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Executive summary 

In November 2005, a long-term monitoring programme was established in the Upper 
Waitematā Harbour to monitor its ecological status given predicted land use changes in 
the catchment surrounding the harbour. These catchments continue to change as 
Auckland’s growing population expected to reach 1.77 million people by 2026, and over 
1500 new developments are planned within the Upper Waitematā region. Benthic 
macrofauna, sediment characteristics and contaminants are sampled at ten intertidal sites 
to determine whether there are ecological changes associated with catchment 
development. A single site is located in each of the Rangitopuni (Rng), Brigham (Brig), 
Waiarohia (HIW) Lucas (Luc) and Hellyers (Hell) arms, and the upper section of the main 
harbour (MainU). Three sites are located in the central part of the harbour (MainC, MainO 
and HIN) and one outside the mouth (OHbv). This report summarises the status and 
trends of data collected between November 2005 and February 2014. Sites form three 
distinct groupings based on location, sediment characteristics and macrofaunal 
communities: 1) upper harbour sites dominated by oligochaetes, nereididae polychaetes 
and crabs (Rng, Brig, and MainU); 2) mid-lower harbour sites dominated by deposit 
feeding polychaetes (MainC, Luc, Hell and OHbv); and 3) sandy lower harbour sites 
dominated by bivalves (HIW, HIN, and MainO). Differences in community composition 
between sites have generally persisted over time, although there is now overlap between 
the sandy lower harbour sites and the mid-lower harbour sites due to the increasing 
similarity of MainO and Luc. 

Heavy metal analysis was undertaken in November 2013 on surficial sediment for 
concentration of arsenic, cadmium, chromium, copper, iron, lead, manganese, mercury, 
nickel, zinc and polycyclic aromatic hydrocarbons (PAHs). Copper concentrations 
exceeded the ERC amber threshold in surface sediments at five UWH sites (Rng, Brig, 
MainU, MainO and HIN), while lead concentrations in surface sediments were only 
exceeded at OHbv. All sites were below the zinc ERC amber level. Bottom sediment 
samples were not analysed for this report; comparative analysis of prior years, where both 
top and bottom contaminant concentrations were analysed, suggest differences of ~10%, 
which is lower than that estimated due to analytical variation (~20%).  

There were few significant changes in sediment properties. Mud content and chlorophyll a 
content has increased at HIW. Mud content at Luc appear to be displaying a cyclical 
pattern with peak amounts during autumn-winter (May-August). Across the sites most 
macrofaunal species exhibited seasonal and multiyear patterns in abundance, with few 
trends apparent. Bivalve species (Austrovenus stutchburyi, Macomona liliana and Linucula 
hartvigiana) have shown higher numbers in the last two years following a previous four 
year decline and Heteromastus filiformis has had a peak abundance in November 2013 at 
seven Sites. The Functional Traits Index (TBI) and Benthic Health Model (BHM) scores 
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demonstrate generally poor health and poor functional resilience. Overall there is a 
general trend of lowest values found in the upper estuary with scores generally improving 
from the middle to lower sites.  

Suggestions are made for modifications to the frequency of contaminant sampling, given 
the low rate of change in most concentrations and issues with analytical accuracy. A three 
yearly contaminant sampling protocol would align with a proposed triennial reporting 
timeframe. Suggestions are also made on reducing the frequency of sampling at the upper 
harbour sites which have shown consistent sediment and community characteristics over 
the last 6 years. Consideration should be given to visiting all sites at low water on a future 
sampling occasion to observe surface features that might indicate sampling impacts or the 
need to alter the site layout. 

 

  

_____________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014  



 

Table of contents 

1.0 Introduction ................................................................................................................ 1 

2.0 Methods ..................................................................................................................... 4 

2.1 Macrofaunal sampling strategy ............................................................................... 4 

2.2 Macrofaunal analysis .............................................................................................. 5 

2.3 Sediment characteristics ......................................................................................... 5 

2.4 Chemical analyses .................................................................................................. 6 

2.5 Statistical analyses ................................................................................................. 8 

3.0 Site Characteristics .................................................................................................. 11 

3.1 Rangitopuni Creek (Rng) ...................................................................................... 11 

3.2 Brigham Creek (Brig) ............................................................................................ 11 

3.3 Upper Main Channel (MainU) ............................................................................... 11 

3.4 Central Main Channel (MainC) ............................................................................. 12 

3.5 Herald Island (HIN) ............................................................................................... 12 

3.6 Lucas Creek Outer (Luc) ...................................................................................... 12 

3.7 Outer Main Channel (MainO) ................................................................................ 12 

3.8 Waiarohia Inlet (HIW) ........................................................................................... 13 

3.9 Hellyers Creek outer (Hell) ................................................................................... 13 

3.10 Central Waitematā East (OHbv) ........................................................................ 13 

4.0 Changes in the monitored site sediment characteristics since 2005 ........................ 14 

5.0 Contaminants ........................................................................................................... 22 

5.1 Copper .................................................................................................................. 24 

5.2 Lead ...................................................................................................................... 25 

5.3 Zinc ....................................................................................................................... 26 

5.4 Iron, Arsenic and Manganese ............................................................................... 27 

5.5 Cadmium, chromium and nickels .......................................................................... 30 

5.6 Mercury ................................................................................................................. 32 

5.7 Polycyclic Aromatic Hydrocarbons (PAHs) ........................................................... 32 

5.8 Top versus Bottom samples ................................................................................. 35 

5.9 Contaminant Trends ............................................................................................. 36 

_____________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014  



 

5.10 Contaminants Summary for November 2013 .................................................... 40 

6.0 Community characteristics ....................................................................................... 41 

6.1 Upper Harbour Sites ............................................................................................. 41 

6.2 Mid-lower Harbour Sites ....................................................................................... 45 

6.3 Sandy Lower Harbour Sites .................................................................................. 53 

6.4 Bivalve size frequency distributions ...................................................................... 60 

6.5 Community composition ....................................................................................... 66 

7.0 State of the Environment Indicators ......................................................................... 70 

8.0 Conclusions and Recommendations ........................................................................ 73 

9.0 References ............................................................................................................... 78 

10.0 Acknowledgments ................................................................................................. 81 

11.0 Plates .................................................................................................................... 82 

12.0 Appendices ........................................................................................................... 90 

12.1 Appendix 1 ........................................................................................................ 90 

12.2 Appendix 2 ........................................................................................................ 92 

12.3 Appendix 3 ........................................................................................................ 94 

 

 

Reviewed by:    Ex-releaser: 

    

C. Lundquist     J. Hewitt 

 

_____________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014  



 

1.0  Introduction 

In November 2005 a long term monitoring programme for the Upper Waitematā Harbour 
(UWH) was developed by the National Institute of Water and Atmospheric Research 
(NIWA) for Auckland Council (AC) (formerly Auckland Regional Council, ARC). The 
primary objective was to determine the extent to which urbanisation and land-use changes 
in the Upper Waitematā catchment region were resulting in significant impacts to the 
harbour’s ecological health. It was also intended that the data from this programme could 
be utilised in models to facilitate the assessment of how storm-water contaminants affect 
the ecology of the intertidal areas.  

The Upper Waitematā Harbour (UWH) catchment encompasses 185km2 and drains to a 
relatively small sub-estuary with a restricted outlet emptying into the Central Waitematā 
Harbour (Figure 1). Most of the catchment is flat to rolling land, though steeper slopes are 
found in some sub-catchments. Catchment land use remains primarily pastoral with some 
areas of native bush and pine in addition to established and on-going urban development. 
In terms of future trends, Auckland’s population is increasing and expected to reach 1.77 
million people by 2026 and 2 million by 2040 (ARC 2007). The region’s rural and coastal 
areas are under increasing pressure from changing land use practice e.g. urbanisation 
(RGS 2007). As part of Auckland’s Unitary Plan, an additional 18000 new homes are 
proposed to be developed in 41 special housing areas in the Auckland Region. Two of 
these areas are within the UWH catchment: Albany East, with 360 dwellings in the Lucas 
Creek arm, and Whenuapai, with 1500 sections/dwellings in the Brighams Creek arm. The 
development of housing, increases in vehicle transport (and pollution) and a growing 
burden on infrastructure is likely to increase the pressures on the receiving environments 
of the Upper Waitematā Harbour in the future.  

A multi-agency study of the effects of catchment development on the Upper Waitematā 
Harbour has been undertaken (See Green et al. 2004 and associated reports). The main 
focus of that study was to predict effects associated with increasing stormwater 
contaminants as catchment development progressed. This modelling suggested that 
storm-water contaminants would increase in multiple branches of the upper harbour; 
particularly with increased development over the next 100 years (Green et al. 2004). The 
majority of elevated zinc and copper concentrations stem from urban sources, with the 
exception of Rangitopuni and Paremoremo Creeks, which are more rural. These 
contaminants are of concern as they affect the ecological functioning of the receiving 
estuarine environments (Cummings et al. 2002) and potentially human health. At the start 
of the monitoring programme in 2005, thirteen sites were selected in consultation with 
ARC based largely on recommendations in Green et al. (2004), previous benthic habitat 
mapping (Cummings et al. 2002) and field observations. Sites were chosen to sample 
each of the seven ‘arms’ (or tidal creeks) that branch off the main body of the UWH 
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estuary: Rangitopuni, Paremoremo, Lucas, Hellyers, Waiarohia, Rarawaru, and Brighams; 
and three subdivisions of the main body itself: the Upper, Middle and Lower Harbour 
basins) (Figure 1). This sampling design allows assessment of spatial differences within 
the harbour based on model predictions of differences in contaminant loading within each 
sub-catchment. 

Since its commencement, revision has been necessary with respect to sampling location 
and intensity. In May 2006, sampling at four of the original thirteen monitoring sites (ParU, 
LucU and HellU and HIW) was decreased to once per year (November) as per 
recommendations from the 2006 report and further discussions with ARC (Hewitt et al. 
2006). Since November 2007, the ParU site has not been re-sampled due to concerns 
about the intensity of sampling in this small area, lack of similarity to other sites, and 
minimal land-use change predicted for the Paremoremo catchment (Hewitt et al. 2006, 
Miller et al. 2008). The HellU and LucU sites are no longer sampled in the UWH 
Programme and have been transferred into the Benthic Health Programme, which 
samples these sites every few years, while HIW was reinstated to sampling four times per 
year in August 2011.  

This report summarizes just over eight years of data collected from the Upper Waitematā 
Harbour monitoring programme (November 2005 - February 2014). It details the present 
status of the benthic communities, sediment characteristics, and contaminant loading at 
ten sites in the Upper Waitematā Harbour. In particular the following questions are 
addressed: 

• Have there been any changes in the characteristics of each site or the surrounding 
areas?  

• What are the current contaminant concentrations within the sediment and how do 
these compare to guideline values? 

• Are there any apparent trends in the concentrations of contaminants over time?  
• Have there been any changes over time in macrofaunal abundances or community 

composition and are there similar patterns across sites? 
• Over time, do macrofaunal community changes relate to changes in site 

characteristics or contaminant loading? 

______________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014 2 



 

Figure 1 Locations of the sites which are currently sampled under the Upper Waitematā Monitoring 
Programme (red circles). The upper harbour sites (Rng, Brig and MainU), mid-lower harbour sites (MainC, 
Luc, Hell and OHbv) and lower sandy harbour sites (MainO, HIN and HIW). The names of creeks are 
indicated in boxes by their location. Retired sites (ParU, LucU and HellU) are shown as blue diamonds.  
 

 

Table 1 Site names, main catchments, current sampling frequency, including the method of sampling ((B) 
boat, or (W) walked) and positions (NZMG). The Herald Island Waiarohia Inlet site (HIW), has been sampled 
four times per year since August 2011; prior to this it was sampled once per year in November.  

 

Site name Catchment Sampling 
frequency 

Dimensions 
(m)  

Easting Northing 

Rangitopuni Creek (Rng) Rangitopuni 4 (B) 100 x 30 E2653449 N6491807 

Brigham Creek (Brig) Brighams 4 (B) 100 x 30 E2653704 N6490358 

Upper Main Channel (MainU) Rangitopuni 1 (B) 100 x 30 E2654360 N6491000 

Central Main Channel (MainC) multiple 1 (B) 100 x 30 E2657029 N6491049 

Herald Island (north side) (HIN) multiple 4 (W) 90 x 70 E2658445 N6490345 

Lucas Creek (Luc) Lucas 4 (W) 100 x 30 E2658788 N6491194 

Outer Main Channel (MainO) multiple 1 (W) 100 x 30 E2659043 N6490098 

Herald Island (Waiarohia Inlet 
side) (HIW) 

Waiarohia 4 (W) 90 x 70 E2658350 N6489550 

Hellyers Creek (Hell) Hellyers 4 (B) 100 x 30 E2660692 N6489573 

Opposite Hobsonville (OHbv) multiple 1 (B) 100 x 30 E2660255 N6488769 
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2.0 Methods 

2.1 Macrofaunal sampling strategy 

Twelve replicate macrofaunal cores are collected at each site, using a 13 cm diameter, 15 
cm deep corer, consistent with long-term ecological monitoring methodology at other 
estuaries in the Auckland region. The dimensions of the sites vary from 3000 to 6300 m2, 
each covering a relatively homogenous section of intertidal flat. At six of the sites, (Rng, 
Brig, Hell, Luc, HIN and HIW) samples are collected four times per year (Table 1) 
(February, May, August and November), with the remaining four sites (MainU, MainC, 
MainO and OHbv) sampled once only in November (See Appendix 1 for historic sampling 
strategies). Two sampling methods are used depending on the sediment characteristics at 
the site. Those sites which are primarily muddy sediment are sampled by boat to avoid 
disturbance of the substrate, whereas the sites with sandier sediment are sampled on foot 
at low tide: 

• Six sites are sampled by boat during tidal inundation (Rng, Brig, MainU, MainC, 
Hell, OHbv). Four positions are randomly selected across the site area, marked out 
using small buoys, and the location recorded using GPS. Three macrofaunal cores 
are then taken around each position, using a hand held subtidal corer, 
approximately 5 m apart. To avoid resampling areas that have been sampled within 
the previous 24 months, new points for random positions are not selected if they fall 
within 10 m distance to a previous point. Proximity of sampling points is assessed 
using MapToaster version 5 software. 

• A single site (Luc) is muddy but still sampled on foot due to the presence of 
impenetrable patches of sediment (below 50 mm) that prohibit the successful use of 
subtidal coring. This site is sampled following the boat sampling protocol: four 
random locations were chosen (avoiding impenetrable hard substrate patches) and 
three macrofaunal cores were collected around each location. These locations are 
avoided in subsequent sampling events. 

• The three sandier sites (HIW, HIN, MainO) are sampled at low tide and are located 
using permanent wooden markers placed at the corners of the sampling area when 
the sampling programme was initiated. Macrofaunal sampling is conducted 
following standard protocols for intertidal flats (Thrush et al. 1989). To provide an 
adequate spread of cores over each site, the area is ‘divided’ into 12 equal sections 
and one core sample is taken from a random location within each section. To 
reduce the influence of previous sampling activity and spatial autocorrelation, 
samples are not placed within a 5 m radius of each other or of any samples 
collected in the previous 12 months.  
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2.2 Macrofaunal analysis 

Macrofaunal cores are sieved through a 500 µm mesh and the retained macrofauna are 
preserved in 70% isopropyl alcohol. Samples are then stained with rose bengal, sorted 
and stored in 50% isopropyl alcohol. Macrofauna are identified to the lowest taxonomic 
level practicable, usually to species. For five taxa (corophid amphipods, nereididae 
polychaetes, phoxocephalid amphipods, polydorid polychaetes), these higher taxonomic 
groupings are used on all but the November sampling. Within the time series, oligochaetes 
have historically been separated in tubificid and non-tubificid types. Following advice from 
taxonomists, and given that we have observed no clear site or environmental patterns 
based on past separation, these two types of oligochaetes will no longer be separated.  

 

2.2.1 Bivalve size class analysis 

After identification, the shell length of individual Austrovenus stutchburyi, Macomona liliana 
and Paphies australis, are measured and placed into size classes. Austrovenus 
stutchburyi and Macomona liliana are allocated to size classes of <5 mm, 5 – 10 mm, 10 – 
15 mm, 15 – 20 mm and then in 10 mm increments. Paphies australis size-classing are 
allocated to the same initial size classes, but, after 20 mm, changed to 20 mm increments. 
Measurements are only undertaken at HIN, HIW, Luc throughout the year in addition to 
MainO in November, as these are the only sites where large bivalve species are recorded 
frequently. Paphies australis is typically rare relative to the other two bivalve species.  

 

2.3 Sediment characteristics 

Sediment characteristics (i.e., grain-size, organic content and chlorophyll a) are assessed 
at each site on each sampling occasion. At the sites sampled by foot, six random locations 
are selected within the site and two small sediment cores (2 cm deep, 2 cm diameter) are 
collected; one to determine grain-size and organic content and the other for chlorophyll a 
analysis. Cores from the six locations are pooled, and kept frozen in the dark prior to being 
analysed as described below. The exception to this is MainO, which has been sampled 
differently since 2006. The sampling of the sediment characteristics at MainO has been 
adjusted to reflect the nature of the site, which has a gradient from muddier to sandier 
sediments. To better analyse differences between the muddier and sandier sections of the 
site, samples for sediment characteristics are taken and analysed separately in both 
areas. Random locations for the macroinvertebrate cores are stratified to ensure that both 
areas are sampled. For the sites sampled by boat, sediment is collected in addition to the 
macrofaunal cores at the four random locations within each site and two small sediment 
cores taken. These cores are pooled and kept frozen in the dark prior to analysis. 
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Periodically a deeper ‘bottom’ sediment layer (5-10 cm depth) is analysed for grainsize 
and organic content (Appendix 1). Bottom sediments are not analysed for chlorophyll a.  

 

Grainsize: The sediment samples are homogenised and a subsample of approximately 5 
g of sediment is taken and digested in ~ 9% hydrogen peroxide until frothing ceases. The 
sediment sample is then wet sieved through 2000 µm, 500 µm, 250 µm and 63 µm mesh 
sieves. Pipette analysis is used to separate the <63 µm fraction into >3.9µm and <3.9 µm. 
All fractions are then dried at 60oC until a constant weight is achieved (fractions were 
weighed at ~ 40 hours and then again at 48 hours). The results of the analysis are 
presented as percentage weight of gravel/shell hash (>2000 µm), coarse sand (500 – 
2000 µm), medium sand (250 – 500 µm), fine sand (63 –250µm), silt (3.9 – 62.9 µm) and 
clay (<3.9 µm). Mud content is calculated as the sum of the silt and clay content. 

Chlorophyll a: Within one month of sampling, the sediment sample is freeze-dried, 
weighed, then homogenised and a subsample (~5 g) taken for analysis. Chlorophyll a is 
extracted by boiling the sediment in 90 % ethanol, and the extract processed using a 
spectrophotometer. An acidification step is used to separate degradation products 
(phaeopigments) from chlorophyll a.  

