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1 Executive Summary 
Auckland Regional Council (ARC) commissioned the National Institute for Water and 
Atmospheric Research (NIWA) to develop a robust and scientifically defensible 
monitoring plan to assess the effects of harvesting the Weiti Forestry Block (WFB) at 
Okura, Auckland. Soil erosion during the logging phase of production forestry has the 
potential to deliver elevated loads of fine sediments into receiving estuaries. The 
subsequent dispersal and deposition of fine sediments in the adjacent Okura Estuary 
and Karepiro Bay system has the potential for detrimental ecological impacts on local 
benthic plant and animal communities. 

This study draws on the work completed in the first phase of the project which 
calibrated a DHI Water and Environment MIKE3 FM HD hydrodynamic model and the 
DHI MIKE3 FM MT (mud sediment transport) model for the Okura Estuary and 
adjacent Karepiro Bay (Pritchard et al. 2009).  

This model was then run using different combinations of: sediment yields and river 
discharges (1-month, 3-month, 1-year and 10-year return periods); 3 wind conditions 
(calm, NE, SW) and; 3 tides, M2, Spring and Neap ranges. Each of these 36 scenarios 
represented a unique combination of sediment yield, river discharge, wind stress and 
tidal range. The subsequent sets of results were then compiled into 3 lookup tables 
that could be used to predict a event driven sediment deposition depth. A work plan 
illustrates how to use the tables to predict an event driven sediment deposition at 
specific sites of interest in the Okura estuary and Karepiro Bay. 

Storm simulations predicted that the highest sedimentation occurs in the upper 
estuary. During NE (onshore) winds the potential for sediment retention inside the 
estuary is increased (wind on tide). Conversely, model simulations including a SW wind 
stress enhanced offshore sediment dispersion (due to wind and tidal advection) from 
the estuary on the falling tide.  

Further simulations of 7-day duration were used to predicted the potential levels of 
suspended sediment concentration (SSC) resulting from storm water discharges and 
high sediment yields. Some windward transport of suspended sediments that 
modified sediment dispersal and deposition was evident when NE and SW wind 
stresses were included in the simulations. The highest SSC were predicted to occur 
near to the shell spit in the middle estuary.  

The implications of our findings for plant and animal communities of the Okura Estuary 
and Karepiro Bay system are discussed in context of previous ecological surveys of the 
region. Assuming published ecological effect thresholds (EET) and that sediment is 
transported and deposited from the estuary at the predicted rates then; for all but one 
10-year return period scenario, a single storm event would not deposit enough 
sediment to cause sub-lethal (~3 mm deposition depth) effects. However, lethal 
suspended sediment concentrations could remain in suspension for up to 1.5 days.  

These results imply that sedimentation during a consecutive sequence of two or more 
storms (i.e., within 7-days) could cause sediment deposits to approach EET values.
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2 Introduction and rationale 

2.1 Study aims 

The Auckland Regional Council (ARC) has identified that harvesting of the Weiti 
Forestry Block (WFB) at Okura has the potential for adverse environmental effects due 
to elevated levels of soil erosion through tree felling on receiving estuarine 
environments (see Figure 1).  These potential adverse effects primarily relate to fine-
sediment delivery, dispersal and deposition in the adjacent Okura Estuary and Karepiro 
Bay system and the resulting ecological impacts. The 8.8 km2 WFB is planned to be 
harvested during the next five years.  

Figure 1:  

Regional schematic map of sub-catchments discharging to the Okura and Weiti Estuaries. 
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The ARC commissioned NIWA to develop a robust and scientifically defensible 
monitoring plan for the timely detection of adverse effects of eroded fine-sediments 
on benthic animal and plant communities at specific monitoring sites in the receiving 
Okura Estuary and Karepiro Bay system during the harvesting of the WFB.  The 
‘harvesting phase’ includes the post-harvest period or the time period after logging 
operations have ceased and before the harvested area is fully stabilised by re-
vegetation or some alternative method that reduces soil erosion to near pre-harvest 
levels.  
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Figure 2 shows the location of 21-sample sites selected in consultation with the ARC. 
These were regions of immediate interest to the ARC as they were previously 
identified as areas where benthic communities of ecological value may become 
stressed under increased levels of sedimentation.  

This document reports on the results of a sediment transport modelling study that 
included a range of potential sedimentation scenarios in the Okura Estuary and 
Karepiro Bay. These encompass changes in freshwater discharge (and consequential 
SSC load), tidal range and wind forcing. The methodology employed in the modelling is 
discussed in detail by Pritchard et al. (2009) and is briefly described here. 

