Term [imeSeist

Comparison of Nitrogen

Madel Locakion:
W aiowhiro =1 & Total Flow

€ Components of Flaw

Daka Location:

4 Observed Simulated |

Mitrogen {gfm™3)

4

1011975 SM1M981 91091988 1590771995 190572002

Start Date:| 1 j01{1975 ¥ End Date:l 1j01/2008 >

‘Observed Tokal Mitrogen= &5; Madel Total Mitrogen= &6; RMSE= 0.68

Figure 27: Comparisons between predicted TN concentrations aizserved TN
concentrations (bottom) and observed DIN conceotrat(top) in the Waiowhiro
Stream. Predictions and observations are weeklyages.
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Utuhina

Land use in the Utuhina is roughly equal propodiohforest, pasture and urban land.
Groundwater MRT is 48 years and there are sprimghe outskirts of Rotorua City.
Observed and predicted TN concentrations matchatiole well in 1992-1997 (Figure
28) but there are very few TN measurements in 19767 Predicted TN
concentrations are comparable with observed DINceoination in both 1976-1977
and 1992-1997. This arises because DON and PN ntvatiens in the Utuhina are
low.

Puarenga

The Puarenga catchment contains roughly equal props of pasture and exotic
forest and, since 1991, the RLTS. Groundwater MBTtlie whole catchment is 37
years (Morgenstern and Gordon 2006). Commencii®@1i, treated sewage has been
sprayed in the Waipa sub-catchment of Whakarewai€evast. Stream monitoring
results for chloride and nitrate are consistenthwiie Waipa catchment having a
groundwater MRT of about 5 years (Ray and Ruthdrifl04).

Predicted TN concentrations slightly over-estintate small number of observed TN
concentrations in 1977 and 1992 (Figure 29). Fro@®312000 predicted TN

concentrations are comparable with observed TN emnations. Observed DIN

concentrations are lower than predicted TN coneéntrs in the Puarenga where
DON and PN concentrations are significant. Obsenead predicted TN

concentrations both increased significantly frorB2-2000 as a result of the RLTS.
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Figure 29: Comparisons between predicted TN concentrations aizserved TN
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Stream. Predictions and observations are weeklyages.
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Awahou

The Awahou groundwater catchment is predominardbtyre with some forestry on
its southern boundary (Figure 30). It contains Tla@iwha springs complex whose
waters have an MRT of 61 years (Morgenstern andd@or2006). There is an
increasing trend in predicted TN concentration essed with the combination of
land use intensification in the 1950s and groundwkigs of 60 years. Predicted TN
concentrations in 1991-1995 are comparable witleasions (Figure 31). However,
predicted TN concentrations significantly underasatie observed DIN observations in
1975-1977. Since TN > DIN this implies that ROTAN@underestimates TN in that
period.

There are two possible explanations. First, ROTA&A rover-estimate groundwater
lag times in the Awahou. Currently ROTAN matcheg tmean residence time
measured by Morgenstern and Gordon (2006) whichntdies the travel time for
tritium in rain water assumed to be distributedfemily across the whole catchment.
It is conceivable, however, that intensive landsuaee concentrated close to the
Awahou springs and that nitrate finds its way te #prings more quickly than the
MRT of 60 years suggests. If this is true then laad intensification just after WWII
would have increased nitrogen concentrations inAtvahou more quickly than is
currently modelled. Second, ROTAN may underestimétegen leaching rates in the
Awahou through inaccuracies in estimating when lasd intensification occurred.
Thus nitrogen leaching rate may have increased moiekly after WWII than
indicated by Table 6.

Hamurana

The Hamurana catchment contains a mix of pasturk farest. As modelled in
ROTAN the sequence of catchments Mamaku — Hiwirétauraki — Hamurana feeds
the Hamurana Springs whose waters have an MRT ofygars (Morgenstern and
Gordon 2006). The surface catchments closest télémeurana Springs (Hauraki and
Hamurana) are predominantly pasture, as is theastirtatchment farthest away
(Mamaku), while the Hiwiroa is predominantly for¢stgure 30).

