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Executive summary 
The significant threat of increased terrestrial sediment runoff into estuaries and coastal 
zones as a result of urban expansion and land use change was recognised by the National 
Institute of Water and Atmospheric Research (NIWA) and the Auckland Regional Council 
(ARC) in the 1990s. Starting with Okura in 2000, the ARC began ecological monitoring in a 
number of east coast estuaries in Auckland in order to better assess the impacts of 
sediment loads on the health of valued estuarine resources. Macrofaunal communities and 
bed sediment characteristics are now monitored at seven core sites in each of eight east 
coast estuaries (Puhoi, Waiwera, Orewa, Okura, Mangemangeroa, Turanga, Waikopua 
and Whangateau), and new parameters and modifications to the sampling protocols have 
been trialled at various stages. 

Three types of benthic health indicators (BHMmetals, BHMmud, TBI) and a combined 
summary score of overall health revealed the present (2013) condition of the eight 
estuaries to generally range from moderate to good. However, the Puhoi, Turanga and 
Mangemangeroa estuaries each contained a site rated as “poor”, and neither 
Mangemangeroa nor Turanga had any sites rated as “extremely good”.  

Across all of the monitored estuaries, many of the trends identified from past reporting 
periods were still observed and new trends were also identified. However, some of the 
past trends were determined to be a part of longer-term cycles. Generally speaking, trends 
consistent with increasing amounts of fine sediment or sedimentation in the monitored 
estuaries were small. The estuaries showing the largest numbers of these trends were 
Okura, Orewa and Puhoi. 

In 2012, Auckland Council approached NIWA regarding further additions to the sampling in 
Okura Estuary ahead of logging that was being planned in Weiti Forest, with concerns that 
terrestrial sediment runoff would increase markedly after logging. This additional sampling 
consists of: discrete water sampling for suspended sediment concentrations; sediment 
traps for sediment accumulation rates; DOBIE-OBSs for time- and tide-stamped 
suspended sediment information; and a pilot behavioural monitoring trial of selected 
macrofaunal taxa. Sampling was conducted after two high rainfall events and during two 
periods of relatively dry weather. This additional sampling showed that suspended 
sediment concentration (SSC) can be 10 times higher than background during significant 
rain events, though the periods of elevated SSC are relatively short (<3 days). 
Macrofaunal community structure, which integrates over time frames longer than three 
days, also changed after these rain events. There were also patterns in the behavioural 
data that could be interpreted as sublethal responses to the brief periods of elevated SSC. 
However, the high levels of variability among individuals and the lack of consistency 
across species, sites and times produced uncertainty as to the ecological significance of 
the behavioural changes.  
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The estuarine monitoring programme has provided important information on the health of 
these estuaries which has informed state of the environment reporting, report cards and 
the development of the Auckland Unitary Plan. These estuaries remain at risk from 
sediment derived from rural activities, land and forestry and currently the monitoring is 
detecting some trends consistent with increased sediment in these estuaries. Monitoring of 
these estuaries should therefore continue, however, long-term monitoring programmes 
should be regularly reviewed to determine whether the programme is continuing to meet 
its objectives and if improvements can be made. The analyses conducted make it clear 
that sampling only seven of the original ten sites is not compromising the ability of the 
programme to detect change, as most of any changes observed so far at the non-Core 
sites are similar to those observed at the Core sites. This raises the question as to whether 
it is possible to reduce sampling from seven sites per estuary (considering the relatively 
small size of the estuaries) and still understand trends in health.  

While a robust analysis of the number of sites required is still to be undertaken, 
hydrodynamic differences in depositional and erosional zones along the estuary suggest 
that at least one site in each of the upper, middle and outer zones will be required. 
Selection of a specific site to monitor within each of these zones would sensibly be 
focussed on those sites at which the present analysis detected most trends consistent with 
increased fine sediment. Finally, having an extra one or two sites (making a total of four to 
five sites monitored) to allocate to sandier sites containing the most sensitive species and 
muddy sites where contaminated sediments are likely to accumulate would increase the 
robustness and general usefulness of the monitoring.   
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1.0 Introduction 

1.1 Rationale and initial programme design  

Planning for growth in the Auckland region has for some time suggested that the estuaries 
on the fringes of the metropolitan area are prime candidates for residential expansion and 
development. Early in the 1990s, the significant threat of increased terrestrial sediment 
runoff into estuaries and coastal zones as a result of this development was recognised by 
NIWA and the Auckland Regional Council (ARC). Initially it was thought that muddy areas 
(e.g., tidal creeks and upper estuary areas) would be less affected than sandy areas, but a 
number of small-scale experimental studies, co-funded by FRST and ARC, found that all 
areas were potentially at risk (Norkko et al. 2002). Around the east coast of the Auckland 
region, ecological responses were observed as a result of quite small experimental 
applications of terrestrial sediment onto the seafloor and into the water column. These 
responses ranged from changes in the feeding behaviour and health of individual species 
to complete eradication of whole macrofaunal communities (Ellis et al. 2002, Hewitt and 
Pilditch 2004, Lohrer et al. 2004, Norkko et al. 2006, Hewitt and Norkko 2007). To inform 
planning and decision making the ARC melded catchment modelling of likely sediment 
runoff under various development scenarios, with estuarine sediment transport models 
and results of experimental manipulations on ecology.  

However, ecological experimental manipulations can only be conducted at small scales 
and a number of problems arise in trying to scale up from a one-off small-scale experiment 
to potentially large-scale and cumulative impacts (Thrush et al. 1999, Hewitt et al. 2007). A 
weight of evidence approach has been used to infer broader-scale effects by comparing 
the taxa shown to be sensitive in the experiments with those demonstrating relationships 
with sediment mud content or sediment accumulation rates from large-scale surveys 
(Lundquist et al. 2003, Gibbs and Hewitt 2004, Thrush et al. 2004, Anderson et al. 2007). 
As stronger evidence is often required in a court of law and monitoring is also required to 
determine the long-term effectiveness of planning decisions, in 2000 the ARC began 
monitoring in Okura Estuary (conducted by Uniservices). The intention was to capture any 
changes in the ecology of the estuary associated with three phases of development: pre-
development, development and post-development.  

In August 2002, four other estuaries were added to the monitoring programme (Puhoi, 
Waiwera, Orewa and Mangemangeroa). Mangemangeroa was added as the urbanisation 
beginning to occur around its catchment was planned to intensify over time. Uniservices 
argued for the addition of the other three in order to place any potential changes through 
time in the other estuaries within a broader regional context. However, Mangemangeroa is 
spatially separated from the others (lying to the south of Auckland City and discharging 
into the Whitford Embayment). To enable useful comparisons to be made for this estuary, 
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Uniservices argued for the extension of the number of reference estuaries. In August 
2004, Turanga and Waikopua (also from the Whitford Embayment) were added to the 
regional monitoring programme.  

The design of the monitoring centred around the three phases of development that differed 
in their timing of occurrence between estuaries. Ten monitoring sites were located along 
the length of each estuary, with the assumption that sites furthest up the estuary were 
most likely to be impacted by terrestrial sedimentation. Along the estuary sites were further 
stratified into those occurring in depositional zones versus erosional zones. The ongoing 
monitoring and comparisons over time within and among estuaries was designed to detect 
long-term effects on macrofaunal community driven by chronic increases in both the 
turbidity and also in the proportion of fine muddy sediments in the estuary.  

1.2 Capturing event based effects 

To determine whether individual sediment depositional events resulted in changes to the 
benthic communities, the sites were monitored in spring and autumn each year, once after 
a rainfall event and once after a relatively dry period. A report of the results from 2000 to 
2007 found no effect of individual events and this lack of effect was suggested to be a 
result of the size of rainfall events that were being monitored (Anderson et al. 2007). At 
this time the definition of an event was > 15 mm in a 24 hour period. Unfortunately 15 mm, 
or just over, in a 24 hour period could be expected to occur at least twice in each of the 
seasons and therefore was unlikely to have a detectable effect in a system as physically 
dynamic as an estuary. Most of the studies investigating one-off events relate to sediment 
deposition events associated with much greater intensity of rainfall and volumes of water 
(e.g., Norkko et al. 2002; Hewitt et al. 2003). After consultation with the ARC, Uniservices 
altered the design of the monitoring programme from 2007 to target heavier rainfall events 
(see section 2.2.1 for triggers), regardless of when they might occur during the year. Due 
to the patchiness of heavy rainfall in the Auckland area, such monitoring was to be limited 
to estuaries that had gauging stations situated in their catchments (namely, Okura, Orewa 
and Mangemangeroa).  

This new event sampling was able to detect effects of rainfall, related to the size of the 
event and the amount of rainfall falling in the 24 hours prior to sampling (Hewitt and 
Simpson 2012). Importantly, sampling over a number of events occurring within a six week 
period revealed cumulative responses by the benthic community. This result provided a 
valuable function in strengthening the causal link between macrofaunal changes and 
terrestrial sedimentation, and between predictions generated from experimental 
manipulations of terrestrial sedimentation and from surveys of ambient sediment content. 
After several years sampling events in the three estuaries, sufficient information had been 
collected to demonstrate the link between rainfall events and changes in macrofaunal 
communities and this sampling was discontinued. Instead, new methods that would be 
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able to associate specific rainfall events with site-specific turbidity and effects on 
macrofauna in the estuary were trialled. This trial was begun in Okura Estuary in 2012, 
ahead of logging that was planned in the Weiti Forest block.  

The Weiti Forest block is in the northern part of the Okura Estuary catchment, and there 
are concerns that terrestrial sediment runoff will increase markedly in association with 
logging. Elevated sediment runoff would drive higher suspended sediment concentrations 
(SSC) in the water column and higher rates of sediment deposition on benthic habitats in 
the estuary, both of which could have ecological impacts. The increases could be 
particularly pronounced if major rain events coincide with the immediate post-logging 
period when vegetation coverage of the soil would be at its minimum. Auckland Council 
approached NIWA to gather baseline information on water column suspended sediment 
concentrations and sediment deposition rates in the pre-logged state, and to develop 
behavioural assays of macrofaunal organisms that may prove useful for detecting subtle 
sub-lethal impacts associated with terrestrial sediment loading events. Initial development 
of the new methodologies were begun in Okura Estuary in May 2013 and were reported in 
Lohrer et al. (2013). Post that, the methods were refined slightly and then trialled four 
times over a 12 month period, twice after rainfall exceedance events, and twice for 
normally scheduled routine monitoring in Okura Estuary (Figure 2-1). The results of these 
four sampling runs are presented in this report.  

1.3 Other changes to the programme over time  

1.  Since monitoring began, a number of the reference estuaries have either had 
urbanisation increase around their catchments or been subject to extensive road 
works within the catchments associated with the extension of the northern 
motorways. The present lack of real reference estuaries has necessitated a shift in 
the design and analysis of the monitoring programme. The analyses are now 
focussed primarily within each estuary, using time series analysis, and comparing 
change along the gradient from the riverine inputs. 

2.  In 2009, the collection and analysis of data shifted from Uniservices to NIWA. The 
potential of this change to result in step changes in the data was assessed in 2010 
and no effects were observed. 

3.  The change in focus to primary analysis focus being within each estuary allowed 
the monitoring to be bought into line with many of the benthic ecological monitoring 
programmes run by the Auckland Council. That is, after five years of consistent 
monitoring, a temporally nested monitoring design was introduced, where the 
number of sites monitored continuously in each harbour was reduced to seven with 
the remaining three sites monitored on a rotational basis (Hewitt and Thrush 2007). 
The effect of this reduction in sites was assessed in 2010 and no effect on the 
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ability of the data to allow detection of changes over time in an estuary was 
observed (Hewitt and Simpson 2012).  

4.  In November 2010, monthly monitoring of environmental variables (volume and 
grain size of sediment caught in the sediment traps and height of the bed) was 
discontinued. This monitoring comprised a significant portion of the costs but the 
data had proven unreliable due to a number of issues. The available resolution of 
the bed height measurements relative to expected sedimentation rates was of 
particular concern. Monitoring sediment accumulation rates is an area that needs 
further study to develop appropriate, reliable methods (Hewitt et al. in press). 

5.  In spring 2009, a further estuary (Whangateau) was added to the monitoring 
programme, following a habitat and baseline monitoring survey in 2009/2010 
(Townsend et al. 2010), which was triggered by the potential for development 
around the estuary. The report on the monitoring programme analysing data 
collected to the end of 2011 (Hewitt and Simpson 2012) confirmed that 
Whangateau could be analysed in conjunction with the rest of the estuaries with the 
sediment and macrofaunal characteristics of the chosen sites fitting well into the 
range of the seven other presently sampled estuaries.  

6.  In 2011, for the first time, the estuarine monitoring programme was amalgamated 
with the contaminant sampling conducted by Auckland Council throughout the 
region and contaminant and macrofaunal data for these areas was analysed using 
the Benthic Health Models related to sediment mud content and heavy metal 
contamination (Hewitt and Simpson 2012). The data have also been analysed for 
the Traits-Based Index (TBI) and included in a summary of status around the region 
(Hewitt et al. 2012). Collection of chlorophyll a data began in 2012. 

1.4 Questions this report is seeking to address 

This report focusses on a number of questions.  

• How similar are the sediment characteristics of the estuaries? 
• What is the overall health status of the estuaries, as measured by the Benthic 

Health Models and the TBI? 
• Are there ecological changes occurring consistent with increased sedimentation 

such as would result from terrestrial sediment inputs?   
• Do the time signals in the ecology of the Core sites match those of the sites that are 

monitored less frequently?  
• Can the effects of rainfall exceedance events on SAR, SSC, macrofaunal 

behaviour, sediment characteristics and macrofaunal community structure be 
detected by comparing "event" and "non-event" data? 
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2.0 Long-term monitoring methods 
Here we present the general sampling methodologies of the long-term monitoring 
programme. Methods specific to a particular section are discussed within that section. 

2.1 Estuaries and sites  

Eight small east coast estuaries are monitored: Puhoi, Waiwera, Orewa, Okura, 
Mangemangeroa, Turanga, Waikopua and Whangateau (Figure 2-1). These estuaries 
have been sampled for varying lengths of time: Okura from April 2000; Puhoi, Waiwera, 
Orewa Mangemangeroa from August 2002; and Turanga and Waikopua from August 
2004; and Whangateau from October 2009.  

Initially 10 sites were sampled within each estuary (with the exception of Whangateau) 
with site 1 being closest to and site 10 being furthest from the mouth of the estuary (see 
section 3.0 for placement of the sites). Sites are located at mid-tide and have dimensions 
of 50 m (parallel to the waterline) x 25 m (perpendicular to the waterline). Placement was 
chosen to cover a range of sediment types (mud to coarse sand). 

Since August 2009, seven of the sites across the gradient in each estuary have continued 
to be monitored (Core sites) with the remaining sites sampled on a rotational basis over a 
five year period (Table 2-1).  

 
Table 2-1: Sites retained as Core sites (blue) in each estuary and sites for 5 yearly rotation (green).  
All 7 sites in Whangateau are Core sites. Bracketed years after rotated sites identify when they have been 
sampled. 

Estuary Core sites Sites for rotation 

Whangateau 1-7  

Puhoi 1–4, 6,7, 9 5, 8 [2013/14], 10 [2012/13] 

Orewa 1–6, 8 7, 9, 10 [2012/13] 

Okura 1–4, 7–9 
5 [2010/11], 6 [2009/10], 10 

[2010/11] 

Waiwera 1-3, 5, 6, 8, 9 4 [2011/12], 7, 10 [2010/11] 

Mangemangeroa 2, 3, 5–7, 9, 10 1, 4, 8 [2011/12] 

Turangi 1, 3, 4, 6–8, 10 2, 5, 9 [2009/10] 

Waikopua 1, 3, 4, 6–9 2, 5 [2013/14], 10 
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Figure 2-1: Location of the eight monitored estuaries.  
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2.2 Macrofauna 

2.2.1 Collection and processing 

Initially, sampling occurred twice (after rain, and after a dry period) within each of two 
three-month blocks (winter/spring: August–October and summer/autumn: February–April), 
yielding four sampling times per year. In 2007, this was altered. The dry sampling was 
maintained (although the time period for sampling was reduced to the months of October 
and April where possible). The rainfall sampling was changed to being triggered by rainfall 
in excess of 60, 57.5 and 50.6 mm over a 24 hr period recorded at gauging stations in 
Orewa, Okura and Mangemangeroa respectively. Only estuaries where the trigger 
occurred were sampled and sampling occurred within seven to ten days of the trigger 
event. Since 2011 sampling occurs in October and April when no events have been 
recorded in the prior two weeks. The rainfall over the 24 hour, two week and three week 
periods prior to sampling was recorded and used in the analysis to help explain any 
variability not related to seasonality. 

