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Executive summary/
Whakarāpopototanga Matua
Sea lettuce (Ulva spp) is a naturally occurring green algae, which under the right conditions can
develop large problematic blooms. Blooms of sea lettuce in Te Awanui (Tauranga Harbour) have
been reported anecdotally back as early as the 1940s (Park, 2011), and has continued to be a
nuisance species to this day. Previous work investigating the potential environmental drivers of sea
lettuce blooms has been well discussed in Park (2011) and Park (2007). A range of additional
monitoring and research programmes have been conducted since the last sea lettuce report to try
and elucidate the complex drivers of the cause of the sea lettuce blooms and potential nutrient
sources. The aim of this report is to provide an up to date summary of the knowledge of sea lettuce
abundance and blooms, and the current understanding of the drivers of sea lettuce blooms in
Tauranga Harbour.
Bimonthly monitoring has shown sea lettuce blooms have significantly reduced in intensity
compared to the blooms recorded in the early 1990s. Larger blooms of sea lettuce have historically
shown correlations to the Southern Ocean Oscillation, where in El Nino years we have observed
the largest blooms of sea lettuce (Park, 2011). Upwelling from the coastal zone has been
hypothesised to provide cool, nutrient rich water into the harbour under strong westerly wind
conditions (which occur with greater frequency and intensity in El Nino years). A combination of
cooler waters and potential additional nutrients inputs may support sea lettuce growth even when
terrestrial nutrient inputs are reduced. Sea lettuce tissue nutrients show distinct seasonal patterns,
as do the bloom intensities. Sea lettuce blooms are greater during spring and summer, and the
tissue nutrients are enhanced over winter to early spring, reducing into summer. Increased spatial
monitoring has shown the prevalence of intertidal sea lettuce blooms to occur in the southern
harbour, in particular across Waikareao Estuary, Waimapu Estuary and Rangataua Bay. This is
likely driven by the higher inputs of nutrients from the southern harbour rivers, in particular the
Kopurereroa stream which has concentrations of nitrogen much higher than surrounding rivers.
The high nutrients in the river are not well reflected in the estuary itself, indicating some uptake of
bioavailable nutrients is rapidly occurring, or/and sediment nutrient recycling is also playing a role.
Prevalence of the red algae (Gracilaria chilensis) is more common in the northern harbour.
A programme was developed to investigate the incoming and outgoing water quality of southern
Tauranga Harbour over five consecutive summers, across a range of climatic conditions (La Nina
vs El Nino years). The results showed the role of dominant westerly wind conditions in driving
increased nutrient conditions in certain years. Ammonium concentrations were greater in incoming
tides during one of the captured El Nino sampling years, and water temperatures were significantly
reduced in El Nino compared to La Nina years. There is the potential for upwelling to contribute to
the nutrient requirements of sea lettuce, however given the relatively low concentrations recorded
during our sampling it is unlikely to drive the large scale blooms seen historically, unless nutrient
inputs from land based sources are unusually low. Additional isotope analysis work conducted over
the 2018/19 summer identified decreases in 𝛿𝛿15N of sea lettuce tissue across a number of sites
following a prolonged westerly wind event, indicating a potential oceanic nutrient source. This
indicates that the sea lettuce may utilise some upwelled oceanic nutrients at times.
The most recent research from the University of Waikato has examined groundwater inputs to
Tauranga Harbour, and the variability of harbour residence times under varying climatic conditions.
Groundwater rich in bioavailable nutrients may provide high nitrogen and phosphorus inputs to the
harbour at times (Stewart et al., 2018). In particular, these inputs dominate all other
terrestrial/riverine/oceanic inputs at certain times (such as El Nino years) and likely drive increased
primary productivity (Stewart, 2020). This may explain the greater sea lettuce blooms previously
observed in El Nino years.
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The increased knowledge of nutrient sources into the harbour and increased spatial coverage of
sea lettuce abundances will provide key inputs to future nutrient modelling for the harbour. The
implementation of the National Policy Statement for Freshwater (NPSF) requires councils to set
freshwater limits to protect identified ecological and cultural values by 2025. The modelling work is
a high priority and will provide better understanding of sources and sinks of nutrients in Tauranga
Harbour, and provide information to inform policy setting to ensure large blooms of nuisance
macroalgae continue to be reduced.
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Part 1:
Introduction/Kupu Whakataki
1.1

