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1 Executive Summary 
Monitoring of biological communities at six intertidal and six subtidal rocky reef sites 

has been carried out at Meola Reef in Auckland’s Waitemata Harbour since 2001. In 

addition, sedimentation rates have been monitored on a monthly basis at the six 

subtidal sites over this period. The primary goal of this State of the Environment 

monitoring program is to document long-term trends in community composition and 

interpret these changes in relation to major threats to the harbours marine 

environment; primarily sedimentation and toxic urban discharge. 

The six intertidal monitoring sites have exhibited clear spatial variation in biological 

communities, which has persisted throughout the time series (2001-2009). This spatial 

variation is predominantly related to whether sites are located on the inner or outer 

part of the reef.  While there has been considerable variability in the abundance of 

dominant taxa over time there is little evidence of directional change for individual 

species or for overall community structure.  Sediment covers a relatively high 

proportion of the reef at all sites (3-26% in 2009) and appears to be increasing at 

eastern sites while decreasing at western sites. The increase at eastern sites may be 

related to the higher cover and abundance of oysters, which appear to play a role in 

trapping sediments. In contrast the western side of the reef is more exposed to 

prevailing southwesterly winds, which likely resuspends and disperses sediments. 

The subtidal reef assemblages appear considerably more variable over time than 

intertidal reef communities and there is limited spatial consistency in communities 

among sites. Observer variability associated with the difficult working conditions 

(extremely high turbidity and often high currents) and high spatial variability in 

communities associated with depth at the subtidal sites likely explains some of the 

high inter-annual variation observed. Despite this, some consistent and important 

changes over time have emerged: 

• The cover of unconsolidated substrates including sediments has been increasing 

over time across all sites. In 2009 unconsolidated substrates covered >60% of 

the subtidal reef at all sites. 

• The abundance of the three most common mobile macroinvertebrates (Turbo 

smaragdus, Patiriella regularis and Trochus viridis) have all declined while solitary 

ascidians and the golf ball sponge Tethya burtoni tend to have increased. These 

changes may be reflective of increased sediment cover. 

• Since 2007 there has been a large increase in the kelp Ecklonia radiata across all 

sites.  This species is ecologically important and generally expected to be 

vulnerable to poor water quality. The reason for its recent increase is largely 

unknown and warrants further investigation. 

• The invasive Japanese paddle crab Charybdis japonica was recorded in quadrats 

for the first time in 2010 (three individuals at SE2 and one individual at SE3). 
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Sedimentation rates as measured from sediment traps have declined over time at four 

of the six subtidal monitoring sites. These data are in contrast to percentage cover data 

for sediments which have generally been increasing. Furthermore, suspended 

sediment concentrations at a nearby ARC water quality monitoring site (Chelsea) have 

generally been increasing between 2001 and 2010. The observed decline in trapped 

sediments is most likely an artefact of traps being moved from the sand adjacent to 

the reef to being positioned up on the reef in mid-2005. Sedimentation rates at Meola 

Reef were highly variable over the initial period (2001 to 2005), but have been 

consistently more stable since 2005. There is no evidence of a directional change in 

sedimentation rates since 2005. It is therefore likely that overall sedimentation rates 

have not declined over the monitoring period and there is some evidence from 

percentage cover and suspended sediment data that sedimentation may have 

increased. 

Trapped sedimentation rates exhibited a clear seasonal pattern over the monitoring 

period. Surprisingly, the lowest trap rates occur in the middle of winter when there is 

the greatest runoff and rainfall. The highest trap rates tend to occur in the windier 

months of late summer and spring. Preliminary analysis of rainfall, runoff and wind data 

from Henderson River Park weather station indicate no significant relationship 

between trapped sedimentation rate and both rainfall and runoff over the deployment 

period. However there was a strong positive relationship with wind conditions over the 

trap deployment period.  While these preliminary findings indicate that temporal 

variability in sedimentation rates is largely driven by wind events, the increasing 

sediment cover on the reef at many of the Meola monitoring sites may reflect a 

broader-scale increase in sediment loads in the Waitemata Harbour. 
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2 Introduction 
Meola or Te Tokaroa Reef is a visually dominant and ecologically important feature of 

Auckland’s Waitemata harbour. The reef itself is a 2.5 km long basaltic reef extending 

about two thirds of the way across the central part of the harbour (Fig. 1A). This 

ancient lava flow provides a unique area of rocky subtidal and intertidal habitats within 

a sheltered harbour, with similar basaltic reefs within a harbour only being found at 

Waitangi in the Bay of Islands (Hayward et al. 1999). Consequently Meola reef has 

been recognized as an area of the Waitemata Harbour with high natural ecosystem 

value (Hayward et al. 1999). The reef supports a wide variety of habitats including 

stunted mangrove forest and salt marsh at the landward edge of the reef, extensive 

intertidal rocky habitats span the length of the reef, and a band of shallow subtidal reef 

supporting a variety of seaweeds and sponges occurs around the fringes (described in 

more detail in Hayward et al. (1999) and Morton and Miller (1968). Historically, the 

basaltic reef at Meola has supported richer and more diverse fauna than the nearby 

Waitemata sandstone reefs (Hayward et al 1999). 

Located at the centre of the Waitemata Harbour and adjacent to New Zealand’s largest 

city, Meola reef is subjected to a wide variety of anthropogenic impacts. The biological 

communities at Meola Reef therefore act as important indicators of ecosystem health, 

representative of the wider harbour as they integrate the effects of a range of 

anthropogenic activities operating over a much larger area.  With initial deforestation 

followed by human population growth and development, the marine environment in 

the Waitemata Harbour has changed greatly (Dromgoole and Foster 1983).  Large 

increases in fresh water runoff associated with land development have led to a decline 

in salinity and an increase in sedimentation and resulted in large-scale changes in the 

flora and fauna of the Waitemata Harbour (Hayward et al. 2006).  Stormwater 

discharged into the harbour is often polluted with sewage and a variety of 

contaminants that can have a wide range of effects on marine organisms.  However, 

with increased legislation (e.g. the Resource Management Act 1991) aimed at 

mitigating the effects of pollution and sedimentation there is scope for an 

improvement in overall ecosystem health of the Harbour.   

Unlike in many other marine habitats, the direct effects of humans on Meola reef 

through extractive activities appears to be limited, although little information is 

available on this potential impact. Some harvesting of intertidal organisms may occur 

on the reef itself and recreational fishing (hook and line, and set-netting) is common in 

the waters surrounding the reef.   

Perhaps the most obvious human impact on Meola Reef has been the arrival of a 

number of invasive species. Most notably, the Pacific Oyster Crassostre gigas has 

effectively transformed the intertidal habitats at Meola Reef, which can now largely be 

described as an “oyster reef”.  The calcareous tube worm Pomatoceros cariniferus 

which once dominated the intertidal reef is now all but absent (Dromgoole and Foster 

1983). The close proximity of Meola Reef to the Port of Auckland, one of New 

Zealands largest ports, means that Meola reef is continually vulnerable to invasive 
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species and provides some of the closest reef habitat to which invasive species can 

spread. 

 

Fig 1. A.  

Location of Meola (Te Tokaroa) Reef in the Waitemata Harbour, Auckland (yellow square indicates the 

Chelsea wharf water quality monitoring site). B. Location of intertidal and subtidal monitoring sites at 

Meola reef. See Table 1 for GPS positions and Appendix 1 (section 7) for more detailed site 

location maps. 

 

1A     
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1B1B1B1B    

 

 

In December 2001 the Meola Reef monitoring programme (MRMP) was established 

by the Auckland Regional Council and since then the biological communities at six 

intertidal and six subtidal sites (Fig. 1B) have been surveyed on an annual basis.  In 

addition sedimentation rates are monitored on a monthly basis using sediment traps at 

each of the subtidal monitoring sites.  The MRMP is a State of the Environment (SOE) 

monitoring programme and is designed to:  
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• Determine trends in community change over time at and within sites at this 

location. 

• Compare community changes over time to those recorded at other sentinel 

locations within the Auckland region. 

• Interpret any community changes within the backdrop of two major threats to 

ecosystem health in the Auckland Region: 

o Sedimentation from urban development 

o Toxicity from urban discharges (Hewitt 2000). 

 

In addition, this program has a number of additional benefits that complements other 

local and national government monitoring programs:  

• Invasive species monitoring – The MRMP provides valuable information on the 

spread of invasive species from the Port of Auckland to surrounding reef 

habitats.  This augments and expands the surveillance area of surveys of invasive 

species carried out by Biosecurity New Zealand at the Port of Auckland. 

• Water quality and sedimentation – Monitoring of sedimentation at Meola Reef 

provides additional information from which to evaluate trends in water quality and 

sedimentation in the Waitemata Harbour and also to understand the 

environmental mechanisms responsible. This aspect of the MRMP therefore 

supplements the ARC’s water quality monitoring program. 

• Biological changes on reefs across the greater Hauraki Gulf – comparison of data 

from Meola Reef to other rocky reef monitoring programs (e.g. the ARC’s Long 

Bay Marine Monitoring Programme and other analogous monitoring data from 

Leigh and Mokohinau Islands) provides a much larger spatial context from which 

to assess the drivers of change and separate the potential effects of local-scale 

to climatic variation. 

 

The aim of this report is to present monitoring results from the Meola Reef Monitoring 

Program up until June 2010. This expands on the previous report which analysed data 

up until 2008 (Ford and Pawley 2008).  The current report includes intertidal data from 

annual surveys (October 2001 to October 2009), subtidal data from annual surveys 

(February 2001 to February 2010), and sedimentation rates from monthly monitoring of 

sediment traps (October 2001 to April 2010). Assessments of general spatial patterns 

and trends over time are provided for each of the three data sets. In addition an 

analysis of the relationship between measured sedimentation rates and rainfall, runoff 

and wind are carried out to provide a preliminary investigation into the environmental 

factors driving variability in sedimentation rates at Meola Reef. 
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3 Methods 
Ford and Pawley (2008) provide a chronological synopsis of the methods used since 

the inception of the monitoring programme. The methods used in 2009 and 2010 

follow those described in Ford and Pawley (2008) although some minor refinements 

were made for intertidal sampling in 2009 (described below). In addition data from a 

sixth subtidal site (SW3) are presented in the current report, whereas only data from 

five subtidal sites have been presented previously.  This site was not originally 

surveyed in 2001 but has been monitored annually since 2002. 

3.1 Site locations 

Annual biological surveys are carried out at six intertidal and six subtidal sites (Fig. 1B; 

See Appendix 1 (section 7) for detailed maps).  All sites have been surveyed since 

2001, with the exception of one intertidal (IE3) and one subtidal site (SW3) where 

sampling began in 2002. These sites were added to balance the survey design so 

there were three sites on the eastern and western side of the reef, in the intertidal and 

subtidal. GPS positions of the sites taken in October 2009 (intertidal sites) and May 

2010 (subtidal sites) are given in Table 1. 

Intertidal and subtidal sites on the western side of the reef are considerably more 

exposed to prevailing southwesterly winds and in general have a considerably higher 

fetch than sites on the eastern side of the reef. Being located in the upper reaches of 

the harbor the effects of oceanic swells (generated from easterly storms) are thought 

to be minimal and therefore total wind fetch likely provides a good representation of 

wave exposure at the Meola sites. In general, wind fetch also increases at the 

monitoring sites with distance offshore. However, due to local-scale topography on the 

western side of the reef, the outer most subtidal sites (SW2 and SW3) have lower 

estimated fetch than SW1. 