At each site, six replicate macrofaunal cores (130 mm in diameter x 150 mm deep) are 
taken from random positions at each site, excluding the area within 5 m of a core location 
for the previous 6 months. Cores are sieved on a 0.5 mm mesh and the material retained 
preserved in 70% isopropyl alcohol with 0.01% rose bengal. Later the macrofauna are 
identified to the lowest practical taxonomic level (usually species) and counted. Anderson 
et al. (2007) noted that the level of taxonomic resolution has increased markedly through 
time, and that community-level analyses should only use data from August 2002 onwards. 
Throughout the analysis in this report the level of taxonomic resolution reported in 
Appendix 5 (Anderson et al. 2007) has been used. 

Individuals from three bivalve species (the cockle Austrovenus stutchburyi, the wedge 
shell Macomona liliana and the pipi Paphies australis) are placed into size classes (small 
<5 mm, medium 5-15 mm, and large >15 mm) to allow some assessment of changes in 
the population structure of these large and long-lived animals.  

2.2.2 Community indices and selected species 

Two community indices are calculated and analysed in this programme that we expect to 
be sensitive to increased terrestrial sediment inputs: number of taxa; and community 
composition related to mud content. Average number of taxa per sample is expected to 
decrease with increased sedimentation rates (Lundquist et al. 2003). Community 
composition related to mud content is obtained from a canonical analysis of principle 
coordinates (CAP; Anderson and Willis 2003), based on Bray-Curtis similarities of square-
root transformed data, related to the percentage mud sediment content across the seven 
original estuaries. The CAP estuary model data integrate temporal variation in 
macrofaunal abundances and percentage mud from a restricted time period (averaged dry 
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sampled values from spring 2004 to autumn 2007 for each of the 70 sites, Anderson 
2008). Macrofaunal community composition on new occasions and in the additional 
Whangateau Estuary, are mapped onto the canonical axis of the mud gradient model 
using the ‘add samples’ option available in Primer V6 providing a value that is related to 
mud content (henceforth called CAPmud score). While derived using a CAP procedure to 
extract community composition related to mud content, this CAPmud score differs from the 
scores obtained using the AC BHMmud used to define estuarine community health around 
the Auckland region. The BHMmud model is constructed from a more spatially extensive set 
of data, allowing a regional assessment of health, while the CAPmud score, created from a 
specific set of estuaries with time averaged data, allows change over time related to 
increased mud content for those specific estuaries to be assessed. 

The analysis in this report also focusses on nine taxa for which responses to sediment 
mud content are known (Anderson 2008). Five taxa (Paphies australis, Colurostylis spp., 
Anthopleura aureoradiata, Waitangi brevirostris and Aonides trifida (oxycephala)) were 
predicted to strongly prefer low mud content and three taxa (crabs - a combination of 
abundances of Halicarcinus, Austrohelice and Hemiplax species, Nereididae polychaetes 
and Corophidae amphipods) were predicted to prefer high mud content. The results were 
similar to those found by Thrush et al. (2003, 2005) using maximum density models and 
thus are likely to be robust, although Anderson (2008) reports a stronger positive 
relationship between % mud content and Nereididae abundance, and a stronger negative 
relationship with % mud content for Austrovenus and Macomona than the relationships in 
Thrush et al. (2003 and 2005).  

Analyses were also conducted on the abundances in three different size classes (small <5 
mm, medium 5-15 mm, and large >15 mm) of the measured bivalves (Austrovenus, 
Macomona and Paphies).   

2.3 Sediment 

Sampling of ambient sediment to determine changes in sediment grain size is coincident 
with macrofaunal sampling. Initially, ambient sediment samples were obtained adjacent to 
each faunal core using a 38 mm diameter x 15 cm deep corer. This, however, dilutes any 
recent changes in sediment characteristics by the bulk and depth of the material collected 
in the core. In August 2004, sampling changed to using a 2 cm diameter core to a depth of 
approximately 2 cm.  

Six sediment cores from a single site are combined into a single sample which is frozen 
until grain size analysis can occur. Prior to grain size analysis, organic matter is removed 
using 9% hydrogen peroxide until fizzing ceased. The sample is then wet-sieved on a 
stack of sieves (2000, 500, 250, 125 and 63 µm). Each fraction is dried to a constant 
weight at 60oC. Sediment % weight is then expressed for shell (>2000 µm), coarse sand 
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(500 - 1999 µm), medium sand (250–499 µm), fine sand (125–249 µm), very fine sand 
(63–124 µm) and mud (< 63 µm). Due to the change in depth sampled and the sizes of the 
sieves used, only data from August 2004 onwards are used for subsequent analyses. 

Sampling in Whangateau initially used the sampling protocol in the ecological monitoring 
programmes conducted in Manukau, Mahurangi and Central and Upper Waitemata 
Harbours. In these programmes, very fine sand and fine sand were not separated, and the 
mud component was separated by pipette analysis into % silt (4 – 63 µm) and % clay 
(<3.9 µm). However, from 2011, Whangateau samples have been analysed into six 
fractions as per the other sites.  

Beginning in the autumn of 2006, organic content has been calculated, initially using loss 
by 9% hydrogen peroxide digestion. However, since spring 2009 organic content has been 
determined using the same method as used in other AC monitoring programmes. 
Approximately 5 g of the homogenised sediment sample collected for grain size analysis is 
dried to constant weight at 60°C, and combusted for 5.5 h at 400°C.  

Finally, since September 2012, additional sediment has been collected for analysis of 
sediment chlorophyll a content. These sediment cores, as per the grain size sample, are 
pooled and stored frozen in the dark. The samples are freeze dried prior to analysis. 
Chlorophyll a is extracted by boiling this freeze dried sediment in 90% ethanol, and the 
extract processed using a spectrophotometer. An acidification step is used to separate 
degradation products from chlorophyll a (Sartory 1982). 
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3.0 Present status of the estuaries 

3.1 Sediments 

3.1.1 Organic matter 

Percent organic matter varies little across the estuaries from Whangateau (Figure 3-1) to 
Mangemangeroa. Values greater than 5% are rare (e.g., Mangemangeroa site 5), with the 
exception of site 10 in Turanga, where values have been relatively high since spring 2010 
(Figure 3-1).  

3.1.2 Chlorophyll a 

The estuaries separate into three groups based on chlorophyll a content of the sediment: 
Whangateau, Orewa, Waiwera, Waikopua and Puhoi (low; annual average 7.4 µg.g-1); 
Turanga and Mangemangeroa (high; average 16.4 µg.g-1); and Okura (highly variable; 
average 12.8 µg.g-1). Within each estuary the variation is generally low (standard deviation 
<3 µg.g-1), with the exception of Turanga (standard deviation 7.0 µg.g-1). There are no 
obvious trends in chlorophyll a content along the length of the estuaries (Figure 3-2), with 
the possible exception of Turanga, where sites 1 and 3 are markedly lower than the other 
sites further up the estuary. 

 

 
Figure 3-1: Organic sediment content over 4 years at example sites.  
Generally low content (Okura site 1), occasionally >5% but generally low (Mangemangeroa site 5); and 
generally higher than 5% since Spring 2010 (Turanga site 10). 
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Figure 3-2: Sediment chlorophyll a content (µg.g-1), average and standard error, for October 2012 and April 
2013, at each Core site from the eight estuaries. 
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Table 3-1: Average organic content and standard error (SE) found at each Core site since spring 2009. 

Estuary site % organic content Estuary site % organic content 

  Average SE   Average SE 

Whangateau 1 0.89 0.08 Okura 1 0.85 0.10 

 2 0.52 0.03  2 2.18 0.28 

 3 1.37 0.06  3 1.70 0.33 

 4 0.88 0.06  4 1.68 0.34 

 5 2.05 0.31  7 2.20 0.57 

 6 2.22 0.14  8 2.77 0.80 

 7 1.18 0.21  9 1.85 0.25 

Puhoi 1 1.37 0.29 Mangemangeroa 2 1.19 0.20 

 2 2.06 0.33  3 2.07 0.22 

 3 1.94 0.20  5 3.36 0.48 

 4 1.20 0.14  6 2.23 0.27 

 6 1.57 0.19  7 2.32 0.27 

 7 1.80 0.13  9 3.22 0.32 

 9 2.54 0.32  10 3.01 0.32 

Waiwera 1 2.90 0.48 Turanga 1 1.34 0.45 

 2 1.81 0.11  3 0.84 0.20 

 3 1.05 0.14  4 2.05 0.35 

 5 1.71 0.10  6 2.60 0.15 

 6 1.38 0.22  7 3.05 0.59 

 8 1.85 0.14  8 3.52 0.39 

 9 1.83 0.19  10 5.33 0.85 

Orewa 1 1.04 0.31 Waikopua 1 1.13 0.12 

 2 1.33 0.17  3 1.14 0.19 

 3 0.88 0.16  4 1.11 0.16 

 4 1.36 0.13  6 1.61 0.16 

 5 1.53 0.09  7 1.62 0.19 

 6 2.26 0.13  8 1.90 0.15 

 8 1.93 0.29  9 2.31 0.26 
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3.1.3 Grain size 

Estuaries overlap strongly in grain size characteristics (Figure 3-3). For all estuaries, sites 
furthest up the estuaries generally have higher average mud and very fine sand content, 
while those closest to the mouth have more fine sands. 

 
Figure 3-3: Principal component analysis showing similarities between estuaries in grain size characteristics, 
based on averages since spring 2009.  
Points closest together are more similar than those further apart. 

 

3.2 Macrofauna communities 

Ordination of the full macrofaunal community composition data (Figure 3-4) shows that the 
estuaries are, in general, not distinct from each other. Even Mangemangeroa, which forms 
the most distinct cluster, overlaps with many of the other estuaries.  
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Figure 3-4: Non-metric multidimensional ordination of average abundances of all taxa at each Core site 
within eight estuaries from spring 2004 to spring 2013.  
Sites that are closest together on the plot are most similar in community composition. 
 

Overall, no strong directional changes over time can be seen (Figure 3-5), with both older 
(Spring 2004) and more recent (Spring 2013) samples observed near the centre of the 
ordination. 
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Figure 3-5: Non-metric multidimensional ordination of average abundances of all taxa at each Core site and 
on all times from spring 2004 to spring 2013.  
Spr = spring, Aut = autumn. Sampling times that are closest together on the plot are most similar in 
community composition. 

3.3 Health status of the estuaries 

3.3.1 Benthic Health Models 

The original benthic health model (BHMmetals) was developed by Auckland Regional 
Council, Marti Anderson (then Auckland University) and Simon Thrush (then NIWA) and 
Judi Hewitt (NIWA), to determine the health of macrofaunal communities relative to storm-
water contaminants. The model was a multivariate analysis of macrobenthic community 
composition backed by information on total sediment copper, lead and zinc concentrations, 
extracted from the <500 µm fraction of the sediment (Anderson et al. 2006).  

In 2010-2011, another model was developed, this time to determine health relative to 
sediment mud content (BHMmud, Hewitt and Ellis 2010). At the time of the development of 
this model it was determined that, while there was some crossover between community 
compositions found in response to high mud and high contaminants, the two effects could 
still be separated.  

Both models are based on the community composition observed at 84 intertidal sites in the 
Auckland region between 2002 and 2005. The sites are within tidal creeks, estuaries or 
harbours, but do not include exposed beaches. They cover a range of contaminant 
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concentrations and mud content. The models use Canonical Analysis of Principal 
Coordinates (CAP, Anderson and Willis 2003) of square root transformed Bray-Curtis 
dissimilarities to extract variation related to a single environmental variable and produce a 
score of community composition related to that variable. For the metal model, the 
concentrations of the three metals have been used in a Principle Component Analysis to 
create a single axis (PC1) that explains >90% of the variability in contaminant differences 
between the sites and the multivariate analysis provides a BHMmetals score that ranges 
from -0.25 to 0.20 along a gradient of increasing contamination. For the mud model, the % 
mud content of sediment at the time of sampling is used to produce a BHMmud score which 
varies from -0.25 to 2.5 along a gradient of increasing sediment mud content. 

Benthic health model scores have been calculated from spring sampling times in 2011 – 
2013 at the three sites from each estuary which were analysed for chemical contaminants 
in 2011. While the benthic health scores do not require chemical data to be calculated, not 
all the estuaries/sites fit the metal contaminant model well (Hewitt and Simpson 2012). 
Thus, we have not reported on health for non-validated sites. 

With only three years, and one point per year, there is little point in examining temporal 
patterns. However, standard errors provide a good assessment of within-site variability 
over time. Most sites in most estuaries had low variability for the scores related to metal 
contamination (BHMmetals score, Table 3-2), although scores related to mud content 
(BHMmud score) were generally slightly less variable. Okura and Orewa had the most sites 
with highest temporal variability in BHMmetals scores, while Turanga had the most sites with 
highest temporal variability in BHMmud scores.  
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Table 3-2: Average and standard error (SE) of scores over time (spring 2011, 2012 and 2013) for each site.  
See Appendices 9.1 for individual scores. 

Estuary Site BHMmetal BHMmud TBI 

  Mean SE Mean SE Mean SE 

Whangateau 2 -0.10 0.015 -0.10 0.002 0.46 0.029 

 5 -0.05 0.007 -0.06 0.008 0.47 0.028 

 6 -0.07 0.014 -0.06 0.007 0.51 0.033 

Puhoi 1 -0.15 0.027 -0.11 0.010 0.40 0.025 

 4 -0.14 0.024 -0.11 0.011 0.49 0.027 

 9 -0.04 0.011 0.01 0.037 0.31 0.028 

Waiwera 1 -0.06 0.027 -0.02 0.033 0.40 0.059 

 3 -0.13 0.023 -0.09 0.016 0.26 0.066 

 8 -0.13 0.035 -0.11 0.020 0.48 0.053 

Orewa 1 -0.10 0.035 -0.06 0.029 0.23 0.034 

 4 -0.14 0.033 -0.10 0.024 0.37 0.017 

 8 -0.11 0.013 -0.07 0.016 0.36 0.046 

Okura 1 -0.16 0.027 -0.13 0.011 0.43 0.030 

 7 -0.16 0.014 -0.12 0.003 0.54 0.043 

 9 -0.04 0.029 0.01 0.033 0.44 0.043 

Mangemangeroa 3 -0.11 0.013 -0.08 0.011 0.62 0.012 

 6 -0.06 0.008 -0.01 0.018 0.46 0.043 

 9 -0.04 0.013 0.02 0.032 0.34 0.029 

Turanga 4 -0.06 0.022 -0.01 0.024 0.42 0.078 

 7 -0.09 0.023 -0.03 0.033 0.43 0.047 

 8 -0.02 0.019 0.03 0.035 0.30 0.003 

Waikopua 1 -0.10 0.012 -0.06 0.006 0.74 0.083 

 3 -0.12 0.010 -0.11 0.007 0.53 0.050 

 9 -0.03 0.059 -0.01 0.060 0.31 0.080 

 

Based on the metal scores, Okura and Orewa had the healthiest sites, varying between 
group 1 (very healthy) to group 2 (good health, Table 3-3). All the other estuaries exhibited 
a larger range of scores, with sites varying from group 3 (moderately healthy) to group 2. 
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We are reasonably confident about the scoring for all estuaries with the exception of 
Whangateau and Waikopua where the degree of health may be underestimated (Hewitt 
and Simpson 2012). 

Based on the mud scores, there were four groups of estuaries. Okura sites varied from 
moderately to very healthy. Puhoi, Mangemangeroa, Waiwera and Waikopua ranged from 
moderately healthy to good health. All Whangateau and Orewa sites were of good health, 
while Turanga sites varied from poor to good. 

It is important to recognise that the health scores are from particular sites within each 
estuary, and do not necessarily represent the health status of each estuary as a whole. 
There may be locations in each estuary that are significantly healthier, or less healthy, 
than the monitored sites. 

3.3.2 Traits-Based Index 

Organisms can be categorised taxonomically and also according to characteristics that are 
likely to reflect ecosystem function (i.e., their feeding mode, degree of motility, position in 
the sediment column, body size, body shape, capacity to create tubes/pits/mounds, and so 
on). During 2010 and 2011, an index based on these biological traits was created (van 
Houte-Howes and Lohrer 2010) and improved (Lohrer and Rodil 2011). The index is based 
on seven broad groupings (living position, sediment topography feature created, direction 
of sediment particle movement, degree of mobility, feeding behaviour, body size, body 
shape and body hardness), specifically the richness of taxa in seven trait categories (top 2 
cm, erect structure/tube, surface to surface, sedentary/movement in a fixed tube, 
suspension feeder, medium, worm shaped). Values from this index range from 0-1, with 
values close to 0 indicating low levels of functional redundancy and highly degraded sites. 
Values closest to 1 indicate high levels of functional redundancy which is indicative of 
healthy areas (high functional redundancy tends to increase the inherent resistance and 
resilience in the face of environmental changes, Hewitt et al. (2012)). The index has been 
refined over the last couple of years (Hewitt et al. 2012) with the SUMmax parameter 
modified to allow the metric to be applied to a wider range of sites and those sampled with 
differing numbers of replicates (Lohrer and Rodil 2011).  