Organic content: Approximately 5 g of sediment is placed in a dry, pre-weighed tray. The 
sample is then dried at 60ºC until a constant weight is achieved (the sample is weighed 
after ~ 40 h and then again after 48 h). The sample is then ashed for 5.5 h at 400ºC and 
reweighed (Mook and Hoskin 1982). Organic content is calculated as the percent weight 
difference. 

2.4 Chemical analyses  

During the November sampling, sediment samples are collected for chemical analyses 
(Appendix 1). For the sites sampled by boat at high tide, additional subtidal cores (13 cm 
dia, 15 cm deep) are collected at the four random locations within each site and 
subsampled with a smaller corer (5 cm diameter) before dividing among five replicate 
samples. ‘Surface’ samples are collected from 0-2 cm depth, whereas bottom sample are 
collected from 5-10 cm depth. This process is repeated until there is sufficient material for 
sample analysis requirements (~350 ml). Sampling procedures are similar for the sites 
sampled at low tide, except that more material is collected as these tend to have lower 
mud contents that is needed for analyses on the <63 um fraction. At the twelve random 
locations within each site, a small corer (5 cm diameter) is used to collect additional 
sediment that is divided among five replicate samples (~1 L). Each sediment sample is 
‘double-bagged’ within two food-grade zip-lock bags, and an internal label is kept in the 
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outer bag. Sediment samples are kept refrigerated after collection until they can be frozen. 
Three of the five replicates are analysed and two are stored for archiving purposes.  

The sediment contaminant analysis of the Upper Waitematā Programme is now managed 
by the AC’s Regional Sediment Chemistry Monitoring Programme (RSCMP); an 
amalgamation of former ARC projects. Preparation of the Nov-13 samples was completed 
by NIWA and chemical analysis was undertaken by R J Hill Laboratories Ltd (Hamilton) 
using standard AC methods (Mills et al. 2012). Chemical analysis is performed on both 
total recoverable acid digested < 500 µm dry sieved fractions and fine weak acid (2M HCl) 
digested < 63 µm wet sieved fractions. Sediment samples for <63 µm, were wet-sieved 
and then freeze-dried. Sediment samples for <500 µm were freeze-dried and then dry-
sieved to yield the required sediment fraction.  

Alterations in the chemical sampling frequency were made by NIWA and AC in 2010 
(Lundquist et al. 2010) to reflect the rate of change in contaminants over the first five years 
of sampling and to improve cost effectiveness. Sediment samples were collected but not 
analysed for Nov-10 and were analysed for copper, lead and zinc concentrations in 
surface sediment only for Nov-11. Following the sampling protocol, chemical samples 
were not collected during the Nov-12 monitoring. Nov-13 was scheduled for a full suite of 
chemical analysis (10 sites, top sediment layers for full suite of metals and polycyclic 
aromatic hydrocarbons (PAHs); 10 sites bottom sediment layers for full suite of metals and 
PAHs). Due to budgetary constraints, only a subset of analyses was possible: bottom 
sediment samples were not analysed but were freeze-dried and are stored frozen for 
archiving purposes. Three replicates of the top sediment were analysed for the 
concentrations of total recoverable metals/metalloids (<500 µm) for arsenic, cadmium, 
chromium, copper, iron, lead, manganese, nickel, zinc and, for the first time, mercury. In 
addition, copper, lead and zinc concentration were determined for the extractable metals 
from the <63 µm sediment fractions. Polycyclic aromatic hydrocarbons and the total 
organic carbon (TOC) of the sediment were also determined from a single replicate for 
each site on the <500 µm fraction.  

An assessment of the analytical precision of sediment chemistry indicates that, historically, 
variability may have had a significant impact on the monitoring data (Mills et al. 2012). In 
brief, within-batch repeatability of sample analysis is usually consistent but between-batch 
variability is high. This has impacted on our ability to determine changes in concentration 
from year to year and genuine trends in sediment contaminant loading. Mills et al. (2012) 
found 80% of between-batch duplicates values for metals fall within +/-20-25% of each 
other, which is a wide range, and differences between batch duplicates can be up to 60%. 
Thus differences that this programme has observed in metal concentrations between 
years that are less than +/- 20%, could simply be due to analytical variability/error. 
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2.5 Statistical analyses  

For macrofauna, all analyses were performed on the sum of the twelve cores collected at a 
site on each sampling occasion. Regression analysis was used to investigate the potential 
for linear trends over time for sediment properties, macrofauna and contaminants. 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. Where a statistically significant trend 
was observed (p < 0.05) residuals were examined and the original time series was 
assessed to verify that the trend was not driven by cyclic patterns.  

For contaminant concentrations, comparisons were also made for recent and historic 
metal concentrations against ARC’s sediment quality criteria (ERC) (ARC 2004) and other 
contaminant guidelines (Long and Morgan 1990, MacDonald et al. 1996, ANZECC 2000). 

Multivariate ordinations of community data collected in November of each year were used 
to determine if there had been temporal variations in community composition between 
years. Ordination of November raw, log transformed and square-root transformed data 
were performed, using non-metric multidimensional scaling (MDS) of Bray Curtis 
similarities and correspondence analysis of chi-square distances. Only the MDS of the 
square-root transformed data is presented in this report as few differences in interpretation 
of patterns were apparent with the different transformations. 

2.5.1 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 and health (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 recently 
(Hewitt et al. 2012) with the SUMmax parameter modified to allow the metric to be applied 
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to a wider range of sites and those sampled with differing numbers of replicates (Lohrer 
and Rodil 2011).  

2.5.2 Benthic Health Models 

The original benthic health model (BHMmetals) was developed by Auckland Council (then 
Auckland Regional Council), Marti Anderson (then University of Auckland) and Simon 
Thrush and Judi Hewitt (NIWA), to determine the health of macrofaunal communities 
relative to storm-water contaminants. The model is based on 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 sites with a range of 
contaminant 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. For the mud model, the % mud content of sediment at the 
time of sampling is used. 

2.5.3 Combined Indices  

Hewitt et al. (2012) recommended the use of the three indices above (TBI index, BHMmud 
score (CAPmud) and BHMmetals score (CAPmetals)) to provide a complementary 
assessment of health. Average health values are determined for each site in the following 
way: 

1.  If the CAPmud score is ≤ -0.12, the site is allocated to Mud group 1 (Table 2), 
and the combined Health score is calculated as the average CAPmetals and 
CAPmud group values. The TBI is not used in the combined score in this case, 
as it does not work well when mud content is extremely low (Hewitt et al. 2012). 

2. If the CAPmetals score is ≥0.0234, the site is allocated to group 4 or 5, and the 
combined Health score is equal to the TBI group value. 
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3. Otherwise, Health is the average of the CAPmetals, CAPmud and TBI group 
values. 

Health scores are then translated as ≤ 0.2 “extremely good”; 0.2 – 0.4 inclusive “good”; 0.4 
– 0.6 exclusive “moderate”; 0.6 – 0.8 exclusive “poor” and ≥ 0.8 “unhealthy with low 
resilience”. 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. 

Table 2  Conversion of CAPmetals, CAPmud and TBI scores into values of similar scale (0 to 1) that run in 
the same direction (higher group values indicating more degraded conditions), to facilitate their combination 
into overall health scores.  

Group CAPmetals  CAPmud  TBI  

 Cutoff value Cutoff value Cutoff value 

1 -0.164 0.2 -0.12 0.2 0.4 0.33 

2 -0.0667 0.4 -0.05 0.4 0.3 0.67 

3 0.0234 0.6 0.02 0.6  1.0 

4 0.10 0.8 0.10 0.8   

5 

 

 1.0  1.0   
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3.0 Site Characteristics  

3.1 Rangitopuni Creek (Rng) 

Site Rng is located midway up the Rangitopuni Creek and is sampled by boat (Figure 1, 
Plate 1). The site is long and narrow and is located between the main channel and the 
edge of the mangroves on the eastern side. It is approximately 100 m long and 30 m 
across at its widest point. Two disused ski jumps are located near to the site; the northern 
most indicating the top of the site, and the second to the east of the site approximately 
halfway down (evident in Plate 1). A boat ramp was built in proximity to the site, about 50-
100 m upstream, prior to the Feb-10 sampling. In the last two years there have been 
noticeable changes nearby to the site. There has been land alteration on the western bank 
opposite the site (Plate 2), on a section adjoining Dinning Road. This development started 
prior to May 2013 and has been conspicuous during both the Nov-13 and Feb-14 
sampling; particularly the clearing of land and the presence of orange terrigenous 
sediment at the site.  

3.2 Brigham Creek (Brig) 

Site Brig is located approximately 500 m from the mouth of Brighams Creek and is 
sampled by boat at high tide (Figure 1, Plate 3). The site is located on a large patch of 
intertidal mud on the south eastern side of the tidal channel. The site is fringed on three 
flanks by mangroves which are patchily distributed throughout the creek, but none are 
located directly in the sampling site. A small landslide from a steep bank in Aug-09 
resulted in a dead tree falling down, and tree debris is still present at the site. There have 
been no further changes noticeable at this site at high water. At the southern end, a 
drainage channel intersects the lower corner of the site as its runs to the main channel. 
The site is approximately 100 m in length and 30 m width (Plate 3).  

3.3 Upper Main Channel (MainU) 

Site MainU is located opposite to the entrance of Brigham Creek in a small embayment 
(250 m wide) within the Upper Harbour basin at the end of James Paige Lane, Riverhead 
(Figure 1, Plate 4). The site has a steep mud bank inshore of the main channel and is 
approximately 100 m long and 30 m wide. The site consists of very deep mud (> 1 m) and 
is always sampled by boat. The surface of this site undulates with many drainage channels 
and is characterized by crab burrows. To the eastern side of the site there are mangroves 
and the largest of the drainage channels. In Nov-11 some of the steep land surrounding 
this embayment had been cleared exposing large patches of dark soil, however there have 
been no further noticeable changes since this time. 
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3.4 Central Main Channel (MainC) 

Site MainC is located on an extensive intertidal flat within the central section of the upper 
harbour basin. This is just to the eastern side of the Paremoremo Creek where it connects 
to the main harbour channel (Figure 1, Plate 5) and north of the Te Turerenga Inlet. MainC 
is approximately 100 m long and 30 m wide and consists of waist-deep, soft-sediment and 
is sampled by boat. 

3.5 Herald Island (HIN) 

Site HIN is sampled from shore and is located on Christmas Beach in front of a playground 
on the northern side of Herald Island (Figure 1, Plate 6). The site is comparatively sandy 
relative to others in upper harbour and is extensive, with approximately 150 m between the 
shore and water’s edge at low tide. This site is 90 m long and 70 m wide. There are some 
minor drainage channels that flow through the site and a small ridge in the upper 
(shoreward) third of the site. This ridge is ~0.3 m high and is comprised predominantly of 
cockle shell hash. The sediment is primarily fine sand, but there is noticeable surficial mud 
higher up the shore relative to when monitoring began (Plate 7). Small patches of oyster 
reef are found dotted throughout the site; although these are more prevalent on the lower 
muddier section of the shore. In recent years, debris such as litter, wood, metal, bricks and 
ceramics are now commonly seen on the site.  

3.6 Lucas Creek Outer (Luc) 

Site Luc is located just north of the mouth of Lucas Creek opposite the slipway near 
Salthouse Boat Builders yard (Figure 1, Plate 8). The site is approximately 300 m inshore 
of the main channel on a clay bank. It is a long and narrow site (<30 m wide at low tide) 
and consists of mud with rocks, shell hash and underlying patches of hard clay. There are 
no mangroves at the site and the upper shore is rocky with tree roots and branches 
extending down to the soft sediment fringe. The site is visually comparable to when it was 
first sampled in 2006 (Plate 9). Periodically, wood and organic matter is seen on the sites 
associated with storm debris. In autumn months the sediment surface at this site is often 
noticeably different in colour associated with large blooms of microphytobenthos. 

3.7 Outer Main Channel (MainO) 

Site MainO is located near Greenhithe within the Lower Harbour basin and can be 
accessed from Rahui Road where there is a boat ramp (Figure 1, Plates 10 and 11). It is at 
the southern extent of a small embayment and sampled on foot at low tide. The sampling 
area is 100 m by 30 m and is near a ridge of rock at the edge of the beach and two large 6 
m timber poles. There is a strong sand to mud gradient north/ northwest within the 
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sampling site; ranging from a sandy substrate to 50 cm deep mud near the starting pegs. 
Since Aug-09 and continuing to the present, the appearance of the site has become more 
homogenous, with a fine layer of mud now covering the whole site making it difficult to 
visually identify the gradient. The gradient of sand to mud is now only noticeable in relation 
to the increasing sinking depth moving from the south end of the site northwards. The 
oyster beds in the middle of the site appear stable and relatively unchanged in size.  

3.8 Waiarohia Inlet (HIW) 

Site HIW is sampled from shore and is located on an extensive intertidal flat off Kowhai 
Beach on the south-western side of Herald Island (Figure 1, Plate 12-14). The site is near 
the mouth of the Waiarohia Inlet and is opposite the Te Okonki and Wallace Inlets by the 
Upper Harbour motorway. The site is a large intertidal flat with fine muddy sands (Plate 
12), covered with patches of oyster reef at the top extent of the site. The oyster reef that 
enters the top of the site has been relatively stable in size, however, the sediment here is 
muddier and the surface is marked with crab burrows. Overall, surficial sediment across 
the sites has become muddier over the years (Plates 13-14). This site has a high cockle 
density and as a consequence, conspicuous scavenging whelks are a noticeable feature 
of the sediment surface, including the invasive species Nassarius burchardi.   

3.9 Hellyers Creek outer (Hell) 

Site Hell is located near the mouth of Hellyers Creek in the first bay on the northern side 
(Figure 1, Plate 15). This is opposite Shepard’s Park and Tui Park and is sampled by boat 
at high water. The intertidal flat here is extensive and is several hundred meters long; 
although the sampled area is 100 m long and 30 m wide. The catchment fringe is a steep 
forested slope of bush and scrub, with dense mangroves along the edge of the cliff-side. 
The site consists of 10-15 cm deep soft sediment. Visual changes at this site have not 
been noted, as it has not been observed at low water in the last two years.  

3.10 Central Waitematā East (OHbv) 

Site OHbv is located in a small embayment fringed with mangroves and is located 
between Aeroview Drive and Beach Haven Road on the eastern side of the main channel 
(Figure 1, Plate 16). The site extends southwards from the park area near the Beach 
Haven Ferry Terminal. The site is close to the transition between the upper and the 
Central Harbour sections and is opposite the northern most site of the Central Waitematā 
Monitoring Programme, Hobsonville (Hbv). There is a relatively high density of housing 
surrounding the embayment in comparison with other monitoring sites in the Upper 
Waitematā. The sampled area is approximately 100 m long and 30 m wide, with soft 
sediment and extensive crab burrows. 
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4.0 Changes in the monitored site sediment characteristics 
since 2005 

Sites can be grouped based on sediment characteristics and macrofaunal composition: 
upper harbour sites (Brig, Rng and MainU), polychaetes-dominated mid-lower harbour 
sites (MainC, Luc, Hell and OHbv) and sandy lower harbour sites (MainO, HIN and HIW). 
Sites in the upper harbour (Brig, Rng and MainU) continue to have the highest 
percentages of mud content. Rng has had greater than 90% mud content on every 
sampling occasion since 2005, while Brig rarely drops below 85% mud content. Brig has 
shown periodic fluctuations to levels <80% mud content, most recently in Aug-13 (Figure 
2), as well as several times over the history of monitoring (e.g., Feb-11, 75.7%; May-09, 
76.7%).  

Peaks in chlorophyll a concentration are apparent at the upper sites, and have occurred in 
May or August (Figure 3). In May 2013, both Rng and Brig showed a large spike in 
chlorophyll a (MainU was not monitored in this month); with Rng recording its highest ever 
concentration (36.23 µg/g sediment) and Brig its second highest (15.59 µg/g sediment). 
Organic content at Brig, Rng and MainU generally fall between 6 and 10%, and are highly 
variable over time, and generally similar to the earlier time series. In Townsend et al. 
(2012) it was noted that organic content had been high at Brig from Aug-11 to Feb-12 
(~9%). Since this time until the present, organic content has been much lower and in the 
region of 6.5% (Figure 4).   

Mid-lower harbour sites (Hell, Luc, MainC and OHbv) have a wide range in mud content 
(site means ranging from ~25 to 75%) and have been highly variable over time (Figure 2). 
Luc continues to show high variability in mud content (since Nov-10), and can vary by as 
much as 40% from one sampling event to the next. Peaks in mud at Luc have tended to be 
in May or August (Figure 2). The exception to this variability has been MainC which has 
been relatively stable with an average mud content of 26%, which has not changed since 
the last report. Similarly to mud content, chlorophyll a has also been highly variable over 
time (Figure 3). In the last two years Luc recorded its highest (May-13, 31.19 µg/g 
sediment) and second lowest (Nov-13, 7.43 µg/g sediment) chlorophyll a concentrations. 
Hell has been historically variable, but less so within the last two years (Figure 3). Organic 
content at the middle and outer sites is lower than at the upper sites and typically varies 
between 2 and 6%, with the exception of a few high values at OHbv and Luc (Figure 4). 

Sandy lower harbour sites (HIN, HIW and MainO) are characterized by lower mud content 
relative to other monitoring sites (typically <25%). In the last two years of monitoring HIN 
has recorded its highest mud content in May 2012 (35.1%) but since then has been stable 
at around 15% (Figure 2). HIW mud content has been consistently higher in the last two 
years compared with the previous period of monitoring. MainO still has a noticeable split in 
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the grain-size of the two halves of this site (Figure 2) but both the muddy and sandy sides 
have been relatively consistent across the time series. Chlorophyll a concentrations were 
highly variable prior to Nov-09, notably at HIN, but have been more settled since this time. 
Most sites have fluctuated between chlorophyll a concentrations of 10 and 20 µg/g 
sediment over time since Feb-12 (Figure 3). At the sandy lower harbour sites organic 
content of the sediment is low. HIW organic content rarely exceeds 2% while HIN and the 
sandy side of MainO are relatively consistent over time, averaging at 2.23 and 2.12% 
respectively. During the last two years HIN had a peak organic content of 4.14% in May 
2012 (Figure 4). This corresponded to the month where there was also a peak in mud 
content (Figure 2), but since this time organic content has been consistently low.  

Trend analysis detected significant increases in the mud content and chlorophyll a content 
at the Luc site in the previous Upper Waitematā Harbour report (Townsend et al. 2012). 
However, caution was applied in interpretation due to the trend being driven by high values 
in Aug-09 and Aug-11. With an additional two years of data, a clearer pattern has 
emerged. Despite seasonality (peak values in mud content in May 2012 (69.9%) and May 
2013 (60.4%)), Luc is exhibiting cyclic behaviour with mud content in November 2013 and 
February 2014 lower than that observed at the start of the monitoring (Figure 2). 
Chlorophyll a shows a similar temporal pattern to that of mud content at Luc (Figure 5), but 
also has a positive trend in the baseline. Trends in mud and chlorophyll a content are now 
apparent at HIW (Figure 6). Since October 2011, mud content has not dropped below 
15%, whereas in the first six years of monitoring it has consistently been below this level 
except on one occasion (Feb-06, 22.3%). This matches the observations at this site of 
increased muddiness in the surface sediment.  

