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Abstract 

Event magnitude, societal vulnerability, and exposure define hazard impact. 

In New Zealand, flooding is the most common and damaging hazard at the 

decadal scale. Residents within the Marokopa catchment (west coast of the 

Waikato region) identify flood and erosion as significant local hazards. 

Flooding is influenced by a diverse range in factors, from environmental factors 

in the catchment, such as hydrology and climate, to socio-political policies and 

community awareness. Each of these factors is themselves influenced by 

climate change, and therefore requires study at the local and national scales  

A mixed-methods approach was used to analyse flood and erosion through 

application of the Land Use and Capability Indicator (LUCI). Qualitative 

analysis along with rainfall-runoff, inundation, and holistic ecosystem service 

(ES) modelling are used to evaluate both flood and erosion extent, but also 

influencing factors. This research used a unique, mixed-methods approach to 

research a traditionally quantitative topic, improve on the understanding of 

karstic rainfall-runoff modelling and support LUCI development through 

application in a geomorphologically distinct location. 

Local knowledge facilitated both temporal and spatial outlining of flood 

and erosion extent at macro and catchment-scales. Bespoke rainfall-runoff 

modelling of the Marokopa upper catchment defined localised rainfall, 

seasonality and the karstic system as significant influences on runoff, with poor 

to excellent model-fit. Preliminary inundation findings outlined tidal, upper 

catchment bank-overflow, and overland flow as significant mechanisms of 

flooding. Finally, flood and erosion mitigation ecosystem services were 

modelled, with synergistic comparisons also analysed. Priority areas for future 

land management and hazard mitigation investment include the Marokopa 

floodplains ~5 km inland from the coast. Novel integration of physical and 

social observations outlines current flood risk extent and evaluates factors 

which contribute to flooding, providing a thorough knowledge base for future 

flood modelling within the Marokopa catchment. 
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1 Introduction 

River flooding is internationally one of the most damaging natural hazards 

(Barredo, 2007; Kellens et al., 2013; Kron, 2005). Global flooding costs for a high 

greenhouse gas emissions scenario (RCP 8.51), without flood adaptation, are 

estimated at US$14 trillion annually (Jevrejeva et al., 2018).  In New Zealand, 

flooding is the most frequent and damaging hazard at the decadal scale; a function 

of a dynamic climatic, geomorphic, and geological setting (King et al., 2008). 70% 

of New Zealand emergency declarations from 1963 to 2007 were flood-related, 

with the 55 major floods since 1968 resulting in an estimated cost of NZ$626 

million (Ministry of Civil Defence & Emergency Management, 2010). These floods 

were significant due to the level of community preparedness and the towns 

environmental flood setting.  

Flooding has many definitions, as detailed in Section 3.1. This thesis defines 

the process of flooding as bank-breaching river water or ‘inundation’. As a hazard, 

flooding is the combined result of event magnitude, vulnerability and exposure. 

Magnitude defines the depth, extent and duration of flooding. Vulnerability relates 

to identifying and preparing for events and exposure to the social and physical 

setting (Kron, 2005). Furthermore, flooding is influenced by a diverse range of 

factors: from environmental factors such as hydrology and climate; to socio-

political policies, and community awareness. Each of these factors are influenced 

by climate change, and therefore requires study at the local and national scales. 

Climate change-related floods (2010 to 2017) have cost New Zealand’s 

economy over NZ$120 million (Frame et al., 2018). Furthermore, the uncertainty 

in climate change scenarios is significant (Arnell & Gosling, 2016). Recent research 

has focused on flood risk and preparing for climate change (Bhatt et al., 2017; 

Ministry for the Environment, 2017). However, analyses of New Zealand hazards, 

detail little around the impacts of fluvial hazards and the link between identifying 

risks and mitigating them (Carrivick & Tweed, 2016; Hughes et al., 2015; Whitman 

et al., 2013). To understand the mitigation and adaptation strategies needed by 

different communities an assessment of flooding impacts and factors that influence 

                                                
1 Representative Concentration Pathway (see Appendix A for full list of abbreviations and 

definitions). 
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flooding is needed. Moreover, the impacts of climate change on flooding must be 

improved and applied at the global, national and regional scales. 

Residents of Marokopa, a coastal township 80 km south-west from Hamilton 

(Figure 1), identified flood and erosion as significant hazards, with flood events 

recorded as far back as 1986. This thesis focuses on flooding as the primary hazard 

for the Marokopa area, but also provide high-level erosion hazard analysis (Section 

7.3). Marokopa currently experiences intense rainfall events (28, 45, and 50 mm/hr 

for 1 in 5, 50, and 100-year recurrence events (ARI). These are projected to increase 

to 37.5, 60.1, and 67.6 mm/hr for the same ARI under climate change RCP 8.5 

projected conditions. The Marokopa area unit has a small year-round population of 

20 at the village and 1,500 in the district (Statistics New Zealand, 2013). Like many 

townships across New Zealand, Marokopa has significant community and cultural 

value beyond its immediate residents. Every year, several hundred tourists visit 

Marokopa (Paget, 2009). Moreover, Mirumiru marae, which is less than 3m above 

sea level, hosts groups ranging from 20 to 200 annually.  

 

Figure 1: Location map for Marokopa, and surrounding townships. 
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Due in part to its coastal location, the Marokopa village setting is a dynamic 

link between inland sediment-laden flood water and the rising, storm-surging seas 

which are to be exacerbated by climate change (Figure 2). Two types of flood 

modelling are used within this study: traditional hydrological and flood inundation 

modelling, and holistic ecosystem service (ES) modelling. The first models how 

rainfall and flow relate, how floodwaters breach river-banks and where the 

breaching water floods the surrounding area. The second method simulates how the 

landscape mitigates processes such as flooding and erosion. Due to data limitations 

and rainfall-runoff modelling of the hydrologically-complex upper karst catchment, 

inundation modelling was not completed (Bakalowicz, 2005; Hartmann et al., 

2017). Instead, we present preliminary findings around historical flood extent to 

provide insights for future inundation modelling.Traditional hydrological 

modelling (rainfall-runoff modelling) requires high-resolution datasets. High-

resolution rainfall and flow were only available at Te Kuiti and Marokopa Falls (25 

and 8 km from Marokopa, respectively) (Figure 3). Te Kuiti rainfall is used as a 

far-field correlative for Marokopa Falls rainfall-runoff modelling and eventual 

Marokopa floodplain inundation modelling. The lack of flow and flooding 

information was compensated for by the use of qualitative experiences of Marokopa 

residents. Twelve residents were interviewed in order to contextualise modelled 

flood risk results (Section 4.2.1 & Chapter 6).  

A bespoke rainfall-runoff model defines the catchment relationship between Te 

Kuiti rainfall and Marokopa Falls flow to derive peak flows for future inundation 

modelling. ES modelling evaluates the benefits gained from the landscape, across 

many disciplines: culturally, socially, biologically, and hydrologically. We use the 

Land Use and Capability Indicator (LUCI) to model Marokopa catchment flood and 

Figure 2: Factors that influence Marokopa flooding. 
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erosion mitigation, sediment delivery, agricultural productivity, and water quality 

benefits. Data required for this modelling includes nationally available topography, 

soil, and land cover datasets. Once services are overlaid, flows of water and 

sediment are simulated to identify opportunities for synergistic land management 

decisions.  

 Thesis aims 

Flood hazards are holistically described using novel methods of both flatwater 

inundation and ES modelling and are aided by community hazard description. From 

hazard-identification stems holistic management structures that account for all sides 

of a given problem to improve Marokopa catchment sustainability. We apply this 

holistic approach at the data-scarce Marokopa catchment, focusing on the following 

research questions: 

- To evaluate the erosion and flood risk within the Marokopa catchment 

- To identify the physical, social and political factors in erosion and flooding 

within the Marokopa catchment 

We use interviews to contextualise historical flood and erosion experiences 

while also applying a bespoke rainfall-runoff model and ecosystem services tools 

to meet the above research aims. Further objectives are derived below: 

a) Qualitative 

- Engage with the local community 

- Record the community understandings and experiences of flooding and 

erosion within the Marokopa 

b) Rainfall-runoff modelling 

- Investigate the controlling physical processes of water through the 

Marokopa catchment by comparing the observed and modelled 

response to rainfall at Marokopa Falls. 

c) Inundation modelling 

- Compile the necessary data for future inundation modelling 

d) Ecosystem modelling 

- To apply LUCI to the Marokopa catchment to understand the spatial 

aspect of its ecosystem services and help identify priority areas for land 

management around flood and erosion mitigation. 



 

5 

 

 Thesis outline 

Chapter 1 (Introduction) of this thesis relates global climate to the local scale, 

focusing on Marokopa (New Zealand). The flood risk research aims are detailed in 

several objectives. Traditional rainfall-runoff modelling of the Marokopa 

catchment is supplemented by local knowledge due to its data-sparse nature. 

However, to yield tangible and useful results for the community, ecosystem services 

are also used to outline where the flood risk is, and how land management can 

mitigate it. 

Chapter 2 (Setting) provides an overview of the Marokopa catchment setting 

and relevant environmental and climatic characteristics. The flood and erosion 

hazards are reviewed and then connected to the different factors that influence 

hazard magnitude within the Marokopa catchment. These factors include the 

geology, geomorphology, land cover, soil, climate, and marine conditions. 

Chapter 3 (Background and literature review) outlines the problem and 

influencing factors of flooding within a Marokopa context, and is followed by a 

review of two approaches to hazard modelling: traditional inundation modelling 

and holistic ecosystem services modelling. 

Chapter 4 (Methods and methodology) summarises the different methodologies 

and methods used, including a brief overview of the qualitative methodologies, 

hydrological rainfall-runoff, inundation, and Land Use and Capabilities Indicator 

(LUCI) ecosystem service models. 

Chapter 5 (Data review) evaluates the datasets and sources used within this 

thesis, including an overview of how data was sourced and what processing was 

needed before different datasets were used within hydrological, hydraulic or 

ecosystem service modelling. 

Chapter 6 (Marokopa interview results) details the experiences of 12 Marokopa 

catchment residents. These interview participants (“participants”) describe previous 

flood and erosion events within Marokopa and the factors that influence these 

hazards such as land management, climate, geology, land cover, and soil type. The 

roles of public and private entities are explored not only in identifying hazards but 

also in mitigating or adapting to them. 
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Chapter 7 (Flood modelling results) describes the outcomes from the rainfall-

runoff, preliminary inundation and ecosystem service modelling that pertains to 

flooding or erosion.  

Chapter 8 (Agricultural activity, water quality and trade-off results) builds on 

the potential for ecosystem service modelling, with broader services. As 

agricultural activities and water quality are important locally, ecosystem service 

model results outline areas for future single, and multi-service improvement.  

Chapter 9 (Discussion) details the use of qualitative interview findings, 

quantitative rainfall-runoff, inundation and ecosystem modelling results in meeting 

the aims of this research (Chapter 1). Each method describes Marokopa flood risk 

differently. Qualitative accounts provide historical, local accounts of flooding, 

rainfall-runoff modelling provides a detailed account of upper catchment flow peak 

conditions, preliminary inundation modelling outlines differences in the assumed 

relationship between flow and flood extent, while ecosystem services present high-

level analysis for targeted flood and erosion mitigation. Beyond flood analysis, each 

method contributes to the evaluation of climate, geology, topography, soils, land 

management, marine conditions and the community in flood impact. 

Chapter 10 (Conclusions) summarises the thesis findings and future 

considerations.  
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Figure 3: Elevation map of Marokopa catchment (data source: LINZ). 

2 Setting 

Marokopa is situated 80 km south-west of Hamilton, on the west coast of the 

central North Island, New Zealand (Figure 3). This chapter focuses on the 

Marokopa flooding hazard but also aims to outline erosional hazards. Flooding and 

erosion pathways are influenced by catchment characteristics such as geology, 

geomorphology, land cover, soil, climate, and ocean dynamics (Section 3.2.1). As 

these factors influence flooding, they are used within our rainfall-runoff, 

inundation, and ecosystem service modelling to varying degrees.  

LocationThe Marokopa catchment spans approximately 364 km2 with the main 

40.5 km long Marokopa river fed by 533 km of tributaries (Land, Air, Water, 

Aotearoa, 2018). The catchment is bounded to the north by the Maungaakohe 

(344m a.s.l) and Kahakaharoa (317m a.s.l) ranges; Waitomo to the east; and the 

Pomarangi ranges (469m a.s.l) to the south (Land Information New Zealand, 2018).  
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 Marokopa hazards description and processes 

Water and sediment processes 

Water and sediment are largely interconnected throughout fluvial processes 

(McKergow et al., 2010; Vercruysse et al., 2017). Climate, land cover, soil type, 

and geology control these macro-scale processes (Dons, 1987). Generally, these 

processes include sediment erosion from landscapes, transport across terrestrial or 

fluvial environments, and finally deposition. Erosion begins when soil is separated 

by physical or chemical weathering and then entrained by water or wind. Soil 

transport is impeded by entrained vegetation or overflow, altering the time and 

paths taken for sediment to travel from source to sink. Depending on the sediment 

size and river flow, deposition may occur locally or after the sediment has been 

suspended for some time within the river (Vercruysse et al., 2017). While 

waterways provide transport for sediment, they can also contribute to the physical 

erosional process, causing bank erosion and altering channel paths and depths 

(Spiekermann et al., 2017). Within this feedback-loop, sediment that is eroded can 

also change the temperature, turbidity, and chemistry of river flows (Ryan, 1991). 

These processes show that flooding and erosion are interconnected. Therefore, 

research that outlines one should acknowledge and provide mitigation and 

adaptation for both. Little peer-reviewed research has focused on Marokopa 

flooding and erosion. Therefore grey literature, resident’s experiences, and field 

visits have informed this thesis’ knowledge of erosion and flooding at Marokopa.  

Flooding 

Marokopa flooding occurs throughout all seasons and is determined by multiple 

factors, which change according to each event. Furthermore, large floods are 

commonly exacerbated by king-tide or storm surge conditions which can block 

water from leaving the catchment (Figure 4). Flood inundation is primarily 

dependent on precipitation duration and soil moisture conditions. If conditions are 

dry before the storm, then floodwaters will recede more quickly. According to 

Participant K, flooded flow clears a week after an intense rainfall event with 

subsequent large volumes of debris deposited on banks and roads. 
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Erosion 

Marokopa township is bounded by steeply sloping farmland. In the upper 

catchment, heavy rainfall promotes mass-movement failures where the hydraulic 

conditions overcome the frictional forces of the soils. At the river mouth, the 

intertidal spit experiences two types of erosion with flood events and erosive aeolian 

processes, particularly during flood events (Chappell, 2014; Phillips & Mead, 

2009).  

 

 

 

 

 

 

 

 

 

 Flooding factors at Marokopa 

Community 

Marokopa is home to some 1,500 homeowners and residents. Residents live 

throughout the catchment, with several properties opposite the river-mouth. Other 

farming families live further inland and into the mountains. The tāngata whenua 

(Ngāti Peehi, Te Kanawa, Kinohaku) of the area, some of which reside as bach-

owners, whakapapa [link genealogically] back to Mirumiru marae (Māori Maps, 

n.d). 

Geology 

Water flow is linked to the geology, divided into ‘base’ and ‘top’ units (Figure 

5, Figure 6),  within the Marokopa catchment. Erosion has exposed Triassic, and 

Jurassic age silt-sand interbeds and Permian greywacke (Scarsbrook et al., 2008). 

Figure 4: Photograph capturing storm surge waves taken by a Marokopa resident. 
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These lithologies extend up to 10 km inland from the west Waikato coast, and 

between the townships of Awakino to the south and Port Waikato in the north 

(Stevens, 2012). National-scale folding resulted in the Kawhia syncline, followed 

by sandy-limestone deposition, sedimentation, and faulting. Today the Taharoa 

Fault Zone, Mangaohae, Marokopa, and Whareorino faults increase porosity and 

flow connectvity (Edbrooke, 2005). Spanning an area from Te Anga through to the 

Waitomo Caves and Te Kuiti regions, the limestone-dominated Te Kuiti group and 

its subsequent karstification has a significant effect on local hydrology (Gunn, 

1978). The geology is expressed on the surface by daylit cave systems, “failed” 

grounds (cave system exposure due to cave roof collapse) and dolines (“tomo”) 

(Osborne, 2002; Scarsbrook et al., 2008).  

 

Figure 5: Marokopa ‘base' catchment geology (source: LRIS, GNS Science 2008). 
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Geomorphology 

Marokopa township is on the coastal floodplain at the mouth of the meandering 

Marokopa River. Regionally rivers drain to the west, including the Awakino, 

Mohakatino, Mokau, and Tongapourutu. Steeply sided ranges are the expression of 

folded limestone strata. Most of the Marokopa catchment is steeply dipping (21°+, 

towards the north and west, south-west of the catchment) (Figure 7). The movement 

Figure 6: Marokopa ‘top’ catchment geology (data source: LRIS, GNS Science 2008). 
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of the Marokopa fault has promoted weaknesses in the rocks that has been 

exacerbated by mechanical weathering (Edbrooke, 2005; Zammit, 2014).  

Land Cover 

Land use or cover influences the infiltration rates and connectivity of 

waterways and is measured in multiple ways within New Zealand (Mohammad & 

Adam, 2010; Shi et al., 2007). The Land Cover Database (LCDB), uses remote 

sensing to classify surface features into cover “classes” (Kingi, 2014; Land 

Resource Information Systems, 2015; Zammit, 2014). “High Producing Exotic 

Grassland” (HPEG)  makes up ~60% of the Marokopa catchment (Figure 8), with 

Figure 7: Slope of the Marokopa catchment  (data source: LRIS). 



 

13 

 

the rest largely made up of forests. A 2-5 km wide strip of Indigenous vegetation, 

(conifer, broadleaved, and beech species), covers the mountainous regions between 

the more populated inland and the coast.  The geomorphology characterises the 

upper catchment with a different hydrologic environment to the lower Marokopa 

catchment. The lower, flatter regions consist of exotic grassland. Furthermore, only 

two 500m and 100m long strips of wetland vegetation occur within Marokopa. 

Soil 

Soil porosity and permeability influence the storage and passage of water 

through a catchment. AgResearch2 defines Marokopa village as having brown soil.  

In contrast, the Fundamental Soil map classifies the catchment as having a range of 

soil types, with moderately to poorly draining soils (Figure 9) (Newsome et al., 

2008). Mottled Orthic Brown (Marokopa hills) soils have vast geographic extent, 

are largely variable, and well-drained (Hewitt, 1993). Silt/clay soils (Marokopa 

floodplains) are frequently saturated but have slow infiltration rates. Allophanic 

(upper catchment) soils have low erodibility, permeability, high water holding 

capacity, and good drainage (Hewitt, 1998b). Moreover, loam soils also have high 

water storage but poor drainage while peat soils are organic-rich soils. Recent soils 

also have high water holding capacity but also the potential for erosion and are 

found on steep slopes (Hewitt, 1998b). Bed rock (with little to no soil) is found near 

the coast and is impermeable and therefore has low water holding capacity 

(Ballinger, 2011; Houlbrooke & Monaghan, 2009; Irrigation New Zealand, n.d.; 

O'Leary, 2010). Soils largely reflect the underlying geology, as they generated from 

basement weathering (Humphreys & Wilkinson, 2007). Acidic orthic allophanic 

soils overlay ash geology and orthic brown soils overlay mudstone. This pattern is 

consistent with waterways, which have eroded down into the lower geology. Future 

research should include ground-truthing studies or land cover and geology, not 

undertaken here due to time constraints. 

 

 

                                                
2 Previously New Zealand Pastoral Agriculture Research Institute Limited. 
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Figure 8: Land cover of the Marokopa catchment (data source: NZLRIS). 

https://lris.scinfo.org.nz/layer/48423-lcdb-v41-land-cover-database-version-41-mainland-new-zealand/
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Climate 

The climate in Marokopa is temperate with high precipitation, minimum 

temperatures, and humidity relative to the rest of the Waikato region (Chappell, 

Figure 9: Marokopa catchment soils (data source: NZLRIS). 

https://lris.scinfo.org.nz/layer/48079-fsl-new-zealand-soil-classification/
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2014). Extreme differences between the summer and winter climates occur, 

resulting from the larger regional westerly climate and ocean dynamics, further 

detailed below.  

Wind  

The southern hemisphere’s tropical cyclone season lasts from November to 

April (Chappell, 2014). Strong easterly winds and heavy rainfall characterise 

storms of tropical origin. The climate of the Waikato’s west coast is dominated by 

the cyclonic systems that traverse the Tasman Sea (Chappell, 2014). Maximum 

daily windspeeds, taken from the nearest station in Awakino were on average 14.7 

m/s with a minimum wind speed of 4.6 m/s and maximum of 40.7 m/s. The highest 

average wind speeds occur from August to October (Chappell, 2014). 

Rain  

A combination of topography and predominate north-easterly wind influence 

the rainfall of south-west Waikato rainfall (Figure 10). The 30-year median annual 

precipitation average from 1981 to 2010, shows that Marokopa has relatively high 

precipitation when compared with the rest of the Waikato region, at ~2000 mm/yr. 

However, residents report that both drought and extreme rainfall events can occur 

in summer.  

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Map of rainfall across Waikato (Chappell, 2014). 
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Rain is most intense over the mountainous Waitomo region, where orographic 

precipitation occurs due to the uplifting of saturated westerly winds. Monthly 

precipitation peaks in July and declines across January and February. Large rainfall 

events occur throughout the year, including several events of over 25 mm per hour 

(Figure 11, Figure 12) (Chappell, 2014; Wang et al., 2015). 

Historical and RCP8.5-projected rainfall intensity recurrence intervals (RI) 

were compiled for Marokopa (Figure 12, Table 1).  The rainfall depth for a 50-year 

recurrence interval for a 24-hour period is ~6 mm/hr while, for the high emissions 

scenario of the same period, it is slightly higher at ~7 mm/hr. For the 1 hr period it 

increases from 45 mm/hr (current) to 60 mm/hr (future). For the 100-year 

recurrence interval, the 24-hour rainfall increases from 6.4 mm/hr (current) to 7.8 

mm/hr (future). For the 1 hour the rainfall intensity changes even more, from ~50.1 

Figure 11: Infilled rainfall, from 2008 to 2017. 

Figure 12: Marokopa rainfall recurrence intervals for historical data (data source: NIWA). 
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mm/hr (current) to 67.6 mm/hr (future) (National Institute of Water and 

Atmospheric Science, 2017).  

Table 1: Rainfall recurrence intervals for the Marokopa region (data source: NIWA). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

Terrestrial median annual temperatures from 1981 to 2010 are consistent across 

the northern Waikato area (14-15°C) (Figure 13). The median summer temperature 

average showed that the Waikato west coast was relatively cool (22°C) compared 

to the inland areas with Hamilton at 23.5°C. However, over the same period, the 

winter median daily minimum temperature is lowest around Taupo (2°C) compared 

to the West Coast (7°C) (Chappell, 2014). Seasonal variations across Waikato are 

consistent, with June and February as the highest and lowest temperature months. 

Rainfall intensities (mm/hr): Historical Data 

ARI 10m 1hr  12hr 24hr 48hr 120hr 

1.58 56.1 20.2 4.31 2.71 1.67 0.861 

2 61.3 22 4.68 2.94 1.81 0.932 

5 79.1 28.2 5.94 3.72 2.29 1.17 

10 92.6 32.9 6.88 4.3 2.64 1.35 

20 107 37.7 7.85 4.9 3.01 1.53 

30 115 40.7 8.44 5.26 3.23 1.64 

40 122 42.9 8.87 5.52 3.38 1.72 

50 127 44.6 9.2 5.73 3.51 1.78 

60 131 46 9.48 5.9 3.61 1.84 

80 138 48.3 9.92 6.17 3.78 1.92 

100 143 50.1 10.3 6.39 3.9 1.98 

250 165 57.6 11.7 7.28 4.44 2.25 

Rainfall intensities (mm/hr): RCP8.5 for the period 2081-2100 

ARI 10m 1hr  12hr 24hr 48hr 120hr 

1.58 73.4 26.4 5.2 3.2 1.92 0.961 

2 80.6 28.9 5.7 3.48 2.1 1.05 

5 105 37.5 7.35 4.47 2.69 1.34 

10 124 44 8.56 5.2 3.12 1.55 

20 143 50.7 9.81 5.94 3.57 1.76 

30 155 54.8 10.6 6.39 3.83 1.89 

40 164 57.7 11.1 6.72 4.02 1.99 

50 171 60.1 11.6 6.97 4.18 2.06 

60 177 62 11.9 7.2 4.3 2.12 

80 186 65.2 12.5 7.53 4.51 2.22 

100 193 67.6 12.9 7.8 4.66 2.29 

250 224 77.8 14.8 8.89 5.3 2.6 
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Solar radiation 

Sunlight hours vary spatially across the Waikato. Marokopa has a relatively 

low median annual sunshine amount, with ~1825 hours compared to the highest 

number of hours which was seen to the east of Taupo (~2050 hours) (Chappell, 

2014).  

Humidity 

Humidity also changes seasonally, peaking in summer and falling in winter. Te 

Kuiti measures a vale of 90% humidity in June, with a low of 78% across 

November, December and January (Chappell, 2014). 

Evaporation 

Evaporation is the process of water changing phase and becoming vapour. 

Actual evaporation values are often less than potential evaporation due to limited 

water availability (Chappell, 2014; Penman, 1948). The potential evaporation 

(PET) calculation accounts for wind speed, surface and air temperature, saturation 

vapour pressure, relative humidity, sunlight hours, and sky visibility. Peak 

evaporation is seen in January, minimum evaporation in June, with an average 

annual PET of 740mm (Chappell, 2014). 