Eutrophication in coastal ecosystems
The unprecedented increase in the human population from the late 19th Century has had
a visible and quantifiable strain on the environment, including large changes to the
nutrient cycle via large production of fixed nitrogen and phosphorus fertilizers to support
agricultural growth (Tilman, 1999, Fields, 2004, Galloway et al., 2004). In New Zealand, a
60-fold increase in the use of nitrogenous fertilizers occurred between 1961 – 2001 in line
with a steady increase in irrigation (MacLeod & Moller, 2006). Excess nitrogen inputs are
also coming from cattle urine, dung, and effluent sprayed onto pasture (Howard-Williams
et al., 2010). Worldwide estuarine health is reported to be in decline, exhibiting one or
more eutrophication symptoms such as elevated algal biomass (Bricker et al., 2008). The
cause of eutrophication is attributed to agricultural activities, urban runoff, wastewater
treatment plants and atmospheric N deposition (Bricker et al., 2008).
One of the most common symptoms of eutrophication in coastal ecosystems is the
blooming of macroalgae (Valiela et al., 1997), and reports of large macroalgae blooms
(such as Ulva spp., commonly referred to as sea lettuce) are increasing worldwide
(Everett, 1994, Cardoso et al., 2004, Valença et al., 2016). Blooming macroalgae can
have a range of detrimental effects to coastal ecosystems, such as noxious odours,
reduction in sediment oxygen conditions, displacement of seagrass and reduced benthic
biodiversity by physical smothering and light reduction, fish kills, and nutrient release
through the breakdown of decaying organic matter (Norkko & Bonsdorff, 1996, Teichberg
et al., 2010). More recently, there have been anecdotal reports of human and animal
deaths due to dangerous levels of hydrogen sulphide (H2S) on the coasts of France (CNN
Edition, 2019).

1.2

Tauranga Harbour (Te Awanui)
Te Awanui covers an area of 210 km2 and is one of New Zealand’s largest estuaries. The
harbour waters are mostly shallow, and more than 60% of the harbour bed is exposed at
low tide. Tauranga Harbour sits within the Tauranga Moana Water Management Area
(WMA), which is a mix of volcanic gentle and steep geology and slope. Tauranga Harbour
WMA contains 27 major rivers and 46 minor streams. The catchment land use is a mix of
high grasslands (dairy, sheep and beef, lifestyle/mixed land use) and of native forests
(Hamill et al., 2020). Between 2008 and 2016 there has been a large reduction in exotic
and native forest, replaced with an increase in high grassland and urban developments
(Hamill et al., 2020). The harbour is highly valued by the community for its recreational,
cultural, and natural heritage values. The harbour is of significant value to Māori as a
physical and spiritual symbol of identity for all Tauranga Moana whanau, hapū and iwi. It
provides a food bowl/source of kaimoana, such as flounder, kahawai, mussels and
cockles (Lawton & Conroy, 2019).
Tauranga Harbour contains many important productive ecosystems, including freshwater
wetlands, saltmarsh, mangroves, seagrass, sand and mud flats, rocky reefs and subtidal
channels. The ecosystems are home to many types of wildlife and include breeding and
feeding grounds.
The entire harbour is recognised in the Bay of Plenty Regional Council Regional Coastal
Environment Plan as an outstanding natural feature and landscape, and nearly the entire
harbour (except the port area) is identified as an area of significant conservation value.
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1.3