Observed TN concentrations in 1991-1995 are hitftean predictions, as are the few
observations in 1978 (Figure 32). Observed DIN eot@tions in 1975-1978 are
higher than predicted TN concentrations and sindke ST DIN this implies that
ROTAN underestimates TN concentration during tresiqgnl. As with the Awahou,
ROTAN may over-estimate groundwater lag times andiuder-estimate nitrogen
leaching rates in the Hamurana. It is also possiaethe boundaries of the Hamurana
aquifers may not be located correctly. Moving tlerdaries to include more pasture
in the Awahou and/or north of the external boundeoyld increase nitrogen inputs to
the Hamurana.
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Figure 30: Land use in the Hamurana and Awahou groundwatehoents 2001 (top) and
1958 (bottom). See Figures 19 for the land useniége
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Figure 32: Comparisons between predicted TN concentrations aizserved TN
concentrations (bottom) and observed DIN concebotrat(top) in the Hamurana
Stream. Predictions and observations are weeklyages.
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Lake input

Figure 33 shows ROTAN predictions of the total agen input to the lake from
streams, to which has been added 30 tNfgr rain falling on the lake. Also shown
are previously published estimates of lake inpatuding rain on the lake. The most
reliable of these is the estimate for 1976-1977Hoare (1980). The estimates for
1965, 1981 and 1985 (Rutherford et al. 1989) usaréis stream and rainfall loads
but account for changes in sewage inputs. The astsrfor 2005 (Morgenstern and
Gordon 2006) are based on groundwater dating stu@eerall there is reasonable
agreement between observed and predicted totalriplés.
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Figure 33: Annual nitrogen input to Lake Rotorua for 1900-2@06dicted using the ROTAN
model (). Also shown (O) are previous published estimates.
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6. Discussion and conclusions

The ROTAN model has been calibrated for the LakdéoRa catchment and a

satisfactory fit achieved for the long-term watealdmce, previously published

estimates of nitrogen input to the lake, and mesbkUiN concentrations in the major
streams. The earliest stream measurements usedinaerel976-1977 (Hoare 1980)

and ROTAN cannot be verified prior to the 1970shFH{1975) measured inorganic
nutrient concentrations in major streams from 19680 but these data have not yet
been used for ROTAN calibration or testing.

The ROTAN simulations in this report assume zerenaiation. The satisfactory
match in Figure 33 indicates that either: nitrogeports have been under-estimated
and attenuation is non-zero, or nitrogen exportge Haeen estimated correctly and
attenuation is negligible. If the latter is truemhthere may be limited opportunities to
increase nutrient attenuation in the catchmennisrcepting nitrogen after it has been
exported from the land (e.g., enhancing nitrogemonal in riparian buffers or
enhancing natural wetlands). However, mitigation oaduce nitrogen exports (e.g.,
through reduced stocking rates in winter, use ofl Inemes and careful application of
fertiliser).

The current ROTAN simulations use the best avaidlabktimates of aquifer
boundaries. GNS-Science played the major role emtifying these boundaries.
ROTAN has been used to refine the GNS boundariexchieve satisfactory water
balances for the lake and individual streams. Thestill some uncertainty about the
location of these boundaries.

The current ROTAN simulations use the groundwateamresidence times (MRT)
determined by Morgenstern and Gordon (2006) usiiigirh. However, it was not
possible to satisfactorily match observed nitrogencentrations in the Awahou and
Hamurana catchments which both have old groundwM&T 60 years (Awahou)
and 110 years (Hamurana)]. ROTAN simulates 3 (Awaland 4 (Hamurana) sub-
aquifers in series whose parameters were adjustehatch Morgenstern’s mean
residence times. The same MRT in the Awahou andutiama can be achieved with
different combinations of MRTs in the sub-aquifeltswas not possible to match
observed nitrogen concentrations using identicehipaters in each sub-aquifer. An
improved, but still not completely satisfactory,tofawas obtained assuming that sub-
aquifer volume increased with distance from thelak

ROTAN currently assumes a single aquifer layereklity the aquifer could be multi-
layered — making this refinement could improve m@beuracy provided information
exists to support a multi-layer calibration.
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Predicted nitrogen concentrations in the Awahou ldathurana are very sensitive to
uncertainties in sub-aquifer boundaries, the hystfrland use intensification, and
MRTs. It is important for EBoP, when consideringdause control measures, that the
aquifer boundaries be determined as accuratelysspe. Further work is desirable
to refine the boundaries and volumes of the sulifergu Stream nitrogen
measurements combined with historic land use indtion and stocking rates could
be used to test and refine the current boundanesMRT estimates made using
tritium. Ideally this work should be done in coltahtion with GNS-Science.
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8. Appendix 1. Rules for predicting land use from lam cover