 Figure 13: Mean daily temperatures with summer (left) and winter (right) over the 30-year period from 1981 

to 2010 (Chappell, 2014). 
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Ocean dynamics 

Oceanic changes significantly impact Marokopa flooding, most notably king 

tides and storm surge. Tidal range measurements are from Kawhia wharf, the 

nearest tidal record (20 km away). At high tide, the ocean is 2m higher than during 

low tides (Atkin & Mead, 2017). Furthermore, storm surges impact the coastal sea 

level in two ways, with optimum swells coming from a south-west direction 

(National Institute of Water and Atmospheric Science, n.d.). When the surge is 

incoming, the nearshore environment loses water as the pressure is lower out at sea. 

As the surge comes inland with the low-pressure system, the water level rises 20-

90cm (Stephens et al., 2015). Participants describe king-tides and storm surges as 

some of the most important factors in fluvial flooding. Climate change (sea level 

rise and more extreme rainfall) is likely to significantly increase the impact of both 

theses processes (Table 2).  

Table 2: Changes in tidal range with increasing sea level rise due to climate change (Atkin & 

Mead, 2017). 

 

Long waves  (short-period tidal waves) at Kawhia have a period of two hours, 

instead of the 12-hour period of standard tides, and can increase the likelihood of 

bank breaching waves at Marokopa by exacerbating the effects of high tides and 

storm surges (Stephens et al., 2015). Overlying these processes are the larger-scale 

relative mean sea level changes which have both seasonal and long-term trends with 

summer sea levels ~50cm lower than winter (Stephens et al., 2015). While sea level 

rise varies regionally, due to sedimentation and tectonics, the two closest sea level 

records to Marokopa both increase (Auckland with 1.60 ±  0.08 mm/year and New 

Plymouth with 1.37 ± 0.16 mm/year) (Ministry for the Environment, 2017).  

Fluvial hydrology 

Marokopa river is fed by several tributaries in the upper catchment. Water use 

across the river varies, with tourism in the upper catchment, due to the limestone 

caves and structures. Other uses of the river include recreational fishing, three 

 Current (m) SLR: 0.5m SLR: 1m 

Maximum tidal height 1.26 1.76 2.26 

Estimated storm tide range 1.37-2.07 1.87-2.57 2.37-3.07 
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surface water abstractions, and hydro-power generation (Speedies Rd). The water 

resource is “nearly fully allocated”  with 3.9 l/s available (Zammit, 2014). Due to 

this wide usage, Marokopa river has “large economic importance for the region and 

local community”(Zammit, 2014). 

Flow 

The flow characteristics of Marokopa Falls are described below. The mean flow 

at Marokopa Falls for the period of April 1979 to November 2018 is 4.64 cumecs, 

with a minimum flow of 1.29 cumecs, and a maximum of 116.57 cumecs (National 

Institute of Water & Atmospheric Research, 2019). 11 events are described in more 

depth in Chapter 7. Flow duration curves are logarithmic cumulative frequency 

plots that show the proportion of time river flow is equalled or exceeded (Searcy, 

1959) (Figure 14). 90% of the time flows (or 90% of flows) equal or exceed ~ 

2mm/hour. There is a near-linear relationship between time and flow between 30 

and 90% of the time. However, flows increase significantly when looking at the 

highest 30% of flows, which increase in value from ~1.8 (30%) to ~2.4 (20%), ~3.3 

(10%) and ~4.5 mm/hr (5%) of flows. 

 

 

 

 

 

Figure 14: Marokopa Falls flow duration curve, showing the percentage of different volume 

flows seen at this location (data source: NIWA). 
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Water quality 

Water quality, as well as water quantity,  are important to the local community. The 

water quality of the Marokopa river is partially dependent on inflows from 

tributaries (Land, Air, Water, Aotearoa, 2019). Water quality worsens towards the 

lower catchment (Figure 15). The upper catchment Mangapohue stream (4) has an 

“excellent” five-year median Macroinvertebrate Community (MCI) of 135.2, 29 

value for taxonomic richness (5-year median), and 62.1% EPT (macroinvertebrates 

sensitive to water pollution), representing a healthy environment and species 

diversity. Downstream at Te Anga Rd (3), the Marokopa river has a slightly lower 

MCI of 124.1, and an EPT of 56%, showing a decline in water EPT richness and a 

“possible decline” in water quality. At Tawarau river (2), the MCI has dropped to 

112.4, with a “likely degrading” trend with a 24.5 value for taxonomic richness and 

51.8% EPT. At the Speedies Rd site(1), Escherichia coli (E. Coli) bacteria has a 

five year median of 140 n/100ml in the best 50% compared with OLRS (Other 

Figure 15: Water quality testing locations, numbered from lowest to highest elevation in catchment. 
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Lowland Rural Sites). Clarity is “likely degrading”, with a turbidity value of 4.05 

NTU. Nitrogen is also “very/likely degrading” even while comparatively low 

compared to OLRS. Finally, dissolved phosphorus at this site is the highest, 

compared to OLRS, “likely degrading” but with total phosphorus in the best 50% 

of OLRS, and “likely improving”(Land, Air, Water Aotearoa, 2019). These water 

quality measurements show that as more tributaries converge, water quality 

worsens. This worsening is likely due to the impact of farming within the area. 

Estuary 

Estuaries are the link between terrestrial and marine processes. At Marokopa, 

the estuary is also where flooding and erosion are significant hazards. Greer et al. 

(2016) found that the Marokopa river has a small estuary high tide area (0.6 km2), 

resulting in significantly lower residence times compared to other west coast 

harbours and estuaries. The residence time is the time taken for water to leave an 

outlined area. High tide volume for Marokopa River estuary is 1.024 x 106 m3 and 

has a considered “high flow” for its size (Greer et al., 2016). During “low flows” 

the residence times were mostly less than 1.5 days, with some surface/edge features 

affecting outflow (Figure 16). The highest residence values were seen 

approximately 1-2km up the river, possibly highlighting a shallowing in land/river 

gradient and a widening of the river.  

 

Medium flow resulted in water being flushed from the estuary in less than one 

day while high flows resulted in residence times of less than half a day. A 

Figure 16: Residence time of Marokopa estuary under a low flow regime. Tracer released during 

a mid-tide range, under high tide conditions (Greer et al., 2016). 
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comparison of wind strength and directions from Port Taharoa found that south-

westerly scenario reduced the estuary residence time by a short two days, whereas 

north-easterlies reduced the estuary residence time by six days, compared with a 

no-wind scenario. Water residence times for the Marokopa estuary were studied 

under normal conditions. However, the local community state that tidal influence 

on Marokopa flooding is significant. No studies currently quantify the tidal 

influence on flooding.  

Conclusions 

- Marokopa has a distinct environmental and hydrological setting. Due to the 

combination of steeply dipping terrain at the lower catchment and karst 

hydrology in the upper catchment, water passes quickly through the 

landscape.  

- Due to the largely pastoral land cover, worsening downstream water quality 

and large erosion events are seen throughout the region.  

- Sea level rise, storm surge and tides significantly influence Marokopa 

flooding and erosion.  

  



 

25 

 

3 Background and literature review 

Flooding has multiple definitions, factors, and modelling approaches, which are 

described in this chapter using the structure below (Figure 17). Section 3.1 outlines 

various definitions of flooding, including quantitative and qualitative means. 

Following this, Section 3.2 describes the factors which influence flooding, 

including physical catchment features, climatic conditions, social context and flood 

management strategies. Finally, Section 3.3 reviews hydrological (rainfall-runoff), 

hydraulic (inundation) and ecosystem modelling approaches to flood risk, 

critiquing the different methods used.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 Flood definitions 

Flooding is defined as a terrestrial process by some and as marine inundation 

to others. Marine inundation is the process of marine waters breaching non-

estuarine areas and is synonymous with storm surge, tsunami, and sea level rise 

(Flick et al., 2012). These marine processes significantly increase the impacts of 

terrestrial flooding at Marokopa. Terrestrial overland flow or water moving across 

Figure 17: Background chapter overview and structure. 
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the surface of the earth also claims the descriptor “flooding”. It is a scientifically 

described process, a lived-experience, and a life-giving ecosystem support system 

in some cases while being a hazard in others (Bayley, 1991; Junk et al., 1989). 

While this thesis defines flooding as bank-breaching inundation, this phenomenon 

can be quantitatively and qualitatively described. Quantitatively, flood magnitude 

can be defined by river flow speeds, maximum flood extent that breaches river 

banks (or stopbanks), the depth of flooded water or the duration of those 

floodwaters (Bhatt et al., 2017; Smith, 1997; Teng et al., 2017; Waikato Regional 

Council, n.d). Qualitatively, flood experiences have also been used to discern the 

vulnerability and impacts of floods on livelihoods. Such analysis allows for the 

communication of local problems to improve future flood protection (Fuchs et al., 

2017; Hudson et al., 2019; Vojinovic et al., 2016). 

Flood factors 

Physical drivers such as precipitation, topography, geology, catchment 

characteristics, land cover, the ocean, and climate change determine event 

magnitude (Section 3.2.1). Moreover, socio-political measures, policies and 

modelling approaches aim to identify and minimise flooding vulnerability, and 

exposure (Section 3.2.2). Together, these physical and social flooding factors 

contribute to the impact of a flood event. Finally, flood risk management is both a 

physical and social/political construct This chapter describes the historical and 

modern approaches to defining flooding before reviewing hydrological (rainfall-

runoff), hydrodynamic (inundation) and ES models in Section 3.3. 

 Causes and factors in flooding 

Many factors contribute to the size and impact of hazards. Figure 18 outlines 

the factors that impact flooding within the Marokopa catchment. These factors are 

further detailed in the following section. Water is topographically funnelled across 

and underneath the earth's surface as geological layers and soil types respond in 

different ways. Agricultural grasses (HPEG) can cause quick runoff in some areas 

(Figure 8). Other land cover types such as forestry can intercept rainfall and connect 

it to underground storages, although these hydrological relationships depend on 

how land cover and soil type overlap and whether there are internal variations. 

Additionally, with climate change, intense precipitation event magnitude and 

frequency are projected to increase locally. Moreover, tides and storm surges will 
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also increase due to sea level rise. Factors that impact flooding include the physical, 

social factors, and the flood management strategies used. The risk of flooding is 

predicted based on the flood conditions themselves and our response to potential 

flooding. 

 

3.2.1 Physical factors in flooding 

Water can take many different paths through a catchment (Figure 19). Upon 

precipitation, water enters a catchment's hydrological cycle and interacts with the 

different land covers, potentially being intercepted by vegetation, before either 

infiltrating or flowing over the earth's surface. Infiltration can occur anywhere and 

subsequently, water can take many routes. These routes are simplified into the 

following three. A “fastflow” component represents water which quickly enters the 

stream from a variety of sources. Secondly, water can travel laterally in the near-

subsurface as “throughflow” or percolates through to the lower groundwater. This 

lower “baseflow” eventually reconnects with the surface or ocean groundwater 

(Ward & Robinson, 1990). As water returns to the surface it may collect and form 

Figure 19: Water cycle with multiple, simplified pathways. 

Figure 18: Marokopa, with flood factors outlined. 
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stream networks which also connect with the ocean. Eventually, water is then 

evaporated and forms into clouds before precipitating again (Ward & Robinson, 

1990). 

Flooding occurs when more water enters the catchment than can exit it within 

a certain period. This process depends on precipitation input, catchment geology, 

catchment characteristics, land cover, marine influence, and broader climate change 

impacts.  

Precipitation factors in flooding 

Precipitation defines the quantity of water entering a catchment, occurring 

though frontal, orographic, or convective systems. These systems vary in rain 

intensity and duration (Mosley & Pearson, 1997). Flooding occurs through two 

processes, excess overland flow and bank-breaching flow. The first is due to 

infiltration or saturation excess caused by heavy or prolonged rainfall (Abdul & 

Gillham, 1984; Ward & Robinson, 2000). Where ground saturation reaches the 

surface (water table/field capacity), saturation excess overland flow occurs, 

highlighting the importance of antecedent conditions. If the precipitated volume is 

greater than what can penetrate the soil, infiltration excess hortonian overland flow 

occurs (IEHOF) (Mosley, 1979).  

Geology, topography, and soil factors in flooding 

Geology, soils, and topography determine where and how fast water flows 

through a catchment. Brown et al. (1999) showed the control of bedrock surfaces 

on flow directionality though on a larger scale the flow is determined by the 

catchment shape. Catchment shape and connectivity are equally important controls 

on runoff, with increased bifurcation resulting in flashier hydrograph response. This 

is exacerbated by storm tracks moving from the catchment headwaters to mouths 

(Jencso & McGlynn, 2011; Ward & Robinson, 1990). Water moving through a 

system is then dependent on geology and soil type (Anderson & Burt, 1978). 

Limestone makes up approximately 40% of the Marokopa catchment geology and 

is associated with karst structures which are known for their hydrological 

complexity (Bakalowicz, 2005; Hartmann et al., 2017; Scarsbrook et al., 2008). 

Karst hydrogeology is discussed below. Additionally, unconsolidated sands 

increase drainage and hydraulic conductivity, while clays have many smaller pores 
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that “hold on” to water (Heath, 1983). Moreover, sediment transport can exacerbate 

flooding, causing blockages and destruction downstream (Mosley & Pearson, 

1997).  

The relative impact of topography, geology and vegetation on catchment 

hydrology changes throughout the year. Jencso and McGlynn (2011) found that 

vegetation and geology had a greater impact on flooding during drier periods and 

topography during wetter periods. The Marokopa catchment is impacted by both 

seasonal variation and the limestone-karst systems which have subsequent 

significant influence on the catchment’s hydrological response (Mahler & Lynch, 

1999). 

General karst geology and hydrology 

Various karst landforms have formed throughout the Marokopa catchment as 

carbonate rock has dissolved in reaction to carbonic acid exposure (Scarsbrook et 

al., 2008). Several levels of landscape features influence the hydrologic response 

of a karst system. These include whether water enters the karst landscape through 

autogenic or allogenic means, and the surface (exokarst), near-surface (epikarst) 

and subterranean (endokarst) landforms it percolates through. Finally, karst 

hydrology is dependent on three main throughflow mechanisms: shaft flow, 

throughflow and vadose seepage. 

Autogenic hydrological system runoff is due to direct precipitation onto the 

limestone, and diffuse recharge (Gunn, 1983). In contrast, allogenic system runoff 

is from nearby non-karst systems and is indicative of point-source infiltration, 

which passes through the ground in a series of integrated but discrete “pipes” (Ford 

& Williams, 2007; Gunn, 1983). Marokopa catchment has extensive karst systems, 

which are a mixture of autogenic and allogenic systems (Figure 20).  

Exokarst features within the Marokopa catchment include depressions, 

polygonal karsts, solution dolines (“tomo”), sinkholes and cockpits which have the 

potential to develop concentrated autogenic streams, flaggy limestone and 

protruding forms (Williams, 2004). Endokarst structures in the area include large 

caves and crevices. Such structures together impact and are impacted by the 

hydrology of the area (Chinarro, 2014). Broadly, karst hydrology is not dissimilar 

to other geological systems,  although karst systems tend to be more complex and 

are usually recharged in two ways,  diffuse infiltration through narrow openings 
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resulting in slow two-phase flow and rapid concentrated infiltration due to bigger 

fractures (van Beynen et al., 2011).  

 

Karst researchers generally acknowledge three throughflow zones (not 

including the superficial recharge areas). First, the fractured epikarst zone which 

has significant storage and water transport. Below this, there is typically the 

unsaturated transit zone which provides rapid vertical infiltration. Underneath this 

is usually a network of hierarchical saturated/phreatic zones that are filled with 

water (Chinarro, 2014). This last zone can drain quickly, depending on the reservoir 

connectivity, but also helps to maintain baseflow storage and flow throughout drier 

periods (van Beynen et al., 2011).  

Marokopa catchment karst geology and hydrology 

The water moving between karst throughflow zones is generally further 

classified into three types, based on the structures which transport the water (Gunn, 

1983). The first is shaft flow, where meteoric water runs down cave walls; this 

makes up the largest percentage of flow processes in Waitomo (Gunn, 1983). The 

second throughflow mechanism is vadose flow, which is meteoric water moving 

vertically through fractures. Thirdly, vadose seepage defines water that moves 

through smaller joints and makes up the smallest flow output in the Marokopa-

Waitomo area (Gunn, 1983).  

Figure 20: Different scale karst landforms, recharge types and flow paths. 
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Karst landscapes significantly impact catchment hydrology (Ford & Williams, 

1989). The Waitomo karst consists of heterogeneous structures and is defined as an 

interstratal karst, with sandstone and siltstone interbedded with limestone 

(Edbrooke, 2005). Feeney (1977) suggested that the karst formed with cap rock 

dissolution. This was followed by landscapes forming depressions where streams 

flowed preferentially due to an impermeable subsurface (Figure 21) (Hawke, 1982). 

As the karst system developed, depressions grew, and complexity increased, with 

further clustered dolines forming due to the dissolution of joints (Gunn, 1978). As 

dissolution continued, karst systems and valleys grew vertically and laterally until 

bounded by impermeable surfaces (Hawke, 1982). 

Karst hydrology can be defined using many methods. Chemical tracers were 

used in the upper Marokopa catchment to determine the permeability and resulting 

flows through the conduit-karst system (Gunn, 1978). Results found that overland 

flow was insignificant, and that subcutaneous (beneath ground surface) flow was 

more significant than throughflow for vertical movement. Gunn (1983) describes 

the system as conduit-dominated, although without allogenic systems. This meant 

that near/surface water concentration largely impacted underground flow rates. 

Comparison of upper catchment hydrographs showed that the rapid discharge 

of subcutaneous flow and upper-soil throughflow result in flashy ‘non-karstic’ 

hydrograph for surface streams (Williams, 1983). In contrast, lags of 2-14 weeks 

between precipitation and cave percolation rates were found using cross-

correlation. Furthermore, some sites may hold water in network fissures, and 

therefore not correlate with rainfall events (Williams, 1983). The Waitomo karst 

system has a staggered-discharge, with fast and lagging outflow mechanisms, 

resulting in sustained baseflow at some sites. After large floods events, water is held 

in joints (after percolating down to areas to impermeable areas, and depressions 

(Williams, 1983). 
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Land cover factors in flooding 

The dominant land covers within the Marokopa catchment, forested and 

pastoral land, impact catchment hydrology in different ways. Vegetation intercepts 

precipitation (reducing peak flow), connects storage (draining water through root 

systems) and increases evapotranspiration (Cameron, 1963; Ward & Robinson, 

1990; Watson & Mardern, 2004). In contrast, exotic agricultural grasses are more 

susceptible to extreme conditions and compaction, which increases sediment 

Figure 21: Te Kuiti limestone/karst structures (Zammit, 2008). 
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transport and decreases vegetation (Marshall et al., 2009; Singleton & Addison, 

2000). As land use significantly influences hydrology and flood potential, so does 

any change in land use. 

Land cover change influences flooding 

Through deforestation, urbanisation, and wetland drainage; land use change 

impacts catchment hydrology (O’Connell et al., 2007). Deforestation causes higher 

erosion rates, leading to accretion (sediment accumulation) and subsequent 

flooding (Gomez et al., 1998; Marden et al., 2005). While not documented in the 

literature of the area, anthropogenic drainage systems are likely present due to the 

reclaimed wetland of the farmland closest to the river. Further agricultural 

development such as channel straightening and restriction, seen in Marokopa, 

decreases the biodiversity and sustainability of meandering streams while 

increasing surface runoff (Kozlowski, 2002; O’Connell et al., 2007).  

Tidal/Sea Level factors in flooding 

Tides, storm surge, and sea level impact flooding to different degrees; they also 

influence and intensify each other. Wolf (2009) outlined the effects of semi-diurnal 

tidal and quasi-periodic storm surge on flooding, including increased coastal water 

depth, subsequent extremes in wave height, and the overtopping of flood 

infrastructure. King et al. (2007) used qualitative interviews with local Māori to 

describe the historical impact of storm surge and tsunami hazards. While accounted 

for in different regional plans, few structured analyses of tidal flooding within a 

modern, regional-resolution New Zealand context currently exist, highlighting the 

disconnection between a holistic socio-political awareness and physical modelling 

approaches, especially in regards to future environmental changes (Ministry for the 

Environment, 2017; Waikato Regional Council, n.d.-a).  

Climate change factors in flooding 

Climate scientists agree that the impacts of anthropogenic climate change are 

significant, but vary globally, nationally, and regionally. Using a combination of 

models, and greenhouse gas scenarios, global average surface temperatures are 

expected to be 1.5°C by 2100 above pre-industrial levels with atmospheric 

moisture, the driver of weather systems, subsequently set to increase 

(Intergovernmental Panel on Climate Change, 2018; Pachauri et al., 2014; Warrick 
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et al., 2001). New Zealand is projected to have a +0.7°C increase in 

minimum/mean/maximum temperature by 2040, which may increase IEHOF 

through increased soil water repellency (Ministry for the Environment & Statistics 

New Zealand, 2016; Müller & Deurer, 2011). Furthermore, New Zealand extreme 

precipitation events are also likely to become more frequent (from 1-in-440 to 1-in-

1003 or 1-in-50 year event4 by 2100) (Intergovernmental Panel on Climate Change, 

2018; Royal Society New Zealand, 2016). Increased rainfall is likely to increase 

both infiltration excess flooding (increased precipitation intensity) and saturated 

overland flow (increased frequency). Furthermore, ground conditions will likely 

become more constantly saturated, increasing flood extent and duration (Ministry 

for the Environment, 2008).  

Pacific Climate Oscillations 

Pacific climate oscillations (PCO), namely the El Nino Southern Oscillation 

(ENSO), Southern Annular Mode (SAM) and Indian Ocean Dipole (IOD), could 

intensify extreme precipitation and subsequent flooding across New Zealand. 

However other researchers state that decadal climate systems have little effect on 

heavy rainfall. For example, Mullan et al. (2008) found that negative SAM and IOD 

can intensify storm systems over New Zealand. This could increase both extreme 

precipitation and storm surge events at Marokopa. Furthermore, La Nina (Positive 

ENSO) are 80% likely to bring above-average rainfall to the northern half of New 

Zealand (Mullan et al., 2008). In contrast, Dravitzki and McGregor (2011) showed 

the seasonal probability of extreme precipitation as independent of PCO. Due to the 

local-scale impacts of such systems, a comparison of PCO influence across New 

Zealand is required for future climate modelling/projections to create policies that 

account for the conditions of today and tomorrow. 

3.2.2 Social factors in flooding 

Flood vulnerability in New Zealand reflects policy decisions made at the local, 

regional, and national levels. However, problems in governance structures can arise 

in many ways. Issues include when predictions of climate change are not accurate 

enough, when community-governance relations are under pressure when there are 

differences in risk perception, or rigid rather than dynamic planning (Manning et 

                                                
3 RCP3, a low CO2. 
4 RCP8.5, a high CO2 RCP. 
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al., 2015). Consistent and comparable analysis on larger scales, across diverse 

regions, including calculations of uncertainty is needed (Ministry for the 

Environment, 2008). A comparison of European regulatory flood risk management 

approaches (namely "coercive" and "cooperative") emphasised the importance of 

tensions between government protection and individual rights, culture, political 

systems, and traditions (Pottier et al., 2005). Tensions between governing bodies 

and community groups have also been documented at Marokopa, as well as within 

the development of co-management strategies (Addenbrooke et al., 2016; Blackett 

et al., 2010). While ecosystem services research is currently being piloted for 

certain services (freshwater and estuary) and specific locations within the Waikato 

Region, Hall et al. (2014), O’Connell et al. (2007) and Wheater and Evans (2009) 

call  for more holistic management and modelling approaches to land use and flood 

risk, detailed below (Olubode-Awosola, 2017). 

Flood risk management – political factors in flooding 

With the impact that climate change is likely to have on extreme events, land 

management decisions are increasingly becoming hazard mitigation and adaptation 

decisions. Flood management is a social decision-making process, but it also results 

in physical structures. Therefore, for this review, flood risk management has been 

separated from the physical and social factors in flooding.  

Historical flood management strategies 

Global hazard management until the 1970s focused on land drainage and flood 

defence structures such as dams, levees and local protection, due to agricultural and 

food-production aspirations (Burrel et al., 2007). Through the 1980s hard 

engineering structural “improvements” of rivers were adopted, regardless of 

environmental impact and flooding was addressed individually (O’Connell et al., 

2007; Tunstall et al., 2004). While “Hard engineering” approaches are necessary in 

some circumstances, they have globally been found lacking as they resolve only the 

outcomes of flooding, cause a false sense of security or continuity and often have 

unknown negative impacts (Ballinger, 2011; Dahm & Gibberd, 2018; van Ogtrop 

et al., 2005). Mathematical modelling of flood risk has increasingly become more 

popular, mirroring environmental and societal values. This societal change 

introduced “soft engineering” approaches, in contrast to “hard” drainage and 

flooding control schemes, supplementing or replacing such structures with green 
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infrastructure. (Hermans, 2018). “Soft” approaches include wetland restoration and 

planting. Finally, the 1990s brought a more holistic approach to land-water 

management, spatially and temporally. Modern approaches build on this, with 

policies that engage with local communities and focus on working with the 

changing environment (Kreibich et al., 2015; McEwen et al., 2017; Taylor, 2007; 

Tunstall et al., 2004).  

Current flood management strategies 

Current flood protection strategies range from mitigation to adaptation; 

structural to non-structural measures; are applied at different temporal or spatial 

scales; and across economic, social, and environmental themes. These approaches 

include the protection of property, the adaptation of settlements and managed 

retreat (Appendix C) (Hart, 2011). Flood management strategies can be categorised 

into physical approaches to minimise event magnitude, while others focus on flood 

vulnerability. 

Schemes to reduce the flood hazard include source control, reducing runoff 

through afforestation, recharge or increasing permeability, increasing drainage 

systems and storage, increasing river capacity, dams, dykes, and flood 

embankments (Associated Programme on Flood Management, 2016). Strategies to 

reduce flood vulnerability and exposure include rezoning or redevelopment of land 

use, policy/housing and building codes, information sharing, and engagement. The 

World Meteorological Organization (2009) outlines the challenges within different 

flood mitigation and adaptation strategies, namely community impact, urbanisation, 

risk perception, climate variability and holistic-environment ecosystem-service 

approaches.  