Intertidal sites are located in the mid-upper intertidal ranging on average from 

approximately 1 to 2 m above mean low water.  Due to the nature of the reef the sites 

located further offshore tend to have a lower height above mean low water.  There is 

also considerable variability in the range above mean low water (0.2-0.6 m).  Given the 

fundamental importance of height on the shore in structuring intertidal communities 

(Stephenson and Stephenson 1949) this likely reflects an important source of variation 

among sites. Furthermore, the effects of tidal elevation on intertidal communities also 

vary with wave exposure. 

Subtidal sites are all located in the immediate subtidal and occur at a similar depth 

(~0.3-0.6 m below mean low water, Table 1).  However, due to the relatively sheltered 

nature of Meola Reef compared to open coast sites small variations in depth among 

sites and among surveys could cause large variations in community structure. 
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Table 1. Table 1. Table 1. Table 1.     

Location of Meola Reef intertidal (A) and subtidal (B) monitoring sites. GPS positions for 

intertidal sites taken from quadrat A at each site in October 2010. Wind fetch was calculated for 

each site by summing the distance to land for each 100 sector of the compass rose. Mean height 

and range in height for intertidal sites is taken from Ford and Pawley (2008).  Depth information 

for subtidal sites was measured by divers during the 2010 survey. Note: GPS positions differ for 

intertidal sites from those reported in Ford and Pawley (2008) and the Meola Protocol Summary 

(2007). Due to the permanent marking of sites it is therefore assumed that the actual site 

positions have remained constant over time and these discrepancies are due to incorrect or 

inaccurate GPS readings in the past. 

 

A 

Site Latitude Longitude Fetch (km) Mean height 

above MLS 

(m)* 

Range in 

height 

(m)* 

IE1 36° 50.826'S 174° 42.715'E 31.45 1.91 0.26 

IE2 36° 50.778'S 174° 42.735'E 31.89 1.705 0.53 

IE3 36° 50.556'S 174° 42.802'E 32.89 1.665 0.53 

IW1 36° 50.949'S 174° 42.597'E 47.79 1.665 0.53 

IW2 36° 50.688'S 174° 42.692'E 47.88 0.90 0.62 

IW3 36° 50.562'S 174° 42.729'E 53.21 1.18 0.2 

B 

Site Latitude Longitude Fetch (km) Depth (m) below 

MLW (Min, Max) 

SE1 36° 50.175'S 174° 42.602'E 34.18 0.4 (0.2, 0.6) 

SE2 36° 50.093'S 174° 42.573'E 36.57 0.3 (0.0, 0.5) 

SE3 36° 50.045'S 174° 42.545'E 37.62 0.6 (0.4, 1.0) 

SW1 36° 50.247'S 174° 42.560'E 61.73 0.3 (0.2, 0.6) 

SW2 36° 50.192'S 174° 42.555'E 55.48 0.4 (0.3, 0.5) 

SW3 36° 50.097'S 174° 42.538'E 46.96 0.3 (0.1, 0.6) 

 

3.2 Intertidal reef monitoring 

Intertidal surveys at Meola Reef are carried in October each year. At each site ten 

0.25m2 “permanent” quadrats are spaced about 2-3 m apart and these are relocated 

and surveyed each year.  

Location of permanent quadrats.Location of permanent quadrats.Location of permanent quadrats.Location of permanent quadrats. Each quadrat is marked with two reinforcing rod pegs 

that are expo-creted into the reef. Periodically these markers are vandalized or lost to 

the elements. The position of permanent quadrats at each site and the labelling of 

quadrats (A-J) differed from those described in Ford and Pawley (2008). A hand drawn 

field map has been used to relocate quadrats at each site since at least 2006. It is 
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unclear exactly when quadrat positions at each site moved before this or why labels 

(A-J) differ between the field map and the map in Ford and Pawley (2008).  However, 

due to the loss of markers over time it is unlikely that quadrats have remained in 

exactly the same position. Therefore, changes at the quadrat level must be treated 

cautiously.  Careful assessment of photos from previous surveys could be used to 

resolve this problem to some extent by cross referencing labels and matching up 

quadrats through time.  Consequently, in this report quadrats are treated as “random” 

replicates through time and temporal and spatial patterns are described at the site 

level.  

Sampling method refinements.Sampling method refinements.Sampling method refinements.Sampling method refinements. The methods used in previous surveys (described in 

Ford and Pawley 2008) were closely followed, but the following refinements were 

made to improve accuracy and efficiency in 2010: 

• Percent covers and counts - To provide a more systematic approach to 

estimating percent covers and counting and measuring macrofauna we used a 

10 x 10 cm gridded 0.25 m2 quadrat. 

• Percent covers were estimated by counting the number of squares filled by each 

cover type, whereby 1 square = 4%. Cover types that occurred in very small 

amounts were recorded as <0.5%.  

• Counts and measurements of all macrofauna were made by systematically 

working through each 10 x 10 cm square. 

• Highly abundant species - measurements of highly abundant species such as the 

anemone Anthopleura can be extremely time consuming. Therefore, once >100 

individuals of any single species had been measured at a site, all remaining 

individuals were only counted. 

• Oyster measurements - 10 oysters per quadrat are measured (there were no 

quadrats with less than 10 oysters). To provide a more objective approach to 

measuring oysters, we first measured oysters at the corner of the quadrat and 

worked inwards. 

• There is also some doubt over whether the red encrusting algae Apophlaea 

sinclairii has been misidentified as Ralfsia in the past as this species was present 

in small amounts in 2010. 

3.3 Subtidal reef monitoring 

Seven 1 m2 quadrats are haphazardly sampled at each site in February/March each 

year. These methods are described in detail in Ford and Pawley (2008).  In summary, 

all macroalgae and mobile macroinvertebrates are counted in each quadrat and these 

individuals are measured in five of the seven quadrats. Frond length of macroalgae is 

measured to the nearest 5 cm and the longest axis is measured for invertebrates (to 

the nearest 5 mm). Test diameter is measured for sea urchins. 
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The percent cover of dominant substratum types is also estimated visually in each 

quadrat. The cover of unconsolidated substrates (sediment, sand, gravel and shell 

hash) is also estimated.  

3.4 Sedimentation monitoring 

Sedimentation rate and sediment grain size is monitored on a monthly basis at Meola 

Reef. A single sediment trap (37mm internal diameter, 500 mm length) is located on 

the reef at each of the subtidal monitoring sites (Fig. 1B, Table 1). These are anchored 

to the reef and held vertical by a large steel base. Traps are collected and replaced at 

each site at the end of each month. The contents of the trap are processed and 

analysed for grain size using the methods described in Ford and Pawley (2008).  

3.5 Statistical analyses 

3.5.1 Spatial and temporal variability in biological assemblages 

The same approach was used to analyse both intertidal and subtidal monitoring 

programs.  In both cases the data can be broken down and analysed as two data sets:  

• Counts of dominant organisms – analysis of abundance data for mobile 

invertebrates, as well as some sessile invertebrates and macroalgae, provides an 

assessment of the overall biological assemblages found at a site. 

• Percent cover of dominant substratum types – analysis of percent cover data 

provide information on overall community structure as well as the importance of 

non-biological cover groups including bare rock and sediment. 

• Multivariate analyses were carried out for each data set to explore overall 

patterns in biological assemblages (count data) and community structure (cover 

data) over time and among sites. In each case these analyses were followed by 

univariate analyses on the dominant species or substratum types. All analyses 

were carried out in PRIMER v6 (Clarke and Gorley 2006) and utilizing the 

PERMANOVA+ add-in (Anderson et al. 2008). 

3.5.1.1 Multivariate analysis 

All multivariate analyses were completed using Bray-Curtis similarities on log(x+1) 

transformed data.  Non-metric Multidimensional Scaling (MDS) ordination was used to 

visualize patterns in community data among sites and years (the greater distance apart 

in the ordination means less similarity in community structure).  In addition, 

correlations between MDS axes and dominant species/substratum types (and in some 

cases environmental variables) were presented as bi-plots to provide an exploratory 

analysis of the variables contributing to the variation among sites and years.  
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Permutational Analysis of Variance (PERMANOVA) was used to test for variability 

between Years (fixed) and Sites (random). 

3.5.1.2 Univariate analysis  

Trends in dominant species/substratum types were plotted over time for each site. 

PERMANOVA was used to test for variability between Years and Sites using the same 

procedure as for multivariate analyses.  Data were log-transformed and Euclidian 

distance was used as the distance measure for univariate analyses. For some species 

size information was also plotted to explore variation in distributions over time. 

3.5.2 Spatial and temporal variability in sedimentation 

3.5.2.1 Spatial and temporal variability in sedimentation 

Data are presented as rates of sedimentation that apply to the period of time between 

deployment and collection (rates are plotted against collection date for simplicity). 

Traps are typically collected at the end of each month and data can be expressed on a 

monthly basis to explore seasonal patterns.  Data from traps that were in the field for 

more than 50 days were removed from the dataset as these traps were considered to 

be integrating over too longer period to be informative. About 5% of the traps were 

deployed for more than 50 days (26 traps out of a total of 487 traps collected).  Least 

squares regression was used to test for changes in sedimentation rates over time.  

3.5.2.2 Relationship between sedimentation and climatic data 

Rainfall, runoff and wind data from Henderson River Park, located ~7km upstream 

from Meola reef, were used to investigate the relationship between weather 

conditions and sedimentation rates. For each sediment trap deployment period the 

average daily rainfall and runoff was calculated, and the number of days with an 

average daily wind speed >1m/s was counted.  Linear regression was used to explore 

the relationship between sedimentation rate and each of the variables. 
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4 Results 

4.1 Intertidal results 

4.1.1 Intertidal reef communities (Count data) 

A total of 36 different taxa were counted in quadrats at the Meola Reef intertidal 

monitoring sites between 2001 and 2009, the mean annual abundance of the 20 most 

common species is given in Table 2.  The majority of the species recorded are 

molluscs with the exception of two species of anemone (Anthopleura aureoradiata, 

Diadumene lineata), the starfish Patiriella regularis, the mite Acari sp., the tube worm 

Pomatoceros cariniferus and an unidentified solitary ascidian.   

The pacific oyster Crassostrea gigas was by far the most numerically abundant species 

between 2001 and 2009, with average densities typically >100 per 0.25m2 (Table 2).  

The anemone (Anthopleura aureoradiata) was the next most common species (on 

average 13 per 0.25m2) followed by the chiton Sypharochiton pelliserpentis (~7 per 

0.25m2), the catseye Turbo smaragdus (~7 per 0.25m2) and the little black mussel 

Xenostrobus pulex (~5 per 0.25m2).  

4.1.1.1 Multivariate analyses of count data 

Ordination of species count data revealed clear spatial variation in intertidal reef 

communities between the sites (Fig. 2).  This was reflected in PERMANOVA results 

which showed that 38% of the variation was explained by Site whereas only 3% was 

explained by Year (Table 3). While there has been significant variation over time, and 

the temporal response has varied among sites, the spatial variability among sites has 

persisted through time (Fig. 2).  Cluster analysis on the mean abundances across the 

time series divide the six sites into three distinct groups: the inner western site (IW1), 

the two inner eastern sites (IE1 and IE2) and the three outer sites (IW2, IW3 and IE3). 

This division of sites likely reflects the complex environmental conditions across the 

reef and an interaction between the side of the reef (east vs. west) and the distance 

offshore.  This is evident in the strong correlation between MDS axes and Distance 

(offshore) and Fetch. In particular the three outer sites are tightly clustered together 

and Distance explained the greatest variation (24%).  Height above mean low water 

(Mean Elev) and the range in height (Range) were also significantly related and 

explained 20 and 16% of the variation (Table 4).  The two inner eastern sites (IE1 and 

IE2) typically have a higher elevation above mean low water spring (Table 1) than the 

other sites and are also the most sheltered sites. 

