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Executive summary 
Kelp forests support some of the highest levels of biodiversity in Aotearoa New Zealand. They 

support: marine food-webs; important recreational, commercial, and cultural fisheries; and are 

increasingly viewed for their pharmaceutical, nutritional and carbon capture potential. There is, 

however, anecdotal evidence of reductions in Macrocystis forests in Southern Otago and empirical 

evidence of retractions at the national level. Marine heatwaves are a major stressor to kelp forests 

globally, but local stressors such as sediment input have been shown to exacerbate the 

consequences of climatic events on kelp forests. 

Otago Regional Council (ORC) has regulatory obligations under the Resource Management Act 1991 

and the New Zealand Coastal Policy Statement, Policy 11, to protect indigenous biological diversity in 

the coastal environment. The purpose of this report is to support ORC in meeting these obligations 

by assessing the status of kelp forests and informing monitoring of kelp forest habitats that will 

enable management decisions to better include outcomes for marine ecosystems. This information 

will be used to inform an effective coastal plan and enable data-driven decisions that identify and 

mitigate potential impacts caused by terrestrial land-use management regimes. 

Here, I apply satellite remote sensing to establish baseline information on the cover of the giant kelp 

Macrocystis pyrifera (hereafter referred to as Macrocystis) and key water quality parameters across 

regions exposed to varying land-use regimes. I examine the implications of region-wide gradients of 

key stressors (e.g., sedimentation) on the coverage of Macrocystis, as well as temporal shifts in 

coverage as related to seasonal trends (e.g., temperature) and extreme events (e.g., marine 

heatwaves). Results show that water temperature is a major driver of reductions in Macrocystis 

cover as observed during two marine heatwaves (summer 2017–18 and summer 2012–22). While 

there was little evidence of sediment driven reductions of Macrocystis cover within regions, there 

were major differences in Macrocystis coverage across regions exposed to varying sediment 

concentrations.  

Using national scale bathymetric layers, I examined the influence of water quality parameters on the 

potential depth distribution of Macrocystis. Results revealed that both warmer temperatures and 

elevated suspended sediments compress the habitable depth range for Macrocystis and indicate 

maximum depth ranges of between 25–35 m. These results are used to inform future monitoring of 

populations that are likely to be highly susceptible to changes in temperature and sedimentation 

regimes, and thus likely to provide responsive indicators of change. 

Assessment of gradients of sedimentation and relative land-use informed monitoring strategies for 

kelp species (Durvillaea spp. and Macrocystis). I provide recommendations for the establishment of 

long-term monitoring which uses Macrocystis and Durvillaea as indicators of ecosystem health across 

gradients of exposure to land-use pressure. This information will be used to plan field campaigns of 

aerial imagery mapping of discrete rocky headlands for Durvillaea and calibration of remote 

monitoring of Macrocystis across the Otago region. 
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1 Introduction 
Kelp dominated coastal rocky reef ecosystems are critically important to Aotearoa New Zealand but 

are in decline in response to multiple stressors including marine heatwaves, and shading effects of 

coastal sedimentation (Tait 2019; Thomsen et al. 2019; Blain et al. 2021; Tait et al. 2021). The status 

of coastal reef ecosystems is often assumed rather than known because they are difficult to access, 

but the impacts are real – loss of productivity, broken trophic linkages and impaired ecosystem 

functioning. These impacts are often associated with degradation of kelp forests that underpin these 

ecosystems (Rogers-Bennett and Catton 2019; Tait et al. 2021). 

The biogenic habitats of large macroalgae are nurseries for fishes and invertebrates of cultural, 

recreational, and economic importance (Layton et al. 2020). Their productivity contributes directly to 

40% of the biomass of coastal fishes (Udy et al. 2019); at stake are hundreds of millions of dollars of 

gross domestic product (GDP) from pāua, kōura, and inshore fisheries. Large macroalgae are a key 

indicator of wider ecological health, and unlike many other ecosystem components, are conspicuous 

and remain fixed to a location. For these reasons they integrate and reflect many of the stressors 

affecting rocky reef habitats (D’Archino and Piazzi 2021). 

Giant kelp, Macrocystis pyrifera (hereafter referred to as Macrocystis), is one of the fastest growing 

photosynthetic organisms globally, and is a key contributor to carbon fixation and habitat provision 

for temperate marine ecosystems across a large extent of the world’s temperate coastlines (Schiel 

and Foster 2015; Miller et al. 2018). Recent studies have revealed that Macrocystis and other large 

kelps have had retractions in the northern hemisphere (Arafeh-Dalmau et al. 2019; Rogers-Bennett 

and Catton 2019), often in response to combined physical and trophic interactions (Ling et al. 2009; 

Rogers-Bennett and Catton 2019). In southern Australia, Macrocystis has experienced massive 

retractions, and is nearing functional extinction in some regions in response to oceanographic shifts 

that have increased larval delivery of a key herbivorous urchin, decreased nitrogen concentrations 

and high seawater temperatures (Mabin et al. 2019; Butler et al. 2020). A study of the Macrocystis 

populations along the Otago coast show that a key driver of Macrocystis health is turbidity and 

reduced light availability (Tait 2019). More recent research (Tait et al. 2021) has revealed that the 

2017‒18 marine heatwave had significant negative effects on Macrocystis nationwide, including the 

Otago Coast, with water clarity interacting to further reduce coverage of Macrocystis. 

Southern bull kelp, dominated by three species Durvillaea antarctica, Durvillaea poha and Durvillaea 

willana (hereafter collectively referred to as “Durvillaea”), are some of the largest macroalgal species 

and in New Zealand are represented by several native and endemic species. Like Macrocystis, 

Durvillaea are important contributors to a range of vital ecosystem services. Unlike Macrocystis, 

however, these species inhabit rocky reefs along the coastal fringe, are tolerant of very heavy wave 

exposure and are therefore widely distributed along New Zealand’s southern coastlines (from 

Wairarapa/Wellington to the Sub-Antarctic Islands). Like Macrocystis, Durvillaea have proved highly 

vulnerable to marine heatwaves (Tait et al. 2021; Thomsen et al. 2019, 2021). Less is known globally 

about the stressors affecting Durvillaea species, but while light can be less limiting to macroalgae 

higher up the shore, sediments can still have a negative influence on macroalgal populations (Alestra 

et al. 2014; Schiel and Gunn 2019). 