The following VBA code is implemented with Excel

Private Sub CommandButton1_Click()
Dim LU1940(55000), LU1958(55000), LU1986(55000) As String
Dim LU1996(55000), LU2001(55000), LU2003(55000), Parcel(55000) As String
Dim LUNew1940(55000), LUNew1958(55000), LUNew1986(55000) As String
Dim LUNew1996(55000), LUNew2001(55000), LUNew2003(55000) As String
Dim I, NumObs As Integer
Application.ScreenUpdating = False

NumObs = 17010
Sheets("LC_AIl_R2P_Int6").Select
Worksheets("LC_AIll_R2P_Int6").Range("02:U20000").Clear
Worksheets("LC_AIll_R2P_Int6").Range("z2:am20000").Clear
Range("b2").Select
For I =1 To NumObs

LU1940(l) = ActiveCell.Value

ActiveCell.Offset(0, 1).Select

LU1958(l) = ActiveCell.Value

ActiveCell.Offset(0, 1).Select

LU1986(l) = ActiveCell.Value

ActiveCell.Offset(0, 1).Select

LU1996(1) = ActiveCell.Value

ActiveCell.Offset(0, 1).Select

LU2001(l) = ActiveCell.Value

ActiveCell.Offset(0, 1).Select

LU2003(l) = ActiveCell.Value

ActiveCell.Offset(0, 3).Select

Parcel(l) = ActiveCell.Value

ActiveCell.Offset(1, -8).Select
Next |

For I =1 To NumObs

If LU1940(1) = "MixedTrees" Then LU1940(1) = "IndigenousForest"
If LU1958(1) = "MixedTrees" Then LU1958(l) = “IndigenousForest"
If LU1986(I) = "MixedTrees" Then LU1986(I) = "ExoticForest"
If LU1996(I) = "MixedTrees" Then LU1996(I) = "ExoticForest"
If LU2001(l) = "MixedTrees" Then LU2001(l) = "ExoticForest"
If LU2003(I) = "MixedTrees" Then LU2003(l) = "ExoticForest"
Next |

For I =1 To NumObs

If LU2003(l) = "Outside" Then LU2003(I) = LU2001(l)

Next |

For I =1 To NumObs

If LU1986(1) = "Outside" Then LU1986(1) = LU1996(l)

Next |

For I =1 To NumObs

If LU1958(l) = "Outside" Then LU1958(1) = LU1940(l)

Next |

For I =1 To NumObs

If LU1958(l) = "Outside" Then LU1958(1) = LU1986(l)

Next |

For I =1 To NumObs

If LU1958(l) = "Outside" Then LU1958(1) = LU1996(l)