Some directional change is evident in the communities at all sites with the 2009 

survey occurring in the upper left portion of the data cloud for each site. This correlates 

with higher abundances in 2009 for Anthopleura and Sypharochiton at all sites and 
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Diadumene at the outer sites. For most sites the 2009 sample is closely grouped with 

the 2003 and 2004 surveys when Anthopleura and Sypharochiton were also abundant. 

However, in these earlier years Turbo was also highly abundant, but was not abundant 

in 2009. 
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Table 2. Table 2. Table 2. Table 2.     

Mean abundance of the 20 most common invertebrate taxa recorded at intertidal monitoring sites from 2001 to 2009. 

Species Group 2001 2002 2003 2004 2005 2006 2007 2008 2009 Total 

Crassostrea gigas Bivalve 104.91 139.00 122.67 126.73 127.45 127.93 123.73 135.00 150.13 128.62 

Anthopleura aureoradiata Anemone 10.14 8.35 10.03 24.22 8.25 10.12 9.67 15.55 18.60 12.77 

Sypharochiton pelliserpentis Chiton 5.26 4.75 8.67 10.92 4.72 7.73 6.37 5.85 8.60 6.98 

Turbo smaragdus Gastropod 4.71 6.55 13.63 7.82 3.67 6.35 6.17 6.40 6.00 6.81 

Xenostrobus pulex Bivalve 0.69 1.77 6.27 12.37 7.77 7.42 4.13 2.80 5.62 5.42 

Melagraphia aethiops Gastropod 7.23 4.72 6.58 6.92 4.05 5.22 5.13 5.10 4.40 5.48 

Zeacumantus lutulentus Gastropod 5.26 2.75 4.08 7.95 2.90 5.90 2.25 2.82 2.48 4.04 

Onchidella nigricans 

Pulmonate 

slug 1.66 1.22 3.55 1.70 0.62 2.00 2.33 2.80 6.27 2.46 

Diadumene lineata Anemone 0 0 0 0.53 0.67 1.52 0.43 1.02 1.12 0.59 

Cominella glandiformis Gastropod 0.80 0.03 0.53 0.83 0.33 1.00 0.47 0.10 0.08 0.46 

Diloma subrostrata Gastropod 0.80 0.53 0.40 0 0.02 0.27 0.22 0.07 0.07 0.26 

Cominella adspersa Gastropod 0.17 0.10 0.02 0.12 0 0.12 0.13 0.05 0.07 0.09 

Acanthochiton zealandicus Chiton 0.03 0.02 0.32 0.05 0.02 0 0 0 0.22 0.07 

Cominella maculosa Gastropod 0 0.57 0 0 0.03 0 0 0.02 0 0.07 

Solitary ascidian Tunicate 0 0 0 0.05 0.03 0 0 0.17 0.07 0.04 

Notoacmea helmsi Limpet 0 0.02 0.07 0.10 0 0.02 0.02 0.03 0.03 0.03 

Cominella virgata Gastropod 0 0 0 0.03 0 0.07 0 0.12 0.02 0.03 

Buccinulum vittatum Gastropod 0 0.02 0 0.08 0 0.02 0 0.07 0.03 0.02 

Patiriella regularis Starfish 0.06 0 0 0.03 0 0.03 0.03 0.02 0.03 0.02 

Musculista senhousia Bivalve 0 0 0.07 0 0 0 0 0 0 0.01 
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FigFigFigFigureureureure. 2 . 2 . 2 . 2     

MDS ordination of intertidal monitoring sites 2001-2009 based on Bray-Curtis similarities of log 

(x+1) transformed count data (excluding Crassostrea gigas). Stress = 0.13. Bi-plots on right plot 

Pearson correlation coefficients between the first two MDS axes and species (above) and 

environmental variables (below). Note: IE3 was not sampled in 2001.  
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Table 3. Table 3. Table 3. Table 3.     

PERMANOVA results from analysis of the Bray-Curtis similarities of log(x+1) transformed count 

data from intertidal quadrat sampling (2001-2009). 

 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 2.58 0.001 997 3.3 

Site 5 63.13 0.001 999 38.0 

Year* Site 39 2.28 0.001 992 6.8 

Res 462    51.9 

Total 514     

Table 4. Table 4. Table 4. Table 4.     

DISTLM results from analysis of the Bray-Curtis similarities of log(x+1) transformed count data 

from intertidal quadrat sampling (2001-2010). Best solution: Dist., MeanElev, Range, Fetch: R2 = 

0.61 

Variable SS(trace) Pseudo-F  P value  %Var 

Sediment 3620 4.8167 0.004 8.6 

Distance 9894 15.741 0.001 23.6 

Mean Elev 8397 12.764 0.0014 20.0 

Range 6847.6 9.9491 0.001 16.3 

Fetch 6514.9 9.3768 0.001 15.5 

 

 

4.1.1.2 Univariate analyses on count data 

PERMANOVA results for univariate analyses are given in Appendix 2 (section 8.1.1). In 

most cases the effects of Year and Site, as well as the interaction, are highly 

significant. The factor Site consistently explains more variation than year and reflects 

the clear spatial patterns in abundance of the dominant species. The trends in 

abundance for each site as well as the global mean abundance (across sites) are given 

in the figures below. The mean abundance over time for each species is also shown to 

highlight the spatial variation among sites. 

Overall densities of oysters Crassostrea gigas have been relatively stable over time 

and there is no evidence of any directional change at any of the sites (Fig. 3).  Oysters 

typically occur at higher abundances at the eastern sites. Univariate analyses for 

oysters were carried out on percent cover data (see section 4.1.2.2). 
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FigFigFigFigureureureure. 3. . 3. . 3. . 3.     

Abundance of the pacific oyster Crassostrea gigas at intertidal monitoring sites between 2001 

and 2009.  

 

 

 

The three most abundant species recorded at intertidal monitoring sites, after C. gigas, 

were the anemone Anthopleura aureoradiata, the chiton Sypharochiton pelliserpentis 

and the catseye snail Turbo smaragdus (Fig. 4A). These species all had similar spatial 

distributions along Meola Reef with relatively low numbers at inner reef sites (IW1, IE1 

and IE2) and relatively high abundances at outer reef sites (IW2, IW3 and IE3). Despite 

reasonably high temporal variability in each of these species, these broad spatial 

patterns have persisted through time and for each species the factor Site explains 

>30% of the variability. In general the temporal fluctuations among years appear to be 

mirrored across each of the sites and there is no clear evidence of any unidirectional 

changes at individual sites or across all sites in general (Fig. 4A).  The densities of 

Turbo have been relatively stable across all sites over time with the exception of a 

large spike in abundance in 2003. 

The little black mussel Xenostrobus pulex had an unusual spatial distribution being 

most abundant at the two outer most sites (IE3 and IW3) and one of the inner most 

sites (IE1).  It was also highly variable over time with a peak in 2004, followed by a 

decline and another peak at IW3 in 2009.  

Melagraphia aethiops had a contrasting spatial distribution with highest abundances at 

IW3 and IE1. This species has declined over time at three of the sites but appears to 

be increasing at IE1; as a result the average abundance across sites has remained 

relatively stable over time.  



 

Meola Reef Ecological Monitoring: 2001-2010 18 
 

Zeacumanthus lutulentus was most common at the two most sheltered sites (IE1 and 

IE2) and relatively rare at most other sites. Despite fluctuations in total abundance this 

spatial pattern persisted through the time series.  

The pulmonate slug Onchidella nigricans was generally most abundant at eastern sites 

(particularly IE3), although in 2009 it was recorded in unusually high abundances at IW1 

(Fig. 4C).  

The invasive anemone Diadumene lineata is consistently more abundant at the outer 

reef sites but has periodically been found at other sites.  
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FigFigFigFigureureureure    4 4 4 4     

Abundance of 8 most common invertebrate species recorded at intertidal monitoring sites 

between 2001 and 2009. 

Fig 4Fig 4Fig 4Fig 4AAAA    
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Fig. 4BFig. 4BFig. 4BFig. 4B    
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Fig. 4CFig. 4CFig. 4CFig. 4C    
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4.1.2 Intertidal substratum coverage (% cover data) 

The substratum at the intertidal monitoring sites is covered by 14 groups (Table 5), of 

which four cover more than 95% of the reef.  The pacific oyster Crassostrea gigas is 

by far the dominant space occupier at all of the intertidal sites and on average covers 

approximately 50% of the reef (Table 5). Bare rock and sediment were the next most 

dominant substratum types; on average covering approximately 30 and 10% of the 

reef throughout the time series. The short (<2cm) red turfing algae Gelidium sp. is the 

dominant algal species at intertidal sites covering 7% of the reef substratum. The 

small acorn barnacle Elminius modestus covers 3% of the reef.  The remaining reef is 

primarily covered by a number of algal taxa that typically cover less <1%, e.g., 

Scytothamnus australis , Corallina officinalis, Hormosira banksii, Ulva sp., Ralfsia sp. 

and crustose coralline algae.
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Table 5.Table 5.Table 5.Table 5.    

Mean cover of the different substratum classes at intertidal monitoring sites from 2001 to 2009. * The relative covers of live and dead Crassostrea gigas were 

not recorded in 2001 and 2002. 

 

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 Total 

Crassostrea gigas (all) 39.89 51.62 50.78 44.60 45.38 46.20 47.81 41.81 52.68 46.75 

Crassostrea gigas (live)* - - 41.73 31.55 37.13 35.17 33.83 29.78 39.75 35.56 

Bare rock 29.71 27.41 31.27 35.20 34.72 28.30 27.83 33.43 21.40 29.92 

Sediment 16.46 8.84 8.23 11.80 11.95 11.78 11.18 10.48 13.49 11.58 

Crassostrea gigas (dead)* - - 9.05 13.05 8.25 11.03 13.98 12.03 12.93 11.47 

Gelidium sp. 7.31 7.33 9.00 4.98 3.20 5.80 8.04 10.38 7.03 7.01 

Barnacles 4.94 3.09 0.67 2.57 2.52 7.18 2.83 1.37 3.34 3.17 

Shell 0.46 0.68 0 0 0.28 0.30 1.18 1.73 1.55 0.69 

Scytothamnus australis  0.71 0.82 0 0.65 0.52 0.28 1.04 0.56 0.17 0.53 

Corallina officinalis 0.23 0.07 0 0.13 1.43 0.15 0.08 0.23 0.13 0.27 

Hormosira banksii  0.29 0.02 0.05 0 0 0 0 0.01 0 0.04 

Ulva sp. 0 0.13 0 0.02 0 0 0 0 0.02 0.02 

Ralfsia sp.1 0 0 0 0.02 0 0 0 0 0.15 0.02 

Crustose coralline algae 0 0 0 0 0 0 0 0 0.14 0.02 

Carpophyllum sp. 0 0 0 0.03 0 0 0 0 0 <0.01 

Pomatoceros cariniferus 0 0 0 0.0 0 0 0 0 0.01 <0.01 

1 There is some doubt over whether Apophlaea sinclairii has been mistakenly recorded as Ralfsia sp. 
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4.1.2.1 Multivariate analyses of intertidal cover data 

Ordination of sites based on substratum cover types revealed clear spatial variation 

among the six intertidal sites (Fig. 5), with a general division between inner (IE1, IE2 

and IW1) and outer (IW2, IW3 and IE3) reef sites. The three inner sites are closely 

clustered together, which is in contrast to abundance data where the three outer sites 

were closely clustered. The inner sites were more similar as they tended to have 

fewer cover types than the outer sites, and had a higher cover of Gelidium sp.. There 

was also some separation between the eastern and western sites. This was correlated 

with the cover of sediment (high at eastern sites) and bare rock and shell (both higher 

at western sites) (Fig. 5).  The directional change at IW2 and IW3 was inversely 

correlated with sediment and reflects the declining sediment cover at these sites (Fig. 