Macrocystis and Durvillaea both occur throughout the Otago Region. However, the Otago Peninsula 

represents a key breakpoint for populations of these species, a product of the protection that Otago 

Peninsula provides from large swells originating in the Southern Ocean. Macrocystis forests flourish 
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along the coast north of the Otago Peninsula thanks to the protection from a large proportion of 

southerly swells (Tait 2019), while Durvillaea dominates the highly exposed headlands and rocky reef 

south of the Otago Peninsula. 

New Zealand has experienced some of its most intense marine heatwaves in its climate record in the 

past five years (Salinger et al. 2019) causing localized extinctions of Durvillaea (Thomsen et al. 2019), 

and declines in Macrocystis across mainland New Zealand (Tait et al. 2021). Rapid rates of land-use 

change associated with agriculture and urbanisation have dramatically altered the land-water 

interface globally, including in New Zealand, where rates of sedimentation have increased as a result 

(Goff 1997). Proximity of Macrocystis forests to sources of sediments greatly affects the demography 

of populations which exhibit a poor rate of conversion from juvenile sporophytes to adult plants 

reaching the surface (Tait 2019). Likewise, deposited sediments can inhibit the settlement of 

propagules of both Durvillaea and Macrocystis. Sediment accretion and reef burial is also possible 

(Tait 2019), yet these processes are some of the least understood consequences of sediment inputs. 

The impacts of land-management regimes, particularly the delivery of sediments to the marine 

environment, requires consistent and broad-scale monitoring to understand the impacts of 

terrigenous sediments, and the potential management and intervention measures which will 

improve outcomes for marine ecosystems. Otago’s coastline is home to a wide range of diverse and 

unique ecosystems. These ecosystems are biodiversity hotspots with deep sea canyons, bryozoan 

reefs, rhodolith beds, gravel/boulder fields and kelp forests. This diversity of habitats and the 

nutrient rich currents such as the Southland and Sub-Antarctic currents create the conditions that 

make Otago’s marine life highly diverse with many iconic species (e.g., pāua, kōura, blue cod, sperm 

whales, albatross, yellow eyed penguins, and sea lions). Among these ecosystems, the importance of 

kelp forests along Otago’s Coast is reflected in their designation as ‘marine significant ecological 

areas’ in Department of Conservation (2010). 

Otago Regional Council (ORC) has regulatory obligations under the Resource Management Act 1991 

(RMA) and the New Zealand Coastal Policy Statement, Policy 11, to protect indigenous biological 

diversity in the coastal environment. Regional councils must provide for the preservation of natural 

character (which includes an ecological element) (RMA, Section 6a) and protection of indigenous 

vegetation and fauna (RMA, Section 6c). Otago’s jurisdiction (Regional Policy Statement and Regional 

Plan: Coast) runs from mean high-water spring (MHWS) out to 12 nautical miles. Our proposal is to 

support ORC in meeting these obligations by mapping and monitoring kelp forest 

habitats/ecosystems. This will provide information for the creation of an effective coastal plan and 

enable informed management decisions to identify and mitigate the impacts of potential stressors on 

kelp forests such as sedimentation from land. 

1.1 Purpose of this report 

This report represents “Phase 1” of a multi-year programme that will provide baseline knowledge 

and provide guidance for ongoing monitoring of Otago’s coastal marine ecosystems. In Phase 1, I will 

review several sources of information to select sites for passive and active monitoring. Monitoring 

will consider Macrocystis and Durvillaea habitats separately and will select multiple sites of each 

habitat across gradients of potential stress, particularly associated with land-use scenarios. The 

sources of information I will utilise include: 
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▪ technical reports and grey literature (e.g., reports for regional councils) 

▪ peer-reviewed scientific literature 

▪ satellite information. 

As part of the review, I will establish qualitative and quantitative information about the abundance, 

distribution, and status of Macrocystis, the relative status of terrestrial catchments, and broad 

estimates of water quality parameters across several regions of the Otago Coast. Moderate 

resolution marine bathymetry will also be incorporated to explore the depth distribution in regions 

exposed to varying turbidity. This will provide key information to inform upcoming in situ monitoring 

campaigns. 

I will use multiple satellite platforms to detect and quantify Macrocystis forests across the Otago 

region using methods developed by NIWA (Tait et al. 2021). Passive remote sensing has been widely 

used for monitoring marine ecosystems (Bell et al. 2020; Mora-Soto et al. 2020) and the widely 

accepted approach generally computes vegetation indices based on measurements of near infrared 

electromagnetic radiation (ideally at red edge bands; Timmer et al. 2022). These indices detect 

vegetation not occluded by overlying water, giving a direct measurement of only the floating portion 

of macroalgal canopies. Because the approach is limited to the detection of surface canopies, these 

datasets are unable to integrate the full population dynamics of Macrocystis and give no insight into 

the presence of subsurface Macrocystis forests. 

ORC wish to establish an environmental baseline for these key components of their rocky reef 

ecosystems. Here, I review information about Macrocystis-dominated coastal marine ecosystems in 

Otago, provide updated time-series analysis with satellite imagery and identify the influence of water 

quality parameters on kelp forest coverage. Using this analysis I will provide recommendations on 

the monitoring approach for the next phase of this project, including identifying key populations, 

regions, and methods that will help calibrate and validate remotely sensed metrics. 