Next |
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For I =1 To NumObs
If LU1940(1) = "Outside" Then LU1940(I) = LU1958(l)
Next |
For I =1 To NumObs
If LU2003(l) = "Road" Then LU2003(I) = LU2001(l)
Next |
For I =1 To NumObs
If LU1958(l) = "Other" Then
If LU1940(1) = "Urban" Or LU1940(l) = "UrbanOpenSpace" Then LU1958(I) = LU1940(l)
End If
If LU1958(l) = "Other" Then
If LU1986(I) = "Urban" Or LU1986(1) = "UrbanOpenSpace" Then LU1958(l) = "UrbanOpenSpace"
End If
If LU1958(l) = "Other" Then LU1958(I) = LU1986(l)
Next |
For I =1 To NumObs
If LU1940(1) = "Other" Then LU1940(1I) = LU1958(l)
Next |
For I =1 To NumObs
If LU2003(l) = "Other" Then LU2003(I) = LU2001(l)
Next |
For I =1 To NumObs
If LU2003(l) = "Urban" And LU2001(l) = "UrbanOpenSpace" Then LU2003(l) = LU2001(l)
Next |
For I =1 To NumObs
If LU1958(1) = "Dairy" Or LU1958(l) = "ExtensiveSheep" Or LU1958(l) = "IntensiveSheep" Or LU1958(l) =
"Grassland" Then
If LU1986(I) = "IndigenousForest” Or LU1986(l) = "Scrub" Or LU1986(I) = "Wetland" Or LU1986(l) =
"ExoticForest" Then
If LU1996(1) = "IndigenousForest" Or LU1996(1) = "Scrub" Or LU1996(1) = "Wetland" Then
LU1958(1) = LU1986(1)
End If
End If
End If
Next |
For | =1 To NumObs
If LU1940(l) = "Dairy" Or LU1940(l) = "ExtensiveSheep" Or LU1940(]) = "IntensiveSheep" Or LU1940(l)
= "Grassland" Then
If LU1958(I) = "IndigenousForest" Or LU1958(l) = "Scrub" Or LU1958(l) = "Wetland" Or LU1958(l) =
"ExoticForest" Then LU1940(l) = LU1958(l)
End If
Next |
For I =1 To NumObs
If LU1996(I) = "PrimePasture" Then
If LU2003(1) = "IndigenousForest" Or LU2003(I) = "ExoticForest" Then
If LU2001(1) = "IndigenousForest" Or LU2001(I) = "ExoticForest" Then
LU2001(l) = "TreesGrazed"
LU2003(l) = "TreesGrazed"
End If
End If
End If
Next |
For I =1 To NumObs
If LU1996(I) = "PrimePasture" Then
If LU2003(l) = "Beef" Or LU2003(I) = "Dairy" Or LU2003(l) = "DairyGrazers" Or LU2003(l) = "Deer" Or
LU2003(l) = "Horses" Or LU2003(l) = "Sheep" Or LU2003(l) = "SheepBeef"' Then
If LU2001(1) = "IndigenousForest" Or LU2003(I) = "ExoticForest" Then
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LU2001(l) = "TreesGrazed"
End If
End If
End If
Next |
For I =1 To NumObs
If LU2003(l) = "UrbanOpenSpace" And LU2001(l) = "Urban" Then LU2001(l) = LU2003(l)
If LU2001(l) = "UrbanOpenSpace" And LU1996(1) = "Urban" Then LU1996(1) = LU2001(l)
If LU1996(1) = "UrbanOpenSpace" And LU1986(1) = "Urban" Then LU1986(1) = LU1996(1)
If LU1986(l) = "UrbanOpenSpace" And LU1958(I) = "Urban" Then LU1958(l) = LU1986(1)
If LU1958(l) = "UrbanOpenSpace" And LU1940(1) = "Urban" Then LU1940(1) = LU1958(1)
Next |
For I =1 To NumObs
If LU1958(1) = "PrimePasture” Then LU1958(l) = "IntensiveSheep"
If LU1958(1) = "ExoticPasture” Then LU1958(l) = "ExtensiveSheep"
Next |
For I =1 To NumObs
If LU1958(l) = "Wetland" Or LU1958(l) = "IndigenousForest" Or LU1958(1) = "ExoticForest" Or LU1958(l)
="Scrub" Then
If LU1940(l) = "Grassland" Or LU1940(l) = "Sheep" Or LU1940(l) = "IntensiveSheep" Or LU1940(l) =
"ExtensiveSheep" Or LU1940(l) = "Dairy" Then LU1940(l) = LU1958(1)
End If
Next |
For I =1 To NumObs
If LU2001(l) = "Water" Then
LU2003(l) = "Water"
LU1996(]) = "Water"
LU1986(l) = "Water"
LU1958(l) = "Water"
LU1940(]) = "Water"
End If
If LU2001(l) = "Lake" Then
LU2003(l) = "Water"
LU2001(l) = "Water"
LU1996(]) = "Water"
LU1986(l) = "Water"
LU1958(l) = "Water"
LU1940(]) = "Water"
End If
Next |
For I =1 To NumObs
If LU2003(l) = "DairyGrazers" Or LU2003(l) = "Beef" Then LU2003(l) = "Cattle"
If LU2003() = "Deer" Or LU2003(I) = "Sheep" Or LU2003() = "Horses" Or LU2003(l) =
"LowProducingGrassland" Then LU2003(l) = "Sheep"
If LU2003(I) = "RuralRecreation" Or LU2003(l) = "NonGrazedGrass" Then LU2003(l) = "Sheep"
Next |
For I =1 To NumObs
If LU1958(l) = "Dairy" And LU2003(l) = "Dairy" Then
LU1986(l) = "Dairy"
LU1996(l) = "Dairy"
LU2001(l) = "Dairy"
LU2003(l) = "Dairy"
End If
Next |
For I =1 To NumObs
If LU1958(I) = "Dairy" And LU2003(1) = "HighProducingGrassland" Then
LU1986(l) = "Dairy"
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LU1996(l) = "Dairy"
LU2001(l) = "Dairy"