TBI scores were more variable over time than the BHMmetal and BHMmud scores (Table 
3-2), with all sites in Waiwera and Waikopua exhibiting the high variability. Only Orewa, 
Turanga, Waiwera and Waikopua contained some sites with low functional redundancy.  

3.3.3 Combined Indices  

Hewitt et al. (2012) recommended the use of the three indices above (TBI index, BHMmud 
score and BHMmetal score) to provide a complementary assessment of health. They 
recommend average health values are determined for each site in the following way: 
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• If the BHMmud score at a site corresponds to Group 1 (see  
• Table 3-3) then Health is calculated as the average of CAPmetals and BHMmud 

values. 
• If the BHMmetal score at a site corresponds to Group 4 or 5 then Health is equal to 

the TBI value. 
• Otherwise, Health is the average of the BHMmetal, BHMmud and TBI values. 

 
Table 3-3: Conversion of BHMmetal, BHMmud and TBI scores into values of similar scale (0 to 1) that run in 
the same direction. Higher group values indicate more degraded conditions. 

Group BHMmetal  BHMmud  TBI  

 Cutoff value Cutoff value Cutoff value 

1 -0.16 0.2 -0.12 0.2 0.4 0.33 

2 -0.07 0.4 -0.05 0.4 0.3 0.67 

3 0.02 0.6 0.02 0.6 <0.3 1.0 

4 0.10 0.8 0.10 0.8   

5 > 0.10 1.0 > 0.10 1.0   

 

Hewitt et al. (2012) then assign health as: 

• ≤ 0.2 “extremely good”                                 
• 0.2 – 0.4 inclusive “good”             
• 0.4 – 0.6 exclusive “moderate”         
• 0.6 – 0.8 exclusive “poor”            
• ≥ 0.8 “unhealthy with low resilience”  

Combining these indices into the single health score (Table 3-4) resulted in sites in 
estuaries varying from poor to extremely good (Figure 3-6). However, Puhoi, Turanga and 
Mangemangeroa estuaries stand out as having at least one site with a low health rating. 
All three of these estuaries contain a site rated “poor” and neither Mangemangeroa nor 
Turanga had sites rated as “extremely good”.  
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Table 3-4: Scores and groups for the three indices and the combined health score for 2013 data. 

 
BHMmetal 

score 
BHMmud 
score 

TBI 
score 

BHMmetal 
group 

BHMmud 
score 

TBI 
group 

Health 
score 

Whangateau 2 -0.11 -0.10 0.49 2 2 1 0.38 

5 -0.06 -0.05 0.47 3 3 1 0.51 

6 -0.09 -0.05 0.51 2 2 1 0.38 

Puhoi 
1 

-0.19 -0.12 0.42 1 1 1 0.20 

4 -0.17 -0.13 0.48 1 1 1 0.20 

9 -0.03 0.05 0.37 3 4 2 0.69 

Waiwera 
1 

-0.05 -0.01 0.44 3 3 1 0.51 

3 -0.15 -0.12 0.39 2 1 2 0.30 

8 -0.17 -0.14 0.56 1 1 1 0.20 

Orewa 
1 

-0.17 -0.12 0.30 1 2 3 0.53 

4 -0.19 -0.15 0.36 1 1 2 0.20 

8 -0.14 -0.10 0.41 2 2 1 0.38 

Okura 
1 

-0.19 -0.15 0.47 1 1 1 0.20 

7 -0.17 -0.12 0.54 1 1 1 0.20 

9 0.01 0.06 0.43 3 4 1 0.58 

Mangemangeroa 
3 

-0.09 -0.07 0.60 2 2 1 0.38 

6 -0.06 0.00 0.50 3 3 1 0.51 

9 -0.05 0.04 0.39 3 4 2 0.69 

Turanga 
4 

-0.05 0.02 0.51 3 4 1 0.58 

7 -0.05 0.02 0.52 3 3 1 0.51 

8 -0.01 0.07 0.30 3 4 2 0.69 

Waikopua 
1 

-0.11 -0.05 0.91 2 2 1 0.38 

3 -0.11 -0.11 0.61 2 2 1 0.38 

9 -0.09 -0.06 0.54 2 2 1 0.38 
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Figure 3-6: Combined health scores calculated for 3 sites from each estuary from 2013 data. 
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4.0 Are there changes over time associated with increased 
sedimentation?  

4.1 Methods 

4.1.1 Trends over time 

Changes in sediment characteristics, community indices, abundances of the nine selected 
taxa and the abundances in bivalve size classes over time in the seven estuaries 
monitored since 2004 were determined using the following procedure: 

• Visual assessment of plots over time were used to determine whether (a) step 
changes or (b) multi-year cycles occurred.  

• If a step change was indicated, analysis was conducted using a nonparametric 
Mann-Whitney U test. 

• Otherwise, a regression with time was run, using log transformations include 
monotonic non-linear responses. Polynomial non-linear responses were not 
investigated as we were only interested in continuous long-term trends. Three 
further steps were taken in the analysis: 

1.0  Auto-correlation was investigated in the trend analysis using chi-square probabilities. 
Where auto-correlation was indicated, increasing or decreasing trends were 
investigated by adjusting parameters and significance levels (AUTOREG procedure, 
SAS). Otherwise ordinary least squares regression was carried out.  

2.0 Where a statistically significant trend was observed (p < 0.05) residuals were 
examined for any temporal structure that indicated the presence of cyclic patterns in 
the original data (Fox, 1991) and the original time series was assessed to verify that 
the trend was not driven by cyclic patterns. Investigation of residuals will become 
increasingly important with time as the ability to detect small trends increases with 
the number of sampling times. Figure 4-1 shows a time series of 19 points. After only 
10 points have been collected a statistically significant trend is detected. With a 
further 6 points the trend is still statistically significant, but a clear pattern in the 
residuals has emerged. There is not really a trend instead there is a cyclic pattern. In 
our trend analysis we would classify this as a possible trend only. 

3.0 Initially, rainfall statistics generated from the preceding 3 weeks were included as co-
variables, however, these did not prove to be important predictors, probably as all 
sampling had been conducted after low rainfall. 

The 2012 report noted that decreases in sediment mud content had been observed, driven 
by slight changes in sediment grain size between the <63 µm and 63 -124 µm size 
fractions. As the very fine sand fraction is also often a part of the terrestrial sediment load 
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in the Auckland region (Lohrer et al. 2004), trend analysis was also done on the sum of the 
mud and very fine sand portions of the sediment (<125 µm). 
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Figure 4-1: Example plot of a statistically significant trend (p = 0.0259), which is likely to be a cyclic pattern. 
A strong pattern can be seen in both (a) the original time series and (b) the residuals. Such a trend would 
only be called a possible in this report. 

Whangateau was not included in this analysis as any trends detected from such a short 
time period of sampling are most likely to be sections of longer-term cyclic patterns (as has 
proved the case in the Manukau, Mahurangi and Central Waitemata; Greenfield et al. 
2013, Halliday et al. 2013, Parkes and Lundquist 2014). The locations of monitored sites in 
Whangateau estuary are given in Appendices 9.2.  

4.1.2 Description of trends for individual estuaries and sites 

As a time series increases in length, we expect some previously detected trends to be 
revealed to be part of long-term cycles. At the end of 2011, 24 of the 29 trends reported in 
data to the end of 2009, thought to represent responses to increased sedimentation, were 
still detected, and a further 33 new trends were also detected. The disappearance of 
previously reported trends is discussed in Appendices 9.4. Here we discuss the trends 
detected in data from spring 2004 to spring 2013. As changes in Okura were the initial 
focus of this monitoring programme, we report on changes in Okura first, followed by the 
other estuaries from north to south. For each estuary we report on (1) trends in ecology 
consistent with increased sedimentation, (2) trends in ecology not consistent with 
increased sedimentation, and (3) trends in the content of fine sediment. 
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4.2 Okura 

At Okura, the seven Core sites are sites 1 to 4 and sites 7 to 9 (Figure 4-2).  

 
Figure 4-2: Location of sites in Okura Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 

 

Ecological trends consistent with increased sedimentation were detected at five sites (sites 
1, 2, 4, and 9 (see Table 4-1). Decreasing trends were detected for CAPmud at sites 2, 4 
and 9 (Figure 4-3, Figure 4-4). At site 2, a possible decreasing trend in abundance was 
also detected for large sized Macomona bivalves. At site 4, a decreasing trend in 
abundance was also detected for the crustacean, Colurostylis. At site 9, decreases in the 
number of taxa and the abundance of Colurostylis were detected, along with a possible 
decrease in the total abundance of the cockle, Austrovenus. At site 1, decreases in the 
abundance of the anemone, Anthopleura, the polychaete, Aonides, and large sized 
Austrovenus were detected. A possible decrease in the total abundance of Austrovenus 
was also detected.  
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Table 4-1: Statistically significant trends detected at Okura Core sites in data collected from October 2004 to 
September 2013 for community composition, number of taxa and the abundance of the selected species.  
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values < 0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

 1 2 3 4 7 8 9 

CAPmud  -0.10  -0.11   -0.17 

# taxa       -12.8 

Anthopleura -11.2       

Aonides -12.9       

Colurostylis    -15.3   -2.6 

Austrovenus -24.4q   19.8* 13.5  -7.7q 

Paphies   17.0  7.9   

Corophidae     -7.0   

Crabs     -2.2   

Austrovenus large -13.2    4.3 3.4  

Austrovenus small   13.2* 15.0* 13.1   

Macomona large 1.4 -1.5 1.4 2.2    

Macomona medium      1.2  

Paphies medium   6.8*  2.8   

Paphies small 22.0  17.7 2.5* 10.0   

Sediment mud content -3.7*   -6.2* -13.1*   

Sediment very fine silt + mud  27.1* 38.1*   47.2 40.0 
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Figure 4-3: Trends consistent with increased sedimentation detected at Okura sites.  
No trend lines are shown for those trends that have residuals indicating a probable cyclic pattern. 
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Figure 4-4: Trends consistent with increased sedimentation detected at Okura sites. 
 No trend lines are shown for those trends that have residuals indicating a probable cyclic pattern. 

Some ecological trends were detected that were not consistent with increased 
sedimentation. Most of these were at sites 3, 7 and 8, sites which had no trends consistent 
with increased sedimentation and were mostly found for bivalve size classes. With only 
two sample times yearly, the potential for abundances to move between categories (as 
bivalves grow) and create apparent increases in annual maxima in different size classes is 
enhanced. Moreover, up till 2010, sampling was not standardised to particular months 
(e.g., October, April) but could have occurred anytime during a three month seasonal 
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window. These factors make analysis of changes over time in bivalve size classes less 
robust and more prone to the detection of spurious trends. 

No trends in sediment mud content consistent with increased sedimentation were 
detected, indeed some possible decreases in mud content were detected at sites 1, 4 and 
7 (Figure 4-5). The decrease at site 4 was driven by one high value at the beginning of the 
time series; once this was removed there was no significant trend. However, increases in 
the % of particles sized <125 µm were detected at sites 8 and 9 and possible increases 
were detected at sites 2 and 3. The trend detected at sites 8 and 9 was a step change that 
occurred in 2010 (Figure 4-5); between the spring of 2009 and the autumn sampling of 
2010, the % of particles sized <125 µm doubled. 

 

Figure 4-5: Trends in sediment content detected at Okura sites.  
No trend lines are shown for those trends that have residuals indicating a probable cyclic pattern. 
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4.3 Puhoi  

At Puhoi, the seven Core sites are sites 1 to 4 and sites 6, 7 and 9 (Figure 4-6).  

 
Figure 4-6: Location of sites in Puhoi Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 

 

Ecological trends consistent with increased sedimentation were detected at four sites (1, 3, 
4 and 7, Table 4-2, Figure 4-7, Figure 4-8). A decrease in CAPmud (representing a 
change in community composition consistent with increasing mud content) was detected at 
each of these four sites. At sites 1 and 4, a decrease in abundances of the amphipod, 
Waitangi, was also detected. At site 4 this was a step change occurring around mid-2008. 
At site 3, possible decreases in the number of taxa and the abundance of the bivalve, 
Macomona, were detected. At site 7 a step trend (mid 2009) in the abundance of the 
cumacean, Colurostylis, a step trend in the number of taxa (mid 2011) and a possible 
increase in numbers of Corophidae and crabs were observed. 
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Table 4-2: Statistically significant trends detected at Puhoi Core sites in data collected from October 2004 to 
September 2013 for community composition, number of taxa and the abundance of the selected species.  
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values <0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

Site 1 2 3 4 6 7 9 

CAPmud -0.098  -0.055 -0.098  -0.112*  

# taxa   -10.7*   -7.10  

Colurostylis      -4.80  

Austrovenus    68.83 30.38   

Macomona   -1.2*     

Waitangi -33.86   -20.00    

Corophidae      5.5*  

Crabs      0.67  

Austrovenus large 3.8*   16.52 12.09   

Austrovenus small     16.24  1.99 

Macomona large    2.34* 2.95   

Paphies large     1.48   

Sediment mud content -7.13*   -19.43* -9.56   

Sediment mud + very fine sand 
content 

 34.93   25.26* 44.60 24.44* 
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Figure 4-7: Trends consistent with increased sedimentation detected at Puhoi sites.  
No trend lines are shown for those trends that have residuals indicating a probable cyclic pattern. 
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Figure 4-8: Trends consistent with increased sedimentation detected at Puhoi sites.  
No trend lines are shown for those trends that have residuals indicating a probable cyclic pattern. 

A possible ecological trend that was not consistent with increased sedimentation was 
detected at site 1; this was an increase in the abundance of large sized Austrovenus. A 
single trend that was not consistent with increased sedimentation was detected at site 9; 
an increase in the abundance of small sized Austrovenus. At sites 4 and 6 a number of 
trends that were not consistent with increased sedimentation were detected; at both sites 
these included increases in the abundances of total Austrovenus and large sized 
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Austrovenus. At site 4 a possible increase in the abundance of large sized Macomona was 
also detected. At site 6, an increase in the abundance of small sized Austrovenus, large 
sized Macomona and large-sized Paphies were also detected. Similar to Okura, trends not 
consistent with increased sedimentation were usually detected for bivalve size classes. 

No trends in sediment mud content consistent with increased sedimentation were 
detected, indeed some decreases in mud content were detected at sites 1, 4 and 6 (Table 
4-2). The decrease at site 1 was driven by one high value at the beginning of the time 
series; once this was removed there was no significant trend. The decrease at site 4 was a 
possible trend only. However, increases in the % of particles sized < 125 m were 
detected at sites 2 and 7 and possible increases were detected at sites 6 and 9.  

4.4 Waiwera 
At Waiwera, the seven Core sites are sites 1 to 3 and sites 5, 6, 8 and 9 (Figure 4-9).  

 
Figure 4-9: Location of sites in Waiwera Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 
 

Ecological trends consistent with increased sedimentation were detected at five sites (sites 
1, 3, 6, 8 and 9, Table 4-3, Figure 4-10). A possible decrease in the total abundance of 
Macomona was detected at site 1 and a decrease in the abundances of Colurostylis was 
detected at site 3. Possible decreases in CAPmud were detected at sites 6 and 8. At site 
8, three other trends consistent with increased sedimentation were detected: decreases in 
the abundances of Colurostylis and Waitangi and an increase in the abundance of 
Nereididae. At site 9, three trends consistent with increased sedimentation were detected: 
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decreases in the abundances of Colurostylis and Aonides and a possible decrease in the 
total abundance of Paphies. 
 
Table 4-3: Statistically significant trends detected at Waiwera Core sites in data collected from October 2004 
to September 2013 for community composition, number of taxa and the abundance of the selected species. 
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values <0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

 1 2 3 5 6 8 9 

CAPmud     -0.087* -0.075*  

# taxa      6.7  

Anthopleura      2.5*  

Aonides       -4.1 

Colurostylis   -15.0   -18.8 -12.2 

Austrovenus      31.6 25.6 

Paphies       -2.3* 

Macomona -4.4*       

Waitangi      -30.2  

Nereididae      6.0  

Austrovenus large  5.5   6.9* 7.0 7.9 

Austrovenus medium      10.3*  

Austrovenus small 10.9*     31.9*  

Macomona large      2.4 1.9 

Macomona medium      1.5*  

Macomona small     2.0*   

Paphies medium      3.2  

Paphies large      2.0  

Sediment mud content 13.0 -9.6 -8.5  -10.3   

Sediment mud + very fine 
sand content 

29.7       
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Figure 4-10: Examples of trends consistent with increased sedimentation detected at Waiwera sites.  

