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Executive summary 
Environment Southland require an analytical framework to support a regional objective and limit 
setting process with respect to water quality. In response, a multi-agency approach (Environment 
Southland, Land Water People (LWP), Manaaki Whenua Landcare Research, Streamlined 
Environmental and NIWA) is developing a suite of interconnected models that will predict nutrient 
(nitrogen and phosphorus) and fine sediment loads under catchment use scenarios, and their effects 
on different receiving environments across the Southland region. NIWA’s role is to develop simple 
estuary models that will predict the impact of nutrient and sediment loads on estuary trophic state 
and sedimentation rates. 

This report describes the equations and parameterisations for models that can be used to predict the 
effects of different nutrient and sediment loads in eleven Southland Estuaries, along with predicted 
current eutrophication state and sediment accumulation rates. The response to nutrient loads is 
based on the New Zealand Estuary Trophic Index (ETI) tool 1 dilution modelling approach, while the 
response to suspended sediment inputs is assessed using a sediment trapping model developed as 
part of a recent national assessment of sediment loads for Ministry for the Environment. Current 
states were predicted using nutrient loads provided by LWP and sediment loads by Manaaki Whenua 
Landcare Research. A summary of these results is given in the table below. 

Nutrient loads (total nitrogen and total phosphorus) corresponding to macroalgae and 
phytoplankton band thresholds have been calculated for each estuary and are provided in this report 
to assist in calculating changes in nutrient loads required to meet various management targets. 

Table 1-1: Summary of predicted eutrophication status and sediment accumulation rates under current 
loads in each estuary.   Estuary Trophic Index (ETI) scores and bands are based on the ETI tool 1 approach, and 
sediment trapping efficiencies and sediment accumulation rates based on a modified trapping efficiency model 
developed in recent work for MfE. 

Estuary Determining 
primary indicator 

Overall ETI 
score 

ETI band Sediment trapping 
efficiency 

Sediment 
accumulation rate 

(mm/y) 

Waikawa Harbour Macroalgae 0.93 D 0.919 0.86 

Haldane Estuary Macroalgae 0.55 C 0.934 0.47 

Lake Brunton - closed Phytoplankton 0.67 C 0.968 0.0079 

Lake Brunton - open Macroalgae 1.00 D 0.945 0.0077 

Toetoes (Fortrose) Estuary Macroalgae 1.00 D 0.465 35.6 

Waituna Lagoon Phytoplankton 0.81 D 0.992 0.0018 

Bluff Harbour Macroalgae 0.25 B 0.982 0.0014 

New River (Oreti) Estuary Macroalgae 0.97 D 0.782 3.9 

Waimatuku Estuary Macroalgae 0.14 A 0.793 5.3 

Jacobs River Estuary Macroalgae 1.00 D 0.0015 0.62 

Waiau River Phytoplankton 0.0 A 0.989 0.75 

Te Waewae Lagoon Phytoplankton 0.51 C 0.948 1.84 
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The dilution models and sediment trapping models have not been calibrated for most estuaries. 
Improved estimates of nutrient load bands may be obtained calibrating the dilution models using 
carefully designed estuary field studies. In particular, the hydrodynamic behaviour of Te Waewae 
Lagoon is complex and currently poorly understood. Other work currently underway on the 
hydrodynamics of the lagoon will improve predictions of load band thresholds for this system. 

The sediment trapping model provides an estimate of estuary averaged sediment accumulation 
rates. Estuary sedimentation is a complex process that is both spatially and temporally variable, and 
not all the mechanisms that govern the deposition, erosion and resuspension of sediments are 
represented by the model. The predicted sediment accumulation rates do not show strong 
agreement with observed accumulation rates. This is likely due to the inability of the simple model to 
accurately represent estuarine sedimentation processes, particularly its spatial variability, but may 
also be influenced by the locations where sediment accumulation data were obtained and whether 
they are representative of the respective whole estuary. It is recommended that changes in 
predicted sediment accumulation rates are compared in a relative rather than absolute manner, for 
example, as a ratio of predicted present day/natural state accumulation rates. 
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1 Introduction 
Environment Southland require an analytical framework to support a regional objective and limit 
setting process with respect to water quality. In response, a multi-agency approach has been 
proposed to develop a suite of interconnected models that will predict nutrient (nitrogen and 
phosphorus) and fine sediment loads under catchment use scenarios, and their effects on different 
components within catchments across the Southland region. The agencies involved include 
Environment Southland, Land Water People (LWP), Manaaki Whenua Landcare Research, 
Streamlined Environmental and NIWA. NIWA’s role is to develop simplified estuary models that will 
predict the impact of nutrient and sediment loads on estuary tropic state and sedimentation rates. 

This report describes the equations and parameterisations for models for each Southland estuary 
that can be used to predict the effects of different nutrient and sediment loads on these estuaries. 
The response to nutrient loads are based on the New Zealand Estuary Trophic Index (ETI) tool 1 
approach (Zeldis, Plew et al. 2017; Plew, Zeldis et al. 2020), while the response to suspended 
sediment inputs is assessed using a sediment trapping model developed as part of a recent national 
assessment of sediment loads (Hicks, Semadeni-Davies et al. 2019). 

Eleven estuaries, coastal lakes and lagoons along the Southland coast were considered in this report. 
From East to West, these are: 

 Waikawa Harbour 

 Haldane Estuary 

 Lake Brunton 

 Toetoes (Fortrose) Estuary 

 Waituna Lagoon 

 Bluff Harbour 

 New River Estuary 

 Waimatuku Estuary 

 Jacobs River Estuary 

 Te Waiwai Lagoon 

 Waiau River Estuary 

Locations of these estuaries are shown in Figure 1-1. 



Models for evaluating impacts of nutrient and sediment loads to Southland Estuaries  9 

 

Figure 1-1: Locations of the 11 Southland estuaries considered in this study.  

With regard to nutrient response, the following steps were taken. 

1. We updated our database of Southland estuary physical characteristics that are used 
for dilution modelling using Environment Southland data. These properties include 
volume, tidal prism and intertidal area. 

2. We developed a single-compartment dilution model for each estuary following the ETI 
tool 1 approach (Zeldis, Plew et al. 2017).  

3. We applied these single-compartment models in spreadsheet form that allows the ETI 
susceptibility banding for each estuary to be calculated. This model predicts the 
macroalgal and phytoplankton response to nutrient (total nitrogen and total 
phosphorus) inputs. The models predict maximum likely chlorophyll-a concentrations 
and macroalgal Ecological Quality Rating (EQR). 

4. The above models were used to calculate nutrient loads (tonnes per year) that 
correspond to thresholds between each of the four ETI bands (band A = minimal risk of 
eutrophication, band B = low/moderate risk, band C = high risk, band D = very high 
risk). 

5. The models were used to do a ‘current state’ assessment using the best available 
estimates of present-day nutrient and sediment loads (provided by LWP). The load 
reductions required to meet each of the ETI bands were calculated. 

6. The equations and parameter settings for these models are provided in this report, 
enabling them to be applied or linked to catchment models. 
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For sedimentation, the following steps were taken. 

1. Sediment trapping efficiencies were recalculated using updated estuary properties 
obtained above. 

2. Using best estimates of present-day sediment loads from Manaaki Whenua Landcare 
Research, sediment accumulation rates were calculated for each estuary. 

3. A sensitivity analysis to input parameters was run for each estuary to determine which 
parameters are most critical. 

4. The above estimates of sediment accumulation rates were compared with available 
Environment Southland monitoring data on sediment accumulation rates.  

5. The equations and parameter settings required to apply these models are provided in 
this report, enabling them to be applied or linked to catchment models. 

The following sections of this report provide details of the nutrient response and sedimentation 
models, and results calculated using these models. 
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2 Methods  

2.1 Overview 
The physical characteristics of estuaries strongly influence their response to nutrient loads. 
Geometric and bathymetric characteristics affect how much mixing between river and ocean water 
occurs within the estuary, and whether the estuary is likely provide suitable habitat for macroalgae 
(with large shallow or intertidal areas), or more likely to be affected by phytoplankton (deeper, long 
flushing times). Similarly, the portion of sediment loads that are trapped and accumulated within an 
estuary are strongly influenced by estuary size, exchange with the ocean, wave exposure and scour in 
channels. 

The response of estuaries to both nutrients and sediments is complex. There are many physical, 
biological and geochemical processes involved, several of which are poorly understood or difficult to 
model. While a variety of tools are available to predict ecological or morphological response, such as 
complicated and detailed coupled hydrodynamic-biogeochemical or hydrodynamic/sediment 
transport modelling, the cost and time required to implement such models can be prohibitive. As an 
alternative, NIWA have developed reasonably simple semi-empirical models for predicting the 
response of estuaries to nutrients or sediments. As part of the New Zealand Estuary Trophic Index 
(ETI) tools project, a dilution modelling approach was developed that predicts potential nutrient 
concentrations1 within and flushing time of estuaries that can be related to likely expressions of 
eutrophication (Plew, Zeldis et al. 2020). This model provides a whole of estuary, steady-state 
predictor of eutrophication intended to be used primarily as a screening to prioritise further work 
but can also be used to predict nutrient bands likely to result in different levels of eutrophication. 

Similarly, NIWA developed a simple trapping efficiency model that was applied at a national scale to 
identify which estuaries are likely to have high sedimentation rates (Hicks, Semadeni-Davies et al. 
2019). While the accuracy of the trapping efficiency model is not expected to be high, it does have 
utility for assessing relative sedimentation rates across a range of estuaries, and for assessing the 
likely impact of changes in sediment loads to estuaries. 

These two models, along with a description of the input data required to set-up the models for each 
estuary, are described below. 

2.2 Eutrophication susceptibility 
Susceptibility to eutrophication was assessed using the ETI tool 1 dilution modelling approach (Plew, 
Zeldis et al. 2020). A single-compartment dilution model was created for each estuary to determine 
the potential TN and TP concentrations and flushing time. The single-compartment dilution model is 
described in detail elsewhere (Plew, Zeldis et al. 2018; Plew, Dudley et al. 2020; Plew, Zeldis et al. 
2020), but a summary is provided below. 

The estuary is modelled as a steady-state, continuously stirred container, receiving inputs from the 
freshwater sources, and exchanging water with the ocean. The tidal flow in and out of the estuary is 

 
1 Potential nutrient concentrations are the concentrations that would occur in the absence of non-conservative processes such as uptake 
by algae, denitrification, or other biogeochemical processes (Plew, Zeldis et al. 2018; Plew, Zeldis et al. 2020). Observed nutrient 
concentrations (such as measured in water quality sampling) may often be lower than potential concentrations due to these processes, 
especially during periods of high seasonal growth and nutrient depletion (Bricker et al. 2003). Potential concentration is directly linked to 
the nutrient load, and has found to be a better predictor of phytoplankton biodiversity and biomass (National Research Council 2000; 
Ferreira, Wolff et al. 2005) than observed concentrations, particularly during nutrient limited phases of the annual cycle (Bricker et al. 
2003).  
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averaged over the tidal period T, and the concentration of a tracer in the estuary is solved for the 
estuary at high tide. The mass balance for the tracer is illustrated in Figure 2-1. 

 

Figure 2-1: Mass balance diagram for the single-compartment estuary dilution model.  

 

The terms in Figure 2-1 are as follows: 

Q = freshwater inflow (m3/s). 

T = tidal period (12.42 x 3600 s). 

P = tidal prism, difference in volume between high and low tide (m3). 

N = concentration of the tracer in the estuary (mg/m3). 