LU2003(l) = "Dairy"
End If
Next |
For I =1 To NumObs
If LU2003(1) = "HighProducingGrassland" And LU1958(1) <> "Dairy" Then LU2003(l) = "SheepBeef"
If LU2003(I) = "SheepBeef" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(1) = "Cattle" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "Cattle"
If LU2003(1) = "SheepBeef" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2003(I) = "Cattle" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(1) = "Dairy" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "Dairy"
If LU2003(1) = "Dairy" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(1) = "TreesGrazed" And LU2001(l) = "Forest" And LU1996(1) = "PrimePasture" Then LU2001(1)
= "TreesGrazed"
If LU2003(I) = "Sheep" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(I) = "Sheep" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2003(I) = "TreesGrazed" And LU2001(l) = "HighProducingGrassland® Then LU2001(l) =
"SheepBeef"
If LU2003(I) = "TreesGrazed" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2003(1) = "Lifestyle" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(I) = "Lifestyle" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2003(1) = "Cropping" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(I) = "Cropping" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2003(I) = "Forest" And LU2001(l) = "HighProducingGrassland" Then LU2001(l) = "SheepBeef"
If LU2003(I) = "Forest" And LU2001(l) = "LowProducingGrassland" Then LU2001(l) = "Sheep"
If LU2001(l) = "SheepBeef" And LU1996(1) = "PrimePasture" Then LU1996(1) = "SheepBeef"
If LU2001(l) = "Cattle" And LU1996(]) = "PrimePasture” Then LU1996(l) = "Cattle"
If LU2001(1) = "Sheep" And LU1996(1) = "PrimePasture” Then LU1996(I) = "Sheep"
If LU2001(l) = "Dairy" And LU1996(l) = "PrimePasture" Then LU1996(1) = "Dairy"
If LU2001(1) = "Forest" And LU1996(1) = "PrimePasture" Then LU1996(1) = "SheepBeef"
If LU1996(1) = "Cattle" And LU1986(]) = "PrimePasture” Then LU1986(l) = "Cattle"
If LU1996(I) = "SheepBeef" And LU1986(1) = "PrimePasture" Then LU1986(l) = "SheepBeef"
If LU1996(1) = "Cattle" And LU1986(l) = "PastureExotic" Then LU1986(l) = "SheepBeef"
If LU1996(1) = "SheepBeef" And LU1986(l) = "PastureExotic" Then LU1986(l) = "Sheep"
If LU1996(1) = "Dairy" And LU1986(l) = "PastureExotic" Then LU1986(l) = "SheepBeef"
If LU1996(1) = "Dairy" And LU1986(l) = "PrimePasture" Then LU1986(1) = "Dairy"
If LU1996(1) = "Forest" And LU1986(]) = "PastureExotic" Then LU1986(l) = "Sheep"
If LU1996(1) = "Forest" And LU1986(1) = "PrimePasture" Then LU1986(l) = "SheepBeef"
If LU1996(1) = "Sheep" And LU1986(1) = "PrimePasture” Then LU1986(I) = "Sheep"
If LU1996(I) = "Sheep" And LU1986(I) = "PastureExotic" Then LU1986(I) = "Sheep"
If LU2001(l) = "TreesGrazed" And LU1996(1) = "PrimePasture" Then LU1996(l) = "Sheep"
If LU2001(l) = "TreesGrazed" And LU1986(l) = "PrimePasture" Then LU1986(l) = "Sheep"
If LU2001(l) = "TreesGrazed" And LU1986(l) = "PastureExotic" Then LU1986(l) = "Sheep"
If LU1958(1) = "ExtensiveSheep" And LU1986(l) = "SheepBeef" Then LU1986(I) = "Sheep"
If LU1958(1) = "IntensiveSheep" And LU1986(1) = "Sheep" Then LU1986(1) = "SheepBeef"
Next |
For I =1 To NumObs
If LU2001(l) = "HighProducingGrassland® And LU1996(l) = "PrimePasture" Then LU2001(l) =
"SheepBeef"
If LU2001(1) = "HighProducingGrassland" And LU1996(l) = "Forest" Then LU2001(l) = "Forest"
If LU2001(I) = "HighProducingGrassland" Then LU2001(l) = LU2003(1)
If LU2001(l) = "LowProducingGrassland" And LU1996(1) = "PrimePasture" Then LU2001(l) = "Sheep"
If LU2001(l) = "LowProducingGrassland" And LU1996(1) = "Forest" Then LU2001(l) = "Forest"
If LU2001(1) = "LowProducingGrassland" Then LU2001(l) = LU2003(l)
If LU1996(1) = "PrimePasture” And LU1986(l) = "PrimePasture" Then LU1996(1) = "SheepBeef"
If LU1996(1) = "PrimePasture" And LU1986(]) = "PastureExotic" Then LU1996(1) = "Sheep"
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If LU1996(1) = "PrimePasture" And LU1986(]) = "PastureExotic" Then LU1996(l) = "Sheep"
If LU1996(1) = "PrimePasture” Then LU1996(1) = LU2001(l)