The total organic carbon (TOC) of the sediment shows clear distinction between upper, 
middle and outer sites (Figure 7). Upper sites typically have >2% TOC, middle sites 1.5-
0.5% TOC and outer sites <0.5% TOC. In Nov-13, the percentages of TOC were at the 
upper end of their ranges for the lower and upper sites (Figure 7). Trends were apparent 
for Rng, which has increased from 2.5% in 2005 to 3.0% TOC in 2013, and MainU which 
has increased from 2.2 to 2.7 in the same time period. 
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Figure 2 Temporal patterns in sediment mud content for the upper muddy sites, middle and outer muddy 
sites and outer sandier sites between November 2005 and February 2014. 

 

______________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014 16 



 
Figure 3 Temporal trends in sediment Chlorophyll a content for the upper muddy sites, middle sites and 
sandier outer sites between November 2005 and February 2014.
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Figure 4 Temporal trends in sediment organic content for the upper sites, middle and outer sites and outer 
sites between November 2005 and February 2014. Data not available for February 2007.  
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Figure 5 Temporal trends in sediment mud percentage and Chlorophyll a content at Luc between November 
2005 and February 2014. 
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Figure 6 Temporal trends in sediment mud percentage and Chlorophyll a content and at HIW between 
November 2005 and February 2014. 
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Figure 7 Mean total organic carbon (g/100 g) from the <500 µm sediment fraction (November 2013, n=1; 
November 2005-2011, n=3). 
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5.0 Contaminants  

Annual sediment chemistry analyses in the Upper Waitematā Harbour include 
contaminants that are of primary concern to AC (see Williamson and Mills 2009). This 
review focused on recent contaminant concentrations (Nov-13) in relation to historic 
values. In Nov-13 surface sediment samples were analysed for concentration of arsenic, 
cadmium, chromium, copper, iron, lead, manganese, mercury, nickel and zinc in the <500 
µm sediment fraction and copper, lead and zinc from the <63 µm sediment fraction. 
Results are presented as the average of three replicates. At each site a single replicate 
was analysed for concentration of polycyclic aromatic hydrocarbons (PAHs): 
Acenaphthene, Acenaphthylene, Anthracene, Benzo[a]anthracene, Benzo[a]pyrene, 
Benzo[b]fluoranthene + Benzo[j]fluoranthene, Benzo[g,h,i]perylene, Benzo[k]fluoranthene, 
Chrysene, Dibenzo[a,h]anthracene, Fluoranthene, Fluorene, Indeno(1,2,3-c,d)pyrene, 
Naphthalene, Phenanthrene, and Pyrene in addition to total PAH from the <500 µm 
sediment fraction.  

Auckland Council grades the level of sediment contaminants to sediment and water quality 
with green, amber and red environmental response criteria (ERC) (ARC 2004, Table 3) for 
copper, lead, zinc and high molecular weight (HMW) PAHs. It is important to note that 
these guidelines are derived for single contaminants from international datasets and do not 
consider interactions of contaminants and how this may influence toxicity, with the 
potential for synergistic effects on ecological communities. 

• Green sites are low impact for contaminants. Additional investigations are not required 
unless significant changes in catchment land use occur. Green sites should be 
reassessed every five years. 

• Amber sites are showing signs of degradation. Management actions taken as early as 
possible are likely to be most effective at limiting further degradation. These sites 
present the best opportunity to make a difference to the future quality of the receiving 
environment. 

• Red sites are where significant degradation has already occurred and are considered 
highly impacted, where remedial opportunities are often more limited. Restoration may 
not be feasible in the short term, but actions should be taken to slow the rate of decline 
and limit the spread of contaminants.  

The environmental response criteria (ERC) thresholds for copper, lead, zinc and HMW 
PAHs are applied differently depending on site characteristics (ARC 2004, Williamson and 
Mills 2001). The Benthic Health Programme divides Auckland’s urban marine area into two 
types of receiving environments: settling zones and outer zones, for the purposes of 
monitoring contamination of wastewater discharges (ARC 2004). Settling zones are lower 
in energy where the settling out of contaminants attached to fine particles is expected. 
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Outer zones are the converse of this, where contaminant-laden sediments are less likely to 
settle permanently. In settling zones, the environmental response criteria (ERC) for 
copper, lead and zinc is applied to the <500 µm sediment fraction (referred to as the total 
recoverable fraction). In outer zones, the ERC for copper, lead and zinc is the larger of two 
concentrations of either i) the weak acid digestion of the <63 µm fraction; or ii) the strong 
acid digestion of the total recoverable <500 µm sediment fraction (ARC 2004, Williamson 
and Mills 2001). Classification of the UWH sites for their receiving environments, for the 
purposes of comparing heavy metal ERCs, is shown in Table 4.  

Table 3 Sediment quality guidelines for copper, lead and zinc. Units are mg/kg on a dry weight basis (<500 
µm fraction). Comparison thresholds include Environmental Response Criteria (ERC) for estuarine 
environments (ARC 2004), Threshold Effects Level and Probable Effects level (TEL/PEL); Effects Range 
Low and Effects Range Median (ERL/ERM); and the interim sediment quality guidelines (ISQG) of ANZECC 
(2000). Note that the ERC amber threshold is essentially the TEL of MacDonald et al. (1996) whereas the 
ERC red threshold is close to the ERL of Long and Morgan (1990). 
 

Source ERC (2004) MacDonald et 
al. (1996) 

Long and 
Morgan (1990) 

ANZECC (2000) 

Guideline Green Amber Red TEL PEL ERL ERM ISQG-
Low 

ISQG-
High 

Copper <19 19-34 >34 18.7 108.2 34 270 65 270 

Lead <30 30-50 >50 30.2 112.2 47 218 50 220 

Zinc <124 124-150 >150 124 271 150 410 200 410 

Arsenic    7.24 41.6 8.2 70 20 70 

Cadmium    0.68 4.21 1.2 9.6 1.5 10 

Chromium    52.3 160 81 370 80 370 

Nickel    15.9 42.8 20.9 51.6 21 52 

HMW PAH <0.66 0.66-1.7 >1.7 0.66 6.7 1.7 9.6 1.7 9.6 

Total PAH    1.7 17.8 4 44.8 4 45 
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Table 4 Two types of receiving environments outlined by the Benthic Health Programme applied to the UWH 
monitored sites. 
 

Settling Zones Outer Zones 

Rng MainU 

Brig MainC 

Luc OHbv 

Hell MainO 

 HIN 

 HIW 

  

5.1 Copper 

Concentrations of copper have shown minimal variability at each site over the eight years 
of monitoring, with concentrations from 2013 at the lower edge of their ranges for the 
respective sites (Figure 8). The upper muddy sites of Rng, Brig and MainU continue to 
exhibit levels of copper above the ERC Amber level but are well below the ERC Red value 
threshold (Figure 8, Table 3, Table 5). With the exception of Luc and Hell, the middle and 
outer sites have copper concentrations that have historically exceeded the ERC Amber 
concentration. HIN is the only site to have exceeded the ERC Red threshold (34 mg/kg dry 
wt.) though this was for only one of three replicate samples in 2006 (confirmed with 
replicate analysis). For Nov-13, HIN and MainO exceed the amber threshold with 
concentrations above 19 mg/kg (Table 5). Mean concentrations of copper at MainC, OHbv 
and HIW are only marginally within the green threshold at 18.4, 18.7 and 17.3 mg/kg dry 
wt. respectively (Table 5). Through the time series, these sites have exceeded this 
threshold more frequently than they have been below it. For Nov-13 the concentration of 
copper from the total fraction (<500 µm) was substantially lower than the <63 µm fraction 
at MainC, HIN, HIW and MainO (Appendix 2). Differences between these fractions is 
caused by the low percentages of mud (to which contaminants are bound) at these sites.  
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Table 5 Concentrations of contaminants used for Environmental Response Criteria assessment for 
November 2013. Units are in mg/kg on a dry weight basis from the <500µm sediment fraction for Brig, Rng, 
Luc and Hell, and either the <500 µm or <63 µm sediment fraction (whichever is the greater) for MainC, 
MainU, MainO, OHbv, HIN and HIW. Colours indicate the ERC levels (green, amber and red). 
 

Site BRIG HELL LUC RNG MAINC HIN OHBV MAINO MAINU HIW 

Copper 21.3 11.5 12.5 23.0 18.4 19.2 18.7 20.3 20.2 17.3 

Lead 25.0 18.2 21.3 24.3 29.0 27.0 31.3 29.0 24.3 27.3 

Zinc 98.3 81.0 83.0 105.0 110.3 104.7 113.7 107.7 100.3 100.7 

HMW PAH 0.21 0.16 0.07 0.17 0.09 0.03 0.39 0.07 0.21 0.05 

 

Figure 8 Mean copper concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500µm 
sediment fraction or weak acid digestion of the <63 µm sediment fraction across sites. The ERC threshold 
uses the <500 µm fraction for the Settling Zones and uses the higher value of the <500 µm fraction and the 
<63 µm for the Outer Zones (Table 4).  

 

 

 

5.2 Lead 

The 2013 concentrations of lead are relatively low with all sites below the amber threshold, 
with the exception of OHbv (31.3 mg/kg dry wt. for the <63 µm sediment fraction) (Tables 
3 and 5). No sites have had mean values exceeding the ERC Red threshold during the 
history of sampling. OHbv is the only site to be consistently above this amber ERC 
threshold on all sampling occasions (Figure 9). Lead concentrations have been lowest at 
Hell, but have been comparable at all other sites. With the exception of Hell and Brig, all 
sites have exceeded the amber ERC threshold during at least one year since 2005. There 
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is little differentiation between sites in lead concentration based on their geographic 
location, i.e., comparable concentrations are observed for upper, middle and lower harbour 
sites (Figure 9). Luc and Hell both recorded the lowest concentrations of lead of the time 
series in surface sediment in Nov-13 (18.2 and 21.3 mg/kg dry wt., respectively). All other 
sites had 2013 values at the lower end of the range of values within the time series. For 
MainO, HIN and HIW, lead concentration in the <500 µm sediment fractions were 2-3 
times lower than the <63 µm fraction (Appendix 2).  

Figure 9  Mean lead concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500µm 
sediment fraction or weak acid digestion of the <63 µm sediment fraction. The ERC threshold uses the 
<500µm fraction for the Settling Zones and uses the higher value of the <500µm fraction and the <63 µm for 
the Outer Zones (Table 4).  

 

 

5.3 Zinc 

In Nov-13, all zinc concentrations fell below the ERC amber threshold (124 mg/kg dry wt.) 
(Figure 10). Currently, no site has exceeded the red threshold and the amber threshold 
has only been exceeded once at OHbv in 2006 (124.67 mg/kg dry wt.). Zinc 
concentrations are highly correlated with lead (R2 = 0.94 for Nov-13) and to a slightly 
lesser extent copper (R2 = 0.73 for Nov-13). No substantial differences were apparent 
between upper, middle and lower harbour locations. With the exception of Luc and Hell, all 
sites fell within a narrow range of concentrations (100-110 mg/kg dry wt.). Similarly to lead 
and copper, the sandy lower harbour sites of HIN, HIW and MainO had lower 
concentrations of zinc in the total fraction (<500 µm fraction) relative to the <63 µm 
fraction, by a factor of 2-3. For all other sites there was much greater similarity between 
the <63 µm and the <500 µm fractions.  
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Figure 10 Mean zinc concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500µm 
sediment fraction or weak acid digestion of the <63 µm sediment fraction. The ERC threshold uses the <500 
µm fraction for the settling zones and uses the higher value of the <500µm fraction and the <63 µm for the 
outer zones (Table 4).  

 

 

 

 

5.4 Iron, Arsenic and Manganese  

The concentrations of total recoverable metals/metalloids were determined from the <500 
µm sediment fraction. There are no ARC ERC threshold values for iron, manganese or 
arsenic. Arsenic concentrations were compared to the ANZECC, ERL and TEL thresholds.  

Iron concentrations were highest at the upper site and at the majority of middle sites, in the 
region of 20,000 mg/kg dry wt. (Figure 11). Iron concentrations were lower at the sandy 
lower harbour sites and Hell, with values of <15,000 mg/kg dry wt. In Nov-13, 
concentrations of iron were generally mid-range of the time series at each site, with the 
exceptions of MainC and HIW which reported their highest mean concentrations. For Rng, 
Brig, MainU, MainC and Luc, Nov-2013 concentrations were higher than the most recent 
sampling of Nov-09. 

The patterns of arsenic concentrations across the sites were comparable with previous 
years of sampling (Figure 12). MainC and Luc had the highest arsenic concentrations and 
HIW the lowest. The majority of sites exceeded the TEL and ERL arsenic thresholds, but 
did not exceed the ANZECC ISQG-Low level (20 mg/kg dry wt.). In Nov-13, only Hell, HIN 
and HIW had values less than the TEL (7.24 mg/kg dry wt.) and ERL levels (8.2 mg/kg dry 
wt.), though both Hell and HIN were close to the TEL limit (6.7 and 6.5 mg/kg dry wt. 
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respectively). Concentrations of arsenic at Rng, Brig, MainU and MainC were at the upper 
end of each site’s range within the time series. Luc has been the most variable site over 
time and the only one to exceed the ANZECC ISQG–Low threshold, but current 
concentrations are at the lower end of its range. The mean concentration of arsenic at 
OHbv was the lowest recorded to date.  

Manganese concentrations have been variable at most sites since monitoring began 
(Figure 13). In Nov-13, concentrations of manganese tended to be higher at the upper 
harbour sites (with the exception of Brig) mid-lower harbour sites, with concentrations in 
excess of 100 mg/kg dry wt., whereas lower concentrations (<70 mg/kg dry wt.) were 
observed at Hell, MainO, HIN and HIW. Although HIW had the lowest concentration of all 
sites, this was still the highest recorded value on record at this site. With the exception of 
OHbv, the concentrations at all sites in Nov-13 were higher than the previous sampling 
period of Nov-09.  

Figure 11 Mean iron concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500µm 
sediment fraction.  
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Figure 12 Mean arsenic concentrations (n=3, +/- Standard Error) from total recoverable acid digested 
<500µm sediment fraction in relation to the TEL, ERL and ISQG-Low concentrations.  

 
 

 

 

Figure 13 Mean manganese concentrations (n=3, +/- Standard Error) from total recoverable acid digested 
<500µm sediment fraction.  
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5.5 Cadmium, chromium and nickels 

In Nov-13, cadmium concentrations were within the ranges previous seen for the Upper 
Waitematā sites within the time series for each site (Figure 14). Rng, Brig, Hell and HIN 
were at the lower end of their ranges and MainC, OHbv and HIW were at the upper end of 
their ranges. Consistent with previous years, Brig recorded the highest concentration 
(0.089 mg/kg dry wt.) and HIW the lowest (0.023 mg/kg dry wt.). Cadmium concentrations 
at all sites were substantially below the TEL guideline of 0.68 mg/kg dry wt. (Table 3).  

Nov-13 chromium concentrations were within the ranges previous seen for the Upper 
Waitematā sites (Figure 15). Concentrations were lower than the highest values for each 
site’s time series, which were primarily recorded in 2007, but were similar to the values 
recorded in 2008 and 2009. Concentrations were typically higher in the upper and middle 
sites, with concentrations above 20 mg/kg dry wt. except at MainC. Concentrations were 
below 15 mg/kg dry wt. for Hell, MainO, HIN and HIW. The TEL guideline value of 52.3 
mg/kg dry wt. was not exceeded at any of the sites, with the highest concentration of 21.7 
mg/kg dry wt. recorded at Luc.  

The Nov-13 concentrations of nickel were within the ranges previously seen at the 
monitoring sites, with the exception of Luc (Figure 16). Luc recorded its highest 
concentration at 15.13 mg/kg dry wt.; this value is only marginally below the TEL threshold 
of 15.9 mg/kg dry wt. (Table 3). Nickel concentrations at the upper and middle sites were 
typically above 8 mg/kg dry wt. which was higher than at the outer sites (< 4 mg/kg dry wt., 
Figure 16).  

Figure 14 Mean cadmium concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500 
µm sediment fraction.  

 

 

______________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014 30 



 
Figure 15 Mean chromium concentrations (n=3, +/- Standard Error) from total recoverable acid digested 
<500µm sediment fraction.  

 

 

 

Figure 16 Mean nickel concentrations (n=3, +/- Standard Error) from total recoverable acid digested <500µm 
sediment fraction.  
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5.6 Mercury 

Sediments samples were analysed for the concentration of mercury for the first time in 
Nov-13. Concentrations were lowest at lower sandy harbour sites and approximately three 
times higher at the upper harbour sites. The highest concentrations were found at Luc and 
OHbv. Two of the Luc replicates were similar but the third was almost three times higher 
(0.29 mg/kg) leading to a wide error margin on the mean of this site (Figure 17).  

 

Figure 17 Mean Mercury concentrations (n=3, +/- Standard Error) from total recoverable acid digested 
<500µm sediment fraction for November 2013.  

 

 
 

5.7 Polycyclic Aromatic Hydrocarbons (PAHs) 

Auckland Council has developed its ERC values for HMW PAHs using MacDonald et al. 
(1996) and ANZECC (2000) guideline values (Table 3). For both PAHs and HMW PAHs 
the concentrations have been normalized to the sediment Total Organic Carbon content 
(Figure 7). Both are useful ways of evaluating stormwater contamination derived from 
combustion processes. The HMW PAHs are the sum of: 

Benzo(a)anthracene (C18H12), a Group 1 carcinogen according to the International Agency 
for Research on Cancer (IARC). 

Benzo(a)pyrene (C20H12), found in coal tar and a Group 1 carcinogen and potent mutagen.  
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Chrysene (C18H12) suspected human carcinogen (US Public Health Services).  

Dibenzo(a,h)anthracene (C22H14), probable human carcinogen. 

Fluoranthene (C16H10), is a Group 3 carcinogen which means its effects on humans is 
unknown, but it has been found to have carcinogenic properties.  

Pyrene (C16H10) formed during incomplete combustion of organic compounds and is 
known to be toxic.  

The concentration of Total PAHs (normalised to 1% TOC) was well below the TEL 
threshold of 1.7 mg/kg dry wt. at all sites (Figure 18). In general, concentrations were low 
at upper sites (concentration <0.2 mg/kg dry wt.); low values would be expected due to the 
lack of urban catchment at many sites. Hell and MainO were both ≥0.2 mg/kg dry wt. 
Results for Nov-13 were low compared with previous years for all sites with the exception 
of OHbv (0.5 mg/kg dry wt.). Concentrations above 0.5 mg/kg dry wt. were recorded at 
OHbv in 2007, however the mean concentration (n=3) in that year was 0.47. Without 
replicates for Nov-13 (n=1), a range and mean cannot be determined, so results must be 
interpreted with caution.  