C = concentration of the tracer in the freshwater inflow (mg/m3). 

C0 = concentration of the tracer in the ocean (mg/m3). 

b = tuning factor (-). 

The tuning factor b is determined using measured salinity data from the estuary, with N = S (salinity 
in the estuary), C = 0 (zero salinity in the freshwater inflow), and C0 = S0 (ocean salinity), using the 
inflow Q and tidal prism P at the time the estuary-averaged salinity was measured. 

The solution for b is: 

𝑏𝑏 =
𝑃𝑃 − 𝑄𝑄𝑄𝑄 � 𝑆𝑆0

𝑆𝑆0 − 𝑆𝑆 −
1
2�

𝑄𝑄𝑄𝑄
2 − 𝑃𝑃

 

 

The tuning factor can then be used to calculate a dilution factor for other flows or tidal prisms: 

𝐷𝐷 =
𝑃𝑃(1 − 𝑏𝑏) + 𝑄𝑄𝑄𝑄

2 (1 + 𝑏𝑏)
𝑄𝑄𝑄𝑄

 

 

The dilution factor is related to the freshwater fraction f 
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𝑓𝑓 =
1
𝐷𝐷

 

 

The concentration of the tracer (or potential nutrient concentration) is then calculated as: 

𝑁𝑁 = 𝐶𝐶𝑓𝑓 + 𝐶𝐶0(1− 𝑓𝑓) 
 

Estuary flushing time TF is defined as the time taken to replace the freshwater within the estuary:  

𝑄𝑄𝐹𝐹 =
𝑓𝑓𝑓𝑓
𝑄𝑄

 

where V is the estuary volume at high tide. 

The tuning factor b accounts for incomplete mixing and return flow (some of the water that flows out 
of the estuary on the ebb tide returns to the estuary on the flood tide). This tuning factor is likely 
unique to each estuary and can be calculated from salinity observations. As suitable salinity data are 
not available for many estuaries, Plew, Zeldis et al. (2018) made a predictor for the tuning factor as a 
function of the ratio of freshwater inflow of a tidal period to tidal prism. This predictor suggested 
that the tuning factor decreases as freshwater inflow relative to tidal prism (QT/P) increases. Using 
additional data collected from Otago and Southland estuaries (Plew and Dudley 2018a; Plew, Dudley 
et al. 2019b; Plew, Dudley et al. 2019a; Plew, Dudley et al. 2020), a revised tuning factor predictor 
has been developed in the current project. This revised predictor is used to estimate a return flow 
factor for estuaries where observational data are not available.  

 

 

Figure 2-2: Estuary tuning factor as a function of freshwater inflow and tidal prism.   Original figure from 
Plew, Zeldis et al. (2018) updated with recent data from Otago and Southland estuaries. 

Calculations of potential nutrient concentrations for determining eutrophication susceptibility use 
tidal prism at spring tide and mean flow (Plew, Zeldis et al. 2020). Salinity observations used to derive 
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tuning factors (for those estuaries where data are available) are seldom collected under these 
conditions. As noted above, unpublished observational data suggests that within an estuary, the 
tuning factor is sensitive to changes in freshwater inflow and tidal prism, decreasing with increasing 
QT/P. While the form of the relationship between QT/P and b for individual estuaries is not known, 
we assume that it follows a similar exponential relationship to that shown in Figure 2-2. For estuaries 
with return-flow factors calculated from salinities, we calculate a reference return flow factor at zero 
inflow: 

𝑏𝑏0 = 𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒
1.913𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑇𝑇𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜  

which is then used to calculate the return flow factor at different inflows or tidal prisms 

𝑏𝑏 = 𝑏𝑏0𝑒𝑒
−1.913𝑄𝑄𝑇𝑇𝑃𝑃  

For estuaries where the reference return flow factor has not been determined, the default value is 
0.952 (Figure 2-2). 

2.2.1 Macroalgal susceptibility 
Susceptibility to macroalgal blooms is determined from potential TN concentrations calculated at 
mean flow, spring tide, using annual TN loads (Plew, Dudley et al. 2020). Plew, Dudley et al. (2020) 
fitted regressions between observed macroalgal ecological quality ratio (EQR) and predicted 
potential TN and nitrate (NO3) (Figure 2-3), and used these to derive bands for potential TN or NO3 
concentration that relate to macroalgal susceptibility bands A-D, where A is low susceptibility and D 
is very high susceptibility. Macroalgae EQR is a combined metric based on both biomass and spatial 
measures, and has been adapted from the Opportunistic Macroalgal Blooming Tool (OMBT) 
developed by the European Water Framework Directive (Water Framework Directive - United 
Kingdom Advisory Group 2014). EQR is calculated from observations of % cover of available intertidal 
habitat, affected area with > 5% macroalgae cover, average biomass (wet-weight), and % cover with 
algae > 3 cm deep ratio (Robertson, Stevens et al. 2016). Biomass thresholds in the OMBT were 
lowered for use in New Zealand based on unpublished data from > 25 shallow well-flushed intertidal 
New Zealand estuaries and the results from similar estuaries in California (Plew, Zeldis et al. 2020). 
For this project, we use the regression equation (Figure 2-3a) to predict EQR as a function of 
potential TN. 
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Figure 2-3: Observations of macroalgae Ecological Quality Ratio (EQR) plotted against (a) potential total 
nitrogen (TN) and (b) potential NO3 concentrations for 21 New Zealand estuaries.   From Plew, Zeldis et al. 
(2020). 

Macroalgae growth is limited by low salinity. In the ETI tool 1 approach, macroalgal blooms are 
considered to not occur if the salinity is < 5 (Plew, Zeldis et al. 2020). However, this hard threshold 
may underpredict macroalgal response in some low salinity systems. For this project, we modify the 
prediction of macroalgae EQR such that EQR scales between 1.0 and the EQR predicted by regression 
for salinities between 1 and 5 ppt.  

𝐸𝐸𝑄𝑄𝐸𝐸 =
(𝐸𝐸𝑄𝑄𝐸𝐸𝑜𝑜 − 1)

5
(𝑆𝑆) + 1 

The macroalgal susceptibility bandings, along with corresponding EQR ranges, potential TN 
concentrations and descriptors of expected ecological state are provided in Table 2-1. 
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Table 2-1: Macroalgal bands with corresponding EQR ratings, potential (TN) ranges, and a description of 
expected ecological state for each band.   Potential TN concentrations are based on annual loads and annual 
mean flows. Descriptions of expected ecological states are adapted from Robertson, Stevens et al. (2016). 

Macroalgae 
susceptibility 

band 

A B C D 

Eutrophication 
level 

Minimal Moderate High Very high 

Ecological 
Quality Rating 

1.0 > EQR ≥ 0.8 0.8 > EQR ≥ 0.6 0.6 > EQR ≥ 0.4 EQR < 0.4 

Equivalent ETI 
score 

0 – 0.25 0.25 – 0.50 0.50 – 0.75 0.75 – 1.0 

Potential TN 
concentration 

(mg m-3) 

TN ≤ 80 80 < TN ≤ 200 200 < TN ≤ 320 TN > 320 

Expected 
ecological 

state 

Ecological 
communities (e.g., 
bird, fish, seagrass, 

and 
macroinvertebrates) 

are healthy and 
resilient. Algal cover 

<5% and low biomass 
of opportunistic 

macroalgal blooms 
and with no growth of 
algae in the underlying 

sediment. Sediment 
quality high 

Ecological communities 
(e.g., bird, fish, 
seagrass, and 

macroinvertebrates) 
are slightly impacted by 
additional macroalgal 
growth arising from 

nutrients levels that are 
elevated. Limited 

macroalgal cover (5–
20%) and low biomass 

of opportunistic 
macroalgal blooms and 
with no growth of algae 

in the underlying 
sediment. Sediment 
quality transitional 

Ecological 
communities (e.g., 
bird, fish, seagrass, 

and 
macroinvertebrates) 

are moderately to 
strongly impacted by 

macroalgae. 
Persistent, high % 

macroalgal cover (25–
50%) and/or biomass, 

often with 
entrainment in 

sediment. Sediment 
quality degraded 

Ecological communities 
(e.g., bird, fish, 
seagrass, and 

macroinvertebrates) 
are strongly impacted 

by macroalgae. 
Persistent very high % 

macroalgal cover 
(>75%) and/or 
biomass, with 

entrainment in 
sediment. Sediment 

quality degraded with 
sulphidic conditions 
near the sediment 

surface 

 

2.2.2 Phytoplankton susceptibility 
Phytoplankton susceptibility is calculated using an analytical growth model that predicts the likely 
maximum chlorophyll-a concentration as a function of potential TN and TP concentrations and 
flushing time (Plew, Zeldis et al. 2020). This analytical model is derived in the same manner as the 
dilution model described above, but with additional terms for phytoplankton and nutrient 
concentrations, growth of phytoplankton, and uptake of nutrients (Plew, Zeldis et al. 2020). 
Phytoplankton blooms are more common during summer months when water temperatures are 
higher, day length is longer (hence more light), and inflows are generally lower resulting in longer 
flushing times. For this reason, summer inflows are used when calculating potential nutrient 
concentrations and flushing times. Summer flows are estimated by scaling the annual mean flow by 
the February seasonality factor (the ratio of February mean flow to annual mean flow) (Booker and 
Woods 2014), available from NZRiverMaps (Booker and Whitehead 2017). The TN and TP 
concentrations of the freshwater inflows are calculated from annual load and mean flow, and do not 
incorporate any seasonality in riverine nutrient concentrations. 
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The predicted chlorophyll-a concentrations represent the upper limit (maximum) of phytoplankton 
biomass expected to be obtained in the estuary under ideal conditions. Susceptibility bandings 
applied to these predictions are based on thresholds developed for the 90th percentile of monthly 
observations. For euhaline (salinity > 30) and meso/polyhaline estuaries (5 ≤ salinity < 30), 
Environment Southland use thresholds derived by Revilla, Franco et al. (2010) for estuaries in 
Basque2 (due to a lack of NZ specific data), while the New Zealand National Policy Statement for 
Freshwater Management (Ministry for the Environment 2018) bands are used for coastal lakes and 
brackish estuaries (salinity < 5). 

Revilla, Franco et al. (2010) provide five class boundaries; the two highest concentration bands are 
combined in the ETI and this project to obtain four bands (Table 2-2). 

Table 2-2: Bandings for chlorophyll-a concentrations (µg/l) predicted using the phytoplankton 
susceptibility model.   Bandings differ depending on estuary salinity. The upper bound values are used to 
assign an equivalent ETI score of 1.0, indicating a highly eutrophic state. 

ETI Band Class 
boundaries 

Equivalent 
ETI score 

Euhaline 
(>30 ppt) 

Meso/Polyhaline 
(≥5-30 ppt) 

Oligohaline/coastal 
lake 

(<5 ppt) 

A  High 0-0.25 ≤4 µg/l ≤8 µg/l ≤10 µg/l 

B Good 0.25-0.50 >4 and ≤8 µg/l >8 and ≤12 µg/l >10 and ≤25 µg/l 

C Moderate 0.50-0.75 >8 and ≤12 µg/l >12 and ≤16 µg/l >25 and ≤60 µg/l 

D Poor + bad 0.75-1.0 >12 µg/l >16 µg/l >60 µg/l 

Upper bound  1.0 20 µg/l 48 µg/l 120 µg/l 

2.2.3 Conversion to equivalent ETI scores 
To allow a comparison between phytoplankton and macroalgal indicators, and also to provide a 
predictor of the overall ecological state of an estuary, an equivalent ETI score is calculated for each of 
the primary indicators. This conversion also normalises for chlorophyll-a bandings that differ on the 
basis of salinity (Table 2-2). Note that an actual ETI score (Robertson, Stevens et al. 2016; Zeldis, 
Whitehead et al. 2017) is based on observed primary indicators (macroalgae or phytoplankton) and 
secondary indicators (e.g., oxygen, redox potential depth, macrobenthos condition); however, here 
we predict only the primary indicators. The equivalent ETI scores are calculated for macroalgal EQR 
and phytoplankton chlorophyll-a concentrations following conversions described in the ETI tool 2 
methodology (Robertson, Stevens et al. 2016).  