 

https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full?utm_source=S-TWT&utm_medium=SNET&utm_campaign=ECO_FMARS_XXXXXXXX_auto-dlvrit#B4
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full?utm_source=S-TWT&utm_medium=SNET&utm_campaign=ECO_FMARS_XXXXXXXX_auto-dlvrit#B54
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2 Methods 
Macrocystis inhabits subtidal reefs down to approximately 20‒25 m depth in the Otago region (Tait 

2019). While Macrocystis populations that inhabit shallow depths (e.g., 5‒10 m) are regularly visible 

from aerial or satellite imagery, deeper populations may not be. In this study I examine the coverage 

of Macrocystis broadly across all depths, however, I also explore the detection of surface canopies at 

different depths (as defined by a national bathymetric dataset; NIWA; Figure 2-1). I explore the 

variability of the coverage of Macrocystis across depth ranges to help inform in situ validation 

campaigns. 

 

Figure 2-1: Bathymetry (m) of the coastal Otago region. Bathymetric layer is masked to display depths from 
0 to100m.  

Durvillaea inhabit exposed rocky reef platforms in the intertidal and shallow subtidal zone. Several 

years of combined in situ and aerial monitoring on several headlands near the Otago Harbour have 

been completed on behalf of Port Otago Ltd (Tait 2020). These will form the basis of a 25-year 

programme to monitor these habitats to determine negative consequences of sediment disposal at 

the Heyward dredge spoil grounds (offshore from Hayward Point; Tait 2020). Although satellite-
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based remote sensing of these populations is challenging due to the narrow zone inhabited by these 

species, I will use existing data to provide guidance on the design of a monitoring programme for 

these habitats, particularly relating to the Catlins region. 

I explore the distribution of Macrocystis with the aid of several datasets, particularly aerial and in situ 

datasets collected on behalf of Port Otago Ltd during the “Project Next Generation” capital dredging 

programme (Tait 2018), and for consenting of long-term maintenance dredging (Tait 2020). I present 

information collected during these monitoring campaigns for Port Otago to summarise the best 

available knowledge of these marine forests, provide guidance for ongoing monitoring and to 

provide context for remote monitoring techniques. The methodology implemented for these surveys 

can be found in Tait (2018) and Tait (2020). Furthermore, I leverage remote sensing techniques 

developed by Tait et al. (2021) to examine trends in Macrocystis cover from 2016 to 2022. 

2.1 Catchment land-use and study regions 

Broadly defined terrestrial habitat classes were downloaded from 

(https://lris.scinfo.org.nz/layer/95415-basic-ecosystems/). The data provide high resolution (e.g., 15 

m2) estimates of land-use based on satellite products integrated between 2002–12. The 17 habitat 

classes defined in the original datasets (Dymond et al. 2012) were then collapsed into eight land-use 

types including: urban; coastal ecosystems; alpine ecosystems; water (fresh); agriculture; 

tussock/grassland/scrubland; exotic forest; and native forest. Each marine region was chosen based 

on natural breaks such as headlands and exposure to terrestrial catchments (Figure 2-2). The study 

zones used to assess regional cover of Macrocystis were chosen based on natural geological breaks 

and exposure to various terrestrial and freshwater catchments. 

https://lris.scinfo.org.nz/layer/95415-basic-ecosystems/
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Figure 2-2: Terrestrial land-use types and ecosystems across the Otago region. Locations and extents of 
regions used to estimate Macrocystis coverage are shown in each subregion (A, B, and C).  

2.2 Remote detection of Macrocystis canopies 

Surface canopies of Macrocystis were assessed using Sentinel-2 satellite imagery (resolution = 100 

m2) between December 2015 and May 2022 (Copernicus Sentinel-2A data 2015–2022). Six focal 

regions spanning the Southern Canterbury1 and Otago coastline were chosen, relating to key 

populations of Macrocystis (Hay 1990) and geological breaks. Macrocystis cover (m2) was calculated 

from the number of pixels with detectable vegetation multiplied by the pixel area (100 m2). Data 

were filtered, masked, and downloaded using Google Earth Engine (Gorelick et al. 2017). Although 

the timing of satellite capture was not synced to tidal cycles (with a tidal range of ca. 2 m in most of 

our study region), with potential implications for the visible extent of canopies, remote sensing 

studies of Nereocystis luetkeana (Finger et al. 2021) and Macrocystis (Butler et al. 2020) show that 

variation in coverage was not particularly sensitive to tidal height. 

The Normalized Difference Vegetation Index (NDVI) and the Normalized Difference Water Index 

(NDWI) were calculated from the visible light and “red-edge” (Timmer et al. 2022) bands of the 

 
1 Timaru, is within the jurisdiction of Environment Canterbury. However, populations of Macrocystis occur at this location and are exposed 
to generally high sediment loads. Including this site in this analysis provides a useful comparison to the Otago region.  

https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B34
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B29
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B23
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B8
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Sentinel-2 constellation. Specifically, the bands B3 (559.8 nm) and B8 (832.8 nm) were used to 

calculate NDWI and B4 (664.6 nm), and B5 (710.0 nm) was used to calculate the “red-edge” 

vegetation index. To differentiate Macrocystis from other features, a series of masking and filtering 

procedures was performed. First, monthly near cloud-free images were selected by using quality 

control bands (Sentinal-2 QA band 60). The acceptable percentage of cloud cover was set to 10%. 

The coastline and offshore islands were masked by an elevation layer to remove all land-based pixels. 

The thresholds of the NDVI were set to >0.01 slightly more conservative than the threshold set for 

detection of Macrocystis by Mora-Soto et al. (2020), but less than thresholds for seagrass (0.2; Calleja 

et al. 2017), and the threshold of NDWI was set to <0.2 based on detection results of well-studied 

forests (Tait 2019). Finally, the monthly cover (when appropriate imagery was available) 

of Macrocystis was estimated within each of six polygons which cover the entirety of the six distinct 

areas (Figure 2-2; note, figure excludes the Timaru region). 