The concentrations of HMW PAHs were also well below the ERC Amber and TEL 
guideline value (both 0.66 mg/kg dry wt.) with the largest concentration recorded at OHbv 
of 0.273 mg/kg dry wt. (Figure 19). The concentrations of Total PAHs (normalised to 
1%TOC) and HMW PAHs (normalised to 1%TOC) were highly correlated (R2 = 0.996) so 
spatial variation in HMW-PAHs follow patterns as described for Total PAHs 
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Figure 18 Mean Total PAH (normalised to 1% TOC) from the <500µm sediment fraction (November 2013, 
n=1; November 2005-2011, n=3).  

 

 
 
 

Figure 19 Mean High Molecular Weight (HMW) PAH (normalised to 1% TOC) from the <500µm sediment 
fraction (November 2013, n=1; November 2005-2011, n=3). TEL and ERC Amber value are both 0.66 mg/kg 
dry wt. so lines are superimposed. 
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5.8 Top versus Bottom samples  

Over the eight years of monitoring in the Upper Waitematā region, chemical analysis has 
been conducted in the ‘top’ sediments (0-2 cm depth) between 5-7 times (depending on 
the contaminant) and in the ‘bottom’ sediments (5-10 cm) on two occasions. As no ‘bottom’ 
samples have been analysed since Nov-09 we do not provide further description of the 
patterns or inter-site variations observed (see Townsend et al. 2012, Lundquist et al. 
2010). However we do provide an appraisal of the mean differences between ‘top’ and 
‘bottom’ concentrations for the 2005 and 2009 results and consider these with respect to 
analytical error. 

For the common metal contaminants of copper, lead and zinc, the mean differences 
between ‘top’ and ‘bottom’ sediment concentrations was small (Table 6); differences were 
slightly smaller in 2005 compared with 2009 (Table 6). In both years there were sites 
where no difference was found between surface and bottom sediments. For example, sites 
with identical values for surface and bottom sediments included, Rng copper concentration 
in the <63 µm sediment fraction in 2009, Rng zinc concentration in the <500 µm sediment 
fraction in 2009, and MainC lead concentration in the <500 µm sediment fraction in 2009 
(Appendix 2). When looking at the individual metal, metalloid and organic contaminants, 
the mean difference between top and bottom sediment was lowest for chromium and 
nickel and highest for Total PAHs and Manganese (Table 7). Incidences of high 
differences between top and bottom sediment occurred at sites where the concentrations 
of contaminants were particularly low. In 2005, the greatest difference occurred at MainO 
for the Total PAH concentration (top 0.011 mg/kg, bottom 0.18 mg/kg, 63.08% difference) 
and in 2009 at MainC for Cadmium (top 0.04 mg/kg, bottom 0.07 mg/kg, 66.41% 
difference). High differences between top and bottom sediments did not occur consistently 
at any one site or for either the 2005 or 2009 data. Between 2005 and 2009, differences in 
bottom concentrations were on average 17% across metals and sites. This was largely an 
increase, with higher concentrations in 2009 compared with 2005. MainO was noticeable 
for differences between years (average difference in concentration of 33% from 2005 to 
2009 across metals) with an increase in concentrations in 2009. Differences between 2005 
and 2009 on a per site basis (averaged across metals) was less than 25% for all sites with 
the exception of MainO and HIW; the latter site having large differences in nickel 
concentration between years.  

The differences between top and bottom sediment contaminant concentrations (Table 7) 
are low relative to analytical variability. Mills et al. (2012) found that although the within-
batch repeatability of sample analysis was often good, between-batch variability could be 
high i.e., 80% of between-batch duplicates values for metals fall within +/-20-25% of each 
other. Mills et al. (2012) indicates that for the Upper Waitematā dataset, differences in 
observed metal concentrations between years that are less than +/- 20% could simply be 
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due to analytical variability/error. With high inter-year analytical variability and low intra-
year variability between surface top and bottom contaminant concentrations, our ability to 
determine significant changes over time is impeded.  

 

Table 6 Mean percentage difference in contaminant concentrations for copper, lead and zinc, between ‘top’ 
and ‘bottom’ sediment fractions (expressed as a percentage of the top concentration) across all ten sites. For 
a given site, the mean bottom concentration (n=3) is expressed as the difference from the mean top 
concentration (n=3). The percentage difference for each site (between top and bottom) is converted to a 
positive value (to prevent positive and negative percentage differences from cancelling each other out) and 
averaged across all 10 sites to give mean difference for a specific contaminant. 

 

 Year Total 
Cu 

 
Pb 

 
Zn 

Extract 
Cu 

 
Pb 

 
Zn 

        
Median 
difference 2005 10.42 7.77 5.92 13.33 9.57 10.66 

        
Median 
difference 2009 7.80 5.32 6.77 17.04 10.30 8.65 

 

Table 7 Median percentage difference in contaminant concentrations between ‘top’ and ‘bottom’ sediment 
fractions (expressed as a percentage of the top concentration) across all sites/times. For a given site, the 
mean bottom concentration (n=3) is expressed as the difference from the mean top concentration (n=3). The 
percentage difference for each site (between top and bottom) is converted to a positive value (to prevent 
positive and negative percentage differences from cancelling each other out) and averaged across all 10 
sites for both 2005 and 2009 data. Maximum and minimum differences between top and bottom samples are 
also shown. 

 

5.9 Contaminant Trends  

Since 2005, data on copper, lead and zinc concentrations have been collected on seven 
occasions (2005-09, 2011 and 2013) making trend analysis possible. Iron, arsenic and 
manganese concentrations have now been collected on six occasions and cadmium, 
chromium and nickel concentrations on five occasions. Trend analysis for PAHs was not 

 Total PAH Manganese Arsenic Cadmium Chromium Nickel 

Median difference 15.64 28.50 16.00 22.84 6.47 7.56 

Maximum difference 63.08 53.77 47.18 66.41 16.32 17.95 

Minimum difference 1.48 1.40 2.71 2.16 1.62 1.68 
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possible as data are not available for each year (only 2005-07, 2009 and a single replicate 
for 2013).  

Statistically significant decreases in chromium and iron were observed at Hell (Figure 20). 
However, the overall change between 2005 and 2013 was ~25% for both contaminants, 
and close to analytical variability. Iron showed a 28.4% change, decreasing from 16066.7 
to 11500.0 mg/kg dry wt.; chromium showed a 27.8% change, decreasing from 16.3 to 
11.8 mg/kg dry wt.  

Several trends recorded in the last report (Townsend et al. 2012) are still apparent with the 
addition of the Nov-13 data. Decreases in copper are still significant for the <63 µm 
sediment fraction concentration at Brig, while decreases in lead from the <63 µm sediment 
fraction are also apparent at Luc. A new trend has been detected for the concentration of 
copper in the <63 µm sediment fraction at HIW. However, similar to concentrations of 
chromium and iron, the change between 2005 and 2013 is only 22% so requires caution. 
Several potential trends reported in Townsend et al. (2012) are no longer apparent. From 
2005 to 2011, the copper concentrations for the <63 µm sediment fraction at MainC 
showed a strong decreasing trend but with the addition of a high recorded concentration in 
Nov-13 this trend was no longer detectable (Figure 21). The elimination of this trend 
emphasises the caution suggested by Mills et al. (2012) and Townsend et al. (2012) in 
interpreting these results. The previous decreasing trends for lead concentration in the <63 
µm sediment fraction at Brig and HIW both fell above the P = 0.05 acceptance threshold 
with higher concentrations recorded in Nov-13 compared with 2011. Future data will help 
with clarifying trends in these contaminants at these sites.  
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Figure 20 Mean chromium and iron concentrations (n=3, +/- Standard Error) from total recoverable acid 
digested <500µm sediment fractions over time at Hell.  

 

 

 

Figure 21 Mean copper concentrations (n=3, +/- Standard Error) from total recoverable acid digested 
<500µm sediment fractions over time at MainC.  
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Figure 22 Mean lead concentrations (n=3, +/- Standard Error) from the <63 µm sediment fractions over time 
at Brig.  

 

 

Figure 23 Mean lead concentrations (n=3, +/- Standard Error) from the <63 µm sediment fractions over time 
at HIW.  
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5.10  Contaminants Summary for November 2013 

• Copper concentrations exceeded the ARC ERC Amber threshold at Rng, Brig 
MainU, MainO and Luc. MainC, OHbv and HIW were close to this threshold (OHbv 
being above the amber threshold in 2011). 

• Only OHbv exceeded the ARC ERC Amber threshold for lead, though MainC and 
MainO were approaching this threshold. Concentrations of lead were above those 
recorded in 2011 at most sites.  

• All sites remained below the ARC ERC Amber threshold for zinc. Concentrations of 
zinc were highest at OHbv and MainC; both of which were approaching the amber 
threshold.  

• The concentrations of chromium and cadmium at all sites remained substantially 
lower than the TEL, ERL and ISQG-Low recommended thresholds. For these 
contaminants, concentrations were slightly higher at upper and mid-lower harbour 
sites relative to the sandy lower harbour sites.  

• Concentrations of arsenic continued to exceed the TEL and ERL thresholds at most 
sites with the exceptions of Hell, HIN and HIW. All arsenic concentrations were 
below the ISQG-Low limit.  

• Concentrations of nickel were below the TEL for all sites, however Luc was close to 
exceeding this level, with the highest concentration of the time series recorded in 
2013. Nickel concentrations were higher at the upper and mid-lower harbour sites 
and lowest at the sandy lower harbour sites.  

• Total PAH concentrations (normalised to 1% TOC) at all sites did not exceed the 
TEL or ERL thresholds. HMW PAH concentrations (normalized to 1% TOC) at all 
sites also did not exceed the ARC ERC amber threshold. Total PAH and HMW PAH 
concentrations were highest at OHbv and lowest at all upper sites. 

• Analysis of the 2005 and 2009 data showed that on average, differences between 
‘top’ and ‘bottom’ sediment contaminant concentrations were low (~10%) relative to 
inter-annual variation in contaminant analysis (20-25% or greater). 
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6.0 Community characteristics  

6.1 Upper Harbour Sites 

Oligochaetes continue to be the dominant taxa at the three upper sites, with nereididae 
polychaetes (Nicon aestuariensis, Perinereis vallata and Ceratonereis sp.) and the mud 
crab, Austrohelice crassa, also in high abundance (Table 8, Figures 24 and 25). At the 
Rng and Brig sites, oligochaetes continued to be the dominant species in Nov-12 and Nov-
13. At MainU, oligochaetes became dominant again in Nov-13 after being 2nd in 
abundance to Austrohelice crassa in Nov-12 (Table 8). However, the abundance of 
oligochaetes is still consistently lower (typically ~100 individuals per sum of 12 cores) than 
prior to Feb-09 when oligochaete abundance at this site was within the range of 200-300 
individuals per sum of 12 cores) (Figure 24). In Nov-11, polydorid polychaetes became the 
5th most abundant species for the first time at Rng and this has continued in both Nov-12 
(equal 4th with Hemiplax hirtipes) and Nov-13 (Table 9, Figure 25). Polydorids have 
increased in dominance at both Brig and MainU; for Brig being 3rd and 2nd most abundant 
in Nov-12 and Nov-13 respectively, and for MainU 3rd dominant in both the last two years. 
Other notable taxa at the upper sites include capitellid polychaetes, which are periodically 
in high abundance (Figure 25) and the paraonid polychaete Paradoneis lyra, which has 
been a commonly occurring species. At MainU, the polychaete Pseudopotamilla sp. 
became one of the top five dominant species for the first time in Nov-13 (Table 8). Brig has 
seen recently higher numbers of Heteromastus filiformis; with this taxa being the 5th most 
abundant in Nov-11/12 and 4th in Nov-13, though this is not detectable as a significant 
trend at this time. Heteromastus filiformis has shown greater than annual patterns at other 
sites, so this is possibly a reflection of this behaviour.  

Several species show cycles in abundances (Table 9), which are predominantly on a 
greater than annual basis. Polydorids have peaks in abundance at Rng and Brig that 
usually occur in August, although varying in magnitude (Figure 25). In the last report, 
nereididae polychaete abundances at Rng were relatively low but with increases in Feb-12 
indicating the likelihood of a multi-year cycle. Since this time there have been higher 
abundances of nereididae polychaetes and further indication of a multi-year cycle with 
peaks every 2-3 years (Figure 25).  

All trends in species that have been reported previously for the upper sites can now be 
considered historic and no longer apparent (Townsend et al. 2012, Lundquist et al. 2010). 
These trends are driven by species which used to be abundant but are now either in low 
abundance, rarely present or absent. Corophid amphipods have been have been near 
absent since Feb-09 to Feb-14 at all three sites (Table 9, Figure 24). Likewise, 
Phoxocephalid amphipods and Arthritica bifurca have been in low abundance or absent 
since Nov-07/08 (Figure 26, Table 9). 
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Overall, species richness and abundances continue to be low (apart from Oligochaetes 
and Nereididae polychaetes) and relatively stable at all of the upper sites. We have 
established the cyclical patterns, both annual and greater than annual, that species are 
exhibiting and there has been very little change from this in the last 5 years.  

 

Table 8 The five most abundant taxa at each of the upper sites in November of each monitored year. 

Date  
Site 

Most abundant 
1st 

 
2 

 
3 

 
4 

 
5th 

Nov-05 Rng Oligochaeta Arthritica Corophiidae Phoxocephalidae Nereididae 

Nov-06  Corophiidae Oligochaeta Nereididae Austrohelice Phoxocephalidae 

Nov-07  Corophiidae Oligochaeta Nereididae Austrohelice Barnacle 

Nov-08  Corophiidae Oligochaeta Capitellid Austrohelice Nereididae 

Nov-09  Oligochaeta Nereididae Arthritica Corophiidae Barnacle 

Nov-10  Oligochaeta Austrohelice  Nereididae Arthritica = 
Barnacle  

Nov-11  Oligochaeta Austrohelice  Cyclomactra Nereididae Polydorid 

Nov-12  Oligochaeta Nereididae Austrohelice  
Hemiplax = 
Polydorid 

 

Nov-13  Oligochaeta Austrohelice  Nereididae Capitellid Polydorid 

       
Nov-05 Brig Oligochaeta Arthritica Phoxocephalidae Nereididae Exosphaeroma  

Nov-06  Oligochaeta Corophiidae Phoxocephalidae Nereididae Polydorid  

Nov-07  Oligochaeta Corophiidae Phoxocephalidae Nereididae Arthritica 

Nov-08  Oligochaeta Corophiidae Capitellid Polydorid Nereididae 

Nov-09  Nereididae Oligochaeta Heteromastus Polydorid Arthritica = 
 

Nov-10  Oligochaeta Austrohelice  Nereididae Hemiplax Corophiidae 

Nov-11  Oligochaeta Nereididae Paradoneis Polydorid Heteromastus  

Nov-12  Oligochaeta Nereididae Polydorid Paradoneis Heteromastus  

Nov-13  Oligochaeta Polydorid Nereididae Heteromastus Austrohelice  

       
Nov-05 MainU Corophiidae Oligochaeta Polydorid  Nereididae Austrohelice  

Nov-06  Corophiidae Oligochaeta Austrohelice  Nereididae Paradoneis 

Nov-07  Corophiidae Oligochaeta Austrohelice  Pseudopolydora Nereididae 

Nov-08  Oligochaeta Corophiidae Polydorid Paradoneis Austrohelice  

Nov-09  Oligochaeta Nereididae Austrohelice Polydorid Cossura 

Nov-10  Austrohelice  Oligochaeta Capitellid Paradoneis Nereididae 

Nov-11  Oligochaeta Paradoneis Austrohelice Polydorid Corophiidae 

Nov-12  Austrohelice  Oligochaeta Polydorid Corophiidae Aricidea  

Nov-13  Oligochaeta Capitellid Polydorid Pseudopotamilla 
 

Austrohelice  
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Figure 24 Temporal trends in Corophiidae, Austrohelice crassa and oligochaetes at the three upper estuary 
sites, from November 2005 to February 2014. Note that MainU has only been sampled once per year in 
November each year since February 2010.  
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Figure 25 Temporal trends in nereididae polychaetes, capitellids (excluding Heteromastus filiformis) and 
Polydorids at the upper estuary sites, from November 2005 to February 2014. Note that MainU has only 
been sampled once per year in November each year since February 2010.  
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Figure 26 Temporal trends in Arthritica bifurca and Phoxocephalids at the Rng and Brig sites, from 
November 2005 up February 2014.  

 

 

 

6.2 Mid-lower Harbour Sites 

For the mid-lower harbour sites, MainC, Luc and OHbv have been chiefly dominated by 
the polychaete Aricidea sp. in every November since monitoring began (Table 10, Figure 
27). At the Hell site, the most abundant organism has been the polychaete Cossura 
consimilis, which has either been first or second dominant throughout the monitoring time 
series. In all but one year, Aricidea sp. has been in the top three species at Hell. Across all 
middle-lower sites, Paradoneis lyra, Heteromastus filiformis, Levinsenia gracilis and 
cirratulid polychaetes have been frequently included as dominant taxa (Table 10, Figures 
27 and 28). In the last two years, the most notable change at several sites has been an 
increase in abundance of Heteromastus filiformis. In the last report, it was noted that 
Heteromastus had become the second most abundant species at MainC in Nov-11 
(Townsend et al. 2012) and this has continued for both Nov-12 and Nov-13. Similarly, 
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Heteromastus has been the second most abundant species at OHbv for the last three 
Novembers (Nov-11 to Nov-13, Table 10) and at Luc for Nov-10 and Nov-12. Nereididae 
polychaetes and Heteromastus continue to persist at moderate-to-high abundances at 
Hell, with the later species being the most abundant in Nov-12. At Luc, cirratulid 
polychaetes have become a dominant taxa again in the last two years, having dropped out 
of the top five species in Nov-11. Conversely, Levinsenia gracilis has dropped out of the 
top five taxa at Hell in the last two years, following higher abundances in Nov-10 (Table 
10). At Luc, although not reflected in the November abundances, Pseudopotamilla sp. and 
capitellid polychaetes have had several large, short-lived peaks in abundance (Figure 29).  

Many species at the middle and lower sites showed multi-year cycles in abundance (Table 
11, Figures 29 and 30). For example, Cossura consimilis at the Luc and Hell has peaked 
in abundance approximately every two years; this has likely also occurred at MainC and 
OHbv, though current annual sampling make this difficult to verify. Aricidea and 
Paradoneis have both shown multi-year cycles in abundance at all sites. Paradoneis has 
also shown annual patterns at Luc with peak abundances between May-August, which 
vary in magnitude from year to year (Table 11, Figure 28). Polydorids continue to be highly 
variable in abundance at Luc, with orders of magnitude changes between sampling 
occasions (Table 11). Nassarius burchardi, an invasive Australian whelk, has arrived in 
2009 and is starting to become more abundant at Luc (Figure 30).  

