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INTRODUCTION

Background

1.

This report forms part of Environment Canterbury’s audit of the assessment of
environmental effects (AEE) provided by the applicants in support of resource
consent applications to take and use water in the upper Waitaki catchment for
agricultural and horticultural activities.

This report will provide the decision-maker with information and advice related to the
actual and potential effects of the proposed activities on cumulative water quality
effects. | undertook this audit as an employee of The New Zealand Institute of Plant
and Food Research Limited that has been engaged by Environment Canterbury
(ECan) to audit these applications in relation to cumulative water quality effects.

Qualifications

3.

My name is Brent Euan Clothier. | hold a B.Sc. (Hons, First Class) [1974] from the
University of Canterbury, a Ph.D. [1977] from Massey University, and a D.Sc. [2002]
from Massey University. | have been elected a Fellow of the Soil Science Society of
America [1992], a Fellow of the Royal Society of New Zealand [1994], a Fellow of
the American Agronomy Society [1995], a Fellow of the New Zealand Soil Science
Society [1995], and a Fellow of the American Geophysical Union [2005]. | received
the Don & Betty Kirkham Soil Physics medal of the Soil Science Society of America
in 2000.

| am the Science Group Leader of the Systems Modelling Group of Plant and Food
Research in Palmerston North with responsibility for over 30 scientists in the teams
of: Modelling, Biometrics and Production Footprints.
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5. | have published over 195 scientific papers on soil science, measurement and
modelling of water movement, chemical flows in the rootzone of plants, ground and
surface-water protection, and the management of soils, nutrients, pesticides and
irrigation. | am Joint Editor-in-Chief of the international scientific journal of
Agricultural Water Management.

Scope of Report

6. This report is prepared under the provisions of section 42A of the Resource
Management Act 1991 (RMA). This section allows a Council officer or Council-
appointed consultant to provide a report to the decision-makers on a resource
consent application made to the Council, and allows the decision-makers to
consider the report at the hearing. Section 41(4) of the RMA allows the decision-
makers to request and receive from any person who makes a report under section
42A “any information or advice that is relevant and reasonably necessary to
determine the application”.

7. This report forms part of a suite of section 42A reports prepared by Environment
Canterbury for the above consent applications. All reports should be read together
to gain a complete understanding of the audit of the resource consent applications.
Full details of the consent applications are provided in Report 1.

8. The scope of this report is to cover nitrogen (N) leaching losses in relation to:

(a) Farm leaching losses of N: Amounts.
(b) Farm leaching losses of N: Temporal patterns
(© Attenuation of N between farms and Lake Benmore

9. To carry out this audit | have considered the following information provided by

Mackenzie Water Research Limited (MWRL) on behalf of all applicants except

Falconer SM, Macassey RN & Cook Allan Gibson Trustee Co Ltd (CRC060253).

AgResearch 2008a Upper Waitaki Farm Systems and Nutrient Assessment: Stage 2
[sic] Pasture growth literature review

AgResearch 2008b Upper Waitaki Farm Systems and Nutrient Assessment: Stage 2
Pasture and ryecorn growth modelling.

AgResearch 2008c Upper Waitaki Farm Systems and Nutrient Assessment: Stage 3
Base case nutrient assessments

AgResearch 2008d Upper Waitaki Farm Systems and Nutrient Assessment; Stage 4
Irrigated nutrient assessments

Aqualinc 2008 Irrigation and drainage modelling of the Upper Waitaki basin

GHD 2009a Cumulative Water Quality Effects of Nutrients from Agricultural
Intensification in the Upper Waitaki Catchment. Summary Report & Appendices.

GHD 2009b Cumulative Water Quality Effects of Nutrients from Agricultural
Intensification in the Upper Waitaki Catchment. Mitigations Toolkit.
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10.

11.

| have also considered the following technical publications:

Green, S.R. 2005 Potential for nitrate leaching under irrigation development in the
Upper Waitaki catchment. HortResearch Client Report 13650/2005

Greenwood, P.B. and R.J. Paton 1985 Irrigation of a high country Mackenzie soil.
Proc. New Zealand Grassland Assoc. 46:25-30

Macfarlane Rural Business Ltd 2009. Farm irrigation analysis II: Partially irrigated

farm model. A report prepared for Mackenzie Water Research Ltd.

Scott D. and L.A. Maunsell 1981 Pasture irrigation in the Mackenzie Basin NZ Journal
Experimental Agriculture 9:279-290.

Any conclusions reached or recommendations made in this report are not binding on
the decision-makers. It should not be assumed that the decision-makers will reach
the same conclusion or decision having considered all the evidence to be brought
before them at the hearing by the applicant and submitters.

AUDIT REPORT

Farm Leaching Losses of N: Amounts

12.

13.

The current GHD assessment of cumulative water quality effects of nutrients from
agricultural intensification in the Upper Waitaki catchment follows on from the
Glasson Potts Fowler (GPF) report of 2005, in which one of our scientists, Dr Steve
Green, wrote a report on the potential for nitrate leaching under irrigation
development in the Upper Waitaki catchment. Dr Green used Plant & Food
Research’s own mechanistic model of water and solute flow in the rootzone of
paddocks across farms - SPASMO (Soil Plant Atmosphere System Model) (see
Appendices A and B for a brief description of the model and citations to its use,
respectively). SPASMO was used to simulate pasture growth and predict nitrate
loadings in the leachate leaving the soil of sheep farms (both irrigated and dryland),
beef (irrigated), dairy (irrigated) and deer (irrigated) in the Mackenzie Basin (Green,
2005).

As the GHD report notes “... GPF (2005) determined that nitrate loss to groundwater
will increase and the concentration of nitrate in drainage water will be elevated”
(p12). GHD (2009a) reports on the further work to enhance the detail of
understanding of soil nutrient losses in the Upper Waitaki and to estimate actual
farm nutrient losses, for both current and proposed farm development types based
on the stated additional 25,000 ha of irrigated development. To do this, GHD
contracted AgResearch to provide baseline and irrigated nutrient assessments
(AgResearch 2009a, 2009b, 2009c, and 2009d). AgResearch (2009d) considered
29 farm types, which | presume represent the farm types that would make up the
mosaic of farm types in relation to the specific consent applications. From my
reading of the GHD summary report, it is not clear how the AgResearch (2009d)
farm types are spread across the different soil types of the Upper Waitaki
catchment. So in my report | will focus on the annual values of nitrate leaching in
kg-N/halyr estimated by AgResearch (2009d) using the EcoMod computer model to
simulate pasture growth, and subsequently by using those simulations in the
OVERSEER® model to predict farm leaching of N under 29 different scenarios for
two soil conditions — ‘developed’ and *highly developed'.
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14.

15.

16.

17.

18.

19.

20.

Because of the findings of AgResearch (2009d), plus the associated hydrological
modelling in relation to nitrate attenuation beyond the farm, the assimilative
capacities in the streams, rivers and lakes, and the environmental threshold
determinations, GHD (2009a) concluded that for the Northern Arm of Lake Benmore
‘... no nutrient reductions are required’, yet for the Ahuriri Arm to remain
Oligotrophic “... annual loads must be reduced for every hectare of proposed or
renewed irrigation”. They show in their Table 1 that this requires an annual reduction
there of 10.7 kg-N/hal/yr to achieve the environmental threshold. To achieve these
reductions GHD (2009a) state that a Farm Environmental Management Plan
(FEMP) must be developed, and GHD (2009a) state that the mitigation toolbox will
use the OVERSEER® model to identify the *“... required changes to farm
management practices or farm systems until the required mitigation is achieved.
The inputs and outputs will need to be verified and will form an auditable part of the
FEMP” (p77).

Thus the modelling results from EcoMod and the OVERSEER® models
(AgResearch, 2009d) are critical for twofold reasons: first, they form the basis as to
whether or not mitigation is required by establishing the losses of nitrate from the
various farm types that would comprise the proposed irrigation area, and secondly
the achievement of mitigation success will be determined likewise through the use of
these models.

| will provide here an audit report on the merit of the quantitative predictions of the
annual leaching losses of N provided by AgResearch (2009d). As noted by GHD
(2009b) “... the risk of N loss will be primarily through leaching”, rather than by
incidental losses by runoff, or by stock encroachment into surface waters.

In the next section (see Paragraph 45), | will comment on the magnitude, and the
likely environmental impacts of the temporal variations in nitrate leaching losses,
which is something that an annual mass balance scheme such as the OVERSEER®
model cannot directly handle. This later section will discuss inter-year and intra-year
variations in nitrate leaching (Paragraphs 52 and 54)

There is another aspect that matters as well, and that is the attenuation of N
between that lost from the farm and that which arrives in receiving waters. The
attenuation losses of N can be due to denitrification of the nitrate through to
nitrogenous gases under anaerobic conditions, as well as by nitrate taken up by
riparian vegetation. The GHD report uses “... a denitrification factor only to water
predicted to pass through riparian margins and recharge surface waters” (p20). |
will comment on the use of attenuation factors in Paragraph 56.

| now consider the amounts of nitrogen predicted to leach from farms as determined
by AgResearch (2009d) using pasture growth information, in part simulated by
EcoMod, with nitrate losses predicted using the OVERSEER® model.