Summary: Flooding hazard and flood factors 

Flood hazard research is wide-ranging, including hazard description, flooding 

factors and modelling approaches. Flood factors include precipitation, geology, 

topography, catchment characteristics, land use, marine impacts, climate change, 

and the impact of people. Flood hazard research often focuses on catchment-

systems, land use, and flood hazard mitigation. Flood management strategies have 

changed over time from more independent, agriculturally-focused schemes to 

holistic models of flood risk that account for environmental sustainability. Methods 
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used to mitigate and adapt to flood risk can be categorised by their structure, impact 

on environmental/social/economic systems, or temporal and spatial resolution. 

Gaps in flood hazard research exist in determining flood impacts and which factors 

have the most significant importance spatially and temporally. Such factors also 

need to be considered when modelling, depending on the different methods used to 

simulate the flood hazard. 

 Hydrological, hydrodynamic, and ecosystem service 

models  

Models are used to represent, understand, test, and forecast scenarios and 

systems for the improvement of management or decision making, such as for flood 

mitigation and adaptation (Beven, 2012; Ward & Robinson, 2000).   This thesis 

explores traditional flood modelling approaches and places flow peak and 

preliminary flood inundation outputs within a holistic ecosystem-service 

framework. Traditional modelling techniques include empirical, physically-based, 

deterministic, and stochastic methods at lumped or distributed spatial scales (Teng 

et al., 2017). Physically-based flow models can be broken down further into 

hydrological and hydraulic models (Jackson et al., 2013; Lane, 1998; Salvadore et 

al., 2015; Sharps et al., 2017). In contrast, ecosystem service models look to 

evaluate the benefits and values of ecosystems including flood mitigation, erosion, 

sediment delivery agricultural productivity, and water quality. While traditional 

inundation models outline current and future flooding risks, placing such 

information within an ecosystem service framework allows for a more holistic, 

contextualised, and integrated modelling output. 

3.3.1 Flood rainfall-runoff and inundation modelling 

Both hydrological and hydraulic models are needed to outline the flood risk at 

Marokopa within this thesis, with the methodologies further detailed in Chapter 4. 

Hydrological models simulate catchment response to rainfall events (Jaafar et al., 

2015; Nourani et al., 2009; Wagener et al., 2004). We use this process to compare 

modelled and observed hydrographs to define flood peak volumes. In contrast, 

inundation models estimate the resulting runoff by predicting the spread of the 

rainfall-runoff-determined peak flood volume beyond the normal river channel, 

using dynamic flow equations (Ballinger, 2011; Benavidez, 2018; Teng et al., 

2017). Both hydrological (rainfall-runoff) and hydraulic (inundation) models 
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represent water in different ways and can be classified by how they represent space, 

processes and uncertainty. They must also be calibrated and validated. 

Classification of rainfall-runoff models 

Spatial representation 

Models represent space to different degrees, with different models preferred 

due to the resolution of available data, processing efficiency, and outputs needed. 

Lumped models represent a characteristic using a single value extrapolated out to a 

wider catchment and are the most computationally efficient. (Maxwell, 2013; 

Pechlivanidis et al., 2014; Wagener et al., 2004). Semi-distributed models account 

for some spatial variation, using averaged values for sub-catchment-scale datasets 

(Beven, 2006). Fully distributed models aim to represent all spatial changes in the 

environment. For example, SWAT and Topnet use metre-scale raster data digital 

elevation models (DEM) to run topographic routing analysis (Davie, 2004). 

Although classified as “distributed” models, Beven (2012, p. 16) described such 

models as " lumped conceptual models at the elemental scale." However, the 

importance of spatial representation is debated. Butts et al. (2004) outline the value 

of model complexity while Perrin et al. (2001) question the limits of complex 

modelling on real-world processes. These differences between spatially classified 

models emphasise that modelling is inherently a human-constructed representation, 

a culmination of choices made at the highest level, and reflects our perception of 

catchment hydrology. Modelling is not an independent, indifferent process, but one 

that is human-constructed.  

Process representation 

Many assumptions exist when representing a complex environment with a 

simplification. These assumptions define model types. Some models calibrate to 

measured datasets (empirical models), others use fundamental equations to outline 

model processes (physics-based), while a final group (conceptual models) aim to 

obtain a middle ground to these approaches. 

Empirical models use measured catchment data to derive hydrological 

catchment relationships, such as the relationship between effective precipitation 

and runoff (Beven, 2012; Wainwright & Mulligan, 2013). Furthermore, artificial 

intelligence can be used to identify relationships between indices that are not 
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already known, by training models to identify data correlations with no other user 

input or expert knowledge (Minns & Hall, 1996). Extrapolation of empirically-

derived relationships beyond the initial temporal, spatial, and magnitude scales are 

at risk of being misapplied as they are catchment-specific. 

In contrast, Physics-based models mathematically represent all the necessary 

components of a system and vary significantly in complexity. However, complex 

models are not inherently “better” (Ballinger, 2011; Jakeman & Hornberger, 1993). 

More parameters mean a larger potential for equifinality, where many combinations 

of parameters give the same output (Lu et al., 2009). This increases the uncertainty 

in which metrics are genuinely driving the output (Lu et al., 2009). Physics-based 

models require calibration, to compare the current understanding of the catchment 

with catchment dynamics in real life (Ballinger, 2011; Wainwright & Mulligan, 

2013). An example of these are the MIKE SHE models, designed to model the 

impact of human development on catchment systems using a grid of surface, 

groundwater, and unsaturated flow (Wainwright & Mulligan, 2013; Ward & 

Robinson, 2000).  

Finally, Conceptual models combine the data-driven nature of empirical 

models with the theorised hydrology of a catchment.  Expert knowledge is needed 

to structure the model, with calibration required to ensure the right relationships 

between parameters are in effect  (Maxwell, 2013; Wainwright & Mulligan, 2013). 

Conceptual models aim to represent simplified physical components, 

interrelationships, and thresholds of the hydrological cycle and can be used in 

ungauged settings, or beyond boundary conditions (Pechlivanidis et al., 2011). An 

example of a conceptual model is TOPMODEL, which uses distributed topographic 

routing and soil/land cover datasets to define soil moisture deficit, saturation and 

output runoff (Bandaragoda et al., 2004; Maxwell, 2013; Ward & Robinson, 2000). 

Classification of inundation modelling  

Many flood inundation modelling approaches exist: empirical, hydrodynamic, 

and conceptual models. However, the flood hydrographs calibrated from rainfall-

runoff modelling are needed as input for the final hydrodynamic model. These 

inundation model classifications are summarised below, to contextualise the 

methodology of this thesis. 
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Empirical modelling is computationally efficient, using direct and independent 

observations, such as surveys and remote sensing, from rapidly improving 

technology (Teng et al., 2017). However, is catchment and magnitude-specific, 

heavily reliant on using the past as a blueprint for the future, incorporates no 

physical knowledge of the flooding process, and limited by instrumentation and 

processing uncertainty.  

In contrast, physically-based models are founded on hydraulic linkages. These 

account for changing/extreme precipitation and flow events and produce detailed 

output maps in solving St. Vernant channel and flow routing equations to different 

complexities and spatial models (Ballinger et al., 2011; Bates et al., 1992; Teng et 

al., 2017). These hydraulic models can be categorised into one-dimensional models, 

such as HEC-RAS, MIKE 11, ONDA and represent overbank flooding (Ballinger 

et al., 2011). These are suited to catchments with little data and are more efficient 

than the more complex models. However, such models cannot simulate lateral flow 

or complex landscapes (Benavidez, 2018). Furthermore, the cross-sectional nature 

of the models leaves a significant gap in channel representation (Ballinger et al., 

2011). Two-dimensional models such as MIKE21, RMA-2, and TELEMAC, and 

three-dimensional models, such as CFX, FLOW 3D, and TELEMAC-3D, require 

more input data and time to run. Such models can represent different lateral (2D), 

and vertical (3D) flows within river channels, showing how flows interact with in-

river and floodplain structures (Ballinger et al., 2011; Teng et al., 2017).  

Finally, simplified conceptual models use mass conservation and topographic 

data to estimate water depth at the raster DEM resolution. Though, such models do 

not perform well at high flow momentum or complex landscapes (McGrath et al., 

2018). However, they simulate inundation quickly and can cover large flood 

extents. Additionally, SCM require relatively little data to run and are 

computationally efficient (Benavidez, 2018).   

Uncertainty representation within hydrological and hydrodynamic 

models 

Model uncertainty is essential for researcher reporting, decision justification, 

and public engagement and is incorporated within modelling structures in two 

ways: deterministically and stochastically (Neale & Weir, 2015). Deterministic 

models process one set of input parameters and boundary conditions, resulting in a 
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single output. In contrast, stochastic means to have variable input according to a 

random probability distribution and output a similar range (Beven, 2012). 

Stochastic modelling allows for uncertainty calculation throughout the modelling 

process (Ballinger, 2011; Maxwell, 2013). However, the addition of a stochastic 

probability distribution function to a deterministic model output combines the roles 

of both uncertainty types (Beven, 2012).  

Calibration of hydrological and hydrodynamic models 

Parameter calibration is needed in modelling to make sure that the system is 

represented realistically and varies in method from parameter optimisation to prior 

estimation and direct measurement. Many studies use parameter optimisation which 

involves running a model with slight variations of set parameters until the modelled 

output is like the observed dataset (Blasone et al., 2007; Feyen et al., 2007; Madsen, 

2003). Other methods, including prior estimation and direct measurement, have not 

been as successful. The first results in a range of outputs while the second is 

dependent on measuring an environment that is continually changing in time and 

space, a difficult feat (Beven, 2012). While more complex hydrological models 

exist, the need for empirical calibration and validation remains, primarily due to 

equifinality (Minns & Hall, 1996). Furthermore, hydrological and hydraulic models 

only characterise flow or flooding hazards but give little information around the 

best mitigation and adaptation options, which ecosystem service modelling is better 

placed to outline. 

3.3.2 Ecosystem Services (ES) 

Ecosystem service modelling defines direct and indirect benefits gained from 

ecosystems, including provisioning, regulating, cultural services, and support 

services, outlined below (Deng et al., 2016; Millennium Ecosystem Assessment, 

2005). ES models simulate these landscape benefits (Table 3) and vary in structure, 

data input and output (depending on the research focus) and have developed 

significantly in recent decades, as detailed below. While flood hazard and 

mitigation are the focus of this thesis, ecosystems are inherently holistic, as shown 

by the continuing research and investment of regional councils into ecosystem 

service research (Olubode-Awosola, 2017). Any land use changes which impact 

flood mitigation are likely to impact other ecosystem services. This highlights the 



 

42 

 

importance of identifying what the impacts of different land management choices 

might be, looking at different trade-offs and synergies within the environment. 

Ecosystem service modelling advances 

ES modelling is a novel approach that has a wide range of applications. A 

review of the global and national use ES modelling is needed to contextualise the 

use of ES within this project. Early studies of ecosystem services explored the 

physical and economic benefits and values gained from the environment (Costanza 

et al., 1998; Daily et al., 1997; Worm et al., 2006). However, modern analysis 

outlines the importance of holistic models in decision making at the policy level, 

including cultural services, increasing the diversity of model type, complexity, 

uncertainty calculations, multiple-service models, and data input (Andrew et al., 

2015; Daily et al., 2009; Englund et al., 2017; Power, 2010; Sharps et al., 2017). 

Two key ES research gaps are evident. Firstly, that the aesthetic, heritage or 

spiritual value of ES are often overlooked or misunderstood in scientific literature 

(Chan et al., 2012; Daniel et al., 2012). Secondly, that ES results are useful in 

decision models, but analysing several ES services within a landscape to determine 

where synergies may exist is not modelled within most research (Deng et al., 2016; 

Jackson et al., 2013). These gaps are further supported when reviewing New 

Zealand ES modelling. 

New Zealand ecosystem service modelling 

This researcher adopted the Millenium Ecosystem Assessment conceptual 

framework, and critically analysed 30 New Zealand research publications5 to 

outline ecosystem service research and research gaps in New Zealand. Publications 

were categorised into different ES topics studied (Appendices: Table 10). This 

determined which topics have the least and most research currently. Articles could 

be placed in multiple ES topics, due to the interconnectedness of ecosystem service 

research. ES topics were then aggregated and graphed (Figure 22) where 

appropriate, for example, where water-related ES services were studied. This 

included services around flood mitigation, water quality, quantity and freshwater. 

                                                
5 Chosen using the search term ecosystem services in Google Scholar. Limited number due to 

time constraints. 
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Review outcomes 

The four most common aggregated research themes were Land6 (24%), 

Political (22.1%), Water (18.3%) and Nutrients & Ecology (15.4%). Research 

primarily focused on the implementation of better land management that would 

provide either environmental, social or economic benefits. Examples of this include 

the value of soil properties in natural capital stocks (Dominati et al., 2014), using 

participatory approaches, incorporating Māori values in land use decisions, 

evaluating the natural environment’s role in tourism and quantifying nutrient 

pathways within New Zealand catchments (Dominati et al., 2014; Lyver et al., 

2017; Scott, 2017; Trodahl et al., 2016). Further research is needed including more 

independent cultural or local perspectives in decision making, applying models in 

a range of environments, and planning for a climate change-resilient future.  

This review highlights the prominence of water management within ES 

literature and identifies several gaps in current New Zealand ES literature. Firstly, 

the importance of having a variety of ES modelling locations (showing the 

significance of including rural townships like Marokopa in analysis). Secondly, 

undertaking ES modelling under different climate change scenarios, which is a key 

future recommendation from this project. Finally, the lack of trade-off land 

                                                
6Land (Agriculture, Erosion, Land use, Soil and Vegetation), Political (Decision making, 

economics and policy) and Water (Flood/flow, Fresh/Water and Water Quantity). 

Table 3: List of ES, following the typology of Millennium Ecosystem Assessment. 
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management decision-support tools, for which the LUCI model has a novel 

approach 

Summary: flood risk modelling 

Many flood risk models exist, which aim to represent the factors and impacts 

of flooding in different ways. Hydrological models represent water passing through 

a catchment and range in complexity, spatial representation, and model process. 

With empirical, physics-based, or conceptual relationships used to various degree, 

flood modelling can include simulations of changing flood peaks or flow-

inundation relationship definition. While the resulting flood risk maps and climate-

change adjusted event reoccurrence intervals are useful for high-level flood hazard 

management, such outputs only outline the problem and do not provide any useful 

mechanisms for future land management decisions. 

In contrast, ES research presents knowledge around current and future services 

and highlights the importance of valuing the environment as a resource and not a 

right. Furthermore, recent studies highlight the unique application of ES in both 

community engagement and land management decisions, especially when 

considering different scenarios and synergies. The process for how this project 

defines the current and future flooding risk at Marokopa, including different 

scenarios and ES synergies, are detailed in the following chapter. 

 

Figure 22: New Zealand ecosystem service research: frequency of topics within modern literature 
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Conclusions 

- Hazard impact is defined by event magnitude, vulnerability, and exposure. 

- Floods are influenced by a diverse range of factors, including climate, 

geology, topography, soil, land cover, land management, marine conditions, 

climate change and the local community. 

- In order to model the full impact of floods, both the physical conditions and 

future land management conditions should be considered. 

- Inundation modelling outlines areas of flood extent. 

- ES models simulate various services for wide-ranging application, 

including prioritisation of investment or land management changes that 

complement traditional flood modelling approaches. 
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4 Methods and methodologies 

This chapter discusses the three methods used to evaluate the flooding hazard 

in Marokopa, New Zealand (Figure 23). Flood modelling methods (interview, 

rainfall-runoff, and flatwater inundation modelling) and output are outlined before 

those of ecosystem services, as inundation represents hazard magnitude and 

ecosystem services represent the potential for land use management in minimising 

hazard magnitude. Efficient management schemes result when including inundation 

output within an ecosystem service framework, leading to the same structure being 

used for the methods section.   

  Land Use and Capability Indicator (LUCI) 

This project uses two LUCI modelling approaches to describe where flooding 

at Marokopa may occur and where flooding is mitigated by landscape features. The 

first method (Section 4.2) involves the generation of flood peaks through rainfall-

runoff modelling which can then be fed into an inundation model. While initially 

this thesis aimed to present flatwater inundation modelled floods under different 

climate change scenarios, due to the complexity of the rainfall-runoff modelling 

Figure 23: Project methods (flood inundation and ecosystem service modelling), and method components. 
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(needed for inundation modelling), as well as time and data constraints, this thesis 

focuses on gathering the required data and developing an accurate rainfall-runoff 

model for future inundation modelling. ES modelling (Section 4.3) uses an ArcMap 

toolbox that requires the input of a digital elevation model (DEM), soil and land 

cover datasets to quantify the natural landscape in terms of different ecosystem 

services, including flood mitigation, erosion, agricultural productivity, and nitrogen 

and phosphorus transport. Inundation modelling will be added into this suite of 

services in future by the LUCI team. 

  Flood modelling  

Upper catchment rainfall-runoff modelling at Marokopa Falls is needed to 

provide boundary flow conditions to the lower catchment. Interviews were critical 

in contextualising the Marokopa hydrology and describing past flood events’ extent 

and timing for future inundation modelling. We present these historical floods, as 

well as flood analysis using topographic estimates in Section 7.2. 

4.2.1 Interviews 

Ontology: the study of “existence”, and the researcher’s place within it 

As a student of Earth sciences, this researcher sees the world as independent of 

connected Earth systems on a larger scale. Although people’s experiences of such 

systems vary, this researcher does not think that thoughts themselves impact the 

physical, real-world, only how we choose to move through it. This “chosen” 

perspective has defined what method and methodologies have been used, as 

outlined in the following paragraph (Greener, 2011; Jackson, 2013). 

Epistemology: nature knowledge 

According to Jackson (2013, p. 53), the “ontological stance links to [the] 

epistemological perspective – with the ontological perspective of the reality of the 

world and the epistemological perspective about knowledge of that world.” To 

understand the Marokopa catchment, different perspectives from the community 

are needed to disclose the historic flood record and system. However, as a Ngāti 

Maniapoto member, it is acknowledged that this researcher is connected and 

accountable to the Marokopa and Mirumiru marae communities. 
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Positionality: influence of individuality on research 

This researcher views this project from a constructivist-positivist position; 

where the physical world can be described (and therefore forecast) in numerical 

terms. To present the numerical results in a real-world context, a mixed-methods 

approach is needed to understand the Marokopa catchment and produce useful map 

output of Marokopa flooding (Williams, 2014). 

Ethics approval 

Ethical issues include results potentially identifying areas of flood or erosion 

risk that coincide with residential properties, therefore potentially impacting 

housing prices. Ethics was granted under the number [0000026605], by the Victoria 

University of Wellington Human Ethics Committee. 

Interviews 

Over six days, 12 community members from the Marokopa catchment were 

interviewed (Participants A through L), ranging from Māori to pākeha, people 

living at the Marokopa village to farmers inland and in the upper catchment. 

Interviews took place at the Community Hall or the subject’s homes and ranged in 

duration from 1 hour to 3 hours. A semi-structured interview process was used to 

direct the conversation, without restricting it. The full list of questions is found in 

Appendix D. 

Qualitative data analysis 

A thematic approach was used to gather information relevant to the clusters, 

(flooding, erosion, land management, ES and karst hydrology), using NVivo 12. 

From this, information around catchment dynamics was used to contextualise the 

flood models (Richards & Morse, 2012; Scott, 2017). Additionally, information 

around flood extent, timing, and duration were used as input data for inundation 

modelling. 

4.2.2 Rainfall-runoff model 

Inundation modelling requires knowledge of how flow relates to overbank 

flooding extent, gained through examples of overtopping stop-banks, floodgates, or 

remotely sensed/satellite data (Ballinger et al., 2011; Patro et al., 2009). Flow, flood 

extent, and rainfall data are limited at Marokopa, therefore a specifically-developed 
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spatially-lumped conceptual rainfall-runoff model was used to define the 

relationship between input rainfall and output catchment runoff. This model is an 

extension of the one applied by Maxwell (2013) and Maxwell et al. (2018). Infilled 

Te Kuiti precipitation (infilled using Awakino precipitation), Te Kuiti evaporation, 

humidity, and Marokopa Fall streamflow are used to model stream response to 

rainfall.  

A Monte-Carlo approach was used to select a “best-fitting” set of model 

parameters defining catchment characteristics (lagtime between rainfall peak and 

flow peak, infiltration values, drainage, reservoir residence times, and stored 

volumes (Maxwell, 2013). The rainfall-runoff model then iterates through 

precipitation values, simulating water passing through an ‘infiltration’ zone, a 

‘draining’ zone and three reservoirs of different residence times (fastflow, 

interflow, and baseflow) (Figure 24).  

 

As the model runs through timesteps of precipitation, water which is not lost to 

evaporation infiltrates into the soil or passes over the earth’s surface as overland 

Figure 24: Rainfall-runoff model, adapted from Maxwell (2013). 
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flow, eventually reaching the stream. Infiltrated water then passes into a secondary 

draining segment of the model and, finally, passes proportionately into the three 

reservoirs. According to their respective residence times, water leaves each of the 

reservoirs as runoff. Modelled flow is then output and compared with observed 

flow.  

Different parameter ranges were used in the modelling process to create a best-

fit rainfall-runoff model of the upper Marokopa catchment, with several parameter 

ranges created to reflect seasonal changes (Appendix E). Moreover, modelling of 

the entire record and individual flood events were compared. As we are modelling 

flood events, the parameters which best reflect flood hydrology are significantly 

different from “normal/mean flow” hydrological conditions. During the infilling 

process a 26-hour gap within both Te Kuiti and Awakino precipitation records was 

seen, from the 30th April-1st May 2008. The total infilled precipitation record being 

from 4th March 2005 to 1st June 2017. 

Before this data gap the data was used for model validation, while the data after 

this gap was used for model calibration. Model calibration was estimated based on 

visual best fit of flood period hydrographs and the Nash-Sutcliffe efficiency (NSE) 

measure of correlation, which normalises the difference between modelled and 

observed flow (Krause et al., 2005; Nash & Sutcliffe, 1970). The NSE measure was 

output both for individual flood event hydrographs and parameter value plots.  

Parameter calibration plots displays the NSE value for that parameter set, across 

each run (Figure 25). The number of runs ranged from 1000 to 100,000 to ensure 

that large permutations of parameters can be modelled and compared. As the model 

Figure 25: Nash-Sutcliffe fastflow parameter plot for a summer flood. 
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aims to represent flood conditions, the parameters are calibrated so that the floods 

have a better-normalised fit between the modelled and observed flow. As seen in 

Figure 25, the lowest proportion fastflow (yellow, summer) have the highest NSE 

values compared to the overall record (black) and winter floods (blue), which has a 

higher proportion of fastflow (0.35 to 0.4). This indicates that this parameter set 

produces a better model fit for summer, rather than spring/autumn or winter floods.  

Assumptions and boundary conditions 

Several assumptions are made in the selection and use of hydrological models. 

(Ballinger, 2011; Wainwright & Mulligan, 2013). For the use of rainfall-runoff 

modelling, baseflow is not accounted for in variations of the hydrologic routing 

although underground rivers have been identified upstream. Catchment hydrology 

may be better represented by semi-distributed model, rather than the current lumped 

one. Scarce precipitation, evapotranspiration, and river flow data availability have 

meant that data for the Marokopa catchment has been extrapolated and interpolated 

from different areas.  

4.2.3 Flatwater inundation modelling  

The LUCI flatwater inundation modelling is an example of SCM, which 

represents a catchment by grid cells with associated elevation and saturation data. 

While groundwater and flow velocities are not modelled, the LUCI structure allows 

for detailed, hydraulically-consistent efficient modelling of large, regional-scale 

areas (Benavidez, 2018; Teng et al., 2017). Output peak flow from the upper 

Marokopa catchment rainfall-runoff modelling would ideally be used as input for 

the inundation model. The inundation model defines areas of flooding for different 

discharges (flood scenarios) (Figure 26). Flood volume scenarios simulate different 

sized flood events with corresponding runoff volume (cumecs). Users set where 

flooding occurs (“breaches”) by first defining the amount of water to spill, based 

on the derived river or precipitation input volume and flow (cumecs). Paired 

breaches on either side of the river, outline where floods spill over bank capacity 

while associated metadata describes the characteristics such as the overtopping 

volume (m3). This volume is the amount of water that breaches the river banks. 

Metadata defines paired breaches, where overtopping has occurred on opposing 

sides of the river. The river polyline approximates the centre of the river, defining 

the river flow direction. The DEM of the floodplain must be high resolution as this 
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determines where the inundation model incrementally floods within the iterative 

flooding process. 

Pre-processing is needed to estimate the flood volumes and bank-breaching 

flood volumes. Generally, this requires time and extent data for when stopbanks are 

breached, as these are measured to specific river capacities. Due to a lack of 

stopbanks, flow, and rainfall data at Marokopa, rainfall-runoff modelling is needed. 

However, the nearest flow record is at Marokopa falls, 10 km inland from 

Figure 26: Inundation modelling process (adapted from Benavidez, 2018). 
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Marokopa. The upper catchment, to Marokopa Falls, is simulated with a conceptual 

rainfall-runoff model, which is then used as an analogue to flow and flood 

inundation extent at Marokopa. The nearest high-resolution rainfall record is at Te 

Kuiti and is infilled from Awakino. Continuous rainfall is needed to run a rainfall-

runoff model (detailed in Section 5.1). 