Macroalgal EQR is converted to an equivalent ETI score (ETIM) by linear interpolation. Ignoring other 
indicators, an EQR of 1.0 equates to an ETI score of 0, and EQR of 0.2 to an ETI score of 1.0. The 
conversion is 

𝐸𝐸𝑄𝑄𝐸𝐸𝑀𝑀 =
(1 − 𝐸𝐸𝑄𝑄𝐸𝐸)

0.8
 

with a maximum of ETIM = 1.0. 

 
2 The ETI has slightly different (higher) thresholds between euhaline A/B and meso/polyhaline A/B and B/C bands, but the C/D threshold 
which define ‘national bottom lines’ are the same. 
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In recent studies in Otago and Southland estuaries, we have found that our macroalgal predictor 
tends to over-predict EQR in river-type estuaries where high velocities causing detachment or scour 
may be restricting macroalgal biomass. Yet, in these same estuaries, the observed ETI score 
(incorporating secondary indicators such as sediment chemistry and oxygenation) often shows good 
agreement to the equivalent ETI score based on macroalgae. In some cases, this may be due to 
microphytobenthos which likely respond to nutrients in a similar manner to macroalgae, causing 
similar degradation in sediment chemistry (see for example the Tokomiririo, Kaikorai and Shag River 
estuaries in Figure 2-4). Toetoes (Fortrose) Estuary is an outlier in that both its EQR score and ETI 
score are better than expected for the potential TN concentration. 
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Figure 2-4: Observed EQR vs potential TN, and observed ETI score vs potential TN.   Black symbols show 
data included in the development of the ETI bands for TN, and orange symbols show more recent data 
collected from other estuaries. In most cases, the observed ETI score lies closer to the regression line than the 
EQR score. 

Predicted chlorophyll-a concentrations are converted to an equivalent ETI score (ETIP) by linear 
interpolation between threshold values that bracket that concentration  
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𝐸𝐸𝑄𝑄𝐸𝐸𝑃𝑃 = 𝐸𝐸𝑄𝑄𝐸𝐸𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙 + �𝐸𝐸𝑄𝑄𝐸𝐸𝑢𝑢𝑢𝑢𝑢𝑢𝑙𝑙𝑙𝑙 − 𝐸𝐸𝑄𝑄𝐸𝐸𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙�
𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙

𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑙𝑙𝑙𝑙 − 𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙
 

where  

 CHL = predicted chlorophyll-a concentration 

 CHLupper = chlorophyll-a band upper limit 

CHLlower = chlorophyll-a band lower limit 

ETIupper = ETI score corresponding to the band upper limit 

ETIlower = ETI score corresponding to the band lower limit 

For example, a predicted chlorophyll-a concentration of 10 µg/l in an euhaline estuary would give an 
equivalent phytoplankton ETIP score of:  

ETIP = 0.25 + (0.5-0.25) × (10-8)/(12-8) = 0.375 

where predicted chlorophyll-a values exceed the C/D threshold, the linear interpolation uses an 
upper bound concentration, which for euhaline and meso/polyhaline estuaries have been defined by 
making the Poor/Bad class boundaries of Revilla, Franco et al. (2010) the mid-point between the C/D 
chlorophyll-a threshold and the upper bound. For oligohaline estuaries/coastal lakes, the upper 
bound is set at twice the C/D threshold. If predicted concentrations exceed the upper bound, then an 
ETIP score of 1.0 is assigned. This selection of upper bounds only affects the prediction of an ETIP 
score at higher chlorophyll-a concentrations and does not impact the main goal of this study, which 
is to determine the catchment nutrient loads that correspond to each ETI band. 

2.2.4 Overall susceptibility 
The ETI tool 1 determines the overall eutrophication susceptibility of an estuary using either the 
macroalgal or phytoplankton susceptibility, depending on the type of estuary. 

 Estuaries with large intertidal areas (>40% intertidal) are most susceptible to 
macroalgal blooms. Their extensive intertidal and shallow areas provide surfaces 
where macroalgae can grow and accumulate. While larger systems may have long 
enough flushing times to allow phytoplankton to grow, secondary indicators of 
phytoplankton blooms such as low water column oxygen levels are not common 
because, being shallow, they are generally vertically well-mixed. 

 Estuaries with low intertidal area (<5%) tend to have little area available where 
macroalgae can become established and impacts of excessive macroalgal growth are 
confined to small areas. Phytoplankton blooms are of more concern in these systems 
which are generally sub-tidal or deep and include coastal lakes. 

 Estuaries with intermediate (5%-40%) may be suspectable to either or both of 
macroalgal and phytoplankton blooms. For these estuaries, the higher (worst) of the 
macroalgal or phytoplankton indicators is used. 

The overall predicted ETI score is selected from the equivalent ETI scores for macroalgae and 
phytoplankton as appropriate for each estuary, as described above. 
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Note that the ETI susceptibility tools do not make predictions of macrophyte abundance. 
Macrophytes can be the dominant primary producer in freshwater/brackish systems such as coastal 
lakes and some riverine estuaries. Macrophytes can grow well in comparatively low nutrient 
environments. However, under high nutrient loads, high phytoplankton concentrations can shade 
macrophytes, leading to a system ‘flipping’ from macrophyte to phytoplankton dominance. The ETI 
tools also do not consider benthic microalgae, which can be dominant in tidal estuaries, particularly 
those with strong currents that scour or detach macroalgae. The response of benthic microalgae to 
nutrients is likely similar to that of macroalgae, and there is some evidence that the ETI potential TN 
concentrations developed for macroalgae are also relevant for effects of microalgae (Plew and 
Dudley 2018b; Plew, Dudley et al. 2020; Zeldis, Depree et al. 2020). 

2.3 Sedimentation model 
The accumulation rate of fine sediment in estuaries is estimated using a simple, zero-dimensional 
sediment mass balance model (Hicks, Semadeni-Davies et al. 2019). The model balances the influx of 
sediment from rivers, deposition in the estuary, resuspension by waves, and entrainment by currents 
with export through the mouth to the ocean (Figure 2-5).  

 

Figure 2-5: Conceptual diagram of an estuary showing the terms in the sediment mass balance model.   
Sediment is supplied via riverine input and exported to the sea through the mouth. A fraction deposits within 
the estuary. Resuspension by waves occurs on intertidal areas, and re-entrainment by currents occurs in tidal 
channels. 

The sediment mass balance model is described by the following equation: 

𝑆𝑆𝑜𝑜𝑢𝑢𝑜𝑜 = 𝑆𝑆𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑙𝑙 + 𝐸𝐸𝑐𝑐 − 𝐷𝐷 
where 

 Sin
 = sediment influx from the catchment (kg/s) 

 Sout
 = sediment export to the ocean (kg/s) 

 Ew = resuspension of sediment by waves (kg/s) 

 Ec = re-entrainment by currents (kg/s) 

 D = settling of sediment in the estuary (kg/s). 
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Sediment trapping efficiency can be calculated as the fraction of incoming sediment that is retained 
within the estuary: 

𝜂𝜂 =
𝑆𝑆𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑜𝑜𝑢𝑢𝑜𝑜

𝑆𝑆𝑖𝑖𝑖𝑖
 

While all the terms in the sediment budget are time-varying, they occur over different timescales 
that are not necessarily coupled. For example, sediment influx is related to river inflow, re-
entrainment is determined by both river inflow and tidal flow, and resuspension by waves is driven 
by wind. Data are not available for all estuaries in a manner that would allow true daily sediment 
budgets to be calculated. Instead, sediment influxes, settling, re-entrainment by currents, and export 
are calculated over a range of inflows from a modelled daily flow duration curve, while wave 
resuspension is applied by determining the time-averaged area of the estuary where wave bed shear 
stresses exceed critical shear stresses for resuspension and reduce the area over which deposition 
can occur accordingly. A sediment rating curve was developed from the flow duration curve to 
account for higher sediment inflow concentrations during high flows. River and sediment inputs are 
treated as quasi-steady for each point on the flow duration curve, with tides superimposed to 
calculate re-entrainment.  

The net rate of sediment accumulation in the estuary is calculated as the difference between the 
sediment input and export, i.e., Sin – Sout. This is averaged over all inflows to obtain the net average 
deposition rate (t/y). To convert this to an accumulation rate (mm/y), the net deposition is divided by 
estuary area and deposited sediment bulk density (ρb = 1500 kg/m3).  

Using the calculated sediment trapping efficiency, the accumulation rate Δ (mm/y) can be calculated 
as a function of annual sediment load Sannual (t/y) as 

∆= 𝜂𝜂
𝑆𝑆𝑎𝑎𝑖𝑖𝑖𝑖𝑢𝑢𝑎𝑎𝑙𝑙
𝜌𝜌𝑜𝑜𝐴𝐴

× 106 

Calculation of each term in the sediment budget is detailed in Appendix A. 

2.4 Model input data 
The following input data are required for the nutrient response model: 

 Estuary volume at spring high tide 

 Tidal prism (at spring tide) 

 Estuary area at spring high tide 

 Intertidal area (% of total area) 

 Mean annual inflow 

 February flow seasonality (the ratio of mean February flow to mean annual flow) 

 Annual total nitrogen (TN) load 

 Annual total phosphorus (TP) load 

 Oceanic DIN and DRP concentrations. 
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The sediment model requires the following additional parameters: 

 Flow duration curve 

 Estuary mean depth 

 Thalweg length 

 Fetch along the N-S, NE-SW, E-W and SE-NW directions 

 Wind data from a nearby wind station (as wind speed and direction frequency 
distributions 

 Annual fine sediment loads. 

Many of these properties (volume, tidal prism, area, fetch) are obtained from Coastal Explorer and 
the New Zealand Estuary Classification (Hume and Herdendorf 1988; Hume, Snelder et al. 2007; 
Hume, Gerbeaux et al. 2016). Where available, these data were updated with data provided by 
Environment Southland or collated from other reports (New River Estuary, Toetoes Estuary, Te 
Waewae Lagoon). 

Lake Brunton periodically opens to the sea. For this estuary, we provide predictions for both the 
open and closed state. Coastal Explorer only provides data for the closed state, so tidal prism for the 
open state was approximated as 2/3rd of the estuary volume. The intertidal area in the open state is 
estimated as 60%. 

No data existed for Waimatuku Estuary, so surface area was estimated from Google Earth images, 
and volume and tidal prism estimated by Salt Ecology (Leigh Stevens, pers. comm., 26/5/2020).  

A summary of key estuary physical characteristics used for the eutrophication modelling is given in 
Table 2-3. 

Oceanic nutrient concentrations were obtained from the CARS2009 climatology (CSIRO 2011), using 
annual averaged surface values of 70 mg/m3 N and 15 mg/m3 P. 