Tauranga Harbour sea lettuce blooms
Te Awanui periodically experiences extensive blooms of sea lettuce that cause a number
of ecological, aesthetic, recreational and cultural impacts. Large blooms have been
reported from the late 1980’s through to 1991, prompting investigation and research into
the causes and drivers of the blooms. Anecdotal evidence suggests blooms of sea lettuce
occurred throughout Tauranga Harbour back to the 1940’s and possibly earlier.
A number of research projects have occurred in Tauranga Harbour since the early 1990s.
Earlier research included investigations into subtidal sea lettuce abundance (Hawes,
1992, de Winton & Clayton, 1995, de Winton et al., 1996), the ecophysiology (de Winton
et al., 1998), and the intertidal ecology of the sea lettuce (Gregor, 1995, Snowe, 1995).
More recent research has included the effect of Ulva spp. mats on ecological communities
and ecosystem functions (Niemand, 2018), modelling water column nutrients and
macroalgae blooms (Port, 2016), subtidal sea lettuce surveys (Port, 2016), and
groundwater derived nutrient fluxes in various climatic conditions (Stewart et al., 2018).
Historically sea lettuce biomass has been reported to be higher in shallow subtidal habitat,
with high abundances near the harbour entrances (de Winton et al., 1996). A further small
scale study by the University of Waikato in the southern basin of Tauranga Harbour found
seasonally higher subtidal abundances in summer (mean >10%, maximum >70%), with
average subtidal abundance ~5% across all stations down to 7m (Port, 2016). Very little
sea lettuce was recorded deeper than 9 m (Port, 2016). Sea lettuce can grow at rates of
up to 28% per day in Tauranga Harbour, however, this is generally not achieved and is
below the maximum theoretical growth rate of 48% (de Winton et al., 1998). Key
limitations for growth of Ulva include ambient nutrient concentrations, light availability, and
water temperature (Park, 2007, Park, 2011). Large sheets or accumulations of Ulva can
cause hypoxic conditions in the underlying sediments and impact community structure
(Niemand, 2018). However, once the Ulva has transitioned into detritus it can be
incorporated quickly into the food web and redistributed through the sediment by
bioturbating macrofauna (Niemand, 2018). This is however reliant on the sea lettuce
blooms to not be of a high coverage or thickness, as initial bloom deposition can result in
loss of key bioturbating macrofauna species by reducing oxygen conditions.
Modelling work undertaken by Port (2016) indicated inorganic nitrogen (ammonium and
nitrate) is the most influential in determining Ulva spp. seasonal peak biomass and timing,
whilst phosphate, temperature, irradiance and turbidity had smaller effects. Seasonally,
nutrient export from the sub-estuaries was more pronounced in summer months for
ammonium, less pronounced for nitrate and not noted for phosphate. The potential source
of these nutrients has been further examined by Stewart et al. (2018), where submarine
groundwater discharges have been identified as a major input of nutrients to the harbour,
with nitrogen and phosphorus inputs calculated to be ~5x and ~8x greater than inputs
from surrounding rivers and streams (Stewart et al., 2018). Further work by Stewart
(2020) has shown that the harbour water residence time is higher during El Nino summer
conditions, thus during El Nino years when there is less surface water discharge, high
nutrient loads from submarine groundwater discharges may be an important driver of algal
bloom events due to longer retention within the upper regions of the harbour. Park (2011)
has previously shown the sea lettuce abundances in Tauranga Harbour to be closely
related to the El Nino conditions, and the potential of nutrient rich oceanic water being
upwelled into the harbour during strong westerly wind events (Park, 2007).
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1.4

Report Scope
This report provides an update on the research and monitoring of sea lettuce dynamics in
Tauranga Harbour up to the start of 2020. It summarises a range of monitoring and
focused research programmes including:
•

Bay of Plenty Regional Council (BOPRC) monitoring of sea lettuce abundance and
tissue nutrients since 1991,

•

Results of a five year targeted water quality programme to investigate nutrient
movements at the southern harbour mouth across climatic conditions (El Nino vs
La Nina conditions),

•

Beach cast sea lettuce clean-up volumes and a spatial survey investigating sea
lettuce isotopes, and

•

Research commissioned by BOPRC to the University of Waikato on drivers of sea
lettuce abundance and blooms.

BAY OF PLENTY REGIONAL COUNCIL TOI MOANA
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Part 2:
Environmental monitoring of
sea lettuce
2.1

Introduction/Kupu Whakataki
A range of programmes are conducted under the BOPRC Natural Environment Regional
Monitoring Network (NERMN), to monitor the state of the environment. This section
discusses a number of ongoing monitoring programmes to investigate drivers of sea
lettuce abundance in Tauranga Harbour. Monitoring programmes include sea lettuce
abundance and tissue nutrients (2-monthly monitoring at three since 1991), sea lettuce
coverage (annual monitoring at 70 sites since 2015), wide-scale spatial mapping (2014
aerial photography), estuary and river water quality (monthly monitoring of various
timeframes), and climatic indicators (from weather monitoring stations). This section aims
to bring together the various monitoring programmes and identify linkages between
observed sea lettuce abundances and environmental parameters.