6B). Barnacles were very rare at the inner-reef sites whereas they were important 

components of the reef at the outer sites, particularly at IW3. Similarly, Corallina 

officinalis was regularly recorded at the outer sites but was very rare or absent at the 

inner-reef sites.  

PERMANOVA analysis revealed highly significant variation between Years and Sites. 

The interaction between Site and Year (Table 6) was also significant indicating that site 

level variations changed from one year to the next.  Furthermore, the factor Site 

explained 43.2% of the variation, highlighting the clear and persistent spatial 

differences in reef cover types among the sites. 
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FigFigFigFigureureureure    5. 5. 5. 5.     

MDS ordination of intertidal monitoring sites 2001-2009 based on Bray-Curtis similarities of log 

(x+1) transformed percent cover data. Bi-plots on right show Pearson correlation coefficients 

between the first two MDS axes and substratum types (above) and environmental variables 

(below). Note: IE3 was not sampled in 2001. Stress 0.14 
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Table. 6. Table. 6. Table. 6. Table. 6.     

PERMANOVA results from analysis of the Bray-Curtis similarities of log(x+1) transformed 

percent cover data from intertidal quadrat sampling (2001-2009). 

 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 3.97 0.001 999 5.6 

Site 5 82.57 0.001 998 43.2 

Year x Site 39 2.39 0.001 998 6.4 

Res 462    44.9 

Total 514     

4.1.2.2 Univariate analyses on intertidal cover data 

Oysters typically covered between 30 and 70% of the reef throughout the time series 

(Fig. 6A). The overall cover of oysters was consistently lowest at IW1 (30-40%) and 

highest at IE3 (60-70%). The cover of live oysters was typically higher at eastern sites 

whereas the cover of dead oysters was generally higher at western sites. Overall 

patterns in live and dead oysters appear relatively stable over time, except for at IW3. 

At this site the coverage of live oysters appears to be decreasing and dead oysters 

increasing. PERMANOVA revealed significant variation among Years and Sites but no 

significant interaction (Section 8.1.2) indicating that the spatial patterns were stable 

over time. 

Bare rock and sediment exhibited contrasting spatial patterns (Fig. 6B) with bare rock 

being highest at western sites and sediment highest at eastern sites.  For both 

substratum types, Site explained greater than 30% of the variation (Section 8.1.2). The 

cover of bare rock remained relatively constant across surveys and there was no 

significant effect of Year. In contrast, the cover of sediment was been highly variable 

among years and appears to have declined at two of the western sites (IW2 and IW3) 

and increased at the three eastern sites.  

The red turfing algae Gelidium sp. (probably G. caulacantheum) covers an important 

component of the reef at the inner reef sites (Fig. 6B).  The cover of Gelidium has 

fluctuated over time with peaks in 2003 and 2008 but its spatial pattern has remained 

relatively consistent and the factor Site explains 43% of the variation (Section 8.1.2). 

Gelidium has the highest cover at the two inner-east sites (IE1 and IE2), followed by 

the two inner-most western sites (IW1 and IW2). It is consistently rare (<3% cover) at 

the two outer-most sites (IW3 and IE3). 
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FigFigFigFigureureureure    6A6A6A6A    

Cover of oysters Crassostrea gigas at intertidal monitoring sites between 2001 and 2009. 
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FigFigFigFigureureureure    6B. 6B. 6B. 6B.     

Cover of other dominant substratum types at intertidal monitoring sites between 2001 and 2009. 
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4.2 Subtidal results 

4.2.1 Temporal and spatial variation in subtidal reef communities (counts) 

A total of 36 different taxa have been counted in quadrats at the shallow subtidal reef 

sites. The 25 most abundant of these taxa are listed in Table 7. The reefs are visually 

dominanted by three species of large brown algae Carpophyllum maschalocarpum, C. 

flexuosum and the kelp Ecklonia radiata. The seaweed Sargassum sinclairii is also 

relatively common (~1 m-2). Amongst these canopy-forming species are numerous 

herbivorous gastropods, particularly the numerically dominant catseye snail Turbo 

smaragdus and the trochid gastropod Trochus viridis¸ as well as large numbers of 

solitary ascidians and the orange golf ball sponge Tethya burtoni. The cushion starfish 

Patiriella regularis is also relatively common (~1 m-2), while the sea urchin Evechinus 

chloroticus which is an important grazer on outer Hauraki Gulf reefs is relatively rare. 

Other species of note include the invasive Japanese paddle crab Charybdis japonica 

which was recorded in quadrats for the first time in 2010. Three individuals were 

recorded at SE2 and one individual was recorded at SE3. In addition the invasive green 

algae Codium fragile is also common and appears to have been increasing in recent 

years (Table 7). 

A number of intertidal species are also occasionally recorded in the subtidal surveys, 

e.g. the oyster Crassostrea gigas and Neptune’s necklace Hormosira banksii (Table 7). 
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Table 7. Table 7. Table 7. Table 7.     Mean abundance of the most common invertebrate taxa recorded at subtidal monitoring sites from 2001 to 2010.    

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total 

Turbo smaragdus 24.97 17.79 42.98 61.98 54.43 27.79 17.31 18.07 11.21 7.52 28.50 

Carpophyllum maschalocarpum 6.90 12.57 28.52 15.93 12.45 3.10 23.52 3.93 12.98 15.48 13.75 

Solitary ascidians 9.57 4.64 2.24 3.26 4.76 3.90 6.14 7.10 7.98 14.00 6.26 

Carpophyllum flexuosum 8.30 8.45 10.07 9.74 9.02 10.55 8.67 9.60 9.29 7.00 9.09 

Ecklonia radiata 2.60 2.36 2.43 4.05 2.05 2.71 2.83 5.43 7.71 6.43 3.90 

Tethya burtoni 0 1.48 0.90 1.45 0.38 2.02 0.86 2.19 8.52 4.60 2.31 

Sargassum sinclairii 1.43 0.98 0.93 1.21 0.12 0.57 0.50 0.88 1.95 1.86 1.03 

Patiriella regularis 1.40 1.38 1.10 0.71 1.24 1.05 0.93 0.69 0.60 0.83 0.98 

Trochus viridus 1.33 0.79 1.45 2.02 1.40 0.50 0.07 0.07 0.02 0 0.75 

Crassostrea gigas 0.13 6.12 0.36 0 0.45 0 0 0 0.12 0 0.74 

Perna canaliculus 0.03 0.21 0.02 0.26 1.40 0.17 0.60 0.14 0.12 0.21 0.33 

Coscinasterias spp. 0.40 0.43 0.48 0.10 0.64 0.26 0.26 0.24 0.05 0 0.28 

Hormosira banksii 0.63 0.24 0 0.36 1.24 0 0 0.05 0 0 0.24 

Cryptoconchus porosus 0 0 0.07 0.02 0.21 0.17 0.26 0.36 0.26 0.12 0.15 

Halopteris funicularis 0 0 0 0.95 0.43 0 0 0 0.02 0 0.14 

Evechinus chloroticus 0 0.07 0.12 0.05 0.14 0.07 0.10 0.10 0.02 0.17 0.09 

Codium fragile 0 0 0.02 0 0.05 0 0 0.02 0.29 0.31 0.07 

Cominella adspersa 0.03 0.19 0 0.05 0.07 0.02 0.21 0.02 0.02 0 0.06 

Polyplacophora 0 0.14 0 0.02 0.21 0 0.17 0 0.02 0.02 0.06 

Cantharidus purpureus 0.07 0 0.31 0.12 0.02 0.05 0 0 0.02 0 0.06 

Carpophyllum plumosum 0 0 0.02 0.48 0 0 0 0 0 0 0.05 

Buccinulum lineum 0.03 0 0 0.19 0.14 0.02 0.02 0.02 0 0 0.04 

Dendrodoris citrine 0.03 0.02 0.07 0.05 0.05 0.05 0 0.07 0.02 0.05 0.04 

Anemones 0.07 0 0 0 0 0 0.02 0 0 0.29 0.04 
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4.2.1.1 Multivariate analyses of subtidal count data 

Ordination of reef community count data for all Site-Year combinations indicated a large degree of 

variability among sites and no consistent spatial variation among years (Fig. 7A). This was reflected in 

PERMANOVA results where Site only explained 9.9% of the variance and Year explained ~18% (Table 

8).  Furthermore, the interaction between Year and Site explained more variation (12%) than among 

sites.  Despite this high inter-annual variability some general patterns were evident; eastern sites 

tended to be grouped on the right of the ordination and western sites on the left.  The greater variation 

over time compared to among sites is highlighted in Fig. 7B where there is consideably more scatter 

among years than among sites. This ordination of count data aggregated at the Site and Year level 

(Fig. 7B) does however separate sites between the eastern and western sides of the reef. This 

separation correlates with higher average abundances of C. flexuosum in the east and higher 

abundances of C. maschalocarpum in the west. Cluster analysis of site-level data reflected this east-

west division and also indicated that sites that were geographically positioned close together were the 

most similar (e.g. SE2 and SE3, and SW1 and SW2). Pair-wise comparisons found no difference 

between SW1 and SW2 (t=1.12, P(perm)=0.276). 

Some general patterns were evident among years (Fig. 7B). In particular the two most recent years 

(2009, 2010) are tightly grouped and correlate with higher abundances of Ecklonia radiata, Codium 

fragile, Cryptoconchus porosus and Tethya burtoni. The surveys from 2003-2005 are also relatively 

closely grouped and correlate with very high abundances of Turbo smaragdus and relatively high 

abundances of Trochus viridis (see Table 7). 
 

Table. 8. Table. 8. Table. 8. Table. 8.     

PERMANOVA results from analysis of the Bray-Curtis similarities of log(x+1) transformed count data from 

subtidal quadrat sampling (2001-2010). 

 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 12.75 0.001 997 17.59 

Site 5 11.90 0.001 999 9.85 

Year* Site 44 2.38 0.001 996 12.11 

Res 346    60.45 

Total 404     

 
 



 
 

Meola Reef Ecological Monitoring: 2001-2010 32 
 

FigFigFigFigureureureure    7.7.7.7.    

MDS ordination of subtidal monitoring sites 2001-2010 based on Bray-Curtis similarities of log (x+1) 

transformed count data. Note: SW3 was not sampled in 2001. (A) Analysis of data for each site-year 

combination (Stress = 0.21) and (B) analysis of data averaged across sites and years (Stress = 0.18). 
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4.2.1.2 Univariate analyses of subtidal count data 

Dominant macroalgal species.Dominant macroalgal species.Dominant macroalgal species.Dominant macroalgal species. Carpophyllum maschalocarpum and C. flexuosum have generally 

been the numerically dominant canopy-forming algal species throughout the monitoring program at 

all of the sites (Fig. 8A).  The abundance of C. flexuosum has been relatively stable throughout the 

monitoring program (Table 7) and there was no significant variation associated with Year (Appendix 

2, Section 8.1.3).  However, C. flexuosum was not recorded at two sites (SW1 and SW2) in 2003 

(Fig. 8A).  The absence of C. flexuosum at these two sites is surprising given the relatively high 

abundances in the subsequent survey (2004; Fig. 8A) and the dominance of adult plants (ranging in 

size from 30 to >120 cm total length) in 2004 (Appendix 3, Section 9.1.2).  Despite these 

anomalies the abundance of C. flexuosum has typically been highest at the eastern sites 

throughout the time series and Sites explained 10% of the overall variation (Section 8.1.3).  