2.2 Study site 

The Okura Estuary has a high-tide surface area of 1.4 km2, which is small in 
comparison to its 22.7 km2 land catchment.  Some 50% of the WFB is contained 
within the 4.6 km2 North Branch sub-catchment, which discharges to the upper 
reaches of the Okura Estuary (Figure 1, OS-2).  A further ~3 km2 of the Weiti Forestry 
Block (WFB) is contained in sub-catchment WE7, which discharges directly to Karepiro 
Bay immediately seaward of the Okura and Weiti Estuaries. Runoff from the remaining 
c. 1.2 km2 of the WFB discharges to Weiti Estuary from sub-catchments WE1–WE3.   

Okura Estuary shown in Figure 2 is c. 80% intertidal, with a single main tidal channel 
flanked on both sides by flats that are submerged to an average depth of one metre at 
high tide (Swales et al. 2002).  Because the estuary is largely intertidal, there is almost 
complete exchange of estuarine water on each tide.  
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Figure 2:  

Hydrographic chart (NZ5321) showing the location of the Okura Estuary and the ecological 

monitoring sites selected for output of modelled event driven sediment deposition. 
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2.3 Summary of model development 

A DHI Water and Environment MIKE3 FM HD hydrodynamic model and the DHI 
MIKE3 FM MT (mud) sediment transport model were developed for the Okura Estuary 
by Pritchard et al. (2009). 

The MIKE3 FM HD hydrodynamic model provided good predictions of water surface 
elevations and semi-diurnal tidal currents as compared to results from an observational 
study of the region. The model was sourced with freshwater inputs from monitored 
and scaled catchment freshwater sources and provided a reasonable estimate of 
salinity in the Okura Estuary. This was important for predicting the dispersal of 
catchment-derived sediments due to freshwater runoff.  

The MIKE3 FM MT (mud) sediment transport model was configured (calibrated) to 
investigate the re-suspension and transport of 15μm fine-silt particles which are a 
common modal size fraction in Auckland’s estuarine sediments (e.g., Swales et al. 
2002). The modelled constituent suspended sediment concentration was then 
compared to the optical measurements collected during the field study of the region. 
The calibrated model was able to satisfactorily reproduce the phase and magnitude of 
suspended sediment concentration under multiple tide cycles, and under weak winds. 
However, the model was deficient in simulating some of the inherent variability of the 
system driven by wind wave sediment re-suspension. 

2.4 Rationale for Scenario Development 

Pritchard et al. (2009) used Hicks et al. (2009) 6.25-year time series of storm-driven 
sediment yields and the associated river discharge into the Okura Estuary from the 
Awanuhi sub-catchment. These were used to estimate a specific storm river discharge 
rate and a sediment yield for a range of ‘event’ return periods. The range of return 
periods extended from 0.1 to 10-years to cover and slightly extrapolate on the 
measured range of return periods. These yields and discharges were then scaled to 
cover other unmonitored catchments in the region that also discharged into the Okura 
Estuary. Analysis of wind speed and direction along with tidal data provided localised 
measurement of atmospheric and ocean forcing. Therefore, in summary the events 
were classified on the basis of: 

• Event yield and river storm discharge. 

• Wind speed and direction. 

• Tidal amplitude. 

Based on the data analysis, the DHI MIKE3 FM HD hydrodynamic and MT sediment 
transport modelling suite was forced with a specific combination of river discharge 
rate, sediment yield, wind stress and tidal range to produce a predicted level of event 
driven sediment deposition at sites of specific interest in the estuary (see Figure 2).  
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2.5 Model Output 

The result of each event was then incorporated into a series of ‘lookup tables’. These 
tables when matched to the closest observed forcing conditions could then be used to 
access the potential level of sedimentation depth (mm) at each monitoring site in 
response to an ‘event’. Hence, these tables would help steer a management decision 
for the WFB based on local river discharges and atmospheric and ocean forcing 
conditions. 

These tables can be used to identify the combination of storm loads and conditions 
that will exceed ecological effects thresholds (EET). EET deposition thresholds were 
investigated by both Thrush et al. (2003) and Lohrer et al. (2004). Their work suggested 
that catastrophic mortality (death of individuals for most species) does not occur at 
depositions of less than 2 cm. Nevertheless, they report that sub-lethal sediment 
depositions of as little as 3 mm in an erosive environment can alter benthic 
communities. Less in known on the impact of increased levels of SSC on these 
communities. 

2.6 Scenario Setup  

Scenario setup for this study was based on a number of assumptions and conditions: 

1. The model grid was constructed from chart, survey and LIDAR data. Unresolved 
sub-tidal channels in the upper tidal reaches of the Okura estuary were assumed 
a nominal depth of 0.5 m below chart datum (LAT). 

2. No bed erosion rate parameterization was included in simulations. The sediment 
dispersion and deposition from a single event input of sediment yield and 
corresponding freshwater discharge were only considered.  