Model uncertainty 

For this study, rainfall-runoff modelling is required to relate climate conditions 

to flood inundation. However, this modelling incorporates a large degree of 

uncertainty as the rainfall and evaporation are extrapolated from Te Kuiti and are 

therefore unlikely to be directly representative. We assume that the upper and lower 

Marokopa catchment hydrology are related and that rainfall-runoff modelling can 

be used to define the Waitomo/Marokopa Falls hydrology. Moreover, uncertainty 

from the rainfall-runoff modelling would also be incorporated into the inundation 

modelling. Uncertainty analysis using Monte-Carlo or other approaches could be 

beneficial to minimise the impact of equifinality (Maxwell, 2013; Maxwell et al., 

2018). However, such analysis is beyond the scope of this thesis. 

Model limitations include the flatwater model not accounting for energy or 

momentum exchanges, being founded on mass-conservation, and users must define 

flood breaches from channels, therefore requiring detailed user or local knowledge 

(Ballinger et al., 2011). As breach data must be related to river volume, floodgate, 

and flood bank structures are typically used to inform breach discharge. No flood 

bank structures are present along the Marokopa river, requiring the extrapolation of 

flow data from the upper catchment, rainfall-runoff modelling, and local knowledge 

of historical flood extent (Benavidez, 2018; Teng et al., 2017). Flood extent and 

catchment hydrology were obtained through 12 resident interviews. The lack of 

historical flood volume, extent and timing data has limited the return period that 

can accurately be modelled, thus making this project a scoping study rather than a 

detailed model of hydrological processes with associated uncertainty. 

 Ecosystem service modelling  

ES models define benefits gained from the landscape, accounting for various 

land cover, soil, topographic, and hydrological datasets. Hydrological models can 

predict how a river system changes in response to input precipitation and flow. 

However, hydrological/hydraulic models do not outline how to manage 
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environments for best practice. Forming holistic decisions with better land use 

synergies is possible using ecosystem service models, which we seek to do using 

the ES model LUCI. 

ES model comparison 

LUCI is a GIS-based application developed by a team at Victoria University of 

Wellington and is based on the Polyscape framework(Jackson et al., 2013). It is 

housed within an Arc-toolbox (Figure 27) that requires nationally-available 

topography, soil, and land cover datasets to run. For more realistic ES results, 

stream network, precipitation, and evaporation datasets can be used. LUCI 

modelling quantifies the natural landscape value in terms of ecosystem service 

provision, with high-resolution datasets used where possible (Jackson et al., 2019; 

Jackson et al., 2013). 

 

The interaction between landscape and runoff results in secondary outputs such 

as accumulated loads, sediment delivery, and flood-prone areas. Ranked 

classifications of individual ES services can also be compared, generating trade-off 

maps for decision making. Individual agricultural productivity, flood mitigation, 

habitat connectivity, nitrogen and phosphorus transport, carbon stock, and flux 

services can be calculated while trade-off services analysing co-benefits are also 

Figure 27: Standard LUCI ecosystem service components and modelling process (left). ArcMap toolbox (right). 
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possible. However, only select services are analysed within the scope of this project, 

namely: those that influence flooding (flood mitigation, interception, erosion, 

sediment delivery); or services that are influential to the community (agricultural 

productivity, water quality). Soil and land cover datasets are linked with tables that 

quantify ecosystem service values. These evaluated datasets are then manipulated 

by simulation of topographically-routed of water and sediment. 

ES model comparison 

Several established ES models exist. InVEST maps and evaluates global ES 

using open source software, while ARIES further simulates the value and 

management of ES and ES flows at customisable scales (Martínez-López et al., 

2019). Finally, developed by a team at Victoria University of Wellington, LUCI 

maps the current and potential of a range of ES services, while also contrasting how 

management decisions may impact ES synergies (Bagstad et al., 2013). Both 

InVEST and LUCI account for input land use, land cover, and biophysical process 

relationships to evaluate the landscape in biophysical or monetary units (Bagstad et 

al., 2013). In contrast, ARIES creates a customised online platform for ecosystem 

service evaluation and accounts for uncertainty with potential and actual benefits 

as well as sources and sinks of services (Sharps et al., 2017). While subsequent runs 

of the ARIES model are efficient, the customisable set-up requires time and 

technical knowledge whereas InVEST and LUCI can derive local ecosystem 

services from largely available national datasets. Furthermore, while LUCI derives 

its flood-mitigation/water supply service provision from topographically and 

hydraulically routed accumulation at the regional and local scales, InVEST output 

is at the sub-catchment-scale.  

Finally, LUCI is particularly useful due to the trade-off tool allowing for the 

step from current landscape evaluation to best-possible future landscape 

management opportunities. The inclusion of single-service and multiple-service 

synergies is invaluable for decision makers, individual farm owners, regional 

councils, and national policy-makers (Herzig et al., 2013; Jackson et al., 2013; 

Sharps et al., 2017). 
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 Pre-processing tools: HydTopo and LandScen 

 HydTopo reconciles the DEM and stream network information, ensuring that 

water is routed realistically as datasets may not always be consistent. Topographic 

data is routinely used for ES modelling (Crossman et al., 2013). For Marokopa pre-

processing was needed to “burn in” the stream network to the DEM, making the 

river network lower than the surrounding raster cells. See Benavidez (2018) and 

Hellweger (1997) for method and methodology. Under different reconditioning 

processes, vast differences in output were seen (Table 4, Figure 28). Therefore, 

reconditioning with a stream file is needed to ensure hydrological consistency. 

Table 4: Range of tested HydTopo parameters to increase accuracy. 

 

The LandScen pre-processing tool derives permeability and hydraulic 

connectivity from correlated soil and land cover tables within LUCI. This 

information is then used to model catchment response to the spatial distribution of 

accumulated water and classify ecosystem service values/mitigating features with 

the individual LUCI services (Jackson et al., 2019). 

Other individual LUCI tools 

Flood-influencing services such as flood mitigation and erosion, but also, 

agricultural productivity, nitrogen and phosphorus concentration are modelled. 

These individual ecosystem service tools function in different ways, detailed in 

Version DEM Stream file Buffer distance (m) Stream drop (m) Buffer drop (m) 

HydTopo01 8m No 75 3 2 

HydTopo02 8m Yes 75 3 2 

HydTopo03 8m Yes 100 6 4 

Figure 28: HydTopo modelling process, where floodplains, stream shapefile data and reconditioning 

were needed. The left image shows HydTopo01, with no stream file used for reconditioning/burning in, 

the middle image shows the HydTopo02 reconditioning, and the right image shows the HydTopo03 

reconditioning with the largest stream drop. HydTopo03 reconditioning produces the most realistic 

modelled stream profile. 
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Jackson et al. (2013). Individual and multi-service ES parameters are listed within 

Appendix E. Moreover, individual ES outputs are comparable. This allows for the 

comparison of different services and how different synergies relating to land 

management decisions impact overall environmental ES. For any service, the 

landscape is therefore divided into very high existing service, high existing service, 

moderate or marginal service, small or degrading service, or very small or rapidly 

degrading service. 

Flood mitigation 

This tool defines where water accumulates or drains within a catchment and 

produces two outputs: mapped flood mitigation and flood interception (Figure 29). 

The first, flood mitigation, categorises land cover into areas that store or redistribute 

water. The second (flood interception) simulates accumulated flow and where it is 

and is removed due to mitigating features or areas of high storage. Wetlands and 

indigenous forest provide storage capacity and therefore have “high existing 

(storage/flood mitigation) value.” Areas where flow accumulates, unmitigated, are 

defined as “priority areas for change (in storage/mitigation).” These hydrologically-

classified areas are further categorised into “opportunity” areas and “mitigating” 

areas. The former are where further work can be done to increase landscape 

connectivity and storage and the latter are features that already have high infiltration 

or storage capacity (Benavidez, 2018). In addition, a threshold accumulated flow 

can be defined by the user, indicating which areas have the highest priority for 

change according to the user’s local knowledge (Benavidez, 2018; Jackson et al., 

2019). 

 

Erosion and sediment delivery 

Erosion and river sedimentation are large components of the Marokopa river 

system and are correlated with flooding, according to residents (Beschta, 1983; 

Jones & Schumm, 1999). Three denudation tools exist within LUCI. First, the 

Figure 29: Flow mitigation tool process. 
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HydTopo and LandScen sub-tools and their derived topographical and hydrological 

routing data are used to create a Compound Topographic Index (CTI). CTI accounts 

for flow magnitude, slope, and concavity. More accurate erosion output result from 

using threshold information for current landslide scars, although this was not 

utilised in this study due to time constraints. RUSLE erosion is also applied, which 

accounts for rainfall, soil, slope, and land cover/vegetation. Moreover, areas with 

potential sediment loading in water bodies are identified by combining the erosion 

output with hydrologic connectivity. These outputs can identify areas at risk of 

erosion and decreased water quality due to suspended sediment 

Agricultural productivity 

Agricultural practices account for approximately 40% of the Marokopa 

catchment land cover; therefore, farming location and intensity impact flood 

mitigation potential. This tool maps the agricultural productivity of the landscape, 

accounting for slope, soil fertility, aspect, drainage, and saturation. DEM and land 

use/land cover data are needed, through which current agricultural practices can be 

defined. The user can select weightings and thresholds for slope, fertility, elevation, 

aspect, and waterlogging. Outputs include maps of current, potential, and relative 

agricultural productivity, which are highly dependent on user knowledge of the 

catchment and input datasets.  

Nitrogen and Phosphorus transport services 

With agriculture being prevalent within the Marokopa catchment land use, 

knowing the nutrients lost is essential for optimal land management practices. LUCI 

tool uses the export coefficient approach routing method (Trodahl et al., 2016). 

Information from the HydTopo uses effective precipitation to determine flow 

direction and accumulation and resulting nutrient leaching. Areas, where nutrients 

have been leached, are highlighted, which is useful for land management planning. 

For more detailed methodology and methods, see Trodahl et al. (2016). 

Trade-offs and Synergies 

While flooding is the focus of this project, effective flood mitigation 

infrastructure is dependent on the current land use options (Burby et al., 2000). The 

best land management for different areas must, therefore, compare the different 

potential ecosystem services for that location (Duguma et al., 2014; Power, 2010). 
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LUCI trade-off maps compare the benefits of different ecosystem services across 

the analysed area. The last step of the single service analyses is to evaluate the 

current ES function, the trade-off tool then compares the value and potential role of 

multiple services (Figure 30). 

Areas of good service across multiple ES are identified as areas where the 

landscape should not change. Similarly, areas where poor provision correspond 

across multiple services are defined as where users should change the landscape. If 

some services currently function well, while others do not, these could be managed 

differently for improved ecosystem service value.  

Assumptions and boundary conditions 

LUCI utilises national datasets, allowing for efficient, low-resolution decision 

making. However, it is constrained to low-resolution output and cannot model 

metre-scale changes in ES specifically, unless customised datasets are generated for 

local utilisation at the farm scale. Furthermore, spatial differences in groundwater 

are not accounted for in variations of the hydrologic routing, although underground 

rivers have been identified upstream of the Marokopa catchment. It is 

recommended that this be a component of development for further LUCI ES 

development. Smaller-scale features such as farm practices, river bank or localised 

erosion, fertiliser usage, stocking rate, cropping, and farming intensity are also not 

modelled, but impact various ES. 

 

 

Figure 30: Trade-off ES process. 
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Conclusions 

- Flood risk at Marokopa is outlined using two methods, inundation and 

ecosystem services.  

- Further, interviews were used to identify flood extents and breach locations 

for inundation model parameterisation. 

- Inundation outputs improve or give further context to ecosystem service 

outputs; this is described first and requires a rainfall-flow-flood extent 

relationship to be defined.  

- Due to the lack of river volume and flow data at Marokopa, upper catchment 

rainfall-runoff modelling was used to relate upper catchment rainfall and 

flow to lower catchment breach conditions.  

- Ecosystem services provide the opportunity to use nationally-available 

datasets to determine the flood and erosion mitigation, agricultural 

productivity, nitrogen and phosphorus services provided by the 

environment. 

- Single and multi-service comparisons can be analysed, allowing for 

improved, synergistic decision making. 
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5 Data review 

Flood risk is defined within this thesis using traditional inundation and holistic 

ecosystem service modelling. Inundation modelling begins with running a rainfall-

runoff model of the Marokopa upper catchment (highlighted in Figure 31), as there 

is not enough high-resolution data to do so in the lower catchment. This modelling 

determines flood peak volumes under current and future climate change scenarios. 

The flood peak volume is then spread across the river Marokopa floodplain, using 

a flatwater inundation model and represents current and future flood risk at 

Marokopa. This processing requires continuous precipitation, potential evaporation 

and river flow records for validation (Figure 32). Complementary ecosystem 

service modelling is carried out to outline the best management strategies possible 

to mitigate flooding and erosion. This requires a digital elevation model (DEM), 

land cover polygons, soil polygons, precipitation and evaporation raster grids and 

polyline stream network. For more detail see Chapter 4. 

  

Location 1 Location 2

Distance 

between 

locations (km)

Marokopa Mirumiru marae 0.2-0.6

Marokopa Kiritehere 2.76

Marokopa Marokopa Falls 12.41

Marokopa Kawhia 28.71

Marokopa Waitomo 35.67

Marokopa Te Kuiti 38.59

Marokopa Awakino 39.7

Marokopa Mokau 44.61

Marokopa Falls Te Kuiti 28.2

Marokopa Falls Awakino 48.06

Figure 31: Marokopa and locations where surrounding data was recorded, with a 

table of distances between each township. 
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Data duration 

Several datasets are used through the rainfall-runoff, inundation modelling and 

ES modelling. These are outlined below. 

 

 Precipitation 

Precipitation data is needed for both the inundation (rainfall-runoff) and 

ecosystem service modelling. For rainfall-runoff estimation, high-resolution data is 

needed – both spatially and temporally. Ideally, this would present as a continuous, 

10-minute (or higher) record for Marokopa. While over 20 climate stations occur 

within 25 km of Marokopa, those stations as well as Marokopa village itself only 

have daily resolution precipitation. Precipitation rain rate data for Awakino, Te 

Kuiti (Figure 33) are used for rainfall-runoff modelling. Mokau and Te Kuiti High 

School data, pictured below are not used but are recommended for future work in 

the area as they could create a longer rainfall-record. The precipitation data was 

resolved to hourly resolution and correlated across different stations before infilling 

methods were used to construct a near-continuous record. In future, a Monte-Carlo 

approach or others could be used to find the times of the year where the highest 

correlations occur as seasonality significantly impacts model fit. 

 

Figure 32: Dataset duration of parameters used within the modelling of this thesis. 
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Infilling data 

Infilling data is needed for precipitation because a rainfall-runoff model runs 

on continuous data. Missing data can be attributed to extreme rainfall, human error 

or instrumental malfunction (Sattari et al., 2017). The Awakino rainfall record was 

chosen to infill gaps in the Te Kuiti rainfall record, as the closest, high-resolution 

rainfall record to Marokopa/Waitomo. For further studies, Te Kuiti High School 

data could be used as another input rainfall, as it is also from Te Kuiti, but it cannot 

be used here as an infilling record as it is from a different period (Figure 32). As 

discussed below, infilling methods differ based on distance, areal and average 

methods, namely the station average and normal ratio (Bárdossy & Pegram, 2014; 

Maxwell, 2013; Sattari et al., 2017).  

Overview of infilling methods 

The arithmetic average method calculates missing precipitation values by 

dividing the infilling station values by the infilling station number. As the simplest 

process, this method generally generates values round the station averages, does not 

Figure 33: Hourly rainfall records for Awakino, Mokau, Te Kuiti and Te Kuiti High School (data 

source: NIWA). 
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account for distance and is most useful when stations are evenly distributed across 

the catchment. 

The inverse distance weighting method is the most prevalent method for 

infilling missing data values. This process generates values by dividing the 

reciprocal of the infilling value divide by the distance between the infilled and 

infilling-stations and does account for distance (Sattari et al., 2017). 

The normal-ratio method is used when annual average precipitation of the 

known gauge is more than 10% of the missing-data station and does not account for 

distance. However, it assumes regional-scale climate predictably impacts local-

scale precipitation. The missing gauge values are generated by multiplying known 

stations gauge values by calculated weightings. These weightings are based on the 

correlations between the infilled and known station, as detailed in Sattari et al. 

(2017). 

Due to the lack of spatially representative and high-resolution datasets, the 

normal-ratio method was used to infill the precipitation record. While correlations 

were used to define the rainfall pattern similarities between different stations, the 

infilling method, and datasets used were chosen due to limited overlap between 

datasets. This resulted in an infilled record (Figure 34), where the later record was 

used for model calibration, and prior for model validation. 
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Figure 34: Infilled Te Kuiti hourly rainfall record. 
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 Evaporation 

Evaporation data is needed for rainfall-runoff modelling, to determine effective 

precipitation and requires at least hourly Marokopa evaporation data. The diurnal 

signal of the Te Kuiti High School PET was extracted from daily PET and further 

resolved to hourly resolution using a sinusoidal function. Evaporation data was  

corrected for hourly radiation, and humidity to represent actual evaporation 

(Maxwell, 2013).  

 Flow 

While six river flow gauges are within 30kim of Marokopa, no flow data is 

recorded within the Marokopa catchment apart from Marokopa Falls (Waikato 

Regional Council, n.d.-b). Marokopa Falls 15-minute river flow was re-sampled to 

hourly resolution and used for model calibration and validation in the rainfall-runoff 

modelling of the upper catchment (Figure 35). Flow generated within the upper 

catchment can then use as boundary conditions for future inundation modelling. 

Preliminary flood extents, outlined during interviews, are presented in Section 7.2. 

 

 

 

 

 

 

 

 

 

 

Flow calculation within ES modelling 

LUCI can use rainfall, temperature and evaporation datasets to simulate 

climatic response within various ES. For further detail on the LUCI ES method, see 

Section 4.3. Modelled flow outputs are dependent on low-resolution raster input 

Figure 35: Marokopa falls flow data (data source: NIWA). 
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precipitation, temperature and evaporation rates. Annual New Zealand precipitation 

(Figure 36), monthly temperature (Figure 37), and actual annual evaporation 

(Figure 38) from NIWA. 

 

 

 

 

 

 

 

 

 

 

 Landscape 

Digital elevation model (Figure 39), land cover (Figure 40) and soil data 

(Figure 41) are needed to run the LUCI ES modelling. These datasets come from 

LINZ. Two DEMs are needed to complete the modelling of this thesis. For the 

inundation modelling, high-resolution topographic data is needed. Although not 

completed within this project a 1m LiDAR (Light Detection and Ranging) would 

have been used, as the extent of this covered the entire Marokopa floodplain. 

Inundation modelling of the Marokopa floodplains, outlined in Section 7.2 would 

therefore likely have been possible. A second, 8 m DEM from LINZ was used for 

ES modelling. Although described as for visualisation only, comparison of ES 

results with the eight- and 15 m DEM (also from LINZ) yielded little to no 

observable differences. Pre-processing using the “burning in” method had a larger 

impact, as shown by Figure 28 and detailed in Section 4.3. Land cover database 

(LCDB v4) data is from the summer 2012/2013 period and contains 33 “mainland 

classes”. For better readability, these have been simplified in the below map legends 

as not all classes are present. The soil data used in ES modelling was the 

Figure 37: Average New Zealand 

monthly temperatures (data source: 

NIWA). 

 

Figure 38: Annual average New Zealand 

evaporation (data source: NIWA). 

 

Figure 36: Annual New Zealand 

precipitation (data source: NIWA). 
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Fundamental Soil Layer from LRIS. Although 16 attributes are contained within 

this dataset, only the Soil Order was used for ES analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Marokopa catchment land cover (data source: LRIS). 
 

Figure 41: Marokopa catchment soils (data source: FSL, LRIS). 

 

Figure 39: Marokopa catchment stream network  

(data source: NIWA) 

Figure 40: Marokopa catchment land cover (data source: LRIS) 
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  Ocean 

The ocean plays a large part in flood and erosion risk within the Marokopa 

catchment, as detailed in Chapter (Setting). Figure 42 shows the tidal record for the 

nearest tidal gauge location in Kawhia, over ~70 years. While extremely significant 

for Marokopa flooding, ocean dynamics analyses are excluded from this project’s 

methodology as neither inundation or ecosystem service modelling account 

specifically for marine datasets and are beyond the time constraints of this project. 

Such analyses are recommended for future research in the topic of flooding, 

Marokopa flooding modelling and ES modelling. 

 

 

 

 

 

 

 

 

 

Conclusions 

- Neither high-resolution (10-minute) rainfall nor flow are measured at 

Marokopa. Distal records are instead used within the context of this project. 

The next closest gauges include Marokopa Falls (flow) and Te Kuiti 

(rainfall). 

- As rainfall-runoff modelling requires a continuous record of rainfall, 

Awakino rainfall was used to infill Te Kuiti rainfall. 

- Evaporation is needed for rainfall-runoff modelling and required the passing 

of a sinusoidal function in its application. 

- Topographic data is required for ES and inundation estimation; the first used 

an 8 m DEM while the second used a 1 m LiDAR dataset. 

Figure 42: Tidal data from Kawhia (data source: Waikato Regional Council). 
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- National-scale precipitation, evaporation, temperature, land cover and soil 

were used for ES modelling. 
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6 Marokopa interview results 

This chapter discusses the qualitative data, which is used to describe 

Marokopa’s flooding history and characterise the erosion and flooding hazards in 

the area. This data was obtained through interviewing 12 participants, referred to 

here as Participants A through L. Participants included people who live at 

Marokopa village, iwi [tribal] members, and farmers from throughout the 

catchment. Qualitative data were necessary for the rainfall-runoff modelling and 

inundation modelling, to inform flood, erosion and rainfall-flow relationships 

within the Marokopa catchment. Analysis of the interviews resulted in themes 

(Figure 43). These themes were influenced by the line of questions asked (Appendix 

D) and the participants’ descriptions of council-community engagement, land 

management practices, karst hydrology, and the impact these had on hazards in the 

Marokopa catchment. 

 

Figure 43: Themes taken from interviews, including what parts of the Marokopa catchment they relate to. 
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Lower catchment: Erosion and flooding 

Erosion and flooding impact at Marokopa vary in timing and locale due to 

different factors. These factors include rainfall, land cover types, soil, and marine 

conditions which subsequently impact landscape evolution. Furthermore, the 

interconnectedness of flooding was a common theme amongst participants.  

Throughout catchment: Land management 

 Participants gave varied responses when asked about current erosion and flood 

mitigation and adaptation strategies. Many were more interested in future land 

management decisions. Finally, others emphasised the more indirect strategies of 

social, political, and economic investment. 

Upper catchment: Karst hydrology and ecological values 

The upper Marokopa catchment landscape is significantly different from the 

lower catchment but has a significant influence on the lower catchment hydrology. 

One participant outlined the impact geology and land cover have had on the 

hydrology of the upper catchment, while also discussing different land management 

strategies around conservation. 

 Flooding at Marokopa: where, when, what, how 

Flood Extent and Timing 

Marokopa flood events vary in location and size due to different driving 

processes, as outlined in Section 3.2. Participants described the largest flood extents 

as having covered sections of the main road entering the Marokopa village and 

majority of the farm plains ~5 km inland. Both floods were likely caused by bank-

breaching flooding. However, due to the significant extent of the farm-flooding, 

rainwater pooling (overland flow) was also a possible factor. Flooding and rough 

river conditions impact transport to and from Mirumiru marae and, therefore, the 

ability of the local iwi to gather for different hui (meetings) and events. Road 

flooding meant that participants were neither able to leave Marokopa, nor could 

others come in from “Town” (Otorohanga/Te Kuiti).  

Participant E: “Well we had a big flood [around 1950], it flooded from 

there [inland near Participant E’s land] right down here to 

Marokopa…. 
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…We couldn't get out; we were there for days. 

There was water everywhere… 

…Flooded all the way. 

Yeah on the flats [Pictured, Section 7.2].” 

Participant I: “Just by the road. Some of the road gets covered, but 

mostly all the flats out”[August-September 2017] 

Participant L: “Oh, what year was that we had a flood here. We had a 

big flight right from Te Anga there. The post office got flooded at the 

junction there.” ”[August-September 2017] 

Closer to Marokopa village, one participant described the road and strip of 

farmland nearest the river as more consistently flooded, which is likely due to its 

reclaimed nature, and waterlogged soils. 

Participant K: “Well, sometimes [in the last couple of years] a flood 

coupled with a high tide, which I talked about. That will put the road as 

you come into [Marokopa] here [into floodwaters].” 

Historically, flooding was mostly a problem in two locations: approximately 5 

km inland, on the flat farmlands; and then just inland from Marokopa village. As 

flooding is caused by extreme rainfall and high tides climate change is likely to 

exacerbate both processes.  

The speed and height of the river change on seasonal timescales and are 

impacted by several factors. The tidal Marokopa river form is a combination of 

water entering the catchment, and marine water “blocking” fluvial water from 

exiting the catchment. One participant described the river flow itself as significantly 

lower in summer than winter, as follows. 

Participant K: “I'd say that, at normal, you get low periods in the winter 

if you don't get rain for a couple of weeks. It [the river volume] soon 

drops back. But in the summertime, when the flow's low, you can walk 

across in 300, 600 mils of water”…”I'd say just probably low summer 

flow compared to normal winter flow. The river's probably only got half 

the volume of water in it in the summer.” 

While river flow is significantly lower in summer, floods still occur during this 

season. Marokopa summer rainfall has historically included drier and wetter 

periods, with recorded temperatures normally moderate to high. Significant rainfall 
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is therefore needed to cause flooding and overcome low summer flows. Participants 

have different opinions on flood events timing, likely a result of people being in 

different places when and where they occur. One participant described the increase 

in flood frequency when asked about how climate change will impact Marokopa as: 

Participant H: “Well, I think it's impacted already, you know, in that 

we're getting more, well, more floods, I guess. I mean, over 50 years, 

nobody had seen a flood, and then over ten years, there's a flood, and 

then ten years, there's a flood.” 

Climate change may therefore increase extreme summer storms and summer 

flooding, rather than simply reducing summer rainfall and flow in the catchment.  