Modelled estimates of present day riverine nutrient loads were provided by LWP (Ton Snelder, pers. 
comm., 16/6/2020), and annual fine sediment loads by Manaaki Whenua Landcare Research using 
SedNET (Andrew Newman, pers. comm., 22 Jun 2020). As a check, the LWP nutrient loads were 
plotted against nutrient loads obtained using the CLUES model (Elliott, Semadeni-Davies et al. 2016; 
Semadeni-Davies, Jones-Todd et al. 2020) run using a land cover layer derived from a 2016 property 
land cover layer provided by Environment Southland for recent work in Southland (Plew, Dudley et 
al. 2020). The two modelling approaches show reasonably good agreement for both TN and TP across 
most estuaries (Figure 2-6). The largest difference between the two models for TN is for the Te 
Waewae Lagoon, with CLUES TN loads more than an order of magnitude greater.  

CLUES generally predicts higher phosphorus loads than the LWP model. The biggest differences in TP 
loads are seen for the Te Waewae Lagoon and Waituna Lagoon. Phosphorus loads can be important 
in estuaries prone to phytoplankton blooms such as coastal lakes, as phosphorus can often be the 
limiting nutrient for phytoplankton but seldom is for macroalgae (Plew, Zeldis et al. 2020). 

CLUES was calibrated to a national dataset, whereas the LWP model was calibrated regionally for 
Southland. The nationally calibrated CLUES model may be biased at the regional scale. A comparison 
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of the CLUES model to data in the Matuara River showed that CLUES underpredicted TN by ~20%, but 
over predicted TP by ~130% (i.e., CLUES TP load was 2.3 × observed) (Plew, Dudley et al. 2020). This 
difference in calibration datasets may contribute to the divergence in predicted nutrient loads. 

 

Figure 2-6: Comparison of annual TN and TP loads predicted provided by LWP with CLUES outputs.   CLUES 
loads are based on a 2016 property land cover layer provided by Environment Southland. Current loads were 
calculated by LWP. The dashed black lines shows a 1:1 slope – points that lie close to this line show good 
agreement, and the red dotted lines show a fitted regression. 

Annual fine sediment loads from SEDNET were compared with the Sediment Load Estimator (SLE) 
results from Hicks, Semadeni-Davies et al. (2019) (Figure 2-7). The SLE generally predicts higher 
sediment loads than SEDNET below about 65,000 t/y, other than for the Waimatuku Estuary. Above 
65,000 t/y, SLE loads are mostly lower than SEDNET, other than for the Waiau River. There can be 
more than an order of magnitude difference between the two sediment load estimates, indicating 
the difficulty and uncertainty in modelling fine sediment loads. 
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Figure 2-7: Comparison of annual fine sediment loads from SEDNET and the Sediment Load Estimator. The 
dashed black line shows a 1:1 slope – points that lie close to this line show good agreement, and the red dotted 
line show a fitted regression. Data not avaiable for all estuaries. 
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Table 2-3: Key estuary properties used for eutrophication susceptibility calculations.   Volumes, tidal prisms and areas are at spring high tide. Data were obtained from Coastal 
Explorer unless otherwise stated. Reference tuning factors from obtained from other studies are used when available, otherwise the default value of 0.956 (in italics) is used. 

Estuary name Estuary 
ID 

ETI type NZCHS 
code 

NZCHS type Tidal prism  
(m3) 

Volume 
(m3) 

Area 
(m2) 

Intertidal 
area 
(%) 

Reference 
tuning factor 

Mean flow 
(m3/s) 

Feb 
seasonality 

Data source 

Waikawa Harbour 1070 SIDE 7A Tidal lagoon (permanently 
open) 

7,574,506 9,835,149 6,422,282 82 0.956 5.8 0.559  

Haldane Estuary 1071 SIDE 7A Tidal lagoon (permanently 
open) 

2,064,020 2,337,221 1886,750 93 0.956 1.70 0.576  

Lake Brunton 1072 Coastal 
lake 

7B Tidal lagoon (intermittently 
open) 

0 / 172,300 258,506 258,532 0.01 / 60 0.956 0.30 0.576 Tidal prism for the open 
state estimate as 2/3 of 
volume, and 60% 
intertidal 

Toetoes (Fortrose) 
Estuary 

1073 SSRTRE 7A Tidal lagoon (permanently 
open) 

6,059,260 7,531,400 4,277,900 68 0.739 97.4 0.455 (Plew, Dudley et al. 
2020) 

Waituna Lagoon 1074 Coastal 
lake 

2A Waituna-type lagoon (coastal 
plain depression) 

0 12,588,503 13,590,093 7.4 0.956 2.9 0.533  

Bluff Harbour 1075 SIDE 8 Shallow drowned valley 89,628,434 121,988,796 54,580,551 52 0.956 0.90 0.543  

New River (Oreti) 
Estuary 

1076 SIDE 8 Shallow drowned valley 73,102,315 102,935,087 39,823,925 42 0.912 65.1 0.543 (Measures 2016; Plew 
2017; Plew, Zeldis et al. 
2018) 

Jacobs River 
Estuary 

1077 SIDE 7A Tidal lagoon (permanently 
open) 

10,151,391 14,697,352 6,697,056 66 0.956 29.3 0.549  

Waiau River 1078 SSRTRE 3B Hapua-type lagoon (medium) 1,092,669 1,839,804 758,127 1.45 0.956 140.56 0.813 Flows from Waiau at 
Tuatapere, 2010-2019 

Waimatuku 
Estuary 

20003 SSRTRE 6D Tidal river mouth 
(intermittent with ribbon 
lagoon) 

52,437 87,654 162,092 48 0.956 2.27 0.484 Salt Ecology 

Te Waewae 
Lagoon 

20014 Coastal 
lake 

2A? Waituna-type lagoon? 190,800 641,629 369,000 13 0.956 0.649 0.52 Environment Southland 

 

 
3 Waimatuku Estuary is not in the Coastal Explorer database, so a temporary estuary ID number has been assigned for this project. 
4 Te Waewae Lagoon is not in the Coastal Explorer database, so a temporary estuary ID number has been assigned for this project. 
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3 Eutrophication susceptibility results 

3.1 Current eutrophication susceptibility 
Present-day loads provided by LWP (Ton Snelder, pers. comm., 16/6/2020) are used to calculate 
potential TN and TP concentrations within each estuary, using the dilution models. Potential TN and 
salinity calculated from mean flow are used for determining macroalgal susceptibility and potential 
TN and TP, flushing time and salinity calculated using summer flow are used for determining 
phytoplankton susceptibility (Table 3-1). 

Waimatuku Estuary, Waituna Lagoon and Lake Brunton all have very high potential TN 
concentrations. However, their low salinities are likely to supress macroalgae growth. Estuaries with 
flushing times in excess of ~3.4 days may support phytoplankton growth. This minimum flushing time 
increases at low nutrient concentrations but is indicative. Waituna Lagoon has the longest flushing 
time (94 days). Other systems with long flushing times (>10 days) are Lake Brunton and Bluff 
Harbour. The Waiau River, Toetoes Estuary, and Waimatuku Estuary have very short flushing times 
that will not support phytoplankton. 

Jacobs River Estuary has a flushing time of 3.3 days, just below the minimum flushing time required 
by the model for phytoplankton blooms to occur. 

For most estuaries, summer potential nutrient concentrations are lower than the annual average 
because of reduced river flow and greater dilution. However, those systems with zero salinity have 
no dilution by sea water and because no allowance was made for changes in river nutrient 
concentrations during summer, the concentration in the estuary remains the same as if calculated 
using annual mean river flow.  



 

28 Models for evaluating impacts of nutrient and sediment loads to Southland Estuaries 

Table 3-1: Annual nutrient loads, and outputs from the dilution model for each estuary.   Potential TN and 
salinity from the annual TN loads and mean flows are used for macroalgae calculations. Summer potential TN 
and TP, salinity and flushing time calculated from summer flows are used for phytoplankton calculations (see 
Table 3-2). 

Estuary TN load 
(t/y) 

TP load 
(t/y) 

Potential 
TN 

(mg/m3) 

Salinity 
(ppt) 

Potential TN 
summer 
(mg/m3) 

Potential TP 
summer 
(mg/m3) 

Salinity 
summer 

(ppt) 

Flushing time 
summer 

(days) 

Waikawa Harbour 254.7 12.6 400 26.6 332 26 28.5 6.9 

Haldane Estuary 35.3 2.45 221 26.4 192 21 28.1 5.7 

Lake Brunton - closed 15.2 0.56 1604 0 1604 60 0 17.3 

Lake Brunton – open 15.2 0.56 553 24.3 488 27 25.8 4.7 

Toetoes (Fortrose) 
Estuary 

4339 157 849 14.9 597 29 24.6 0.8 

Waituna Lagoon 223 8.18 2434 0 2434 90 0 94 

Bluff Harbour 33.5 1.41 81 35.1 76 15 35.3 15.8 

New River (Oreti) 
Estuary 

3580 107 418 28.1 266 19 31.3 5.7 

Waimatuku Estuary 290 6.34 3982 0.56 2761 65 11.5 0.6 

Jacobs River Estuary 1206 39.5 505 23.0 450 24 24.6 3.3 

Waiau River 1495 78.9 337 0 337 18 0 0.2 

Te Waewae Lagoon 39.6 1.30 919 0.4 840 32 0.4 7.0 

 

Table 3-2 gives the predicted macroalgal and phytoplankton states in each estuary under current 
nutrient loads. This table also identifies which primary indicator (macroalgae or phytoplankton) likely 
determines the overall ETI score. Macroalgae is the determining indicator for seven of the estuaries. 
Phytoplankton is the determining indicator for the three coastal lakes, as well as the Waiau River 
(due to its small intertidal area). 

Macroalgae susceptibility is reported as predicted EQR and equivalent macroalgae ETI score (ETIm). 
The lowest possible (worst condition) EQR scores (0.0) are predicted for Toetoes Estuary and Jacobs 
River Estuary. New River Estuary and Waikawa Harbour also have poor EQR scored of 0.23 and 0.25 
respectively. These four estuaries have a predicted present-day ETI band of D. 

Haldane Estuary is also classified as macroalgae dominated, and has a predicted EQR of 0.56, 
equating to an ETI score of 0.55, slightly above the B/C band threshold. Bluff Harbour has a predicted 
EQR of 0.80, ETI of 0.25, placing this estuary at the lower end of the B band, just above the A/B band 
threshold.  

Lake Brunton, in its closed state, is expected to be susceptible to phytoplankton. The high predicted 
maximum chlorophyll-a concentrations place this system in a C band. However, when the lake is 
open, under the assumed tidal prism and intertidal area, it would have a very high susceptibility to 
macroalgae, resulting in a D band. Macroalgae would take some time to become established, and if 
the lake closes, low salinity would likely suppress macroalgae growth. It is not likely that nuisance or 
widespread macroalgae blooms occur unless the mouth were to be open semi-permanently. The 
chlorophyll-a bands for meso/polyhaline estuaries have been applied to the open state, while the 
higher chlorophyll-a bands for freshwater/brackish lakes are applied for the closed state. 
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Although the Waimatuku Estuary has a very high potential TN concentration, its low salinity is 
expected to supress macroalgal growth, resulting in a predicted A band. However, field studies have 
reported that nuisance macroalgae are present in this estuary, particularly on intertidal and subtidal 
flats in the lower estuary (Stevens and Robertson 2012). Salinity measurements indicate that this 
estuary can be stratified, with elevated salinity in bottom waters. These behaviours are not captured 
in the current model. It is likely that better model performance could be obtained by tuning the 
model for this estuary using field-surveys of salinity throughout the estuary. The model also predicts 
that when closed to the sea Waimatuku Estuary may become susceptible to phytoplankton blooms if 
the inflow drops to ~ 0.3 m3/s, when a maximum chlorophyll-a concentration of 67 µg/l is predicted 
(phosphorus limited), which would give an ETI score of 0.78. At higher flows, the flushing time is too 
short to sustain phytoplankton blooms, and the predicted ETI score is 0. Previous monitoring work 
does not mention if elevated phytoplankton concentrations have been observed (Stevens and 
Robertson 2010; Stevens and Robertson 2011; Stevens and Robertson 2012). 