3. The model was forced from a single open ocean boundary with only astronomical 
tidal constituents derived from mooring data (Pritchard et al. 2009). 

4. The tidal constituents used to force the open ocean boundary correspond to 
mean (M2), Spring (M2+S2) and Neap (M2-S2) semi-diurnal ranges.  

5. Winds were either considered calm or had a constant mean speed (7.5 m/s) and 
were held uni-directional for a model simulation i.e., either calm (0 deg true), 
North-easterly (NE-45 deg true ) or South-westerly (SW-215 deg true).  

6. 4 SSC and 4 freshwater point sources were discharged (see Figure 1) from the 
surrounding catchments into the model domain for: 

• Catchment OS2.  

• Catchments OS3 to OS6 are combined as one single source.  

• Catchments OS7 to OS9 are combined as one single source. 

• Catchment WE7. 
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7. The work and report of Hicks et al. (2009) was used to derive individual 
catchment event sediment yields (Y) and average freshwater discharge (Qavg). 
See Pritchard et al. (2009) for more detail.  

8. 4 specified yields corresponding to 1-month, 3-month, 1-year and 10-year return 
periods were used. 

9. Unmonitored event sediment yields and freshwater discharges from the 
catchments (OS2-OS9; WE7) surrounding the Okura Estuary (see Figure 1) were 
scaled relative to the monitored Awanohi catchment (OS4). 

10. SSC and freshwater source inputs were discharged into the estuary model over 
1 semi-diurnal tidal cycle (12.42 hrs) and then run for a further 7-days. 

A total of 36 scenarios were simulated. The 36 scenarios represented a unique 
combination of sediment yield, river discharge, wind stress and tidal range. A modelled 
scenario that most closely matches the observed river discharge, tidal range and speed 
and direction could then be used to predict depth of sedimentation at each of the 
selected ‘monitored’ sites. See Appendix for specific details of model setup. 

The total number of model scenarios = 4 storm sediment yields × 3 winds × 3 tidal ranges = 36 

A further series of 4 SSC simulations (separate from the 36-scenarios) were used to 
investigate if SSC levels were likely to exceed critical ecological effects threshold (EET) 
values for suspended sediments. These SSC simulations were driven by Neap tidal 
ranges; double the computed 1 and 10 year storm discharge events; and subject to 
calm (zero wind) and a SW wind stress. Simulations were run for a period of 7-days. 
The aim of these simulations were to encompass medium to ultra extreme conditions. 
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3 Results 

3.1 Okura Estuary and Karepiro Bay storm-loaded sediment transport – SSC model 

simulations 

The results from the SSC model runs are shown in Figure 3 to Figure 6. The figures 
illustrate the predicted levels of SSC (kg/m3) and bed deposition (mm) for each of the 4 
SSC simulations along a longitudinal transect in the Okura estuary which started at site 
O10 and terminated at site S8 (see Figure 2). All of the simulations display similar 
trends: Storm sediment loads discharged into the estuary are held in suspension and 
mobilised (advected) for approximately 1.5 days (~3 semi-diurnal tidal cycles). By the 
end of 1.5 days, all sediments were either deposited or flushed out of the model 
domain. 

The highest SSC values were consistently predicted for sites O6 (near the shell spit in 
the middle estuary) and site O10 (in the upper estuary). There was also a time lag in 
peak SSC and depositional plateaus for the same two sites (O10 leads O6) over two 
tidal cycles. This was caused by tidal advection and the interim settling of sediments in 
the estuary channel and on the inter-tidal flats.  

The results also showed that under calm conditions the model predicted higher levels 
of sedimentation in the upper estuary (Figure 4, Site O10). In contrast, a South-
westerly wind stress (which aligns longitudinally with the estuary basin) tended to 
transport sediments further downstream (towards the NE) from the source as is most 
easily seen between the deposition levels predicted for calm and SW wind stress 
simulations at sites O10 and O6. Under the SW wind conditions less sediment is 
deposited in the upper estuary. 
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Figure 3:  

Predicted SSC (kg/m3) and total sediment deposition (mm) from model simulations forced by calm winds and neap tidal ranges. The sediment source discharge was based on river discharges 

and catchment sediment yields for a 1- year return period. Total simulation time was 7-days.  Note: 1 kg/m3 = 1000 mg/l. 
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Figure 4:  

Predicted SSC (kg/m3) and total sediment deposition (mm) from model simulations forced by calm winds and neap tidal ranges. The sediment source discharge was based on river discharges 

and catchment sediment yields for a 10-year return period. Total simulation time was 7-days. Note: 1 kg/m3 = 1000 mg/l. 