The abundance of C. maschalocarpum has been extremely variable among years (Fig. 8A). These 

large fluctuations are also evident in the size frequency data for C. maschalocarpum (Appendix 3, 

Section 9.1.1).  At SE1 and SE2 no plants were recorded in 2005. In contrast, at SE3 low numbers 

of C. maschalocarpum were recorded in all years except for 2005 and 2008-2010 when 

considerably more plants were recorded.  Furthermore, the plants were relatively large indicating 

that these were not new recruits. These large fluctuations in plants ≥20cm length were not 

consistent across sites and probably reflect high spatial variability in this species at the monitoring 

sites and/or variation in the location of sampling rather than rapid population-level changes at sites.  

Despite the high inter-annual variability, C. maschalocarpum generally occurred in greater numbers 

at the more exposed western sites and the factor Site explained ~17% of the overall variation.   

The kelp Ecklonia radiata was also common at all sites throughout the time series, and has 

increased considerably at all sites in recent years (Fig. 8A, Table 7). Inter-annual variation explained 
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~20% of the overall variation. However these changes appear to be more gradual than the large 

fluctuations observed for C. maschalocarpum and C. flexuosum. Ecklonia has not varied 

consistently among sites over time and the factor Site only explains ~4% of the variation. 

However, it is currently most abundant at the inner eastern sites SE1 and SE2, where it has been 

the numerically dominant algal species since 2008.  

Sargassum sinclairii is also relatively common at the subtidal sites, typically occurring at densities 

less than 5 m-2. Its abundance has been variable among sites and over time with no clear spatial or 

temporal patterns.  

Mobile macroinvertebrate species. Mobile macroinvertebrate species. Mobile macroinvertebrate species. Mobile macroinvertebrate species. Turbo smaragdus is the numerically dominant mobile 

macroinvertebrate species and has been highly variable over time (Table 7), in some years 

occurring at extremely high densities (up to 100 m-2) (Fig. 8B). Year explains ~34% of the variation 

in Turbo abundance while Site explains ~10%. Turbo peaked in abundance across all sites in 2004 

and 2005 and since then has generally declined across all sites. Turbo is typically more abundant at 

the outer reef sites (SW3, SE2 and SE3). 

The other two most common mobile invertebrates Patiriella regularis and Trochus viridis also tend 

to have declined over time (Fig. 8B). Trochus in particular has been very rare from 2007 onwards. 

There has been no clear spatial pattern for Patiriella, although in most years it has been more 

abundant at the eastern sites. Trochus viridis was more abundant at the outer sites. Site explains 

~10% of the variation for Trochus.  

Sessile invertebrates. Sessile invertebrates. Sessile invertebrates. Sessile invertebrates.     

The highest abundances of solitary ascidians were recorded in the initial (2001) and the most 

recent (2010) surveys (Fig. 8C); consequently Year explains ~18% of the overall variation. There is 

no clear spatial pattern in abundance among the sites. The orange golf ball sponge Tethya burtoni 

has increased in recent years and exhibits no clear spatial variation among sites. 
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FigFigFigFigureureureure    8A. 8A. 8A. 8A.     

Temporal variation in the dominant canopy-forming species at subtidal monitoring sites. Densities are for plants 

≥20 cm in height to minimise the effects of recruitment events on overall densities. 
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FigFigFigFigureureureure    8B. 8B. 8B. 8B.     

Temporal variation in dominant mobile invertebrate species at subtidal monitoring sites. 
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FigFigFigFigureureureure    8C. 8C. 8C. 8C.     

Temporal variation in the abundance of solitary ascidians and the orange golf ball sponge Tethya burtoni at 

subtidal monitoring sites. 
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4.2.2 Temporal and spatial variation in substratum types (percent cover) 

The reef substratum at the subtidal monitoring sites is predominantly covered in a mixture of 

unconsolidated sediment, sand and shell, which combined typically cover ~53% of the substratum 

(Table 9).  On average 3.5% of the substratum is classified as bare. Crustose coralline algae and 

the brown encrusting algae Ralfisa sp. are the dominant living components, covering on average 

15 and 13% of the reef respectively. Other common algal groups include Corallina officinalis (4%) 

and Cladophora herpestica (1.4%), and the three dominant large brown algal species Ecklonia 

radiata, Carpophyllum maschalocarpum and C. flexuosum, each covering approximately 1% of the 

substratum.  Sessile invertebrates typically cover about 5% of the substratum with sponges 

(3.9%) and solitary ascidians (0.6%) being the dominant sessile invertebrate groups. 
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Table 9. Table 9. Table 9. Table 9.     

Mean cover of the dominant substratum classes at subtidal monitoring sites from 2001 to 2010.  

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total 

Sediment 36.23 25.83 26.77 18.35 23.87 38.40 11.65 41.19 37.30 62.38 32.08 

Crustose coralline algae 11.90 15.08 18.51 23.87 21.13 10.37 11.50 15.68 13.27 6.88 14.91 

Sand 3.20 26.58 15.36 17.20 15.94 12.74 14.94 12.60 10.01 2.21 13.37 

Ralfsia sp. 19.10 6.70 21.33 7.93 9.29 13.40 24.21 12.58 7.86 7.10 12.77 

Shell 0 5.50 2.00 8.17 8.67 9.08 16.77 5.11 8.46 8.23 7.41 

Corallina officinalis 10.80 4.18 4.44 2.27 6.39 1.96 3.11 2.70 5.07 0.96 4.00 

Bare rock 0.17 4.62 0.12 7.42 2.07 5.46 4.93 0.30 8.07 0.89 3.50 

Sponges (all) 4.68 4.20 3.23 3.80 2.63 3.79 4.45 5.30 3.69 3.29 3.88 

Ecklonia radiata 1.10 0.76 0.86 1.23 1.35 1.14 1.23 1.71 3.12 2.87 1.55 

Cladophora herpestica 3.23 0.29 1.18 2.63 1.14 0.76 2.35 0.71 0.94 1.02 1.37 

Carpophyllum maschalocarpum 1.70 3.23 1.14 1.36 2.04 0.29 2.27 0.31 0.50 0.98 1.37 

Carpophyllum flexuosum 1.45 1.68 2.24 1.26 2.77 0.93 0.95 0.69 0.58 0.68 1.32 

Solitary ascidians 1.80 0.23 0.67 0.32 0.63 0.42 0.65 0.60 0.51 0.94 0.64 

Gravel 0 0.60 0 3.40 0.06 0 0.24 0 0 0 0.44 

Crassostrea gigas 1.90 0.05 0.76 0.17 0.89 0 0 0.05 0.05 0 0.34 

Bryozoans 1.93 0.20 0 0.10 0 0.55 0.31 0 0 0 0.26 

Tethya burtoni* 0 0.23 0.14 0.13 0.04 0.17 0.11 0.29 0.43 0.31 0.19 

Sargassum sinclairii 0.23 0.08 0.25 0.20 0.04 0.11 0.05 0.19 0.23 0.27 0.16 

Red foliose and turfing algae 0.10 0.05 0.35 0.07 0.26 0.35 0.08 0.05 0.04 0.14 0.15 

Hydroids 0 0 0 0.02 0.23 0.12 0.10 0.15 0.05 0.36 0.11 

Perna canaliculus 0.02 0.01 0.06 0.08 0.27 0.06 0.17 0.04 0.05 0.07 0.08 

Colpomenia sinuosa 0.30 0 0.19 0 0 0 0 0 0 0 0.04 

Halopteris funicularis 0 0 0.24 0.05 0.11 0 0 0 0.01 0 0.04 

Codium fragile 0 0.01 0 0 0.02 0 0 0.01 0.14 0.12 0.03 

Hormosira banksii 0.07 0 0.02 0.04 0.13 0 0.01 0.01 0 0 0.03 

Barnacles 0 0.01 0 0.01 0.04 0 0 0 0 0.14 0.02 

Anemones 0.05 0.01 0.02 0.02 0.01 0 0.01 0 0 0.01 0.01 
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4.2.2.1 Multivariate analyses of subtidal cover data 

Community-level analysis of the different substratum types reveals a high degree of 

variability among Years and among Sites with little consistent temporal or spatial 

variation among sites (Fig. 9A). In general the MDS plot provides a poor representation 

of this variability (Stress = 0.22). The same analysis based on the cover data 

aggregated at the Site- and Year-level identifies a relatively large degree of temporal 

variation and some spatial variation (Fig. 9B). The horizontal axis broadly correlates with 

Year, with the earlier surveys (2001, 2002) clustering on the left, most recent surveys 

(2008-2010) on the right, and the intermediate years (2003-2007) scattered in between.  

This pattern correlates with higher covers of oysters Crassostrea gigas, solitary 

ascidians, Colpomenia sinuosa and Corallina officinalis in the earlier studies, and higher 

covers of Ecklonia radiata, Codium fragile, sediment, barnacles and hydroids in the 

latter studies (Fig. 9B and Table 10). The clustering of sites also suggest broad spatial 

differences between sites on the eastern and western sides of the reef, which 

correlated with higher cover of C. maschalocarpum and bare rock in the west, and 

higher cover of Ecklonia radiata and sediment in the east.  The higher cover of 

sediment in the east is likely due to the lower wave action, whereas on the more 

exposed western side, sediments are dispersed from the reef by wind-induced wave 

action. 

 

Table 10. Table 10. Table 10. Table 10.     

PERMANOVA results from analysis of the Bray-Curtis similarities of log(x+1) transformed 

percent cover data from subtidal quadrat sampling (2001-2010). 

 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 7.63 0.001 998 11.96 

Site 5 7.04 0.001 997 6.55 

Year x Site 44 1.77 0.001 995 8.14 

Res 349                         73.36 

Total 407                          
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FigFigFigFigureureureure    9. 9. 9. 9.     

MDS ordination of subtidal monitoring sites 2001-2010 based on Bray-Curtis similarities of log 

(x+1) transformed percent cover data. Note: SW3 was not sampled in 2001. (A) Analysis of data 

for each site-year combination (Stress = 0.22) and (B) analysis of data averaged across sites and 

years (Stress = 0.13). 
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4.2.2.2 Univariate analyses of subtidal cover data 

Physical subsPhysical subsPhysical subsPhysical substratum categories.tratum categories.tratum categories.tratum categories. Overall, the cover of sediment, sand and shell has 

tended to increase throughout the time series (Fig. 10A). Currently ~70% of the 

substratum is covered by unconsolidated materials at all sites. This trend has been 

consistent among sites as indicated by the non-significant interaction between Year 

and Site (Appendix 2, Section 8.1.4).  The cover of these unconsolidated materials is 

typically higher at the more sheltered eastern sites. 

The cover of bare rock has been highly variable among years (Fig. 10A). While it has 

not varied significantly between sites (Appendix 2, Section 8.1.4, the cover of bare 

rock has generally been highest at the western sites. The variability among years 

possibly reflects observer variability from year to year. For example, the high mean 

covers of bare rock in 2004, 2006, 2007 and 2009 are largely attributable to quadrats 

surveyed by a single diver that consistently recorded considerably higher cover of bare 

rock than other divers, which either did not record bare rock or recorded it at lower 

cover (<2%).  

Biological substratum categories.Biological substratum categories.Biological substratum categories.Biological substratum categories. Crustose coralline algae has been highly variable 

among sites and years (Appendix 2, Section 8.1.4), and has shown a cyclical pattern 

that is inversely related to the cover of the brown encrusting algae Ralfsia sp. (Fig. 

10B). The cover of crustose coralline algae is typically highest at the outer-most sites 

(SW3 and SE3), whereas there was no clear spatial variation in Ralfsia among sites. 
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The cover of articulated coralline turf (Corallina officinalis) was highest in the initial 

survey but since then has typically covered <10% of the reef at all sites. One 

exception is SW1 in 2005 when it covered >30% of the reef. This coincided with a 

higher than usual cover of Crassostrea gigas and Perna canaliculus (Table 9) and also 

higher than usual abundances of Hormosira banksii (Table 7) and suggests that some 

sampling at SW1 in 2005 was carried out in the low intertidal zone.   