Kelp detection results were tested against in situ subtidal densities of Macrocystis (Tait 2019). In 

situ subtidal population surveys (Tait 2019) partially spanned the satellite time-series and allowed 

near-direct comparisons. I compare the densities of mature Macrocystis measured at eight subtidal 

sites at 8–11 m depth to satellite estimated coverage in a 100 × 100 m polygon centred at each 

subtidal site. Comparisons between subtidal densities of Macrocystis and remote estimates revealed 

a strong positive linear relationship, but also some variation between subtidal densities and the 

coverage of surface canopies (Figure 2-3). 

 

Figure 2-3: Timeseries of subtidal Macrocystis densities in situ (Tait 2019) and Macrocystis coverage at the 
same locations, as estimated by remote sensing (A) and the relationship between in situ densities and 
remotely estimated coverage (B).Linear regression (B) had a significant positive slope (t= 5.8, p<0.0001) and 

reasonable fit (R2 = 0.34). Kelp cover x-axis log transformed (B).Although the method does not provide a 

specific canopy area per pixel, instead assuming 100% canopy coverage within pixels, similar NDVI 

based vegetation detection methods have been shown to provide an effective proxy for Macrocystis 

extent and abundance (Cavanaugh et al. 2010; Nijland et al. 2019). This provides a standardized 

method for identifying the presence and relative extent of Macrocystis forests to identify spatio-

temporal trends in relation to key environmental parameters (Butler et al. 2020). 

https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B54
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B9
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B9
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B80
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B80
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B80
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B12
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B57
https://www.frontiersin.org/articles/10.3389/fmars.2021.721087/full#B8
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2.3 Satellite derived water quality parameters 

Key metrics of water quality, particularly those relating to water temperature, water visibility and 

light availability, were extracted from SCENZ (Seas, Coasts and Estuaries, New Zealand) using novel 

algorithms specifically tuned for the New Zealand coastal region (Pinkerton et al. 2021). Here I used 

the chlorophyll-a, KPAR (Kd for Photosynthetically Active Radiation [PAR] wavelengths), total 

suspended solids (TSS) and sea surface temperature (SST). Each parameter was extracted across 

polygons 1 × 10 km wide placed c. 1 mkm from the coast for each region. Monthly means were 

extracted from SCENZ from 2002–20 for each pixel within the coastal polygons and the mean 

calculated for each polygon (i.e., averaged across all pixels). 

2.3.1 Sea surface temperature 

SST time-series were obtained from the MODIS-Aqua measurements using the SeaDAS v7.2 default 

‘sst’ product which is derived from measurements of long-wave (11–12 µm) thermal radiation (NASA 

2018). SST products at 1 km were subsampled to 500 m to improve resolution of the narrow 

channels over time using bilinear interpolation. Accuracy of SST is likely to be high; Pinkerton (2017) 

found that, in a similar New Zealand region (Manukau Harbour), these SST observations closely 

followed in situ measurements of surface temperature (R2 = 0.924, n = 172). Further validation came 

from a comparison between MODIS-Aqua SST and OISST (Optimum Interpolation Sea Surface 

Temperature, version 2, Reynolds et al. 2002) for the New Zealand coast (Pinkerton et al. 2019; r2 = 

0.972, n = 256,687). 

2.3.2 Chlorophyll-a 

Chlorophyll-a concentration (chl-a) was estimated using satellite measurements of ocean colour from 

the Moderate Resolution Imaging Spectrometer on the Aqua satellite (MODIS-Aqua)—owned and 

operated by the US National Aeronautics and Space Administration (NASA 2018). I used the Quasi-

Analytical Algorithm (QAA) algorithm (Lee et al. 2002, 2009) to estimate particulate backscatter at 

555 nm [bbp(555)] and phytoplankton absorption at 488 nm [aph (488)]. Phytoplankton absorption 

was converted to an estimate of chl-a using the chl-specific absorption coefficient, aph∗(488). The 

value of aph∗(488) can vary seasonally and spatially, relating to different phytoplankton species (with 

varying cell physiology and pigments), different phytoplankton cell sizes, and the light environment 

(Kirk 2011). Here, I used an average of values found for oceanic phytoplankton (Bricaud et al. 

1995; Bissett et al. 1997), and measurements in the lower reaches of New Zealand rivers and 

estuaries. I blended the QAA-chl-a and the MODIS-default chl-a product (NASA, 2018) using a 

logistic-scaling of bbp(555) (Pinkerton et al. 2018). 

2.3.3 Sediment loading 

The diffuse downwelling attenuation coefficient in the Photosynthetically Available Radiation (PAR 

range, 400–700 nm), Kd (m–1) was used as our measure of water clarity. Values of Kd were estimated 

from MODIS-Aqua measurements of ocean colour, processed to inherent optical properties using the 

QAA algorithm (Lee et al. 2002, 2009) following the methodology of Pinkerton et al. (2018). From 

these IOPs, I estimated the diffuse attenuation coefficient in the PAR range as Lee et al. (2005). The 

satellite-derived attenuation coefficient was mapped at a nominal resolution of 500 × 500 m and 

projected to a transverse Mercator grid. The temporal resolution of the product for the study region 

is 1–2 measurements daily. Values of Kd were extracted from the dataset around Macrocystis forests 

and averaged monthly to provide a dataset with low quantities of missing data (Pinkerton et al. 

2018). 
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2.4 Data analysis 

Monthly estimates of Macrocystis coverage from five polygons within each region (Timaru, North 

Otago, Moeraki, Waikouaiti, Blue Skin, and Catlins) were averaged and aligned with monthly means 

of SST, TSS, Kd, and chl-a estimated at the zone level (12 zones within four regions). Given variation in 

cloud cover during satellite passes, variation in imagery availability resulted in variable sample 

numbers across regions. 