AgResearch (2009d) is a brief 9-page report that seeks “... to provide typical
nutrient loss rates for farms that will then be scaled up to calculate likely nutrient
losses at the sub-catchment scale”. Twenty nine farm scenarios were considered.
The executive summary and text reveals conclusions that “nitrogen losses from
sheep and beef farms are low, generally less than 5 kg-N/ha/y. Nutrient losses from
dairy farms were higher ranging from 15-27 kg-N/haly.” However closer inspection
of Table 1 in AgResearch (2009d), and examination of scenario details in GHD
(2009a) show that if the ‘Highly Developed” soil option in the OVERSEER® model
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were used, sheep and beef could indeed leach up to 28 kg-N/hal/y and dairy farms
up to 34.9 kg-N/haly.

21. The two options in the OVERSEER® model are for ‘Developed” and ‘Highly
Developed’ soil. The first relates to soil where there is a continuing build up of
organic matter and nitrogen is being immobilised and leaching is limited. Whereas in
the second case, the growth of soil organic matter has stabilised such that
immobilisation is limited, and leaching is therefore greater. In GHD (2009a) it is
noted that “... both the current and proposed scenarios have been run using a highly
developed setting, showing the upper limit of unmitigated effects on receiving
environments” (p46). This is a reasonable premise.

22. | would have thought that since GHD (2009a) extends GPF (2005), it would have
been appropriate for AgResearch (2009d) to make some comparative assessment
of how their predictions of nitrate leaching related to those of Green (2005) in GPF
(2005). They are indeed quite different. Green’s (2005) predictions are, as | will
discuss, in some cases twice that of AgResearch (2009d). This difference will have
implications as to whether mitigations might actually be needed for the Northern Arm
of Lake Benmore, and also whether the magnitude of the mitigations required for the
Ahuriri Arm might actually be greater than the 10.7 kg-N/ha suggested by GHD
(2009a).

23. Here, | discuss what the differences are between AgResearch (2009d) and Green
(2005), and why | consider these differences might have arisen. | conclude that the
estimates of Green (2005) are more realistic. Indeed those estimates of Green
(2005) might according to our recent modelling, which includes the dynamics of
urine spots actually be an underestimate. The spatial intensity of nitrogen ‘pockets’
in urine spots can enhance nitrogen leakiness, as | will comment on later in
Paragraph 43.

24, My first suspicion as to the cause of the differences between AgResearch (2009d)
and Green (2005) was that the OVERSEER® model was ‘... unsuitable for extreme
case scenarios’ (GHD, 2009a, Appendix B) such as the stony, semi-arid Mackenzie
Basin with its temperature extremes. As GHD (2009a) note in their Appendix B, “...
the OVERSEER® model uses empirical relationships, internal databases, and
readily available data from ‘existing’ farms to estimate nutrient inputs and outputs at
farm or paddock scale”. So were the conditions in the Mackenzie Basin beyond the
range of applicability of OVERSEER® model?

25. A wealth of data has been collected by New Zealand scientists over several
decades, and this provides the comprehensive empirical base of the OVERSEER®
model, so it should encapsulate the best understanding of nutrients that we have in
New Zealand. Also, the model balances mass, so that provides a check on the
validity of the predictions. | have provided expert evidence to support the use of
OVERSEER® model in hearings for Regional Plan Variation 5 of Environment
Waikato. | have submitted an evidence brief for the upcoming hearings that support
the use of OVERSEER® model in the proposed One Plan notified by the Manawatu-
Wanganui Regional Council.

26. | consider that the OVERSEER® model should therefore work in the Mackenzie
Basin, and therefore it should also be possible to use this to determine what
mitigations might be needed, as well as to provide an auditable means to verify
compliance with any required mitigations used from the GHD toolbox (GHD, 2009b).
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27.

28.

29.

The OVERSEER® model has in AgResearch (2009b, 2009d) and in GHD (2009a)
(see Appendix B) been applied in a different way for “... here an “existing” farm
refers to the fact that OVERSEER® does not simulate production but instead
requires farm productivity and fertiliser use as inputs to the model”.

For their irrigated nutrient assessments, AgResearch (2009d) explained that “...
long-term average pasture and forage crop growth rates appropriate for the region
were obtained from a combination of review (AgResearch, 2009a) [and] pasture
growth modelling (AgResearch, 2009b) [using] ... the EcoMod simulation model.
EcoMod is a biophysical model designed to simulate pastoral farm systems of
Australia and New Zealand” (AgResearch, 2009b, p 7). Table 7 from AgResearch
(2009b) is presented below as Figure 1 and shows the predictions of irrigated
pasture growth rates in the Upper Waitaki.

The caption to Figure 1 (from AgResearch, 2009b) states that “... rainfall zone and
soil type had no significant effect on the growth rate”. This conclusion is at odds
with the field observations reported by Greenwood and Paton (1985) in their study of
irrigation of a high country soil. They noted in their introduction that “... pasture
herbage production in excess of 15 t-DM/yr under irrigation was measured on a
deep Streamland soil by Scott and Maunsell (1981). At the other extreme, irrigation
of very shallow stony Labreck soils yielded only 3.7-5.7 t-DM/yr (Scott et al. 1982).
At Tara Hills High Country Research Stations near Omarama, an irrigated shallow
stony Mackenzie soil typically produces 9.5 t-DM/yr from established pasture
(Greenwood unpub)”. So contrary to the EcoMod modelled predictions of
AgResearch (2009d), location, rainfall zone and soil type can have a significant
effect on growth rate.

Takle 7. Median and average growth rates of irrigated pasture, in kg DM /he /day. Rainfall zone
and soll type had no significant effect an growth rate.

Jan
Feb
Mar
Apr
Mary
Jun
Jul
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Median Average
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13 15
36 42
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Figure 1: Table 7 and legend reproduced from AgResearch (2009d)
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30. Thus there seems to be some issues with how the EcoMod model predicts pasture
growth since it does not reflect the observations that pasture growth rates and yields
vary across the different landscapes of the Upper Waitaki basin

31. Further, the monthly pattern of pasture growth predicted by AgResearch (2009d)
(Figure 1 here) shows a summer peak of around 60-80 kg DM/ha/day. In contrast |
present here in Figure 2 below, one of the eighteen graphs of pasture and legume
growth rates measured in the Mackenzie Basin by Scott and Maunsell (1981). The
graph for Apanui cocksfoot | have selected reveals a seasonal pattern of observed
plant growth quite different from that contained in Table 7 of AgResearch (2009d).
The solid line is for the high irrigation treatment of Scott and Maunsell (1981). The
soil here is the deep Streamland soil mentioned above in Paragraph 29. All of the
graphs of Scott and Maunsell (1981) show the same characteristic pattern of that
shown here for Apanui cocksfoot. Plant growth peaks in November and December
and declines through January, February and March as the high temperatures in the
Mackenzie basin curtail pasture growth, even with high irrigation (solid line, Figure
1). However, the predicted pattern of daily pasture growth predicted by AgResearch
(2009d) using EcoMod in Table 7 does not mimic this summer stifling of growth.
This would thus suggest that the predictions of EcoMod are overestimates of the
amount of pasture that can actually be grown on-farm. Such an over-prediction of
pasture yield, such that silage can be made rather than using imported feed, would
when used as an input into OVERSEER® likely result in an under-prediction of
nitrate leaching.
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Figure 2: A reproduction of the monthly pattern of the daily growth rate of Apanui
cocksfoot (in kg DM/ha/day) measured by Scott and Maunsell (1981) on Streamland
soil near Stony Creek in the Mackenzie Basin. This is one of eighteen graphs
presented by Scott and Maunsell (1981) for legumes and pastures. The solid line is
that for their high irrigation treatment.
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Table A2 Description of the dairy farm scenarios.

Scenario Farm25 FarmZ6 Farm27 Farm28 FarmZ29
7
. = -“E': = -..r‘.:; ’J% e EE = ;'1: = E e';
Descriptie SE9 S5¢ 559 958 959
£EE EZ4f 3= F0E gEIE
cac = a0 oLz CcL= aw =
Farm zrea (ha) 300 oo 300 300 300
‘Wirter herd (cows ha) 4 0d 3.7 da 33
Meveribezr herd (cows fHa) 19 52 38 13 33
t=plarement Hinek [t Ot ] O it
Slocking rale (U ha)" pi=g M7 308 339 331
Sep feriliser M (kg M /ha) 40 40 40 G0 il
Ol lerliliser N (kg M ohe) 40 40 40 40 40
Mo forliser N (kg M /ha) 40 40 4] 40 40
Total fert. M used (kg M ‘haj 120 120 120 140 140
Cows winlered off (") 100 1o 100 U 0]
Fesdpad Mo No [ M Yes
'‘asture saten (1M Thaj 114 143 115 15 115
Silage Ted (1 DM Mha) 41 27 4.4 td 54
mported food (€ DM tha) o 2. 1.1 13 1.3
Producton (kg MS e 1409 1817 1373 1279 1279
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Figure 3: The 4 dairy-farm scenarios (Farm25 to Farm 29) of AgResearch (2009d)
showing pasture yields and silage production, as well a fertiliser practices.