The green turfing algae Cladophora herpestica has been highly variable among years 

and exhibits no clear spatial patterns among sites (Fig. 10C, Section 8.1.4). 

Sponges and solitary ascidians are the dominant sessile invertebrate groups (Table 9).  

Despite significant variability among years, the total cover of sponges has remained 

relatively stable over time, typically covering <5% of the reef (Fig. 10C). The most 

common species are the orange golf ball sponge Tethya burtoni and the yellow boring 

sponge Cliona celata. A variety of thin encrusting species (unidentified) are also 

common. While numerically abundant the cover of solitary ascidians is generally <1% 

(Fig. 10C). The overall cover of solitary ascidians reflects the same patterns described 

for their abundance (Section 4.2.1.2, Fig. 8C), with the highest covers recorded in the 

first and last surveys with no clear directional change. As for sponges, there is no clear 

spatial pattern in solitary ascidian cover among sites. 
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FigFigFigFigureureureure    10A. 10A. 10A. 10A.     

Temporal variation in the cover of unconsolidated materials (sediment, sand, shell and gravel) and 

bare rock at subtidal monitoring sites. 
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FigFigFigFigureureureure    10B. 10B. 10B. 10B.     

Temporal variation in the cover of crustose coralline algae, the brown encrusting algae Ralfisia sp. 

and Corallina officinalis at subtidal monitoring sites. 
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FigFigFigFigureureureure    10C. 10C. 10C. 10C.     

Temporal variation in the cover of sponges, the green turfing algae Cladophora herpestica and 

solitary ascidians at subtidal monitoring sites. 
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4.3 Sedimentation rates at Meola Reef 

4.3.1 Spatial variation in sedimentation rates 

Overall trapped sedimentation rates are very similar across the six subtidal monitoring 

sites (Fig. 11) and there are no clear differences in sedimentation rate associated with 

the location of sites (i.e. east vs. west, inner vs. outer reef).  Consequently the 

following results are presented for rates averaged across the six sites; time series for 

individual sites are included in Appendix 4 (section 10). 
 

FigFigFigFigureureureure    11 11 11 11     

Mean sedimentation rates [ln (g cm-2 day-1)] at Meola reef subtidal monitoring sites (2001-2010).  
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4.3.2 Temporal variation in trapped sedimentation rate 

In general the mean trapped sedimentation rate (averaged across sites) has declined 

between 2001 and 2010 (Fig. 12A). At the site-level, significant declines in 

sedimentation rate were detected at the three eastern sites and one of the western 

sites (SW1) (Appendix 4, Section 10). However, the decline at these sites was largely 

driven by a small number of exceptionally high rates that occurred at the start of the 

sampling program.  In general sedimentation rates tended to be higher in the first five 

years of the program (2001-2005) at a number of the sites (especially SW1). When the 

data were analysed separately before and after 2005 the trends are less evident. Only 

SE2 (p=0.038) and SE3 (p=0.065) suggest a decline over the first 5 years, but again 

these are largely driven by the high rates recorded over the first few sampling periods 

(October-December 2001). None of the sites exhibit any significant changes in 

sedimentation rate since June 2005.  It appears that a step-change occurred at some 

of the sites in mid 2005. The higher variability in the early stages of the sampling 

program (2001-2005) is evident in Fig. 12B.  
 

FigFigFigFigureureureure    12121212. . . .     

Mean trapped sedimentation rate across Meola reef subtidal monitoring sites from 2001-2010 (A). 

Monthly deviations of trapped sedimentation rate from long-term mean (B). Note: the first data 

point (October 2001) is not included as average sedimentation rate was considerably higher 

(0.163) than all other data points (see Appendix 4).  
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Despite differences in the variability and magnitude of rates between the periods from 

2001-2005 and 2005 and 2010 a very clear seasonal pattern in sedimentation rates has 

been evident across the Meola sites throughout the time series (Fig. 12 B).  

Surprisingly, sedimentation rates were lowest over the winter months (July and 

August), and typically highest in spring (October and November) and late summer 

(February-March) (Fig. 13). 

FigFigFigFigureureureure    13131313....    

Seasonal variation in trapped sedimentation rate. 

 

The strong seasonal variation in sedimentation (Fig. 13) seems at least in part related 

to inter-annual variability in winds. There was no relationship between measured 

sedimentation rates at Meola Reef and average rainfall and runoff (measured at 

Henderson River Park) over the trap deployment period (Fig. 14A and B). However, 

there was a significant positive relationship between sedimentation rate and the 
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number of windy days (average daily wind speed >1 m/s) over the trap deployment 

period (Fig. 14C). Furthermore, the two outliers in this relationship (high sedimentation 

rates at a relatively low number of windy days [~20]) corresponded to some of the 

strongest easterly wind events recorded between 2001 and 2010.  
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FigFigFigFigureureureure    14. 14. 14. 14.     

Relationship between trapped sedimentation rates from 2005-2010 (averaged across sites for 

each deployment period) and (A) average daily rainfall, (B) average daily runoff, and (C) the number 

of windy days (average daily wind speed >1 m/s) over the deployment period. All climate data are 

from Henderson River Park. 

4.3.3 
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Grain-size distribution of trapped sediments 

The sediments trapped at Meola Reef are predominantly comprised of fine sediments 

(<63 microns) (Fig. 15). The percentage of fine sediments has remained relatively 

stable through time at all but one site, SW1 where the percentage fine sediments has 

increased (Appendix 5, section 11).  As for overall sedimentation rates (Fig. 12A), there 

is considerably more variability in the percentage of fine sediments in the early part of 

the time series (before 2006).  

There was no clear seasonal variation in the percentage of fine sediments trapped 

although from 2006-2010 the proportion of percent fines tended to be lowest from 

May to September (Fig. 15) which coincided with lower overall sedimentation rates 

(Fig. 13). 

FigFigFigFigureureureure    15.15.15.15.    

Percentage of fine sediments (<63 microns) trapped from 2003-2010 (averaged across all sites). 

See Appendix 5 for site-level time-series. 
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5 Discussion 

5.1 Intertidal reef communities 

The reef community at all of the intertidal monitoring sites is dominated in terms of 

cover and counts by the pacific oyster Crassostrea gigas. This invasive species has 

effectively transformed the intertidal area at Meola Reef (Fig. 16) by providing a large 

amount of complex biogenic microhabitat for other organisms. It also may play a role in 

enhancing sedimentation by trapping suspended sediments (Hayward et al. 1999). The 

invertebrate and algal communities associated with the oysters exhibited clear spatial 

variation among sites that appears to be related to a combination of environmental 

factors, e.g. height on the shore, distance offshore (i.e. distance from the landward 

edge) and wave exposure, which is considerably higher on the western side of the 

reef.  

There was a general division in communities between the three sites on the inner part 

of the reef (IW1, IE1 and IE2) and the three sites on the outer part of the reef (IW2, 

IW3 and IE3).  These spatial patterns have remained remarkably stable over the 9 

years of sampling and highlight the tight coupling between intertidal reef communities 

and local-scale environmental variability. For example Zeacumanthus lutulentus was 

most abundant at the inner sites whereas a number of species were more abundant at 

the outer sites (e.g. Anthopleura, Sypharochiton, Turbo smaragdus and barnacles). A 

number of species did not exhibit clear patterns among sites, e.g. Xenostrobus and 

Melagraphia had the highest abundances at an inner site on the eastern side of the 

reef (IE1) and an outer site on the western side of the reef (IW3). More accurate 

information on height above mean low water (for sites and quadrats) may help 

reconcile some of these patterns. Some clear differences were also evident between 

the eastern and western sites. For example, bare rock and shell had a higher cover on 

the more exposed western side, while oysters and sediment had a higher coverage at 

the eastern sites. 

Overall species assemblages (counts) and community structure (cover) has varied 

significantly over time but there is little evidence of any directional change in the 

intertidal communities across the sites. Instead many of the dominant species have 

exhibited cyclical patterns in abundance and cover of the substrata.  Oysters have 

remained relatively stable over time but a number of the most common mobile species 

have shown a cyclical pattern with peaks in abundance in 2003-2004 and then again in 

2008-2009, e.g. Anthopleura, Sypharochiton, Turbo smaragdus, Xenostrobus and 

Onchidella nigricans.  The red turfing algae Gelidium sp. has shown a similar cyclical 

pattern over the time series.  The only common species to show clear directional 

change was the topshell Melagraphia aethiops. This species declined consistently 

across the three outer sites (IW2, IW3 and IE3), but in contrast, increased at IE1. 

Consequently there has been no directional change in overall Melagraphia abundance 

across the reef. 
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The invasive species of sea anemone Diadumene linea was recorded at the intertidal 

sites in 2004 and appears to have increased since then. However, this species was 

first recorded on Meola (Westmere) Reef in 1977 by Dromgoole and Foster (1983).  

This apparent increase needs to be treated cautiously given the difficulties in 

distinguishing it from Anthopleura when these small anemones are encased in mud. 

Alternatively the current increase just reflects a natural cycle similar to what has been 

seen for other species. 

Sediment covers a relatively high proportion of the reef at all sites (3-26% in 2009). 

Although there has been considerably variability over time, the cover of sediment 

appears to be increasing at eastern sites and decreasing at western sites. The increase 

at eastern sites may be related to the higher cover and abundance of oysters, which 

may play a role in trapping sediments. In contrast the western side of the reef is more 

exposed to prevailing southwesterly winds, which likely resuspend and disperse 

sediments. This correlates with the higher cover of bare rock and shell hash at western 

sites. It appears that the cover of sediment has increased at Meola Reef since the 

1980’s and is continuing to increase. The large patches of consolidated sediment that 

now occur over the reef were not evident in historical photographs (Fig. 16).  How this 

increase in consolidated sediments has affected overall diversity is unknown and 

warrants further investigation. 
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Western side of Meola Reef in the 1920’s (Oliver 1923), 1982 (Dromgoole and Foster 1983) and in 

2010. 
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5.2 Subtidal reef communities 

The subtidal reef assemblages monitored at Meola Reef have been extremely variable 

over the 10 year sampling period. This is somewhat surprising given the sheltered 

nature of Meola reef (while exposed to tidal currents it is not exposed to oceanic 

swells) and the absence of large grazers such as sea urchins. These factors are 

important sources of variability in subtidal algal forests on more exposed outer coast 

reefs (Choat and Schiel 1982).  In general algal forests on sheltered reefs are expected 

to be more stable than exposed reefs (Walker 2005).  

Due to the high inter-annual variability observed there are limited consistent spatial 

patterns in communities that differentiated the sites (as seen in the intertidal) and the 

factor Site only explained <10% of the overall variation in assemblage structure and 

substratum types (compared to 38-43% in the intertidal).  The dominant canopy-

forming algal species at Meola Reef are Carpophyllum maschalocarpum and C. 

flexuosum and the kelp Ecklonia radiata. Carpophyllum maschalocarpum dominates 

the sublittoral fringe habitats throughout northeastern New Zealand and the lower 

depth limit of this zone increases with increasing wave exposure (Grace 1983, Shears 

and Babcock 2004). At relatively sheltered reefs such as at Long Bay this species is 

restricted to <1.5 m below mean low water.  Forests of C. flexuosum typify sheltered 

reefs in northeastern New Zealand. These forests are usually found beneath the C. 

maschalocarpum zone. Due to the extremely sheltered nature of Meola Reef these 

zones are compressed into even shallower depth bands (the maximum depth of the 

reef at the sites is typically less than 1.5 m) and the depth limits of these zones differ 

between the more exposed western and more sheltered eastern side of Meola Reef.  