If LU1986(1) = "PrimePasture” Then LU1986(l) = "SheepBeef"

If LU1986(I) = "PrimePasture" And LU1958(l) = "PastureExotic" Then LU1986(l) = "Sheep"
If LU1986(I) = "PastureExotic" And LU1958(l) = "PrimePasture" Then LU1986(l) = "Sheep"
If LU1986(I) = "PastureExotic" And LU1958(l) = "PastureExotic" Then LU1986(l) = "Sheep"
If LU1986(I) = "PrimePasture" Then LU1986(l) = "Sheep"

If LU1986(1) = "PastureExotic" Then LU1986(l) = "Sheep"

If LU1958(1) = "PastureExotic" Then LU1958(l) = "Sheep"

If LU1958(I) = "PrimePasture" Then LU1958(l) = "Sheep"

If LU1958(I) = "Grassland" And LU1986(1) = "SheepBeef" Then LU1958(l) = "IntensiveSheep"
If LU1958(I) = "Grassland" And LU1986(1) = "Sheep" Then LU1958(l) = "ExtensiveSheep"
If LU1958(l) = "Grassland" Then LU1958(l) = "ExtensiveSheep"

If LU1940(1) = "PastureExotic" Then LU1940(l) = "Sheep"

If LU1940(1) = "PrimePasture" Then LU1940(l) = "Sheep"

If LU1940(l) = "Grassland" Then LU1940(1) = "Sheep"

Next |

For I =1 To NumObs

If LU1940(l) = "RLTS" Then LU1940(l) = "Forest"

If LU1958(l) = "RLTS" Then LU1958(l) = "Forest"

If LU1986(l) = "RLTS" Then LU1986(l) = "Forest"

If LU1940(l) = "SheepBeef" Then LU1940(l) = "Sheep"

If LU1940(l) = "Lake" Then LU1940(l) = "Water"

If LU1958(l) = "Lake" Then LU1958(l) = "Water"

If LU1986(l) = "Lake" Then LU1986(l) = "Water"

If LU1996(1) = "Lake" Then LU1996(l) = "Water"

If LU2001(l) = "Lake" Then LU2001(l) = "Water"

If LU2003(l) = "Lake" Then LU2003(l) = "Water"

Next |

For I =1 To NumObs

If LU2001(1) = "Urban" And LU2003(l) = "UrbanOpenSpace" Then LU2001(l) = "UrbanOpenSpace"
If LU1996(1) = "Urban" Then

If LU2001(l) = "UrbanOpenSpace" Or LU2003(I) = "UrbanOpenSpace" Then LU1996(l)
"UrbanOpenSpace"
End If
If LU1986(l) = "Urban" Then
If LU1996(I) = "UrbanOpenSpace" Or LU2001(]) = "UrbanOpenSpace" Or LU2003(l)
"UrbanOpenSpace" Then LU1986(]) = "UrbanOpenSpace"
End If
If LU1958(l) = "Urban" Then
If LU1986(I) = "UrbanOpenSpace" Or LU1996(]) = "UrbanOpenSpace" Or LU2001L(l)
"UrbanOpenSpace" Or LU2003(l) = "UrbanOpenSpace" Then LU1958(1) = "UrbanOpenSpace”
End If
If LU1940(1) = "Urban" Then
If LU1958(I) = "UrbanOpenSpace" Or LU1986(]) = "UrbanOpenSpace" Or LU1996(I)

"UrbanOpenSpace" Or LU2001(I) = "UrbanOpenSpace" Or LU2003(I) = "UrbanOpenSpace" Then