2.2

Methodology/Huarahi
Sea lettuce abundance (% cover)
Sea lettuce abundance is measured at three sites in Tauranga Harbour since 1991 every
second month (Figure 2-1). One site is located in the northern harbour (Ongare), and two
in the southern harbour (Otumoetai and Grace Road). Site GPS locations are reported in
Appendix A. At each site there are two 20 x 20 m2 permanent plots within the mid-lower
shore, and spring-low shore zones. At each plot, twelve random sample measurements
are taken using a 0.25 m2 gridded quadrat to estimate percentage cover. Results from
each quadrat are used to calculate site average percentage cover (mid-lower, and springlower) and also to calculate an estimate of harbour wide sea lettuce percentage cover.
The mid-lower shore and spring-low shore sampling sites were combined for site analyses
where significant differences were not observed.
Sea lettuce plot locations were selected to provide a range of environmental conditions
based on research in Park & Donald (1994), and to provide geographic coverage of
Tauranga Harbour. The site selection also took into consideration the large nutrient inputs
to the southern harbour at the time from the sewage treatment plant outfall at Otumoetai.
Sites are located on western shores and sheltered from prevailing winds. Time constraints
requiring sites to be sampled on the same low tide limited the addition of further
monitoring plots.
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Sea lettuce tissue samples
Baseline samples of sea lettuce tissue nutrients were collected during each bi-monthly
sample event if sufficient biomass was present. Sea lettuce samples were collected from
the plot in the spring-low tide zone at each site. A minimum of 10 fragments of sea lettuce
are collected to form one sample (roughly 200g). Vegetative tissue (with attachment
points removed) from healthy non-sporulating plants was used. Plants were rinsed with
seawater on site to remove epiphytes and epifauna, then placed in labelled plastic bags in
a cooled chilly bin. Samples were rinsed in freshwater back at the lab to remove salt, and
were air-dried at 60°C for 48 hours before grinding to a powder and storing in air-tight
containers. Sea lettuce tissue samples were analysed for percentage nitrogen,
phosphorus, and carbon at Hills Laboratories.

NERMN percentage cover macroalgae
Annual sediment and ecology monitoring is conducted at 70 intertidal estuarine sites in
Tauranga Harbour (NERMN) (Figure 2-1). Site GPS locations are reported in Appendix A.
At each site, a range of metrics are measured including sediment accumulation rate,
sediment grain size, sediment heavy metals and nutrients, and quadrats to assess
percentage macroalgae cover and epifauna abundance. The monitoring is set up in 20 x
50 m plots that run parallel to the shore. The percentage cover of macroalgae was
analysed by taking 10 systematic quadrat photos at each site, using a gridded 0.25 m2
quadrat. The percentage of algal cover for each species in each quadrat was calculated
by recording the algae species directly underlying each of the 49 gridded intersects and
multiplying this value by two.
The percentage algal cover for the 10 quadrats from each site were averaged to give a
site average, and reported annually for the period from 2015 – 2019.
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Figure 2-1

14

Sea lettuce and water quality monitoring site locations in Tauranga
Harbour. Sea lettuce sites are green circles. NERMN estuarine monitoring
sites are aqua circles. Estuary water quality sites are blue triangles.
River water quality sites are purple triangles.
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Spatial mapping macroalgae
Macroalgae coverage (predominantly sea lettuce) was spatially mapped for Tauranga
Harbour based on 2014/2015 aerial photography (BOPRC data - captured using Vexcel's
digital UCE camera, flown at 0.125 m GSD: 7,887ft (2,403 m) flying height, on the 3 and 8
December 2014, 1 March 2015). Mapping of sea lettuce was completed using GIS
software (ArcGIS Desktop 10.8.0.12790) at a scale of 1:600. Polygons were created
around any areas of macroalgae assessed to have greater than 5% coverage and further
classified into one of four following coverage categories: 5-15%, 15-25%, 25-75%, 75100%. All remaining intertidal areas were assumed to have a macroalgae coverage of
<5%.
The Estuarine Trophic Index (ETI) (Robertson et al., 2016) was utilised to class the
macroalgae coverage into health grading’s, which is based on the UK Water Framework
Directive Opportunistic Macroalgae Blooming Tool (OMBT). Three metrics were quantified
from the Estuarine Trophic Index including:
•

Percentage cover of Available Intertidal Habitat (AIH)(%) = {total % cover/AIH} x 100
(where total % cover = sum of {(patch size)/100} x average % cover for patch)

•

Affected Area, AA (ha) = sum of all patch sizes (with macroalgae cover >5%)