32. The EcoMod pasture simulations were subsequently used by AgResearch (2009d)
to provide pasture production inputs into the OVERSEER® model. In Table A2 in
Appendix 2 of AgResearch (2009d) we see the results of this for their dairy-farm
scenarios Farm25 to Farm29. Their Table A2 is presented here as Figure 3.

33. The line entitled ‘Pasture eaten’ indicates the sum total of the utilised pasture growth
in Figure 3. There is a separate line for ‘Imported feed’, thus | consider that the line
‘Silage fed’ is the silage that has been made on farm from ‘excess’ pasture growth
on farm. Given the brevity of the AgResearch (2009d), | have had to assume that
by summing the lines of pasture eaten and silage fed, that this provides the annual
total of pasture growth, as predicted by EcoMod. Thus for Farms25, Farm26 and
Farm27 annual irrigated pasture eaten and silage fed amounts to 15.5, 17.0 and
15.9 kg DM/haly, when only 120 kg-N/ha of fertiliser is used. For Farm28 and
Farm29, 140 kg-N/ha of fertiliser is used, and net pasture yield is then predicted for
both to be 16.9 kg-DM/haly. These EcoMod predictions are of very high pasture
yields, despite the challenging soil and weather conditions of the Mackenzie Basin.

34. The South Island Dairying Development Centre (SIDCC) of the Lincoln University
Dairy Farm uses world-best practice dairy farm systems. The Lincoln climate is
more benign than that of the Mackenzie Basin, and only 5% of the soils of the
SIDCC are free-draining shallow stony soils. The latter are typical of much of the
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Mackenzie Basin. For such best-practice management, and for such favourable soil
and climate conditions, the SIDCC has a target of net pasture yield of 16 t-DM/haly.
This is somewhat similar to the predicted yields it seems in Table A2 of AgResearch
(2009d) for the more challenging conditions of dairy farms in the Mackenzie Basin.
It seems that the EcoMod model of pasture growth has not accounted for the more
challenging conditions of the Upper Waitaki by predicting around 16 t-DM/haly of
irrigated net pasture yield across the whole basin with fertiliser use of just 120-140
kg-N/haly.

35. Scott and Maunsell (1981) provided a graph of the response of pasture growth to
nitrogen fertiliser from their main and supplementary experiments near Stony Creek
in the Mackenzie Basin. Their Figure 3 is reproduced here as Figure 4 below
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Fig. 3 Yield responses of grasses and kegumes to N and
superphosphane fertilisers,

Figure 4: Reproduction of Figure 3 from Scott and Maunsell (1981) showing their
measured response of pasture growth (upper line in kg DM/haly) to applied
fertiliser in both their standard and supplementary experiments.

36. In the supplementary experiments of Scott and Maunsell (1981) they applied 400,
600 and 800 kg-N/haly of fertiliser. These are extremely high application rates. It is
only through such excessive levels of fertiliser use that they could achieve yields in
excess of 15 t-DM/haly for the deep Streamland soil near Stony Creek. The
predictions by AgResearch (2009d) (Figure 3) suggest that such high levels can
easily be achieved with fertiliser at just 120-140 kg-N/haly irrespective of soil type
and rainfall zone. In Figure 4 it can be seen how high these EcoMod predicted
pasture yields would be in relation to that which has actually been measured.

37. It would seem that the generous EcoMod predictions of pasture yield, even with low
levels on N fertiliser use, such that silage can even be made and no feed imported,
when provided to the OVERSEER® model as inputs, results in predictions of nitrate
leaching for Farm25 to Farm29 (20-34.9 kg-N/hal/yr) that are too low. This would, it
seems, predict recycled utilisation of dung and urine to sustain pasture growth, and
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38.

39.

40.

so | consider account for the difference in leaching predictions between the
OVERSEER® model of AgResearch (2009d) and Green (2005).

Green (2005) used pasture production information for his base-case from Stuart
Ford of the Agribusiness Group. Stuart Ford’s pasture production and farm
information is presented in Green (2005) as Appendix A. Mr Ford used the Grow
simulation model to predict that pasture production would be 12.14 t-DM/haly with
the use of 200 kg-N/ha/yr of fertiliser. This is less pasture growth with more fertiliser
than AgResearch (2009d). Mr Ford considered that pasture utilisation would be
80%. So pasture eaten would be 9.7 t-DM/ha/yr. No silage could be made, and
some feed would need to be imported to feed the 2.7 Jersey cows/ha (each
weighing 325 kg). The imported feed was 0.7 t-DM/ha/yr - about the same as
Farm25 of AgResearch (2009d).

This scenario, for which Green (2006) used SPASMO to predict nitrate leaching, is
very similar to the dairy farm scenario used by Macfarlane Rural Business (2009) for
their farm irrigation analysis for MWRL. They considered 10.2 t-DM/ha/yr would be
eaten from pasture receiving 200 kg-N/ha/yr of fertiliser. This they considered could
support 3 cows/ha, but only if 581 kg-DM/cow were brought in as supplements.

Thus the dairy scenario simulated by Green (2005) would seem to be appropriate
for the Mackenzie Basin. He predicted nitrate leaching from this dairy-farm
scenario, as if the farm were on any one of five hamed soils: Pukaki moderately
deep sandy loam (Pu), Edwards moderately deep silt loam (Ed), Mackenzie shallow
sandy loam (Msh), Mackenzie stony sandy loam (Mst), and MacKenzie very stony
sandy loam (Mvst). Green (2005) predicted annual leaching loads for every year
between 1972 and 2003. The median annual leaching of nitrate is presented in
Table 1. For the dairy farm scenario of Green (2006), the cows were wintered off.

Soil

Pu

Ed

Msh

Mst

Mvst

Median
Nitrate
Leaching

kg-N/ha/yr

31

23

25

40

a7

Table 1: The nitrate leaching losses for a dairy farm in the MacKenzie Basin with 2.7

41.

42.

Jersey cows/ha as a function of soil type (Green 2005). The annual median
leaching values relate to the weather pattern experienced over the 31 years
between 1972-2003.

The Farm25 and Farm27 scenarios of AgResearch (2009d) were with winter-off by
the stock. Even with a higher stocking density of 4 crossbreed cows/ha and 3.7
Friesian cows/ha, the OVERSEER® model when using the EcoMod pasture
production values predicts, for these scenarios, leaching of just 19.7 and 20 kg-
N/halyr. This ranges from being 42% to 85% less than that predicted by Green
(2005) in Table 1 above.

I conclude that the high values of pasture production predicted by EcoMod have
resulted in the OVERSEER® model of AgResearch (2009d) underestimating the
nitrate leaching from dairy farms, in particular, and most likely from their other 24
farms scenarios.
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43.

44,

Neither the OVERSEER® model, nor the SPASMO of Green (2005), take account
of the impact of urine spots on nitrate leakiness. Yet these are thought to provide a
significant pathway for nitrate loss. In very recent developments, Dr Green has now
incorporated urine spots into SPASMO. He is currently examining the impact of
these on the predictions of nitrate leaching. Preliminary findings from his work
suggest that averaged across the farm, urine spots do indeed increase the predicted
nitrate leaching especially for stony soils. GHD (2009b) noted that “... the most
important source of N loss will be leaching from urine spots” (p7)

In conclusion, | have concerns about the quantitative values of the median annual
amounts for the nitrate predicted by AgResearch (2009d) to be leaching from farms
in the Upper Waitaki catchment. They are very likely to be underestimates, and for
some soils these are likely to be significant underestimates. These would have
significant downstream implications.

Farm Leaching Losses of N: Temporal patterns

45,

46.

47.

48.

Necessarily through the use of the annual-average model of OVERSEER®, the
nutrient loadings presented by AgResearch (2009d) are annual averages. However,
the environmental impacts and consequences of non-point source nutrient leaching
from irrigated farms will depend on seasonality over the year, and inter-annual
variations between years due to weather variability. The GHD (2009a) report does
not seem to consider how intra-annual and inter-annual variation might have
environmental impacts. Certainly the differing temporal patterns of nutrient leaching
should be a part of an assessment of environmental effects (AEE).

I will deal first with inter-annual variability (Paragraph 52), and then discuss the
temporal pattern of intra-annual variability (Paragraph 54).

The weather of the Mackenzie Basin is not only characterised by seasonal
extremes, there is strong inter-annual variability.