0 1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Day

S
S

C
 (k

g/
m

3 )

 

 

O2
O3
O6
O10
S7
S8

0 1 2 3 4 5 6 7

0

0.5

1

1.5

2

2.5

3

Day

B
ed

 D
ep

os
iti

on
 (m

m
)



 

Modelling storm-load sediment deposition thresholds for potential ecological effects in the Okura Estuary / Karepiro Bay:   Scenario Results                  11 

  

Figure 5:  

Predicted SSC (kg/m3) and total sediment deposition (mm) from model simulations forced by a SW wind stress and neap tidal ranges. The sediment source discharge was based on river 

discharges and catchment sediment yields for a 1-year return period. Total simulation time was 7-days. Note: 1 kg/m3 = 1000 mg/l. 
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Figure 6:  
Predicted SSC (kg/m3) and total sediment deposition (mm) from model simulations forced by a SW wind stress and neap tidal ranges. The sediment source discharge was based on river 
discharges and catchment sediment yields for a 10-year return period. Total simulation time was 7-days. Note: 1 kg/m3 = 1000 mg/l. 
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3.2 Okura Estuary and Karepiro Bay storm-loaded sediment transport – Sediment bed 

deposition Lookup tables 

Figure 7 to 9 show a series of bar charts of the level of predicted sediment deposition 
(mm) at the 21 ecological monitoring sites in the region of the Okuara estuary and 
Karepiro Bay. Each figure presents the total sediment deposition depth for a specific 
tidal range (M2, Spring and Neap), a predicted catchment storm event load 
corresponding to 1-month, 3-month, 1-year and 10-year events based on Hicks et al. 
(2009) for calm, SW, NE wind stress conditions. Table 1a-c shows the same results in 
tabular format. 

The deposition depths can be compared with Event Effect Thresholds (EET) for 
deposition based on field observations and laboratory experiments (see Section 2.5). 
For the purposes of this study we define the sub-lethal deposition depth as ≥ 3 mm 
and lethal at 2 cm. The EET for suspended sediment concentrations are less certain 
and what work has been done suggest that the effects of elevated suspended 
sediment concentrations vary widely between species. 

3.3 Worked Example 

This methodology for the worked example assumes that the monitored sediment yield 
is measured at a hydrometric station sited in the head water regions of the in the 
Awanui river (see Pritchard et al. 2009). The predictions are then scaled up for all 
catchments. 

1. Determine sediment yield from hydrometric station. 

2. Convert measured yield to a return period using the empirically related 
plot shown in Figure 10. 

3. From local tide tables determine the tidal range during the event i.e., 
Spring tides have the greatest range between high and low water; Neap 
have lowest range; Mean are between Spring and Neap. 

4. From the local weather forecast determine the wind conditions for the 
region i.e., the wind speed and direction. 

5. Combine all information to select nearest match to the known conditions 
from the lookup tables. 

6. Use the lookup table to predict the approximate event sediment 
deposition in the Okura Estuary and Karepiro Bay. 

A worked example of estimating event driven sediment deposition in the Okura 
Estuary and Karepiro Bay is shown below: 
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1. We assume the hydrometric station measures an event sediment yield of 400 
tonnes. From Figure 10 we see the intersect of the yield (y-axis) with the line of 
best fit gives an approximate return period (on the x-axis) for such an event as 6-
months. This is not included in the series of simulations but an event deposition is 
estimated by assuming a 1-year return period i.e., if a measured event return 
period lies between two of the modelled scenarios we pick the greatest return 
period. This gives a conservatively higher deposition value rather than an under-
prediction. 

2. From tidal prediction tables or online tidal predictions for the Okura estuary we 
assume a Neap tide i.e., the smallest tidal range (HW to LW). 

3. From weather forecasts we assume a South-westerly wind stress. 

4. From the above information we turn to Table 1c, lookup the line titled NP-1y 
(Neap tide, 1-year return period) and read off the predicted sedimentation depth in 
response to the event at the 21 specified sites. 

5. This is then compared to the EET for various species. 
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Figure 7:  

Predicted total event sediment deposition depth (mm) from model simulations forced by calm wind stress, M2, Spring and Neap tidal ranges. The predicted 

event sediment yield was based on river discharges and catchment sediment yields data for 1-month, 3-month, 1-year and 10-year return periods at the 

monitored Awanuhi  site . Total simulation time was 7-days. . Suffix: O = Okura estuary (sub and inter-tidal); I = Inter-tidal sites; Sub-tidal sites in Karepiro Bay; 

L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month return period; 3m = 3 month return period; 1y = 1 

year return period; 10y = 10 year return period. 
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Figure 8:  