 

A large number of ecological trends that were not consistent with increased sedimentation 
were also detected (Table 4-3). At site 1 a possible increase in the abundance of small 
sized Austrovenus was detected and at site 2 an increase in the abundance of large 
Austrovenus. Two trends that were not consistent with increased sedimentation were 
detected at site 6; these were possible increases in the abundance of large sized 
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Austrovenus and small sized Macomona. Three trends that were not consistent with 
increased sedimentation were detected at site 9; these were increases in the abundance 
of total and large sized Austrovenus and large sized Macomona. Site 8 had the highest 
number of trends detected that were not consistent with increased sedimentation: 
increases in the number of taxa, total Austrovenus, large sized Austrovenus, large sized 
Macomona, large sized Paphies and medium sized Paphies; and possible increases in the 
abundances of Anthopleura, medium and small sized Austrovenus and medium sized 
Macomona. 

Two trends in sediment particle size consistent with increased sedimentation were 
detected (Table 4-3, Figure 4-10), both at site 1 where a step trend in sediment mud 
content occurred in mid-2010 and the % of particles sized <125 µm increased over the 
monitored period. 

4.5 Orewa 

At Orewa, the seven Core sites are sites 1 to 6 and site 8 (Figure 4-11).  

 
Figure 4-11: Location of sites in Orewa Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 
 

Ecological trends consistent with increased sedimentation were detected at five sites (sites 
1, 2, 3, 4, and 6, see Table 4-4, Figure 4-12). Sharp decreases in the abundance of 
Waitangi were detected at sites 1, 3 and 4. A possible decrease in the abundance of 
medium sized Austrovenus was detected at site 2. Decreases in abundances of Aonides 
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and Austrovenus and a possible decrease in the abundances of small sized Paphies were 
detected at site 3. Decreases in the abundance of Paphies and in the number of taxa were 
detected at sites 4 and 6 respectively. 

 
Table 4-4: Statistically significant trends detected at Orewa Core sites in data collected from October 2004 to 
September 2013 for community composition, number of taxa and the abundance of the selected species.  
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3 
Values with an *, while having p- values <0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

 1 2 3 4 5 6 8 

# taxa    10.1  -9.7  

Anthopleura  24.2  1.5* 13.9  4.7 

Aonides   -7.5     

Austrovenus   -25.1 35.9    

Paphies    -17.4*    

Waitangi -19.5  -14.4 -23.4    

Corophidae      -0.6  

Nereididae   -0.6     

Austrovenus large 13.5*  13.0*  2.4* 4.3  

Austrovenus medium  -8.2* 3.9 -9.5    

Austrovenus small   21.3*     

Macomona large 3.3   4.8    

Macomona medium 1.6       

Macomona small   2.8*     

Paphies small   -17.9*     

Sediment mud content  -17.3* -22.5* -14.9*   -16.8* 

Sediment mud + very 
fine sand content 

29.3* 36.4*  39.5 48.6 40.8* 43.5 

Ecological trends not consistent with increased sedimentation were detected at all sites 
(Table 4-4). Mainly there were related to the abundances of size classes of Austrovenus, 
Macomona and Paphies, although increases in the abundances of Anthopleura were 
detected at sites 2, 5 and 8. A possible increase in the number of taxa was detected at site 
4, and decreases in the abundances of Corophidae and Nereididae were detected at sites 
3 and 6 respectively.  
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Figure 4-12: Examples of ecological trends consistent with increased sedimentation detected at Orewa sites.  
 

Trends in the sediment content of very fine sediments (very fine sand + mud) were 
detected at all but site 8, although the increases detected at sites 1, 2 and 5 are possible 
trends only (Figure 4-12).  
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4.6 Mangemangeroa 
At Mangemangeroa, the seven Core sites are sites 2, 3, 5, 6, 7, 9 and 10 (Figure 4-13).  

 
Figure 4-13: Location of sites in Mangemangeroa Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 
 

Ecological trends consistent with increased sedimentation were detected at all sites (Table 
4-5, Figure 4-14). Decreases in the number of taxa were detected at all sites, although 
these were possible trends only except at sites 3 and 7 when sharp drops occurred in 
2008/9. Decreases in CAPmud were detected at sites 2 and 6 and a possible decrease 
was detected at site 5. At site 3 a possible decrease in the abundance of Aonides and a 
decrease in the abundance of medium sized Austrovenus were also detected.  
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Table 4-5: Statistically significant trends detected at Mangemangeroa Core sites in data collected from 
October 2004 to September 2013 for community composition, number of taxa and the abundance of the 
selected species.  
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values <0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

 2 3 5 6 7 9 10 

CAPmud -0.083  -0.090* -0.072    

 # taxa -6.8* -6.1 -10.6* -16.9* -9.1 -9.2* -7.5* 

Anthopleura 13.9 51.9*      

Aonides  -9.7*      

Austrovenus 38.5       

Nereididae   -2.9*    -1.4 

Austrovenus large 15.0       

Austrovenus medium 6.7 -12.3      

Austrovenus small 20.2    5.5* 2.5  

Macomona large 2.2       

Paphies small    0.04*    

Sediment mud content -12.4       

Sediment mud + very fine 
sand content 

  43.0 45.5 36.6 45.8 39.3 

 

Ecological trends not consistent with increased sedimentation were also detected at all 
sites (Table 4-5), although mainly at site 2, where decreases in the abundance of all sizes 
of Austrovenus, large sized Macomona, total Austrovenus and Anthopleura were detected. 
At each of the other sites only one trend not consistent with increased sedimentation was 
detected. At sites 5 and 10 these were increases in the abundance of Nereididae. At sites 
7 and 9 these were increases in small sized Austrovenus. Another increasing trend in the 
abundance of Anthopleura was detected at site 3 (possible only), and a very small (and 
ecologically non-significant) decrease in the abundance of juvenile Paphies was detected 
at site 6. 
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Figure 4-14: Examples of ecological trends consistent with increased sedimentation detected at 
Mangemangeroa sites. 

 

No increases in sediment mud content were detected (Table 4-5), but increases in the very 
fine sediment content (very fine sand + mud) were detected at 5 of the Core sites (sites 5, 
6, 7, 9 and 10, Figure 4-15). At site 7 this was a step trend occurring in mid-2009. 
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Figure 4-15: Trends in very fine sediment content, consistent with increased sedimentation, detected at 
Mangemangeroa sites. 
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4.7 Turanga 
At Turanga, the seven Core sites are sites 1, 3, 4, 6, 7, 8 and 10 (Figure 4-16) Figure 2-1.  

 
Figure 4-16: Location of sites in Turanga Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 
Ecological trends consistent with increased sedimentation were detected at five sites (3, 4, 6, 7 and 8, Table 
4-6, Figure 4-17). 
 
Most of the trends were decreases in the number of taxa which were detected at four of the sites (3, 6, 7 and 
8); although at sites 6 and 7 these were possible trends only. A decreasing trend in the abundances of 
Aonides and Macomona was also detected at site 3 and 7 respectively. At site 4, a decreasing trend in 
CAPmud was detected.  
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Table 4-6: Statistically significant trends detected at Turanga Core sites in data collected from October 2004 
to September 2013 for community composition, number of taxa and the abundance of the selected species.  
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values <.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 

Site 1 3 4 6 7 8 10 

CAPmud   -0.077     

# taxa  -5.9  -9.8* -14.7* -5.9  

Anthopleura 3.1       

Aonides  -3.3      

Austrovenus 7.4 7.0* 9.0*     

Paphies  64.0      

Macomona  -1.9*   -2.6   

Corophidae      -4.4  

Austrovenus large 2.7*  2.9*     

Austrovenus medium  2.2*      

Austrovenus small  5.9 8.7* 7.0  2.0*  

Macomona large 2.2       

Macomona small 2.1*       

Paphies small  42.4*      

Sediment mud content -7.0      40.2 

Sediment mud + very fine 
sand content 

46.7 30.1 42.8 37.0 34.7* 29.9 41.8 

 

Ecological trends that were not consistent with increased sedimentation were only 
detected at five sites (1, 3, 4, 6, and 8, Table 4-6). 

At two of these sites only 2 trends were detected: increasing abundances of medium sized 
Austrovenus at site 6; and decreasing abundances of Corophidae at site 8. The other sites 
each had at least 3 trends detected, mainly increases in the abundances of bivalve size 
classes. 

Increasing trends in the content of very fine sediment (very fine sand + mud) were 
detected at all Core sites (Table 4-6). 
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At site 7 this was a possible increase only. At sites 3, 4 and 6 a step increase occurred in 
mid-2009. At site 10 another step increase was detected, this time between late 2009 and 
April 2010 (Figure 4-17). A step increase in mud content was also detected at this site.  

 

 

Figure 4-17: Examples of trends consistent with increased sedimentation detected at Turanga sites. 
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4.8 Waikopua 
At Waikopua, the seven Core sites are sites 1, 3, 4 and 6 to 9 (Figure 4-18).  

 

Figure 4-18: Location of sites in Waikopua Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. Core sites are circles. 
 

Ecological trends consistent with increased sedimentation were detected at only three 
sites (1, 4 and 7, Table 4-7, Figure 4-19). At sites 4 and 7 only one such trend was 
detected, a possible decreasing number of taxa at site 4 and a step decrease in the 
abundances of Aonides at site 7. At site 1 a step trend of decreasing abundances of 
Colurostylis and a potential decrease in CAPmud were detected. 
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Table 4-7: Statistically significant trends detected at Waikopua Core sites in data collected from October 
2004 to September 2013 for community composition, number of taxa and the abundance of the selected 
species. 
Values given are the predicted change over the 10 years of sampling, p-values are given in Appendix 9.3. 
Values with an *, while having p- values <0.05, have residuals that show temporal patterns and are thus 
potentially part of longer-term cycles, rather than consistent trends. Highlighted values are those consistent 
with increased sedimentation. 
 

 1 3 4 6 7 8 9 

CAPmud -0.134* 0.120 0.073     

# taxa   -11.6*     

Aonides     -32.1   

Colurostylis -2.0       

Austrovenus    3.7* 7.7*   

Macomona 1.9       

Crabs  -2.1*      

Nereididae  -4.8*      

Austrovenus large  4.2  2.7* 3.4 3.6  

Austrovenus medium    2.6* 2.9   

Austrovenus small    3.4 7.4   

Macomona large  2.7      

Sediment mud content 5.6* -17.6 -22.1 -11.2*    

Sediment mud + very 
fine sand content 

32.2 31.3* 46.7* 41.0 59.9 39.2 25.4 

 

Ecological trends that were not consistent with increased sedimentation were detected at 
all Core sites, except site 9 (Table 4-7). At three sites only one such trend was detected; 
increases in CAP mud at site 4, and increases in the abundances of Macomona at site 1 
and large sized Austrovenus at site 8. Four trends each were detected at sites 6 and 7, all 
increases in the abundances of the three size classes and total numbers of Austrovenus. 
At site 3, two potential decreases in the abundances of crabs and Nereididae, increases in 
the abundances of large sized Austrovenus and Macomona and an increase in CAPmud 
were detected. 

Trends in very fine sediment content (very fine sand + mud) consistent with increased 
sedimentation were detected at all sites (Table 4-7), although they were only possible 
trends at sites 3 and 4. At sites 8 and 9 these were step trends with a sharp increase 
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occurring at the beginning of 2009 (Figure 4-19). A possible increase in mud content was 
also detected at site 1. 

 

 

Figure 4-19: Examples of trends consistent with increased sedimentation detected at Waikopua sites. 

 

4.9 Summary 

Summarising over the individual trends discussed above, it became obvious that the 
majority of trends that were not consistent with increased sedimentation were associated 
with bivalve size classes. Categorising size classes of bivalves and tracking changes over 
time has proven successful in other monitoring programmes with higher temporal 
resolutions (more sample times per year). However, here we only have two sample times 
yearly, and the potential for abundances to move between categories (as bivalves grow) 
and create apparent increases in annual maxima in different size classes is enhanced. 
Moreover, up till 2010, sampling was not standardised to particular months (e.g., October, 
April) but could have occurred anytime during a 3 month seasonal window. These factors 
make analysis of changes over time in bivalve size classes less robust and more prone to 
the detection of spurious trends. 
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Any reporting on trends is also complicated by the potential to detect parts of long-term 
cycles as a continuous trend, especially where long-term climatic variation can affect the 
measured variable. Long-term cycles (7 -12 years) have been observed in species 
abundances in the Manukau Harbour Ecological Monitoring Programme (Hewitt and 
Thrush 2009, Hewitt and Hailes 2009), and cycles such as these would generally be 
detected as trends with less than 10 years of data, as we have here. Such long-term 
cycles result in trends that were previously detected (with a shorter time series), no longer 
being detected, and in new trends being detected with residuals suggesting cyclic 
patterns. Appendix 9.3 details the numbers of trends consistent with increased 
sedimentation reported in Hewitt and Simpson (2012) for each of the selected taxa and the 
two community variables, together with the number still detectable in the analysis of data 
to October 2013. Importantly, while a large number of trends were previously detected for 
the number of taxa, very few (<10 %) were detected with an additional two years of data. 
Calculating the number of taxa for this dataset is problematic due to the varying degrees of 
taxonomic resolution in operation during the length of the time series (due to changes in 
research providers and taxonomists). While we used what we thought would be a fairly 
robust level of taxonomic resolution we may have not been able to match the original 
resolution appropriately. 

Given these factors, trends based on number of taxa and the abundances observed in 
bivalve size classes, are not included in this summary section. We also do not include 
possible trends (those whose residuals indicate the trend could be part of a longer-term 
cycle).  

Removing all new trends that we are not confident in (based on residuals), as well as 
trends in bivalve size classes and numbers of taxa, we find that the highest number of 
trends consistent with increased sedimentation detected at a site is three (Table 4-8). Sites 
exhibiting this number of trends occur in Orewa and Waiwera. The number of trends in an 
estuary is highest in Okura and Puhoi (seven for each), with Mangemangeroa and 
Waikopua having the lowest number of these trends. A more conservative estimate is to 
only consider the number of sites with more than one trend consistent with increased 
sedimentation, unless the only trend is a step change, as this is less likely to be a long-
term cycle. The estuaries with the highest number of these sites are Okura, Orewa and 
Puhoi, with three sites each. These results suggest that, conservatively, Okura, Orewa and 
Puhoi are exhibiting the most ongoing change consistent with increased sedimentation. 
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Table 4-8: Numbers of ecological trends that we are confident in that are consistent with increased 
sedimentation. Highlighted values occur where the only trend detected is a step change. 

si
te

s 

O
ku

ra
 

Pu
ho

i 

W
ai

w
er

a 

O
re

w
a 

M
an

ge
m

an
ge

ro
a 

Tu
ra

ng
a 

W
ai

ko
pu

a 

1 2 2 0 1  0 1 

2 1 0 0 0 1   

3 0 1 1 3 0 1 0 

4 2 2  2  1 0 

5   0 0 0   

6  0 0 0 1 0 0 

7 0 2   0 1 1 

8 0  3 0  0 0 

9 2 0 2  0  0 

10     0 0  

Total number of trends 7 7 6 6 2 3 2 

Number of sites with more 
than one trend, or a step 

trend 
3 3 2 3 1 0 1 
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5.0 Do the changes over time at the Core sites represent the 
non-Core sites? 
Since August 2009, seven of the sites across the gradient in each estuary have continued 
to be monitored (Core sites) with the remaining sites sampled on a rotational basis over a 
five year period (Hewitt and Thrush 2007). Since the 2012 report, all non-Core sites have 
been sampled over a year in Orewa and Mangemangeroa, together with site 4 Waiwera 
and site 10 Puhoi.  

Here we compare (1) whether data from the two new sampling occasions fit within the 
range of the previous samplings, and (2) the number of trends consistent with increased 
sedimentation detected at the Core sites with those detected at the non-Core sites. Data 
used are community composition (CAPmud) and the abundances of the ten selected taxa. 

In the non-Core sites sampled in Orewa the extra sample points fitted into the range of 
values previously observed (e.g., CAPmud); with the exception of the last sampled 
abundances of Anthopeura at Orewa sites 7 and 9 (Table 4-4, Figure 4-12). Increases in 
the abundance of Anthopleura were also detected at Cores sites 2, 4, 5 and 7 (Table 4-4). 

In the three non-Core sites sampled in Mangemangeroa, new sampling points fell outside 
the previous range for: Anthopleura, Nereididae and CAPmud at site 1; CAPmud at site 4; 
and CAPmud at site 8 (Table 4-5). For Anthopleura an increase in abundance had 
occurred similar to that detected at Core sites 2 and 3. For CAPmud at all three sites, a 
decrease had occurred, similar to that detected at Core sites 2, 5 and 6 (Table 4-5, Figure 
4-14). Only for the increase in abundance of Nereididae at site 1 was there no matching 
trend detected at a nearby Core site. 

At site 4 in Waiwera, CAPmud values and abundances of Austrovenus were higher than 
the previous range of values (Table 4-3). These increases (not consistent with increased 
sedimentation) were not reflected in trends detected at the Core sites, although a similar 
pattern was apparent for Austrovenus at site 5. 