The effects of monthly maximum SST, temperature anomaly, water clarity (as defined by the light 

attenuation coefficient Kd), TSS, and chl-a concentration (as a surrogate for nutrient availability) on 

Macrocystis cover were analyzed with Generalized Additive Models (GAMs) using the “R” package 

“mgcv.” Assumptions of normality (Q-Q plot), homogeneity of variance (Levene’s Test), as well as 

“concurvity” for general additive model analysis (an estimate of redundancy among explanatory 

variables) were used to check that model assumptions were met. GAM models were fitted with “cr” 

(cubic regression) splines, using a k-value of six (i.e., the number of “knots” denoting the complexity 

of the non-linear fit), and the distribution family gaussian. Selection procedures were implemented 

to penalize and remove factors with poor explanatory power. The final model included mean 

monthly SST anomalies, Kd, TSS, chl-a, maximum significant wave height and the two-way interaction 

between water clarity and temperature anomalies.
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3 Results 

3.1 Catchment land-use 

The Timaru region (not shown) was dominated by urban and agricultural habitats but is also north of 

several major rivers (e.g., Waitaki), the outputs of which are transported northwards via the 

Southland Current (Sutton 2003). The North Otago region is also dominated by agriculture, and 

urban areas, but has smaller freshwater catchments than the Timaru region (Figure 2-2 A). The 

Moeraki region, dominated by the Moeraki Peninsula, has a high proportion of exotic forests and few 

major rivers (Figure 2-2 B). The Waikouaiti region is further into the lee of the Otago Peninsula, the 

land-use is dominated by agriculture and the three nearby major freshwater catchments (Shag, 

Pleasant, Waikouaiti) have some regions of intact wetland habitats (Figure 2-2 B). The Blue Skin 

region is well within the lee of the Otago Peninsula, with a catchment of land-use dominated by 

agriculture, exotic forest, native forest, and scrubland (Figure 2-2 B). The Catlins region is more 

exposed than the other regions due to the prevailing south-westerly wind and swell, but in the lee of 

small and large headlands (e.g., Nugget Point) populations of Macrocystis exist. The land-use of the 

Catlins includes the greatest native forest coverage of all regions (Figure 2-2 C). At the northern 

extent of the Catlins, one of New Zealand’s largest rivers, the Clutha River, reaches the coast. The 

Clutha River and the gradient of native forest cover further south are expected to create a natural 

gradient of sediment exposure from north to south. 

3.2 In situ data and aerial imagery 

Aerial imagery collected during early April 2016 and late March 2017 showed extensive Macrocystis 

forests covering a large proportion of the coastline from Cornish Head to Shag Point. Classification of 

Macrocystis using colour matching algorithms were used on raw orthomosaic images (Figure 3-1). 

Overall patterns revealed the occurrence of large continuous patches of Macrocystis in the southern 

extent through to Bobby’s Head (small rocky outcrop approximately in the centre of the zone), but 

north of this point are increasingly dominated by smaller patchy Macrocystis forests. 
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Figure 3-1: Aerial mosaic of Macrocystis cover from Cornish Head in the south to Shag Point in the north.  
Numbers indicate regions where total coverage of Macrocystis was summed (see Table 3-1).  

Table 3-1: Total area of floating Macrocystis identified with colour matching extractions during April 2016 
and March 2017 and differences between years (as hectares and % cover). Total area shown in hectares 
(10,000 m2) and aerial imagery for two regions (2 and 6) was incomplete for the March 2017 sampling. 

Region Total area 10,000 
m2 (April 2016) 

Total area 10,000 
m2 (March 2017) 

Change 2016–17 
(10,000 m2) 

Change 2016–17 
(%) 

1 233.5 85.1 -148.4 -64% 

2 138.7 35.0 -103.7 -75% 

3 116.8 127.3 10.6 9% 

4 85.3 30.6 -54.7 -64% 

5 23.8 12.4 -11.5 -48% 

6 39.9 2.7 -37.2 -93% 

7 11.6 3.5 -8.0 -69% 

8 16.8 10.0 -6.8 -41% 

TOTAL 666.4 306.6 -359.7 -54% 

 

Relative changes in broad-scale Macrocystis coverage estimated by aerial imagery showed that April 

2016 had far greater surface Macrocystis abundance than March 2017 (Table 3-1). Only region 3 
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showed a positive gain in Macrocystis cover from April 2016 to March 2017 (increase by 9%). All 

other sites (excluding those for which an overlapping image was not captured in March 2017), show 

a 41–69% decline in surface Macrocystis coverage. Although it is possible that extraction of colour 

signals associated with Macrocystis was affected in the nearshore due to higher turbidity, there was 

a noticeable reduction in Macrocystis bed size across the onshore to offshore turbidity gradient from 

2016 to 2017. 

3.3 Satellite estimates of Macrocystis cover and water quality 

3.3.1 Regional trends in Macrocystis cover and water quality 

Comparisons between aerial imaging (manned fixed-wing aircraft) taken in April 2016 over the region 

from Karitane to Shag Point and satellite images over the same region revealed very close overlap in 

Macrocystis coverage (Figure 3-2). Although the coverage calculated from aerial imagery was higher 

(666 ha) than satellite estimates (402 ha), all the major Macrocystis forests were well described by 

the lower resolution satellite images. Disagreement in the final values is largely a result of the higher 

resolution of aerial imaging, the selection of low tide conditions, and variability in the visibility of 

Macrocystis below the surface. 

Remotely sensed water quality products, particularly those relating to water clarity, varied 

considerably between regions (Figure 3-3). PAR attenuation (Kd) was very high in the Timaru region 

and was elevated in the North Otago and Catlins regions but was far lower and less variable in the 

Moeraki, Waikouaiti and Blue Skin Bay regions. Mean SST was relatively similar between regions, 

although Timaru and the Catlins experienced a greater range of temperatures. TSS were notably 

higher in the Timaru region compared to all other regions, although both North Otago and the Catlins 

regions both had elevated TSS compared to Moeraki, Waikouaiti and Blue Skin Bay. Chl-a showed a 

similar trend, but the differences between sites was less pronounced. 
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Figure 3-2: Coverage of Macrocystis between Karitane and Shag Point determined by aerial imagery (A) 
and satellite imagery (B). Aerial imagery was analysed using machine learning techniques, while satellite 
imagery is filtered using vegetation indices that rely on “red-edge” wavelengths. 