Predicted total event sediment deposition depth (mm) from model simulations forced by NE wind stress, M2, Spring and Neap tidal ranges. The predicted 
event sediment yield was based on river discharges and catchment sediment yields data for 1-month, 3-month, 1-year and 10-year return periods at the 
monitored Awanuhi  site . Total simulation time was 7-days. . Suffix: O = Okura estuary (sub and inter-tidal); I = Inter-tidal sites; Sub-tidal sites in Karepiro Bay; 
L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month return period; 3m = 3 month return period; 1y = 1 
year return period; 10y = 10 year return period. 
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Figure 9:  
Predicted total event sediment deposition depth  (mm) from model simulations forced by SW wind stress, M2, Spring and Neap tidal ranges. The predicted 
event sediment yield was based on river discharges and catchment sediment yields data for 1-month, 3-month, 1-year and 10-year return periods at the 
monitored  Awanuhi  site . Total simulation time was 7-days. . Suffix: O = Okura estuary (sub and inter-tidal); I = Inter-tidal sites; Sub-tidal sites in Karepiro Bay; 
L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month return period; 3m = 3 month return period; 1y = 1 
year return period; 10y = 10 year return period. 
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Table 1a:  

Event total sediment deposition (mm) in the Okura estuary and Karepiro Bay for calm wind conditions. Suffix: O = Okura estuary (sub and inter-tidal); I = Inter-

tidal sites; Sub-tidal sites in Karepiro Bay; L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month return 

period; 3m = 3 month return period; 1y = 1 year return period; 10y = 10 year return period. 

 
 

                  Calm                         

  O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 I9 I10 I12 I14 M1 M4 L1 L4 S3 S5 S7 

M2-1m 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SP-1m 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NP-1m 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

M2-3m 0.00 0.00 0.00 0.01 0.00 0.14 0.02 0.02 0.09 0.15 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

SP-3m 0.00 0.00 0.00 0.01 0.00 0.14 0.02 0.02 0.10 0.16 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

NP-3m 0.36 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.00 0.01 0.32 0.29 

M2-1y 0.00 0.00 0.01 0.03 0.01 0.39 0.05 0.07 0.32 0.46 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.02 0.03 

SP-1y 0.00 0.00 0.01 0.04 0.02 0.40 0.05 0.08 0.34 0.47 0.01 0.01 0.01 0.03 0.00 0.00 0.00 0.00 0.02 0.02 0.03 

NP-1y 0.59 0.01 0.00 0.00 0.00 0.47 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.03 0.04 0.00 0.21 0.03 0.75 0.24 0.71 

M2-10y 0.05 0.00 0.07 0.11 0.05 1.21 0.17 0.36 1.30 1.64 0.05 0.06 0.04 0.09 0.01 0.00 0.00 0.00 0.05 0.06 0.14 

NP-10y 0.86 0.01 0.00 0.00 0.00 0.87 0.00 0.00 0.24 0.45 0.45 0.58 0.01 1.14 0.35 0.00 0.90 0.01 0.61 0.10 0.17 

SP-10y 0.04 0.00 0.07 0.12 0.06 1.23 0.18 0.38 1.33 1.65 0.06 0.07 0.04 0.09 0.02 0.00 0.00 0.00 0.07 0.06 0.13 
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Table 1b:  

Event total sediment deposition (mm) in the Okura estuary and Karepiro Bay for North-easterly wind conditions. Suffix: O = Okura estuary (sub and inter-tidal); I 

= Inter-tidal sites; Sub-tidal sites in Karepiro Bay; L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month 

return period; 3m = 3 month return period; 1y = 1 year return period; 10y = 10 year return period. 

 

                  NE                         

  O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 I9 I10 I12 I14 M1 M4 L1 L4 S3 S5 S7 

M2-1m 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SP-1m 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NP-1m 0.01 0.17 0.00 0.00 0.00 0.78 0.00 0.00 0.06 0.01 0.02 0.01 0.01 0.04 0.00 0.06 0.04 0.00 0.05 0.01 0.00 

M2-3m 0.00 0.00 0.00 0.00 0.00 0.13 0.02 0.02 0.04 0.07 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SP-3m 0.07 0.14 0.01 0.01 0.01 0.16 0.05 0.04 0.07 0.11 0.04 0.01 0.01 0.01 0.01 0.03 0.05 0.00 0.01 0.01 0.03 

NP-3m 0.00 0.00 0.00 0.00 0.00 0.13 0.01 0.01 0.03 0.07 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

M2-1y 0.00 0.00 0.01 0.02 0.01 0.36 0.06 0.05 0.13 0.32 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

SP-1y 0.00 0.00 0.01 0.02 0.01 0.37 0.06 0.06 0.15 0.36 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

NP-1y 0.00 0.00 0.00 0.01 0.00 0.37 0.03 0.03 0.11 0.29 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

M2-10y 0.02 0.00 0.05 0.08 0.04 1.12 0.19 0.19 0.63 1.43 0.00 0.01 0.01 0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.02 