All historic trends in species at the middle-lower sites are now absent. For example, the 
abundances of Linucula hartvigiana at Luc, Hell and MainC have remained low or absent 
since Nov-08 (Table 11, Figure 28). At Hell, the decreasing trend of Austrovenus is no 
longer present with numbers remaining low since May-07. At Luc a strong decreasing 
trend for Austrovenus was evident in the last report (Townsend et al. 2012); this trend has 
been has been negated by higher abundances since Aug-12 including a peak in Nov-12, 
where 172 individuals were collected (summed across the twelve cores). Statistical testing 
found positive trends for Heteromastus at Hell, Luc and OHbv based on both raw and log 
data, and for MainC on raw data only. However, Heteromastus has been previously 
considered to display multi-year cycles and it is possible that recent increases (which are 
driving positive trend results) are simply part of these cycles (Table 11). Significant 
increases in Heteromastus abundance have been recorded in the neighbouring Central 
Waitematā Harbour at the Hobsonville (HBV) and Shoal Bay (ShB) sites (Parkes and 
Lundquist 2014).  
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Figure 27 Temporal trends in Aricidea sp., Cossura consimilis and Heteromastus filiformis at the middle and 
lower estuary sites, from November 2005 to February 2014. Note that MainC and OHbv have only been 
sampled once per year in November since February 2010. 
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Figure 28 Temporal trends in Paradoneis lyra, Levinsenia gracilis and Linucula hartvigiana at the middle and 
lower estuary sites, from November 2005 to February 2014. Note that MainC and OHbv have only been 
sampled once per year in November since February 2010. 
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Figure 29 Temporal trends in Pseudopotamilla sp., Arcuatula (Musculista) senhousia, Capitellidae and 
Oligochaeta at the Luc site, from November 2005 to February 2014. 
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Figure 30 Temporal trends in Nassarius burchardi at the Luc site and Prionospio aucklandica at the Hell site 
in the middle-lower section of the harbour, from November 2005 to February 2014. 
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Table 10 The five most abundant taxa at each of the middle-lower sites in November of each monitored year. 

 
Date 

 
Site 

Most abundant 
1st 

 
2 

 
3 

 
4 

 
5th 

       
Nov-05 MainC Aricidea Paradoneis Cossura Heteromastus Phoxocephalidae 

Nov-06  Aricidea Paradoneis Cossura Heteromastus Oligochaeta 

Nov-07  Aricidea Paradoneis Cossura Heteromastus Phoxocephalidae 

Nov-08  Aricidea Paradoneis Heteromastus Phoxocephalidae Cossura 

Nov-09  Aricidea Paradoneis Phoxocephalidae Heteromastus Cossura 

Nov-10  Aricidea Paradoneis Heteromastus Oligochaeta Cossura 

Nov-11  Aricidea Heteromastus Cossura Paradoneis Polydorid 

Nov-12  Aricidea Heteromastus Cossura Paradoneis Nereididae 

Nov-13  Aricidea Heteromastus Paradoneis Cossura Nereididae 

       
Nov-05 Luc Aricidea Cirratulidae Nucula Austrovenus Paradoneis 

Nov-06  Aricidea Paradoneis Heteromastus Nereididae Cirratulidae 

Nov-07  Aricidea Cirratulidae Nereididae Heteromastus Austrovenus 

Nov-08  Aricidea Cirratulidae Heteromastus Paradoneis Nereididae 

Nov-09  Aricidea Paradoneis Nereididae Heteromastus Corophiidae 

Nov-10  Aricidea Heteromastus Paradoneis Cirratulidae Nereididae 

Nov-11  Aricidea Heteromastus Cossura Arthritica Nereididae 

Nov-12  Aricidea Heteromastus Austrovenus Cirratulidae Nereididae 

Nov-13  Aricidea Paradoneis Cirratulidae Heteromastus Austrovenus 

       
Nov-05 OHbv Aricidea Levinsenia Paradoneis Cossura Heteromastus 

Nov-06  Aricidea Cossura Heteromastus Phoxocephalidae Levinsenia 

Nov-07  Aricidea Cossura Paradoneis Levinsenia Heteromastus 

Nov-08  Aricidea Paradoneis Levinsenia Cossura Heteromastus 

Nov-09  Aricidea Phoxocephalidae Paradoneis Heteromastus Levinsenia 

Nov-10  Aricidea Paradoneis Cossura Heteromastus Levinsenia 

Nov-11  Aricidea Heteromastus Cossura Nereididae Levinsenia 

Nov-12  Aricidea Heteromastus Cossura Paradoneis Nereididae 

Nov-13  Aricidea Heteromastus Paradoneis Cossura Levinsenia 

       
Nov-05 Hell Cossura Levinsenia Aricidea Heteromastus Nereididae 

Nov-06  Aricidea Cossura Nereididae Heteromastus Phoxocephalidae 

Nov-07  Cossura Levinsenia Aricidea Heteromastus Nereididae 

Nov-08  Cossura Aricidea Heteromastus Nereididae Levinsenia 

Nov-09  Cossura Nereididae Aricidea sp. Cirratulidae Heteromastus = Levinsenia 

Nov-10  Cossura Levinsenia Heteromastus Aricidea sp. Nereididae 

Nov-11  Aricidea Cossura Heteromastus Prionospio Nereididae 

Nov-12  Heteromastus Cossura Aricidea Nereididae Polydoridae 

Nov-13  Cossura Aricidea Heteromastus Oligochaeta Nereididae 

 

______________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014 51 



 

Table 11 Temporal patterns in the abundances of common species at monitoring sites in the middle-lower 
section of the Harbour. Where seasonal patterns are indicated the month of peak abundance is indicated in 
brackets. * denotes trend that are no longer operating (but may still drive statistically significant trend 
results). 
 

Site Seasonal cycles 
Greater than annual 

patterns 
Trends Trend direction 

     

MainC Phoxocephalidae  
(Usually Nov) 

Phoxocephalidae Linucula decrease* 

  Aricidea   Macomona decrease* 

  Paradoneis Heteromastus increase 

  Cossura (likely)   

  Heteromastus    

     

Luc Paradoneis  
(May-Aug) Paradoneis Linucula decrease* 

 Oligochaetes Oligochaeta Heteromastus increase 

 Polydorids Polydorids   

  Aricidea    

  Nereididae   

  Heteromastus    

  Cossura    

  Cirratulidae   

OHbv Levinsenia  
(Feb) 

Levinsenia Heteromastus increase 

  Aricidea    

  Paradoneis   

  Heteromastus   

  Cossura (Likely)   

     

Hell Aricidea  
(usually August) 

Aricidea (peaks vary in 
magnitude)  Austrovenus decrease* 

 Levinsenia  
(usually Nov) 

Cossura  
(~2 years) Linucula decrease* 

  Polydorids Heteromastus  Heteromastus increase 

 
 

Prionospio  
(2 years)   

  Paradoneis   

  Nereididae   

  Levinsenia   
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6.3 Sandy Lower Harbour Sites 

At MainO, the most abundant species continued to fluctuate between Aricidea sp. and 
Austrovenus stutchburyi (Table 12). In Nov-12 and Nov-13 Austrovenus recorded its 
highest and 2nd highest abundance to date respectively (747 and 673 individuals, sum of 
12 cores) (Table 12). Over the years of monitoring, HIN and HIW have been dominated by 
both Austrovenus and Linucula (Table 12). However over the last two years, Austrovenus 
has been the most abundant species on every sampling occasion. In the last report, large 
changes in Linucula were observed at HIN and HIW with lower numbers in Nov-11 
(Townsend et al. 2012), whereas previously they had been in high abundances at these 
sites. This taxa has partially recovered in abundance with an order of magnitude increase 
in abundance between Nov-11 and Nov-12. Linucula has been the second most abundant 
species for the last two years at HIN and in Nov-13 at HIW (Table 12). Across all the 
lower-sandy harbour sites, nereididae polychaetes, cirratulid polychaetes, Arthritica bifurca 
and Heteromastus filiformis are frequently recorded as dominant species (Table 12, 
Figures 31-33).  

Multiple species are showing variation over time with greater than annual patterns 
relatively common. Bivalve species often show year to year variation with fluctuations in 
the magnitude of recruitment peaks (Table 13). Other species with multi-year patterns 
include Paradoneis lyra and polydorid polychaetes at MainO, cirratulid polychaetes at HIN 
and MainO and Aricidea sp. at all three sandy lower harbour sites (Table 13, Figure 34).  

In the previous report, significant declining trends were recorded for Linucula at all three of 
the sandy lower harbour sites (Townsend et al. 2012). The trend at MainO is no longer 
present, with recovery occurring; a total abundance of Linucula of 84 and 40 individuals 
per sum of twelve cores was recorded in Nov-12 and Nov-13, relative to abundances of 3 
and 2 in the two prior Novembers (Figure 31). There is also evidence to suggest that the 
decreasing trend in Linucula at HIN is no longer occurring with higher abundances 
recorded since Feb-12 (Figure 31). It is plausible that this species is exhibiting multi-year 
cycles (Table 13), or that it is recovering from an event or environmental factor that caused 
high rates of mortality between Feb-11 and Feb-12. Future monitoring will determine the 
extent of this recovery and clarify annual and inter-annual patterns in population. Linucula 
still exhibits a decreasing trend at HIW with average monthly total abundances since Aug-
11 of fewer than 50 individuals compared to abundances of greater than 300 individuals 
prior to Aug-11. Though there is some evidence of recovery in recent months (Figure 31), 
the trend remains significant. Negative trends were found in previous years for Macomona 
liliana at HIN and HIW (Lundquist et al. 2010, Townsend et al. 2012). At HIN this trend is 
no longer occurring with higher abundances observed since May 2012. At HIW 
abundances of Macomona have been higher since Feb-12, though a decreasing trend was 
still significant (Table 13). The decreasing trend in phoxocephalid amphipods at MainO is 
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now historic with abundances now occurring at consistently low values since Nov-07 
(Figure 32). The decreasing trend in Notoacmea scapha at HIN is still apparent (Figure 
33). Both Heteromastus and Aricidea sp. recorded high abundances in Nov-13; future 
monitoring will determine whether these increases are part of temporal fluctuations or the 
start of longer term changes (Table 13). Likewise, the invasive whelk Nassarius burchardi 
at HIN and HIW has increased in abundance since arriving at the site in ~2009 (Figure 35).  

 

Figure 31 Temporal trends in Heteromastus filiformis and Linucula hartvigiana at the sandy lower harbour 
sites of HIW, HIN and MainO. Note that site HIW was sampled only once per year (November) between May 
2006 and August 2011, after which quarterly sampling was reinstated. MainO has only been sampled once 
per year (November) since February 2010. 
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Figure 32 Temporal trends in Prionospio aucklandica, Phoxocephalidae and Arthritica bifurca at the MainO 
site from November 2005 to February 2014. MainO has only been sampled once per year (November) since 
February 2010. 
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Figure 33 Temporal trends in Arthritica bifurca and Notoacmea scapha at HIN from November 2005 to 
February 2014. 
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Figure 34 Temporal trends in Aricidea sp. at the HIW and MainO site from November 2005 to February 2014. 
HIW was sampled only once per year (November) between May 2006 and August 2011, after which 
quarterly sampling was reinstated. MainO has only been sampled once per year (November) since February 
2010.  
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Figure 35 Temporal trends in Nassarius burchardi at the HIW and HIN sites from November 2005 to 
February 2014. HIW was sampled only once per year (November) between May 2006 and August 2011, 
after which quarterly sampling was reinstated.  
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Table 12 The five most abundant taxa at each of the sandy lower harbour sites in November of each 
monitored year. 

 
Date 

 
Site 

Most abundant 
1 

 
2 

 
3 

 
4 

 
5th 

       
Nov-05 MainO Austrovenus Nereididae Linucula Aricidea Macomona 

Nov-06  Austrovenus Aricidea Cirratulidae Arthritica Nereididae 

Nov-07  Austrovenus Aricidea Cirratulidae Heteromastus Linucula 

Nov-08  Aricidea Paradoneis Cirratulidae Heteromastus Austrovenus 

Nov-09  Austrovenus Aricidea Nereididae Scoloplos Cirratulidae 

Nov-10  Aricidea Austrovenus Heteromastus Prionospio Nereididae 

Nov-11  Austrovenus Prionospio Arthritica Aricidea Cirratulidae 

Nov-12  Austrovenus Nereididae Heteromastus Aricidea Cirratulidae 

Nov-13  Aricidea Austrovenus Heteromastus Cirratulidae Linucula 

       
Nov-05 HIN Linucula Austrovenus Notoacmea Aricidea Prionospio 

Nov-06  Linucula Austrovenus Monoplacophora Nereididae Zeacumantus 

Nov-07  Linucula Austrovenus Notoacmea Zeacumantus Nereididae 

Nov-08  Linucula Austrovenus Capitellid Notoacmea Aricidea 

Nov-09  Linucula Austrovenus Nereididae Notoacmea Aricidea 

Nov-10  Linucula Austrovenus Prionospio Cirratulidae Polydorids 

Nov-11  Austrovenus Cirratulidae Prionospio Arthritica Aricidea 

Nov-12  Austrovenus Linucula Cirratulidae Prionospio Aricidea 

Nov-13  Austrovenus Linucula Prionospio Aricidea Cirratulidae 

       
Nov-05 HIW Austrovenus Linucula Prionospio Scoloplos Macomona 

Aug-06  Austrovenus Linucula Macomona Orbinia Zeacumantus 

Nov-07  Linucula Austrovenus Notoacmea Prionospio Macomona 

Nov-08  Linucula Austrovenus Prionospio Nereididae Arthritica 

Nov-09  Austrovenus Linucula Prionospio Nereididae Scoloplos 

Nov-10  Austrovenus Linucula Prionospio Nereididae Scoloplos 

Nov-11  Austrovenus Prionospio Polydorids Arthritica Oligochaeta 

Nov-12  Austrovenus Prionospio Linucula Nereididae Cirratulidae 

Nov-13  Austrovenus Linucula Prionospio Nereididae Arthritica 
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Table 13 Temporal trends in the abundances of common species at the sandy lower harbour sites. Where 
seasonal patterns are indicated the month of peak abundance is indicated in brackets. * denotes trend that 
are no longer operating (but may still drive statistically significant trend results). 
 

Site 
Low abundance / 

variable 
Seasonal cycles 

Greater than annual 
patterns 

Trends 
Trend 

direction 

      

MainO Aonides  Austrovenus Phoxocephalidae decrease* 

   Aricidea   

   Arthritica    

   Cirratulidae   

   Paradoneis   

  Polydorids (August) Polydorids   

   Linucula   

   Heteromastus   

   Prionspio   

      

HIN  
 

Linucula (likely, rather than 
trend) 

  

   Notoacmea Notoacmea decrease 

   Austrovenus   

   Aricidea   

   Cirratulidae   

   Prionospio   

   Macomona   

      

HIW Aonides  Linucula Nucula decrease 

   Prionospio Macomona decrease 

   Aricidea (likely)   

   Austrovenus   

 

6.4 Bivalve size frequency distributions  

The bivalve species Austrovenus stutchburyi, Macomona liliana and Linucula hartvigiana 
have been abundant at the sandy lower harbour sites throughout the monitoring time 
series (Figures 31, 36-39) and are dominant members of the benthic communities at these 
sites. Bivalve species also feature at the Luc site, but are lower in abundance (Table 14). 
Bivalves recorded high levels of recruitment for several species across the majority of sites 
in 2012. This 2012 cohort has started to translate into increasing numbers of larger 
individuals in the larger size categories (>5 mm) recorded in 2013.  
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The Herald Island sites (HIW and HIN) have the highest abundances of bivalves of all 
monitored sites. Over the last two years, the numbers of Austrovenus have been 
particularly high (Figure 36 and 37). At HIN the total number of individuals summed over 
12 cores was greater than 750 individuals for both Nov-12 and Nov-13. At HIW the total 
number of individuals was 500 and ~600 individuals for these same months. Higher 
abundances were observed across all the size classes, with the recent average 
abundances greater than the average between 2005 and 2011 (Table 14). The only 
decrease in size class abundance has been for HIW 5-20 mm sized individuals, but it is of 
note that the >20 mm size category has increased, suggesting a movement into the upper 
size class. Austrovenus at both HIN and HIW are most commonly of intermediate size (5-
20 mm) but HIN has a larger abundance of adult sized individuals relative to HIW (by a 
factor of 2). Macomona have increased slightly in the last two years (Figures 36 and 37), 
particularly in the juvenile (<5 mm) size class, but this is yet to have a large impact on the 
mean abundance over time (Table 14). At HIN, Macomona are most commonly of 
intermediate size (5-20 mm), whereas at HIW they are usually large (>20 mm). Paphies 
australis has only been found semi-regularly at the HIN site, but less so in the last two 
years (Figure 36). Juvenile Paphies (<10 mm) have not been found and individuals are 
usually intermediate in size (10-40 mm).  

Similar to the Herald Island sites (HIN and HIW), a higher abundance of Austrovenus has 
been recorded at MainO in the last two years, with the majority being juvenile sized 
individuals in Nov-2012 (Figure 38). This has caused a substantial difference in the total 
abundance of each size class in the Nov-12/13 data relative to average from the previous 
report (Table 14, Townsend et al. 2012). At MainO the population of intermediate and adult 
sized individuals increased in Nov-13; indicating that successful recruitment is leading to a 
maturing population (rather than just high mortality of the <5 mm cohort). At MainO, 
Macomona numbers are relatively low, in comparison with Austrovenus.  

Luc has the fewest bivalves overall, but successful recruitment in 2012 was apparent 
(Table 14, Figure 39). For Austrovenus, this resulted in a higher number of intermediate 
sized individuals (5-20 mm) in Aug-13 (Figure 39). At Luc, both Macomona and 
Austrovenus are predominantly juveniles (<5 mm). In the last report it was noted that 
Macomona had been absent at Luc since Nov-09, however Macomona have been present 
at every sampling event since Aug-12. Austrovenus and Macomona show multi-year 
cycles in abundance, as is typical for these species and common throughout AC 
monitoring programmes (Table 13).  
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Table 14 Average numbers (sum of 12 cores) of Austrovenus and Macomona for juvenile, intermediate and 
adult size classes from November data. A comparison is shown between recent November data (2012 and 
2013) and that from the last report (2005-2011). Symbols indicate the direction of change; increases are 
shown by green arrows, decreases by red arrows and no substantial changes are shown by yellow bars.  

 

Site / Time 
Austrovenus 

<5 mm 
Austrovenus 

5-20 mm 
Austrovenus 

>20 mm 
Macomona <5 

mm 
Macomona 
5-20 mm 

Macomona 
>20 mm 

       
HIN       

Average 2012 - 2013 430.5 +/- 94.5 250 +/- 67 116.5 +/- 12.5 18 +/- 6 15 +/-3 1.5 +/- 0.5 

       

Average 2005-2011 71.6 133.0 68.0 1.9 5.6 3.0 

       
HIW       

Average 2012 - 2013 245.5 +/- 17.5 188.4 +/- 34.0 123.5 +/- 12.5 6.0 +/- 5.0 10.5 +/- 0.5 6.5 +/- 3.5 

 
      

Average 2005-2011 161.1 259.3 21.6 4.7 14.6 21.7 

       
MainO       

Average 2012 - 2013 445.5 +/- 117.5 222.5 +/- 93.5 42.0 +/- 13.0 11.5 +/- 8.5 6.5 +/- 6.5 1.5 +/- 1.5 

 
      

Average 2005-2011 162.6 42.4 13.1 9.0 5.6 2.3 

       
Luc       

Average 2012 - 2013 106.5 +/- 63.5 3.5 +/- 1.5 2.0 +/- 2.0 2.5 +/- 1.5 0 +/- 0 0 +/- 0 

 
      

Average 2005-2011 14.6 5.7 0.9 0.9 0.1 0.1 
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Figure 36 Temporal plots of bivalve size frequencies at the HIN site.  
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Figure 37 Temporal plots of bivalve size frequencies at the HIW site.  
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Figure 38 Temporal plots of bivalve size frequencies at the MainO site (muddy and sandy cores combined). 
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Figure 39 Temporal plots of bivalve size frequencies at the Luc site.  