 

Figure 3-3: Regional variation in remotely sensed water quality products from 2002–20 across the six study 
regions. Water quality products include Kd (A) or light attenuation (where higher values equal reduced clarity), 
sea surface temperature (B), total suspended solids (C), and chlorophyll-a (D). 
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Figure 3-4: Satellite image of Macrocystis cover in the Timaru region including a timeseries of Macrocystis 
coverage and the influence of sea surface temperature anomalies on coverage. Temperature anomalies 
represent the monthly difference in sea surface temperature to a 20-year timeseries for that location. Trends 
are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 

Macrocystis in the Timaru region was limited to a small number of patches surrounding Patiti Point 

and Jacks Point (Figure 3-4). This region is exposed to high levels of sedimentation and had low 

coverage of Macrocystis. Both low and high temperature anomalies show a negative impact on the 

coverage of Macrocystis. This region experienced the greatest extremes at each end of the 

temperature range. 
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Figure 3-5: Remotely sensed water quality parameters for the Timaru region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll a, TSS, sea surface 

temperature, and Kd (Figure 3-5) for the Timaru region showed a significant trend of increasing 

chlorophyll-a concentrations over time (t = 2.5, p = 0.014). Trends for TSS, SST, and Kd were neutral 

with no significant changes over time. 
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Figure 3-6: Satellite image of Macrocystis cover in the North Otago region including a timeseries of 
Macrocystis coverage and the influence of sea surface temperature anomalies on coverage. Temperature 
anomalies represent the monthly difference in sea surface temperature to a 20-year timeseries for that 
location. Trends are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 

North Otago Macrocystis forests were generally characterised by nearshore populations that are 

exposed to high sediment loads (Figure 3-6). There was a stretch of offshore reef north of the 

Moeraki Peninsula with detectable Macrocytsis, however, this population was frequently not 

detectable from satellite imagery. The most extreme temperature anomalies had a major influence 

on Macrocystis coverage in this region. 
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Figure 3-7: Remotely sensed water quality parameters for the North Otago region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll-a, TSS, sea surface 

temperature, and Kd (Figure 3-7) for the North Otago region showed a trend of increasing 

chlorophyll-a concentrations over time (t = 2.4, p = 0.016), and near significant increases in Kd (t = 

1.6, p = 0.1). Trends for TSS and SST were neutral with no significant changes over time. 
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Figure 3-8: Satellite image of Macrocystis cover in the Moeraki region including a timeseries of Macrocystis 
coverage and the influence of sea surface temperature anomalies on coverage. Temperature anomalies 
represent the monthly difference in sea surface temperature to a 20-year timeseries for that location. Trends 
are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 

Macrocystis forests surrounding the Moeraki Peninsula were described by several small forests near 

the northern tip of the Moeraki Peninsula, some offshore reef south of the Peninsula, and a very 

large population (“Fish Reef”) well offshore from the southern end of the Peninsula (Figure 3-8). The 

Moeraki region had some of the highest monthly totals of Macrocystis coverage and were dominated 

by healthy coverage at the “Fish Reef” site. Warm temperature anomalies had a large influence on 

coverage at this site. 
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Figure 3-9: Remotely sensed water quality parameters for the Moeraki region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll-a, TSS, sea surface 

temperature, and Kd (Figure 3-9) for the Moeraki region showed a significant trend of increasing Kd (t 

= 2.1, p = 0.036) and strong trend of increasing SST (t = 1.8, p = 0.08) over time. Neutral trends for 

TSS and chlorophyll-a were observed.  
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Figure 3-10: Satellite image of Macrocystis cover in the Waikouaiti region including a timeseries of 
Macrocystis coverage and the influence of sea surface temperature anomalies on coverage. Temperature 
anomalies represent the monthly difference in temperature to a 20-year timeseries for that location. Trends 
are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 

Macrocystis populations in the Waikouaiti zone were the greatest of any region on the Otago Coast, 

and possibly represent the biggest populations in New Zealand (Figure 3-10). The forests surrounding 

Cornish Head are large and extend well offshore. Like other regions, the Waikouaiti region was 

affected by warm temperature anomalies, but seem to hold up well to minor anomalies (e.g., some 

of the highest coverage seen during months c. 2°C warmer than the 20-year average). 
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Figure 3-11: Remotely sensed water quality parameters for the Waikouaiti region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll-a, TSS, sea surface 

temperature, and Kd (Figure 3-11) for the Waikouaiti region showed near significant trends for Kd (t = 

1.8, p = 0.08) and SST (t = 1.7, p = 0.09). Neutral trends for chlorophyll-a and TSS were observed.  
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Figure 3-12: Satellite image of Macrocystis cover in the Blue Skin region including a timeseries of 
Macrocystis coverage and the influence of sea surface temperature anomalies on coverage. Temperature 
anomalies represent the monthly difference in sea surface temperature to a 20-year timeseries for that 
location. Trends are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 

The Blue Skin Bay Zone had some Macrocystis forests extending slightly offshore at the Karitane 

Peninsula, but the Macrocystis populations were largely defined by nearshore populations (Figure 

3-12). However, there was relatively high coverage of Macrocystis across this region and it was 

generally similar to the Moeraki region in total coverage. Warm temperature anomalies had a 

weaker negative effect on coverage than at some other locations. 
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Figure 3-13: Remotely sensed water quality parameters for the Blue Skin region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll-a, TSS, sea surface 

temperature, and Kd (Figure 3-13) for the Blue Skin region showed a near significant trend of 

increasing SST (t = 1.7, p = 0.09) over time. Neutral trends for TSS, chlorophyll-a, and Kd were 

observed.  
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Figure 3-14: Satellite image of Macrocystis cover in the Catlins region including a timeseries of Macrocystis 
coverage and the influence of sea surface temperature anomalies on coverage. Temperature anomalies 
represent the monthly difference in sea surface temperature to a 20-year timeseries for that location. Trends 
are plotted using General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale.  