The Waiau River has very small intertidal area (1.4%) and is predicted to be freshwater at flows > 49 
m3/s. Under such conditions, macroalgae are not expected to grow. The minimum flushing time to 
sustain phytoplankton growth in this estuary is 4.1 days, requiring a flow < 1.6 m3/s. According to the 
ETI dilution model approach, the Waiau River estuary is unlikely to display eutrophic symptoms 
under any probable flow or nutrient load condition. 

The Te Waewae Lagoon is influenced by nutrient concentrations in the Waiau River, as well as by 
loads from local streams. Waiau River nutrient concentrations of 337 mg/m3 TN and 18 mg/m3 TP 
have been used here, based on Waiau River annual loads and mean flow. Under current nutrient 
loads, the model predicts that Te Waewae Lagoon has a moderately high susceptibility to 
phytoplankton blooms, with a predicted ETI score of 0.51, just above the B/C threshold. 
Phytoplankton growth is likely to be phosphorus limited. 
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Table 3-2: Current nutrient loads and predicted eutrophication state for each estuary.   Macroalgal 
Ecological Quality Ratio and equivalent macroalgal Estuary Trophic Index score (ETIm) are calculated for all 
estuaries even where there is little or no suitable habitat. Similarly, phytoplankton concentration as 
chlorophyll-a (CHL-a) and equivalent phytoplankton ETI score (ETIp) are predicted for all systems. The limiting 
nutrient applies only to phytoplankton, and Flushing time indicates that flushing time is too short for 
phytoplankton blooms to become widespread. The determining primary indicator and overall ETI score are 
chosen based on % intertidal area. Annual TN and TP loads provided by LWP (16/6/2020). 

Estuary Macroalgae Phytoplankon Determining 
primary 

indicator 

Overall 
ETI 

score 

ETI band 

 EQR ETIm CHL-a ETIP Limiting 
nutrient 

   

Waikawa Harbour 0.26 0.93 21.1 0.79 P Macroalgae 0.93 D 

Haldane Estuary 0.56 0.55 16.3 0.75 N Macroalgae 0.55 C 

Lake Brunton - closed 1.00 0.00 49.2 0.67 P Phytoplankton 0.67 C 

Lake Brunton - open 0.00 1.00 22.2 0.80 P Macroalgae 1.00 D 

Toetoes (Fortrose) Estuary 0.00 1.00 0.0 0.00 Flushing time Macroalgae 1.00 D 

Waituna Lagoon 1.00 0.00 73.7 0.81 P Phytoplankton 0.81 D 

Bluff Harbour 0.80 0.25 7.6 0.47 N Macroalgae 0.25 B 

New River (Oreti) Estuary 0.23 0.97 15.8 0.9 P Macroalgae 0.97 D 

Waimatuku Estuary 0.89 0.14 0.0 0.0 Flushing time Macroalgae 0.14 A 

Jacobs River Estuary 0.0 1.00 0.0 0.0 Flushing time Macroalgae 1.00 D 

Waiau River 1.0 0.0 0.0 0.0 Flushing time Phytoplankton 0.0 A 

Te Waewae Lagoon 0.93 0.09 26.2 0.51 P Phytoplankton 0.51 C 

3.2 Nutrient load bands 
For each estuary, the models were run across a range of annual TN and TP loads and the resulting 
EQR and chlorophyll-a concentrations calculated. By this process, nutrient loads corresponding to 
band thresholds can be extracted. An example of the output is shown for Haldane Estuary in Figure 
3-1. EQR decreases linearly with increasing TN load. Chlorophyll-a is determined by both TN and TP 
loads. Either of these nutrients can be limiting. The dashed blue line in Figure 3-1b shows where N 
and P are in equal supply. To the right of the dashed line, phosphorus is limiting and further increases 
in N load have no effect on chlorophyll-a concentrations. Nitrogen is limiting to the left of this line, 
and further increases in P have no effect. For the Haldane Estuary, it is not possible to obtain an A 
banding for chlorophyll-a (<8 µg/l) by only reducing phosphorus loads because of the supply of P 
from the ocean. Instead, N-loads would need to be reduced below 16.5 t/y. The B band (<12 µg/l) 
could be obtained by reducing either N-loads below 25.6 t/y or P-loads below 0.73 t/y. 
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Figure 3-1: Example of the (a) Macroalgal EQR response to annual TN load and (b) phytoplankton 
concentrations in response to annual TN and TP loads in Haldane Estuary.   Dashed lines in (a) show EQR band 
thresholds. Contour lines in (b) are plotted at band thresholds for chlorophyll-a. 

Similar plots are presented for other estuaries in Appendix B.  

Te Waewae Lagoon is treated differently because nutrient concentrations in the lagoon are 
determined by nutrient loads in the local streams as well as in the Waiau River. Figure 3-2 shows the 
phytoplankton concentrations in Te Waewae Lagoon as functions of nutrient loads in the Waiau River 
and local streams, assuming annual mean flows of 140.6 m3/s in the Waiau River and 0.65 m3/s 
combined inflow from local streams with February seasonality factor of 0.52 for the local streams. 
Contour lines are plotted at the chlorophyll-a band thresholds, with current loads indicated by 
crosses. Plots show the response for each nutrient (TN and TP), assuming that the other nutrient is 
not limiting. The lower of the phytoplankton concentrations from the two plots should be used to 
determine the predicted state of the lagoon. For example, while current TN loads would imply a D 
band (Figure 3-2a), the TP loads result in a lower band of C (Figure 3-2b), indicating that phosphorus 
is the limiting nutrient, and the resulting band is C. 

As the nutrient load from one source increases, then the load from the other source must decrease 
to remain in the same band. 
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Figure 3-2: Predicted chlorophyll-a concentrations (µg/l) in the Te Waewae Lagoon as a function of (a) 
total nitrogen and (b) total phosphorus loads in the Waiau River and from local streams that discharge 
directly to the lagoon.   The contour lines show the thresholds between bands for A/B (10 µg/l), B/C (25 µg/l) 
and C/D (µg/l). The black crosses show present day loads. Calculations assume that only the nutrient load 
shown in each plot is limiting. The resulting chlorophyll-a concentration is the lower of the values predicted 
using either TN or TP. 

Nutrient load thresholds corresponding to thresholds between bands of A/B, B/C and C/D are 
provided for both macroalgae and phytoplankton for all estuaries in Table 3-3. High phytoplankton 
concentrations may not be of ecological significant in shallow intertidal estuaries, and macroalgae 
extent may be limited by available habitat in riverine or subtidal estuaries or coastal lakes, thus the 
characteristics of the estuary should be considered when selecting the appropriate load thresholds. 
Only nitrogen bands are provided for macroalgae because macroalgal growth is seldom limited by 
phosphorus availability. Both nitrogen and phosphorus bands are provided for phytoplankton. 

Lake Brunton (when closed), Waituna Lagoon, Waimatuku Estuary, Waiau River and Te Waewae 
Lagoon all have salinities that are likely too low to support macroalgal growth, so no TN load band 
thresholds for macroalgae are provided for these systems. 

Toetoes Estuary, Waimatuku Estuary, Jacobs River Estuary and the Waiau River have flushing times 
too short to sustain phytoplankton (they are likely to be flushed from the system faster than they 
grow), so no TN or TP load band thresholds are provided. 

For some systems, the availability of nitrogen or phosphorus from the ocean (or the Waiau River in 
the case of Te Waewae Lagoon) is sufficient that some bands cannot be obtained by controlling 
terrestrial nutrient loads. For example, phytoplankton bands of A-C in Bluff Harbour can only be 
obtained by controlling nitrogen loads. The oceanic supply of phosphorus is sufficient to allow 
modelled chlorophyll-a values to reach 12.3 µg/l even with no catchment-sourced phosphorus 
(provided sufficient nitrogen is available). Similarly, sufficient oceanic nitrogen is available to allow 
modelled chlorophyll-a values to reach 6.8 µg/l in the absence of any catchment-sourced nitrogen. 
Thus, the lowest phytoplankton band that could be obtained under any scenario is a B band. 
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Similarly, in the New River Estuary, there is sufficient oceanic P that even if all terrestrial P sources 
were removed, a phytoplankton C band would be obtained if sufficient N were available. 

When the mouth of the Waimatuku Estuary is open, the salinity at mean flow is low (0.6) and likely 
to restrict macroalgal growth such that eutrophic conditions are unlikely to be widespread at any 
nutrient load. The ETI dilution model predicts a maximum ETI score of 0.14 (band A) under any load. 
The short flushing time (0.6 days) means phytoplankton blooms are unlikely (although may occur in 
deep stratified holes). When the mouth is open, the ETI dilution model predicts that the Waimatuku 
Estuary is likely to be insensitive to nutrient loads. As discussed previously, monitoring data indicate 
that this estuary can have moderate to nuisance macroalgal cover (Stevens and Robertson 2012), 
which indicates that the dilution model is likely underpredicting salinity. When the mouth is closed to 
the sea, the estuary may be susceptible to phytoplankton blooms. However, according to the model, 
the flushing time is too short for phytoplankton blooms at summer flows > 0.3 m3/s. 

Load bands for the Te Waewae Lagoon are influenced by nutrient concentrations in the Waiau River, 
as shown in Figure 3-2. Waiau River nutrient concentrations of 337 mg/m3 TN and 18 mg/m3 TP have 
been assumed in Table 3-3.  

Table 3-3: Load band thresholds for each estuary.   Nutrient loads (tonnes per year) corresponding to the 
thresholds between ETI bands A, B, C and D. Macroalgae are assumed to be limited only by nitrogen. 
Phytoplankton may be limited by either nitrogen or phosphorus, and the resulting phytoplankton banding is 
the lower of the bandings indicated by TN or TP loads. Low salinity indicates that macroalgae are likely to be 
suppressed due to low salinity in the estuary. Low flushing time indicates that the estuary flushing time is likely 
too short to sustain phytoplankton blooms. n/a indicates that band threshold cannot be achieved even at a 
zero load (due to nutrient input from other sources such as the ocean). 