SP-10y 0.02 0.00 0.05 0.09 0.04 1.14 0.19 0.20 0.67 1.48 0.00 0.01 0.01 0.06 0.00 0.00 0.02 0.00 0.00 0.00 0.01 

NP-10y 0.01 0.00 0.01 0.04 0.01 1.06 0.12 0.13 0.49 1.33 0.00 0.00 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
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Table 1c:  

Event total sediment deposition (mm) in the Okura estuary and Karepiro Bay for South-westerly wind conditions. Suffix: O = Okura estuary (sub and inter-tidal); 

I = Inter-tidal sites; Sub-tidal sites in Karepiro Bay; L, M, S ; M2 = M2 tidal range; SP = Spring tidal range (M2+S2); Neap tidal range (M2-S2); 1m = 1 month 

return period; 3m = 3 month return period; 1y = 1 year return period; 10y = 10 year return period. 

                  SW                         

  O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 I9 I10 I12 I14 M1 M4 L1 L4 S3 S5 S7 

M2-1m 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SP-1m 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

NP-1m 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

M2-3m 0.00 0.00 0.00 0.01 0.00 0.15 0.02 0.04 0.12 0.12 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 

SP-3m 0.00 0.00 0.00 0.01 0.00 0.16 0.02 0.04 0.13 0.13 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 

NP-3m 0.00 0.00 0.00 0.01 0.00 0.16 0.02 0.04 0.12 0.12 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 

M2-1y 0.01 0.00 0.01 0.03 0.01 0.42 0.05 0.14 0.36 0.36 0.02 0.02 0.01 0.02 0.02 0.01 0.00 0.00 0.03 0.00 0.03 

SP-1y 0.01 0.00 0.02 0.03 0.01 0.43 0.05 0.14 0.37 0.37 0.02 0.02 0.01 0.02 0.03 0.01 0.00 0.00 0.03 0.00 0.03 

NP-1y 0.01 0.00 0.01 0.03 0.01 0.44 0.05 0.13 0.37 0.37 0.02 0.02 0.01 0.02 0.02 0.01 0.00 0.00 0.02 0.01 0.03 

M2-10y 0.05 0.00 0.07 0.10 0.04 1.27 0.16 0.63 1.28 1.29 0.07 0.07 0.05 0.08 0.08 0.04 0.00 0.00 0.09 0.01 0.09 

SP-10y 0.05 0.00 0.09 0.10 0.03 1.18 0.15 0.59 1.20 1.24 0.09 0.10 0.10 0.31 0.12 0.05 0.00 0.00 0.13 0.01 0.19 

NP-10y 1.03 0.15 0.00 0.00 0.00 3.14 0.00 0.00 0.10 0.03 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Figure 10: 

Scaled event sediment yield (see Pritchard et al. 2009) Vs event return period for monitored 

stations in the Awanuhi catchment. The return periods used in the predictions of the lookup 

tables are shown as broken black lines. 
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3.4 Sediment bed deposition – Okura Estuary sub-tidal and inter-tidal sites (O1 – O10) 

Model predictions of sediment deposition at estuary sites (suffix ‘O’) suggest the 
highest levels of sediment deposition occur inside the confines of the estuary basin 
under all forcing conditions. The model predicted estuary sites (O6 - O10) closest to 
the source input of freshwater and sediment at the head of the Okura estuary as 
having the most consistently high deposition rate through all the different 
combinations of scenario forcing. The very highest levels of deposition (1.5 – 3 mm) in 
the Okura corresponded to 10 year river/sediment discharge rates in conjunction with 
larger tidal ranges i.e., M2 and Spring tides.  

When model simulations included the effect of wind stress, the predicted sediment 
dispersal and deposition responded accordingly on the windward side of the imposed 
wind stress. For example, simulations forced under NE winds (Figure 8) dispersed and 
deposited more sediment at sub-tidal sites scattered around Karepiro Bay. In contrast, 
the simulations forced with a SW wind stress (Figure 9) increased deposition inside 
the estuary basin. 
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3.5 Sediment bed deposition – Karepiro Bay inter-tidal sites (I9 - I14) 

The predicted level of sediment deposition at all of the selected inter-tidal sites in 
Karepiro Bay (suffix ‘I’) was low compared to the estuary sites even in response to 
high catchment sediment yields and freshwater discharged into the model.  

Under calm conditions (Figure 7), the highest deposition (~1mm) on the inter-tidal flats 
was at site I14 followed by I10 and then I9. This was a result of suspended sediment 
discharged into Karepiro Bay being advected up onto the flats on a subsequent flood 
tide. During both NE and SW wind conditions, the predicted sediment deposition was 
lower (<0.5 mm). Figure 8 shows during a NE wind more sediment is retained inside 
the estuary. Conversely, Figure 9 shows that during a SW wind stress, more sediment 
is being transported offshore. This is reflected in the general increase in deposition at 
most of the sub-tidal sites in Karepiro Bay. 