Green (2005) presented a table of rainfall statistics for NIWA's Tara Hill weather
station. This is reproduced here as Table 2. In general, rainfall is evenly distributed
throughout the year, and on average (second to last row) rainfall amounts to 35-55
mm/month. However the variability in this monthly rainfall is great, as can be seen
in the standard deviations of the last row. On average, over the year, the standard
deviation of monthly rainfall is actually some 65% of the monthly total. Rainfall
varies greatly in a temporal sense. The first seven rows of Table 2 provide
statistical information about the inter-monthly and inter-annual variability. The first
column refers to the minimum and maximum rainfalls recorded over 1972-2004, and
the percentage values there are for the probability of exceedance. The median
annual rainfall (exceeded 50% of the time) is 513 mm. Yet the driest year between
1972-2004 had just 378 mm, only 74% the median. The wettest year had 794 mm
of rain, over 1.5 times the median. Some 10% of the years had over 656 mm of
rain, or nearly 30% more rain than the median.
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Rainfall [mm] - Tara Hills EDR (Station 5212)

Prob JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Year

Min 2 2 3 8 9 2 3 2 4 5 13 6 378

0% 6 12 10 16 14 8 4 3 7 12 16 12 387

80% 20 15 16 19 21 22 8 17 9 18 17 19 407

50% 44 29 33 38 39 45 38 33 29 44 35 46 513

20% 70 47 58 59 61 63 47 53 55 60 59 69 605

10% 87 54 92 84 69 78 65 73 70 78 72 124 656

Max 126 116 136 129 95 116 92 142 94 114 130 158 794

Avg 49 35 45 45 45 47 38 42 37 45 45 56 528

STD 31 23 34 30 24 29 24 31 27 28 29 40 111

Table 2. The monthly and annual probabilities of exceedence associated with rainfall

(mm) at Tara Hills, Omarama. The analysis uses daily rainfall totals obtained from

NIWA Climate database (Station ID 52512) for the period 1972-2004. (from Green,

2005).

49, This year-to-year variability in rainfall will not only affect the need for irrigation, but it
will also have an impact on the annual leaching of nitrogen. The median value of
annual rainfall will, by definition, be exceeded some 50% of the time. Thus the
median annual nitrate loadings used in GHD (2009a) will also half of the time be
exceeded. In the case of AgResearch (2009d) there is no way of predicting how big
this exceedence might be, for the only information that derives from OVERSEER®
is the annual average.

50. Because Green (2005) used a mechanistic model that ran on daily time-steps using
the weather record 1972-2003 for Tara Hills, he was able to determine what the
impact of this inter-annual variability would be on nitrate leaching. This type of
modelling takes into account the daily pattern of weather in relation to the specific
timing of on-farm practices. In Table 3 here, | reproduce from Green (2005) his
results for both the inter-annual and intra-annual variability in nitrate leaching from
irrigated pasture growing on the Mackenzie stony silt loam. As noted earlier in
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Paragraph 40 and Table 1, the median nitrate leaching predicted by Green (2005)
for this soil is 40 kg-N/haly. From Tables 3 and 4 we can now gain some better
understanding of how this median value is made up by seasonal patterns of
drainage and leaching and how it varies between years. Total nitrate loading is the
product of the drainage of water (mm/day) and the concentration of nitrate in the
draining water of the soil solution (mg-N/L).

51. Firstly, we reproduce in Table 3 the predictions by Green (2005) of the impact of
rainfall variability on the drainage of water from the rootzone of irrigated pasture.
Some 50% of the time, drainage from the Mackenzie stony silt loam will be 145
mm/y, which is just under 30% of the median rainfall. Yet some 10% of the time,
that is for 3 years in every 30, drainage will exceed 231 mm which is 60% higher
than the median. Thus rainfall variability results in inter-annual variation in drainage,
which in turn will create temporal variability in nitrate leaching. It is noted here that
because of the non-Gaussian (non-normal) probability distributions of rainfall (Table
2), drainage (Table 3) and leaching (Table 4), the columns are not additive across
any row to produce exceedence values for the annual time period.

McKenzie stony silt loam

Prob Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

90% 0 0 0 0 0 1 1 1 1 1 0 1 67
80% 1 0 0 0 1 6 4 1 1 1 0 1 94
50% 1 1 1 1 13 29 25 15 1 1 1 1 145

20% 11 1 10 22 34 45 37 36 4 3 4 9 205

10% 22 7 28 41 41 65 46 44 25 7 17 29 231

Table 3 The predicted monthly [mm/month] and annual [mm/year] drainage losses
under irrigated pasture in the Upper Waitaki for the Mackenzie stony silt loam
(from Table 6 of Green (2005)) for given levels of exceedence (left hand
column).
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McKenzie stony silt loam

Prob Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

90% 0 0 0 0 0 0 0 0 0 0 0 0 17

80% 0 0 0 0 0 2 1 0 0 0 0 0 26

50% 0 0 0 0 3 7 7 4 0 0 0 0 40

20% 3 0 3 6 9 13 11 10 1 1 1 2 55

10% 6 2 8 10 13 16 13 15 7 2 5 8 60

Table 4 The predicted monthly [kg-N/ha/month] and annual [kg-N/haly] nitrate
leaching losses under irrigated pasture in the Upper Waitaki for the Mackenzie
stony silt loam (from Table 10 of Green (2005)) for given levels of exceedence
(left hand column).

52. In Table 4, we can see that some 90% of the time the nitrate leaching under
irrigated pasture on Mackenzie stony silt loam will exceed 17 kg-N/halyr, which is
less than half the median value. However, some 10% of the time, which is for 3 of
the years in this 30-year simulation, nitrate leaching would exceed 60 kg-N/haly.
Thus, the mitigations that would be required on ‘average’ for the median annual
value of 40 kg-N/ha/y would be inadequate for some 50% of the years. | wonder
what the environmental impacts might be for this exceedance of leaching for 10% of
the time when it is above the median value by 20 kg-N/haly (that is the 10 percentile
leaching value of 60, less the median value of 40). The mitigation toolbox appears to
be designed for the ‘average’ case. Would it be acceptable to have certain adverse
environmental effects, say 10% of the time, if such a 10 percentile level of leaching
were to create impacts? Furthermore, what might be the environmental effects be
due to exceedence at any other level of probability in the leaching loads? GHD
(2009a) does not address these questions.

53. Tables 3 and 4 also reveal the intra-annual variability predicted for drainage and
leaching by Green (2005). Both are strongly seasonal, despite the general monthly
average pattern of rainfall being around 35-55 mm/month (Table 2). Drainage, the
driver of nitrate leaching, reflects the balance between rainfall, irrigation and the
evapotranspiration (ET) of water from the plants and soil surface. ET is strongly
driven by solar radiation (sunshine), temperature, humidity and windspeed. ET is
strongly seasonal, peaking in mid to late-summer, and being minimal in winter.
Hence drainage is strongly seasonal, even though rainfall is, on average, not. In
Table 3 it is shown that some 50% of the time, drainage will be greater than 29 mm
in the month of June. This is the peak month for drainage, on average. Indeed,
across all months, some 50% of the time under irrigated pasture there will be at
least a trace of drainage. Depending on rainfall, for some 10% of the time there can
be in any month between 7 and 65 mm of drainage.

54, In Table 4 is shown the intra-annual seasonality in nitrate leaching predicted by
Green (2005) for the Mackenzie stony silt loam. Nutrient leaching under irrigated
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55.

pasture is, on average, limited to the winter months. These monthly values could be
useful for detailed hydrogeological modelling of the flows in the Upper Waitaki. If
spatially distributed, non-point source, nutrient leakage from farms were limited, say
on average, to the four months of May through August, when would these pulses of
nitrate be expected to arrive in groundwaters, streams and the receiving arms of
Lake Benmore? This would be worthy of study for if the transit times were such that
the nitrates exited the groundwater, stream, and lake systems before the arrival of
summer, then certain adverse effects might, other things being equal, be avoided.
However, it is noted that some 20% of the time there will be nitrate leaching in all
months, except February. Ten percent of the time, there is predicted to be nitrate
leaching in every month of the year under irrigated grazed pasture.

The information presented by Green (2005) shows predictions of the intra-annual
and inter-annual variability in nitrate leaching from irrigated pastures in the Upper
Waitaki basin. The report by GHD (2009a) only deals with the median case, and so
the mitigations sought will only be appropriate on average. It would be prudent to
assess the effects of the within-year seasonality and the weather variability between
years on nitrate leaching. The weather in the Upper Waitaki is characterised by
seasonal extremes, and year-to-year variability.

Attenuation of N

56.

57.

58.

Not all the nitrogen that leaches below the rootzone of pastures and crops
necessarily makes it to the receiving bodies of the interconnected groundwaters,
surface waters and lakes. As a result of denitrification and uptake by riparian
vegetation, some of the nitrogen is attenuated, leaving the hydrological system
either as a gas, or captured by plants. As GHD (2009a) notes “... riparian zones
and floodplains have the ability to remove nitrogen from the soil by via denitrification
and where nitrogen enriched shallow groundwater or interflow recharges the surface
water network” (p20).

For the case of groundwater recharging either surface waters, or the lake, GHD
(2009a) found in Appendix B that “... an attempt to apply denitrification within the
groundwater system resulted in model instability”, so no denitrification was
considered. | think this is a good result for it would seem that in such coarse-
textured and low-carbon aquifers there would not be sufficiently anaerobic
conditions to denitrify nitrates. Further, | would imagine that there would be quite a
degree of difficulty in predicting anaerobic conditions locally, and there would be
large uncertainty in the parameters linking local anaerobic conditions to net
denitrification. Thus it appears, at least initially, that GHD (2009a) assumes that all
nitrate in groundwater will enter receiving water bodies without attenuation.