 Macroalgae Phytoplankton 

 TN band thresholds (t/y) TN band thresholds (t/y) TP band thresholds (t/y) 

Estuary A/B B/C C/D A/B B/C C/D A/B B/C C/D 

Waikawa Harbour 20.5 106.5 192.7 43.0 75.6 108.2 n/a 2.43 6.94 

Haldane Estuary 5.9 30.6 55.2 16.5 25.6 34.7 n/a 0.73 1.99 

Lake Brunton (closed) Low salinity 0.91 2.16 5.07 0.115 0.288 0.690 

Lake Brunton (open) 0.97 4.51 8.05 3.61 4.84 6.06 n/a 0.136 0.305 

Toetoes (Fortrose) Estuary 269 894 1516 Low flushing time Low flushing time 

Waituna Lagoon Low salinity 8.15 20.25 48.5 1.11 2.78 6.67 

Bluff Harbour 32 368 705 n/a 53 236 n/a n/a n/a 

New River (Oreti) Estuary 248 1410 2570 400 1015 1630 n/a n/a 26 

Waimatuku Estuary  Low salinity Low flushing time Low flushing time 

Jacobs River Estuary 92 400 708 Low flushing time Low flushing time 

Waiau River Low salinity Low flushing time Low flushing time 

Te Waewae Lagoon Low salinity n/a 8.3 28.25 0.025 1.205 3.955 
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4 Sedimentation model results 
Estuary sedimentation accumulation rates and trapping efficiencies were calculated using mean 
annual fine sediment loads calculated by Manaaki Whenua Landcare Research using SedNET (Andrew 
Newman, 22 Jun 2020) and a default trapping efficiency model parameters of settling velocity of 0.25 
mm/s, entrainment coefficient β = 1.0, sediment bulk density ρb = 1500 kg/m3, friction coefficient cd = 
0.0015, grain size d50 = 0.5 mm, critical wave shear stress τcrit = 0.5 N/m2. 

Toetoes (Fortrose) Estuary is predicted to have the highest sediment accumulation rate, in excess of 
30 mm/y. Jacobs River and New River Estuary also have predicted accumulation rates in excess of 
2 mm/y.  

The Waiau River has the highest annual sediment load as well as the highest areal load. However, it 
has a very low trapping efficiency (<0.2%) because the large river flow likely keeps sediment in 
suspension. In contrast, Waikawa Estuary, Haldane Estuary, Bluff Harbour, and Waimatuku Estuary 
all have trapping efficiencies > 90% indicating most of the sediment delivered to these estuaries is 
likely to be trapped within the estuary. 

The three coastal lakes, Waituna Lagoon, Lake Brunton and Te Waewae Lagoon all have high trapping 
efficiencies (>~95%). Other than Te Waewae Lagoon, these systems have low areal loadings 
(<0.1 g/m2/d), and so have low accumulation rates. The trapping efficiency of Lake Brunton is 
predicted to only reduce by a small amount when open, resulting in minor changes in accumulation. 

Table 4-1: Output of the sediment trapping model for present day loads.   Sediment loads provided by 
Landcare, trapping efficiency model using default parameters of settling velocity = 0.25 mm/s, entrainment 
coefficient β = 1.0, sediment bulk density ρb = 1500 kg/m3, friction coefficient cd = 0.0015, grain size d50 = 0.05 
mm, critical wave shear stress τcrit = 0.5 N/m2. 

Estuary 
Area 
(m2) 

Sediment 
load 
(t/y) 

Areal load 
(g/m2/d) 

Trapping 
efficiency 

 

Net 
deposition 
(g/m2/d) 

Sediment 
accumulation 

rate 
(mm/y) 

Waikawa Harbour 6,422,282 9024 3.85 0.919 3.54 0.86 

Haldane Estuary 1,886,750 1428 2.07 0.934 1.94 0.47 

Lake Brunton 258,532 3.18 0.034 0.968 0.033 0.0079 

Lake Brunton (open) 258,532 3.18 0.034 0.945 0.032 0.0077 

Toetoes (Fortrose) Estuary 4,277,900 490547 314 0.465 146 35.6 

Waituna Lagoon 13,590,093 36.70 0.007 0.992 0.0073 0.0018 

Bluff Harbour 54,580,551 117 0.006 0.982 0.0058 0.0014 

New River (Oreti) Estuary 39,823,926 295894 20.4 0.782 15.9 3.9 

Jacobs River (Riverton) 
Estuary 

6,697,056 67340 27.5 0.793 21.8 5.3 

Waiau River 758,127 457367 1650 0.0015 2.55 0.62 

Waimatuku Estuary 183,340 210 3.13 0.989 3.10 0.75 

Te Waewae Lagoon 369,000 1073 7.97 0.948 7.55 1.84 
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Environment Southland provided observed sediment accumulation rates, obtained by measuring the 
change in depths of sediments over embedded plates over up to ~10 years. While the sedimentation 
model produces accumulation rates that appear feasible, they do not match particularly well with 
Environment Southland’s monitoring data. In particular, the model predicts a very high accumulation 
rate in Fortrose Estuary, whereas observations suggest that accumulation is zero or slightly negative. 
Similarly, the model predicts a high (5 mm/y) accumulation rate in Jacobs River estuary where 
observations indicate a net loss of sediment. The model also underpredicts accumulation in New 
River Estuary compared to observations. There are several possible reasons. 

 The model only predicts accumulation, not net erosion. The entrainment and wave 
erosion terms are restricted in the model such that net export of sediment does not 
exceed the input from rivers. 

 The model predicts an estuary averaged deposition rate, while observations are 
collected from discrete locations within estuaries where localised deposition or 
erosion may result in different accumulation rates to the estuary average. 

 The model is primitive and does not accurately capture all processes that influence 
sedimentation and erosion within estuaries. 

 

Figure 4-1: Comparison of modelled and observed sediment accumulation rates in Southland Estuaries.   
Observed sediment accumulation rates with 95% confidence intervals supplied by Environment Southland. 

The model has six key parameters to tune. These are (with default values in parentheses): 

 settling velocity (ws  = 0.25 mm/s) 

 entrainment coefficient (β = 1.0) 

 bulk sediment density (ρb = 1500 kg/m3) 

 friction coefficient for currents (cd = 0.0015) 
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 grain size for wave friction (d50 = 0.05 mm) 

 critical shear stress for wave resuspension (τcrit = 0.5 N/m2). 

The sensitivity of the model to each of these parameters was tested by perturbating each parameter 
by ±20% and recalculating accumulation rates for each estuary. The results of this perturbation are 
given in Table 4-2.  

All estuaries showed some sensitivity to settling velocity ws, with trapping efficiency and sediment 
accumulation rate increasing as particles settled faster. The Waiau River and Toetoes Estuary, and to 
a lesser extent New River Estuary and Jacobs Creek Estuary show moderate to large sensitivity to this 
parameter.  

Changing the bulk sediment density has the same effect for all estuaries because the trapping 
efficiency is calculated for sediment mass, and the bulk density is used to convert net deposition 
(g/m2/d) to an accumulation rate (mm/y). The deposition rate is divided by the sediment bulk density 
to obtain the accumulation rate, thus increasing the bulk density decreases accumulation rates. 

The entrainment coefficient β and drag coefficient cd both influence the re-entrainment of sediments 
by currents. No system displayed sensitivity to these parameters. In most systems, a sub-tidal 
channel is relatively easy to define, and the width and plan-form area of this channel determine the 
velocities and area over which re-entrainment occurs. Re-entrainment has effectively been modelled 
as reduced (or zero) deposition. All estuaries (except the three coastal lakes) either have strong tidal 
currents and/or river flows, thus re-entrainment occurs nearly all the time. For coastal lakes, no 
entrainment was allowed because they have no (or little) tidal currents, and due to their large 
surface area relative to inflow, resuspension by currents is unlikely to occur.  

The mean grain size d50 and critical shear stress τcrit both influence the wave resuspension 
calculations. Increasing the grain size, which increases bottom roughness and in-turn increases the 
applied wave shear stress, results in more resuspension and reduced sediment accumulation. 
Increasing the critical shears stress for wave resuspension reduces the depth at which resuspension 
can occur, thus reducing the area over which resuspension occurs, increasing sediment 
accumulation. The Waiau River showed the highest sensitivity to the two wave parameters, although 
overall accumulation rates are low meaning the magnitude of changes in accumulation rates caused 
by varying d50 and τcrit

 is small. All other estuaries showed low sensitivity to these wave parameters. 
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Table 4-2: Sensitivity of the sediment trapping model to model parameters.   Each parameter was altered 
by ±20%. The table shows % changes in sediment accumulation rate (mm/y) compared to that calculated with 
default values. Shading indicates the relative size of the change. Entries shaded grey indicate no changes, white 
for small changes, blue for moderate, green for large, and orange for very large changes. ws = settling velocity, 
ρb = sediment bulk density, β = coefficient for entrainment by currents, cd = drag coefficient for currents, d50 = 
mean grain size for wave friction, τcrit = critical shear stress for resuspension by waves. 

Estuary ws ρb β cd d50 τcrit 

 -20% +20% -20% +20% -20% +20% -20% +20% -20% +20% -20% +20% 

Waikawa Harbour -1.95% 1.35% 25% -17% 0% 0% 0% 0% 0.04% -0.04% -0.09% 0.07% 

Haldane Estuary -1.61% 1.11% 25% -17% 0% 0% 0% 0% 0.02% -0.02% -0.04% 0.03% 

Lake Brunton -0.79% 0.53% 25% -17% 0% 0% 0% 0% 0.01% 0.00% -0.01% 0.01% 

Lake Brunton (open) -1.33% 0.91% 25% -17% 0% 0% 0% 0% 0.01% -0.01% -0.02% 0.01% 

Toetoes (Fortrose) Estuary -11.39% 9.45% 25% -17% 0% 0% 0% 0% 0.16% -0.14% -0.33% 0.25% 

Waituna Lagoon -0.21% 0.14% 25% -17% 0% 0% 0% 0% 0.00% 0.00% -0.01% 0.00% 

Bluff Harbour -0.44% 0.29% 25% -17% 0% 0% 0% 0% 0.01% -0.01% -0.03% 0.02% 

New River Estuary -4.98% 3.66% 25% -17% 0% 0% 0% 0% 0.22% -0.19% -0.46% 0.34% 

Jacobs River Estuary -4.79% 3.50% 25% -17% 0% 0% 0% 0% 0.05% -0.04% -0.10% 0.08% 

Waiau River -19.95% 19.92% 25% -17% 0% 0% 0% 0% 3.62% -3.14% -7.65% 5.58% 

Waimatuku Estuary -0.26% 0.18% 25% -17% 0% 0% 0% 0% 0.00% 0.00% -0.01% 0.01% 

Te Waewae Lagoon -1.27% 0.87% 25% -17% 0% 0% 0% 0% 0.01% -0.01% -0.02% 0.01% 

 

The settling velocity is likely the most useful parameter to manipulate to improve model 
performance. The default settling velocity of 0.25 mm/s represents a grain size of 0.025 mm 
(medium silt), which reasonably representative of the dominant suspended load size in New Zealand 
rivers. Settling velocities for fine particles in the clay-silt range vary between 0.0004 mm/s and 
2 mm/s, although flocculation causes fine particles to coalesce and sink more rapidly. A likely range 
appears to be 0.01 mm/s to 1 mm/s. 

Given the uncertainty in how representative the observed sediment accumulation rates are of whole 
estuaries (Figure 4-1), no further attempts have been made to calibrate the sediment trapping 
model. Instead, we recommend that the model be used to investigate relative changes in sediment 
accumulation due to sediment loads. For example, if a baseline or natural state sediment load to an 
estuary can be obtained via catchment modelling, then the trapping efficiency can be used to 
calculate the sediment accumulation rate within the estuary for this natural state. The present-day 
accumulation rate (Table 4-1) can then be compared with the “natural accumulation rate” to 
determine the anthropogenic influence on estuary sedimentation in either absolute (mm/y) or 
percentage terms. 
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5 Summary 
Simple single compartment dilution models were set up for 11 Southland coastal hydrosystems 
(estuaries and coastal lakes). These dilution models were used to predict flushing times and potential 
nutrient concentrations within the estuaries, which were in turn used to predict the likely risk of 
eutrophication in each estuary. Most of these models were uncalibrated, other than for Toetoes 
Estuary and New River Estuary where previous studies have been conducted. 