Monitoring at all Meola sites is carried out at a similar depth (on average 0.3-0.6 m 

below mean low water) and subsequently there are general differences in the 

dominant species between the eastern and western sites; C. maschalocarpum is more 

abundant on average at the western sites which are more exposed to southwesterly 

winds, whereas C. flexuosum is typically more abundant at the eastern sites which are 

more sheltered. Ecklonia radiata and the cushion star Patiriella regualaris also tended to 

be more abundant at the more sheltered eastern sites and the cover of sediment was 

also higher on average at the more sheltered sites. 

Despite the broad spatial differences in C. maschalocarpum and C. flexuosum 

abundance between the eastern and western sites, this pattern was not consistent 

across years and there was large inter-annual variation in the abundance of these 

perennial species. For example, C. flexuosum was not recorded at two of the western 

sites (SW1 and SW3) in 2003, yet in 2004 large numbers of adult plants (many 

>120cm in length) were recorded at these sites.  This variation cannot be explained by 

demographic factors such as recruitment and growth given that C. flexuosum at 

sheltered sites grows on average 2.7 cm per month, i.e. ~30cm per year (Cole et al. 

2001). Depsite the interannual variation in abundance of this species, the occurence of 

plants >2 m in length across most years suggests that these populations are relatively 

stable. Similar apparent fluctuations in C. maschalocarpum abundance have also 

occured. For example, very low numbers of adult C. maschalocarpum plants were 
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recorded in 2006 and 2008 at western sites, and these were followed by high 

abundances in subsequent years.  Examination of size frequency data suggests that 

this is not due to alternating recruitment events as in all cases algal assemblages 

dominated by large individuals.  Growth rates of C. maschalocarpum in the inner 

Waitemata Harbour are in the order of 25cm per year (Dromgoole 1973). These low 

abundances in C. maschalocarpum coincide with elevated abundances of C. flexuosum 

at these sites and may reflect the high degree of spatial variation at sites, but may also 

be related to depth variations in which sampling is undertaken. Relatively small 

differences in sampling depth between years could explain the differences in the 

relative abundance of these and other species and substratum types.  This depth-

related variation is exemplified in 2001 and 2005 when relatively large numbers of 

oysters (Crassostrea gigas), Hormosira banksii and a high cover of coralline turf were 

recorded at a number of sites. Crassostrea gigas and Hormosira banksii are intertidal 

species that are seldom found in the subtidal. Along with coralline turf, these species 

characterise the low intertidal zone at Meola Reef (Hayward et al. 1999). These data 

suggest that a number of quadrats were sampled at mean low water in these years.  

Inter-annual variation in the depth of sampling is also likely to affect the cover of 

different substratum types such as sediment, which increases with depth. 

In recent years a number of measures have been implemented to minimise the effects 

of spatial variability within sites; reliable and accurate GPS locations now exist for 

locating each site, in addition surface floats now mark the sediment trap at each site 

and quadrats are carried out on the reef immediately adjacent to and at the same 

depth as the sediment trap.  However, the difficult diving conditions at Meola Reef 

likely introduce an unavoidable source of variability.  Visibility at Meola Reef is often <1 

m and combined with the high currents makes accurate visual assessment of the 

percent cover of substratum types particularly difficult.  It is important that future 

surveys be carried out in the most favourable conditions to ensure the data are as 

reliable as possible. In addition it is important that divers are carefully instructed on the 

depths to carry out sampling and are trained on species identification and categorising 

substratum percent covers. 

In general these inconsistencies in the data make the analysis of trends difficult for 

some species. However, despite this variability some clear patterns have emerged 

from the dataset.  An increase in the cover of unconsolidated substrates (including 

sediment) on the reef has been recorded across all sites over the study period. This is 

consistent with the increasing concentrations of suspended sediments recorded at 

nearby Chelsea wharf (Appendix 6, section 12). 

Declines have been recorded across sites for the three most abundant mobile 

invertebrate species (Turbo smaragdus, Trochus viridis and Patiriella regularis).  Mobile 

invertebrates, particularly herbivores are vulnerable to high sedimentation loads and 

have been shown to decline with increasing sediment in other systems (e.g. Airoldi 

and Hawkins 2007). While these patterns may relate to increasing sediment cover, 

they may also represent “natural” demographic cycles and further monitoring and 

experimental studies are needed to understand the causal relationship. High 

sedimentation has also be shown to result in an increase in filter feeders and there is 

some evidence for this with a general increase in solitary ascidians and the golf ball 
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sponge Tethya burtoni at the sites.  Further research is needed to better understand 

these changes and the relationship with sedimentation. 

Perhaps the most obvious change at the subtidal sites over the 10 year monitoring 

period has been the increase in kelp (Ecklonia radiata). This has occurred across most 

sites since 2007 and been most evident at the two most sheltered sites where 

Ecklonia is now the dominant algal species. Kelps (Laminarian seaweeds) are generally 

considered to be highly vulnerable to sedimentation and eutrophication and losses of 

kelp canopies have been recorded on many urban reefs worldwide as a result of 

pollution (Steneck et al. 2002, Connell et al. 2008). Therefore based on previous 

research the observed increase in Ecklonia at Meola might be expected to have 

coincided with improving water quality conditions in the harbour.  However, the cover 

of sediment has increased at monitoring sites and the concentrations of suspended 

sediments in the Harbour appear to have increased over the monitoring period, 

suggesting that alternate mechanisms are responsible.  An increase in Ecklonia has 

also been recorded on reefs at Long Bay over the 10 year period (Hughes and Shears 

unpubl. data), and suggest that the increase may be in response to larger-scale 

oceanographic conditions. Further investigations are needed to resolve the 

mechanisms responsible for this ecologically important change. For example, El Niño 

Southern Oscillation (ENSO) has large effects on kelp forest ecosystems in the 

western pacific (Dayton and Tegner 1984). During strong El Niño’s warm/nutrient poor 

waters and increased storm intensity have resulted in large-scale loss of kelp forest. 

Such conditions are more likely to be associated with La Niña events in northern New 

Zealand when warm/nutrient poor waters are pushed onto the coast by more frequent 

northeasterly winds. However, these types of effects are likely to be of limited 

importance for communities in the shallow waters of the Waitemata Harbour which 

are sheltered from storm waves, have large sources of anthropogenically derived 

nutrients and where solar radiation is a major driver of variation in seawater 

temperature. Variation in rainfall and winds associated with El Nino’s may have some 

influence on the Waitemata harbour and its ecosystems. During El Niño years winds 

from the southwest are stronger and more frequent. For example, the strongest El 

Niño between 2001 and 2009 occurred in 2002, which was also the windiest year over 

this period. This has the potential to increase sedimentation, change salinity levels and 

influence circulation patterns. While El Niño has an important influence on New 

Zealand’s climate, it accounts for less than 25% of the year to year variance in 

seasonal rainfall and temperature at most New Zealand measurement sites 

(http://www.niwa.co.nz/our-science/climate/information-and-resources/clivar/elnino).  

Therefore, analysis of biological variation and local-scale climatic data (SST, rain, wind 

etc) is needed to explore the potential mechanisms responsible. 

 

5.3 Sedimentation at Meola Reef 

A major objective of the MRMP is to interpret any community changes on Meola Reef 

within the backdrop of sedimentation from urban development, which is considered a 

major threat to ecosystem health in the Auckland Region. The use of sediment traps 
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have been considered key to quantifying sedimentation rates to allow such 

interpretations. Previous analysis of the sedimentation data from Meola Reef up until 

February 2008 has suggested a general decline in sedimentation rate at Meola Reef 

(Ford and Pawley 2008). Analysis of the time series to April 2010 in this report is 

consistent with this, with four of the six sites exhibiting a significant decline over the 

monitoring program.  However, this decline appeared to occur in the early part of the 

time series and is largely driven by some very high sedimentation rates at the start of 

the program (Appendix 4, section 10).  Discussions with previous personnel working 

on this monitoring program revealed that the exact position of traps at each site has 

varied over time.  Sediment traps were originally located on the sand adjacent to the 

reef at each site and staff would collect the traps by snorkel (D. Feary and R. Ford 

pers. comm.). However, around mid-2005 (when a number of the bases were lost) the 

traps were positioned up on the reef where they could be more easily relocated by 

wading out from the intertidal (C. Bedford and C. Williams pers. comm.). It is believed 

that the traps have stayed at approximately the same location and depth on the reef 

since 2005.  This subtle change in trap location explains the higher and more variable 

sedimentation rates and the greater proportion of coarse sediments in the samples 

prior to 2005. Location of sediment traps on sand increases the likelihood of 

resuspension and deposition of coarse sands into the trap.  This probably explains the 

higher overall rates and lower percentage of fine sediments (i.e. dominance of coarse 

sediments) before mid-2005 (Appendix 4 and 5).  This is particular evident at some of 

the western sites (e.g. SW1), where there appears to have been a step change 

(decline) in sedimentation in mid-2005.  

Since 2005 the sedimentation rates and percentage of fine sediments (<63 µ) in the 

traps have remained stable and there is no clear spatial variation in sedimentation 

among the six sites. With less variability related to resuspension of coarse sediments a 

clear seasonal pattern in sedimentation rate has also become evident.  On average 

sedimentation rates are highest in late summer (February-March) and spring (October-

November) and lowest in winter (July-August). This is in contrast to the expected 

pattern based on annual rainfall patterns, where greatest precipitation typically occurs 

during the winter months (Appendix 7, section 13).  It has been widely assumed that 

sedimentation rates, as measured by traps, will primarily be related to freshwater 

runoff from the land which is an important source of sediments in sheltered harbours. 

However, the preliminary analyses carried out in the present study found no 

relationship between sedimentation rates and the amounts of rainfall and runoff 

measured over the corresponding trap deployment period. Furthermore, analysis of 

seasonal patterns in rainfall and runoff at Henderson indicate highest rainfall and 

particularly runoff occurs in the winter months from May to September (Appendix 7, 

section 13) typically when the lowest sedimentation rates are recorded. The complete 

lack of a relationship between rainfall (and runoff) and sedimentation rates in traps on 

Meola Reef is somewhat surprising given the sheltered harbour environment, large 

catchment and large sediment inputs. However, this preliminary analysis was only 

carried out on average daily rainfall over the deployment period so further investigation 

is needed into the relationship between sedimentation and other rainfall parameters 

that incorporate intensity and frequency of rainfall events. 
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Sedimentation rates at Meola Reef were found to be significantly related to the 

number of windy days that occurred over the trap deployment period. In addition, 

seasonal patterns in sedimentation rates were broadly consistent with seasonal 

patterns in wind in the Waitemata harbour (Appendix 7). In late summer, large easterly 

wind events appear to be important drivers of sedimentation on Meola reef, whereas 

in spring (October-November) the increased occurrence of strong westerly wind 

events most likely results in the high sedimentation rates.  These preliminary results 

suggest that wind plays a dominant role in driving sedimentation on Meola Reef most 

likely through the generation of wind-induced waves that resuspend fine sediments 

from surrounding tidal flats and shallow subtidal areas.  A cursory look at suspended 

sediment data collected as part of the ARC water quality monitoring program at 

Chelsea (Appendix 7) indicates that suspended sediment concentrations may follow 

similar seasonal patterns.  Further investigation is needed into the factors driving this 

intra-annual variability in sedimentation. 