•

Size of AA in relation to AIH (%) = (AA/AIH) x 100

The percentage cover of AIH is based on the macroalgae growth in the estuary area
between high and low water spring tide, able to support opportunistic macroalgae growth.
The total extent of area covered by algal mats can be represented by AA or AA/AIH%. In
large estuaries with proportionately small patches of macroalgal cover, the rating for total
area covered by macroalgae (AA) might indicate a high or good status, however the total
area covered may be quite substantial and could still affect the surrounding and
underlying benthic communities. Thus the AA/AIH scales the area of impact to reflect the
water body size. Whichever metric represents that worst case scenario should be used.
The three metrics were each compared against the thresholds for ecological quality status
(Table 2-1), converted to align with BOPRC reporting standards (BOPRC Grading).
Table 2-1

Opportunistic Macroalgal Blooming Tool (OMBT) thresholds and metrics for
levels of the ecological quality status.

OMBT Quality Status

High

Good

Moderate

Poor

Bad

EQR (Ecological
Quality Rating)

≥0.8 - 1.0

≥0.6 - <0.8

≥0.4 - <0.6

≥0.2 - <0.4

0.0 - <0.2

BOPRC Grading

Very Good

Good

Fair

Poor

Very Poor

% cover on Available
Intertidal Habitat (AIH)

0 - ≤5

>5 - ≤15

>15 -≤25

>25 - ≤75

>75 - 100

Affected Area (AA) of
>5% macroalgae (ha)

≥0 - 10

≥10 - 50

≥50 - 100

≥100 - 250

≥250

AA/AIH (%)

≥0 - 5

≥5 - 15

≥15 - 50

≥50 - 75

≥75 - 100
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NERMN estuary water quality monitoring
Estuary water quality is monitored as part of the Bay of Plenty Regional Council Natural
Environment Regional Monitoring Network (NERMN). Site GPS locations are reported in
Appendix A. The last estuary water quality report was published in 2015 (Scholes, 2015).
Historically 14 sites were monitored in Tauranga Harbour from the early-mid 90s
bimonthly until 2015, when sites were reduced to eight core sites that are now monitored
monthly on the mid ebb tide (Figure 2-1). In brief, water quality sampling includes
temperature, pH, dissolved oxygen, water clarity, electrical conductivity, ammoniacal
nitrogen, total oxidised nitrogen, total nitrogen, dissolved reactive phosphorus, total
phosphorus, total suspended solids, absorbance coefficient, and E.coli bacteria (Scholes,
2015).

NERMN river water quality monitoring
River water quality is monitored as part of the Bay of Plenty Regional Council Natural
Environment Regional Monitoring Network (NERMN). Site GPS locations are reported in
Appendix A. There are 18 sites routinely monitored in Tauranga Moana Water
Management Area, with rotational monitoring occurring since the early 90s, and monthly
sampling since July 2015 (Figure 2-1). The latest river quality report was released in April
2020, and this report includes some of the outputs reported in Hamill et al., (2020). For
detailed methods and trend analyses please refer to Hamill et al., (2020). In brief, water
quality sampling includes temperature, pH, dissolved oxygen, water clarity, electrical
conductivity, ammoniacal nitrogen, total oxidised nitrogen, total nitrogen, dissolved
reactive phosphorus, total phosphorus, total suspended solids, absorbance coefficient,
and E.coli bacteria. Stream flow is either measured or gauged on the same day as water
samples are collected. This report will discuss the nutrient concentrations and trends
reported in Hamill et al. (2020), as large inputs of nitrogen or phosphorus may lead to
excessive algae growth.

Climatic variation
The El Nino-Southern Oscillation (ENSO) is a periodic fluctuation in sea surface
temperature and the air pressure of the overlying atmosphere across the equatorial
Pacific Ocean. The presence of La Nina or El Nino conditions modifies weather conditions
across the globe. The Southern Oscillation Index (SOI) is a standardised index based on
the observed sea level pressure differences between Tahiti and Darwin, Australia. The
SOI is one measure of the large-scale fluctuations in air pressure occurring between the
western and eastern tropical Pacific during El Nino and La Nina episodes. Prolonged
periods of negative SOI values coincide with abnormally warm ocean waters typical of El
Nino conditions, whilst prolonged positive SOI values coincide with abnormally cool ocean
waters and is typical of La Nina conditions.
The Oceanic Nino Index (ONI) is NOAAs primary method for monitoring El Nino and La
Nino. It is calculated from the 3-month running mean of sea surface temperature
anomalies in the Nino 3.4 region. El Nino conditions are considered to be present when
the ONI is +0.5 or higher, indicating warmer than usual water in the eastern tropical
Pacific. La Nina conditions exist when the ONI is -0.5 or lower, indicating the region is
cooler than usual. Events are defined as five consecutive overlapping three month periods
at or above the +0.5 anomaly for El Nino events, and at or below the -0.5 anomaly for La
Nina events. Events above or below 1.5 are defined as strong events.