Estimates of current annual total nitrogen and total phosphorus loads to each estuary were provided 
by LWP. Using these as inputs, the dilution modelling predicted that only three of the eleven 
estuaries currently have a predicted A (minimal) or B (low) level of eutrophication. These are the 
Waiau River, Bluff Harbour, and possibly the Waimatuku Estuary. The results for the Waimatuku 
Estuary should be treated with caution because the dilution model predicts short flushing times 
(insufficient to sustain phytoplankton) and low salinities that would inhibit macroalgal growth. 
Monitoring data from 2009-2011 indicate that nuisance levels of macroalgae can be present in the 
lower estuary, and that this estuary can stratify and have moderate salinities. This suggests that the 
model may perform poorly for this estuary, and further calibration data may be needed. 

A further three of the eleven estuaries have a C band (moderate/high) for eutrophication 
susceptibility. These are the Haldane Estuary, Lake Brunton, and Te Waewae Lagoon. Benthic algae 
(macro or micro algae) determine overall susceptibility for Haldane Estuary, while phytoplankton is 
the critical primary producer of concern for Lake Brunton and Te Waewae Lagoon. Results for Te 
Waewae Lagoon should be treated with caution. Te Waewae Lagoon is a hydrodynamically complex 
system, receiving water from local streams, the Waiau River and the ocean. The portions of water in 
the lagoon from each source strongly influence the nutrient concentrations in the lagoon, but these 
relative portions, and how they are influenced by flows in the various rivers and streams, are not 
known. Assumptions regarding these portions have been made in this report using the dilution 
modelling approach. Other work is currently underway to improve understanding of the make-up of 
the Te Waewae Lagoon. 

The remaining five estuaries scored as D bands (very high eutrophication susceptibility) and are likely 
to display high levels of eutrophic degradation under current loads. These are the Waikawa Harbour, 
Toetoes Estuary, Waituna Lagoon, New River Estuary and Jacobs Creek Estuary. The modelling also 
predicts that Lake Brunton may increase from a C to D band during long opening periods if there is 
sufficient time for macroalgae to become established. Macroalgae/benthic algae is the critical 
primary producer in most of these systems other than Waituna Lagoon where phytoplankton is the 
main concern. 

Sediment trapping efficiency models were set up for each estuary. These models are simplistic, but 
attempt to capture processes of deposition, wave resuspension and entrainment by currents. Flow 
variability was incorporated by use of predicted flow duration curves, with annual sediment loads 
applied such that higher loads were associated with higher inflows. The models were run using 
annual fine sediment loads provided by Manaaki Whenua Landcare Research. The models predict 
high sediment accumulation rates (>2 mm/y) in Toetoes Estuary, Jacobs River Estuary and New River 
Estuary. Moderate accumulation rates (0.2-2 mm/y) were predicted for Waikawa Harbour, Haldane 
Estuary, Waimatuku Estuary and Te Waewae Lagoon. Other systems had low (<0.2 mm/y) predicted 
accumulation rates.  
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Model outputs were compared with Environment Southland monitoring data from five estuaries 
(New River Estuary, Toetoes Estuary, Waikawa Estuary, Haldane Estuary and Jacobs River Estuary). 
The trapping efficiency model showed poor agreement with the observations. The model does not 
produce negative accumulation rates (net loss of sediment), which were observed at Haldane and 
Jacobs River estuaries. The model over-predicted sedimentation in Toetoes Estuary, where 
observations indicate no net accumulation, and underpredicted in New River Estuary. There is some 
capability to tune the sediment trapping model by adjusting model parameters, particularly the 
settling velocity and sediment bulk density. However, observations may not necessarily represent the 
whole estuary, sediment loads are uncertain, and the models may not be capturing all processes 
correctly. There is uncertainty in both the observations and model, therefore no attempt was made 
to tune the models to observations in this project. As noted in the proposal, the sediment trapping 
efficiency model is considered more useful for predicting relative changes in sedimentation rate with 
respect to a baseline condition. Once reference (natural state) catchment sediment loads have been 
determined, the model can be used to estimate the changes in sedimentation accumulation rate 
relative to this natural state. 

The model outputs and band thresholds produced here have been provided to LWP for inclusion into 
catchment models that will predict how various components of the catchment (rivers, lakes, 
estuaries) respond to changes in nutrient and sediment loads. Those catchment models will identify 
which part of catchments are most sensitive to changes in loads, and to help prioritise work to 
improve the accuracy of various modelling components. 
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Appendix A Estuary sedimentation model details 
Sediment influx 
Sediment fluxes into an estuary vary with inflow, so the sediment flux into the estuary is apportioned 
by combining estimated flow-duration and sediment rating curves.  

100-point mean daily flow duration curves for the terminal reaches to each estuary are predicted 
using a random forest statistical model (Booker and Woods 2014). The points on the flow-duration 
curve are separated by equal increments of ‘duration’ (actually, percentage of time). Hence, the 
approach is to determine the source and estuarine transport for each of the points on the curve, and 
then combine the results in an equally-weighted fashion. For simplicity, if multiple terminal reaches 
connect to an estuary, the flow duration curves are added (which assumes that flows in the reaches 
co-vary).  

A sediment rating curve is applied to apportion the mean annual sediment load across the different 
inflows. The sediment input (kg/s) is applied as a function of flow according to  

𝑆𝑆𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑄𝑄1+𝑜𝑜 (A1) 

 

The coefficient a is calculated for each estuary as 

𝑎𝑎 = 𝑛𝑛
𝑆𝑆𝑖𝑖𝑖𝑖 𝑎𝑎𝑖𝑖𝑖𝑖𝑢𝑢𝑎𝑎𝑙𝑙

∑ 𝑄𝑄𝑖𝑖1+𝑜𝑜𝑖𝑖
𝑖𝑖=1

1000
365 × 24 × 3600

 

 
(A2) 

where n is the number of points on the flow duration curve (n = 100), Sin annual is the mean annual 
sediment load (t/y), and b is a coefficient with a value 1.5 (which is reasonably representative of 
most New Zealand rivers (D. M. Hicks, NIWA, pers. comm.). This is based on the idea that each flow 
value occurs for a duration of 365/n days in a year, on average. 

Once a is calculated, the sediment input for each point on the flow duration curve is calculated from 
Equation (A1). 

Settling 
The settling rate of fine sediments in the estuary is based on settling velocity, ws, estuary area 
available for settling, As, and water column sediment concentration, C.  

𝐷𝐷 = 𝑤𝑤𝑜𝑜𝐴𝐴𝑜𝑜𝐶𝐶 (A3) 

Settling velocity is a function of grain size and density, and settling velocities for fine particles in the 
clay-silt range vary between 0.0004 mm/s and 2 mm/s. However, flocculation processes in estuaries 
cause fine particles to coalesce and increase settling velocities. In this analysis a constant settling 
velocity of 0.25 mm/s is used for all estuaries. This settling velocity represents a grain size of 0.023 
mm (medium silt), which is reasonably representative of the dominant suspended load size mode in 
New Zealand Rivers (Hicks et al. 2004). 

The area available for settling is taken as the surface area minus the area over which wave 
resuspension occurs. The concentration term, C, is calculated for each point on the flow duration 
curve by solving Equation A20, as explained below. 
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Resuspension by waves 
Waves typically erode estuarine intertidal flats, which would otherwise accrete (Green and Coco 
2014). Wind-generated waves in estuaries are typically short period (1-5 s), and wave-orbital motions 
are more likely to penetrate down to the bed and resuspend sediments only on intertidal flats, and 
generally only toward low tide (Green and Coco 2014). In this analysis, the resuspension of sediments 
by waves is calculated by determining the area over which waves cause bed shear stresses to exceed 
a critical shear stress for erosion by waves, then preventing deposition from occurring in this portion 
of the estuary. In the original Hicks et al 2019 model, wave resuspension was calculated as a mean 
annual flux term (kg/m2/s). However, this requires additional input coefficients to parameterise 
erosion rate as a function of shear stress. These coefficients likely vary between estuaries, but also 
may change as a function of deposition, with recently deposited material being more easily eroded 
than consolidated material. The additional complexity is not warranted given the other assumptions 
in the model, including treating the estuary as a single compartment with complete mixing. 

Resuspension by waves is estimated by first calculating directional distributions of wind-generated 
wave height and period, using estuary fetch data contained within the Coastal Explorer database, 
then calculating the wave penetration depth (the depth at which wave bed shear stress exceeds the 
critical shear stress). The area of the estuary over which wave resuspension is then estimated by 
comparing this penetration depth with the estuary depth. This process generates a probability 
distribution for intertidal areas, which is averaged to obtain the mean area over which wave 
resuspension occurs. 

Wind data are obtained from the closest meteorological station to the estuary, choosing from 
meteorological stations that have 3 hourly observations, have at least 8 years of data, have been 
active within the last 2 years (i.e., recent data) and are within 10 km of the coast. Wind rose data 
(frequency distributions of mean wind speed in 10 km/h increments and 10° directional bins) for 
these 199 meteorological stations were extracted from NIWA’s climate database. An example wind-
rose is shown in Figure A-1.  

The Coastal Explorer database (Hume, Snelder et al. 2007) contains mean and maximum fetch along 
four axes of orientation: North – South; Northeast – Southwest; East – West; Southeast – Northwest. 
The wind-rose data are regrouped to obtain frequency distributions of wind speed along these four 
axes (Figure A-2).  
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Figure A-1: Example wind rose from Dargaville meteorological station.   The wind rose shows a summary of 
3 hourly averaged wind speeds in 10 km/h and 10° increments. 

 

Figure A-2: Example of wind speed distributions oriented along four axes of estuary fetch from Dargaville 
meteorological station.   Wind speeds are indicated by colour and represent the mid-point of each wind-speed 
band. 
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Wave height and period are calculated as a function of wind speed and average fetch in each of the 
four axes of orientation following the US Army Corps of Engineers Coastal Engineering Manual 
(USACE 2002). 
 
The equations governing wave growth with fetch are 

𝑔𝑔𝐶𝐶
𝑢𝑢∗2

= 0.0413 �
𝑔𝑔𝑔𝑔
𝑢𝑢∗2
�
1
2
 (A4) 

 
and 

𝑔𝑔𝑄𝑄
𝑢𝑢∗

= 0.651 �
𝑔𝑔𝑔𝑔
𝑢𝑢∗2
�
1
3

 (A5) 

 
where 

X = fetch (distance over which the wind blows) 
H = significant wave height 
T = wave period 
g = gravitational acceleration (9.81 m/s2) 
u* = friction velocity. 

 
The friction velocity is calculated from wind speed at 10 m elevation, U10, and drag coefficient, CD, as  

𝐶𝐶𝐷𝐷 = 0.001(1.1 + 0.035𝑈𝑈10) (A6) 

 

𝑢𝑢∗2 = 𝐶𝐶𝐷𝐷𝑈𝑈102  (A7) 

 
The peak orbital velocity at the bed is calculated from the wave height and period 

𝑈𝑈𝑙𝑙,𝑜𝑜 =
𝜋𝜋𝐶𝐶

𝑄𝑄sinh(𝑘𝑘ℎ) (A8) 

 
Where the wave number k is calculated by iteration.  