LU1940(l) = "UrbanOpenSpace"
End If
Next |
For I =1 To NumObs
If LU2001(I) = "Urban" Or LU2001(l) = "UrbanOpenSpace" Then
If LU2003(l) <> "Urban" And LU2003(I) <> "UrbanOpenSpace" Then LU2001(I) = LU2003(l)
End If
If LU1996(1) = "Urban" Or LU1996(l) = "UrbanOpenSpace" Then
If LU2001(l) <> "Urban" And LU2001(I) <> "UrbanOpenSpace" Then LU1996(1) = LU2001(l)
End If
If LU1986(1) = "Urban" Or LU1986(l) = "UrbanOpenSpace" Then
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If LU1996(1) <> "Urban" And LU1996(I) <> "UrbanOpenSpace" Then LU1986(1) = LU1996(l)
End If
If LU1958(I) = "Urban" Or LU1958(l) = "UrbanOpenSpace" Then
If LU1986(l) <> "Urban" And LU1986(I) <> "UrbanOpenSpace" Then LU1958(I) = LU1986(l)
End If
If LU1940(1) = "Urban" Or LU1940(l) = "UrbanOpenSpace" Then
If LU1958(l) <> "Urban" And LU1958(I) <> "UrbanOpenSpace" Then LU1940(I) = LU1958(l)
End If
Next |
For I =1 To NumObs
If LU2003(l) = "Lifestyle" Then LU2003(l) = "Sheep"
If LU2001(l) = "Lifestyle" Then LU2001(l) = "Sheep"
If LU1996(l) = "Lifestyle” Then LU1996(]) = "Sheep"
If LU1986(l) = "Lifestyle” Then LU1986(l) = "Sheep"
If LU1958(l) = "Lifestyle” Then LU1958(l) = "Sheep"
If LU1940(l) = "Lifestyle” Then LU1940(]) = "Sheep"
Next |
For I =1 To NumObs
If LU1940(l) = "Dairy" Or LU1940(l) = "SheepBeef" Or LU1940(l) = "Cattle" Then LU1940(l)
"IntensiveSheep"
If LU1958(I) = "SheepBeef" Or LU1958(l) = "Cattle” Then LU1958(l) = "IntensiveSheep"
Next |
For I =1 To NumObs
If LU1996(I) = "Sheep" Or LU1996(]) = "SheepBeef' Or LU1996(l) = "Cattle" Or LU1996(l) =
"ExoticForest" Then
If LU2001(1) = "IndigenousForest" Or LU2001(I) = "Scrub" Then LU1996(1) = LU2001(l)
End If
Next |
For I =1 To NumObs
If LU1986(1) = "Sheep" Or LU1986(1) = "SheepBeef" Or LU1986(l) = "ExoticForest" Then
If LU1996(1) = "IndigenousForest" Or LU1996(1) = "Scrub" Then LU1986(1) = LU1996(1)
End If
Next |
For I =1 To NumObs
If LU1958(1) = "Sheep" Or LU1958(l) = "IntensiveSheep" Or LU1958(l) = "ExtensiveSheep" Or LU1958(1)
= "ExoticForest" Then
If LU1986(1) = "IndigenousForest" Or LU1986(1) = "Scrub" Then LU1958(1) = LU1986(1)
End If
Next |
For I =1 To NumObs
If LU1940(1) = "Sheep" Or LU1940(l) = "IntensiveSheep" Or LU1940(l) = "ExtensiveSheep" Or LU1940(1)
= "ExoticForest" Then
If LU1958(1) = "IndigenousForest" Or LU1958(l) = "Scrub" Then LU1940(1) = LU1958(l)
End If
Next |
End Sub

Nitrogen exports from the Lake Rotorua catchment 59



—N-IWA_—

Taihoro Nukurangi

9. References

Alexander, R.B.; Elliott, A.H.; Shankar, U.; McBead G.B. (2002). Estimating the
sources and transport of nutrients in the WaikateRBasin, New Zealand\Vater
Resources Research 38(12): 1268, doi:10.1029/2001WR000878, 2002.

Burger, D.F.; Hamilton, D.P.; Hall, J.A.; Ryan, E{007). Phytoplankton nutrient
limitation in a polymictic eutrophic lake: commupitversus species-specific
responsesArchiv fur Hydrobiologie 169(1): 57-68.

Fish, G.R. (1975)Lakes Rotorua and Rotoiti, North Island, New Zealand: their
trophic status and studies for a nutrient budget. Fisheries Research Bulletin 8.
Ministry of Agriculture & Fisheries, Wellington.

Hoare, R.A. (1980). The sensitivity to phosphornd aitrogen of Lake Rotorua, New
ZealandProgressin Water Technology 12: 897-904.

Hoare, R.A. (1984). Nitrogen and phosphorus in Ratairrban streamslew Zealand
Journal of Marine & Freshwater Research 18: 451-454.

John, P.; Lock, M.A. (1977). The spatial distriloatiof groundwater discharge into
the littoral zone of a New Zealand lakieurnal of Hydrology 33: 391-395.