3.6 Sediment bed deposition - sub-tidal sites (M1, M4, L1, L4, S3, S5, S7) 

The highest levels of predicted sediment deposition at sub-tidal sites (suffix ‘M’,’L’,’S’) 
were close to the Okura estuary mouth (S3, S5, S7) and at Piripiri Point (L1). These 
deposits of O(1 mm) corresponded with the scenarios forced by calm wind conditions 
and Neap tidal ranges. When the model was forced using NE winds, the simulations 
predicted that most sediment would be retained and deposited inside the upper 
reaches of the estuary basin. Simulations suggested very little deposition (<0.1 mm) 
occurring at the sub-tidal sample sites in Karepiro Bay.  Under a SW wind stress; 
slightly more sediment was dispersed and deposited offshore across a range of 
scenarios at the sub-tidal sites. But the majority of sediment deposition was mainly 
inside the estuary basin. 
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4 Summary / Discussion 
The predicted levels of sedimentation in the Okura Estuary and the surrounding area of 
Karepiro Bay were predominantly governed by the magnitude of the storm-event yield 
discharged into the estuary from the catchments and tidal advection. When the model 
was forced with an additional NE or SW wind stress, sediment tended to distribute 
and deposit on the downwind side of the wind.  

The SSC simulations predicted the highest SSC at site O6 near to the shell spit. The 
spit caused an increase in SSC through accumulation in the water column due to 
narrowing and converging flows (estuarine outflow and tidal advection) and the 
trapping of sediments at the spit. 

For calm condition model simulations the highest sediment depositions (1 - 2.6 mm) 
were predicted for site O10 that nearest to the main source of sediment discharge.  
The model also predicted high sediment deposition (0.75 – 1.6 mm) at Site O6.  

The results from model simulations including a SW wind stress suggested site O6 
marginally accumulated more sediment than that at O10 near to the source. This 
resulted from enhanced offshore sediment transport (due to wind and tidal advection) 
in the estuary on the falling tide. When the model forcing included a SW wind stress, 
estuary basin sedimentation levels increased nearer to the mouth in response to the 
enhanced estuarine surface transport on the ebb. This led to more sediment being 
transported, distributed and deposited offshore at sub-tidal sample sites as compared 
to the NE wind forced (onshore) scenarios. Simulations including a NE wind stress had 
the potential to increase sediment retention inside the estuary basin through retarding 
the estuarine outflow on the falling tide (wind on tide setup) and enhancing flood 
currents (~3%) on the rising tide. 

4.1 Look-up Tables and Implication of Results 

The results from the 36-scenario simulations that were used to produce the lookup 
tables (Table 1a-c) showed the highest levels of sediment deposition were associated 
with 10-year events. Sediment deposition experiments summarised by Thrush et al. 
(2003) and Lohrer et al. (2004) suggest that catastrophic mortality (death of all 
individuals of most species) does not occur at depositions less than 2 cm.  However, 
both studies record changes in the abundance of sensitive species below this level of 
deposition.  As little as 3 mm of sediment deposited in an erosive environment (similar 
to the Karepiro Bay intertidal sites) was sufficient to significantly alter the community, 
with juveniles and some surface dwelling species being sensitive to smaller levels of 
deposition.  Lohrer et al. (2004) also noted that the scale of their experimental plots 
(4.5m2) was such that animals could be easily advected with sand movement into the 
plots, decreasing effects and recovery time relative to natural events which are likely 
to cover larger scales.  Depositional events in areas where transport of the deposition 
away from the area is low and/or events covering areas larger than those described in 
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Thrush et al. (2003) and Lohrer et al. (2004) are likely to have larger effects, and 
consequently depositional levels observed at some sites in Okura Estuary could have 
ecological consequences.  In particular, modelling results do suggest that the total 
sediment deposition at site O6 and O10 on a 10-year yield return period may approach 
or exceed 3 mm. Significant decreases in macrobenthic diversity and abundance could 
therefore occur from similar size storms that produce the 10-year yields, or from a 
number of smaller storms occurring frequently.   

Our SSC simulations forced with extreme river discharge and storm sediment yields 
indicated that high levels of SSC (based on a 15 μm particle size) remained in the 
water column for up to 1 day (~2-tidal cycles) after events. However, less information 
is available for the ecological effects of elevated SSC.   