 

 

 

6.5 Community composition 

Ordination of total community composition demonstrates that the monitoring sites exhibit 
groupings relating to geographic locations and sediment types (Figure 40).  

The community composition of upper harbour sites are most distinct from other sites 
(Figure 40). Of these upper sites, there is strong overlap in composition of between Brig 
and Rng. These sites have changed over time, but both in a similar way and they are 
currently similar in composition (Figure 40, close proximity of green triangles). MainU 
shows some distinction from Rng and Brig, and has also shown variability over time. 

Of the mid-lower harbour sites, OHbv and MainC have consistently shown a high level of 
similarity in composition over time (Figure 41, close proximity of green triangles). Luc is the 
most distinct of these muddy sites, while Hell has shown the greatest variation over time 
(Figure 41).  
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The community composition of the sandy lower harbour sites were originally distinct from 
the mid-lower harbour sites when monitoring began (Figure 40, position of black triangles). 
However, over time the community composition at MainO has become more similar to that 
at Luc (Figure 42). The site has also become noticeably muddier, suggesting an increase 
in fauna with mud preferences. Thus there is no longer clear separation between these 
groups anymore. MainO has become increasingly distinct from HIN and HIW, and is 
moving in an opposite direction to HIN (Figure 42). HIN and HIW remain highly similar over 
time, however they have been moving in different directions over the last two years (Figure 
42).  

Figure 40 Nonmetric multidimensional scaling (MDS) ordination plot of the community composition 
(Square-root transformed, Bray Curtis similarity) based on November data between 2005 and 
2013.The ordination stress value of 0.12 is within the acceptable limits. The most recent sampling 
date (Nov-13) is indicated by green triangles and the starting point (Nov-05) indicated by black 
triangles to indicate the direction of change for each site. Points closest together in the ordination 
plot have the most similar community composition. 
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Figure 41 Magnification of Figure 40 for the MDS plot of the community composition (square-root 
transformed, Bray Curtis similarity) to focus on the mid-lower harbour sites. Points closest together in the 
ordination plot have the most similar community composition  
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Figure 42 Magnification of Figure 40 for the MDS plot of the community composition (square-root 
transformed, Bray Curtis similarity) to focus on the sandy lower harbour sites. Points closest together in 
the ordination plot have the most similar community composition.  
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7.0 State of the Environment Indicators 

The upper harbour sites continue to show low levels of functional redundancy based on 
TBI scores (Table 15). Only MainU in Nov-13 achieved a score greater than 0.3, with the 
majority of scores below 0.2 over the last few years (Table 15). For the period 2005-2011, 
Hewitt et al. (2012) found a decreasing trend in TBI scores at MainU and Brig. With an 
additional 2 years of data the decreasing trend at MainU is no longer apparent, but still 
persists at Brig. For Nov-13, all of the middle-lower sites had scores greater than 0.3 
(intermediate levels of health, Hewitt et al. 2012). However, this was less representative of 
the past four years as more recent scores have primarily been below 0.3 (Table 15). Luc 
scored the highest of the mid-lower harbour sites with 0.49 for the last two year and was 
positioned in TBI group 1 (Table 15). The sandy lower harbour sites have the highest 
overall health, with TBI scores above 0.4 at each site for at least one of the last four years 
(Hewitt et al. 2012). However, TBI scores at all sandy lower harbour sites have also dipped 
below 0.4 at least once in the last four years which is a concern for these sites that are 
close to this threshold. In Nov-13, TBI scores resulted in only HIW being positioned in TBI 
group 1, whereas HIN and MainO were positioned in TBI group 2 (Table 15).  

 

Table 15 TBI scores for the Upper Waitematā sites over the last 4 years. 

Sites 
2010 

TBI Scores 
2011 

TBI Scores 
2012 

TBI Scores 
2013 

TBI Scores 
2013  

TBI Groups 

      
RNG 0.17 0.15 0.17 0.29 3 

BRIG 0.14 0.13 0.14 0.19 3 

MainU 0.14 0.22 0.19 0.33 2 

      
MainC 0.29 0.26 0.27 0.35 2 

Hell 0.22 0.27 0.30 0.34 2 

OHbv 0.24 0.20 0.26 0.32 2 

Luc 0.27 0.27 0.49 0.49 1 

      
MainO 0.32 0.34 0.41 0.34 2 

HIN 0.40 0.38 0.44 0.38 2 

HIW 0.42 0.36 0.37 0.47 1 
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The Benthic Health Model indicates that the Upper Waitematā Harbour sites span a range 
in health scores relating to both mud and contaminants (Table 16). The majority of sites 
still group together for both mud and contaminants (positive scores >0.04) but were 
separated from the three sandier sites of MainO, HIN and HIW (negative CAPmud and 
CAPmetal scores, Table 16). Luc had intermediate values between these two groups. Only 
HIN and HIW are found in Mud-group 2, and with the exception of MainO, all other sites 
are in Mud-group 4, indicating poor ecological health associated with high mud content 
(Table 16). All sites are either found in Metal-group 3 or 4, reflecting reasonably low health 
with respect to contaminant loads.  

Overall, the combined health scores demonstrate that the majority of the Upper Waitematā 
remains in a relatively reduced state of health (Table 16, Figure 43). There have been 
some minor improvements since the last report; now only Rng and Brig sites are grouped 
in the worst category of “unhealthy with low resilience” (previously 7 sites). However, five 
sites fall in the “poor” category, while three are now classed as “moderate” (Table 16).  

Comparing values calculated for the UWH with those from the Benthic Health Programme, 
the areas with the lowest health scores in both in the Central and Upper Waitematā tend to 
be the upper sections of creeks (Figures 43 and 44). Lucas Upper is the only creek site in 
the Upper Waitematā not found in the worst combined health category (Figure 43). There 
are now few areas left in good health although one of these, the Hobsonville Central 
Waitematā site (HBV), is at the edge of the upper Waitematā (Figure 43). Attention is 
needed in areas of moderate health to prevent them degrading.  
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Table 16  Site scores for the Benthic Health Model in relation to contaminants (CAPmetal) and mud 
(Capmud) and their associated grouping and the overall Combined Health Score.  

 

Sites 
 

CAPmetal 
 

CAPmud 
 

Metal  
GRP 

Mud  
GRP 

Combined Health 
Score 

      
RNG 0.05 0.09 4 4 1.00 

BRIG 0.07 0.07 4 4 1.00 

MainU 0.04 0.08 4 4 0.67 

      
MainC 0.01 0.06 3 4 0.69 

Hell 0.05 0.07 4 4 0.67 

OHbv 0.04 0.06 4 4 0.67 

Luc -0.01 0.03 3 4 0.58 

      
MainO -0.04 -0.01 3 3 0.62 

HIN -0.05 -0.08 3 2 0.56 

HIW -0.06 -0.05 3 2 0.44 

 

Figure 43 Map of the Upper Waitematā and the Combined Health Score of the monitored sites in relation to 
the wider Waitematā Harbour.  
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8.0 Conclusions and Recommendations 

In November 2013, the Upper Waitematā Harbour programme sites exceeded the ERC 
amber threshold for copper at Brig, Rng, MainU, HIN and MainO; an increase from the 
previous report. OHbv was the only site to exceed the ERC amber threshold for lead. On 
average, metal concentrations were lowest at the sandy lower harbour sites, highest at the 
upper harbour sites and variable at the mid-lower harbour sites and OHbv. Several trends 
recorded in the last report (Townsend et al. 2012) are still apparent with decreases in 
copper for the <63 µm sediment fraction concentration at Brig and decreases in lead for 
the same fraction at Luc. Decreases in lead are consistent with the removal of a source of 
this contaminant through the discontinuation of lead in petrol in the mid-1990s (a leaded 
fuel ban was introduced for New Zealand in 1996). Also, a new decreasing trend has been 
detected for the concentration of copper in the <63 µm sediment fraction at HIW. However, 
other trends are no longer detectable (lead concentration in the <63 µm fraction at Brig 
and HIW) which emphasizes the caution suggested by Mills et al. (2012) and Townsend et 
al. (2012) in interpreting these trends, due to analytical variability and the need for 
continued monitoring of contaminants. Across the sites, contaminant concentrations are 
still high enough to affect community composition as impacts may occur at low 
contamination levels; even within the green ERC levels (Hewitt et al. 2009).  

Sediment characteristics have not changed substantially in the last two years. Mud and 
chlorophyll a content at Luc were previously detected to be trending upward. However, a 
clearer picture is emerging of a seasonal cycle, with peak mud content occurring in May-
August and lower levels in November-February. It is likely that this is influenced by 
hydrology in the catchment; with rainfall/peak discharge periods resulting in elevated 
deposition. Trends of increasing mud and chlorophyll a content have become apparent at 
HIW and this matches the visual observations of the site (Figure 6, Plate 14). 

Macrofauna community changes have seen increased abundances of Heteromastus 
filiformis, Aricidea sp. and Paradoneis lyra across multiple sites in the last two years. The 
abundance of Austrovenus stutchburyi has been high recently at HIN, HIW and MainO, 
with strong recruitment events detected in 2012. There has also been a recovery in 
populations of Linucula hartvigiana. Many sites have a large number of species exhibiting 
seasonal and multiyear patterns in abundance, with large fluctuations between sampling 
occasions. Cyclical behaviours are becoming more obvious with the longer temporal series 
provided by continued monitoring (Table 6). The majority of trends in species abundances 
are now considered historic as the abundances are no longer changing (Tables 8, 11 and 
13). Ordination of total community composition demonstrates that some loose clustering of 
sites continues to persist. However, changes are occurring and MainO now overlaps with 
Luc, causing a gradient from the lower sandy harbour sites to the mid-lower harbour sites 
(Figure 40) rather than complete separation. Overall the TBI and Benthic Health Scores 

______________________________________________________________________________________ 
Upper Waitematā Harbour ecological monitoring programme 2005-2014 73 



 

show geographic patterns with lowest values found in creeks in the upper estuary and 
scores generally improving from middle to outer sites (Figure 43).  

Since the monitoring programme began in Nov-05, several changes have been made to 
the frequency of trips, the sites visited and the different types of sampling. ParU has been 
discontinued due to concerns about the high relative disturbance impact of sampling this 
small site. Sites LucU and HellU have been moved into the Benthic Health Programme, 
and are sampled every few years. The remaining ten sites are sampled throughout the 
year with the current design maximising the efforts at the sites closest to creek sources 
(Rangitopunui River, Brighams, Hellyers and Lucas Creeks sites) and receiving intertidal 
flats of Herald Island (HIN and HIW) which are all sampled quarterly, with the remaining 
sites (MainU, MainC, MainO and OHbv) sampled annually. Spatially there is little 
redundancy of UWH sites with each in a separate section. Across AC monitoring 
programmes, consideration could be given to reducing the number of sites in the upper 
section of the Lucas creek (LucU and Lucas Upper, Figures 43-44). However, future 
growth in the Lucas Creek catchment, and moderate levels of contaminants at Luc means 
that continued monitoring of this lower UWH site is essential. Similarly, the higher levels of 
metal/metalloid contaminants at OHbv and the accumulation of fine sediments at HIN and 
HIW deserve continued observation. The current design enables close scrutiny of the sites 
most likely to be affected by land-use change. However, if financial constraints make 
further design adaptation essential, consideration could be given to resting the upper 
muddy sites or sampling them less frequently. Rng, Brig and MainU no longer have active 
trends in species, and the species that are present have had fairly consistent cyclical 
patterns in abundance (Table 9). Rng and Brig are both currently sampled four times per 
year, whereas MainU is sampled once in November. Sampling of Rng could be reduced to 
just the November sampling only alongside MainU, which would still retain information on 
all sites annually. Alternatively, Rng which is the smallest of the upper sites could be 
rested for a number of years. Despite the current low rates of change at Brig, we do not 
suggest decreasing sampling at this site sue to the proposed developments in the 
Whenuapai village area (1500 new sections within a 48 ha development area) which will 
feed into its catchment. 

Other site recommendations include: 

• For sites which are highly muddy (>80%), changes in mud percentage are likely to be 
small and difficult to detect from grain-size sampling alone. Therefore, consideration 
should be given to evaluating the rates of sediment deposition at sites within the Upper 
Waitematā beyond that of model predictions. A methodology suitable for these 
environments and with appropriate precision and accuracy would need to be sourced.  

• Sampling of Rng, Brig, Hell, MainU, MainC and OHbv by pole core at high tide is an 
effective way of minimizing the damage to these sites that would be incurred if samples 
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were collected on foot. The disadvantage of boat sampling is that observational 
information is not obtained, i.e., proportion of site influenced by drainage channels, 
large debris or noticeable changes to surface texture. The majority of sites have not 
been visited at low tide since 2006, and the photos and notes of their visual 
characteristics are now outdated (Plates 1-5, 15 and 16). It is recommended that a site 
visit is undertaken at low water within the next year. Detailed notes can be collected on 
sediment surface features, evidence of sampling impacts and site layouts re-evaluated 
in light of observations.  

Separating the top and bottom sections of the sediment for contaminants can provide 
insight into how metal, metalloid and organic concentrations change with depth. 
Contaminants can be sequestered and accumulate in bottom sediment over time, but are 
also impacted by bioturbation and the direction of sediment movement by organisms. 
Sediment depth affects the redox conditions, which in turn can influence the concentration, 
state and availability of contaminants e.g., manganese (Hewitt et al. 2006), and the 
amount of organic material. It has previously been noted that there is an absence of strong 
depth gradients in the sediment for multiple contaminants in the Upper Waitematā and that 
surficial sediments provide a good indication of site chemistry (Hewitt et al. 2006). We 
have shown that difference between top and bottom sediment has been small (~10%) and 
that differences between bottom concentrations between 2005 and 2009 have also been 
low (~17%). We do note however, that for certain sites, differences have been higher e.g. 
MainO and HIW, and that bottom contaminant concentrations are predicted to increase 
over time. Bottom samples were scheduled for analysis in November 2013 but did not 
occur. We recommend that bottom samples should be analysed at least every 6 years 
and, with their last monitoring in Nov-09, the next sampling should be conducted in Nov-15 
prior to the Jun-16 report (Table 17). Analytical variability has been an issue in the past 
(Mills et al. 2012) and unless between-batch variation can be improved, there is only a low 
ability to track changes over time in sediment contamination. This is emphasised for 
bottom samples which, with the infrequency of sampling, have low amounts of data over 
the time series. Since 2009, contaminant methodologies have been standardised (use of a 
single analysis providers, standardisation of sediment preparation procedures, increased 
inter-batch replication and blind replication to determine annual variability (Mills et al. 
2012)). If a single provider is maintained this will increase data consistency moving 
forward.  

Overall contaminants are not increasing rapidly and the results from the first eight years 
show relatively minor changes over time (Figures 8-19); although some exceedance of 
ERC thresholds. Given these low rates of change and high costs involved in sample 
analysis, the following recommendations are given to further refine the UWH contaminant 
sampling protocol:  
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• As environmental monitoring reports are moving to a triennial basis, we recommend 
that contaminant analysis matches this to stay in phase and provide up-to-date 
contaminant information in the year of reporting (Table 17). Contaminant analysis 
should thus be conducted for the Upper Waitematā sites in the November 
preceding a report. If the triennial basis for reporting continues, the reports will 
occur in Jun-16, Jun-19 and Jun-22 and so contaminant analysis should be 
undertaken in Nov-15, Nov-18 and Nov-21 (Table 17). Reducing the frequency of 
sample analysis in between report years will increase cost savings for Auckland 
Council and may facilitate the analysis of more metal/organic contaminants and 
increased replication when sampling is undertaken (Table 17).  

• We recommend that every three years surface sediment is analysed for copper, 
lead and zinc as the principal contaminants and also the concentrations of arsenic, 
cadmium, mercury and nickel. Nickel levels have been close to the TEL at Luc and 
exceeded the arsenic TEL, ERL and ISQG-Low levels at this site. Cadmium is used 
in fertilizer and, given the rural nature of the upper catchments, should be also be 
monitored relatively frequently (Table 17). Iron, chromium and manganese could be 
sampled less frequently given their relative stability and, in the case of chromium, 
being substantially below the TEL guideline. PAHs would ideally be analysed every 
three years if funding is available, although it is noted that these are below the 
environmental guidelines. Collecting and analysing three replicates gives greater 
confidence in the results and an indication of variability. Thus, less frequent, but 
replicated contaminant analysis is preferable to more frequent, un-replicated 
monitoring. If any of the contaminants that we have recommended to be sampled at 
a lower frequency are detected in unusual or high concentrations, or other aspects 
relating to the environment of the catchment areas change, then consideration 
should be given to increasing the frequency of analysis.  
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Table 17 Recommend revised sampling protocol for the UWH Monitoring Programme. *Note Rng and Brig 
may move from the second to the third column depending on the uptake of other recommendations.  

 

Macrofauna, 
GS/Organics 

and Chla for 6 
sites: Rng*, 

Brig*, HIN, HIW, 
Luc and Hell 

Macrofauna, 
GS/Organics 

and Chla for 4 
sites: MainU, 

MainC, MainO 
and Ohbv 

Chemistry 10 
sites top layer 
(0-2cm) for Zn, 

Cu, Pb, As, 
Cd, Hg, Ni, 

Ideally PAHs 

Chemistry 10 sites 
top layer 

(0-2cm) for iron, Cr, 
Mn, PAHs if not 
sampled at the 
previous time. 

Chemistry 10 sites 
bottom layer (5 – 15 

cm) for iron, 
manganese, arsenic, 
PAH, Cu, Zn, Pb; Cr, 

Cd and Ni 

20
13

 

Feb Yes     
May Yes     
Aug Yes     

Nov Yes Yes Yes 
 

Yes 
Scheduled but did not 

occur 

20
14

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
15

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes Yes Yes Yes 

20
16

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
17

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
18

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes Yes   

20
19

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
20

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
21

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes Yes Yes Yes 

20
22

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    
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11.0 Plates 

Plates 1 – 16 are photographs taken during either the November 2006 site investigation (where all 
sites were visited at low water) or more recently.  

Plate 1:   

Site Rng (Rangitopuni catchment). Muddy sediment with mangrove pneumatophores (Nov-2006). 

  
 
Plate 2: 
Land development on the bank opposite the Rng site (Feb-14). 
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Plate 3 

Site Brig (Brighams Creek) in November 2006: Deep fine mud with a fluffy layer on top. 

 

Plate 4:  
Site MainU (Main channel upper) in November 2006. Deep fine mud with crab burrows and some deeper channels 
at eastern end of site. 
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Plate 5: 
Site MainC (Main central channel) in November 2006. Waist deep fine sediment.  