Factors of flooding 

“Flooding” can be caused by excess water pooling on the land surface, or from 

water that breaches riverbanks. When describing flooded areas, Participant F 

outlined the process of overland flow: 

Participant F: “That particular flood, there wasn't a great deal of flood 

water in the river” … “But there was just a lot that washed off the land, 

and yeah the roads were blocked.” 

The participant described flooding that was not due to river inundation but 

instead, overland flow. Water pooling on the ground surface can occur due to 

intense rainfall, resulting in infiltration excess overland flow or saturated ground 

conditions (likely due to long-duration rainfall events) can also cause water to pool 

on the ground surface. This description emphasises the importance of ES modelling, 

as overland “flooding” rather than bank-breaching flooding (modelled by more 

traditional hydrodynamic inundation models) is a significant hazard.  

Participant G described the relationships between climate, oceanic setting, and 

sedimentation with flooding. These processes include the transport of sediment 

along the river but also the evolution and change of the river channel depth over 

time. 

Participant G: “Our flooding is sheer volume of water on a given area 

of land, and the ocean can't take it” …” If the going out water, which 

will tear out a channel, the coming in [water]will only bring in so much 

sand” …” But big floods have huge amounts of water. It's like coming 

down at high tide for four days. Coming down at high tide level for four 
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days. It's still coming down, even when the tide's out. It's still pouring 

out of the valley.” 

This quote emphasises the impact of the tide on flooding where water is delayed 

from leaving the system. Secondly, the participant describes the competing 

incoming and outgoing flows of water and sediment and states that while both 

processes occur during floods, the outgoing water and sediment exceeds that of the 

incoming mass. Sea level rise and projected precipitation changes will likely 

exacerbate flooding because of increased antecedent saturation. 

Ground conditions can increase or buffer flooding occurrence. If soil storage is 

already full, water must flow as saturation excess overland flow. This was described 

by a participant from the upper catchment:  

Participant C: “It's already almost saturated that soil, when water 

comes down, it doesn't have the ability to just absorb it and hold it there. 

It would tend to just run off a lot faster.” 

As extreme rainfall events are likely to increase in the Marokopa area (Chapter 

2) antecedent conditions are likely to play a large part in overland flow. This is 

similarly true if increased average temperatures increase drought conditions: 

Participant C: “We've had a lot of rain just recently, but the stream 

hasn't gone up because the ground's dry.” 

As groundwater level is lower in dry periods, increased precipitation may be 

more readily stored rather than transported through the system as overland flow. 

Overland flow may increase or decrease depending on the season. Both extreme 

temperatures and rainfall are projected to increase due to climate change (Chapter 

2).   

The duration of floodwater is dependent on soil type and ground conditions. 

Floodwater duration is also related to the permeability and porosity of the ground 

surface, as identified by the same participant who noticed the change in the 

subsurface from sand to dirt and the resulting differences in soil water storage 

capacity: 

Participant K: “So you do get times, and we're worse because we're on 

the sand. If you're down round the camping ground part of the village, 

and it is a bit sort of bit more dirt. And the lawns don't dry up the same. 

Which is an advantage in the summer, but they get pretty muddy in the 

winter.” 
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Soils have significant flood mitigation capability, as they have the potential to 

store water. If water can infiltrate into the soil, then infiltration excess overland 

flooding does not occur. However, with prolonged rainfall, saturation excess 

overland flow may still occur, as even well-draining soils become fully saturated. 

Furthermore, flooding is exacerbated by low-pressure systems and storms. 

Another participant detailed the impact that the tides have on flooding at Marokopa, 

especially with low atmospheric pressures, and stated that both systems are needed 

to get great inundation at Marokopa. 

Participant K: “Well, the water sort of goes over there occasionally 

when you get, usually a really big tide won't do it, you need a flood as 

well.”… “No, generally it won't be a flood by itself. It's usually gotta 

be a flood and a tide work[ing] together to do it.”  

This quote indicates the holistic nature of the earth-hydrology-climate systems, 

which are dependent not only on the water and sediment volume coming down from 

the catchment headwaters but also on the water coming in from the ocean and the 

dynamic channel morphology that results from big storm events. One participant 

described such events as large and powerful in the following way: 

Participant G: “So to me, that's just ... We've had huge seas, huge seas 

come in, big storms, and they've got a power as they wash in, and 

they're all they've done.” 

The ocean is a crucial factor in flooding at Marokopa. While flooding is a 

hazard, large ocean swells block fluvial floodwaters from leaving the catchment 

and have the capacity to erode flood protection infrastructure. This marine influence 

has been seen in action by participants but is also evident when viewing the 

weathering of the homemade and council-constructed erosion protection structures. 

 Rainfall, erosion and flood dynamics are interconnected 

While flooding was initially identified as the primary hazard in Marokopa, 

erosion was raised as a significant hazard at several meetings that took place at 

Marokopa. Participants gave a mixed response when asked about whether flooding 

or erosion was a more important hazard in Marokopa.  

Participant K: “Flooding and erosion? I'm not worried about flooding. 

A little bit concerned about erosion.” 
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Participant H: “Well, I think it's the erosion and I suppose, they go 

together, the flooding causes the erosion.” 

Participant J: “Flood.” 

Participant I: “Flood”. 

Participant I: “Only time it [flooding] affects the village is when they 

get the rough seas.” 

This range in opinions shows that both hazards should be evaluated as either 

individually or combined, flooding and erosion impact the Marokopa community 

on different spatial and temporal scales. 

Eroded hillslope material is transported to the floodplain during heavy rainfall, 

collected and then redistributed by the river. Participants described the swollen, 

brown, sediment-suspended river which eventually left debris behind on the river 

banks: 

Participant H: “So with the result of all that mud coming down, well it 

ends up in the river and then it comes down here. And those sands, the 

sand was just brown like the mud flats there all the way down, right the 

way down.”  

This response was echoed by an inland participant who had identified the 

impact of land use on erosion and described the combined impact of heavy rainfall 

and land use (cropping): 

Participant C: “He said, "Well, they cropped it and then there was some 

rain and all the topsoil just went straight down the side of the hill and 

it half covered their fence. We're talking like a serious quantity, tons of 

topsoil we're talking about, and that was just one episode.” 

This response highlights the importance of managing and using land in a fit-

for-purpose way. The participant identified flat land as more suitable for more 

intensive farming, like how the ecosystem service tool characterises the Marokopa 

catchment. They further supported what other participants described that erosion 

occurred randomly throughout the catchment, affecting isolated areas.   

  Erosion at Marokopa; where, when, what, how 

Erosion at Marokopa is tied in with many different systems including the 

hydrology, the soil, land cover, and the social systems within the Marokopa 

catchment. Erosion experienced by Marokopa residents and property owners ranges 
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from viewing large land scars on the steep hillsides through to the direct effects of 

landslides blocking roads and the erosion of property.  

Erosion extent and timing 

Erosion is a large control on Marokopa topography and sediment transport, 

especially due to the large magnitude of erosion events. Two participants described 

the wider region as having similar or larger erosion events. This is likely because 

of the similar topography and land cover that cover the wider region (Section 2.2) 

Participant I: “Not so much here on this ... But it happened there [over 

the hill to the north of Marokopa], where we lived. Yeah, you would see 

the slips down there, though. They were huge.” 

Most participants lived in different areas throughout their lives (some inland, 

others further north or south along the coast) however all have lived in the 

Marokopa catchment for some part of their life. These descriptions show that slope 

failure and erosion are significant hazards for communities along the entirety of the 

Marokopa coast.  

Temporally, erosion at Marokopa village is seen by the participants as a more 

direct and constant threat than flooding. In contrast, vast hillslides occur 

infrequently near the village. More frequent landslides occur inland on steeper hills, 

although they are still rare events.  

Participant K: “We've been here 26 years, and it's always been 

something you remark about is how well the hills hold. They don't get 

big slips and erosion and they're steep.”  

While the participant explained that significant erosion events at Marokopa are 

rare, this description differs to my own experiences of Marokopa. Participants may 

underestimate the hazard of erosion within the Marokopa catchment as such events 

are a part of their daily lives.  

Factors of erosion 

Land cover and heavy rainfall impact erosion, with erosion prevalent in areas 

of HPEG when combined by intense rainfall. Examples include landslides and 

increased precipitation washing out waterfalls on two participant’s property. One 

participant outlined the following event: 
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Participant K: “’Cause recently we had that bit of very heavy rain went 

through last, must've been in middle of last summer. That caused most 

of these recent slips up the valley “… “And normally the bush doesn't 

slip, but it did with that one.” 

The participants recognise the ability of forestry to stabilise the hillside and 

prevent erosion. This is consistent with global studies and the existing 

parameterisation of the RUSLE algorithm used within the ecosystem service 

modelling (Section 7.3) (Yang et al., 2003). 

Dominant land transport processes are more likely to be slow-state creep rather 

than mass failure, according to Resident K’s description of erosion at Marokopa. 

The stability of the hillslopes is higher than initially thought which could be due to 

a consistent network of shallow-rooted grasses, the dip direction of the geological 

strata (resisting erosion), low stock numbers, or more stable soils. However, with 

intense rainfall, the friction of the mass is overcome due to the lubrication of soil 

particles. Several participants remembered events where they could not leave the 

area due to landslides, although this occurred less frequently than annually. Soil 

type influences erosion magnitude. One participant explained that sand was more 

erodible than the hardened silt bank, landward from the river and ocean.  

Participant K: “Erosion is occurring up here [at Marokopa] now. It 

certainly would've washed certainly some of that [the Marokopa spit] 

away if they hadn't been there, yeah. Because it's quite sandy there 

[near Marokopa village], like up here a bit, there's [closer towards the 

hillside] a bit more of a hard bank, but here [near Marokopa village], 

it's quite sandy where they are.” 

Marokopa property owners, notably opposite the Marokopa spit, identified 

erosion as the process which is likely to cause the most, and near-future impact, 

with erosion described as a risk to property.  

 Land Management/Ecosystem services: 

Several participants outlined different methods on protection, adaptation, or 

mitigation to ameliorate erosion and flooding, both in the lower and high elevations 

within the Marokopa catchment. However, participant opinions on mitigation and 

adaptation structures varied. When asked what could be done to prevent flooding, 

one described the power of the ocean, saying that nothing could be done: 
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Participant L: “I don't think you can do much down there, the water's 

got power.” 

This citation aligns with the managed retreat process that the Waitomo District 

Council currently has in place. Another participant outlined the competing interests 

of individual and government/council parties. 

Participant G: “And my experience is that sometimes the authorities 

are a barrier to doing it [protecting residences]. They've got some 

purist idea that you can't try and stop the sea. And it's their money. Even 

when [people] are willing to spend their own money to protect their 

property, they've gotta overcome bureaucracy to be even allowed to.” 

This response emphasises hazards as a social, economic, environmental, and 

political issue. Long-term plans involve managed retreat which accepts nature’s 

role in changing the landscape and designing townships around such changes. 

However, this does little for property owners who have invested money into 

beachfront properties and have lived in such areas for decades. Erosion mitigation 

structures have been used to protect various properties at Marokopa village. One 

resident put in a foundation wall in front of their property but when asked, another 

of the participants highlighted a problem for such structures: 

Participant K: “They're okay. Their weakness is their foundation, and 

if they get eroded underneath, well then they collapse.” 

Erosion protection structures have been used in the past at Marokopa village, 

however, due to recent district plans, they are less likely to be implemented. At a 

Waitomo District Council meeting in August, consultants outlined the different 

adaptation strategies, including rezoning, managed retreat, and hard structures, 

including the advantages and disadvantages for each strategy. One strategy 

discussed was a sea-wall which replaced a homemade structure made by a 

participant. Another participant explained that sea walls appeared to divert water 

across the river, potentially causing secondary flooding or erosion. This was 

especially important as participants described marine waves that travelled around 

the entire village point (below). Furthermore, across the river at the marae, the 

fence-line has been moved further inland several times as erosion occurs (pictured 

below). Participants described the estuary as a dynamic area, further supported by 

a comparison of the changing estuary morphology from the WDC and consulting 

group. Their image below contrasted the 1944 river boundary to the 2017 river 
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boundary, indicating where erosion and where sedimentation occurred. The river 

has changed dramatically over time (Figure 44).  

Land management advice is needed to protect the holistic values of the 

landscape and best inform future land management strategies. Farmers face 

complex problems around conservation and maintaining farming practices, often 

relying on the advice of district or regional councils. The question being asked more 

frequently is whether economic benefits should still outweigh environmental ones 

and, if this is not the case, what next steps are needed, as one participant outlined. 

Participant C: “Any waterways above ground would need to be fenced. 

Any wetlands would need to be identified and probably dealt with 

appropriately, like what we've done, we've just used single wire electric 

fences.” 

The participant also emphasised the importance of balanced district council 

advice, as it has not always led to good outcomes. The participant mentioned that 

pine trees planted under council advice were previously not accessible for removal, 

resulting in eventual slope destabilisation. This results in economic and 

environmental losses from an initiative that farmers were told would benefit the 

environment. This poorly thought out advice is a problem not only for one 

Figure 44: Comparison of Marokopa water level and wave diversion from 1945 (left) to 2017(right) (Focus, 2018). Natural 

diversion (light blue), structures and structural diversion (white). 

Wall 

Diverted waves  
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generation but often for many, as farmland is often held for generations. Farmers 

often have legacies to maintain and build on.  

Participant C: “You know, I mean, you know, my family, they've 

identified these things and they don't want them touched. They want 

them to be appreciated. They want them to be maintained and this was 

the best way forward.” 

Intergenerational conservation is often referenced within Māori culture; 

however, the above quote shows that such ideals exist within New Zealand’s 

farming community too. 

Dune or river bank planting is an option to prevent erosion, made especially 

viable when funded by local councils. When asked about erosion adaptation 

measures, participants described the support local council gave when undertaking 

planting on their family land: 

Participant H: “Environment Waikato, it used to be. They supplied all 

the plants to plant right around. The council provided the materials, the 

wire and the posts, and we put it up.” 

This quote highlights the potential for planting at Marokopa, where ES output 

maps can further prioritise areas for investment. However, as LUCI is a land rather 

than estuarine or marine ES model processes such as scouring may not be fully 

realised. This is especially important when making decisions about the land near 

the marae, with one participant describing the following: 

Participant G. “From here down, I think you need to reclaim the edges 

of the river, and strategically put plots and establish some [ground] 

that's strong and can't be washed away” … “It's just taking too much 

[land] away from behind.” 

Participants acknowledge that erosion is a hazard for the Marokopa land and 

are interested in putting in adaptation and mitigation structures to prevent further 

land being lost.  

Management is also needed to protect ecologically and environmentally 

valuable areas, such as restricting the drainage of wetlands. This process was 

highlighted by a participant farmer, who describes the draining process undertaken 

by owners who did not know or acknowledge the environmental or ecological value 

of wetlands during the 1970s.  
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Participant C: “They had swamps across the road [at Te Anga]. They 

don't have swamps anymore because they've drained them and buried 

them” … “But instead of preserving that they've destroyed it. She's 

gone. Gone, gone. There's no habitat there anymore” … ”It's not their 

fault. It's the fault of probably, in some ways it will be the regional 

council or the district council, for not having anything in place to 

monitor how people deal with their land. If it's not their fault, it's the 

fault of our people not informing them that this is how we want our 

areas to be dealt with, and if we don't we're all to blame. Ignorance 

ain't an excuse anymore is it, you know.” 

Participant C: “I think that really, we've got to put the money aside and 

start to look a little bit wider and think a little bit further ahead, because 

at the end of the day, I reckon that this is probably our last shot to get 

it right because I don't think farmers generally will be able to afford to 

get it wrong.” 

These citations highlight the importance of communication between 

regional/district councils and individual landowners and the lasting impact poor 

management decisions and policy can have on future generations. Risk 

management modelling is often confusing to access, understand, and transform into 

farm-scale applications, something that councils and scientists need to become 

more aware of and actively focus on. Ecosystem service maps such as LUCI output 

can increase engagement between two such parties and communicate holistic land 

management for increased ecosystem benefits. 

Guidance for future sustainable farming practices, around stocking classes and 

cropping are needed to prevent erosion, sedimentation, and improve water quality. 

Participant C explained that having heavier stock on steep terrain is likely to lead 

to erosion. While the Waikato Regional Council provides a stocking rate calculator, 

farm stocking rates are not regulated and council rely on farmers prioritising the 

environment over potential economic gain when making land management 

decisions. 

Participant C: “So, you got your sheep [they] don't cause a lot of 

damage to your soil structure, but a bull does. If you've got bulls on 

steep country over the winter and it's raining, she's all on.” 

Farmers see and manage their land through varying land and climatic 

conditions and are therefore the best source of information on such practices. This 

emphasises the benefits of engaging with different communities to improve land 
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management strategies. Cropping is the process of planting crops on arable 

farmland when it isn’t being used for grazing. Crops range widely from feed to 

economic crops and have associated positive and negative impacts (Millner et al., 

2013). 

 Participant C: “I think that probably with cropping, it should be a 

consentable process, just the same as like you get a consent for 

chopping down trees” … “with cropping, the guidelines might be there, 

but there ain't any rules really around it at this point.” 

While separate guidelines exist around best management practices, no 

regulatory process is in place for something which has a significant impact on the 

environment, especially when loose soil is impacted by heavy rainfall (Glassey et 

al., 2009). Ecosystem service mapping would help farmers identify not only ideal 

stocking classes and cropping locations (agricultural productivity) but also the best 

nutrient leaching areas for buffering vegetation. Participant C identified the 

offsetting of potentially problematic land use (stocking, cropping) with riparian 

buffer/vegetation zones and their multiple benefits: such as ecological value; habitat 

connectivity; and economic potential. Furthermore, the need for distributed land 

management practices based on topography, geology, and soil type was stated: 

Participant C: “Farmers also, once they've identified those things, they 

need to come up with strategies that will work for their geology, 

because the geology changes on the way out to the coast.” 

Many district policies are generalised to cover a broad variety of landforms, 

land uses, and land covers. However, this means that no practice specifically fits 

that of any farm or community. Farmers need better land management advice from 

councils. As the number of stakeholders and areas that district and regional councils 

cover are vast, policies that governing bodies draw up must cover a wide variety of 

settings and communities. However, this has resulted in regulations and guidance 

that are too general, as described below by the participant C: 

Participant C: “We're not ignorant to it, but we can't expect every 

farmer in the region to be an expert. This is the thing that really disturbs 

me a little about the approach. I mean the regional council, they've got 

some of the experts, but they can't be expected to do everything.” 

Better management strategies require investment, council and most 

importantly, community engagement. The cost of better management is substantial 
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with communities and farmers needing support from local councils. With new 

guidelines and ecological/land management expectations from the government and 

the wider community, farmers are under pressure to make extremely vast and 

expensive changes to their land within small timeframes: 

Participant C: “The plain reality there is that a lot of farmers are going 

to really, really struggle to do what we've done in how ... nearly 40 

years it's taken us to do this and we're been asked to do it in five. So, 

this is going to be the problem.” 

The participant reiterated that conservation was worth investing in, as water 

was a shared resource not only passed down to those further down the catchment 

but also through generations: 

Participant C: “That's the difference, we're talking about the water on 

our farm here, but it's not my water. It's everybody's water” 

Community and council engagement are important, however are also 

historically overlooked by both the local district council and community of the 

Marokopa. Several participants described the recent scouring that properties near 

the river mouth experienced, yet the demographics of people attending local district 

council meetings are not diverse. 

Participant H: “Well, you know, I would think that they should be 

[here]. But we had a council and environment meeting in August. Not 

many of them [bach-owners] came.” 

Blackett and Hume (2006) described historical council-community 

engagement, outlining the significance of the Marokopa spit and Tupuna burial 

grounds to individuals and the community alike. In working together, the issue of 

erosion was co-managed when the council’s resources and local energy were 

invested. This quote highlights the difference in trust and response by the 

community, with some staunch advocates and some less involved parties. 

Additionally, the council has a responsibility to engage with all types of 

stakeholders. Furthermore, community “buy-in” is needed to make good 

environment management practices permanent: 

Participant C: “I actually think that that's probably the one thing I've 

learned. You can't make people do things, they've got to actually want 

to jump on board. That's why I think, like I'll be talking to our catchment 

group that goes down to Marokopa, about things that I think are 
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important. But, until the right person comes along and voices their 

view, I don't believe that I'll be heard. But if the right person comes 

along, they will be heard. That's the thing, is having that person, and I 

believe it's got to be coming from a representative of probably one of 

the Marae and probably down at Marokopa. “…”That's where the 

voices have got to come from, I think.”  

Change does not occur without investment by different stakeholder groups. 

Better land management is the result of historical observation, community-district 

council engagement with diverse groups, and good policy. 

  Karst hydrology, factors and sources 

The upper catchment of Marokopa is an important area as it captures a large 

amount of rainfall that impacts downstream areas and because future modelling for 

the lower Marokopa catchment is based on the outputs from modelling of the upper 

Marokopa catchment. Water movement is affected by the karst geology and 

resulting structures. Several other hydrological and ecological studies have taken 

place on the same farm of a participant in the upper Marokopa catchment (Gunn, 

1978; Gunn, 1983). These studies looked at the rate of infiltration and drainage 

through to an on-site cave system: 

Participant C: “He [Gunn] knew how fast that related to moving 

through the soil and the rock, and to the waterways and out again. 

Yeah, so he got some good information there, I think.” 

Water that travels through the upper Marokopa catchment system, underneath 

the reserve, is unlikely to have been open to surface conditions, until draining from 

caves further downstream. The participant also went on to explain the use of tracer 

dyes, which were used to define the location and timing of waterways throughout 

the research area. 

Participant C: “It'd be measuring flow and the same here.”…”So he'd 

put dye in and he checked where it came out. And so he'd defined like 

all of these little tributaries above ground, he defined where they went 

and where they came out at the bottom. And then he'd started a study 

and it makes you realize just how, just how complex it is really, it's like 

all these little veins draining back.” 

As the landowner described, the underlying karst geology can be expressed at 

the surface as a series of depressions: 
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Participant C: “Under both areas [farmed and forested] is polygonal 

karst which is an unusual formation of karst where it almost looks like, 

sort of like an egg carton. It's sort of got lots of depressions, all these 

depressions. They're all called dolines and so they form like a sink 

basically, and the water will drain through the base of these things, 

down into water systems and because the karst is sort of semi-porous, 

it will drain out into the water course.” 

This citation highlights the difference in landscape drainage as water collects 

in depressions and then drains down to the epikarst and endokarst structures 

underneath. The participant also outlined where two main Marokopa tributaries 

drain off his property, one of which goes underground for approximately 900 m. 

Outside of the participant's property, water has therefore drained through natural 

forests and cave systems.  

Participant C: “It [water] flows faster through a crack, and it actually 

can flow right out the bottom of the limestone.” 

Karst systems can increase infiltration at large and small scales, as shown by 

the comparison of disappearing streams and micro-fissures. Many mechanisms of 

throughflow are documented within karst hydrology research, which, as indicated 

by Participant C, can result in water exiting the system more quickly.  

Land cover and soil saturation influences hydrology at Te Anga  

Runoff is faster in forested areas with sparse understory, as explained by 

Participant C, who suggested that faster runoff occurs in forested areas due to 

ground being saturated because of a shaded, sparsely vegetated understory: 

Participant C: “And so, so you imagine a forested area that's really 

shaded, that soil is already damp underneath though because it doesn't 

get dried out the same way as the stuff with just a little bit of grass on 

top of this. And I suspect that, that has something to do with it because 

it's already almost saturated that soil, when water comes down, it 

doesn't have the ability to just absorb it and hold it there.” 

As a resource, water will be impacted by climate change and is a complicated 

system. While extreme runoff volumes and resulting floods are the focus of this 

thesis, problems can arise due to lack a of water too. This is especially relevant for 

reticulated water and keeping animals hydrated, a problem that farmers currently 

face, and is likely to increase due to increases of temperature with climate change. 
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Participant C: “One of the real scary things up here and, and it should 

have been scary for the rest of the country too, is when we have these 

dry spells, and I see the water drying up on our farm. It makes you 

realize just the mortality of us, we're just animals and if the water dries 

up, it doesn't take long before everybody's in trouble.”  

Fortunately, the participant’s farm has “true water sources” that have never 

dried up. 

Participant C: “This is where we started identifying the true water 

sources on our farm. This one was good as gold. This one was, this one 

was a strong, a strong, never dried up, never really slowed down.” 

This quote highlights the potential problems and benefits that farming 

communities are likely to experience in future decades. With a complex subsurface, 

land management is often reliant on landscape features that are not well understood. 

Sustainable land management must therefore account for karst geological 

processes, as they have significant impact on surface hydrology. 

 Summary of qualitative results and findings 

Lower catchment findings 

- Marokopa flooding extent, timing, and impacting processes were described. 

Flood events were categorised into inland flooding and estuary flooding.  

- These occurred on different timescales and occurred due to different 

processes including rainfall, soil type, antecedent soil saturation and marine 

conditions. 

- While opinions vary on the frequency of flood events on the decadal scale, 

both seasonal and tidal variations have a significant impact on river 

volumes. Other factors include storm system type and land management 

strategies. 

- Participants outlined that erosion is a significant Marokopa hazard that 

occurs on both the hillslopes and beach-front edges of properties.  

- Rainfall, land cover types and soil impact erosion, with landslides following 

large rainfall events.  

- When comparing erosion and flood hazards, participant responses varied as 

to which presented a higher risk. The interconnectedness of the hazards was 

outlined by the fact that erosion increases the impact of flooding and that 

flooding can also cause further erosion. 
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Throughout the catchment findings 

- While participants’ opinions vary on current management strategies, they 

agree that more can be done for the future to protect the landscape against 

flooding and erosion.  

- Potential land management strategies include planting, preventing land 

drainage and increasing regulations around farm cropping and stocking 

rates. Aside from these strategies, concepts such as acknowledging land 

management change costs and engagement by council and community were 

also highlighted as important. 