At site 10 in Puhoi, only CAPmud scores and Corophidae abundances fell outside the 
previous sampled range (Table 4-2, Figure 4-7, Figure 4-8). Decreasing trends in CAPmud 
were also detected at sites 1, 3, 4, 6 and 7 and an increasing trend in the abundance of 
Corophidae was detected at site 7. 
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6.0 Event-based monitoring 

6.1 Methods 

6.1.1 Sampling sites, dates and timing 

Additional sampling was undertaken at Okura Estuary to determine environmental 
baselines and to facilitate the detection of effects of elevated sediment loading associated 
with logging in the catchment. The new methodologies added to the sediment and 
macrofaunal monitoring programme include discrete water sampling for suspended 
sediment concentrations (SSC); sediment traps for sediment accumulation rates (SAR); 
DOBIE-OBSs for time- and tide-stamped suspended sediment information; and 
behavioural studies of selected macrofaunal taxa. New sampling times were also included; 
sampling was to be conducted within 5 – 10 days of rainfall threshold exceedance events.  

The additional sampling was undertaken at five of the Core monitored sites (1, 3, 7, 8 and 
9; Figure 6-1). These sites were selected on a site visit as having reasonable abundances 
of the species selected for behavioural monitoring and being mainly on the Weiti side of 
the channel.  

 
Figure 6-1: Okura Estuary monitoring sites used for the event and behavioural sampling.  
Note the positions of tidal creeks entering from the sides of the estuary. Map source: Google Earth, 
December 2013. 

Sampling was undertaken after two rainfall threshold exceedance events in September 
2013 and during routine samplings in October 2013 (beginning 18/10/2013) and April 2014 
(beginning 31/03/2014). The first rainfall exceedance event occurred at 19:30 on 
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12/09/2013 (57.5 mm) and sampling was initiated five days later on 17/09/2013. The 
second rainfall event occurred at 20:46 on 24/09/2013 (57.50 mm) and sampling was 
initiated seven days later on 1/10/2013 (Figure 6-2). Although there were no trigger events 
in the two weeks prior to the routine October 2013 sampling, >200 mm of rain fell and two 
exceedances occurred in the 45 day period prior to the October routine sampling. April 
2014’s routine sampling was preceded by a much drier period (<5 mm of rain in the 
previous 45 days). 

 

Figure 6-2: Time series of cumulative rainfall (mm) during the two events and the two routine samplings. 
Dates of the rainfall trigger exceedance (red circles) and sampling dates (D1 and D4; yellow circles) are 
given. For the two event samplings, the number of days between the rainfall exceedance and D1 is indicated 
with a red line. Green asterisks indicate the date of the macrofaunal sampling and the grey band along the x-
axis indicates the dates of the DOBIE deployments. Data source: Auckland Council’s Awanohi Rain @ 
Okura weather station (NZTM Easting 1751773 Northing 5938808). 

For each sampling occasion (two events and two routine samplings), time-integrative 
sampling instruments (DOBIE-OBSs and sediment traps) were deployed over a four day 
period. Over the same four day period, discrete sampling of estuarine water and 
macrofaunal behavioural studies took place on days 1 and 4 (D1, D4). For practical 
reasons, macrofaunal and sediment sampling was carried out on D1 during event and 
routine samplings.    

The weather conditions during each sampling period were recorded and are displayed with 
air and sea surface temperature records from nearby weather stations (Table 6-1).  
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Table 6-1: Weather conditions during the four sampling periods at Okura Estuary.  
Maximum and minimum air temperatures (Tmax and Tmin, respectively, °C), and sea surface temperatures 
(SST, °C) recorded on D1 and D4. Air temperature data was obtained from the CliFlo: NIWA's National 
Climate Database on the Web http://cliflo.niwa.co.nz/. Combined daily records at 09:00 were retrieved on 
4/11/2014 from the Whangaparaoa Aws station. Hourly sea surface temperature (SST, °C) data was 
obtained from the Waterfall Reef station at Leigh https://researchspace.auckland.ac.nz/handle/ (2292/20612 
and 2292/21850). SST records are not yet available for April 2014. 
 

Sampling Period Sample Date  
(D1, D4) 

Observed weather 
conditions 

Tmax (°C)  Tmin  
(°C) 

SST  
(°C) 

Event 1 sampling 
Sept-13 

17/09/2013 Overcast and fine. 
Moderate wind. 

16 10.8 14.5 

20/09/2013 Overcast and fine. Slight 
breeze. Heavy rain earlier 
in the day but fine during 

sampling. 

17.3 11.8 14.6 

Event 2 sampling 
Oct-13 

1/10/2013 Scattered cloud, fine. Slight 
breeze. 

17.8 11.3 15.1 

4/10/2013 Scattered cloud, fine. Slight 
breeze. 

20.5 9.9 15.4 

Routine sampling 
Oct-13 

18/10/2013 Scattered cloud, fine. Slight 
NW breeze. 

20.4 10.6 15.1 

21/10/2013 Overcast and fine. 
Moderate breeze. 

19.9 11.7 15.7 

Routine sampling 
Apr-14 

31/03/2014 Scattered cloud, fine. Slight 
SE breeze. 

22.8 15.4 - 

3/04/2014 Overcast, mostly fine with 
occasional showers. Slight 

breeze. 

22.3 16.9 - 

 

6.1.2 Suspended sediment water sampling 

Three replicate 1-litre water samples were collected per site during the ebbing tide on D1, 
with all five sites sampled within 15-25 minutes (starting with site 9 and ending with site 1). 
All water samples were collected from a height of 15-20 cm above the bed.  

A single 1-litre water sample was collected at each site during the subsequent flood tide on 
D1. The samples were again collected 15-20 cm above the seabed.  

A single 1-litre water sample was collected at each site on D4 during the ebbing tide. 
Protocols were the same as for the ebb tide sampling three days prior. In summary, there 
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were three ebb tide samples per site collected on D1, one flood tide sample collected on 
D1, and one ebb tide sample collected on D4. This sampling plan provided a basis for 
understanding inter-replicate variability at a particular site and time, and how this 
compared with changes observed between tidal states and dates. 

SSC data were obtained by vigorously shaking each sample and filtering its entirety onto a 
clean, pre-weighed glass fibre filter (type GF/F), which was then weighed again after 
drying at 104˚ C to constant weight. SSC data was expressed as grams of suspended 
particulate matter per cubic metre of water (g.m-3).  

6.1.3 Sediment traps and SAR  

At each of the five sites, five replicate sediment traps were deployed on D1. Traps were 
arranged in a line, spaced 20 to 30 cm apart from one another (Figure 6-3). The cylindrical 
traps (2.5 cm diameter, 19 cm deep) were inserted vertically into the sediment until the lip 
of each trap was 4 cm above the sediment surface. Resuspension of sediments from the 
traps was minimised due to the diameter:depth ratio of the cylinders (Butman et al. 1986). 
This measure constitutes an estimate of total deposited sediment over the sampling period 
rather than an estimate of the net accumulated sediment remaining in the system over the 
sampling period.  

 

Figure 6-3: Sediment traps deployed at site 1, Okura estuary.  
The trap apertures are positioned 4 cm above the sediment water interface (total trap length is 19 cm). Five 
replicate traps were deployed per site and left in place to accumulate sediment for 3 days.  
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Sediment was occasionally scoured away from the bases of the traps, suggestive of 
current and wave influence. On D4 the traps were recovered and the lids were screwed on 
prior to transport to the laboratory for analysis. The sediments present in each trap were 
dried at 60°C until a constant weight was obtained and then weighed (dry weight, g), and 
subsequently combusted at 400˚ C for 5.5 hours to separate the inorganic fraction from the 
organic fraction. The sediment accumulation rate was quantified as dry weight of sediment 
accumulated per trap during the 3 day deployment period and expressed as g.trap-1d-1. 

6.1.4 DOBIE optical backscatter sensors and SSC  

DOBIE pressure gauges with optical backscatter sensors (OBS) attached were deployed 
at sites 1, 7 and 9 (Figure 6-4). The pressure sensor inside the DOBIE provides an 
estimate of the height of the water column (providing time stamped information on tidal 
state) and the OBS provides information on the quantity of suspended particles present. 
The DOBIEs were deployed during low tide on 20/09/2013, after the rainfall exceedance 
trigger at 19:30 on 12/09/2013. The DOBIEs were left in position for >30 days before being 
picked up on D4 of October’s routine sampling (21/10/2013). This meant that the DOBIEs 
were in place at three sites before, during and after the second rainfall exceedance event 
of 24/09/213, and also during some relatively dry periods. DOBIEs were redeployed on 
31/03/2014 on D1 of the April routine monitoring survey, and retrieved on D4 (3/04/2014).   

In concert with each DOBIE deployment, a two to three litre volume of sediment was 
collected from each site so that the electronic voltages recorded by each OBS could be 
converted into SSC data with units of g.m-3. This was done by creating a standard 
calibration curve specific to each DOBIE and site. The voltage output by the optical 
backscatter sensor (V) is related to the suspended-mud concentration SSCm by a linear 
relationship: 

SSCm = G*V + O 

where G is the sensor gain (unit of g.L-1 per volt) and O is the sensor offset (units of g.L-1). 

Each sensor gain and offset were determined by calibrating the sensor against a series of 
test suspensions of a known concentration in the laboratory. Reflecting the greater 
sensitivity to fine sediments, the collected sediment was sieved through a 63 µm sieve to 
form a slurry of fine sediment, which was used in the calibration process. A linear 
regression was used to fit a linear relationship to the calibration dataset (sensor output 
versus reference suspended solids concentration) to determine the sensor’s gain and 
offset. 

Each DOBIE was programmed to record a one minute burst of data (frequency of 2 Hz) 
every 10-15 minutes during the deployment period. Burst averages were used to generate 
a time series of paired SSC and tidal height data during periods when sites were 
inundated by the tide. 
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Figure 6-4: Deployed DOBIE with optical backscatter sensor (OBS) deployed at site 9.  
DOBIE-OBSs provide time stamped information on water depth and SSC. 

6.1.5 Bed sediment properties and macrofauna communities 

Methods for the sampling and analysis of sediment grain size, organic content and 
chlorophyll a concentrations are given in section 2.3, but only the mud, organic and 
chlorophyll a content were analysed further.  

6.1.6 Behavioural assays of common molluscs  

Infaunal bivalves frequently bury themselves completely in the sediment in order to avoid 
predators (starfish, shorebirds, fish), thermal stress and desiccation. Thus, if excavated 
from sediments, healthy bivalves will generally try to rebury themselves as quickly as 
possible. Animals that are sick or stressed may not have the energy reserves or 
orientation to bury themselves quickly, thus reburial speed is used as an indicator of 
relative animal health (Norkko et al. 1999). Furthermore, as bivalves have the ability to 
sense ammonium and sulphide and can likely distinguish “good” and “bad” sediments, 
burial speed may also be indicative of habitat quality (Roper et al. 1995, Marinelli and 
Woodin 2002). 

Gastropods are another common type of mollusc on intertidal flats. Most move across the 
sandflat in search of prey, to graze on microphytobenthos, or to consume decaying animal 
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matter. Their ability to right themselves when placed upside down (e.g., by waves) helps 
them return to feeding and keep their respiratory apparatus moist. Thus, the time taken to 
right themselves from an upturned position should also be indicative of relative health 
status (Norkko et al. 1999). 

At each of the five sampling sites, at least two bivalve and two gastropod species were 
collected for behavioural assays. Ten to twenty minutes was spent searching the site to 
collect individuals for testing. Tests proceeded if ten or more individuals from the target 
species and size (bivalves 25–30 mm; gastropods 15–20 mm) were found. The bivalves 
Austrovenus stutchburyi and Macomona liliana were able to be collected and tested at all 
five sites, as were the gastropods Cominella glandiformis and Zeacumantus lutulentus 
(with the exception of Zeacumantus at site 1 during the first event sampling).  

Behaviour tests were conducted at sites 1, 3 and 7 on D1 and at sites 7, 8 and 9 on D4 
(for practical reasons), during each of the sampling periods.. A 50 cm x 50 cm square 
metal quadrat was inserted into the sediment immediately upon site emergence to ensure 
that the sediment pore spaces were filled with water and that the sediments were suitable 
for reburial. Bivalves were pressed into the sandflat surface in the correct orientation 
(umbo hinge down, siphon side up) to give them a slight, but standardised, head start on 
reburial (Figure 6-5; Lohrer et al. 2013, Norkko et al. 1999). Gastropods were placed on 
the sandflat surface with their operculum facing upwards (Figure 6-5). The animals were 
watched continuously for the first 15 minutes of the trial period; animals that had not 
moved or had stopped moving were periodically checked thereafter for a period of 
approximately two hours. Because of concerns about varying levels of sediment drying at 
the different experimental sites, watering cans were used to gently wet the sediment inside 
each quadrat with ambient seawater when it appeared to be drying out.       

For the bivalves, times were recorded when an individual was 25% buried, 50% buried and 
100% buried. In some cases, bivalves did not make any attempt to bury themselves. In 
other cases, bivalves made an initial attempt at burial, but stopped short of 50% or 100% 
burial. Thus, in addition to burial times, the number of individuals from each species that 
partially and fully reburied themselves was recorded.  

A similar approach was used for the gastropods. After being left on the sediment surface, 
times were recorded when the foot emerged from the operculum and when the gastropod 
had successfully righted itself. As with the bivalves, some gastropods did not move at all, 
or extended their foot but did not turn themselves over. 
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6.1.7 Macrofauna 

Methods for the macrofaunal sampling and enumeration are given in section 2.2.1. For this 
study, however, macrofaunal diversity indices (number of individuals, number of species 
and Shannon-Weiner diversity) were also calculated. Analyses of differences between 
‘event’ and ‘routine’ samplings in macrofaunal diversity the abundances of Austrovenus, 
Macomona, Cominella and Zeacumantus) were conducted using 2 way ANOVA (or a non-
parametric equivalent). Significant results were followed by Student–Newman–Keuls 
(SNK) post-hoc tests. 

Changes in macrofaunal community composition were visualised using nonmetric 
multidimensional scaling ordination (MDS; Primer E), based on Bray-Curtis similarities 
calculated from square root transformed data. SIMPER analysis (Primer E) was then used 
identify the species responsible for differences in community composition between sites 
and times. 

Differences between sites and between event and routine samplings in burial and turnover 
times were analysed using ANOVA with SNK post-hoc tests. 

 

Figure 6-5: Orientation and placement of the bivalves and of gastropods during behavioural tests. 

A - Austrovenus and B - Macomona (umbo hinge down, siphon side up), C - Cominella and D - Zeacumantus 
(operculum facing up). All individuals were placed on relatively flat, homogenous sediment and positioned so 
that they were not in contact with each other. Note the 50 cm x 50 cm quadrat in the top two photos. 
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6.2 Responses to events 

6.2.1 Discrete water samples and SSC   

Variability in suspended sediment concentration (SSC) among the three replicate water 
samples collected per site on D1 ebb tides was relatively low, with the coefficients of 
variation (CV; defined as standard deviation/mean) <0.10 on most occasions. This allowed 
us to compare water sample SSC results across sites and dates with a reasonable degree 
of confidence (Figure 6-6). Nevertheless, variability in water sample SSC was sometimes 
substantially higher (CV ~0.5), for example, at site 7 on 17/09/2013, at sites 3 and 8 on 
1/10/2013, and at sites 7 and 9 on 18/10/2013.  
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Figure 6-6: SSC (g.m-3) from discrete water samples collected during ebb and flood tides during the four 
sampling periods.  
Error bars (± 1 standard deviation) are given for ebb tide on D1 when 3 replicates were taken. The SSC 
value for the D1 flood at site 3 during the second event sampling has been omitted (denoted by an asterisk) 
as this high value is thought to have been caused by an analyst error. 
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At sites 8 and 9, the measured SSC was higher on flooding tides than it was on the ebbing 
tides. SSC was >20 mg.L-1 during flood tides at these upper estuary sites during all four 
sampling periods, and exceeded 60 mg.L-1 during flood tides at site 9 during routine 
samplings in October 2013 and April 2014. In terms of spatial gradients, flood tide SSC 
values tended to decrease from the head to the mouth of the estuary, and were generally 
lowest at sites 1 and 3.  

There did not appear to be any substantial increase in SSC during the event samplings 
relative to the routine samplings, with the possible exception of site 1. SSC at site 1 was 
higher during the first event sampling than it was during either of the next two routine 
samplings. However, during the second event sampling, SSC at site 1 was generally lower 
than either of the routine samplings. It should be noted that D1 was sampled five days 
after the first event and seven days after the second event. The DOBIE-OBS records, 
which have much higher temporal resolution, are probably better for judging the effects of 
rain storms on estuarine SSC (see Section 6.2.3).    