However, GHD (2009a) apply “... a denitrification factor only to water predicted to
pass through riparian margins and recharge surface waters [and] factors used in
individual reaches of rivers and streams may vary according to specific riparian soil
types identified ... The expected denitrification factor for groundwater recharging to
surface water through waterlogged riparian is given in Appendix H” (p20). The
generic attenuation factors come from a national assessment programme called
CLUES (Catchment Land Use Environmental Sustainability, Woods et al. (2006) as
cited in GHD 2009a). These are shown in Appendix H to range from significant (0.1
— that is 90% of the N is attenuated) for organic soils, through to quite small (0.8) for
gley soils. These CLUES values are indicative values for New Zealand, and |
consider there would be a significant degree of uncertainty in applying them locally
to a specific hydro-geological scenario within the Upper Waitaki. Attenuation will be
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very specific to the pathways and soil contact in the recharge zone. From the
attenuation factors of Appendix H, there is shown in Appendix G how attenuation
multipliers were assigned to the various sub-catchments on the basis of the
presence and location of riparian zones that have poorly or imperfectly drained soils
(Figure 7 in GHD, 2009a). All the multipliers are 0.7, so this would remove, where
appropriate, some 30% of the nitrates in the emerging groundwater.

59. The spatial pattern of these poorly drained soils (Figure 7 in GHD, 2009a) indicate
that most of these riparian zones are upstream of the proposed irrigation
developments. Is this spatial mismatch of the presumed ability of the riparian zone
to denitrify, with the expected pattern nitrogen loading into surface waters taken into
account? GHD (2009a) do not provide, it seems to me, any quantitative mass
balance values for how much nitrogen is lost via this attenuation pathway. Such
information would have been, from an audit perspective, useful. It should have been
possible to add the mass balance values of the attenuated losses to the nodal flow
diagrams of Appendix CC.

60. | would imagine given the generic nature of the attenuation factors in Appendix H,
and the lack of consideration of the specific recharge mechanisms locally to arrive at
the catchment multipliers, that the predicted attenuations would have a large degree
of uncertainty associated with them.

CONCLUSIONS

61. The GHD report (2009a) extends the work of GPF (2005), yet little reference is
made to the latter’s finding that nitrogen loadings were predicted to be significantly
higher than those predicted by GHD (2009a) when assessing the need to mitigate
farm losses of nutrients.

62. I consider the predictions provided by AgResearch (2009d) of nitrate leaching to
GHD (2009a) are low, primarily because of the high simulated pasture yields which
enable the making of silage and recycling on nitrogen within the farm, rather than
the importing of supplementary feed.

63. The patterns of intra-annual and inter-annual variations in nitrogen leaching, as
predicted by Green (2005) in GPF (2009) due to weather variability, would suggest
that there will be, in some years, significant exceedences above the median values
of nitrate loading suggested in GHD (2009a).

64. The hydro-geological modelling in GHD (2009a) accounts for attenuation by riparian
soils which are presumed to favour the anaerobic conditions that would lead to
denitrification. There would be | consider a significant degree of uncertainty in the
estimates of attenuation because of the generic nature of the attenuation factors
used, and the lack of local consideration of the specific pathways of water entry into
rivers and streams via the riparian zone.
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APPENDIX A: A BRIEF DESCRIPTION OF SPASMO

The SPASMO computer model considers water, solute (e.g. nitrogen and phosphorus),
and microbial (e.g. viruses and bacteria) transport through a 1-dimensional soil profile. The
soil water balance is calculated by considering the inputs (rainfall and irrigation) and losses
(plant uptake, evaporation, runoff and drainage) of water from the soil profile. The model
includes components to predict the carbon, nitrogen and phosphorus budget of the soil.
These components allow for a calculation of plant growth and uptake of both N and P,
various exchange and transformation processes that occur in the soil and aerial environment,
recycling of nutrients and organic material to the soil biomass, and the addition of surface-
applied fertilizer and/or effluent to the land. The filtering capacity of the soil with regard to
micro-organisms is modelled using an attachment-detachment model with inactivation (i.e.
die-off) of microbes.

Model results for the water balance are expressed in terms of mm (= one litre of water per
square metre of ground area). The concentration and leaching losses of nutrients are
expressed in terms of mg L™ and kg ha™, respectively. The microbial concentrations and
leaching losses are expressed in terms of colony forming units, cfu L and cfu m?,
respectively. All calculations run on a daily basis and the results are presented at the
paddock scale.

A.2. Water and solute flow through the soil

The flow of water through the soil profile is simulated using a capacity model similar to that
of Hutson & Wagenet (1993), in which the soil water is divided into mobile and immobile
phases. The mobile domain is used to represent the soil's macropores (e.g. old root
channels, worm holes and cracks) and the immobile domain represents the soil matrix. The
equations describing water and contaminant flow are simple, but lengthy, and so they are not
repeated here (see Hutson & Wagenet (1993) for details).

On days when there is rain or irrigation, both applied water and any dissolved solutes are
added to the surface layer. The maximum amount of water that can infiltrate the soil is limited
by the storage capacity of the profile, and the minimum saturated hydraulic conductivity of the
subsoil. The water content of topsoil (0-30 cm) can’'t exceed saturation, otherwise some
runoff is generated. After rainfall or irrigation, water is allowed to percolate through the soil
profile, but only when the soil is above field capacity. The infiltrating water first fills up the
immobile domain and, once this domain is filled, it then refills the mobile domain as the water
travels progressively downward through the soil profile. If the soil is above field capacity, then
the infiltrating water and solute resides in the mobile domain where it can percolate rapidly
down through the soil profile until it reaches a depth where the water content is no longer
above field capacity. This macropore flow is rapid and it does not allow enough time for
exchange between the mobile and immobile domains. As a consequence, the two flow
domains are temporarily at quite different solution concentrations as water percolates through
the soil profile.

Subsequently, on days when there is no significant rainfall, there is a slow approach to
equilibrium between the mobile and immobile phases, driven by a difference in water content
between the two domains. The rules for the subsequent slow approach to equilibrium
between the mobile and immobile phases within a depth, or model segment, are described in
their original scientific paper (Hutson & Wagenet 1993).
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If a soil layer is below field capacity or if there is no rainfall or irrigation to generate
percolation, then each soil segment i is brought towards equilibrium with the segment i+1
beneath, starting from the top of the profile. This redistribution of water is achieved by (i)
calculating the amount of water required to move upwards or downwards so that each soil
segment reaches an equilibrium water potential with its neighbour, and (ii) allowing only half
this water to move, together with its dissolved solute. After all segments have been adjusted,
each solute (i.e. ammonium, nitrate, phosphorus and bacteria) is repartitioned between
aqueous and solid (sorbed) phases, assuming complete equilibrium between mobile and
immobile phases.

The total water content in each soil segment, W [mm], is given by the sum of the water
contents in the immobile and mobile soil domains

W =W, +W,, . [Eq. Al]

and total amount of solute in each soil segment, Mc [mg m™], is calculated as

M. =C/W +C,W, +SpAz [Eq. A2]

Here, C is the solution concentration [mg L™], S represents the amount of sorbed solute [mg
kg™, p is the bulk density [kg L™], Az is the segment thickness [mm], and the subscripts | and
M refer to the immobile and mobile domains, respectively. The sorption of ammonium and
nitrate is described using a simple linear isotherm of the form

S =KpC [Eq. A3]

where Kp represents the distribution coefficient [L kg™]. In the case of nitrate, which is
considered to be inert, we assume no adsorption and set Kp equal to zero. The equilibrium
solution concentration, C, in both mobile and immobile phases of nitrate and ammonium, is
then calculated as

C=M_./(pSAZ+W,). [Eq. A4]

The sorption of phosphorus is non-linear and is described using a Langmuir isotherm of the
form

o_ QbC
1+bC

[Eq. A5]

where Q is the maximum total mass of phosphorus at saturation per mass unit of dry soil [ug
g], and b is an empirical constant, with units of inverse of solution concentration [L mg™].
The b-parameter defines the point where the soil is at half-saturation with respect maximum
sorption of P.