16

Environmental Report 2021/01 - Sea Lettuce research and monitoring in Tauranga Harbour 2020

The Southern Oscillation Index has previously been reported to be related to sea lettuce
abundances (Park, 2011). Two core metrics related to the climatic cycle, the Southern
Oscillation Index (SOI), and the Oceanic Nino Index (ONI) were used as predictor
variables for sea lettuce abundances. Both the Oceanic Nino Index (ONI) and the
Southern oscillation index (SOI) were downloaded from the NOAA1 Climate Monitoring
website.

Data analysis/Ngā Tātaritanga Raraunga
All graphics and statistical analyses were completed using R Studio 1.2.5003 (base
package R 3.6.0). Sea lettuce data was log+1 transformed to meet normality assumptions
prior to statistical analysis. Due to the high seasonal variability of sea lettuce abundance
data was deseasonalised using the average monthly sea lettuce abundance, and the
residuals used to investigate relationships between sea lettuce abundance and climatic
indicators.
Estuary nutrient data was analysed for site and seasonal trends using Kruskal-Wallis tests
and pair-wise Wilcox tests. Data used in the principal component analyses were first
transformed to meet normality assumptions, and normalised before computing. Gaps in
the data for the principal component analyses were computed using the ‘missMDA’
package, resulting in imputed values having no weight on the results of the PCA.

2.3

Results/Ngā Otinga
Climatic variation
The variation of the Oceanic Nino Index (ONI) has previously been shown to be strongly
correlated with the abundance of sea lettuce (Park, 2007, Park, 2011). The variation of the
Oceanic Nino Index is shown in Figure 2-2, highlighting periods of strong El Nino periods
(above red line), that have generally been associated with higher abundances of sea
lettuce. There have been three strong El Nino events since 1990, the first in 1998, second
in 2010, and the latest in 2016. The 2016 El Nino event was unusual in that it did not have
the same persistent westerly wind conditions as usually characterised by historical El Nino
years.

1

Climate Prediction Center - Monitoring & Data: Current Monthly Atmospheric and Sea Surface Temperatures Index
Values (noaa.gov)
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Figure 2-2

Oceanic Nino Index (ONI) showing the 3-monthly running mean from
1990–2020. The red line indicate strong El Nino events, and the blue line
indicates strong La Nina events.

Sea lettuce abundance
The average variability of sea lettuce abundance at three monitoring sites across
monitoring years is shown in Figure 2-3. There is high variation across the years, with the
peak sea lettuce abundance recorded in early 1991/92 and 1997/98.
There is no significant difference in sea lettuce abundance at Ongare or Otumoetai
between the mid-lower and spring-lower sampling points (Wilcox-test, p>0.05). Ongare
and Otumoetai sea lettuce average cover has significantly decreased over time (r = -0.33,
p<0.001; r = -0.28, p<0.001). There is a significant difference between Grace sea lettuce
abundance between mid-lower and spring-lower sampling points (Wilcox-test, p<0.001),
due to the high blooms in the spring-lower shore during the early 90s. Average Grace sea
lettuce average cover has also significantly decreased over time (r= -0.2, p<0.05). The
magnitude of the sea lettuce blooms has decreased over time at each of the monitoring
sites, with average sea lettuce abundances now sitting below 50% cover during bloom
events.
The seasonal abundance of sea lettuce at each site is shown as boxplots in Figure 2-4.
On average, sea lettuce abundance is higher during spring (14% ± 2.5 se) and summer
(13% ± 1.6 se) compared to winter (8.0% ± 1.7 se) and autumn (8.4% ± 1.8 se) across all
sites. The mean Tauranga sea lettuce abundance is significantly different across seasons
(Kruskal-Wallis: chi=15.9, p<0.01), with sea lettuce abundance significantly greater in
summer compared to autumn (p<0.05) and winter (p<0.01), and spring was significantly
greater compared to winter (p<0.05).
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Previous sea lettuce reports (Park, 2011) have shown linkages between the Southern
Ocean Oscillation Index (SOI) and the de-seasonalised abundance of sea lettuce
(residuals). This relationship remains evident with another 10 years data collection, and
also identifies that the larger blooms of sea lettuce have only occurred during the more
negative phase (El Nino conditions) of the SOI (Figure 2-5). A Kendall’s Tau test showed
a positive relationship between Tauranga sea lettuce abundance and the SOI 5-month
moving average (τ = -0.29, p<0.001). The linear relationship between the two metrics is
relatively low (R2 = 0.21), suggesting the climatic seasonality may be important however
other drivers associated to the seasonality are likely also influencing the high variation in
sea lettuce abundance.