6.2.2 Sediment traps and SAR  

There were significant differences in sediment accumulation rate (SAR) among sites and 
dates (Figure 6-7), as well as a significant site*date interaction (2-way ANOVA on square 
root transformed SAR, p<0.0001). Post-hoc tests showed sites 1, 3 and 7 to have higher 
SAR than sites 8 and 9. The main exception to this was during the second event sampling 
(1-4 /10/2013), when SAR was low and similar at all sites (<2 g.d-1).  

The patterns of SAR were inversely correlated with the organic matter content of the 
accumulated sediments (R2 = -0.78, p < 0.0001). This indicated that the traps with the 
highest total weight of accumulated sediment (highest SAR values) were filled 
predominantly by heavier sandy material with a lower organic matter content. Thus, the 
very high SAR value at site 1 during the first event sampling (>3 times higher than any 
other site) was likely a result of the advection of coarse sandy sediment into the traps by 
waves and currents. In fact, after suspecting this to be the case, the sediment traps at site 
1 were moved slightly up shore and away from the channel after the first event sampling. 
During periods of very calm weather (e.g., during the second event sampling, and perhaps 
during the first routine sampling in October of 2013), traps at all sites would tend to collect 
a majority of fine sediments and less of the coarser grained material (Anderson et al. 
2007). Note the much higher sediment organic matter content (10-12%), and more 
similarity in organic content across sites, during the second event sampling when SAR 
was low at all sites (<1 g.d-1).  
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Figure 6-7: Sediment accumulation rates and organic content during the four sampling periods. 
A: Dry sediment accumulated per day (g.d-1). B: Organic matter content of the accumulated material (% of 
the total weight). All bars are means, error bars are ±1 standard deviation. 
   

6.2.3 DOBIE optical backscatter sensors and SSC 

The DOBIEs were deployed at three sites (1, 7 and 9) during low tide on 20/09/2013, after 
the rainfall exceedance trigger on 12/09/2013. The DOBIEs were left in position for greater 
than 30 days meaning they were in place, during and after the second rainfall exceedance 
event of 24/09/213. DOBIEs were redeployed on 31/03/2014 on D1 of the April routine 
monitoring survey, and retrieved on D4 (3/04/2014). Deployment of DOBIE-OBSs yielded 
consistent results across sites (Figure 6-8, Figure 6-9, Figure 6-10, Figure 6-11).  
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Figure 6-8: A time series showing >30 days of SSC and water depth from site 9 in Spring of 2013. 
Data from three 3.5 day periods (shaded) are shown at a higher resolution in the next three figures. The 
sharp spikes in SSC, sometimes 10x higher than background, were associated with storm events (heavy 
rain, high wind). The red arrow indicates the timing of a rainfall exceedance event (>57.5 mm of rainfall in the 
preceding 24 h) that triggered an ‘Event Sampling’, to be conducted within 10 days of the exceedance. Red 
squares are independent SSC data obtained from discrete water grabs at the site.    
 

A brief spike in SSC was detected at all three sites in response to heavy rainfall during the 
early morning hours of 22/09/2013 (e.g., site 9, Figure 6-8). A more sustained period of 
high SSC was detected at all three sites during a larger storm when the second rainfall 
exceedance occurred (Figure 6-9, Figure 6-10, Figure 6-11). More than 57.5 mm of rain 
fell in the catchment in the 24 hours preceding 20:46 on 24/09/2013 (the exceedance 
trigger). The onset of elevated SSC was fastest at site 9, and SSC also remained high for 
longest at site 9. For example, SSC was close to 800 mg.L-1 at site 9 at the start of the first 
flood tide of the event (prior to the actual exceedance), and values >100 mg.L-1 were 
recorded during the next six tidal cycles. These lower values are in excess of the SSC 
demonstrated to affect condition of Paphies australis and Atrina zelandica (Thrush et al. 
2004, Hewitt and Norkko 2007). At site 1, in contrast, SSC peaked during the ebb tide after 
the rain exceedance, and values >100 mg.L-1 were observed for just two tidal cycles. Site 7 
was intermediate in both regards. By the time the event sampling was initiated 
approximately 7 days later on 1/10/2013 (Event 2, D1), SSC had dropped back to 
apparently normal levels at all three sites.  
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Figure 6-9: A time series of SSC and water depth from site 1. 
A: triggering rain storm event, when 57.5 mm rain fell in the 24 hours (red horizontal line) prior to 20:46 on 
24/09/2013 (‘+’). Panels B and C start on D1 of the Event and Routine Samplings of October 2013, 
respectively. In each panel, averages of one minute bursts of data collected every 15 minutes are displayed 
over a 3.5 day period (data during periods of tidal flat emersion are excluded). The red squares on the lower 
two panels are independent SSC data obtained from discrete water grabs at the site.   
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Figure 6-10: A time series of SSC and water depth from site 7. 
A: triggering rain storm event, when 57.5 mm rain fell in the 24 hours (red horizontal line) prior to 20:46 on 
24/09/2013 (‘+’). Panels B and C start on D1 of the Event and Routine Samplings of October 2013, 
respectively. In each panel, averages of one minute bursts of data collected every 15 minutes are displayed 
over a 3.5 day period (data during periods of tidal flat emersion are excluded). The red squares on the lower 
two panels are SSC values obtained from discrete water sample grabs at the site.      
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Figure 6-11: A time series of SSC and water depth from site 9. 
A:  triggering rain storm event, when 57.5 mm rain fell in the 24 hours (horizontal line) prior to 20:46 on 
24/09/2013 (‘+’). Panels B and C start on D1 of the Event and Routine Samplings of October 2013, 
respectively. In each panel, averages of one minute bursts of data collected every 15 minutes are displayed 
over a 3.5 day period (data during periods of tidal flat emersion are excluded). The red squares on the lower 
two panels are SSC values obtained from discrete water sample grabs at the site.   
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Figure 6-12: Comparison of SSC and water depth from sites 1, 7 and 9 during the routine sampling in April-
14. 
In each panel, averages of one minute bursts of data collected every 15 minutes are displayed over a 3.5 
day period (data during periods of tidal flat emersion are excluded). The red squares are SSC values 
obtained from discrete water sample grabs at the site. 
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During dry periods, SSC was generally highest at site 9, slightly less at site 7, and lowest 
at site 1, indicating a spatial gradient of declining SSC running from the head of the 
estuary to the mouth (Figure 6-10). The gradient may also correspond to bed sediment 
composition, as the site with the highest SSC was also the muddiest (site 9).  

There was a general pattern of high SSC when the water depth was shallow (i.e., just after 
the tide began to inundate the flat, and just prior to the emergence of the flat during the 
ebb), particularly at sites 9 and 7. This likely relates to the local resuspension of sediments 
by small wind waves, whose energy can penetrate to the bed only when the water is 
relatively shallow in sheltered areas. At site 9 (Figure 6-11), SSC appeared to be higher on 
the flood relative to the ebb when comparing periods of similar water depth. At site 7, SSC 
appeared to be slightly higher on the ebb relative to the flood. There was no consistent 
pattern with respect to the tidal cycle at site 1.  

Baseline suspended sediment concentrations during the dry routine sampling periods in 
October and April were similar (generally 0 – 25 g.m-3), or perhaps slightly reduced in 
April. The pattern of highest SSC at site 9 and lowest SSC at site 1 remained the same 
during the two seasons. The patterns of SSC at the various sites with respect to the tidal 
cycle also held across seasons.  

The range of SSC values obtained via the discrete water sampling methodology (see 
Section 6.2.1) generally fell within the range of SSC values recorded by the DOBIE-OBSs, 
and in some cases, matched up very well with tidally induced changes in SSC detected by 
the DOBIES (e.g., site 9 in October of 2013). However, it is difficult to compare the two 
methods directly, as water samples were sometimes collected slightly away from the study 
sites, e.g., in the tidal channel after water had drained off of the flat.   

6.2.4 Bed sediment Properties 

Across all four sampling periods (two events in September and October, followed by 
October and April routine samplings) there was a general increase in the muddiness of 
bed sediments up estuary from sites 1 to 9 (Figure 6-13). Site 9 ranked as the muddiest, 
and site 8 second muddiest, while mud content at the least muddy sites never dropped 
below 15%. Sediment mud content was more variable over time at the lower estuarine 
sites. Site 1 had a very low percentage of mud during the last three sampling periods 
(~1%), but had >7% mud during the first event sampling period. This scale of change in 
muddiness at site 1 is not unprecedented, with temporal variation in mud content ranging 
from < 2% to > 25% over consecutive samplings only 6-months apart. It is likely that mud 
is deposited at site 1 periodically (or builds up gradually), but is removed again by periods 
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of elevated wave exposure and scour velocities associated with wind events or ocean 
swell.     

Organic content was less than 3% at all sites during the sampling periods (Figure 6-13) 
and thus will not be discussed further. 

 

Figure 6-13: A: Sediment mud content (silt and clay fractions; <63µm) and B: Sediment organic matter 
content during the four sampling periods. 
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Sediment chlorophyll a content was variable between sites and time (

 

Figure 6-14). At site 1, the chlorophyll a content was almost two times higher during the 
first event sampling compared to the other three samplings (12.8 versus 7.2, 7.3, 6.3 µg.g-

1 sediment, respectively). The higher chlorophyll a levels at site 1 during the first event 
sampling may have been related to the elevated mud content at this site and time (Pratt et 
al. 2014). Chlorophyll a content showed the least amount of variation at sites 8 and 9, and 
was similar at these sites during both the event and routine samplings.  
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Figure 6-14: Chlorophyll a (µm.g-1) content of sediment collected during the four sampling periods. 

6.2.5 Behavioural assays of common molluscs at each site  

In initial behavioural trials on common intertidal molluscs present in Okura Estuary (Lohrer 
et al. 2013), little information on Austrovenus was obtained because most of the cockles 
used in experiments at each site did not attempt to rebury themselves. Despite 
modification of our protocols, once again, during the four sampling periods considered 
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here, at least 80% (and often 100%) of the Austrovenus assessed per site and time failed 
to fully rebury themselves (Figure 6-15). The lack of behavioural data from a sufficient 
number of animals across sites and times precluded statistical analysis and the drawing of 
any general conclusions on cockle behaviour. 

 
Figure 6-15: Austrovenus reburial. 
A: Time (minutes) taken for 10 Austrovenus individuals to rebury themselves (25%, 50% and 100% reburial). 
Data are means, error bars are ± 1 standard deviation. B: Numbers of Austrovenus individuals that partially 
(25%, 50%) and fully (100%) reburied themselves at each site (of 10 animals tested per site and time). Sites 
with and without asterisks were sampled on D1 and D4 of each sampling period, respectively; site 7 was 
sampled on both days each time. No bar means no animals reburied. 
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The other three mollusc species tested (the bivalve Macomona and the gastropods 
Cominella and Zeacumantus) proved to be more reliable behavioural test animals, with 
100% of the animals responding at two or more sites during all four sampling periods 
(Figure 6-16, Figure 6-17, Figure 6-18).  
 

 

Figure 6-16: Macomona reburial. 
A. Time taken for 10 Macomona individuals to rebury themselves. Data are means, error bars are ± 1 
standard deviation. B: Numbers of Macomona individuals that partially (25%, 50%) and fully (100%) reburied 
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themselves at each site (of 10 animals tested per site and time). Sites with and without asterisks were 
sampled on D1 and D4 of each sampling period, respectively; site 7 was sampled on both days each time. 
No bar means no animals reburied.  
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The percentage of animals responding was consistently high at site 8 for all three species. 
Macomona and Cominella also responded consistently well at site 1, and Cominella and 
Zeacumantus responded consistently well at site 9. Nearly all of the Macomona that 
initiated burial behaviours (buried 25% of their body in the sediment) eventually went on to 
completely rebury themselves (becoming 100% covered). Similarly, both gastropod 
species tended to fully right themselves once they started to extend their feet.  

 

Figure 6-17: Cominella turnover.  
A: Time (minutes) taken for 10 Cominella individuals to turn themselves over. Data are means, error bars are 
± 1 standard deviation. B: Numbers of Cominella individuals that extended their foot (initiated behaviour) and 
fully righted themselves at each site (of 10 animals tested per site and time). Sites with and without asterisks 
were sampled on D1 and D4 of each sampling period, respectively; site 7 was sampled on both days each 
time. No bar means no animals turned over.     
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Figure 6-18: Zeacumantus turnover. 
A: Time (minutes) taken for Zeacumantus individuals to turn themselves over. Data are means, error bars 
are ± 1 standard deviation. B: Numbers of Zeacumantus individuals that extended their foot (initiated 
behaviour) and fully righted themselves at each site. 10 individuals were tested per site and time, with the 
exception of site 1 during event 1 sampling when no individuals could be located (n=0), and site 1 during 
routine sampling Apr-14 when only four individuals could be located (n=4). Sites with and without asterisks 
were sampled on D1 and D4 of each sampling period, respectively; site 7 was sampled on both days each 
time. No bar means no animals turned over.   
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However, day to day variation in behaviour was high, particularly for Macomona. For 
example, 90% of the tested Macomona reburied themselves at site 7 on D1 of the first 
routine sampling, whereas 50% of the Macomona reburied themselves at site 7 just a few 
days later on D4 (Figure 6-16). A similar percentage decline between days was observed 
for Cominella during the second routine sampling (Figure 6-17). Even with the 
experimental protocols standardised to the greatest extent possible, it is difficult to pinpoint 
the cause of the day to day variation in mollusc behaviour. 

To compare mollusc behaviour between event and routine samplings, we focused on 
Macomona and Cominella at sites 1 and 8. Sites 1 and 8 represented lower and upper 
estuarine locations respectively, where baseline and event SSC appeared to differ, and 
the two mollusc species represented different taxonomic and functional types (deep-
dwelling bivalve, and surface-oriented gastropod). At each of the sites, 8 to 10 individuals 
of Macomona and Cominella had measurable behavioural responses during all four 
sampling periods, providing enough data for statistical analysis (Figure 6-16 and Figure 
6-17). 

At these two sites, the average burial times for Macomona were significantly longer during 
the event samplings than they were during the routine samplings (2-3 fold differences, 
Figure 6-16; SNK post-hoc tests following ANOVA were p < 0.05 at each site). The slowest 
average reburial rate was recorded at site 1 during the first event sampling. A similar 
pattern across the four sampling periods was apparent at site 8 (slowest response during 
the 1st event sampling), but the differences were smaller and not statistically significant 
(SNK tests p > 0.05). This is consistent with SAR data from both sites indicating the first 
event may have been more severe than the second event in terms of rainfall intensity and 
sediment load.  

Cominella at site 1 showed a similar pattern to Macomona at site 1 (Figure 6-17), namely, 
slower response times during the two event samplings relative to the two routine 
samplings (SNK test p < 0.05). At site 8, however, Cominella showed the opposite pattern, 
with the slower response times coming during the routine sampling periods (SNK test p < 
0.05).  

6.2.6 Benthic macrofauna 

As expected, the macrofauna present in Okura Estuary varied among sites and across the 
four sampling periods. This included shifts in the types of species that were numerically 
dominant (see Appendix 9.5) in addition to changes in total abundance, number of taxa 
present, and Shannon-Wiener diversity (which accounts for the number of taxa per sample 
and the relative evenness in abundance of individuals across those taxa) (Figure 6-19).  
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Figure 6-19: Number of species, individuals and Shannon-Weiner diversity of macrofaunal communities 
during the four sampling periods. 
Data are means, error bars are ±1 standard error (SE), based on n=6 replicates per site and time. 

There were significant differences in total abundance with respect to site (p < 0.0001) and 
sampling period (p = 0.0365) in a two-way analysis of variance of square-root transformed 
data (p < 0.0001 overall; no site*period interaction, p = 0.1362). SNK post-hoc tests (α = 
0.05) confirmed the highest total abundance at site 3, the lowest total abundance at site 8, 
and similar intermediate abundances at sites 1, 7, and 9. The high overall abundance of 
macrofauna at site 3 was driven by high densities of Austrovenus and Austrominius 
modestus (barnacles that settle on cockle shells) during all four sampling periods. The 
similarities in abundance at sites 1, 7, and 9 indicated that there were no obvious trends in 
macrofaunal abundance along the length of the estuary that would be related to, for 
example, bed sediment characteristics or average SSC. Macrofaunal abundance during 
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the first event sampling was lower than during the first routine sampling (SNK p < 0.05), 
but none of the other pairwise comparisons among sampling times showed significant 
differences. Thus, there was no strong evidence to suggest that cumulative effects from 
two successive rain events had a negative influence on total macrofaunal abundance.  

The taxonomic richness of macrofauna in Okura estuary differed by site (p = 0.0091), but 
not by sampling period (p = 0.2377), although there was a significant interaction between 
site and period in the 2-way ANOVA (p = 0.0029 overall; site*period interaction p = 
0.0159), with the pattern in taxonomic richness among sites differing between periods. 
During the first event sampling, post-hoc tests showed richness to be higher at site 3 than 
site 8, though there were no other significant pairwise differences. There were no 
significant differences among sites during the second event sampling, or during the 
second routine sampling. During the first routine sampling (October 2013), site 7 had 
higher taxonomic richness than sites 1, 3, 8 and 9 (all of which were all similar to each 
other).   