Bacterial transport is calculated using the same convection-dispersion type equation as for
water and solute transport, with additional terms used to represent the kinetic sorption of
bacteria to soil’'s mineral particles as well as the subsequent detachment and transfer of
bacteria between the aqueous and solid phases. The attachment-detachment process is
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described using first-order rate constants that strongly depend on soil water content (Logan
et al. 1995). The rate of change in the solid-phase is modelled as

p%z@kawC—kdpS [Eq. A6]

Here k. is the first-order deposition (attachment) coefficient [d?], kq is the first-order
entrainment (detachment) coefficient [d™'], and ? is a dimensionless colloid retention function
[-] that describes blocking of the sorption sites. This ? -factor is calculated from the size of the
sand grains and the relative solid-phase concentration (Johnson & Elimelich 1995). The
attachment coefficient is calculated using a quasi-empirical formulation that takes account of
the mean grain diameter of the porous media d. [mm] and the pore-water velocity ? [mm d™],
as well as terms to describe the collector efficiency ? [-], and the collision (or sticking)
efficiency a [-]

=——7nav [Eq. A7]

The mathematical formulation of these terms, and suggested parameter values are given in
Simunek et al. (2005). The collector efficiency accounts for the combined effects of particle
size (e.g. bacteria or virus), fluid density and viscosity, pore-water velocity, and the water
content and temperature of the soil. Because attachment is (approximately) inversely
proportional to the grain size of the soil particles, finer grained soils such as silts and clays
tend to be more efficient at trapping bacteria that are transported with the drainage waters.
Furthermore, the smaller sized microbes (i.e. virus cf. bacteria) are less likely to be
intercepted by the soil particles (i.e. have a smaller collector efficiency), so the relative value
of ky is reduced. For the purpose of modelling, the ratio ko/kqy has been set to a constant
value of 100. Other parameters used in modelling bacterial (i.e. E. coli) transport through the
soil are discussed in Appendix B.

A.3. Calculation of crop water use

A standard crop-factor approach is used to relate crop water use to the prevailing
weather and physiological time of development. The procedure is based on guidelines given
by the Food and Agriculture Administration (FAO) of the United Nations (Allen et al. 1998).
Daily values of global radiation, air temperature, relative humidity and wind speed are
required for the calculation. These have been downloaded from the NIWA database using
historical records. The reference evaporation rate, ET, [mm d'l], is calculated as

(Ry —Gy) +paCole,—€,) /1,
s+y(d+rg/r,)

JET, =2 [Eq. A8]

where Ry [MJ m? d] is the net radiation, Gy [MJ m? d] is the ground heat flux, T [°C] is the
mean air temperature, e; [kPa] is the saturation vapour pressure at the mean air
temperature, e, [kPa] is the mean actual vapour pressure of the air, s [Pa °C™] is the slope of
the saturation vapour-pressure versus temperature curve, y [66.1 Pa] is the psychometric
constant, and A [2.45 MJ kg™] is the latent heat of vaporisation for water, and the terms rs
and rp refer to the (bulk) surface and aerodynamic resistances, respectively. The surface
resistance for evaporation from the pasture is set equal to 70 s m™ (Allen et al. 1998).
Similarly, the surface resistance for evaporation from the pond is set equal to zero. The
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aerodynamic resistance for both the pasture and the pond has been set equal to 208/U,,
where U, is the median wind speed at a height of 2 m.

ET, defines the potential rate of evaporation from an extensive surface of green grass
cover, of a short, uniform height, that is actively growing, completely shading the ground, and
not short of water or nutrients. The potential water use of the crops is then calculated

ETc = KcETy [Eq Ag]

using a crop factor K¢ derived from the amount of light intercepted by the leaf canopy. Light
interception is a function of the leaf-area index, LAl [m? of leaf per m? of ground area] (Green
et al. 2003a), and this is re-calculated each day. Coppicing the trees will reduce LAI and this
impact on ET¢ via a reduction in Kc.

When soil water and nutrients are non-limiting, water is extracted easily by the plant roots
and transpiration proceeds at the potential rate ETc. However, as the soil dries, water
becomes more strongly bound by capillary and absorptive forces to the soil matrix. Plant
roots then have to work much harder to extract water from ‘dry’ soil. Plants will tolerate a
certain level of water deficit in their root-zone soil, yet they will eventually exhibit symptoms
of water stress (i.e. reduced transpiration and loss of turgor) if the soil water content drops
below a certain threshold value.

An empirical adjustment factor Kg [-] is used to represent the plant’s tolerance to water
stress. The total-available water TAW [mm], as defined by the difference between the water
content at field capacity (-10 kPa matric potential) Wgc [mm] and wilting point (-1500 kPa
matric potential) Wywp [mm], is calculated across the depth of the root-zone, zg [mm]. The
plant-available water PAW [mm] is then defined by a fraction p of TAW that a crop can
extract from the root-zone without suffering water stress. Values of p are listed in Table 22 of
Allen et al. (1998). The pattern of water and nutrient uptake from the root-zone soil is
determined from the depth-wise pattern of root development (Green et al. 2002).

A.4. Modelling surface runoff

The surface runoff component of SPASMO is based on a daily rainfall total. The calculation
uses the Soil Conservation Service (SCS) curve number approach (Williams 1991). The
curve number approach was selected here because: (i) it is based on over 30 years of runoff
studies on pasture, arable and forest sites in the USA, (ii) it is computationally simple and
efficient, (iii) the required inputs are available, (iv) and the calculation relates runoff to soil
type, land use and management practice.

Surface runoff is predicted from daily rainfall plus irrigation, using the SCS curve number
equation:

(R-0.28)
—— =/ R>02S
Q="Rioss [Eq. A10]

Q=0, ., R<02S

where Q [mm] is the daily runoff, R [mm] is the daily rainfall plus irrigation, and S [mm] is the
retention parameter that reflects variations among soils, land use and management. The
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retention parameter, S, is related to the curve number, CN, using the SCS equation (Soil
Conservation Service 1972)

100 J [Eq. Al1]

S= 254[——
CN

where the constant, 254, gives S in millimetres. Moisture condition 2 (CN,) or the average
curve number, can be obtained easily for any area of land use type from the SCS Hydrology
Handbook (Soil Conservation Service 1972). An example of CN numbers is given below for a
range of pasture and drainage conditions.

Table Al. SCS curve number for a grazed pasture (Soil Conservation Service

1972).
Drainage Condition

SCS CN
number Exczssw Good =i Poor
S Good 39 61 74 80
._“§'

8 Average 49 69 79 84
o

=

9 Poor 68 79 86 89
o

A pasture in good condition that is growing on a free draining soil will have a low CN value
(39), while a pasture in poor condition and on a poorly drained soil will have a high CN value
(89). A lower CN value implies a bigger retention parameter, S, and so a given soil/pasture
combination will yield less runoff for the same daily rainfall total. The SCS runoff calculation
also includes an additional adjustment to S, to express the effect of slope and soil water
content (Williams 1991). In the calculations presented here, we have assumed the pasture
slope is always less than 5% and have used a reference CN value for a pasture sward in
average condition. The only other allowance that we have made, with respect to runoff, is to
include any changes in S that are due to different soil water contents.

A.5. Nitrogen balance of the soil

The nitrogen component of SPASMO is based on a set of balance equations that account for
nitrogen uptake by plants, exchange and transformation processes in the soil, losses of
gaseous nitrogen to the atmosphere, additions of nitrogen in the effluent or fertilizer, and the
leaching of nitrogen below the root zone. SPASMO considers both organic nitrogen (i.e. in
the soil biomass) and the mineral nitrogen (i.e. urea, ammonium and nitrate). Dissolved urea
and nitrate are considered to be mobile and to percolate freely through the profile, being
carried along with the invading water. The movement of dissolved ammonium is retarded as
it binds to the mineral clay particles of the soil. The soil can receive inputs of organic carbon
and nitrogen from decaying plant residues, which is added to the litter layer of the topsoil,
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and inputs of ammonium and nitrate in the effluent applied to the soil surface. Details of the
nitrogen component of SPASMO are published in Rosen et al. (2004).

A.6. Crop Growth

The uptake of soil nutrients (i.e. nitrogen and phosphorus) by pasture and trees is
determined largely by the growth of the above- and below-ground DM, multiplied by their
respective nitrogen concentrations. Daily biomass production is modelled using a potential
production rate per unit ground area, G (kg m?d™) that is related, via a conversion efficiency,
& (kg MJ™), to the amount of solar radiant energy, ® (MJ m?d™), intercepted by the leaves

G=¢® f, f f, [Eq. A12]

Here f, fy and fy, are response functions that range between zero and unity depending on
temperature, plant nitrogen and soil water status respectively (Eckersten & Jansson 1991).
The value of G depends on the daily sunshine and temperature, plus the leaf-area index of
the crop, and is moderated by the soil’'s water and nitrogen status (King 1993; Thornley et al.
1995). Crop growth is maximised only if soil water and soil nutrients are non-limiting.

A simple allometric relationship is used to partition the daily biomass production into the
growth of the foliage, stem material and roots. Plant biomass is expressed in terms of the
balance between growth and senescence of the plant organs. For each plant organ we write
out a simple mass balance equation that considers inputs of DM due to carbon allocation,
losses of DM as the plants senescence, and the removal of DM as the plants are harvested.
The total mass of foliage, F [kg m?] is calculated from

%T:ape—yFF—HF [Eq. A13]

the total mass of stem material, S [kg m™] is calculated from

%zasG—ysF ~Hg [Eq. A14]

and the total mass of roots, R [kg m™], is calculated from

EzaRG—yRR [Eq. A15]

Here o is the fraction of biomass partitioned to the foliage, as is the biomass partitioned to
the stem, and ar (=1-af-as) is the fraction of biomass allocated to the roots, and vy is the
corresponding senescence rate for these plant components. The variable H is used to
represent the amount of DM that is removed during harvest. In the case of fruiting crops,
additional terms are included in each balance equation to represent an amount of DM
transferred to fruit production.