Livestock Improvement Corporation (2007)Dairy statistics 2005-2006.
www.lic.co.nz/pdf/dairy_stats/2006_DAIRYSTATISTICS®6LR.pdf

Morgenstern, U.; Reeves, R.; Daughney, C.; Camefn,Gordon, D. (2005).
Groundwater age and chemistry, and future nutrieatls for selected Rotorua
lakes catchments. GNS Science Report 2005/00. Giealo& Nuclear Sciences,
Lower Hutt.

Morgenstern, U.; Gordon, D. (2006). Prediction otufe Nitrogen Loading to Lake
Rotorua. GNS Science Report 2006/10. Geological &ldar Sciences, Lower
Hutt.

Palliser, C.; Rutherford, J.C. (2009) Agricultus#tistics and land cover/use maps for
Rotorua. NIWA Client Report: HAM2009-018. Febru&g09.

Pang, L.; Close, M.; Sinton, L. (1996). Protectmmmes of the major water supply
springs in the Rotorua district. ESR Report No. CS6/7. Institute of
Environmental Science and Research, Christchui¢hp. 7

Nitrogen exports from the Lake Rotorua catchment 60



—N-IWA_—

Taihoro Nukurangi

Ray, D.; Rutherford, J.C. (2004) Estimated residetimes in the Rotorua land
treatment system. Letter to A. Vosloo, Rotorua fisCouncil. March 2004.

Rucinski, D.; Wadhwa, S.; Rutherford, J.C. (200(8PTAN Users Guide — Version 1.
NIWA Technical Report. July 2006.

Rutherford, J.C.; Pridmore, R.D.; White, E. (198%anagement of phosphorus and
nitrogen inputs to Lake Rotorua, New Zealaddurnal of Water Resources
Planning & Management 115(4): 431-439.

Rutherford, J.C. (2003). Lake Rotorua Nutrient Ldaatgets. NIWA Client Report
HAM2003-155. Hamilton.

Rutherford, J.C.; Tait, A.; Palliser, C.C.; Wadhv&; Rucinski, D. (2008). Water
balance modelling in the Lake Rotorua catchmentWAI Client Report
HAM2008-048. Hamilton.

Smeeton, D.; Ledgard, S.F. (2007). Rotorua Lakdshd@ent Project: Nitrogen (N)
leaching calculations: Project Overview. UnpublhégResearch Report.
Prepared for Federated Farmers, Dexcel, Dairy htSAyugust 2007.

Stewart, M.K.; Morgenstern, U. (2001). Age and seunf groundwater from isotope
tracers. InGroundwaters of New Zealand. M.R. Rosen and P.A. White (eds). New
Zealand.

White, E.; Law, K.; Payne, G.W.; Pickmere, S. (197Rutrient demand and
availability among planktonic communities — an @i to assess nutrient
limitation to plant growth in 12 central volcanidafeau lakesNew Zealand
Journal of Marine and Freshwater Research 19: 49-62.

White, P.A.; Cameron, S.G.; Kilgour, G.; Mroczek, Bignall, G.; Daughney, C.;
Reeves, R.R. (2004). Review of groundwater in tladel Rotorua catchment.
Client Report 2004/130. August 2004. Geological &char Sciences, Taupo.

White, P.A.; Zemansky, G.; Kilgour, G.N.; Wall, Mdong, T. (2007). Lake Rotorua
groundwater and Lake Rotorua nutrients. Phase éheei programme technical
report. Client Report 2007/220. September 2007 |dggzal & Nuclear Sciences,
Taupo.

Wilcock, R.J.; Monaghan, R.M.; Quinn, J.M.; Campbe&l\.M.; Thorrold, B.S,;
Duncan, M.J.; McGowan, A.W.; Betteridge, K. (2006and-use impacts and

Nitrogen exports from the Lake Rotorua catchment 61



—NLWA_—

Taihoro Nukurangi

water quality targets in the intensive dairyingcbatent of the Toenepi Stream,
New ZealandNew Zealand Journal of Marine & Freshwater Research 40: 123-
140.

Williamson, R.B.; Smith, C.M.; Cooper, A.B. (1998Yatershed riparian management
and its benefits to a eutrophic lakimurnal of Water Resources Planning and
Management 122: 24-32.

Woodford, K.; Nicol, A. (2005) A re-assessment bé tStock Unit System. MAF
Information Paper No: 2005/02. www.maf.govt.nz/nedfimdex.htm.

Nitrogen exports from the Lake Rotorua catchment 62