Macrocystis forests in the Catlins region were described by only a few locations north of Nugget 

Point, and just inside the mouth of the Catlins Estuary, where exposure to Southern Ocean swells are 

reduced (Figure 3-14). These forests were generally small but were often greater in coverage than 

those observed in Timaru. Warm temperature anomalies had the least influence in the cooler 

southern region. 
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Figure 3-15: Remotely sensed water quality parameters for the Catlins region. Water quality products 
include chlorophyll-a (A), total suspended solids (B), sea surface temperature (C), and Kd or light attenuation 
(where higher values equal reduced clarity) (D). 

Remotely sensed estimates of four water quality products chlorophyll-a, total suspended solids, sea 

surface temperature, and Kd (Figure 3-15) for the Catlins region showed no meaningful trends in 

remotely sensed water quality parameters. 

3.3.2 Summary of Macrocystis cover in the Otago region 

Overall, the distribution of Macrocystis forests across the Otago region (and southern Canterbury) 

revealed various spatio-temporal trends. Macrocystis forests tended to be smaller in size and closer 

to shore in the northern regions (Timaru Figure 3-4, and North Otago Figure 3-6). Further south 

towards the Otago Peninsula, Macrocystis forests increased in coverage and many large offshore 

forests were observed (Moeraki Figure 3-8, Waikouaiti Figure 3-10, and Blue Skin Figure 3-12). 

Macrocystis coverage peaked in the Waikouaiti Zone. At the southern extent of the Otago region, 

small patches of Macrocystis were observed near Nugget Point and the mouth of the Catlins Estuary 

(Figure 3-14). Analysis revealed that sea surface temperature, particularly un-seasonably warm 

temperatures generally had a negative impact on Macrocystis bed coverage. These trends were the 

most striking for regions with the highest coverage of Macrocystis (Figure 3-8; Figure 3-10; Figure 

3-12). 

3.4 Analysis of trends 

Combined analysis revealed significant influences of sea surface temperature, suspended sediments, 

and maximum significant wave height (Table 3-2). While several factors influence Macrocystis 

coverage, increasing temperatures (as shown by temperature anomalies and absolute temperatures) 

were shown to influence Macrocystis coverage across zones (Figure 3-16; Figure 3-17). Warm 
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temperature anomalies during summer had a negative effect on Macrocystis coverage, while warm 

anomalies in spring and autumn had an initially positive effect, but increasingly negative beyond 2–

3°C above average. However, during winter, warm anomalies had a positive influence on Macrocystis 

coverage. 

Table 3-2: Influence of key parameters on Macrocystis coverage as estimated by General Additive Models 
(GAMs). Overall model (n = 165) has an adjusted r2 of 0.53, with 57% deviance explained. Significant terms 
highlighted in bold/italics. 

Smooth terms Edf Ref.df F P-value 

SST anomaly * TSS 9.4 27 1.2 <0.0001 

SST anomaly 0.9 9 0.8 0.0002 

TSS 0.9 9 1.0 <0.0001 

Max HS 3.2 9 1.0 0.02 

 

 

 

Figure 3-16: Influence of sea surface temperature anomalies on Macrocystis cover between 2016 and 2022.   
Trends are plotted separately for each season using General Additive Models (GAMs). Y-axis is a logarithmic 
scale. 
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Figure 3-17: Influence of sea surface temperature anomalies on Macrocystis cover between 2016 and 2022. 
Trends are plotted separately for each season using General Additive Models (GAMs). Y-axis is a logarithmic 
scale. 

 

Figure 3-18: Influence of sediment loads as determined by the particulate backscatter at 555 nm (BBP) on 
Macrocystis coverage as separated by region. Trends are plotted separately for each region combined using 
General Additive Models (GAMs). Y-axis is plotted as a logarithmic scale. 
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Sites with the lowest range of sediment loads (Waikouaiti and Blue Skin Bay) had neutral or slightly 

positive relationships between Macrocystis cover and TSS, while the other sites had slightly negative 

relationships (Figure 3-18). Although there was little evidence that temporal variation in suspended 

sediments within sites caused major declines in Macrocystis coverage, variation in sediment loading 

between sites had a significant influence on observed Macrocystis coverage (Figure 3-18). Increasing 

sediment loads had a negative influence on Macrocystis cover, but this was exacerbated by warm 

temperature (Figure 3-19). 

 

Figure 3-19: Interactive effects of TSS and temperature anomalies on Macrocystis cover as determined by 
generalised additive models (GAM).  

Using the national bathymetric grid, the cover of Macrocystis across the four major Macrocystis 

regions of the North Otago coast were presented across depth bins (from 2016–22). The expected 

trend was for exponentially decreasing coverage with increasing depth as light becomes limiting. This 

trend was evident at most sites, however, the Moeraki region had a noticeable increase in coverage 

at greater depths, particularly at 10-15 m (Figure 3-20). This trend was likely driven by the 

distribution of rocky reef, with several offshore reefs present in this region. At the Moeraki and 

Waikouaiti regions there were several instances of Macrocystis detected in water depths of 20-30 m. 

No surface Macrocystis was detected at water depths greater than 35 m. 

Analysis revealed that increasing temperature anomalies affected Macrocystis coverage at all depths 

and point to a shallowing of the possible habitable depth range of Macrocystis (Table 3-3). In 

addition, elevated sediment loads caused a similar shallowing of depth ranges (Table 3-3). 
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Figure 3-20: Macrocystis cover across depths between 2016 and 2022. Sea surface temperature anomalies 
during each month sampled are presented as a colour scale, with yellow points showing warm anomalies and 
purple points showing cool anomalies. Y-axis is cube root transformed. Depth estimates are binned into 5m 
categories, and the points are “jittered” within these bins for visualisation. 

Table 3-3: Influence of key parameters on Macrocystis coverage at multiple depths as estimated by 
General Additive Models (GAMs). Overall model (n = 894) has an adjusted r2 of 0.44, with 64% deviance 
explained. Significant terms highlighted in bold/italics. 