Patterns of macrofaunal diversity (Shannon-Wiener alpha diversity) differed only by site 
using a two-way analysis of variance (p = 0.0272 overall; site p = 0.0181; period and 
site*period, p > 0.1325). The significance of site in the ANOVA model was driven by lower 
macrofaunal diversity at site 3. Recall that site 3 had similar numbers of taxa as most of 
the other sites, but that it had very high abundances of cockles (Appendix 9.5). The 
relative lack of evenness in the distribution of individuals across taxa at this site is the main 
explanation for its reduced diversity. There was no indication that macrofaunal diversity 
changed significantly as a result of the rain exceedance events that elevated SSC 
markedly for brief periods of time. There were no trends along the length of the estuary 
indicating responses to differences in average SSC or bed sediment characteristics.  

To examine changes in community composition in relation to events, a non-metric 
multidimensional scaling ordination (MDS) was constructed from average macrofaunal 
data from the five sites during the two event samplings, the two routine samplings (Oct-13 
and Apr-14), as well as the two previous routine samplings (Oct-12 and Apr-13) (Figure 
6-20). The two previous routine samplings were included to provide baseline information 
prior to the events and to identify seasonal trends in community composition. The MDS 
shows how data from each site cluster together. A down estuary gradient was observed, 
with nearest-neighbouring sites being generally more similar (36-46%) than those that 
were further apart (20% similarity between sites 1 and 9; SIMPER on all available data 
from the four most recent samplings).  
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Figure 6-20: Nonmetric multidimensional scaling ordination plot of the community composition during the four 
sampling periods.  
Data are square-root transformed, Bray Curtis similarities. The two events (E1 and E2; triangles) and the two 
routine samplings (Oct-13 and Apr-14) are presented alongside the two previous routine samplings (Oct-12: 
closed circles; Apr-13: open circles). The closer the points are in ordination space, the more similar the 
community structure. 

The MDS demonstrates how macrofaunal community composition during the two events 
can diverge away from the community composition present during the routine samplings. 
This was particularly pronounced at sites 1 and 9, and to a lesser degree at site 8. At 
these sites, the differences between event and routine samplings (particularly the October 
2013 routine sampling) were greater than the differences between consecutive routine 
samplings. Considering that the October 2013 routine sampling came just two weeks after 
two successive exceedance events, recovery back towards the perceived ‘normal’ 
conditions at site 1 (and perhaps sites 8 and 3) was relatively rapid. Changes in 
community composition were driven by sharp increases in some taxa after the event 
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samplings (e.g., Exosphaeroma waitemata and Paphies australis at site 1, and Cossura 
consimilis at site 9; Table 9-4), and losses of other taxa (e.g., Paracalliope novizealandiae 
at site 1 and Scoloplos cylindrifer at site 9, SIMPER). In particular, at site 1, event 2 
sampling had increased abundances of Prionospio aucklandica and Paracorophium sp. 
(species we know to be mud tolerant) and decreased abundances of Aonides trifida (a 
species we know to be mud sensitive). However, by the time of the October routine 
sampling, Prionospio abundances had decreased and Aonides and Paphies abundances 
had increased. 
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7.0 Conclusions 

7.1 Sediment characteristics 

The estuaries separate into three groups based on chlorophyll a content of the sediment 
with Turanga and Mangemangeroa having the highest values and Whangateau, Orewa, 
Waiwera, Waikopua and Puhoi the lowest. There are no consistent changes moving along 
the estuarine gradient. Percent organic matter varies little across the estuaries and is 
generally < 5%. The estuaries also overlap strongly in grain size characteristics, with a 
general tendency for sites furthest up the estuaries to have higher average mud and very 
fine sand content, as opposed to those closest to the mouth, which have more fine sands. 

7.2 Health status 

Generally the estuaries are in moderate to good health. Okura, Whangateau and Orewa 
were rated “good’ to “very healthy” with respect to mud content, and all sites in Okura and 
Whangateau were rated high in terms of functionality. Only Orewa, Turanga, Waiwera and 
Waikopua contained some sites of low functionality. Okura and Orewa were rated 
healthiest in terms of metal contamination, but the BHMmodel validation conducted by 
Hewitt and Simpson (2012) observed underestimation of health of sites from Whangateau 
and Waikopua, possibly related to differences in numbers of replicates for the model 
relative to the estuaries monitoring design.  

Combining these indices into the single health score resulted in sites in estuaries varying 
from poor to extremely good. However, Puhoi, Turanga and Mangemangeroa estuaries 
stand out as having at least one site with a low health rating. All three of these estuaries 
contain a site rated “poor” and neither Mangemangeroa nor Turanga had sites rated as 
“extremely good”.  

It is important to recognise that the health scores are from particular sites within each 
estuary, and do not necessarily represent the health status of each estuary as a whole. 
There may be locations in each estuary that are significantly healthier, or less healthy, 
than the monitored sites. 

7.3 Ecological change consistent with increased sedimentation  

The number of trends consistent with increased sedimentation is highest in Okura and 
Puhoi (seven for each), with Mangemangeroa and Waikopua having the lowest number of 
these trends. Okura, Orewa and Puhoi, all have three of their Core sites that have more 
than one trend consistent with increased sedimentation occurring. These results suggest 
that Okura, Orewa and Puhoi are exhibiting the most ongoing change consistent with 
increased sedimentation. However, these changes are still relatively subtle as they do not 

Auckland east coast estuarine monitoring programme to 2013 83 



 

involve the majority of species that could be expected to respond to increased 
sedimentation. 

Analyses conducted within this report highlight difficulties in determining trends over time 
in bivalve size classes and number of taxa. The low temporal resolution (only two sampling 
occasions per year) and the lack of standard months for sampling in the early years of the 
programme make analysis of changes over time in bivalve size classes less robust and 
more prone to the detection of spurious trends. Calculating the number of taxa for this 
dataset is problematic due to the varying degrees of taxonomic resolution in operation 
during the length of the time series (due to changes in research providers and 
taxonomists).  

With increased number of years monitored, numbers and specifics of patterns and trends 
can be expected to alter. In particular, with <10 years of data some detected trends will 
inevitably turn out to be only part of longer-term cycles. While our focus on trends that are 
only consistent with increased sedimentation will reduce this variation, it will not eliminate it 
for two reasons. Firstly, increases in sedimentation will vary not only with catchment 
activities but also with climatic factors. If catchment activities that generate sediment 
coincide with heavy rain, higher than normal amounts of sediment will be delivered to the 
estuary promoting a stronger response from the macrofaunal communities. Secondly, 
sediment deposited at a site will not necessarily stay at the site and the degree and speed 
of removal of this sediment will also vary with climatic conditions (especially wave climate). 
We would expect this to occur mostly at the outer sites in the estuary where wave 
exposure is generally higher.  

7.4 Recommendations for long-term monitoring 

The estuarine monitoring programme has provided important information on the health of 
these estuaries which has informed state of the environment reporting, report cards and 
the development of the Auckland Unitary Plan. These estuaries remain at risk from 
sediment derived from rural activities, land and forestry and currently the monitoring is 
detecting some trends consistent with increased sediment in these estuaries. Monitoring of 
these estuaries should therefore continue, however, in long-term monitoring programmes it 
is important to continually review whether the programme is continuing to meet its 
objectives and if improvements can be made. The analyses conducted make it clear that 
sampling only seven of the original ten sites is not compromising the ability of the 
programme to detect change, as most of any changes observed so far at the non-Core 
sites are similar to those observed at the Core sites. This raises the question as to whether 
it is possible to reduce sampling from seven sites per estuary (considering the relatively 
small size of the estuaries) and still understand trends in health. 
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Any further reduction in sites should be spatially stratified as this would allow analyses to 
focus on the spatial extent of any observed changes within each estuary. That is, stratify 
each estuary into upper, middle and lower reaches (i.e., sites 1-3, 4-6 and 7-10, 
respectively) and select one site per sector. Selection of sites to monitor from each 
estuarine sector that would give the most robust design requires further work. However, 
we suggest selecting sites showing the highest number of trends consistent with fine 
sediment, or if all equivalent, the sites with the lowest mud content percent. The latter is 
because sites with higher mud content generally have fewer species that are sensitive to 
increasing mud content. We might also choose to avoid nearest neighbouring sites (i.e., 
Orewa sites 3 and 4) even if they fit the above criterion; for example, Orewa site 1 (instead 
of site 3) may be effective at detecting trends whilst also increasing the spatial distribution 
of sites along the estuary.  
Determination of the overall number of sites that would give the most robust design 
requires further analysis, although due to estuarine gradients in deposition and erosion, 
three sites are likely to be the minimum needed. An analysis of predicted power and 
robustness could be conducted using simulated changes of varying magnitudes on the 
previously collected data (e.g., Hewitt et al. 2001). 

Another potential change to the monitoring programme revolves around the analysis. At 
present this is focussed around detecting responses associated with increasing 
sedimentation as represented by sediment mud content. However, this could also include 
changes in the very fine sediment content (particles sized < 125 µm rather than the < 63 
µm size range which represents mud). This size range includes the very fine sand fraction 
which can be a part of the terrestrial sediment load in the Auckland region (as in sediment 
collected from the Whitford catchment; Lohrer et al. 2004). However, most studies on 
species abundance responses to sediment particle sizes has focussed on mud content 
(Thrush et al. 2003, Anderson 2004) and the community composition index developed for 
this monitoring programme also focussed on mud content. Thus, this monitoring 
programme has highlighted some new research that the authors of this report will pursue 
over the next two years.  

7.5 Event-based monitoring 

The sediment related sampling methodologies (discrete water sampling for SSC, sediment 
traps for SAR, DOBIE-OBSs for time- and tide-stamped SSC information) worked 
sufficiently well that they can be incorporated into research aimed at determining 
environmental baselines and detecting effects of logging in the Weiti Forest catchment. 
Elevated SSC of approximately 800 mg.L-1 were documented at site 9 at the start of the 
first flood tide of an event (prior to the actual rainfall exceedance trigger), and values >100 
mg.L-1 were recorded during the next six tidal cycles. These lower values are in excess of 
the SSC demonstrated to affect condition of Paphies australis and Atrina zelandica 
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(Thrush et al. 2004, Hewitt and Norkko 2007). The DOBIE-OBSs were particularly useful 
for documenting timing of onset of elevated SSC relative to rainfall and the length of time 
that SSC remained elevated.  

However, under the current sampling protocols (initiation at 5 – 7 days post exceedance), 
the sampling is not likely to capture SSC peaks and increases in sediment deposition 
associated with rain exceedance events. DOBIEs deployed at the time of the second rain 
exceedance event illustrated that SSC dropped back to normal levels at all three sites in 
under 3 days. Similarly, the discrete water samples and the DOBIEs deployed 5-10 days 
after exceedances may be good for characterising baseline conditions at the time of 
sampling, but not necessarily for characterising elevated ‘event’ conditions immediately 
post-exceedance. The solution would be to conduct event samplings immediately (1 day) 
following rain exceedance notifications, however, it is practically impossible to mobilise 
DOBIEs this quickly (preparation time is 1-3 working days). Another solution would be to 
plan DOBIE deployments to run for 30 days prior to, or after, each of the routinely 
scheduled sampling trips in hopes of catching an event, or to place DOBIEs out during 
months predicted to have high rainfall. Mobilising the other types of sampling gear (SAR 
traps, discrete water sampling gear) in one day would be relatively easy.  

Unlike the SAR traps and discrete water samples, assessments of bed sediment 
characteristics, macrofaunal behaviours and macrofaunal community structure are more 
time integrative; thus sampling 5-10 days following an exceedance event is quite 
appropriate. In fact, it may take time for the effects of the exceedance event to become 
apparent. Lag responses are common in ecology (see Hewitt and Thrush 2009). For 
example, bed sediment chlorophyll a content may decline after a week of high turbidity in 
the estuary, and bed sediment muddiness may increase following a week of deposition, 
but not necessarily after one day. Responses of macrofauna to increased suspended 
sediment concentrations and sediment deposition have also been shown to increase with 
duration (Hewitt and Norkko 2007) and frequency (Lohrer et al. 2004). Generally, 
macrofaunal community composition differed in the events compared to the routine 
October sampling. At all but site 7, the difference between the events and the routine 
October sampling was as great or greater than the difference between the routine October 
2013 and April 2014 sampling. 

The behavioural monitoring of the macrofauna was more time consuming and difficult to 
complete in a standardised fashion than originally expected, and one of the most common 
species (Austrovenus which was easily found at all five sites) generally did not yield 
behavioural data that could be used. However, at sites 1 and 8, the average burial times 
for Macomona were significantly longer during the event samplings than they were during 
the routine samplings. This implies that Macomona may be slower to respond, and may 
remain in a vulnerable position on the sediment surface for longer, after periods of 
elevated rain and SSC. Cominella at site 1 showed a similar pattern to Macomona at site 
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1, namely, slower response times during the two event samplings relative to the two 
routine samplings. At site 8, however, Cominella showed the opposite pattern. Thus, while 
there appear to be some patterns in the behavioural data that could be interpreted as 
sublethal responses to brief periods of elevated SSC in Okura Estuary, the high levels of 
variability among individuals and the lack of consistency across species, sites and times 
produces uncertainty in this regard.  
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9.0 Appendices 
9.1 Health data 

Table 9-1: Full health index data for three sites from each estuary. 

Estuary Site Year BHMmetal  BHMmud TBI 

Whangateau 2 2011 -0.13  -0.10 0.40 

 2 2012 -0.07  -0.10 0.48 

 2 2013 -0.11  -0.10 0.49 

 5 2011 -0.04  -0.04 0.42 

 5 2012 -0.04  -0.07 0.52 

 5 2013 -0.06  -0.05 0.47 

 6 2011 -0.07  -0.05 0.46 

 6 2012 -0.04  -0.07 0.57 

 6 2013 -0.09  -0.05 0.51 

Puhoi 1 2011 -0.17  -0.11 0.35 

 1 2012 -0.10  -0.09 0.43 

 1 2013 -0.19  -0.12 0.42 

 4 2011 -0.15  -0.12 0.55 

 4 2012 -0.09  -0.09 0.46 

 4 2013 -0.17  -0.13 0.48 

 9 2011 -0.03  0.05 0.28 

 9 2012 -0.06  -0.06 0.29 

 9 2013 -0.03  0.05 0.37 

Waiwera 1 2011 -0.02  0.03 0.29 

 1 2012 -0.11  -0.08 0.48 

 1 2013 -0.05  -0.01 0.44 

 3 2011 -0.15  -0.08 0.23 

 3 2012 -0.08  -0.07 0.17 

 3 2013 -0.15  -0.12 0.39 

 8 2011 -0.17  -0.11 0.38 

 8 2012 -0.06  -0.07 0.51 
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Estuary Site Year BHMmetal  BHMmud TBI 

 8 2013 -0.17  -0.14 0.56 

Orewa 1 2011 -0.09  -0.03 0.22 

 1 2012 -0.05  -0.04 0.18 

 1 2013 -0.17  -0.12 0.30 

 4 2011 -0.15  -0.08 0.34 

 4 2012 -0.08  -0.08 0.40 

 4 2013 -0.19  -0.15 0.36 

 8 2011 -0.11  -0.04 0.40 

 8 2012 -0.09  -0.07 0.27 

 8 2013 -0.14  -0.10 0.41 

Okura 1 2011 -0.18  -0.13 0.37 

 1 2012 -0.10  -0.11 0.44 

 1 2013 -0.19  -0.15 0.47 

 7 2011 -0.18  -0.11 0.62 

 7 2012 -0.14  -0.12 0.47 

 7 2013 -0.17  -0.12 0.54 

 9 2011 -0.03  0.02 0.38 

 9 2012 -0.09  -0.05 0.52 

 9 2013 0.01  0.06 0.43 

Mangemangeroa 3 2011 -0.11  -0.07 0.61 

 3 2012 -0.13  -0.10 0.64 

 3 2013 -0.09  -0.07 0.60 

 6 2011 -0.04  0.01 0.37 

 6 2012 -0.07  -0.05 0.50 

 6 2013 -0.06  0.00 0.50 

 9 2011 -0.02  0.06 0.33 

 9 2012 -0.06  -0.04 0.29 

 9 2013 -0.05  0.04 0.39 

Turanga 4 2011 -0.02  0.01 0.27 

 4 2012 -0.10  -0.06 0.49 
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Estuary Site Year BHMmetal  BHMmud TBI 

 4 2013 -0.05  0.02 0.51 

 7 2011 -0.08  -0.02 0.36 

 7 2012 -0.13  -0.09 0.40 

 7 2013 -0.05  0.02 0.52 

 8 2011 0.01  0.06 0.29 

 8 2012 -0.05  -0.04 0.30 

 8 2013 -0.01  0.07 0.30 

Waikopua 1 2011 -0.11  -0.05 0.67 

 1 2012 -0.08  -0.07 0.65 

 1 2013 -0.11  -0.05 0.91 

 3 2011 -0.14  -0.12 0.44 

 3 2012 -0.11  -0.10 0.55 

 3 2013 -0.11  -0.11 0.61 

 9 2011 0.03  0.05 0.23 

 9 2012 -0.09  -0.07 0.39 

 9 2013 -0.09  -0.06 0.54 
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9.2 Location of Whangateau sites 

 

Figure 9-1: Location of sites in Whangateau Estuary.  
Sites are colour coded to show average sediment mud content: <5% green, 5 to 10 blue, 10 to 20 orange, 20 
to 30 brown, and 30 to 40% red. 