In conjunction with ARC water quality monitoring data, the sediment trap and percent 

cover data from the MRMP provides additional information to evaluate overall trends in 

sedimentation in the Waitemata Harbour.  From the MRMP there has been an increase 

in the percent cover of sediment at a number of intertidal sites (those on the eastern 

side of the reef) and at all subtidal sites over the last 10 years. Unfortunately due to the 

changes in the sampling methods for sediment traps (described above), an accurate 

assessment of changes in sedimentation rates from 2001 to 2010 is not possible, 

although there has been no significant change since 2005.  Analysis of suspended 

sediment concentrations from Chelsea wharf (ARC water quality monitoring site) 

indicates a general increase from 2001 to 2010 (Appendix 6). However, overall 

suspended sediment concentrations appear to have been relatively stable since 2005, 

which is consistent with sediment trap data.   

Previous analysis of MRMP data has shown a negative association between sediment 

cover and the abundance of the majority of species found at Meola Reef (Ford and 

Pawley 2008).  In recent years the decline in a number of mobile invertebrate species 

has coincided with the general increase in sediment cover on the subtidal reefs. 

Furthermore, the increased abundance of certain filter feeders is broadly consistent 

with a trend of increasing sedimentation. While overall sedimentation in traps appears 

strongly related to wind conditions and therefore minimising this would appear to be 

beyond the scope of management actions, the quantity and grain-size composition of 

new sediments entering the harbour is strongly influenced by land-based activities. 

While these sediments may not be directly transported to Meola Reef environments 

during rainfall events, they do contribute to the overall sediment load of the Harbour 

which ultimately determines the concentration of suspended sediments and 

magnitude of sedimentation rates.  The increasing covers of sediment on the reef at 

many of the Meola monitoring sites may reflect a broader-scale increase in sediment 

loads in the Waitemata Harbour and therefore is of potential concern for management. 
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5.4 Recommendations 

The Meola Reef monitoring program provides a nationally unique monitoring program 

where adjacent intertidal and subtidal rocky reef sites have been monitored on an 

annual basis, and sedimentation rates have been monitored on a monthly basis, for 10 

years. It is recommended that the monitoring program be continued in its current form. 

However, the following recommendations would provide a greater context for 

explaining observed biological changes and understanding the potential mechanisms 

that are responsible.     

• Implementation of annual monitoring of intertidal reef communities at additional 

sites in the Auckland region.  This would provide a greater spatial context within 

which to interpret changes in biotic assemblages at Meola Reef, e.g. comparison 

of temporal changes at Meola with changes observed at more pristine sites 

would provide greater ability    to separate the effects of anthropogenic changes 

(e.g. increasing sedimentation) within the Waitemata Harbour from the effects of 

larger-scale climatic and oceanographic factors.  

• Further investigation into sedimentation at Meola Reef and the mechanisms 

driving variability in sedimentation rates over time.  A more in depth analysis of 

existing sedimentation rate data (from traps) in relation to climatic variables is 

needed.  Additional monitoring of turbidity (light levels) and suspended 

sediments with in situ loggers (e.g. PAR sensors and optical back-scatter 

sensors) would provide higher resolution information on spatial and temporal 

variation in sedimentation, that could be compared with variation in tides, wind 

and rain.  Monitoring of sedimentation rates at the intertidal monitoring sites 

would also allow comparison to subtidal sedimentation rates and investigation 

into spatial variation among intertidal sites. 

• Experimental investigation into the effects of deposited and suspended 

sediments on a range of marine organisms.  Information on the effects of 

sediments on rocky reef organisms is lacking in the Auckland region and would 

inform our interpretation of the mechanisms responsible for biological changes 

observed in the monitoring programs.   
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7 Appendix 1 – Site locations 

Appendix 1AAppendix 1AAppendix 1AAppendix 1A    

Current location of intertidal monitoring sites at Meola Reef. 
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Appendix 1BAppendix 1BAppendix 1BAppendix 1B    

Current location of subtidal monitoring sites at Meola Reef. 
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8 Appendix 2 – Univariate results 
PERMANOVA results from analysis of Euclidean distances of log(x+1) transformed 

data for individual species (counts) and substratum types (cover). 

8.1.1 Intertidal counts 
Anthopleura aureoradiata 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 3.39 0.002 999 5.11 

Site 5 49.85 0.001 999 32.21 

Year* Site 39 2.18 0.001 998 6.81 

Res 462                         55.87 

Total 514     

 

Sypharochiton pelliserpentis 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 10.16 0.001 999 10.82 

Site 5 45.51 0.001 999 30.37 

Year* Site 39 1.17 0.241 999 0.99 

Res 462                         57.82 

Total 514     

 

Turbo smaragdus 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 6.47 0.001 998 4.33 

Site 5 241.03 0.001 998 69.12 

Year* Site 39 1.86 0.003 996 2.15 

Res 462                         24.40 

Total 514     
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Xenostrobus pulex 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 4.47 0.001 999 6.96 

Site 5 69.21 0.001 999 38.43 

Year* Site 39 2.40 0.001 999 6.88 

Res 462                         47.73 

Total 514     

 

Melagraphia aethiops 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 0.94 0.499 999 0.00 

Site 5 170.11 0.001 999 63.64 

Year* Site 39 2.39 0.001 998 4.56 

Res 462                         31.88 

Total 514     

 

Zeacumanthus lutulentus 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 1.00 0.461 998 0.00 

Site 5 100.24 0.001 999 51.18 

Year* Site 39 2.14 0.001 999 5.12 

Res 462                         43.70 

Total 514     

 

Onchidella nigricans 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 1.62 0.135 998 3.44 

Site 5 10.27 0.001 999 6.94 

Year* Site 39 5.00 0.001 997 26.14 

Res 462                         63.48 

Total 514     

 

Diadumene lineata 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 4.44 0.005 999 5.89 

Site 5 15.07 0.001 999 13.12 

Year* Site 39 1.24 0.152 999 1.93 

Res 462                         79.05 

Total 514     
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8.1.2 Intertidal covers 
Crassostrea gigas 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 3.51 0.005 998 3.44 

Site 5 26.79 0.001 998 22.42 

Year* Site 39 1.06 0.362 998 0.46 

Res 462                         73.67 

Total 514     

 

Bare rock 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 1.39 0.235 999 0.72 

Site 5 47.90 0.001 998 33.74 

Year* Site 39 1.73 0.007 998 4.58 

Res 462                         60.96 

Total 514     

 

Sediment 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 2.99 0.01 999 3.78 

Site 5 46.36 0.001 999 31.79 

Year* Site 39 1.83 0.003 999 5.05 

Res 462                         59.38 

Total 514     

 

Gelidium sp. 

Factor df Pseudo-F P(perm) perms %Var 

Year 8 4.40 0.001 998 4.44 

Site 5 72.86 0.001 999 42.71 

Year* Site 39 1.48 0.035 997 2.49 

Res 462                         50.36 

Total 514     
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8.1.3 Subtidal counts 
C. flexuosum (Counts of individual fronds >20 cm) 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 1.56 0.148 998 1.55 

Site 5 6.70 0.001 999 9.48 

Year* Site 44 1.45 0.036 999 7.31 

Res 237                         81.66 

Total 295                          

 
C. maschalocarpum (Counts of individual fronds >20 cm) 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 6.46 0.001 999 11.04 

Site 5 15.74 0.001 998 17.90 

Year* Site 44 1.96 0.003 998 11.42 

Res 237                         59.65 

Total 295     

 
Ecklonia radiata (Counts of individual fronds >20 cm) 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 9.76 0.001 998 19.68 

Site 5 4.18 0.003 999 4.29 

Year* Site 44 1.73 0.009 999 9.66 

Res 237                         66.37 

Total 295                          

 

Turbo smaragdus 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 34.22 0.001 998 33.54 

Site 5 17.46 0.001 999 10.02 

Year* Site 44 3.64 0.001 999 15.67 

Res 346                         40.77 

Total 404                    
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Patiriella regularis 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 3.247 0.001 998 4.46 

Site 5 3.610 0.002 998 3.12 

Year* Site 44 2.055 0.002 998 12.31 

Res 346                         80.11 

Total 404                          

 
Trochus viridis 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 17.565 0.001 998 22.86 

Site 5 12.467 0.001 999 9.55 

Year* Site 44 2.460 0.001 998 11.85 

Res 346                         55.74 

Total 404                          

 
Solitary ascidians 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 10.54 0.001 999 18.05 

Site 5 1.64 0.14 999 0.73 

Year* Site 44 1.43 0.054 996 4.77 

Res 346                         76.45 

Total 404                          

 
Tethya burtoni 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 3.178 0.004 999 4.71 

Site 5 4.401 0.001 999 4.43 

Year* Site 44 1.286 0.092 998 3.63 

Res 346                         87.23 

Total 404                          
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8.1.4 Subtidal covers 
Sediment, sand, gravel and shell 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 6.88 0.001 998 12.10 

Site 5 3.58 0.002 999 3.20 

Year* Site 44 1.08 0.349 998 0.97 

Res 349                         83.74 

Total 407                          

 
Bare rock 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 7.08 0.001 998 12.86 

Site 5 1.98 0.068 997 1.25 

Year* Site 44 0.99 0.528 999 0.12 

Res 349                         86.01 

Total 407                          

 

Crustose coralline algae 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 2.98 0.003 999 4.22 

Site 5 4.46 0.001 999 4.45 

Year* Site 44 1.36 0.071 999 4.50 

Res 349                         86.83 

Total 407                          

 

Ralfsia sp. 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 7.32 0.001 999 12.77 

Site 5 1.29 0.26 999 0.36 

Year* Site 44 1.39 0.069 999 4.66 

Res 349                         82.22 

Total 407                          
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Corallina officinalis 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 2.50 0.010 997 2.76 

Site 5 7.89 0.001 998 7.60 

Year* Site 44 2.40 0.001 998 15.08 

Res 349                         74.57 

Total 407                          

 

Cladophora herpestica 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 3.78 0.001 999 5.64 

Site 5 3.41 0.008 998 2.93 

Year* Site 44 1.75 0.002 999 8.99 

Res 349                         82.43 

Total 407                          

 

Sponges 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 3.75 0.001 999 5.21 

Site 5 10.64 0.001 998 10.98 

Year* Site 44 1.60 0.018 998 6.73 

Res 349                         77.07 

Total 407                          

 

Solitary ascidians 

Factor df Pseudo-F P(perm) perms %Var 

Year 9 10.86 0.001 999 17.27 

Site 5 2.62 0.028 999 1.71 

Year* Site 44 1.95 0.002 996 9.80 

Res 349                         71.22 

Total 407                          
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9 Appendix 3 – Size frequency distribution 
data 

9.1.1 Size frequency distributions for C. maschalocarpum.  

All algae are measured within five 1 m2 quadrats at each site, each year. 
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C. maschalocarpum continued 

 



 
 

Meola Reef Ecological Monitoring: 2001-2010 75 
 

 

9.1.2 Size frequency distributions for C. flexuosum 
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C. flexuosum continued 
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9.1.3 Size frequency distributions for Ecklonia radiata  

Total length (cm) 
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Ecklonia radiata continued 
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10 Appendix 4 – Sedimentation rates over time 
at each site 

 

 

In the following figures monthly sedimentation rates are plotted for each site from 

2001 to 2010. For each site the red line is a lowess smoother fitted to the data to 

show non-linear trends over the time series. The black line is a least squared 

regression (with R2 and p-value) fitted to the entire time series, whereas the green line 

is fitted through data from 2001 to mid-2005 and the green line is fitted through the 

data from mid-2005 to 2010. 
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11 Appendix 5 - Percent fines of trapped 
sediments 
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12 Appendix 6 – Temporal variation in 
suspended sediment concentrations 
ARC water quality monitoring data from Chelsea wharf 
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13 Appendix 7 - Seasonal patterns in rainfall, 
runoff and wind from 2001-2010 
Data from Henderson River Park 

 
 