Smooth terms Edf Ref.df F P-value 

Temperature * Depth 15.7 29 6.7 <0.0001 

Temperature anomaly 3.3 9 1.9 0.0003 

Sediment load 3.8 9 1.4 0.006 
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4 Summary and recommendations 

4.1 Status of Macrocystis  

Updated analysis of Macrocystis coverage trends has confirmed that warm sea surface temperatures 

are a major threat to the stability of Macrocystis forests in the Otago region. Like previous studies on 

Durvillaea (Thomsen et al. 2019) and Macrocystis (Tait et al. 2021), this study shows that warm 

temperature anomalies, particularly those >3–4°C, cause dramatic reductions in the coverage of 

Macrocystis. Despite the severe consequences of marine heatwaves on surface cover of Macrocystis, 

including the summer 2021–22 event, mild summer seasons such as 2020–21 revealed the highest 

cover of Macrocystis over the 6-year period. 

Here, I show some of the first evidence that the marine heatwave of summer 2021–22 caused 

retractions in Macrocystis cover. Additionally, I show that the use of a national bathymetric layer can 

help us identify changes in the depth range that Macrocystis can occupy and reveal a shallowing of 

the habitable depth range during warm conditions. 

Alongside warm temperature anomalies, I show that reduced water clarity is an additive stressor to 

Macrocystis forests. While there was little evidence that changes in Macrocystis coverage were 

caused by temporal variations in sediments within regions, there was variation in Macrocystis 

coverage across regions exposed to varying sediment loads. I present a gradient of sediment loading, 

increasing from Blue Skin Bay to Timaru. Similar gradients exist for the Catlins region, with the 

Brighton–Taieri coast exposed to high sediment loading which decline towards the southern Catlins 

region (Figure 4-1). 

 

Figure 4-1: Remotely sensed water quality products averaged for three zones within the Catlins region, 
north (near the mouth of the Clutha River), mid (near the Catlins Estuary), and south (near Wapiti 
(Chaslands) River).  Water quality products include Kd (A) or light attenuation (where higher values equal 
reduced clarity), temperature (B), total suspended solids (C), and chlorophyll-a (D). 
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4.2 Future monitoring 

To help understand the abundance of deeper-living populations I propose surveying Macrocystis 

populations on deeper rocky reefs at several locations using Remote Operated Vehicles (ROV), drop-

cameras and where possible SCUBA (Self Contained Underwater Breathing Apparatus) divers. These 

methods will also be used at an equal number of shallow reefs adjacent to these deep sites to 

establish relationships between the two habitats. These measurements will identify uncertainties 

surrounding passive monitoring methods (i.e., satellites) in assessing Macrocystis populations in 

deeper habitats. 

Remote sensing has revealed several areas where Macrocystis populations are sporadically present 

in deeper water. Shifting light availability and increasing frequency of heat-wave events present the 

greatest threat to Macrocystis populations (Tait et al. 2021) and plants at the limits of their depth 

distribution will likely be the most responsive to subtle water quality shifts. Therefore, I propose 

establishing in situ validation and calibration of in situ populations in several candidate deep areas 

(Figure 4-2) to determine depth limitations of Macrocystis and fine-tune remotely sensed metrics of 

ecosystem health. 

I propose using georeferenced drop-camera, ROV and SCUBA diver methods to align observations of 

Macrocystis density at the seafloor with satellite observations to examine the accuracy of satellite-

based detection methods. 

 

Figure 4-2: Bathymetry of the Otago Coast from the Otago Peninsula to the Moeraki Peninsula. Candidate 
regions for in situ validation of deep populations of Macrocystis shown by black polygons. 
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Although monitoring of Durvillaea along some of the northern Otago coastline only began in 2018, 

there was some evidence that measurements taken during the heatwave affected summer of 2017–

18 were lower than the following, non-heat-wave years (Tait 2020). Further evidence is required to 

understand the consequences of warm water temperatures on Durvillaea populations. I propose 

establishing high-resolution aerial imagery of Durvillaea populations in four zones representing a 

gradient of exposure to discharges from the Clutha River, and gradients of terrestrial land-uses 

(particularly the relative proximity to agriculture, exotic forests, and native forests) (Figure 4-3). I 

propose aerial surveys of at least one headland or rocky reef platform in each of the four regions to 

establish baseline information about Durvillaea populations and set up a programme that will help 

identify sediment related stress on these populations. 

 

Figure 4-3: Candidate regions of coastal Durvillaea habitats for high-resolution aerial monitoring. Inset 
maps show regions of high sediment exposure and low native forest coverage (A); high sediment exposure and 
moderate native forest cover (B); moderate sediment exposure and moderate native forest cover; and 
moderate sediment exposure and high native forest cover (D). 
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6 Glossary of abbreviations and terms 

CHL Chlorophyll-a: concentrations of phytoplankton as detected by earth-

observation satellites. Expressed as milligrams per metre cubed.  

GAM General Additive Model: Statistical analysis of multiple parameters on a single 

response variable. Unlike general linear models (GLMs), GAMs allow for non-

linear trends to be fitted. 

Kd or KPAR Attenuation coefficient for light: low Kd values represent clear water while high 

values represent turbid water. Expressed as the proportional reduction in light 

per m of water depth. 

NDVI Normalised Difference Vegetation Index: multi-band index used to define 

photosynthetic vegetation. 

NDWI Normalised Difference Water Index: multi-band index used to define water 

bodies. 

NIR Near Infrared Radiation: The radiation wavelengths greater than visible red 

light. These wavelengths are highly informative of vegetation health. 

PAR Photosynthetically Active Radiation: wavelengths of light required for 

photosynthetic organisms. 

SST Sea surface temperature: temperature at the sea surface as measured by earth-

observation satellites. Expressed as degrees Celsius. 

TSS Total Suspended Solids: suspended sediments (non-biological) within the water 

column. Expressed as grams per metre cubed. 
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