Studies have mainly been laboratory based, covering time period of a week or more at 
constant levels of SSC.  Thus, interactions with reduced salinity are not included, nor 
are the effects of fluctuating SSC.  The latter may be beneficial, allowing brief periods 
when animals may function naturally, or be detrimental as testing conditions may 
come at a energetic cost. Generally, the effects measured are behavioural changes, 
not mortality.  However, Nicholls et al. (2003) recorded deaths probably associated 
with elevated SSC for the intertidal wedge shell (Macomona liliana) and subtidal heart 
urchin (Echinocardium australe) in laboratory experiments conducted for 14 days at 
levels above 300mg/l.  

Nicholls et al. (2003) also observed reduced feeding by the polydorid polychaete 
(Boccardia syrtis) after 6-9 days of 0.008 kg/m3 (80mg/l) SSC and for the scallop 
(Pecten novaezealandiae) after 2 days of 0.01 kg/m3  (100 mg/l), while heart urchins 
took significantly longer to rebury after 4 days of 80mg/l.  Results from a combined 
laboratory and field study suggest that adult cockle (Austrovenus stutchburyi) biomass 
is not detrimentally affected by SSC of up to 0.4 kg/m3 (400 mg/l) over a 14 day period 
(Hewitt et al. 2001).  In the same study, adult pipis (Paphies australis) were found to be 
more sensitive, with biomass decreasing in response to SSC concentrations of 80 mg/l 
when exposure exceeded 13-days.  This study also observed decreased feeding rates 
(measured as removal of organic particles) in the laboratory with SSC as low as 100 
mg/l for both species, with this rate decreasing further after 5-8 days exposure.   Our 
results suggest that while single storm events can provide SSC above these levels, 
they do not persist for these time scales.  

However, Hewitt and Norkko (2007) predict that under natural conditions in Whitford 
Embayment, SSC of 100 mg/l (cockles) and 70 mg/l (pipis), that persist for >25% of 
the time will result in decreased biomass.  They note that over the sampled time 
period such SSC levels only occurred for 1–3 days at a time, suggesting that high 
levels do not need to persist for consecutive event periods before biomass is lost. 
Thus, it is not possible to rule out sub-lethal effects as a result of the predicted SSC 
levels as a crucial component will be the frequency with which storms producing these 
relatively low levels occur.  
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4.2 Future work 

The major assumptions of this work are the consideration of only one particle size, one 
single storm driven event, no particle flocculation and no wave re-suspension. Further 
work may be required to access the impact of repetitive storm events and of local 
wave re-suspension on sediment reworking on tidal time scales. This may be 
implemented by the development of a local SWAN wave model that may then be 
coupled with the DHI MIKE3 FM HD and MT modules. 
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7 Appendices 

7.1 Model Setup 

Table A1:  

River discharge rates (m3/s) used as boundary conditions for the modelled scenarios. Values are 
based on the analysis of Hicks et al. (2009). See Figure 1 for freshwater/sediment source codes. 

 

 

Table A2:  

Sediment concentrations used as boundary conditions for the modelled scenarios. Values are 
based on the analysis of Hicks et al. (2009).  

 
Return 3-month 6-month 1-year 10-year 
Conc (kg/m3) 2.26 3.54 4.48 6.57 

 

 

 

 

 

 

 

Source/Return mean 3-month 6-month 1-year 10-year 
OS2 0.25 0.37 1.10 1.98 3.45 
OS3/OS4/OS5/OS6 0.25 1.12 3.32 6.00 10.44 
Weti 0.28 0.28 0.28 0.28 0.28 
WE7 0.1 0.25 0.75 1.35 2.35 
OS7/OS8/OS9 0.28 0.34 1.00 1.80 3.13 
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Table A3: 

List of model setup parameters as implemented in the DHI MIKE3 FM HD and MT model for 
Okura Estuary and Karepiro Bay scenario runs. 

 

DHI MIKE3 FM Parameter Variable used in model 

Model stability  Model Spin up Time to HST 10 days 

Offshore tidal boundary Harmonic Tidal constituents M2, M2+S2, M2-S2 

Bed roughness Z0 0.05 

Horizontal Mixing 

Lower limit 

Upper limit 

Smagorinsky coefficient 

N(x,y) 

N(x,y) 

0.28 

1.8e-006 m2/s 

10 m2/s 

Vertical Mixing 

k-ε  formulation 

 

Cμ 

C1ε 

C2ε 

C3ε 

σt 

σk 

σε 

0.09 

1.44 

1.92 

0 

0.9 

1 

1.3 

Salinity scaling factor S 1.1 

Wind drag coefficient Cd 0.00125 

Particle Settling Velocity 15μm 1.3e-4 m/s 

Bed Erosion Rate 

 

E1 

α 

1e-6 kg/m2/s 

1 

Sediment Deposition Threshold τcd (15μm) 0.1 N/m2 
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