Allocation of DM to the roots depends on the leaf nitrogen content [N]g, having a minimum
value [aro] at @ maximum leaf concentration [N]g,, and increasing as N, decreases (Eckersten
& Jansson 1991)
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= o +1—- (1= (N1, — [N]: /[N F° [Eq. AL6]

This formulation enables SPASMO to accommodate seasonal changes in DM allocation
associated with a changing leaf nutrient status. For simplicity, any seasonal changes in
senescence rates have been neglected in the model because we are concerned with the
long-term consequences of DM allocation.

A.7. Nitrogen and Phosphorus Uptake

The model assumes plant growth will achieve a maximum potential only if water, nitrogen
and phosphorus are non-limiting. The nitrogen demand for crop growth is set by the
maximum nitrogen content of the root [N]ry, leaf [N]rx and stem [N]sx material. During active
growth the plant tries to supply new DM material with nitrogen corresponding to these
maximum concentrations. The potential uptake of nitrogen, Uy [kg ha™ d], is defined as

Uy = (aFG[N]Fx _ZF7FF[N]F)

[Eq. AL17]
+asG[N]s = As7sIN]s ) HarG[N] o — 427-RIN]g)

And this represents the new growth at the maximum N content minus an amount of nitrogen
translocated from the senescing plant material. The potential (maximum) nitrogen uptake can
only be met if sufficient nitrogen exists in the soil. Otherwise all [N]s will be reduced in low-
nitrogen soils, and crop growth will be curtailed. The potential uptake of phosphorus uptake is
modelled in the same way based on the maximum P content of the respective plant parts.

Daily uptake of nitrogen is assumed to be proportional to the local distribution of the fine
roots, and the total amount of nitrate (NOs) and ammonium (NH,") in each soil layer
(Johnsson et al. 1987). The potential uptake of nitrate is calculated as

NO, _U,, fy NO;J [Eq. A18]

U =min ) ——
NO3- (PR( ) NO, + NH,

based on the relative root fraction in the layer, pr(z), the proportion of total mineral nitrogen
as nitrate, and the total growth requirement for nitrogen, Uy. However, the actual uptake of
nitrate is limited to a fraction fy [-] of the total nitrate available in each layer. Ammonium
uptake is calculated in a similar way, being proportional to the relative amount of ammonium
in solution.

Surface roots are the most active (Clothier & Green 1994) and they preferentially extract
soil water and nutrients from the upper soil layers. However, as water and nitrogen stresses
develop, the uptake activity typically switches to the deeper roots if more water and nutrients
are available there. This feature of root action is modelled in the following way. Whenever the
total nitrogen uptake from a given soil layer is less than the potential rate, then the model
allows for a compensatory increase in uptake from remaining layers deeper in the root zone
(Johnnson et al. 1987). This is achieved by adding a fraction c,, [-] of the deficit to the
potential uptake from the next soil layer where more mineral nitrogen may be available.

Daily allocation of nitrogen to the new plant material is based on the idea that roots receive
nitrogen first, until they reach their maximum concentrations, then nitrogen is allocated to the
stem, and finally to the leaves. If soil nitrogen becomes limiting, a reduction factor fy is used
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to reduce the total nitrogen uptake. This reduction function also effectively reduces the leaf
nitrogen contents and alters the DM allocation pattern (Eckersten & Jansson 1991). A similar
scheme is adopted for P uptake and allocation across the new plant material.

Pasture growth parameters in this study have been chosen to generate appropriate levels
of DM production i.e. the model simulates between 10-15 Mg DM ha* yields from an irrigated
pasture, and adds about 1000 kg DM for every 100 kg N ha™ of nitrogen in the effluent.

A.8.  Carbon and Nitrogen dynamics of the soil organic matter

The decomposition of soil biomass adds an amount of mineral nitrogen, in the form of
ammonium, to the soil. This transformation process, known as mineralization, is modelled by
dividing the soil's total organic matter into three pools — a fast cycling litter pool, an almost
stable humus pool, and a manure pool (Johnsson et al. 1987). The relative amount of
organic-N in these three pools changes daily to reflect inputs of fresh biomass, and manure,
and the losses of soil biomass and plant residue as it decomposes. The nitrogen demand for
this internal cycling of the soil’'s organic carbon and nitrogen is regulated by the C/N ratio of
the soil biomass, ro, which is one of the model inputs.

Decomposition of soil litter carbon (C.) is modelled as a first-order process and is
specified by a rate constant (K.) that is influenced by temperature and soil moisture. The
products of decomposition are CO,, stabilized organic material (humus) and, conceptually,
microbial biomass and metabolites. The relative amount of these products is determined by a
synthesis efficiency constant (fg) and a humification fraction (f4). The following mass balance
equations, which represent the inputs minus the outputs of soil-C and soil-N, are used to
model the turnover of carbon and nitrogen in the litter pool

AC
é’tL =[@-f)fe -~ K .C o+ R,
AN 1 N
5tL = {(1_ fH)fE—O—C—j. K..CL+Fy, [Eq. Al9]

where F represents the amount of fresh organic matter that is added to the soil biomass. A
similar set of equations describes the turnover of carbon and nitrogen in the manure pool
(although this pool is not modelled here)

oC
ﬁM =[@- ) fe —1K, Cy +Fey
ON 1 N
Y :[(1_ L2y }KM S P A

Lastly, the set of mass balance equations describing the turn-over of carbon and nitrogen in
the humus pool are given by

oC
H _
= fe.f, . K.CL - K, .Cy + Fe yy
ot
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N fo. f
oNy _Te HK..C.—K,.N, +F, [Eq. A21]
ot o ’

Decomposition of soil humus (Cy) follows first-order kinetics with a specific rate constant (Ky)
that depends on temperature and soil moisture. The other terms in these mass balance
equations have already been described above.

Soil carbon and nitrogen turn-over reactions result either in a net production
(mineralization) or a net consumption (immobilization) of ammonium, depending on the C/N
ratio of the soil biomass. From a consideration of mass balances, any increase in NH;"-N,
due to mineralization, must equal the decrease in organic-N from the three organic matter
pools. Thus, the following mass-balance equation is used to predict nitrogen mineralization

ONH;
ot

[ﬁ—i}KL.CL +[M—£}KM Cy +Ky-N, [Eq. A22]
C. r M f'o

Net mineralization occurs whenever oNH,/6t > 0, otherwise immobilization occurs. The
calculations recognise that, if no ammonium is available for immobilization, then nitrate can
be used according to the following equation

oNO;  f

g r—s(KL.CL +K,,Cy) [Eq. A23]

During all simulations reported here, literature values were adopted for most of the
parameters: the rate constants were set equal to K =0.015 d!, Ky = 0.015 d* and
Ky=0.00005 d*; constant values were used for the efficiency of carbon turn-over, fg=0.5, the
humification fraction, f4=0.2, and the C/N ratio of the soil biomass, r0=10.0, as suggested by
Johnnson et al. (1987).

For the purpose of modelling, senescing plant material is added a single pool of organic P
in the litter layer. The turnover of this organic phosphorus, to create mineral phosphorus (i.e.
dissolved reactive phosphorus) is modelled simply by assuming decomposition is a first-order
process specified by the rate constant K., and moderated by temperature and soil moisture
functions.

A.11. Soil transformation processes for nitrogen
All N-transformation processes in the soil are assumed to be first-order with rate constants

that are regulated by both temperature and moisture status of the soil. The effect of soail
temperature is expressed using a Qo relationship (Bunnell et al. 1977)

T(2)-Tg
f;(2) = Qlo[ 10 } [Eq. A24]
where T(z) is the soil temperature for the layer, Tg is the base temperature at which fr equals
1, and Qqq is the factor change in rate due to a 10-degree change in temperature. The sail
moisture factor decreases, on either side of an optimum level, in drier soil or in excessively
wet soil (Johnnson et al. 1987), i.e.

05(2) - 6(2)
05(2) -0, (2)
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fu(2)=1 6,(2) < 0(2) < 0,,(2),
0 (2)- HW(Z)} 6,(2)<0(2)<6,(2), [Eq. A25]

fwlz)= {GL(z) 6, (2

where 6s is the saturated water content, 6y and 6, are the high and low water contents,
respectively, for which the soil moisture factor is optimal, and 6y is the minimum water
content for process activity. The factor fs defines the relative effect of moisture when the soil
is completely saturated, and M is an empirical constant.