 
 

Plate 6: 
Site HIN (North facing Herald Island) in November 2006: Sandy with mud patches and areas of cockle shells 
(small banks).  
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Plate 7: 
Site HIN in February 2014. Muddier areas are visually apparent and noticeable surface debris. Small banks/ridges 
of shell hash are still noticeable. 
  

 
 
 
Plate 8: 

Site Luc (Lucas Creek) in November 2006: Soft fine mud over clay layer. 
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Plate 9: 
Site Luc in February 2014 

 

Plate 10: 
Site MainO (Outer Main Channel) in November 2006: Sand flat with a muddy component to the site.  
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Plate 11: 
Site MainO in November 2013. Looking back across the site (relative to the photo above) 
 

   
 
Plate 12: 
The Sediment surface of the MainO site on the sandier side in November 2012. 
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Plate 13: 
Site HIW (Herald Island on the Waiarohia catchment side) in November 2006: Sandflat surrounded by muddier 
sediment.  

 
 
Plate 14: 
Site HIW in November 2013: 
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Plate 15: 
Site Hell (Hellyers Creek): Soft fine mud.  

 

Plate 16: 
Site OHbv (Central Waitematā East) in November 2006: Deep fine mud and channels across the site. 
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12.0 Appendices 

12.1  Appendix 1 

Historic sampling protocol for the UWH Monitoring Programme for 2005-2009. *Since November 2007, 
ParU has not been sampled.  
 

 

Macrofauna, 
GS/Organics and 
Chla for 9 sites: 

Rng, Brig, MainU, 
MainC, HIN, Luc, 
MainO, Hell and 

OHbv 

Macrofauna 
GS/Organics 

and Chla for 4 
sites: ParU*, 
LucU, HellU 

and HIW 

Hbv 
Macrofauna 
with CWH 
monitoring 
program 

Chemistry 14 
sites top layer 
(0-2 cm) for 
Fe, Mn, As, 

PAH, Cu, Zn, 
Pb; Cr, Cd 

and Ni. 

Chemistry 14 sites 
bottom layer (5 – 10 
cm) for Fe, Mn, As, 
PAH, Cu, Zn, Pb; 

Cr, Cd and Ni  
 for both top and 
bottom layers. 

GS/Organics bottom 
layer 

2005 Nov Yes Yes  Yes Yes 

20
06

 

Feb Yes Yes Yes   
May Yes Yes    
April   Yes   
Aug Yes  Yes   
Oct   Yes   
Nov Yes Yes  Yes  

20
07

 

Feb Yes  Yes   
May Yes     
April   Yes   
Aug Yes  Yes   
Oct   Yes   
Nov Yes Yes  Yes  

20
08

 

Feb Yes  Yes   
May Yes     
April   Yes   
Aug Yes  Yes   
Oct   Yes   
Nov Yes Yes  Yes Delayed to 2009 

20
09

 

Feb Yes  Yes   
May Yes     
April   Yes   
Aug Yes  Yes   
Oct   Yes   
Nov Yes Yes  Yes Yes 
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Sampling protocol for the UWH Monitoring Programme for 2010 to 2014. 

 

Macrofauna, 
GS/Organics and 
Chla for 6 sites: 
Rng, Brig, HIN, 
HIW, Luc and 

Hell 

Macrofauna, 
GS/Organics 

and Chla for 4 
sites: MainU, 

MainC, MainO 
and Ohbv 

Chemistry 10 
sites top layer 
(0-2 cm) for 
copper, zinc 

and lead 

Chemistry 10 
sites top layer 

(0-2 cm) for Fe, 
Mn, As, PAH, 

Cu, Zn, Pb; Cr, 
Cd and Ni. 

Chemistry 10 sites 
bottom layer, (5 – 
10 cm) for Fe, Mn, 
As, PAH, Cu, Zn, 
Pb; Cr, Cd and Ni. 

GS/Organics 
bottom layer 

20
10

 

Feb Yes - not HIW Yes    
May Yes     
Aug Yes     
Nov Yes Yes    

20
11

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes Yes   

20
12

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    

20
13

 

Feb Yes     
May Yes     
Aug Yes     

Nov Yes Yes Yes 
Yes (also 1st 

sampling for Hg 
Collected not 

analysed 

20
14

 

Feb Yes     
May Yes     
Aug Yes     
Nov Yes Yes    
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12.2  Appendix 2 

Sediment chemistry results of <63 µm extractable metals and <500 µm total recoverable 
digest for zinc, copper and lead at all sites. Concentrations are the mean of 3 replicates. 
Position refers to sampling position within the sediment core, with the top (T) being the top 
2 cm of sediment and the bottom (B) sediment between 5 and 10 cm depth. 
 

Year 2005 2006 2007 2008 2009 2011 2013 

Position T B T T T T B T T 

Zinc <63 µm extractable metals 
RNG 92.3 93.0 98.7 108.3 95.0 98.0 93.0 100.7 110.3 
BRIG 99.3 97.0 100.7 102.0 89.7 87.7 88.0 90.9 100.3 
MAINU 91.3 92.7 103.7 112.0 91.3 87.7 86.3 100.4 100.3 
MAINC 95.7 63.8 110.3 110.7 102.7 97.3 90.3 105.9 108.0 
LUC 117.7 109.3 110.0 122.7 101.7 93.3 102.3 104.5 111.3 
OHBV 95.3 105.7 124.7 115.3 106.0 96.0 99.7 100.0 109.3 
HELL 84.7 82.0 87.7 96.7 86.7 75.0 63.0 88.0 87.7 
MAINO 94.3 85.7 104.0 113.7 92.7 99.3 97.3 89.2 107.7 
HIN 105.0 77.3 110.7 123.3 99.7 105.0 80.3 94.8 104.7 
HIW 98.3 86.3 104.0 105.3 103.7 100.0 82.7 86.7 100.7 

Copper <63 µm extractable metals  

RNG 20.0 20.0 20.0 22.0 19.3 20.1 18.8 18.9 20.6 
BRIG 21.0 20.3 19.7 20.3 19.5 18.6 18.0 17.8 19.1 
MAINU 18.0 18.7 19.7 21.0 18.1 17.1 17.6 18.7 18.1 
MAINC 17.3 11.7 20.0 20.7 18.7 17.9 16.9 18.8 18.4 
LUC 20.7 19.7 19.7 21.7 17.6 16.1 19.7 19.0 20.1 
OHBV 16.7 19.7 22.0 21.0 18.9 16.5 17.7 17.3 18.7 
HELL 16.0 16.3 15.7 18.3 16.6 14.1 9.9 16.5 15.5 
MAINO 20.7 24.7 23.7 23.3 18.5 19.7 26.7 18.4 20.3 
HIN 21.7 14.0 29.3 23.0 20.5 21.2 14.5 18.4 19.2 
HIW 18.7 16.0 20.3 20.0 18.8 18.9 14.0 15.9 17.3 

Lead <63 µm extractable metals 

RNG 24.4 25.8 27.4 29.7 25.7 26.7 27.0 23.7 26.7 
BRIG 27.6 27.9 26.6 28.3 26.0 25.7 28.3 22.6 25.3 
MAINU 26.6 27.6 27.0 30.0 26.3 24.7 27.0 24.3 24.3 
MAINC 27.6 20.3 32.4 32.7 29.3 29.7 33.3 27.7 29.0 
LUC 32.6 33.0 30.3 33.3 28.3 26.0 31.0 26.0 27.3 
OHBV 30.3 35.7 36.9 36.0 34.3 29.0 33.7 27.2 31.3 
HELL 29.6 31.6 28.3 32.0 30.0 26.0 22.4 25.1 26.7 
MAINO 27.5 30.4 31.9 32.7 27.3 28.3 31.7 23.3 29.0 
HIN 33.5 27.5 27.5 33.3 29.0 32.0 30.3 23.6 27.0 
HIW 30.5 31.8 29.1 31.3 29.3 28.7 29.7 22.6 27.3 
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Year 2005 2006 2007 2008 2009 2011 2013 

Position T B T T T T B T T 

Zinc <500 µm extractable metals 
RNG 85.9 84.3 99.9 109.0 103.3 103.3 103.3 105.9 105.0 
BRIG 94.8 89.6 98.6 108.0 102.3 107.0 99.0 100.3 98.3 
MAINU 83.2 84.2 98.2 111.0 97.3 102.0 89.7 99.0 93.0 
MAINC 93.6 92.5 100.9 106.0 105.0 103.7 96.3 99.7 110.3 
LUC 87.3 90.3 111.0 110.0 97.7 90.7 89.7 99.3 83.0 
OHBV 101.0 106.0 118.3 119.7 115.3 111.7 111.0 116.6 113.7 
HELL 83.6 79.4 102.1 81.3 104.3 79.7 67.7 82.4 81.0 
MAINO 45.0 43.2 57.9 65.7 71.3 72.3 69.7 46.8 62.3 
HIN 53.3 38.3 40.5 53.3 49.0 46.3 38.3 51.0 41.7 
HIW 24.9 25.9 19.4 17.3 18.8 20.8 20.1 19.0 29.7 

Copper <500 µm extractable metals 
RNG 22.6 21.0 23.3 24.0 22.7 23.7 24.0 23.5 23.0 
BRIG 22.9 21.2 22.8 22.7 21.3 20.1 18.6 22.1 21.3 
MAINU 19.8 20.2 22.7 24.3 22.0 22.7 20.2 22.4 20.2 
MAINC 13.1 12.7 13.4 12.3 11.8 11.2 12.0 9.8 13.9 
LUC 12.9 14.9 14.0 12.7 11.5 13.2 12.2 13.9 12.5 
OHBV 21.9 23.1 24.2 20.7 19.6 21.0 20.3 21.4 18.6 
HELL 16.2 12.9 9.4 13.7 11.2 12.8 11.1 12.7 11.5 
MAINO 10.9 11.7 16.0 14.6 16.4 14.3 17.1 9.1 11.2 
HIN 10.5 7.4 8.0 6.0 6.5 5.5 5.7 6.2 5.7 
HIW 5.5 5.1 3.8 2.7 3.1 3.4 3.5 2.9 4.9 

Lead <500 µm extractable metals  

RNG 22.6 22.3 30.2 27.0 26.7 25.3 26.3 25.9 24.3 
BRIG 24.6 23.7 26.7 26.0 25.3 27.7 26.7 24.8 25.0 
MAINU 23.5 24.6 27.0 28.3 26.7 26.7 25.0 25.5 24.0 
MAINC 25.5 25.4 27.2 27.0 27.0 27.0 27.0 24.7 28.3 
LUC 24.4 24.2 32.4 29.0 25.7 23.7 23.0 25.9 21.3 
OHBV 30.2 32.9 42.9 33.3 33.0 32.3 33.3 30.9 31.3 
HELL 23.8 22.3 18.6 21.7 21.3 21.5 19.8 19.7 18.2 
MAINO 17.5 15.6 18.5 18.7 26.5 20.7 22.5 13.1 16.6 
HIN 16.6 13.5 13.4 13.3 14.9 15.3 14.4 13.4 11.6 
HIW 7.5 9.1 7.3 5.4 1.4 1.5 1.6 5.7 11.3 
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12.3  Appendix 3 

Surface sediment characteristics at the 10 sampling locations, from Nov-05 to Feb-14. 
Chla = Chlorophyll a in μg per g of sediment; percent of coarse sand (500 – 2000 µm), 
medium sand (250 – 500 µm), fine sand (63 – 250 µm), mud (< 63 µm), and organic 
content.  
Site Date Series %gravel %coarse %medium %fine %mud %organics chla ug/g 
  

 
  

 
sand sand sand 

 
    

Brig Nov-05 1 0.00 0.23 1.99 8.53 89.25 8.68 6.68 
Feb-06 2 0.00 0.00 0.19 3.52 96.30 6.72 8.52 
May-06 3 0.00 0.11 0.50 1.84 97.55 7.96 11.46 
Aug-06 4 0.34 0.55 2.84 9.06 87.22 8.23 7.33 
Nov-06 5 0.00 0.00 0.00 18.76 81.24 8.02 8.14 
Feb-07 6 0.09 1.15 3.81 9.44 85.51   10.09 
May-07 7 0.00 0.30 0.86 4.89 93.96 7.46 10.77 
Aug-07 8 0.00 0.29 1.70 5.71 92.30 9.46 10.31 
Nov-07 9 0.00 0.56 1.99 14.34 83.11 6.83 7.11 
Feb-08 10 0.10 0.33 1.37 5.98 92.22 7.75 10.78 
May-08 11 0.00 0.39 2.35 7.43 89.83 6.84 5.05 
Aug-08 12 0.00 0.37 1.02 5.79 92.81   10.44 
Nov-08 13 0.00 0.04 0.74 7.94 91.29   8.82 
Feb-09 14 0.00 0.05 0.97 6.67 92.31 8.18 5.84 
May-09 15 0.00 1.42 5.87 16.03 76.68 6.67 4.93 
Aug-09 16 0.00 0.21 1.13 5.95 92.71 6.86 9.86 
Nov-09 17 0.03 0.60 3.44 11.15 84.78 7.32 4.01 
Feb-10 18 0.00 0.71 2.76 11.24 85.28 7.29 6.99 
May-10 19 0.00 0.66 3.83 11.65 83.86 5.70 4.13 
Aug-10 20 0.35 0.00 1.94 8.29 89.41 7.55 5.73 
Nov-10 21 0.00 0.00 0.38 3.04 96.58 7.64 4.82 
Feb-11 22 0.00 1.30 7.76 15.14 75.80 6.12 10.55 
May-11 23 0.00 0.20 1.71 13.22 84.87 6.29 9.40 
Aug-11 24 0.00 0.00 1.17 9.55 89.29 9.56 13.07 
Nov-11 25 0.00 0.12 0.67 8.55 90.67 9.47 17.88 
Feb-12 26 0.00 0.17 0.95 8.51 90.36 9.63 3.98 
May-12 27 0.00 0.56 2.91 10.02 86.51 7.60 10.32 
Aug-12 28 0.00 0.52 1.79 9.92 87.77 6.04 7.34 
Nov-12 29 0.00 0.10 0.54 7.32 92.04 7.700 8.94 
Feb-13 30 0.00 0.13 1.10 8.78 89.99 6.443 7.11 
May-13 31 0.00 0.02 0.09 2.52 97.37 6.778 15.59 
Aug-13 32 0.00 0.35 3.01 15.13 81.50 5.421 11.45 
Nov-13 33 0.00 0.08 0.51 9.68 89.73 6.298 10.61 
Feb-14 34 0.00 0.00 0.33 7.01 92.66 5.766 12.18 

HELL Nov-05 1 0.00 0.12 1.50 37.30 61.08 6.00 16.65 
Feb-06 2 0.00 0.33 2.86 44.00 52.80 3.15 15.63 
May-06 3 0.00 0.28 1.48 13.40 84.84 6.45 12.79 
Aug-06 4 0.00 0.43 1.10 9.33 89.14 7.04 7.80 
Nov-06 5 0.22 1.50 8.19 51.98 38.11 2.40 13.75 
Feb-07 6 0.00 0.62 5.68 51.43 42.27   18.57 
May-07 7 0.00 0.18 1.99 43.82 54.02 3.92 20.86 
Aug-07 8 1.44 0.40 3.52 63.37 31.26 3.58 25.00 
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Nov-07 9 0.00 0.49 5.69 55.43 38.39 3.43 13.98 
Feb-08 10 0.00 0.53 1.52 45.68 52.27 4.22 16.73 
May-08 11 0.04 0.33 4.11 42.40 53.13 3.90 19.03 
Aug-08 12 0.00 0.13 2.02 65.96 31.89 3.00 24.98 
Nov-08 13 0.00 0.24 2.67 51.49 45.59 3.88 20.64 
Feb-09 14 0.00 0.24 2.42 61.12 36.23 3.17 19.14 
May-09 15 0.18 0.23 2.52 49.47 47.59 3.81 14.10 
Aug-09 16 0.02 0.47 4.72 49.37 45.42 3.07 18.57 
Nov-09 17 0.00 0.31 4.89 48.06 46.74 4.68 12.84 
Feb-10 18 0.00 0.28 6.20 53.08 40.44 2.87 12.38 
May-10 19 0.00 0.35 5.13 43.69 50.82 4.56 13.75 
Aug-10 20 0.00 0.47 3.38 42.07 54.09 3.34 17.43 
Nov-10 21 0.08 0.13 2.48 44.62 52.69 3.89 19.26 
Feb-11 22 0.00 0.18 2.39 36.39 61.03 3.46 17.77 
May-11 23 0.00 0.00 1.08 40.11 58.80 3.49 13.76 
Aug-11 24 0.00 0.05 1.50 36.87 61.58 6.10 16.05 
Nov-11 25 0.00 0.29 3.51 49.70 46.50 3.91 6.66 
Feb-12 26 0.00 0.11 2.19 40.78 56.92 5.69 30.26 
May-12 27 0.00 0.18 3.41 46.18 50.23 3.78 19.94 
Aug-12 28 0.00 0.09 1.50 40.87 57.54 3.20 20.64 
Nov-12 29 0.00 0.30 3.97 50.90 44.83 3.154 22.24 
Feb-13 30 0.22 0.30 1.96 42.73 54.78 3.354 16.28 
May-13 31 0.00 0.19 2.28 51.57 45.96 2.634 23.15 
Aug-13 32 0.00 0.32 4.63 46.69 48.36 2.910 21.54 
Nov-13 33 0.00 0.33 6.38 55.50 37.79 2.538 17.53 
Feb-14 34 0.00 0.12 2.81 45.97 51.09 2.782 18.51 