9.3 P-values for trend analyses reported in Section 4 
Table 9-2: P- values for trends detected at Okura Core sites (d.f. = 18). 
See Table 4-1 and Table 4-2 for estimates of the magnitude of change.  

Okura 1 2 3 4 7 8 9 

CAPmud  0.0002     0.0003 

# taxa       0.0006 

Anthopleura 0.0033       

Aonides <0.0001       

Colurostylis    0.0119   0.0041 

Austrovenus 0.0011   0.0106 0.0026  0.0047 

Paphies   0.0003  0.0206   

Corophidae     0.0061   

Crabs     0.0011   

Austrovenus large 0.0003    0.0219 0.0237  

Austrovenus small   0.0201 0.0180 0.0005   

Macomona large 0.0158 0.0038 0.0403 0.0209    
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Okura 1 2 3 4 7 8 9 

Macomona medium      0.0375  

Paphies medium   0.0020  0.0496   

Paphies small 0.0275  0.0009 0.0002 0.0217   

Sediment mud content 0.0158   0.0135 0.0003   

Sediment very fine silt + 
mud 

 0.0283 <0.0001   0.0001 0.0001 

 

Puhoi 1 2 3 4 6 7 9 

CAPmud 0.0007  0.0028 0.0066  0.0228  

# taxa   0.0158   0.0005  

Colurostylis      0.0024  

Austrovenus    0.0094 0.0008   

Macomona   0.0190     

Waitangi <0.0001   0.0012    

Corophidae      0.0471  

Crabs      0.0327  

Austrovenus large 0.0087   0.0038 0.0053   

Austrovenus small     0.0161  0.0367 

Macomona large    0.0056 0.0001   

Paphies large     0.0477   

Sediment mud content 0.0214   0.0379 0.0169   

Sediment mud + very fine 
sand content 

 0.0015   0.0152 <0.0001 0.0035 

 

Waiwera 1 2 3 5 6 8 9 

CAPmud     0.0068 0.0033  

# taxa      0.0499  

Anthopleura      0.0286  

Aonides       0.0004 

Colurostylis   0.0097   0.0309 0.0004 
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Waiwera 1 2 3 5 6 8 9 

Austrovenus      0.0001 0.0206 

Paphies       0.0283 

Macomona 0.0333       

Waitangi      0.0249  

Nereididae      0.0019  

Austrovenus large  0.0003   0.0003 0.0003 0.0084 

Austrovenus medium      0.0030  

Austrovenus small 0.0359     0.0051  

Macomona large      0.0060 0.0129 

Macomona medium      0.0249  

Macomona small      0.0280  

Paphies medium      0.0090  

Paphies large      0.0014  

Sediment mud content 0.0001 0.0102 0.0377  0.0348   

Sediment mud + very fine 
sand content 

0.0001       

 

Orewa 1 2 3 4 5 6 8 

# taxa    0.0090  0.0046  

Anthopleura  <0.0001  0.0102 0.0029   

Aonides   0.0015     

Austrovenus   0.0115 0.0006    

Paphies    0.0009    

Waitangi <0.0001  0.0001 <0.0001    

Corophidae      0.0075  

Nereididae   0.0440     

Austrovenus large  0.0123  <0.0001  0.0084  

Austrovenus medium   0.0258 0.0001 0.0009   

Austrovenus small    0.0054    

Macomona large  0.0021   0.0045   
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Orewa 1 2 3 4 5 6 8 

Macomona medium  0.0141      

Macomona small    0.0132    

Paphies small    0.0005    

Sediment mud content 0.0310 0.0062  0.0061   0.0282 

Sediment mud + very fine 
sand content 

0.0267 0.0272  0.0099 0.0073 0.0015 0.0078 

 

Mangemangeroa 2 3 5 6 7 9 10 

CAPmud 0.0055  0.0002 0.0026    

 # taxa 0.0238 <0.0001 0.0038 0.0030 <0.0001 0.0033 0.0125 

Anthopleura 0.0006 0.0000      

Aonides  0.0029      

Austrovenus 0.0003       

Nereididae   0.0083    0.0319 

Austrovenus large 0.0010       

Austrovenus medium 0.0011 0.0007      

Austrovenus small 0.0042    0.0108 0.0228  

Macomona large 0.0032       

Paphies small    0.0021    

Sediment mud content 0.0110       

Sediment mud + very fine 
sand content 

  0.0127 0.0005 <0.0001 0.0016 0.0013 

 

Turanga 1 3 4 6 7 8 10 

CAPmud   0.0126     

# taxa  0.0499  0.0308 0.0014 0.0099  

Anthopleura 0.0474       

Aonides  0.0126      

Austrovenus 0.0289 0.0004 0.0339     

Paphies  0.0038      

Macomona  0.0391   0.0046   
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Turanga 1 3 4 6 7 8 10 

Corophidae      0.0140  

Austrovenus large 0.0025  0.0026     

Austrovenus medium  0.0075      

Austrovenus small  0.0001 0.0215 0.0186  0.0032  

Macomona large 0.0157       

Macomona small 0.0097       

Paphies small  0.0018      

Sediment mud content <0.0001      <0.0001 

Sediment mud + very fine 
sand content 

<0.0001 <0.0001 <0.0001 <0.0001 0.0465 0.0122 <0.0001 

 

Waikopua 1 3 4 6 7 8 9 

CAPmud 0.0121 0.0018 0.0026     

# taxa   0.0043     

Aonides     0.0011   

Austrovenus    0.0392 0.0190   

Colurostylis 0.0056       

Macomona 0.0013       

Crabs  0.0108      

Nereididae  0.0177      

Austrovenus large  0.0006  0.0224 0.0449 0.0016  

Austrovenus medium    0.0025 0.0080   

Austrovenus small    0.0064 0.0054   

Macomona large  0.0373      

Sediment mud content 0.0188 0.0067 0.0032 0.0287    

Sediment mud + very fine 
sand content 

0.0027 0.0246 0.0013 0.0034 0.0000 <0.0001 <0.0001 
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9.4 Comparison of trends with those reported in data from 2004 to 2011 
Analysing data collected over the seven years to September 2011, Hewitt and Simpson (2012) 
reported detecting 54 ecological trends consistent with increased sedimentation. Analyses on data 
to October 2013, detected only 27 of those trends, and 5 of those were only possible trends. Many 
long-term cycles (7 -12 years) have been observed in species abundances in the Manukau 
Harbour Ecological Monitoring Programme, and cycles such as these would generally be detected 
as trends with less than ten years of data. Appendix 9.3 details the numbers of trends consistent 
with increased sedimentation reported in Hewitt and Simpson (2012) for each of the selected taxa 
and the two community variables, together with the number still detectable in the analysis of data 
to October 2013. Importantly, while a large number of trends were previously detected for the 
number of taxa, very few (<10 %) were detected with an additional two years of data.  
 
Table 9-3: Past and present trends consistent with increased sedimentation. 

 Detected in 2011 %remaining New trends detected 

CAPmud 11 54.55% 7 

 # taxa 12 8.33% 8 

Anthopleura   1 

Aonides 4 100.00% 1 

Austrovenus large 4 25.00% 0 

Austrovenus medium 2 0.00% 2 

Austrovenus small 1 0.00% 0 

Austrovenus 2 0.00% 1 

Colurostylis 5 100.00% 2 

Corophidae   1 

Crabs   1 

Macomona 3 33.33% 0 

Macomona large 3 33.33% 0 

Macomona medium    

Macomona small 2 0.00% 0 

Nereididae 2 0.00% 1 
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 Detected in 2011 %remaining New trends detected 

Paphies 1 100.00% 0 

Paphies small 1 100.00% 0 

Waitangi 1 100.00% 4 

9.5 Abundant taxa from Okura during the event-based sampling 

Table 9-4: The ten most abundant taxa from each site during the four sampling periods, with the average 
abundance across six cores in brackets.  
Note: Paracalliope novizealandiae has been abbreviated to Paracalliope. 

 Event 1  Event 2  Routine Oct-13  Routine Apr-14  

Site 1 Paracalliope (16) Paracalliope (20) Exosphaeroma 
waitemata 

(34) Austrominius 
modestus 

(12) 

 Austrominius 
modestus 

(14) Austrominius 
modestus 

(17) Austrominius 
modestus 

(30) Austrovenus 
stutchburyi 

(11) 

 Austrovenus 
stutchburyi 

(7) Prionospio 
aucklandica 

(9) Paphies  
australis 

(24) Prionospio 
aucklandica 

(11) 

 Prionospio 
aucklandica 

(7) Colurostylis 
lemurum 

(6) Austrovenus 
stutchburyi 

(20) Exosphaeroma 
waitemata 

(8) 

 Colurostylis 
lemurum 

(6) Waitangi 
brevirostris 

(3) Liljeborgidae (13) Paphies  
australis 

(6) 

 Phoxocephalidae 
other 

(5) Phoxocephalidae 
other 

(3) Colurostylis 
lemurum 

(10) Liljeborgidae (5) 

 Anthopleura 
aureoradiata 

(3) Anthopleura 
aureoradiata 

(3) Prionospio 
aucklandica 

(6) Colurostylis 
lemurum 

(4) 

 Waitangi 
brevirostris 

(3) Austrovenus 
stutchburyi 

(3) Aonides  
trifida 

(6) Anthopleura 
aureoradiata 

(3) 

 Aonides  
trifida 

(2) Nemertea (2) Paracalliope (5) Macomona  
liliana 

(2) 

 Magelona  
dakini 

(1) Paracorophium  
sp. 

(2) Macomona  
liliana 

(3) Linucula 
hartvigiana 

(2) 

Site 3 Austrovenus 
stutchburyi 

(66) Austrovenus 
stutchburyi 

(66) Austrovenus 
stutchburyi 

(70) Austrovenus 
stutchburyi 

(53) 

 Austrominius 
modestus 

(47) Austrominius 
modestus 

(33) Austrominius 
modestus 

(24) Prionospio 
aucklandica 

(19) 
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 Event 1  Event 2  Routine Oct-13  Routine Apr-14  

 Prionospio 
aucklandica 

(18) Prionospio 
aucklandica 

(12) Paphies  
australis 

(22) Austrominius 
modestus 

(16) 

 Anthopleura 
aureoradiata 

(9) Anthopleura 
aureoradiata 

(9) Paracorophium  
sp. 

(10) Anthopleura 
aureoradiata 

(8) 

 Notoacmea 
scapha 

(7) Scoloplos 
cylindrifer 

(8) Heteromastus 
filiformis 

(5) Colurostylis 
lemurum 

(6) 

 Colurostylis 
lemurum 

(5) Paracorophium  
sp. 

(7) Scoloplos 
cylindrifer 

(4) Linucula 
hartvigiana 

(6) 

 Sipunculidae (5) Notoacmea 
scapha 

(6) Capitella sp. (4) Heteromastus 
filiformis 

(5) 

 Paphies  
australis 

(5) Colurostylis 
lemurum 

(3) Prionospio 
aucklandica 

(3) Macomona  
liliana 

(3) 

 Linucula 
hartvigiana 

(4) Exosphaeroma 
planulum 

(3) Colurostylis 
lemurum 

(2) Notoacmea 
scapha 

(2) 

 Macomona  
liliana 

(4) Linucula 
hartvigiana 

(3) Halicarcinus 
whitei 

(2) Oligochaete (2) 

Site 7 Austrovenus 
stutchburyi 

(19) Austrovenus 
stutchburyi 

(27) Austrovenus 
stutchburyi 

(32) Austrovenus 
stutchburyi 

(36) 

 Scoloplos 
cylindrifer 

(10) Scoloplos 
cylindrifer 

(10) Prionospio 
aucklandica 

(10) Prionospio 
aucklandica 

(18) 

 Prionospio 
aucklandica 

(7) Prionospio 
aucklandica 

(10) Austrominius 
modestus 

(7) Linucula 
hartvigiana 

(16) 

 Austrominius 
modestus 

(5) Linucula 
hartvigiana 

(7) Scoloplos 
cylindrifer 

(6) Anthopleura 
aureoradiata 

(15) 

 Oligochaete (5) Austrominius 
modestus 

(5) Paphies  
australis 

(6) Austrominius 
modestus 

(9) 

 Macomona  
liliana 

(4) Phoxocephalidae 
other 

(3) Linucula 
hartvigiana 

(6) Notoacmea 
scapha 

(5) 

 Austrohelice 
crassa 

(2) Macomona  
liliana 

(3) Macomona  
liliana 

(5) Macomona  
liliana 

(4) 

 Anthopleura 
aureoradiata 

(2) Colurostylis 
lemurum 

(3) Orbinia  
papillosa 

(5) Aonides  
trifida 

(2) 

 Orbinia  
papillosa 

(2) Oligochaete (3) Colurostylis 
lemurum 

(4) Paracalliope (2) 
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 Event 1  Event 2  Routine Oct-13  Routine Apr-14  

 Ceratonereis sp. (2) Aonides  
trifida 

(2) Anthopleura 
aureoradiata 

(2) Colurostylis 
lemurum 

(1) 

Site 8 Scoloplos 
cylindrifer 

(11) Prionospio 
aucklandica 

(16) Oligochaete (12) Prionospio 
aucklandica 

(10) 

 Austrovenus 
stutchburyi 

(6) Austrovenus 
stutchburyi 

(13) Prionospio 
aucklandica 

(11) Austrovenus 
stutchburyi 

(9) 

 Prionospio 
aucklandica 

(6) Scoloplos 
cylindrifer 

(12) Scoloplos 
cylindrifer 

(10) Oligochaete (6) 

 Oligochaete (4) Oligochaete (7) Heteromastus 
filiformis 

(10) Scoloplos 
cylindrifer 

(3) 

 Arthritica  
bifurca 

(2) Heteromastus 
filiformis 

(6) Austrovenus 
stutchburyi 

(9) Heteromastus 
filiformis 

(3) 

 Macomona  
liliana 

(2) Arthritica  
bifurca 

(5) Arthritica  
bifurca 

(6) Macomona  
liliana 

(2) 

 Heteromastus 
filiformis 

(2) Macomona  
liliana 

(4) Nemertea (3) Arthritica  
bifurca 

(2) 

 Nicon 
aestuariensis 

(2) Linucula 
hartvigiana 

(3) Linucula 
hartvigiana 

(2) Austrohelice 
crassa 

(1) 

 Ceratonereis sp. (2) Austrominius 
modestus 

(2) Pectinaria 
australis 

(1) Perinereis  
vallata 

(1) 

 Nemertea (1) Nicon 
aestuariensis 

(2) Macomona  
liliana 

(1) Boccardia  
syrtis 

(1) 

Site 9 Prionospio 
aucklandica 

(13) Prionospio 
aucklandica 

(13) Cossura  
consimilis 

(26) Cossura  
consimilis 

(27) 

 Scoloplos 
cylindrifer 

(10) Mysidacea (8) Prionospio 
aucklandica 

(18) Oligochaete (19) 

 Arthritica  
bifurca 

(7) Cossura  
consimilis 

(7) Oligochaete (13) Prionospio 
aucklandica 

(19) 

 Austrovenus 
stutchburyi 

(7) Heteromastus 
filiformis 

(7) Heteromastus 
filiformis 

(8) Heteromastus 
filiformis 

(6) 

 Austrominius 
modestus 

(5) Oligochaete (6) Ceratonereis sp. (7) Capitella spp. (3) 

 Heteromastus 
filiformis 

(4) Arthritica  
bifurca 

(5) Arthritica  
bifurca 

(6) Macomona  
liliana 

(3) 
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 Event 1  Event 2  Routine Oct-13  Routine Apr-14  

 Nicon 
aestuariensis 

(4) Scoloplos 
cylindrifer 

(5) Austrovenus 
stutchburyi 

(3) Ceratonereis sp. (3) 

 Oligochaete (3) Ceratonereis sp. (4) Nemertea (3) Nemertea (2) 

 Macomona  
liliana 

(3) Austrovenus 
stutchburyi 

(2) Glycera 
americana 

(2) Boccardia  
syrtis 

(1) 

 Hemiplax  
hirtipes 

(2) Pectinaria 
australis 

(2) Nicon 
aestuariensis 

(2) Nicon 
aestuariensis 

(1) 
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