Upper catchment findings 

- While the karst geology lends the upper catchment to different hydrology 

and geomorphic landforms, the impact of forestry and farming are like those 

experienced in the lower regions.  

- The karst hydrology was described as having a significant impact on the 

hydrology of the area, potentially increasing infiltration with the 

underground and surface stream networks likely to impact each other.  

- Water was also highlighted as a resource that increases in importance but 

decreases in quantity with climate change thus increasing the need for 

support and investment by the farming and governing communities. 

- Erosion and ecological value loss are significant issues within the upper 

catchment. 

- The call for better management strategies, and bringing different voices to 

the table, farming, governing, and participants.  
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7 Flood modelling results 

This chapter presents the flood modelling results, which are divided into three 

sections. Section 7.1 discusses the factors that impact the rainfall-runoff modelling 

and presents rainfall-runoff model output hydrographs for eleven floods. Section 

7.2 outlines the preliminary inundation results, including historical flood extents 

and topographic inundation analysis. While it was the intention to undertake flood 

inundation modelling, due to data scarcity, the complexity of the rainfall-runoff 

modelling (needed for inundation modelling), as well as time and data constraints, 

this chapter instead examines datasets for future inundation modelling. The third 

section (Section 7.3) presents the flood ES output, namely the flood mitigation, 

interception results and denudation as water and sediment dynamics are interlinked. 

  Rainfall-runoff results 

Rainfall-runoff model fit is impacted by four components: the accuracy of the 

input conditions; the model structure; model parameterisation throughout time; and 

missing data. This section discusses these four components before presenting the 

modelled results.  

Input climate conditions 

Rainfall-runoff modelling simulates flow from calibrated relationships of input 

rainfall and flow paths. Input rainfall patterns, and how they relate to observed 

flows, are the foundation for such modelling. These relationships are examined 

below for the 12 floods modelled: this model aims to represent extreme peak flow, 

rather than the rainfall-runoff conditions under ‘normal’ conditions (Figure 45).  

Figure 45: Marokopa Falls flow with 12 modelled flood periods indicated, colours indicate summer 

(yellow), winter (blue) and interview-described floods (green). 
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Concerning the earlier flow duration curve (Figure 14), we aim to represent the 

highest flows at approximately 5 cumecs or higher, as these are likely to result in 

flooding. These only make up less than 5% of the flow record at Marokopa Falls. 

Flood event characterisation (observed rainfall and flow) 

Floods and high flows can occur at any time during the year, as shown by 

residents’ accounts, resident footage of flood events, and correlative flow records 

at Marokopa Falls. Each precipitation event and flow response is independent and 

unique. However, flows are generally lower in summer and higher in winter. 

Significant differences throughout the year include changes in precipitation 

patterns, with summer rainfall usually short but intense. In contrast, spring, autumn, 

and winter rainfall events can last days, occurring more frequently. The flow 

response to these events varies seasonally, with summer flows dominated by 

baseflow sources, while winter flows have higher proportions of fastflow sources. 

Furthermore, water generally leaves the catchment more quickly during the winter 

months. High flow event ( “floods”) rainfall-runoff characteristics are described, 

before the analysis of modelled flow results to contextualise events.  

Ten floods were visually identified through the flow record while two further 

flood dates were identified by interview participants. One participant-recognised 

flood coincided with an already-chosen flood period, resulting in the analysis of 

eleven floods, which are numbered by the date that they occurred. For this analysis, 

seasonality plays a large part in determining rainfall-runoff relationships. 

Therefore, the floods have been re-categorised into ‘summer’ floods, ‘winter’ 

floods, and ‘spring-autumn’ floods with associated letters. The summer events 

include floods one, three, six and eight, while the spring/autumn floods consist of 

floods two, five and eleven. The winter floods are made up floods four, seven, nine 

and ten. Furthermore, each flood was modelled using a parameter type-specific to 

it’s season. 

Summer floods 

Flood 1 is driven by three short, but relatively intense rainfall events, followed 

by two significantly larger rainfall events (Figure 46). The first recorded over a day 

and peaking at ~17 mm/hr, with the final rainfall event reaching over 30 mm/yr. In 

contrast, the overall flow at Marokopa Falls is low. Five small responses to flow 
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are seen, however none are proportional to the rainfall intensity; high rainfall at Te 

Kuiti does not necessarily result in higher flows at Marokopa Falls, nor does low 

rainfall at Te Kuiti always result in low Marokopa Falls flow. 

 

Flood 3 shows a cluster of moderate-large rainfall events with a week of dry 

conditions on either side (Figure 46).  The four rainfall events, starting from ~19th 

Dec, occur every two days and peak intensities of ~4 mm/hr, 11 mm/hr, 15  mm/hr 

and 4 mm/hr. A final ~9 mm/hr occurs eight days later. Significant flow response 

correpsond with each peak with 28, 32 and 39 cumecs. The residence time of the 

water is greater than what can exit the system between the four rainfall events, as 

shown by the increasing baseflow proportion.  

Flood 6 has three major rainfall events, the first is an extremely short duration 

event, that peaks at ~11 mm/hr (Figure 46). Following this are two rainfall events 

with two-three-day duration, and intensity of 9 mm/hr and 8 mm/hr respectively. 

Preceding each event is approximately a week of dry conditions. Regional dry 

conditions likely reduce flow during rainfall events, as the groundwater storage is 

depleted meaning that more water can be stored rather than leave the catchment. 

This process is shown by the small flow responses (15, 12 and 14 cumecs). 

Figure 46: Observed summer flood flow and rainfall. 
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Flood 8 comprises two high-intensity rainfall events (30 mm/hr and 12 mm/hr 

peaks), separated by nine days of no rain (Figure 46). Moderate responses are seen 

within each event, with peaks of 22 and 13 cumecs. Like flood six, reduced flow 

peak is likely caused by low groundwater conditions. 

Spring/Autumn floods 

Flood 2 shows the different response flow can have to rainfall (Figure 47). 

Three rainfall events have peaks of 4 mm/hr, ~8 mm/hr and 5 mm/hr. However, the 

rainfall response does not have the same pattern. The flow responses peak with the 

first rain event at 78 cumecs (~7th Sept), followed by 15 cumecs (10th Sept) and 30 

cumecs (13th Sept). While the first rainfall event’s duration is longest, this pattern 

also likely shows the impact data extrapolation has on rainfall-runoff modelling. As 

Te Kuiti is 28 km from Marokopa Falls, rainfall that occurs in Te Kuiti may not 

indicate rain at Marokopa Falls and therefore cause a unique low response. 

Flood 5 is another example of a high rainfall resulting in an unusually low flow 

response (Figure 47). Two rainfall events are seen with peaks of ~7 mm/hr (20th 

Sept) and 27 mm/hr (22nd Sept). In response, a smaller, initial flow peak (17 

cumecs) is followed by a second flow peak of 39 cumecs. 

 

 

 

 

 

 

Figure 47: Observed autumn/spring flood flow and rainfall. 
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Flood 12 has three major rainfall events, with three distinct flow responses 

(Figure 47). The rainfall events are separated by ~seven and eight days, with the 

first peaking at ~6mm/hr, (29th March), the second at ~13 mm/hr (4th April) and the 

final at ~9 mm/hr (~14th April). The flow had a small response to the first event (8 

cumecs), a large second response (55 cumecs) and another more dispersed final 

response with a peak (20 cumecs). 

Winter floods 

Flood 4 is characterised by ~five days of medium-heavy rainfall, followed by 

a large rainfall peak rate of 8 mm/hr (Figure 48). The initial event’s flow peak 

precedes the rainfall peak, indicating that low intensity but long-duration rainfall 

can result in higher flows (70 cumecs). Another three-day rainfall event with a 3.8 

mm/hr peak follows the first event over a week later. The second rainfall event has 

a smaller flow response (11 cumecs), three days after the rainfall’s peak. 

Flood 7 has the highest flow rate of the year 2014, although it is half that of 

other years, indicating that flow rate changes on seasonal but also annual scales 

(Figure 48). The main rainfall event occurs just over 24 hours, with four peaks in 

rainfall (~3 mm/hr each) that occur in the latter half of the rainfall event. The peaks 

are spaced approximately five hours apart. The flow response can be divided into 

four separate peaks, with the first responding to the first few hours of rainfall, and 

the last three flow peaks to the four rainfall peaks. Interestingly, the last flow peak 

(40 cumecs) looks to be the combined response of the last two rainfall sub-events, 

indicating that the residence times were longer than for the previous rainfall peaks. 

Flood 9 is a long-duration events, with rainfall occurring nearly every day from 

the ~11th May till the 7th June (27 days) (Figure 48). Rainfall event peaks occur 

every two-three days, averaging ~3 mm/hr in intensity, although three of the largest 

intensities on the 17th, 29th May and 5th June measure over 9mm/hr. The flow 

response is more consistent, as seen by the apparent baseflow increase. Two flow 

peaks are seen, correlating with the last two rainfall peaks on the 25th May (20 

cumecs) and 29th June (30 cumecs). 

Flood 10’s rainfall consists of three events, spread over ~7 days (Figure 48). 

These have a peak intensity of 7 mm/hr (23rd June), 11 mm/hr (29th June), 7mmhr 

(1st July). Flow generally responds to each rainfall event, although the response size 
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varies based on the frequency of rainfall.  For example, the largest rainfall does not 

coincide with the largest flow, as the preceding two-three days show dry conditions. 

This indicates that extreme winter flows may be more impacted by rainfall duration 

or frequency rather than intensity. 

 

Model structure 

The rainfall-runoff model (detailed in Chapter 4) influences the modelled flow 

timing and amount. This includes the structure of the conceptual model and the 

ranges of parameters used. The structure comprises of a series of reservoirs that 

water moves through. These are effectively the infiltration and saturation of a soil 

component, which drains parallel to three reservoirs; water that drains from the 

reservoirs becomes runoff. Therefore, throughout modelled flood events water is 

entering, filling, and exiting these various water cycle components. 

The inclusion of the infiltration zone means that the water can realistically 

simulate overland flow, in the event of high-intensity rainfall. Overland flow is 

rarely seen in modelled output, largely reflecting the high infiltration rates of the 

karst environment (Figure 49).  

Figure 48: Observed winter floods flow and rainfall. 



 

97 

 

The draining component of the model aims to represent ground saturation. 

Where field capacity is met, water drains to the three reservoirs. This includes 

saturation overland flow and sustained flows in drier months. This is important in 

the Marokopa setting as floods frequently occur year-round, with antecedent soil 

conditions likely to influence flood occurrence, like long duration or high-intensity 

rainfall. This is observed when flow is exacerbated by smaller secondary rainfall 

events (Figure 50). 

The reservoirs represent the different types of pathways water can take once it 

has entered the groundwater system; namely fast paths, medium paths and 

slow/baseflow paths. These paths largely reflect the permeability and porosity of 

the catchment, which is influenced by the land cover, soil type and geology of the 

area. The structure of ‘in-parallel’ reservoirs means that each reservoir has a 

proportion of the draining water from the soil. 

 

 

Figure 49: Reservoir volumes, showing the change in reservoir volume over ~seven years. 

Below this, overland flow is modelled. The lack of overland flow suggests a highly 

permeable upper catchment, or lack of extremely high rainfall. 
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There is a counter balance between the proportions of reservoirs and the 

residence times (RT) of reservoirs (how timely water leaves the system and 

becomes runoff, or modelled flow). Shorter RT means that water leaves the system 

quicker, therefore acting more like fastflow reservoirs (depending on the times-

scales used). This means that interflow reservoirs (or any reservoir) can act as a 

fastflow reservoir if the RT are extremely short, or as a baseflow reservoir if the RT 

are much longer, introducing equifinality as a potential influence on model fit. 

Parameters 

The rainfall-runoff model has the following parameters: the rain multiplier, 

infiltration capacity, field capacity, saturation capacity, draining rate (soil to 

reservoirs), fast, interflow and baseflow reservoir proportions and residence times, 

and lag-time (between precipitation event and flood peak). Two flood events 

modelled for this project were identified through interviews, while the rest were 

selected looking at the observed flow across seven years. Three ‘season-based’ 

parameter sets were used to best represent the catchment hydrological response 

throughout the year (Appendix F). Finally, a warmup period of 365 days was used 

within the modelling process. 

 

Figure 50: Differences in rainfall event impact: May flood event where secondary flows (24-29th May) 

cause significantly higher runoff response than primary rainfall events (15-21th May). 
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Seasonality 

The rain multiplier approximates the total rainfall captured within the 

Marokopa Falls catchment, which eventually leaves the system as runoff.  This 

correction is needed because the Te Kuiti rain station only samples one area, 

whereas many regions contribute to the Marokopa Falls flow. In winter, the rain 

multiplier that produces the best fit is higher than summer flows. This indicates that 

more waterways are ‘activated’ during winter time, resulting in larger winter flows 

than summer flows (Figure 51). 

 

 

 

Best fit maximum infiltration ranges between 200 and 250mm; field capacity 

between 300 and 350mm; saturation capacity between 100 and 200mm in addition 

to field capacity and draining rate between 100 and 200mm. 

Summer flow is dominated by baseflow, while winter flows are influenced 

more by the fastflow reservoir. Decreased rainfall in the summer likely reduces the 

fastflow and interflow reservoirs, therefore deeper sources of water make up the 

largest proportion of summer flows. In contrast, more water bodies are activated 

during the winter: with increased rainfall, these conditions result in flows that are 

dominated by fastflow hydrology. 

Localised processes 

Poor model fit was not always the result of model structure or parameterisation, 

but something outside of the modelling process entirely: the availability of 

representative, high-resolution, and three-dimensional input data. As the Te Kuiti 

Figure 51: Comparison of flows between seasonal flows with summer (left) and winter (right). 
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rainfall and Marokopa Falls stations are used to reflect the entire rainfall-runoff 

relationship for the Marokopa Falls catchment, this is not representative. Although 

Te Kuiti present the nearest high-resolution rainfall record, the modelled flow 

shows that some high flow events are still underestimated by the model, as no 

associated rainfall is seen (Figure 52). This happens when localised rainfall occurs 

at either location, resulting in poorly correlating flows. Furthermore, due to the 

karstic nature of the region, distributed subsurface storage could also delay rainfall-

runoff response, resulting in poor model fit. 

 

 

 

 

 

 

 

 

 

Comparison of observed and modelled flood hydrographs 

Three parameters (summer, spring/autumn, and winter) sets are used within this 

model to account for seasonal variations in rainfall and flow. Like the ‘Flood event 

characterisation (observed rainfall and flow)’, the rainfall-runoff results will be 

discussed in these seasonal-groups, rather than chronologically. In future works, it 

is suggested that parameters vary between ranges based on the time of year of the 

flood period. Model results are presented by season (Table 5) and have associated 

NSE values (Table 6). 

Figure 52: Modelled flood event where the input rainfall was not 

captured by Te Kuiti rainfall stations. 
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Table 5: Flood with order by season shown, as results are presented by season, not 

chronologically. 

 

Table 6: Floods with associated NSE values. Each model run uses parameters for a specific season 

but creates plots for all seasons. Highlighted values show NSE for respective periods. Bolded 

values show modelled flood periods using their correlative seasonal parameter set. 

Floods in 
order of 
season 

NSE 

Spring/autumn Summer Winter Flood 

1 -17.0729 -8.0867 -52.9419 1 

5 -0.47861 -0.60845 -0.42474 2 

2 0.62668 0.34062 0.74402 3 

8 0.064039 -0.15431 0.3074 4 

6 0.77579 0.63977 0.26798 5 

3 0.56297 0.73783 -3.2412 6 

9 0.071751 -0.31308 0.42169 7 

4 0.082141 0.64279 -3.5026 8 

10 0.79111 0.53284 0.89444 9 

12 0.45002 0.11779 0.51684 10 

11 0.49707 0.25106 0.39814 11 

7 0.81733 0.67263 0.74291 12 

 

Summer floods  

During rainfall-runoff modelling, the initial results normally produce high 

errors, because the reservoirs and residence times have not yet fully warmed up to 

represent the full hydrological state, resulting in an NSE7 value of -8.1. This is likely 

the case with floods one and five (Figure 53). Flood 1’s flow response is twice that 

                                                
7 Nash-Sutcliffe efficiency value is measured from –∞ to 1, for further detail see Section 4.2.2. 

Flood Start flood End flood Flood by season

1 10-Jan-10 10-Feb-10 summer 1

2 2-Sep-10 14-Sep-10 spring-autumn 1

3 11-Dec-10 5-Jan-11 summer 2

4 13-Jul-12 25-Jul-12 winter 1

5 16-Sep-13 28-Sep-13 spring-autumn 2

6 25-Nov-13 15-Dec-13 summer 3

7 3-Jun-14 20-Jun-14 winter 2

8 10-Jan-16 30-Jan-16 summer 4

9 10-May-16 10-Jun-16 winter 3

10 16-Jun-16 10-Jul-16 winter 3

11 8-May-16 30-May-16 winter 4

12 29-Mar-17 20-Apr-17 spring-autumn 3
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of the observed flow, with a large reaction to peak rainfall of 15 mm/hr (22nd Jan) 

and 30 mm/hr (3rd Feb) with 16 and 15 cumecs each. While this is an overreaction 

when compared with the observed values, the fact that the observed flow records 

such a low flow response indicates that localised rainfall may have occurred at Te 

Kuiti. Therefore, the model has overestimated the flow response likely because of 

both the proximity to warm up, but also “errors” from input data. 

Flood 3 also presents flood modelling results with high flow error, as the 

modelled flow is underestimated, with an NSE of 0.34. However, this “summer” 

set of parameters produces the best fit for the other summer events. This event may 

be impacted by non-seasonal factors. This could be queried through a more in-depth 

look at the regional climate and flow surrounding the Marokopa catchment. Major 

differences include no modelled flow response between the 12th and 20th Dec, and 

an underestimate of the last three flow peaks at values of 10, 9 and 12 cumecs 

compared to the observed 32, 38 and 34 cumecs (21st, 23rd and 28th Dec). This is 

likely also an example of missing rainfall at Te Kuiti or localised rainfall at 

Marokopa Falls, given the high flow response to small 3-7 mm/hr rainfall events. 

The modelled flood 6 flow response matches the general pattern of the observed 

flow, resulting in an NSE of 0.74 However, there are significant scale differences. 

The initial modelled flow peak (~8 cumecs) was underestimated by ~ 6 cumecs, 

while the second flood peak was more accurately modelled (16 cumecs compared 

to an observed 14 cumecs). As the corresponding peak rainfall events are ~5mm/yr 

and ~7mm/hr, the observed flow looks to have a disproportionately low flow 

response to the initial rainfall event. Therefore, modelled flow is underestimated for 

this event.  

Flood 8 is a simple event, and therefore the pattern is more easily modelled. 

The initial flow peak (17 cumecs) is underestimated by four cumecs. The second 

flow peak is more accurately modelled, only underestimated by 1.5 cumecs. 

However, the modelled baseflow is consistently ~2 cumecs higher than the 

observed flow. The NSE is moderate (0.64), and likely indicative of the consistent 

underestimation of the model. 
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Figure 53: Modelled, observed summer flood with associated rainfall. 

 

Autumn/spring floods  

Two of the autumn/spring floods are poorly modelled, and underestimated, 

while another two provide a good approximation of flow (Figure 54). This 

inconsistent modelling is likely due to localised rainfall occurring within either the 

Marokopa Falls catchment or Te Kuiti. 

Flood 2 is an example of poor modelling, which may be due to the proximity 

of this flood period to the warmup period. Specifically, these errors include no flow 

response to two days of 2-4 mm/hr rainfall, compared to an observed flow response 

peak of 78 cumecs. Model results during the first two years of this record are 

therefore not representative of the full model potential, as demonstrated by the low 

NSE of -0.48. 
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Flood 5 shows a good visual fit to the observed flow record, which is supported 

by an NSE value of 0.78. However, the modelled flow underestimates the smaller, 

initial flow value by five cumecs, and the primary peak is overestimated by nine 

cumecs. 

 

 

 

 

 

 

Flood 12’s modelled flow presents little error, fitting both the scale and pattern 

of the observed flow and resulting in a high NSE of 0.82. The first flow peak is 

underestimated by two cumecs. The second peak has a slightly smaller flow-lag to 

the 8 mm/hr rainfall and overestimates the flow by one cumec. The largest flow 

errors are seen over the five days from 14th till the 19th of April. Firstly, 

overestimating 8 mm/hr rainfall (14th April) and secondly underestimating the last 

two flow peaks (15th and 19th April). These last two observed flow peaks have a 

longer two-day lag, compared to the earlier flow peak. 

Winter floods 

While the general pattern of the winter flood modelled flow, fits that of the 

observed flow, the scale is incorrect (Figure 55). This is also seen by the low NSE 

(0.29). In response to a ~9 mm/hr rainfall event, the modelled flow is 

underestimated by a large ~20 cumecs. This is indicative of further localised rainfall 

Figure 54: Observed autumn/spring flood with associated rainfall. 
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within the Marokopa Falls catchment. While this could be corrected by parameter 

changes, this set fits best with the other winter flood events. 

Flood 7 generally fits the observed flow pattern with staggered primary and 

secondary floods as shown by the NSE of 0.41. However, the modelled flow is a 

consistently 4 cumecs lower than the observed flow, although the flows for the other 

two winter flood months have had a lower error. This indicates that June 2014 had 

had abnormally high rainfall. The largest model error occurs at the peak flow, with 

a difference of 18 cumecs. Modelled flow before and after the flow peak is 

noticeably lower than observed values, indicating that lower intensity rainfall is not 

modelled effectively, and residence times may be too short. The observed flow has 

four peaks, while the modelled rainfall has three. The first observed flow peak is 

almost completely “missed” by the model, again showing that the flow response to 

low-intensity rainfall is underestimated. Finally, the observed flow peaks occur a 

few hours after the rainfall peaks, while the modelled flow has a much shorter lag 

time. 

The modelled flow for flood 9 and 10 (same event) also fits the generally 

observed flow pattern, with three of the ~seven flow peaks having very little error. 

This flood has both an NSE value of 0.89 and a good visual fit. Furthermore, most 

of the low-points during this flood are well-modelled except for one which 

corresponds with a period of no rain. This indicates that the interflow residence time 

may be too low. As previously mentioned, the flow response to initial low-intensity 

rainfall appears underestimated (15th May). Furthermore, the second highest 

observed flow point (~1st June) is also under-modelled. While the receding flows 

after the peak flow are modelled well, this “missed” peak indicates that flow 

reservoir storage has been overestimated or residence times underestimated. 

Interestingly, flood 11 has divided model results. While the first flood peaks 

are poorly modelled, the large, final flows have a much better model fit, the 

combination resulting in a low NSE value of 0.39. While the initial 8 mm/hr rainfall 

event is completely missed, both final rainfall events (11 mm/hr and ~4mm/hr), 

result in observed flow peaks of 32 and 21 cumecs. However, the modelled peaks 

are 29 and 27 cumecs, with the main peak underestimated, and the last peak 

overestimated. This opposing response to rainfall may be due to overestimated 

residence times, or localised rainfall experienced at Te Kuiti, but not within the 

Marokopa Falls catchment. 
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Comparison of modelled and observed flow 

Model error was compared by subtracting the observed flow from the modelled 

flow. Positive values indicate that the model results were higher than the observed 

flow. Negative values are caused by the model underestimating flow. Different 

parameter ranges were used when modelling summer, autumn/spring and winter 

floods, therefore each seasonal output has different model-error (Figure 56). 

Generally, larger errors coincided with peak flow, occurred throughout the year, 

and resulted in both significant under, and over-estimations. Summer parameter 

ranges resulted in modelled flows that were too low, both in comparison to the 

observed record and to the model results when other seasonal parameter ranges 

were used. These anomalously large errors occurred within the record. In contrast, 

winter floods largely overestimated flow however also had the largest positive 

errors as well.  However, comparisons of model performance across the entire 

record ignores the fact that the modelled parameter ranges targetted specific times 

of the year to improve model fit. 

Figure 55: Observed winter flood with associated rainfall. 
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Figure 57 shows model fit for the three-parameter sets over one year (Jan 2013 

to Jan 2014), in comparison to observed flow. During the summer months, the 

summer parameters have a smaller error, however significantly underestimate flow 

during the May-June and September periods. This is because summer flows are 

comparatively lower to winter flows, which are what this parameter set is designed 

to calibrate towards. Interestingly, the spring/autumn parameter set produces the 

lowest error during the winter months “non-flood” flows, however, produces the 

second largest error during winter flood peaks. While it produces the best fit during 

Sep-Nov months, for which it was designed, generally all models perform well 

during the autumn months. Finally, the winter parameter set performs poorly during 

Jan 2013 through to late April, and from Nov through to Jan 2014. Generally, the 

winter parameter set fits non-flood peak flows well, as well as the Sep-Nov period. 

Interestingly, winter (April-July) flow peaks are largely overestimated, even when 

the summer and spring/autumn parameter sets underestimate the peak flows. 

Generally, parameter sets designed for certain seasons perform best, compared with 

the performance of other parameters sets during the same period. Further analysis 

of localised rainfall at Te Kuiti or Marokopa Falls could provide insight into the 

Figure 56: Model error for modelled period May 2008 through to June 2017. 
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significant error during some flow peaks, and improve further Marokopa catchment 

rainfall-runoff modelling. 

 

Conclusions 

- Both the model structure and parameter ranges represent the local context. 

- No overland flow is modelled, indicating high permeability due to karstic 

conditions. 

- Seasonality has a significant influence on the amount of water entering the 

system. 

- During summer, modelled flow is dominated and sustained by baseflow. 

- During winter, modelled flow is dominated by fastflow. 

- Missing data or localised rainfall causes significant model errors, which is 

likely due to the distance between the rainfall and flow gauges. 

- High-intensity, short-duration events are more accurately modelled than low 

intensity, long-duration rainfall events. 

- Throughout the year, NSE values vary consistently, from extremely low (-

50) to high values (0.8), indicating that either model produces inconsistent 

results, or that local rainfall and missing data occurs throughout the year. 