(2𝜋𝜋 𝑄𝑄⁄ )2 = 𝑔𝑔𝑘𝑘 tanh(𝑘𝑘ℎ) (A9) 

 

The bed shear stress is  

𝜏𝜏𝑙𝑙 =
1
2
𝜌𝜌𝑓𝑓𝑙𝑙𝑈𝑈𝑙𝑙,𝑜𝑜

2  (A10) 

 

where the wave friction factor fw is calculated as  

𝑓𝑓𝑙𝑙 = 1.39(𝐴𝐴𝑜𝑜 𝑘𝑘𝑜𝑜⁄ )−0.52 (A11) 

 

with the amplitude of the orbital motion at the bed 𝐴𝐴𝑜𝑜 = 𝑈𝑈𝑙𝑙,𝑜𝑜𝑄𝑄 and the grain roughness 𝑘𝑘𝑜𝑜 =
2𝜋𝜋𝐷𝐷50 12⁄  (Soulsby 1997). A median grain size of D50 = 0.05 mm is assumed. 
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In this study, the default values for these parameters were used as in the DELFT3D sediment 
modelling software, with τc = 0.5 N/m (Deltares 2013). 
 
The depth to which waves can resuspend sediments are determined by solving the above equations 
such that  

𝜏𝜏𝑙𝑙 ≥  𝜏𝜏𝑐𝑐 (A12) 

where τc is the critical shear stress for the erosion of cohesive sediments. In this study, the default 
value was as used in the DELFT3D sediment modelling software, with τc = 0.5 N/m2 (Deltares 2013). 
 
From the above equations, the product of wave number and depth can be calculated 
 

  

𝑘𝑘ℎ ≤ sinh �
𝜋𝜋𝐶𝐶
𝑄𝑄
�
0.5𝜌𝜌1.39(𝑄𝑄 𝑘𝑘𝑜𝑜⁄ )−0.52

𝜏𝜏𝑐𝑐
�

1
1.48

� (A13) 

 
The wave number is obtained from A9, and then the maximum depth h is obtained. 
 
The area over which resuspension occurs is approximated from the ratio of h/hm where hm is the 
mean estuary depth. Resuspension is assumed to occur only on the down-wave side of the estuary, 
giving  
 

𝐴𝐴𝑙𝑙 = max �
𝐴𝐴ℎ
ℎ𝑚𝑚

,𝐴𝐴� 

 
(A14) 

 
 
Using the above equations, the erosion area for each fetch and windspeed is calculated. Weighted by 
the number of observations in each windspeed/direction bin, the average wind-wave area is then 
calculated. 
 

Re-entrainment by currents 
Turbulence in the tidal channel inhibits settling and re-entrains sediments. In the model, re-
entrainment is modelled as  

𝐸𝐸𝑐𝑐 = 𝛽𝛽𝑢𝑢∗𝐴𝐴𝑐𝑐𝐶𝐶 (A13) 

where u* is the shear velocity, Ac the area over which re-entrainment occurs, and 𝛽𝛽 = 1.0 is a re-
entrainment rate coefficient (Bagnold 1988). The area over which re-entrainment occurs is defined 
here as the area of the estuary channel. This area is estimated from thalweg length and estuary 
mouth width data in Coastal Explorer. Where thalweg length is not given in Coastal Explorer, this is 
estimated as 𝛼𝛼√𝐴𝐴 where 𝛼𝛼 is a multiplier determined by New Zealand Coastal Hydrosystem type 
(Table A-1), calculated from estuaries for which thalweg lengths are given in Coastal Explorer and the 
NZCHS (Hume, Snelder et al. 2007; Hume, Gerbeaux et al. 2016). Those hydrosystem types where no 
thalweg data are available are assigned a default value of 1. The channel area is also restricted to a 
maximum value of the subtidal estuary area (total area – intertidal area). 
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Table A-1: Average ratio of thalweg length to square-root of estuary area used to estimate estuary 
channel area.   No thalweg data were available for NZCHS types 1, 9, 10, and 11, so a default ratio of 1 is 
applied. 

NZ Coastal 
Hydrosystem 

type 

Description Ratio 
thalweg/√𝑨𝑨 

1 Damp sand-plain lake 1 

2 Waituna-type lagoon 1.938 

3 Hāpua-type lagoon 2.699 

4 Beach stream 4.577 

5 Freshwater river mouth 3.856 

6 Tidal river mouth 5.734 

7 Tidal lagoon 3.714 

8 Shallow drowned valley 3.359 

9 Deep drowned valley 1 

10 Fjord 1 

11 Coastal embayment 1 

 

It is also assumed that re-entrainment does not exceed deposition, such that only recently deposited 
sediment can be re-entrained. This is achieved by restricting  

𝛽𝛽𝑢𝑢∗ ≤ 𝑤𝑤𝑜𝑜 (A14) 

 

The shear velocity is due to the combination of river flow and tidal flow. This is calculated by 
assuming that the velocity in the estuary channel can be approximated using the velocity through the 
estuary mouth.  

Velocities due to river discharge are calculated for each daily flow on the flow duration curve, Qi  

𝑈𝑈𝑄𝑄 =
𝑄𝑄𝑖𝑖
𝑤𝑤𝐶𝐶

 (A15) 

where w is the width of the mouth and H the estuary depth. 

Tidal flow, which oscillates over the tidal period, is added to daily flow values. A frequency 
distribution of tidal velocity through the mouth is calculated from tidal prism P as  

 

𝑈𝑈(𝑝𝑝) =
𝜋𝜋𝑃𝑃
𝑤𝑤𝐶𝐶𝑄𝑄𝑢𝑢

sin�𝜋𝜋(𝑝𝑝 − 0.5)� (A16) 
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where U(p) is the velocity with an exceedance probability of p (0<p<1). Positive velocities are 
outflows while inflows are negative. The tidal velocity is added to the river discharge term, as 
illustrated in Figure A-3. 
 

 

Figure A-3: Example of the probability distribution of velocities through an estuary mouth with different 
freshwater discharge.   The example shows an estuary with tidal prism 1,000,000 m3, estuary mouth width 50 
m depth 2 m. Tidal velocities are added to freshwater velocities of 0, 0.1, and 0.2 m/s, which would represent 
daily freshwater discharges of 0, 10, and 20 m3/s. 

For each daily flow from the flow duration curve, a distribution of shear velocities is calculated as 

𝑢𝑢∗ = �𝑈𝑈(𝑝𝑝) + 𝑈𝑈𝑄𝑄��𝐶𝐶𝑑𝑑 (A17) 

A bed drag coefficient of Cd = 0.0015 is used (Dyer 1986). The mean shear velocity is obtained for 
each daily flow from the flow duration curve and is used in Equation (A13). 

Export to the ocean 
The export of sediment to the ocean from the estuary is calculated for each point on the flow 
duration curve. The export of sediment is a function of water column sediment concentration in the 
estuary, C, tidal flow in and out of the estuary, Q, and the return flow fraction, b (i.e., how much of 
the outgoing tide returns to the estuary on the next incoming tide). Based on the dilution modelling 
approach developed by Plew, Zeldis et al. (2018), the net export of sediment through the estuary 
mouth can be expressed as 
 

𝑆𝑆𝑜𝑜𝑢𝑢𝑜𝑜 =
𝐶𝐶𝑄𝑄
𝑓𝑓

 (A18) 

where f is the freshwater fraction in the estuary. The freshwater fraction is obtained from 1/θ, where 
θ is the dilution factor calculated from 
 

𝜃𝜃 =
𝑃𝑃(1 − 𝑏𝑏) +

𝑄𝑄𝑄𝑄𝑢𝑢
2 (1 + 𝑏𝑏)

𝑄𝑄𝑄𝑄𝑢𝑢
 (A19) 
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where P is the tidal prism, Tp the tidal period (12.42 hours), and b a ‘tuning’ factor that accounts for 
return flow and incomplete mixing (Plew, Zeldis et al. 2018). The dilution factor (and freshwater 
fraction) is calculated for each point on the flow duration curve. 

Solving for estuary sediment concentration 
For each flow from the daily flow duration curve, the estuary concentration is obtained by 
rearranging the estuary mass balance equation (see page 21) and inserting Equations A1, A3, A12,  
A13, and A18. 

𝐶𝐶 =
𝑆𝑆𝑖𝑖𝑖𝑖

𝑄𝑄 𝑓𝑓⁄ + 𝑤𝑤𝑜𝑜(𝐴𝐴 − 𝐴𝐴𝑙𝑙) + 𝛽𝛽𝑢𝑢∗𝐴𝐴𝑐𝑐
 

 
(A30) 

 
 
The sediment mass balance is calculated for each point on the flow duration curve. Because each of 
the 365 flows are equally spaced on the flow duration curve, each value represents 1 day per year. 
The sediment export Sout is calculated for each flow, multiplied by the time for each point on the flow 
duration curve (1 day), and added to obtain the annual sediment export from the estuary. Sediment 
trapping efficiency and net deposition rate are then calculated from annual sediment input and 
export. 
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Appendix B Estuary nutrient response 

 

Figure B-1: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Bluff Harbour.   
Banding thresholds for phytoplankton in euhaline estuaries are 4, 8, 12 µg/l. An A band (chlorophyll-a < 4 µg/l) 
cannot be obtained due to oceanic N concentrations, and phosphorus is not limiting due to oceanic supply of P. 

 

Figure B-2: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Haldane 
Estuary.   Banding thresholds for phytoplankton in mesohaline estuaries are 8, 12 and 16 µg/l. 
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Figure B-3: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Jacobs River 
Estuary.   The estuary flushing time is too short for phytoplankton growth. 

 

Figure B-4: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Lake Brunton 
when the lake is closed to the sea.   When the lake is closed, salinities are predicted to be too low to support 
growth of macroalgae. Phytoplankton band thresholds of 10, 25 and 60 µg/l for coastal lakes are shown in (b). 
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Figure B-5: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Lake Brunton 
when the lake is open to the sea.   Predicted EQR values assume that the mouth is open semi-permanently. 
Phytoplankton band thresholds of 8, 12 and 16 µg/l for mesohaline estuaries are shown in (b). 

 

Figure B-6: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in New River 
Estuary.   Banding thresholds for phytoplankton in euhaline estuaries are 4, 8 and 12 µg/l. 
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Figure B-7: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in New River 
Estuary.   The estuary flushing time is too short for phytoplankton growth. 

 

Figure B-8: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in New River 
Estuary.   Salinity is too low to sustain estuarine macroalgae. The estuary flushing time is too short for 
phytoplankton growth. 
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Figure B-9: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Waikawa 
Harbour.   Banding thresholds for phytoplankton in mesohaline estuaries are 8, 12 and 16 µg/l. 

 

Figure B-10: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Waimatuku 
Estuary.   Macroalgae growth is predicted to be supressed by low salinity. The estuary flushing time is too short 
to sustain phytoplankton growth. 
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Figure B-11: (a) macroalgae EQR and (b) phytoplankton response to annual nutrient loads in Te Waewae 
Lagoon.   Low salinities are expected to suppress growth of macroalgae. Phytoplankton band thresholds for 
coastal lakes are 10, 25 and 60 µg/l. These plots assume present day Waiau River nutrient concentrations. 


	Executive summary
	1 Introduction
	2 Methods
	2.1 Overview
	2.2 Eutrophication susceptibility
	2.2.1 Macroalgal susceptibility
	2.2.2 Phytoplankton susceptibility
	2.2.3 Conversion to equivalent ETI scores
	2.2.4 Overall susceptibility

	2.3 Sedimentation model
	2.4 Model input data

	3 Eutrophication susceptibility results
	3.1 Current eutrophication susceptibility
	3.2 Nutrient load bands

	4 Sedimentation model results
	5 Summary
	6 Acknowledgements
	7 References
	Appendix A Estuary sedimentation model details
	Appendix B Estuary nutrient response