The nitrogen model accounts for the internal cycling and transformation of three forms of
mineral nitrogen (i.e. urea, ammonium and nitrate). The hydrolysis of urea (U, mg L™) to
ammonium (NH,", mg L‘l), is modelled as

du

dt U—>NH 4+

=k, f(2) 1,,(2) NH," [Eq. A26]

and this process is defined by a first-order rate constant (k;). The transfer of ammonium to
nitrate, (NO3’, mg L'l), is modelled as

d\NH,*
t

NO, —

=k, f.(2) f,, (2) {NHA+ - } [Eq. A27]

NH 4+—N03- a

and depends on the potential rate constant (k;) which is reduced as the nitrate-ammonium
ratio (ng) of the soil is approached. If NH;" < NO3 / nq then no transfer of ammonium to nitrate
takes place.

Denitrification is the transfer of nitrate to gaseous nitrogen (N, and N,O) products. This is
an anaerobic process and consequently is highly dependent on soil aeration. Soil water
content is used as an indirect expression of the oxygen status of the soil. The influence on
the denitrification rate is expressed as a power function

0(2) -6, (2) } [Eq. A28

o) :{es(z)—eD(a

that increases from a threshold point (6p), is maximum at saturation (6s), and d is an empirical
constant. No denitrification occurs below the threshold point. The denitrification rate for each
layer is modelled as

dNO,”
dt

NO,”
=-k;y(2) f:(2) T (2) | —=— :
. 5(2) :(2) D(Z){NOB_HJ [Eq. A29]

and depends on a potential denitrification rate (ks), the soil aeration status (fp), and the same
temperature factor (fr) used for the other biologically-controlled processes. The rate constant
ks is assumed to be a linear function of soil organic-carbon (Smith & Arah 1990). The factor
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Cs is the nitrate concentration where the denitrification rate is 50% of the maximum, all other
factors are optimum.

The ammonia volatilization model incorporates the effect of soil and effluent pH, soil and air
temperature, wind speed, and soil water content (Smith et al 1996). The following
mechanistic equation of Wu et al. (2003) is used to prescribe the soil-surface volatilization
rate, Jy [kg m?s™], as

_ ‘90 KAKH +
Jv —(e_sj hM(lo—pH NH4 j

where hy is the average mass transfer coefficient, K, is the equilibrium constant relating the
concentrations of ammonium ion and dissolved ammonia in soil solution, Ky is Henry’'s
constant for the dissolution of gas-phase and liquid-phase ammonia in soil solution. The
formulation for these three factors is presented in Wu et al. (2003).

[Eq. A30]

z=0

A.12. Mass-balance equations for mineral nitrogen and phosphorus and microbes

The nitrogen transport model allows for an input of mineral nitrogen in the form of urea,
ammonium or nitrate. The fate of surface-applied urea is determined by two competing
processes:

e Losses due to hydrolysis of urea to ammonia

e Losses due to the drainage of urea through the soil profile.

®
We have assumed that all the urea enters the soil, and that any surface runoff of urea is
negligible. The total mass of urea My [mg m™], in each soil slab of thickness zg [mm] is found
by solving the following mass balance equation

d':j/ltu = 7, deZJU =Xy, —(kzeU +3,U) [Eq. A31]

where U [mg L™] is the concentration of urea in soil solution, 6 [m® m™] is the soil’s volumetric
water content, Xy; [mg m™] is the mass of urea added to the i-th segment (=0 if i >1), k; [d™] is
the rate-constant describing the hydrolysis of urea to ammonium, JwU [mm d'] represents the
percolation of dissolved urea through the soil. Urea is rapidly hydrolysed to ammonium, in a
matter of a few days. The fate of ammonium-nitrogen is determined by six competing
processes:

Inputs from the mineralization of the soil biomass

Retardation due to the adsorption of ammonium to the soil particles
Losses due to the nitrification of ammonium into nitrate

Losses due to the volatilization of ammonia gas

Losses due to the drainage of ammonium through the soil slab
Losses due to plant uptake.

The total mass of ammonium, Ma [mg m™?], in each soil slab is found by solving the following
mass balance equation:
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M, _ z, doR,A _ (XAi +8S, +k,z:0 U)
it ot ’ [Eq. A32]

—(k,za0(A=N /N, )+ 3, + P, + 3, A)

where A [mg L] is the concentration of ammonium in soil solution, Xa; [mg m™] is the total
mass of ammonium added to the i-th layer (=0 if i >1), Sy [mg m™] is rate of mineralization, Pa
[mg m? d] is the rate of plant uptake, k, [d™] is a rate constant to describe the nitrification of
ammonium to nitrate, and JwA [mg m? d] represents the percolation of dissolved ammonium
through the soil slab. Here Jy represents the volatilisation of ammonia to the atmosphere. For
simplicity, we have calculated Jy only for the top 10 cm of soil and set it equal to zero
elsewhere. Rx = (1 +pKp/6) is the retardation factor for ammonium, p [kg L™ soil] is the soil’'s
dry bulk density, and Ky [L kg™] is the distribution coefficient that determines how much
ammonium gets adsorbed to the cation-exchange sites of the soil.

The fate of any nitrate in the soil water is determined by the following six processes:

Inputs of nitrate from fertilizer application

Inputs from the nitrification of ammonium

Retardation due to the adsorption of nitrate (= 0 in most mineral soils)
Losses from denitrification

Losses due to plant uptake

Losses due to the drainage of nitrogen beyond the root zone.

The total mass of nitrate-nitrogen, My [mg m™], in each soil slab is found by solving the
following mass balance equation

dM déRyN
dtN = 2R dtN - (XN,i +k;zp0 A)
N [Eq. A33]
_(kazRﬁ{ Nt o } P+ JWN]

where N [mg L] is the concentration of nitrate in soil solution, Xy,; [mg m™] is the total mass
of nitrate-nitrogen added to the i-th layer (=0 if i >1), ks [d™] is a rate constant to describe
denitrification losses, Py [mg m? d?] is the rate of plant uptake, and JyN [mg m? d?]
represents the drainage of nitrate through the soil slab. We consider denitrification to be a
microbial process that is rate-limited by the amount of soil organic carbon (the energy
source) and mineral nitrogen (the nutrient source).

The total mass of mineral phosphorus, Me [mg m™], in each soil slab is found by solving
the following mass balance equation

dM, _ doR.P _

Xoi +S - B +J,P Eq. A34
ot A ( P.i p pTYw ) [Eq ]
where P [mg L™] is the concentration of dissolved reactive phosphorus in soil solution, Xp;
[mg m?d™] is the total mass of phosphorus added to the i-th layer (=0 if i >1), Sp [mg m?d™]
is the rate of mineralization of organic phosphorus, P, [mg m?d™] is the rate of plant uptake,
and JwP [mg m?d™] represents the drainage of dissolved phosphorus through the soil slab.
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The adsorption of phosphorus is modelled using a Langmuir isotherm (Eqg. A5), and so the
retardation for phosphorus, Rp, is calculated as

R, = {1+ (gj(lfsp ﬂ [Eq. A35]

where Q is the maximum total mass of phosphorus at saturation per unit mass of dry soil [ug
g], and b is an empirical constant, with units of inverse of solution concentration [L mg™].

Bacterial transport is calculated using the same convection-dispersion type equation for
water and solute transport, with additional terms used to represent the kinetic sorption of
bacteria to the soil's mineral particles as well as the subsequent detachment and transfer of
bacteria between the aqueous and solid phases (Schijven and Hassanizadeh 2000). The
mass balance equation for water-borne bacteria (considering only those bacteria applied in
the effluent) is given by the following equation

@=(XBJ —kaé?l//BJrkdpS—,uWGB—,US,OS—JwB) [Eq. A36]

where B represents the bacteria concentration in the liquid phase [cfu L™], Sg represents the
bacteria concentration in the solid (sorbed) phase [cfu g™], Xg; is the total mass of bacteria
added to the i-th layer (=0 if i >1) [cfu m? d], the k, term represents attachment of bacteria
to the soil particles, and the kq term represents detachment of bacteria from the soil particles
and JyB [mg m? d*] represents the drainage of bacteria through the soil slab. The
inactivation (die-off) of bacteria is described using a simple first-order decay model, where p
is the mortality rate [d™] and the subscripts ‘W’ and ‘s’ refer to the liquid and solid phases,
respectively. The overall mortality rate for E. coli bacteria in soil has been reported to be
between 0.09 and 0.17 d* in two contrasting silt loams (Mubiru et al. 2000). Sukias &
Nguyen (2003) report the rate constant for bacterial die-off in a Te Kowai silt loam, Hamilton,
is about 0.056 d™. This represents a ‘half life’ of between about 1.8 and 3.3 days.

Calculation procedure

The model is run using a daily time step, to track the fate of nutrients and contaminants in
effluent-applied land. The model considers the 11 irrigation areas separately, adding different
amount of effluent to each site depending on pond disposal requirements and set irrigation
rules. The calculations are made in the following sequence:

e Subtract evaporation, transpiration and plant uptake of nutrients from each soil
segment

e Add and subtract the nitrogen, phosphorus and bacteria involved in the various
transformation processes

e Partition each contaminant between solution and sorbed fractions, assuming
complete equilibrium between the mobile and immobile phases

e |If there is rain or irrigation, then perform the leaching process

e Redistribute water and contaminants vertically, according to water potential and
solution concentration

e Repeat the contaminant partitioning.
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