- Model error is decreased when using season-dependent parameter ranges. 

Figure 57: Model error for year period: comparison of the summer, spring/autumn and winter parameter 

set impact on model error, with observed flow for the one-year period starting Jan 2013. 
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 Preliminary inundation model results and data 

Due to the complexity of the rainfall-runoff modelling (needed as input for 

inundation modelling), this thesis has instead focused on developing the rainfall-

runoff model. Having poor inputs could render the inundation model next to 

useless. This chapter compares the input datasets needed vs what is available at 

Marokopa for inundation modelling. Inundation is estimated based on elevation 

datasets, historical flooding and future climate change. 

Both historical flood breaches and flow rate are required for flatwater 

inundation. However, neither dataset was available at Marokopa; this data needed 

to be gathered. Historical flood extents were gained during participant interviews 

(Figure 58). Flow volumes were estimated from observed Marokopa Falls flow. As 

both interviews and the rainfall-runoff modelling processes were time expensive, 

inundation modelling could not be completed. Instead, we present the data gathered 

for future inundation modelling, including analysis of historical floods, associated 

maximum flows and topographic-derived flood risk. Six historical floods (HF) were 

described by participants (Table 7), which outline flood behaviour and flood 

processes. 

Table 7: Historical floods, identified by interview participants, with associated dates and estimated 

maximum flow (measured at Marokopa Falls). 

 

HF 1 has the smallest extent (~ 100 m2) and occurred the most recently (5th Jan 

2018). This was not a localised event, with flooding also experienced as far as the 

Firth of Thames (Waikato Regional Council, 2018). Footage (video and 

photographs) show river water inundating the Marokopa campgrounds and field, 

with water depth at the campground estimated as 30 cm. During this time, people 

were unable to enter or leave Marokopa, as reflected by several participants. Both 

the campground and flooded field appear to be between 2 and 2.5m above sea level. 

As the land across the river is also within this elevation, future work could look to 

Historical 
Flood (HF) 

Flood date Maximum flow (cumecs) 

1 5-Jan-18 11.7 

2 Aug-Sept 2017 47.9 

3 2017 (est. April) 54.3 

4 Apr-16 29.3 

5 Feb-04 103.4 

6 Jul-86 115.6 
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discern whether this area was inundated. According to participants and the Waikato 

Regional Council (2018), this flood was exacerbated by king tide conditions, and 

therefore indicate that with future sea level rise, similar conditions are likely to be 

experienced more frequently. Furthermore, river flow at Marokopa Falls is 

comparatively low (11.7 cumecs), indicating that this event was caused more by 

coastal inundation than river flow. Floods caused by both marine level and river 

flow extremes are therefore likely to result in larger and longer events. 

HF 2 (Aug-Sept 2017) occurred at the opposite end of the Marokopa 

floodplains, where the narrow, steep-sided valley opens. At elevations between 5 

and 10m, this flood covers an area of ~300 m2. Furthermore, with an associated 

flow of 47.9 cumecs compared to 11.7 (HF 1) it is very likely caused primarily by 

river inundation rather than tidal influences.  

HF 3 occurred during 2017 and had a significant extent of approximately 3 km2 

towards the north-eastern edge of the Marokopa floodplains. Three wide-extent 

floods (HF 3, 4 and 6), were identified, as described by Participant E: 

“We couldn't get out, we were there for days.” 

“There was water everywhere… 

While participants floods were outlined during the interview, the observed and 

actual extent may differ as people do not have a satellite view of the area, but an 

oblique one. Furthermore, due to the width of the floodplains, inundation on this 

scale may be indicative of both river-bank breaching and overland flow “flooding” 

occurring. Uncertainty increases with increasing distance from the observer, such 

as at the flood edges.  For HF 3, elevations between 2 and 5 m are inundated, with 

the flood boundaries often occurring at the 5-6 m mark. While the flow rate is 7 

cumecs more than HF 2, the change in flood extent is significantly larger, which 

may reflect other external conditions or antecedent conditions. 
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Figure 58: Historical flood extents and photographs of Flood 1 (top), and Marokopa floodplain 

elevation. 
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HF 4 has a comparatively small flow rate (29.3 cumecs), compared with the 

other river inundation floods and covers a moderate extent of ~1.5 km2. While 

inundating elevations between 2.5 and 5 m, the pattern of area flooded is interesting. 

The Marokopa floodplains can be divided into two sections, with a rise in elevation 

approximately 6 km north-east away from Marokopa (town location). This area 

changes from 3 to 3.5 m, while the river is bounded by areas of 3.5-4 m, two pockets 

of 2.5-3 m elevation are seen. Interestingly, HF 4 extends over this rise, joining two 

slightly distinct areas, and then follows and floods to the west of the river.  

HF 5 covers a small-moderate area of ~ 1.2 km2 and inundates elevations 

between 2 and 3.25 m. Seemingly bounded by the 3.5 m elevations, this flood has 

the second-largest maximum flow of the HF identified (103.4 cumecs, ~50 cumecs 

higher than the next flow rate). However, it has a comparatively small inundated 

area: flow maximum ratio, when compared with the other floods. This may be 

indicative of localised rainfall, antecedent conditions or marine influence. This 

flood likely inundated other areas that were not remembered by other participants. 

HF 6 has the highest flow and largest extent flood identified by any participant. 

This unsurprisingly indicates that larger floods have the most personal impact and 

are, therefore, the most memorable. With an extent of ~3.2 km2, this flood inundated 

over half of the Marokopa floodplains from 2 m up to ~10 m. While this flood may 

have flooded other areas of the catchment, the high observed flow (115.6 cumecs) 

indicates that this was likely an inundation event.  

In the future, with both sea level rise, and increases in extreme rainfall, coastal, 

bank-breaching and overland flow “inundation” or flooding is likely to increase in 

both magnitude and duration throughout the Marokopa area. 

Conclusions 

- Historical floods vary widely in extent, date and maximum flow (measured 

at Marokopa falls). 

- Area and flow generally co-vary, except for HF 3. 

- Although it appears that floods are decreasing in size, this is likely only 

because only the largest floods are remembered. 

- All floods apart from HF 1 are likely due to bank-breaching river flow; HF 

1 is more likely the result of coastal inundation. 
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  Ecosystem service modelling results 

ES modelling provides a quantitative analysis of landscape benefits, and 

account for water, nutrient and sediment flows. Such analysis provides a holistic 

view of the landscape, as ES can be modelled individually, or comparatively for 

improved decision making. 

Flood mitigation classification 

Figure 59 represents the ability of land cover and soil types to mitigate flooding. 

Mitigated areas (51.6%) have land cover or soil that can remove water from the 

land surface. Uphill areas and where resulting flow passes through mitigating areas 

are mitigated flood-prone areas (8.8%), and all other areas without mitigation are 

flood prone (37.6%) (Jackson et al., 2019). Marokopa catchment is divided into 

farming and indigenous forest (Chapter 2). Non-mitigated areas correspond with 

the agricultural HPEG dominating the north-west areas and floodplain as well as 

the southern and eastern boundaries of the catchment. Figure 59 shows that farmed 

land cannot mitigate flooding, likely due to land development, drainage systems 

and ground compaction (Ballinger, 2011; Howe & White, 2003). Agricultural 

grasses are shallow-rooted exotic species which are less resilient to drought and 

flooding (Marshall et al., 2009). Over-grazed paddocks are further impacted due to 

the high volumes of animals that pass through, compacting the soil (“pugging”) and 

destroying the grasses – resulting in loose sediment/topsoil (Drewry & Paton, 2000; 

Singleton & Addison, 2000). Few riparian belts bound the river (observed). 

Furthermore, farmed land is found on high-sloping areas. 

Mitigating forested areas are where indigenous trees, ponds, permeable soils or 

other “flow sinks” exist, and make up most of the mountainous inland area (Figure 

8)(Dunning, 1998). Forested areas re-route incoming precipitation via interception 

and absorption. Deeply rooted tree species such as kanuka (Kunzia ericoides) and 

podocarp can also store or absorb water nearer to the water table (Cameron, 1963; 

Phillips, 2005; Watson & Mardern, 2004). Forested areas, unlike pastured ones, can 

retain the water within soils during drought, reducing hydrophobic characteristics 

that increase overland flow (Nedkov & Burkhard, 2012).  
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Figure 59: Flood mitigation within the Marokopa catchment. 
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Flood interception classification: 

Using flow accumulation information, LUCI classifies areas of mitigation 

within the landscape (Figure 59). Interception refers to where areas of flow overlap 

(are intercepted) with mitigating features. As in the previous figure, the contrast 

between forested areas and agricultural land is clear (Figure 60). Areas in red 

Figure 60: Flood interception within the Marokopa catchment. 
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(4.8%) represent where unmitigated land accumulates flow within the landscape, 

highlighting where flood mitigation/adaptation structures could be implemented to 

improve infiltration or storage capacity (Jackson et al., 2019). Such areas are 

concentrated in the north-eastern, south-eastern and western HPEG floodplains. 

These areas occur where mountainous regions give way to slightly flatter areas, 

generating larger flows and accumulating more runoff which can be drained or 

stored. 

Erosion vulnerability and sediment delivery 

Three outputs describe Marokopa catchment denudation: CTI erosion 

vulnerability (Figure 61), RUSLE erosion (Figure 62) and sediment delivery 

(Figure 63), each accounting for different factors. The CTI erosion vulnerability 

describes where land is at risk of gully erosion (not mass wasting) and accounts for 

slope and concavity, but not land cover or soil type. RUSLE combines rainfall 

erosivity (R-factor), soil erodibility (K factor), slope length and steepness (LS-

factor) and land cover/vegetation (C-factor)8. Sediment delivery outlines where 

sediment is transported within the catchment, accounting for land cover type and 

stream connectivity. Erosion output is not directly comparable with different units. 

However, significant patterns in denudation processes are clear: CTI erosion 

outputs (Figure 61) show that most of the catchment, 85.2%, has negligible erosion, 

with dispersed, high-slope areas identified as moderate erosion risk (11.4%). Few 

areas of high erosion risk exist within the catchment (1.3%). RUSLE and sediment 

delivery have significantly different results to CTI, clearly reflecting the importance 

of land use. Negligible erosion correlates with forested areas: however, this is not 

accounted for within the CTI process, as seen by comparing the white-outlined 

areas across the three denudation outputs. The CTI method does not account for 

vegetation and therefore overestimates stability. Areas of steep forested slopes 

minimise sediment delivery as the rooting systems hold the soil more readily than 

shallow-rooted pastoral landscapes, resulting in lower sediment transport values. 

As slope is accounted for across all tools, this is reflected in erosion output. All high 

erosion areas are high sloping across all three tools, although RUSLE areas have 

anomalously significantly higher erosion rates in low sloping areas.  

                                                
8 For information on this method and application, see Benavidez (2018), Benavidez et al. (2018) 

and Klik et al. (2015). 
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Figure 61: CTI-calculated erosion vulnerability within the Marokopa catchment. 
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Figure 62: RUSLE-calculated erosion vulnerability within the Marokopa catchment. 
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Figure 63: ES Sediment delivery within the Marokopa catchment. 
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Conclusions 

- Flood mitigation results show that the forestry land cover site corresponds 

with poor modelled flood mitigation. 

- Flood interception results show that the areas of highest unmitigated flow 

accumulation occur on high slopes and the central floodplain. 

- Highest erosion and sediment delivery are seen on steep slopes. 
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8 Agricultural activity, water quality, and 

trade-off results 

Agriculture 

Figure 64 shows the difference between the current and optimal land cover 

utilisation across the catchment. Most (42.6%) of land use intensity fits the 

landscape slope and soil type. Some areas (2.4%) within forested regions appear to 

be under-utilised, often sections of indigenous forest on low slopes. Over-utilised 

areas (26.1%), appear where agriculture occurs on steeply dipping terrain. 

Agriculture is prevalent within the Waikato/Marokopa area (Kingi, 2014). 

However, much of the steeper coastal areas are over-utilised while low-sloping, 

high elevation areas in the ‘back-country’ are under-utilised and potentially could 

be converted for agricultural use (Figure 64). In future, questions around the 

increasing intensification and the conversion of sheep, beef, and forestry blocks to 

dairy farms and stocking rates will require knowledge of where to intensify land 

use and where other uses are more valuable (Cameron et al., 2009). At optimal 

Figure 64: Relative agricultural utilisation within the Marokopa catchment. 
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locations, sustainable agricultural practices can be utilised, resulting in economic 

and environmental best-practice land use across the catchment (Niggli et al., 2009). 

Water-quality: nitrogen and phosphorus 

Based on land cover and soil type, LUCI generates landscape classifications of 

nitrogen and phosphorus. Landscape nutrient concentrations are converted to 

stream concentrations through a particulate versus dissolved nutrient ratio and 

delivery to streams. Areas with associated agricultural land uses have high nitrogen 

or phosphorus concentrations when compared with regional and national datasets 

(Figure 65, Figure 66) (Ministry for the Environment, 2007; Ministry for the 

Environment & Statistics New Zealand, 2015). Although the ES results show that 

future investment into this research area is valuable, current Marokopa catchment 

water quality has only been considered for trade-off synergies. No further analysis 

of these water quality outputs will occur within the scope of this thesis (Keeler et 

al., 2012; Sweeney et al., 2004; Trodahl et al., 2016).  

 

  

Figure 65: Nitrogen stream concentrations within the Marokopa catchment. 
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  Ecosystem service trade-off results 

Trade-off maps compare the value and potential role of multiple services within 

the Marokopa catchment. Areas of good individual service are correlated and 

identified as areas where the landscape should not change. Similarly, areas of 

current poor service are correlated across the services and are defined as locations 

where users should change the landscape for overall ecosystem benefits. ES can 

also be weighted within the trade-off modelling if certain services are prioritised 

over the rest of the analysed services as detailed in Section 3.3.2. Weighted trade-

off maps are created by assigning values to each of the ES being compared 

(Appendix E). Prioritised services are given a higher value, which means that trade-

off maps will appear like the individual ES maps of the prioritised service. 

Erosion/sediment delivery vs flood mitigation 

Erosion and flooding are dominant hazards in the Marokopa region, as 

described by residents in the area. However, no areas within the existing catchment 

Figure 66: Phosphorus stream concentrations within the Marokopa catchment. 
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mitigate both flooding and erosion to an “excellent” standard, only “significant” 

provision (50.1%) (Figure 67). Orange areas show where there is still opportunity 

to improve both services, generally on steeper HPEG slopes of the upper catchment 

or floodplains. Erosion and flooding factors and impacts are interconnected. 

However, as the community has identified both hazards, Figure 67 describes where 

efforts should be focused to mitigate either hazard, i.e. where to “get the most bang 

for your buck”, which are largely in steeply sloping and floodplain areas currently 

used for agriculture. 

 

Figure 67: ES trade-off output: erosion and flooding services considered within the Marokopa 

catchment. 
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Flood mitigation vs erosion vs agricultural productivity vs nitrogen vs 

phosphorus transport (equal weighting) 

The most valuable ES services have been categorised as flood mitigation, 

erosion, and agricultural productivity, as identified by the local community. 

Research should be undertaken into nitrogen and phosphorus transport, as well as 

carbon flux and habitat suitability, although these have not been analysed here. 

Trade-off results of the first three individual services, compared with trade-offs of 

all services are interestingly similar. Trade-off maps can be weighted, as shown by 

comparing Figure 68 and Figure 69. Figure 68 has no ES service preferentially 

weighted against the other services, while Figure 69 preferentially weights flood 

risk against the rest of the considered ES using a 3 to 1 weighting. 

Figure 68: Non-weighted trade-off map. 



 

126 

 

While no areas across the catchment give “excellent service provision”, almost 

half the catchment is identified as having “moderate” service provision (this 

corresponds with forested locations) (Figure 68). Improvements across all services 

can be made when landscapes that have been categorised as having high slopes 

(21°+), recent or brown soils and HPEG have a change in land use. 

Flood mitigation vs erosion vs agricultural productivity vs nitrogen vs 

phosphorus transport (flood mitigation preferentially ranked) 

In contrast, Figure 69 represents areas of opportunity when flood mitigation is 

weighted more than the other ES services, rather than equally. Generally, the same 

patterns exist, with HPEG land having the most opportunity to improve ES services 

across the board. Floodplains represent an excellent opportunity to synergistically 

improve services. However, areas of high elevation and slope increase the 

opportunity to improve service (18.0% to 24.7%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 69: Weighted trade-off map 
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 Other ES service/trade-off land management discussion. 

Relative agricultural utilisation 

With a 125% increase in dairying within the Waitomo region predicted, holistic 

management of agriculture is important for a sustainable future at Marokopa and in 

the wider region (Kingi, 2014). Economically, agriculture contributes an average of 

24% to the Waikato GDP9. However, economic success is dependent on the 

physical and economic climate, with large changes in milk price and drought 

contributing to changes in production and income (Statistics New Zealand, 2018). 

Sustainable land management practices can minimise the impacts of climate 

change, as they also make the New Zealand economy resilient to such impacts. 

Sustainability defines processes that meet and maximise the health, food, and ES 

needs of current and future generations (Tilman et al., 2002). Several reviews 

outline the needs, methods, frameworks, and roles within and of sustainable 

agricultural farming (Darnhofer et al., 2010a; Darnhofer et al., 2010b; Niggli et al., 

2009; Wezel et al., 2014). Tilman et al. (2002) and Zhang et al. (2007) outline that 

while sustainable agricultural practices are needed, recognising that agricultural 

practices influence surrounding ES is an often overlooked issue. Valuing these 

services and developing management plans that build on, rather than detract from, 

these synergies inform sustainable land management not just agriculture. Trade-off 

outputs (Figure 67, Figure 69 & Figure 68) demonstrate where best to change land 

management to benefit a combination of erosion/sedimentation, agricultural 

utilisation, and flood mitigation.  

Trade-offs in ecosystem service output 

The Marokopa catchment has a modelled opportunity to increase overall ES 

services through the conversion of steep-terrain HPEG to another land cover such 

as forestry. When services are equally ES services are improved by prioritising land 

management changes on the slopes of the agricultural floodplains (Figure 68). 

However, when flood mitigation is preferentially weighted, areas of water 

accumulation are found to improve all ES instead. ES cannot prescribe a single best 

land cover scenario, as any solution is dependent on the needs of current and future 

                                                
9 From Stats NZ (https://www.stats.govt.nz/information-releases/regional-gross-domestic-

product-year-ended-march-2017#waikato), accounting from 2000 to 2016, with a minimum of 

14.92% and a maximum of 32.03%. 

https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2017#waikato
https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2017#waikato
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generations (Tilman et al., 2002). Councils and communities must determine 

whether ES modelling should aim for minor overall multi-ES improvement or 

whether the prioritisation of certain services would result in more valuable benefits  

(Viglizzo et al., 2012). Moreover, practical application and engagement with ES 

output in decision making requires clear and concise communication of the science 

involved (Burkhard et al., 2013). 

 

Conclusions 

- Modelling results suggest agriculture is over utilised in the steep hillslopes 

bounding the Marokopa floodplains and underutilised in the flatter locations 

to the south and east of the Marokopa catchment. 

- High nitrogen and phosphorus concentrations are seen on the edges of the 

Marokopa catchment and in farming areas. 

- Considering flood mitigation, erosion, sediment delivery, agricultural 

productivity, and water quality, the Marokopa floodplain and surrounding 

hillslopes are priority areas to change land management or land use. 
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9 Discussion 

This chapter discusses the results presented throughout this thesis and relates 

them to the research aims (Chapter 1). Figure 70 shows how the objectives for each 

method interviews, rainfall-runoff modelling, inundation and ES modelling relate 

to each aim. The contributions from each method to each thesis aim are discussed 

and compared with relevant literature. This analysis will be related to the 

importance of hazard analysis in rural locations such as Marokopa. Finally, 

limitations and suggestions for future work are outlined. 

How methods relate to thesis aims 

Various interconnected methods were used to analyse these research aims, 

namely interviews with Marokopa catchment residents, rainfall-runoff and 

ecosystem service (ES) modelling. As discussed, inundation modelling was planned 

to delineate flood risk: however, due to constraints detailed in Chapter 5, this was 

not possible. Figure 70 outlines how these methods relate to each research aim. 

 

 Aim 1: identify Marokopa flood and erosion risk 

Hazard risk, as previously stated, is a combination of event magnitude, 

vulnerability and exposure, and is therefore influenced by physical and socio-

political factors. Both qualitative and quantitative results are useful in evaluating 

Figure 70: Relationship between thesis aims and methods. 
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the flood and erosion risk. Both participant descriptions and modelling (inundation 

and ES) evaluate the extent and magnitude of Marokopa flooding and erosion. 

Lessons from the locals (qualitative analysis) 

Academic hazard definitions must correspond with local definitions, as local 

communities understand and experience the hazards as they occur. Participants 

described historical flooding as occurring at Marokopa campgrounds, but also 

across the floodplains ~5 km inland. While this is likely the result of river 

inundation, further inland ‘flooding’ may be overland flow. Water surplus due to 

over saturated soils, or infiltration excess, is more likely than bank breaching 

flooding, due to the distance of the flooding to the water body. Intense or long 

duration rainfall causes overland flow (Abdul & Gillham, 1984; Ward & Robinson, 

2000). Mosley (1979) suggests that such processes are most common on arable 

farmland, such as at Marokopa. The need for both inundation and overland flow 

modelling emphasises the importance of local input in defining flood hazards 

(Fuchs et al., 2017). As overland flow is not currently simulated within inundation 

models, future traditional and ES flood modelling should include overland flow 

estimations. 

Furthermore, flood impact can depend on flood duration. Only interviews 

described this aspect of flooding. Future modelling work could involve simulating 

not only maximum flood depth and extent but also draining capacity and duration. 

Flood risk is a human construct. Participants were also able to relate physical 

processes to human impacts, such as identifying road flooding. While this is not a 

large area, it is vital and more critical than when other, less utilised areas flood. 

Flooding is not problematic unless livelihoods are affected: risk not only outlines 

the physical process, but social vulnerability too (Fuchs et al., 2017; Kron, 2005). 

While flooding was initially the focus of this thesis, community members 

highlighted erosion as an equal, if not more important, local hazard. Erosion occurs 

both on the steep hillslopes and due to scouring from marine waves. Participants 

described hillslope erosion as less frequent in indigenous-forested areas, rather than 

grassland areas. Erosion and high rainfall or, high flow, are connected as rainfall 

mechanically erodes soil particles and flows transport, further eroding or 

redistributing river sediments. 
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Rainfall-runoff results 

Rather than flooding extent, rainfall-runoff modelling describes the timing and 

processes that cause upper catchment flow peaks. Model results highlight increased 

permeability due to subsurface karst systems, thereby increasing infiltration and 

decreasing overland flow (Gunn, 1978). Subsurface flows are subsequently divided 

into diffusive and rapid infiltration, the later shown by the dominance of fastflow 

reservoirs in winter floods (van Beynen et al., 2011). With more streams activated 

in wintertime, the rain multiplier parameter was also significantly higher in winter 

than summer. Across all seasons however, the model performed inconsistently, 

indicating that either localised rainfall or subsurface conditions resulted in 

unaccounted rainfall or subsurface network storage (Williams, 1983). 

Preliminary inundation results 

While flatwater inundation modelling was not completed, the topographic 

analysis provides a simple, preliminary indicator of flood risk: as floods are more 

likely to occur at lower elevations. Mapped Marokopa township flood areas 

coincide with participant descriptions; with lower elevations around the Marokopa 

campsite identified as flood-prone. Furthermore, floods with high Marokopa Fall’s 

flow generally result in large flood extent. However, floods with low Marokopa 

Fall’s flow can also result in large township flooding, due to extreme tidal 

conditions such as king tides. A simple flatwater inundation model would 

underestimate excess water: marine processes, overland flow and flow resulting 

from other water bodies which influence Marokopa flooding. Future work in the 

Marokopa area should include both inundation and overland flow to estimate full 

excess water. 

Ecosystem service modelling results 

The LUCI ES flood modelling produces two outputs: flood mitigation 

opportunities and flood concentration areas. While the former categorises the 

landscape into areas with flood mitigation potential, the latter simulates the areas 

of potential flood risk. Flood interception results support the general qualitative 

pattern of flood risk: the floodplains 5 km inland. The LUCI ES toolbox simulates 

where water accumulates, which is more comparable to overland flow than 

inundation modelling. However, it does not highlight the camping area near 
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Marokopa township as being at risk. This difference is likely because marine 

conditions are not yet accounted for yet within the LUCI ES flood risk model10, 

according to participants, it is a significant flooding factor. Coastal inundation ES 

is therefore recommended for future works in the area. 

Three LUCI methods (CTI erosion, RUSLE erosion and sediment delivery) 

were used to simulate denudation within the Marokopa catchment. These ES results 

agree with qualitative results that erosion occurs on the steep-sided hillslopes. 

Furthermore, the RUSLE and Sediment delivery methods also agree with 

participant descriptions that erosion occurs more on farmland than forested areas. 

This significantly changes the locations and extent of erosion in the Marokopa area. 

Modelled erosion varies in intensity: however, it mainly simulates hillslopes as a 

high-risk site of erosion. In contrast, residents describe the hillside erosion as a rare 

occurrence. Further differences include ES modelling not accounting for marine 

scouring, which was identified by the local community as a significant hazard.  

 Aim 2: identify Marokopa erosion and flood factors 

Several factors influence both flooding and erosion. These factors include 

climate, geology, topography, soil, land cover, marine conditions, and social 

factors, such as land/flood management strategies. These factors are derived from 

participant conversations, flood process literature, or otherwise included within the 

rainfall-runoff, inundation or ES modelling.  

 

         Table 8: Flood and erosion factors (✓ and O) presented within the interview, rainfall-runoff, 

inundation and ecosystem service results. 

                                                
10 LUCI coastal inundation is available for other modelling, however is not yet within the ES 

toolbox. 