HIN Nov-05 1 1.60 6.20 23.28 62.77 6.15 1.62 10.42 
Feb-06 2 0.00 0.70 3.46 67.43 28.41 2.67 19.53 
May-06 3 5.04 4.77 19.87 60.44 9.87 2.00 10.76 
Aug-06 4 11.22 6.68 21.41 51.75 8.93 1.96 9.98 
Nov-06 5 12.46 3.96 16.71 60.55 6.32 1.33 23.38 
Feb-07 6 0.52 3.41 20.19 63.42 12.46   24.76 
May-07 7 6.47 2.96 19.32 57.75 13.50 2.43 47.91 
Aug-07 8 2.56 1.33 13.23 69.89 13.00 2.66 18.79 
Nov-07 9 0.00 3.66 21.79 68.53 6.02 1.99 25.67 
Feb-08 10 3.69 1.43 17.62 65.45 11.81 2.53 22.70 
May-08 11 2.14 2.90 22.35 53.93 18.69 2.45 30.26 
Aug-08 12 1.72 1.45 11.84 67.75 17.24 2.14 29.11 
Nov-08 13 6.89 3.81 25.27 54.84 9.19 2.40 28.89 
Feb-09 14 4.69 4.34 22.71 58.05 10.21 1.99 32.10 
May-09 15 4.23 26.34 52.65 16.12 0.65 2.92 35.30 
Aug-09 16 8.15 4.45 31.17 47.69 8.53 1.99 32.10 
Nov-09 17 2.93 5.61 26.49 55.86 9.10 2.22 15.82 
Feb-10 18 1.12 3.39 28.31 51.71 15.47 2.20 19.72 
May-10 19 2.43 6.01 22.16 53.14 16.26 2.98 14.67 
Aug-10 20 3.43 3.90 28.12 51.89 12.66 2.10 18.80 
Nov-10 21 4.72 5.03 24.40 50.81 15.04 2.11 17.89 
Feb-11 22 2.60 6.04 26.28 51.68 13.40 1.96 24.30 
May-11 23 0.55 3.12 17.53 63.27 15.53 1.80 17.02 
Aug-11 24 2.27 4.82 20.31 54.79 17.81 3.12 16.97 
Nov-11 25 0.48 2.28 26.33 55.47 15.44 3.05 16.25 
Feb-12 26 8.80 4.28 20.31 50.59 16.01 2.68 21.78 
May-12 27 0.00 2.33 15.78 46.77 35.12 4.14 20.64 
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Aug-12 28 0.36 2.99 17.23 57.32 22.10 2.18 20.64 
Nov-12 29 2.73 5.98 21.81 56.77 12.70 1.461 15.59 
Feb-13 30 1.92 4.03 18.89 58.96 16.20 2.188 17.20 
May-13 31 3.41 4.14 17.36 60.44 14.65 1.480 23.61 
Aug-13 32 3.06 4.63 19.72 58.53 14.06 1.714 21.79 
Nov-13 33 2.36 6.30 30.66 51.30 9.37 2.003 18.95 
Feb-14 34 0.65 6.76 26.72 54.51 11.36 1.294 13.86 

HIW Nov-05 1 5.52 1.53 13.74 68.66 10.54 1.32 7.33 
Feb-06 2 0.00 1.12 9.85 66.73 22.30 2.07 13.88 
May-06 3 3.42 2.34 20.58 62.85 10.81 1.16 7.67 
Aug-06 4 1.04 2.60 21.43 66.03 8.90 1.18 7.68 
Nov-06 5 0.77 2.85 20.77 66.67 8.93 0.72 8.94 
Nov-07 9 0.00 4.00 20.98 67.98 7.04 1.32 12.15 
Nov-08 13 4.75 2.03 16.21 66.07 10.95 1.36 11.81 
Nov-09 17 0.45 3.57 27.85 60.89 7.23 1.55 8.94 
Nov-10 21 1.08 2.66 20.75 63.83 11.68 1.16 11.23 
Aug-11 24 0.18 0.88 5.08 76.14 17.71 2.31 20.17 
Nov-11 25 2.02 1.25 12.38 70.79 13.56 1.67 7.36 
Feb-12 26 2.01 0.84 6.64 72.42 18.09 2.01 15.82 
May-12 27 0.66 0.95 7.86 73.01 17.52 1.83 14.22 
Aug-12 28 1.49 1.62 5.09 68.62 23.19 1.57 15.59 
Nov-12 29 1.00 1.49 6.68 71.40 19.44 1.15 14.67 
Feb-13 30 0.69 0.83 5.39 68.95 24.14 1.88 11.69 
May-13 31 0.09 0.79 5.96 68.54 24.61 1.48 21.55 
Aug-13 32 0.94 1.04 6.98 75.81 15.22 1.11 18.80 
Nov-13 33 0.05 0.56 5.90 72.64 20.85 2.01 16.22 
Feb-14 34 0.00 0.80 5.34 75.02 18.83 1.15 15.38 

MainC Nov-05 1 0.00 0.77 4.85 73.80 20.58 4.24 8.78 
Feb-06 2 0.00 1.20 7.56 71.07 20.17 2.38 10.05 
May-06 3 0.00 0.63 5.60 75.75 18.02 3.25 10.96 
Aug-06 4 0.00 0.27 0.49 67.57 31.67 6.16 11.92 
Nov-06 5 0.00 0.72 1.88 72.78 24.62 4.47 13.75 
Feb-07 6 1.65 0.66 3.29 65.28 29.11   11.92 
May-07 7 0.19 0.96 1.44 68.99 28.43 4.83 11.92 
Aug-07 8 0.06 0.44 1.22 71.42 26.86 5.80 14.89 
Nov-07 9 0.00 0.56 1.21 70.58 27.65 4.57 10.66 
Feb-08 10 0.03 0.61 1.09 77.17 21.10 4.73 8.37 
May-08 11 0.04 0.32 0.99 67.40 31.25 3.70 10.54 
Aug-08 12 0.00 0.29 0.77 69.78 29.16 4.87 11.92 
Nov-08 13 0.00 0.49 0.80 71.31 27.40 5.41 12.15 
Feb-09 14 0.22 1.01 5.61 66.15 27.01 3.20 13.99 
May-09 15 0.00 0.77 1.15 74.67 23.41 5.02 11.69 
Aug-09 16 0.14 0.96 1.16 75.27 22.48 6.30 15.13 
Nov-09 17 0.11 0.80 1.03 73.01 25.04 4.57 9.74 
Feb-10 18 0.06 0.47 1.22 72.21 26.04 4.53 11.58 
May-10 19 0.00 0.89 1.82 72.74 24.55 4.81 11.69 
Nov-10 21 0.00 0.40 0.92 71.49 27.18 4.61 8.14 
Nov-11 25 0.00 3.69 2.18 69.43 24.70 5.08 9.87 
Nov-12 29 0.00 0.56 1.77 68.18 29.49 3.995 14.22 
Nov-13 33 0.00 0.58 1.02 70.48 27.92 4.108 11.74 

Luc Nov-05 1 1.69 9.69 16.08 42.46 30.08 3.33 9.52 
Feb-06 2 0.12 4.13 11.08 49.69 34.97 4.29 10.48 
May-06 3 1.13 7.98 34.36 28.56 27.97 4.52 7.32 
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Aug-06 4 0.00 4.37 11.75 52.95 30.94 4.35 9.06 
Nov-06 5 0.00 4.24 17.62 47.30 30.84 3.21 11.24 
Feb-07 6 1.64 6.46 11.12 43.03 37.75   14.68 
May-07 7 0.21 8.64 27.78 45.12 18.24 2.81 9.17 
Aug-07 8 0.58 11.30 23.52 43.03 21.57 5.22 13.30 
Nov-07 9 0.00 10.36 23.19 45.63 20.82 3.38 11.92 
Feb-08 10 0.39 5.75 18.52 46.56 28.79 3.84 13.99 
May-08 11 1.65 9.44 26.40 40.30 22.22 2.91 12.38 
Aug-08 12 0.17 6.57 20.27 34.55 38.44 4.57 42.65 
Nov-08 13 3.91 11.41 26.36 31.62 26.70 3.28 10.54 
Feb-09 14 0.00 6.76 11.86 39.15 42.24 3.93 14.44 
May-09 15 0.25 5.77 19.30 44.36 30.32 4.40 16.05 
Aug-09 16 0.20 1.41 3.47 32.79 62.13 5.43 21.78 
Nov-09 17 0.06 1.51 6.95 46.19 45.29 4.00 9.40 
Feb-10 18 0.18 5.40 19.57 46.40 28.45 3.49 13.29 
May-10 19 0.00 1.39 5.17 51.81 41.63 5.76 13.87 
Aug-10 20 0.64 6.89 18.12 40.38 33.97 4.27 16.05 
Nov-10 21 4.77 6.91 24.56 41.37 22.39 2.71 12.84 
Feb-11 22 0.24 1.53 8.15 50.84 39.24 3.53 22.01 
May-11 23 0.00 3.97 16.99 37.57 41.46 3.53 14.44 
Aug-11 24 0.00 0.38 4.79 24.17 70.66 8.87 26.14 
Nov-11 25 0.00 3.94 17.54 47.62 30.89 4.57 12.37 
Feb-12 26 0.00 3.15 10.01 39.62 47.22 5.58 20.86 
May-12 27 0.00 1.05 3.99 25.06 69.90 7.02 21.78 
Aug-12 28 0.02 2.98 12.74 45.85 38.41 3.58 22.47 
Nov-12 29 0.71 5.60 14.38 47.38 31.94 3.917 15.60 
Feb-13 30 2.13 2.52 7.97 36.10 51.28 4.819 15.59 
May-13 31 0.00 4.92 10.48 24.19 60.41 4.367 31.19 
Aug-13 32 0.66 2.05 11.08 45.07 41.13 4.023 21.99 
Nov-13 33 0.27 10.51 30.15 34.95 24.11 2.986 7.43 
Feb-14 34 0.11 6.45 26.43 45.86 21.15 2.409 11.19 

Rng Nov-05 1 0.00 0.00 0.00 8.41 91.59 9.60 8.09 
Feb-06 2 0.00 0.00 0.20 3.36 96.43 6.64 13.73 
May-06 3 0.00 0.12 0.20 2.87 96.80 8.95 14.65 
Aug-06 4 0.00 0.10 0.10 2.31 97.50 9.72 4.36 
Nov-06 5 0.00 0.20 0.41 5.94 93.44 9.24 8.03 
Feb-07 6 0.00 0.09 0.21 4.81 94.89   8.48 
May-07 7 0.00 0.03 0.03 3.52 96.41 8.29 7.91 
Aug-07 8 0.00 0.05 0.07 3.74 96.14 9.48 11.00 
Nov-07 9 0.00 0.07 0.07 2.88 96.97 9.56 8.48 
Feb-08 10 0.04 0.22 0.22 4.88 94.63 9.83 7.80 
May-08 11 0.00 0.26 0.16 5.32 94.26 9.40 22.46 
Aug-08 12 0.00 0.00 0.09 3.34 96.56   15.36 
Nov-08 13 0.00 0.03 0.03 4.44 95.51   13.75 
Feb-09 14 0.24 0.12 0.61 6.64 92.38 8.65 16.50 
May-09 15 0.11 0.09 0.25 2.32 97.23 9.87 22.46 
Aug-09 16 0.00 0.31 0.09 2.05 97.56 8.99 21.78 
Nov-09 17 0.05 0.26 0.46 5.02 94.21 10.31 4.70 
Feb-10 18 0.00 0.12 0.19 2.66 97.04 8.46 16.74 
May-10 19 0.00 0.05 0.40 2.85 96.70 8.01 16.73 
Aug-10 20 0.00 0.15 0.21 2.73 96.91 9.06 9.63 
Nov-10 21 0.00 0.00 1.55 4.96 93.49 6.13 6.65 
Feb-11 22 0.07 0.17 0.17 2.53 97.07 8.65 17.88 
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May-11 23 0.00 0.08 0.19 5.41 94.33 7.36 13.07 
Aug-11 24 0.00 0.02 0.09 3.77 96.12 12.40 28.66 
Nov-11 25 0.00 0.15 0.19 2.57 97.08 10.85 7.33 
Feb-12 26 0.00 0.13 0.26 3.10 96.51 11.17 9.91 
May-12 27 0.00 0.00 0.16 2.39 97.45 9.99 14.68 
Aug-12 28 0.00 0.00 0.06 4.18 95.76 8.39 13.75 
Nov-12 29 0.00 0.03 0.10 4.42 95.46 7.859 12.16 
Feb-13 30 0.06 0.06 0.15 1.98 97.76 7.309 10.08 
May-13 31 0.00 0.07 0.14 5.73 94.07 6.710 36.23 
Aug-13 32 0.00 0.05 0.05 3.21 96.68 10.441 15.58 
Nov-13 33 0.00 0.00 0.02 5.75 94.23 7.661 12.03 
Feb-14 34 0.00 0.00 0.03 4.03 95.94 6.122 14.77 

OHbv Nov-05 1 0.00 0.04 0.19 24.59 75.19 5.79 8.48 
Feb-06 2 0.00 0.24 0.10 11.95 87.71 5.30 10.96 
May-06 3 0.00 0.24 1.33 26.42 72.02 4.94 9.06 
Aug-06 4 0.37 0.41 3.07 46.18 49.97 3.71 10.20 
Nov-06 5 0.00 0.13 0.37 22.64 76.86 6.13 5.96 
Feb-07 6 0.00 0.18 0.38 15.60 83.85   9.63 
May-07 7 0.00 0.10 2.90 32.68 64.32 5.30 9.29 
Aug-07 8 0.00 0.49 2.04 19.98 77.49 8.10 18.80 
Nov-07 9 0.00 0.08 0.80 33.00 66.11 5.40 10.09 
Feb-08 10 0.04 0.33 1.56 33.74 64.34 4.83 8.83 
May-08 11 0.20 0.28 2.08 37.64 59.79 5.04 8.02 
Aug-08 12 0.00 0.25 0.58 26.60 72.58 6.19 6.88 
Nov-08 13 0.00 0.00 0.80 28.25 70.94 5.84 9.40 
Feb-09 14 0.00 0.30 1.94 36.99 60.77 4.10 8.83 
May-09 15 0.00 0.23 1.17 33.32 65.28 4.41 14.90 
Aug-09 16 0.00 0.26 2.08 36.56 61.10 4.88 11.46 
Nov-09 17 0.00 0.18 1.31 21.67 76.84 7.01 7.57 
Feb-10 18 0.00 0.29 1.05 27.24 71.42 4.98 13.07 
May-10 19 0.00 0.21 1.17 30.07 68.55 4.96 12.38 
Nov-10 21 0.00 0.30 1.66 34.95 63.10 4.32 7.68 
Nov-11 25 0.00 0.15 0.65 23.91 75.30 6.67 3.96 
Nov-12 29 0.00 0.11 0.82 26.31 72.76 4.887 12.38 
Nov-13 33 0.00 0.09 1.13 33.40 65.38 4.329 10.56 

MainU Nov-05 1 0.00 0.00 0.04 11.54 88.43 8.26 8.46 
Feb-06 2 0.00 0.00 0.17 4.95 94.88 7.30 18.77 
May-06 3 0.23 0.27 0.85 8.73 89.91 6.99 7.69 
Aug-06 4 0.00 0.00 0.12 5.21 94.68 10.07 14.67 
Nov-06 5 0.00 0.00 0.00 15.48 84.52 7.26 8.71 
Feb-07 6 0.00 0.97 0.44 11.13 87.46   8.48 
May-07 7 0.00 0.32 1.98 12.97 84.74 7.52 12.16 
Aug-07 8 0.00 0.13 0.25 5.42 94.20 9.08 23.15 
Nov-07 9 0.00 0.08 0.12 5.59 94.21 6.55 10.54 
Feb-08 10 0.00 0.10 0.73 4.45 94.72 8.26 11.23 
May-08 11 0.02 0.22 0.45 7.95 91.36 7.05 14.44 
Aug-08 12 0.00 0.32 0.45 7.48 91.74 8.02 12.84 
Nov-08 13 0.00 0.10 0.44 14.72 84.75 8.57 14.91 
Feb-09 14 0.00 0.19 0.37 12.71 86.73 6.52 12.83 
May-09 15 0.00 0.11 0.37 16.08 83.43 8.68 23.61 
Aug-09 16 0.00 0.14 0.52 10.12 89.22 6.53 11.46 
Nov-09 17 0.03 0.40 0.96 13.47 85.13 8.82 8.48 
Feb-10 18 0.00 0.08 0.55 7.58 91.80 7.91 13.52 
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May-10 19 0.00 0.05 0.16 13.19 86.60 6.04 15.36 
Nov-10 21 0.00 0.40 0.32 4.40 94.87 7.05 15.93 
Nov-11 25 0.00 0.18 0.18 15.46 84.19 8.63 13.05 
Nov-12 29 0.00 0.02 0.18 12.08 87.72 6.993 10.55 
Nov-13 33 0.00 0.03 0.20 14.49 85.28 6.833 15.31 

MainO 
Sandy  

Nov-05 1 0.12 3.25 13.80 72.92 9.91 2.13 7.61 
Feb-06 2 2.10 6.80 16.10 58.89 16.10 2.13 10.10 
May-06 3 0.34 5.09 19.28 62.35 12.93 2.04 10.09 
Aug-06 4 0.45 4.80 16.47 64.08 14.20 2.14 9.51 
Nov-06 5 5.45 3.91 14.01 62.45 14.18 1.34 11.57 
Feb-07 6 1.42 3.68 12.82 72.20 9.88   6.47 
Nov-07 9 0.00 8.21 25.16 54.41 12.22 2.02 10.77 
Feb-08 10 4.47 8.12 21.82 48.11 17.49 2.48 11.81 
May-08 11 0.79 5.91 20.77 51.85 20.69 2.28 11.58 
Aug-08 12 0.20 7.85 23.51 43.40 25.03 3.01 19.02 
Nov-08 13 0.61 6.53 21.94 58.17 12.75 2.14 9.51 
Feb-09 14 0.92 8.50 23.93 51.37 15.29 1.47 13.53 
May-09 15 4.50 4.81 21.53 51.10 18.05 2.37 10.78 
Aug-09 16 0.92 4.33 18.97 59.56 16.21 2.17 12.84 
Nov-09 17 0.92 5.04 19.89 63.06 11.10 1.85 8.48 
Feb-10 18 1.60 7.14 23.35 61.47 6.44 1.59 5.27 
May-10 19 0.54 4.59 18.00 63.97 12.90 1.94 6.08 
Nov-10 21 4.35 3.33 14.05 69.03 9.24 1.36 11.92 
Nov-11 25 1.28 4.75 15.62 66.44 11.91 2.16 8.48 
Nov-12 29 0.39 2.89 13.51 71.03 12.18 1.325 11.70 
Nov-13 33 2.13 7.04 25.70 50.85 14.28 2.376 12.60 

MainO 
Muddy 

Aug-06 4 0.00 4.56 12.08 61.62 21.73 2.95 7.22 
Nov-06 5 0.37 4.22 12.76 61.29 21.37 2.56 11.82 
Feb-07 6 0.09 2.88 12.07 65.57 19.39   11.23 
Nov-07 9 0.00 4.04 10.85 58.48 26.63 3.86 11.23 
Feb-08 10 0.45 8.99 20.89 44.04 25.63 3.21 9.98 
May-08 11 0.09 7.70 18.68 36.12 37.41 4.03 8.02 
Aug-08 12 0.00 4.83 13.15 40.85 41.17 4.10 26.82 
Nov-08 13 0.95 3.98 13.26 57.65 24.17 3.54 11.46 
Feb-09 14 0.00 2.75 12.13 60.44 24.68 2.19 10.32 
May-09 15 0.06 7.70 22.25 50.40 19.59 2.86 13.06 
Aug-09 16 1.95 5.17 16.36 53.38 23.14 5.77 14.67 
Nov-09 17 0.18 3.47 10.74 57.46 28.14 3.32 10.66 
Feb-10 18 0.00 4.77 16.24 59.67 19.33 2.35 12.15 
May-10 19 0.27 2.94 11.72 53.39 31.69 4.00 16.28 
Nov-10 21 0.19 4.02 11.57 60.74 23.48 2.78 11.81 
Nov-11 25 4.46 2.46 10.95 62.66 19.47 2.96 14.25 
Nov-12 29 0.11 1.69 7.63 71.19 19.38 1.571 14.21 
Nov-13 33 1.94 8.97 24.87 45.28 18.94 2.446 12.20 
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