 Method 

Factor Interviews 
Rainfall-
runoff 

Inundation Ecosystem service 

Climate ✓ O ✓ ✓ ✓ O 

Geology ✓ ✓   

Topography ✓ O  ✓ ✓ O 

Soil ✓ ✓  ✓ O 

Land Cover ✓ O   ✓ O 

Land management ✓ O    

Marine ✓ O    

Climate change ✓ O    

Community ✓ O    
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Climate/rainfall/seasons 

Both flooding and erosion are influenced by climate. One participant stated that 

flows were lower during the drier summer months and that antecedent conditions 

had a large impact on flood occurrence, while another noted that large landslides 

coincided with heavy rainfall. Rainfall-runoff results support the observations of 

participants that seasonal changes in climate correspond with changes in flows rate. 

Evidence of this includes better model performance when the rain-multiplier is 

higher for summer rather than winter months. In summer, the karst system results 

in a sustained baseflow, as shown by the baseflow dominance in modelled rainfall-

runoff response. Interestingly, the modelled results vary in the error produced, 

indicating either a change in rainfall event type (possibly entering from different 

directions) or the impact of extrapolated rainfall being used in a rainfall-runoff 

model. Localised rainfall at either the rainfall or flow measured location will result 

in disproportionate flow response. 

Geology 

The geology of the upper catchment significantly impacts the hydrology of the 

area, further demonstrated by rainfall-runoff modelling. One participant described 

previous studies by Gunn (1978); Gunn (1983), outlining the different flow paths 

karstic systems have to areas with non-karstic geology. These differences, including 

drainage through polygonal karst and fractures, increase infiltration. Furthermore, 

rainfall-runoff model performance improves when the karstic nature of the area is 

represented within the model parameters and structure, as supported by Ford and 

Williams (1989). Karst geology results in distributed flow peaks, as the flow is 

dispersed through slower and faster paths. Furthermore, the lack of overland flow 

can be attributed to water infiltrating quickly into the soils due to micro and macro 

karst fissures (Williams, 1983).  

 

Topography 

All methods, except the rainfall-runoff modelling, which was spatially lumped 

in this thesis, account for topography. As previously mentioned, when identifying 

flood-prone areas, participants outlined low-lying areas. Erosion-prone areas 
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identified included steep, hillslopes, but also low elevations where erosion was due 

to marine erosion.  

Both the topographic and flatwater inundation estimate floodwater extent and 

depth based on rainfall input flow volume and elevation. The first assigns a specific 

height as ‘inundated’, classified as the inundated area. The second (the flatwater 

inundation model) instead uses hydrologic concepts such as iterative topographic 

routing (Benavidez, 2018; Teng et al., 2017). Finally, topography is a significant 

input for ES modelling and is widely used to map a variety of services (Crossman 

et al., 2013). Input topography is here used to identify different flow paths 

throughout the catchment (Section 4.3). 

Soils 

Participants also related differences in soils to drainage and water storage 

capacity. Marokopa area was divided by participants into areas with more ‘dirt’ or 

sand. The sandy areas resulted in well-drained soils during winter but dry lawns in 

summer (Hewitt, 1998a). Within rainfall-runoff modelling, soil is conceptually 

modelled, relaying water through a soil water model component before percolating 

into groundwater reservoirs. This rate is dependent on the soils of the area, and, in 

the case of the karstic system, the geology. This results in high infiltration rates, 

and no observed overland flow. While not accounted for within the inundation 

model, ES modelling derives soil permeability and connectivity from correlated soil 

and land cover tables within LUCI, creating the LandScen output. This information 

is then used to simulate flows of water for the individual LUCI services (Jackson et 

al., 2019).  

Land cover and land management 

Participants described land cover and land management as having a significant 

impact on erosion. Management strategies include planting to reduce erosion, 

having stocking and cropping regulations. Land use and land use changes have a 

significant impact on flooding. These environmental changes can also alter the 

sensitivity of catchments towards their climate and climate change (Macklin & 

Lewin, 2003). Whether it be deforestation, afforestation, or some other change, this 

affects not only the hydrology of the area but also the nutrient/sediment cycle. LUCI 

accounts for input land cover and biophysical process relationships to evaluate the 

landscape (Bagstad et al., 2013) 
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Marine 

Nearly all participants acknowledged the role that tides and marine impacts had, 

and would likely continue to have on either causing or exacerbating Marokopa 

flooding. Several quantitative studies support the fact that flooding is impacted by 

events such as tides, storm surge and sea level rise (Ezer & Atkinson, 2014; Wolf, 

2009) While rare, qualitative studies on ocean-flooding relations can identify 

physical factors and provide opportunities to engage with local indigenous 

knowledge (King et al., 2007). However, none of the quantitative methods of flood 

and erosion modelling currently account for marine conditions.  

Community 

Finally, a strength of qualitative analysis is an increased understanding and 

value of people’s place in the world, which lies outside of the scope of modelling. 

Several participants identified the importance of community engagement with 

local, regional, and national councils, and the role these governing bodies have in 

setting the scene for flood mitigation and adaptation. However, while councils aim 

to support rural communities, climate change adaptation plans aim to prevent risk 

rather than protect resident assets. Plans may include rezoning, which is 

controversial when dealing with peoples’ homes and livelihoods. 

In contrast, participants have outlined that councils also play a significant part 

in supporting local planting to prevent erosion. Financial and local knowledge are 

both important resources that councils can provide to help stakeholders plan for 

climate change. The most critical resource, however, is engagement. Adaptation 

and mitigation strategies require investment, from both governing and local 

communities. Therefore, better community engagement and communication are 

essential for enabling future minimisation of vulnerability and hazard risk. 
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10  Conclusions 

 

Marokopa is a low-population township, located on the west coast of the 

Waikato region, that is exposed to both high magnitude flooding and erosion. 

Positioned at the opening of a 364 km2 catchment that covers a range of land 

cover, soil, and geology types, this area is the link between the rising oceans 

and dynamic geomorphology of the west coast. The upper catchment karst 

geology inland, paired with the lack of high-resolution rainfall and flow makes 

hydrological modelling complex but also lends itself to a more holistic analysis 

of hazard analysis. Qualitative experiences of past and current residents are 

used to inform historical flooding and erosion, while ecosystem services allow 

for future improvement of synergistic land management decisions. This thesis 

aims to evaluate the magnitude and influencing factors of flooding and erosion 

at Marokopa, using a combination of qualitative data, rainfall-runoff, 

inundation and ecosystem service modelling. The specific aims being: 

 

- To evaluate the erosion and flood risk within the Marokopa catchment. 

- To identify the physical, social and political factors in erosion and 

flooding within Marokopa. 

 

This thesis makes several contributions to the local, rainfall-runoff, 

inundation and ecosystem services modelling communities. These are: 

 

 Community engagement: this project uniquely involves residents of the 

Marokopa community throughout the scientific process, ensuring academic 

accountability. Engagement includes preliminary communication at the 

project’s inception; several meetings involving different community 

members; and a final report to communicate local findings for the local 

people.  

 

 Novel utilisation of a mixed-method approach to flood and erosion 

analysis: the integration of participant experiences and quantitative 

rainfall-runoff, as well as inundation and ecosystem service, results in both 

temporal and spatial outlining of flood and erosion extent at macro and 
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catchment-scales. Furthermore, local knowledge and experiences were 

utilised in the traditionally quantitatively-dominated field of flood 

modelling and significantly improved evaluating the interconnectedness of 

the system, and contributing factors to local flooding and erosion. 

 

 Development of a bespoke rainfall-runoff model accounting for the 

complex karst-environment within a data-sparse environment. The 

predictive capability of this model, although dependent on extrapolated 

rainfall (28.3 km away), had low modelled-observed flow error, unless due 

to local rainfall processes. Highly-resolved rainfall at Marokopa Falls 

would likely improve such errors. Through model development, 

calibration, and validation of the model; rainfall intensity, duration, and 

geological influences on infiltration were identified as having a significant 

impact on model fit. 

 

 Flood and erosion mitigation ecosystem services were modelled. 

Modelling incorporated flood and erosion factors such as climate, 

topography, soil and land type to identify areas most at risk of flood and 

erosion. Priority areas for future land management and hazard mitigation 

investment were outlined, with synergistic comparative comparisons also 

analysed. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

139 

 

  Future Work 

Overall 

- Future research should include ground-truthing of topography/elevation, 

soils, land cover and geology, flow, and rainfall as all models are the sum 

of their inputs.  

Interviews 

- Flooding impact is dependent on socio-political structures. Therefore, 

interviews with local/regional council around local hazards and 

mitigation/adaptation opportunities would provide a more holistic view of 

the problems and opportunities in this area. 

Rainfall-runoff modelling 

- Use of Mokau and Te Kuiti High School rainfall data for rainfall-runoff 

modelling would increase the length of the rainfall-runoff modelling period. 

- Using a variety of rainfall sources and creating a rainfall that is more 

representative by weighting it by area could reduce errors caused by local 

rainfall. 

- A seasonally-varying rain multiplier parameter is suggested to reduce model 

error. 

Inundation modelling 

- Due to time constraints, properly analysed and calibrated inundation 

modelling was not conducted within this research project but is heavily 

recommended for future work. 

- Optical, radar and infrared images could be utilised for identification of 

river-channel breaches and flood extent or duration and subsequent 

inundation modelling 

- Quantification of overland flow at Marokopa floodplain is needed to discern 

flood inundation from the more rain-dependent process. 

- Ocean dynamics such as tides, storm surges, tsunami and sea level rise have 

a significant impact on flooding at Marokopa, and therefore should be 

analysed further, either through inundation or ES modelling. 
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Ecosystem service modelling 

- Farm practices such as cropping and stocking rates offer the opportunity to 

represent how changes in specific land management practices influence 

various ES within LUCI. 

- Marine erosion is not yet included within LUCI modelling but is extremely 

important for the mitigation and adaptation of future coastal communities. 

- ES modelling under different climate change and land cover change/land 

management scenarios would be beneficial for future ES assessment. 

- Cultural services included in LUCI ES modelling could improve targeted 

areas for flood or erosion mitigation. 

  Final Conclusions 

This thesis provides a successful scoping study of flood and erosion risk within 

the Marokopa catchment. Community engagement allowed for grounded, 

meaningful local discussion of flood risk, flood risk factors and future 

opportunities. These discussions outlined that both physical factors and social 

factors like Marokopa community and Mirumiru marae have a role in deciding 

Marokopa’s future. Rainfall-runoff modelling was applied at a unique and 

hydrologically-complex location, with positive results. Localised rainfall, 

seasonality and the karstic systems were identified as significant influences on 

runoff. Hydrological model results combined with the gathered historical flood 

extents provide a foundation for future flood inundation modelling. Finally, 

ecosystem service modelling outlines the Marokopa floodplain and surrounding 

hillslopes as areas for prioritised flood and erosion mitigation. Integration of 

quantitative and qualitative methods outlines current flood risk extent and evaluates 

factors which contributes to flooding, providing a thorough knowledge base for 

future flood modelling within the Marokopa catchment. 
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Appendices 

  Definitions, abbreviations, acronyms 

Table 9: Definitions of commonly used thesis terms. 

Term Definition 

Base flow 

Sustained groundwater/subsurface flow, that has deeper 

sources than interflow or fastflow reservoirs. Has the 

longest residence time. 

Calibration 
Testing accuracy by comparing modelled values with 

observed values 

Catchment/watershed Area of land where all water gathers at a single water body. 

Cumecs Measure of flow, one cubic meter per second. 

DEM Digital elevation model, map of elevation 

CTI Compound Topographic Index, measure of erodibility 

Evaporation 
The process of water turning to gas due to input 

energy/heat. 

HydTopo 
ArcMap tool that defines areas and direction of flow 

accumulation 

Iwi 
Group of indigenous New Zealanders (Māori), with links 

to a particular region. 

Land Cover 
Dataset that describes the types of vegetation, structures or 

other physical features of an area. 

Land Use 
Dataset that describes how physical features are used 

(development, conservation etc.) 

LiDAR 

Light Detection and Ranging, method used to determine 

elevation through remote sensing from an airborne device 

or satellite. 

LUCI 
Land Use and Capability Indicator, GIS program that 

evaluates current and potential ecosystem services. 

PAW Plant available water 

NZ New Zealand (Aotearoa) 

P/ot Evap 
Potential evaporation, measure of evaporation possible due 

to the energy and wind of an area 

RUSLE 

Revised Universal Soil Loss Equation, Soil erosion 

equation (rainfall erosivity, soil erodibility, slope, crop 

management) 

Ecosystem service/s Services that the environment provides 

Falling limb 
The period after the flow peak, where flow decreases back 

to 'normal' flow. 

Fastflow 

Quickflow. Event-response flow that is essentially made of 

the extra volume of water added to a catchment by a 

rainfall event. Has the shortest residence time. 

Flood 

Excess of water, within this thesis this process is the same 

as inundation, or where water exceeds the bounds of a 

waterway 
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GIS Geographic Information System 

Hydrograph 
Figure representing the change in flow rate over a period of 

time. 

Hydrological Cycle 

Water cycle, including precipitation, evaporation, 

interception by vegetation, accumulation and infiltration 

into the ground, and eventual runoff 

Intensity For rainfall, the amount of mm that fall within an hour 

Interflow 
Reservoir representative of faster residence times than 

baseflow, but slower than fastflow reservoirs. 

Inundation 
Like flooding, where water exceeds the bounds of a 

natural/ water course 

Karst/karstic 
Type of geological landscape where rock dissolution has 

resulted in increased permeability and drainage landforms 

Land management 
How landscapes vegetation or structures are developed or 

protected 

Model 
A simplification of reality, which can be used to predict the 

response of catchment to external factors. 

NSE 
Nash-Sutcliffe Efficiency evaluates the variance between 

modelled and observed values 

Output Results 

Overland flow 

(infiltration and 

saturation) 

Excess water, due to rainfall exceeding the amount that can 

infiltrate, or where the soil is fully saturated. 

Participant/resident 
Person interviewed throughout this thesis, with past or 

current connections to the Marokopa catchment 

Qualitative 
Research that seeks to understand the rationale or 

experiences, rather than assigning numbers. 

Council 
A tier of regional government that looks to provide 

regional services 

RCP 

Representative Concentration Pathway describes various 

greenhouse gas emissions scenarios for future climate 

modelling, to determine how current decisions impact 

future climate. 

Residence time 
The amount of time water takes to leave a particular 

reservoir 

Rising limb The period before a flow peak 

Synergy 
Where two or more processes have a combined impact 

greater than their individual value. 

Trade-off 
Where different ecosystem services are combined to 

identify areas of best investment, or current good service. 

Validation Checking the accuracy of something 
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 New Zealand Ecosystem Service Review 

The below three figures/tables show the literature used in the New Zealand ES 

services review, how literature was coded under different services, and finally the 

aggregated results. Aggregated results are grouped ES services, showing broadly, 

which ES services feature most prominently in the literature. 

Table 10: List of literature used within the ES research review. 

 

 

 New Zealand ecosystem service review references 

1 (Ausseil et al., 2013) 

2 (Dominati et al., 2014) 

3 (Simmons, 2013) 

4 (Trodahl et al., 2016) 

5 (Baskaran et al., 2009) 

6 (Rieb et al., 2017) 

7 (Langdale et al., 2012) 

8 (Easton, 2015) 

9 (Ballinger, 2011) 

10 (Benavidez, 2018) 

11 (Scott, 2017) 

12 (Chick & Laurence, 2016) 

13 (Anderson et al., 2008) 

14 (Trodahl et al., 2017) 

15 (Coleman, 2009) 

16 (Olubode-Awosola, 2017) 

17 (Van den Belt et al., 2012) 

18 (Lyver et al., 2017) 

19 (Clough, 2013) 

20 (Creagh, 2010) 

21 (Cullen et al., 2004) 

22 (Kampen, 2014) 

23 (Moller, 2012) 

24 (MacLeod & Moller, 2013) 

25 (Marapara, 2016) 

26 (Greenhalgh & Hart, 2015) 

27 (Royal Society of New Zealand, 2011) 

28 (Kaval & Van den Belt, 2017) 

29 (Scion, 2017) 

30 (Dymond et al., 2012) 

31 (Grêt-Regamey et al., 2008) 

32 (Nelson et al., 2009) 

33 (Norris, 2012) 

34 (Roberts et al., 2015) 
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Land Use Policy Water Quantity Nutrients Recreation Review

Soil Water Quality Tourism

Vegetation

24.0% 22.1% 18.3% 15.4% 11.5% 8.7%
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 Flood management examples 

Adapted from Associated Programme on Flood Management (2016): 

 

 

 

 

• Skill development/training

• Encourage livelihood diversity

• Promote access to information

• Link to markets

• Community participation, offer flood insurance

• Enact policies to protect natural resources

• Introduce automatic flood warning capabilities

• Create awareness of flooding risks

• Provide reliable emergency rescue and support

(shelters, food, water, medicine supplies) and

postdisaster recovery operations

• Use floodplain digital mapping

• Use remote sensing and geographic information

system (GIS)

Improve prevention • Watersheds and river basin models

• Embankments

• Dams/reservoirs

• Flood proofing

• Floodplain mapping

• Land use regulations

• Improve infrastructure/ transport 

/communication

• Enforcing building codes and restricting new 

developments

• Setting sewage treatment plants in high flood risk 

areas

• Improve drainage

• Protect wetlands and natural ponds

• Monitor river corridors

• Assess pre- and post-flooding damage due to the 

spread and dislocation of environmental 

contaminants

• Recover costs from responsible parties and help 

rehabilitate the environment and sensitive 

floodplain ecosystems

• Promote local mitigation/containment (such as 

tlands, reforestation, sewage/waste treatment 

plants)

• Synthesize missing historic hydrologic (floods, 

droughts) data

• Understand interaction between components of 

hydrologic cycle

• Identify potential groundwater recharge areas 

and reduce runoff

Reduce vulnerability 

Protect/secure livelihoods, 

strengthen community’s base of 

natural resources

Provide elaborate flood emergency 

plan and post-flood recovery 

commitments

Structural measures 

Non-structural measures 

Forensic fingerprinting (chemical, 

isotopical, mineralogical, tree-ring 

and DNA fingerprinting) as well as 

fate and transport evaluations

Integrate cutting-edge techniques to predict contaminant passage and environmental 

Table 13: Flood management strategies. 
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• Reduce soil erosion, mudslides/landslides

• Promote forest management

Use of sustainable resources to 

reduce impact from floods

• Plant trees to stabilize slopes and reduce flood 

water runoff

• Use sustainable barriers

• Use local resources/labor/materials

Restrain water passage 
• Use floodwalls, watertight barriers, elevated 

buildings

Plan ahead for failure of 

restraining systems 

• Watertight storage facilities for food and potable 

water, protect power lines

• Enact national policies respectful of international 

laws and agreements

• Joint multinational monitoring, research and 

assessment, forums, workshops, and information

• Equitable compensation and use of shared 

watershed/river basins

• Amicable dispute resolution through negotiation, 

nongovernmental organizations (NGOs), and 

arbitration provision

• Environmental impact assessment (EIA)

• Risk assessment evaluations

• Cost-benefit analyses (CBA)

• Multi-criteria analyses (MCA)

• Economic analyses to prioritize options and 

strategies

• Move vulnerable activities away from flood-

prone areas, revisit building permits criteria

• Restore water supply, power, hospital 

communication, sewage, schools, and other 

essential services

• Provide financial/material help to the needy

Document lessons-learnt • Learn from past flooding events

• Document successes and failures of rescue 

operations

• Document extents of flooded area, depth, and 

damages, and update hazard index maps

Address postrecovery issues 

Learning and evolving 

Case-specific risk and cost-benefit assessments

Integrate local/community, 

regional, national flood 

management groups/ 

stakeholders with international 

conventions/treaties within legal 

context Delegation of 

responsibilities

Integrate sustainable measures/green technologies

Combine defensive and preventing approaches

Inter-dependence with national and international policies

Balance costs and benefits 

Implement conservation strategies

Research, develop, and integrate 

innovative solutions 
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 Interview questions 

Cluster 1: Introduction (6 Questions) 

1. What is your Name? 

2. Is Marokopa where you grew up? 

3. Where would you describe “Marokopa” as being? 

4. What is your favourite thing about, (or place at) Marokopa? 

5. How old are you, or if you prefer: which age group do you belong to? 

(18-25, 26-40, 41-55, 56-70, 71-95, 95+) 

6. How long have you and/or your whānau lived in Marokopa? 

 

Cluster 2: Basic (3 Questions) 

7. What hazards do you think Marokopa is most susceptible to? 

8. How would you describe flooding in Marokopa? (is it a hazard?) 

9. How would you describe erosion in Marokopa? (is it a hazard?) 

 

Cluster 3: Earlier events (4 Questions) 

Flooding: 

10. Can you remember any family stories about floods before you were 

born/moved here? 

 

11. Please describe the first big flood that you experienced in Marokopa? 

- When did the flooding occur? 

- Please draw an outline of the flood on this map. (Did it reach the 

Marae/houses/the field/other infrastructure?) 

- How long did the flooding last? 

- Do you have any footage/photos of these events? (If Yes – would you give 

consent to provide or allow the researchers to make copies of your items for 

reference in the project?) 

 

12. What other flood events can you remember? 

- When did the flooding occur? 

- Please draw an outline of the flood on this map. (Did it reach the 

Marae/houses/the field/other infrastructure?) 

- How long did the flooding last? 

- Do you have any footage/photos of these events? (If Yes – would you give 

consent to provide or allow the researchers to make copies of your items for 

reference in the project?) 

 

Erosion: 

13. Please describe the first landslide blockage that you experienced in 

Marokopa? 

- Do you have any footage/photos of these events? (If Yes – would you give 

consent to provide or allow the researchers to make copies of your items for 

reference in the project?) 
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Cluster 4: Recent events (4 Questions) 

Flooding 

14. Please describe the last big flood that you experienced in Marokopa? 

- When did the flooding occur? 

- Could you please draw the flood’s outline on this map? (Did it reach the 

Marae/houses/the field/other infrastructure?) 

- How long did the flooding last? 

- Do you have any footage/photos of these events? (If Yes – would you give 

consent to provide or allow the researchers to make copies of your items for 

reference in the project?) 

Erosion: 

15. Do the roads get blocked by landslides?  

- Please describe this last (most recent) event? 

- Were the landslides in the same place as previously?  

- Please provide an example of when this last happened? 

- Do you have any footage/photos of these events? (If Yes – would you give 

consent to provide or allow the researchers to make copies of your items for 

reference in the project?) 

 

Weather: 

16. Please describe the local weather and how it impacts flooding? 

- Is the rainfall really intense, but only lasts a few hours at a time? Or gentle 

but lasts days? 

- How does the rainfall in summer compare to winter?  

- How would you describe the local weather and how it impacts erosion?   

  

Cluster 5: Marae connection (5 Questions) 

17. Please describe your interactions with the Marokopa marae and Ngāti 

Maniapoto iwi? 

- What are your experiences of flooding near the marae? 

- Please draw the flood’s outline on this map? 

- What are your experiences of erosion near the marae? 

- Please draw it’s outline on this provided map? 

- How worried are you about the marae, in terms of flooding and erosion, on 

a scale of 1(not worried) to 10 (very worried) 

- What are your thoughts on what could be done to protect the marae? 

(Mitigate or adapt to flooding?) 

 

Cluster 6: Climate change (4 Questions) 

18. What is your understanding of climate change? 

- How do you think climate change will affect Marokopa? 

- Have you recognized any of these changes yourself? 

- Or have others close to you? 

 

Cluster 7: Other (1 Question) 

19. Is there anything else you would like to share? 
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 Ecosystem Service model parameters 

  

Agricultural Productivity Services
Erosion Mitigation 

Services

Flood Mitigation 

Services

Nitrogen 

Services

Phosphorus 

Services

1 1 3 1 1

Weighted arithmetic

Weighting

R-factor: a constant 0.026

R-factor: b constant 1.536

LS-factor: Cutoff slope angle (degrees) 26.6

Slope threshold for very productive land 5

Slope threshold for somewhat productive land 15

Elevation threshold metres for improved agriculture 350

 AgProd Elevation threshold metres for all agriculture 3000

 AgProd Fertility relative to national standard ( 1 

(standard) 3 (low fertility))
3

Consider slope TRUE

Consider slope elevation TRUE

Consider slope waterlogging TRUE

Consider slope soil fertility TRUE

Consider slope aspect in overall valuation  TRUE

EroSed CTI threshold for moderate erosion risk 50

 EroSed CTI threshold for high erosion risk 1000

Flood mitigation

 FloodMit lower threshold for flood mitigation 

opportunity  relative upstream area caught 
5

FloodMit lower threshold for very high flood 

mitigation opportunity  relative upstream area caught
20

 Nitrogen Proportion dissolved vs particulate 0.8 mg/l

 Nitrogen N concentration threshold 1  mg/l 1 mg/l 5

 Nitrogen N concentration threshold 2  mg/l 2 kg/yr 10

 Nitrogen N critical load threshold 1  kg/yr 1 kg/yr 0.1

 Nitrogen N critical load threshold 2  kg/yr 2 kg/yr 1

 Nitrogen N Root zone to stream attenuation 0.5

 Nitrogen N In-stream attenuation factor 0.5

 Phosphorus Proportion dissolved vs particulate 0.3

 Phosphorus P critical accumulation threshold 1  mg/l 0.025 1

 Phosphorus P critical accumulation threshold 2  mg/l 0.075 2

 Phosphorus P critical load threshold 1  kg/yr 0.01 1

 Phosphorus P critical load threshold 2  kg/yr 0.1 2

 Phosphorus P Root zone to stream attenuation factor 1 1

 Phosphorus P In-stream attenuation factor 0.3 0.3

Phosphorus

Tradeoffs 05 weighted

RUSLE

Erosion and Sediment delivery

Agricultral productivity

Nitrogen

Table 14: Ecosystem service modelling parameters. 
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