Figure 2-3

Abundance of sea lettuce (mean % cover of mid-lower and spring-lower
tide plots) at monitoring sites in Tauranga Harbour from September 1991 –
January 2020. Grace Road is green, Ongare Point is blue, and Otumoetai
foreshore is red.
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Figure 2-4
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Boxplot summary of sea lettuce abundance (%) across monitoring seasons
from Sept 1991 – Jan 2020. A = Grace Road, B = Otumoetai foreshore, C =
Ongare Point, D = Tauranga mean. The boxplot displays the median
(centre line) and lower and upper hinges show the 25th and 75th percentiles.
The whiskers extend from the hinge to the largest value no greater than
1.5*IQR from the hinge (Inter Quartile Range). Outliers are black dots.
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Figure 2-5

De-seasonalised Tauranga sea lettuce abundance (% cover) residuals and
the Southern Ocean Oscillation Index (5 month moving average).

Sea lettuce nutrient concentrations
Sea lettuce tissue was analysed for nutrient contents (nitrogen, carbon, phosphorus)
between 1991 and 2019 from three long-term monitoring sites. The variability in sea
lettuce nutrient concentrations is displayed in Figure 2-6. The % nitrogen and %
phosphorus show similar seasonal trends, with higher concentrations of nutrients peaking
during the winter season, and lowering towards summer (Figure 2-6A, 2-6C). The majority
of seasons showed distinct nitrogen content (p<0.001), with lesser differences between
autumn and spring and summer (p<0.05). Nitrogen concentrations in sea lettuce tissues
peak during June/July, and are the lowest during January (Table 2-1). Similar patterns
were evident in the phosphorus content, with high distinction between most seasons
(p<0.001), and lesser between autumn and summer (p<0.05). Phosphorus concentrations
peak during July, and decline to the lowest point in December/January (Table 2-2). Grace
Road had higher tissue nutrient concentrations on average across the seasons, however
Otumoetai sea lettuce showed an increase in both nitrogen and phosphorus
concentrations during the early spring to summer period. Ongare Point had on average
the lowest tissue nutrient concentrations. The carbon to nitrogen ratio dips during winter
and increases into summer (Figure 2-6B). Overall concentrations of tissue nitrogen were
significantly different at each of the sites (p<0.001). Phosphorus concentrations were
significantly lower at Ongare compared to the other two sites (p<0.01).
There were no significant seasonal differences evident in carbon content (p>0.05). The
C:N ratio was decreased in the winter months, with C:N increasing into the summer
months. All seasons showed significantly variable C:N ratios (p<0.001), however less
variation was measured between autumn and summer (p<0.01), and no difference
between autumn and spring (p>0.05). Carbon to nitrogen ratios were highly distinct across
each site, with Ongare being highly distinct between the other sites (p<0.001) and less
distinct between Otumoetai and Grace (p<0.01).
There were no significant changes in the sea lettuce tissue nutrients over time (p>0.05).
BAY OF PLENTY REGIONAL COUNCIL TOI MOANA

21

Table 2-2

Mean monthly nutrient concentrations in sea lettuce tissue at three
monitoring sites (Ongare Point, Otumoetai foreshore, Grace Road) in
Tauranga Harbour from 1991 – 2019.

% Nitrogen (dw)

C:N Ratio

% Phosphorus (dw)

Month

Ong

Otum

Grace

Ong

Otum

Grace

Ong

Otum

Grace

Jan

1.09

1.39

1.79

26.12

21.57

17.84

0.090

0.100

0.101

Feb

1.26

1.41

1.80

22.95

19.15

15.67

0.091

0.102

0.106

Mar

1.27

1.47

1.74

22.76

19.81

18.35

0.092

0.094

0.097

Apr

1.58

1.69

2.30

18.00

16.59

12.34

0.105

0.110

0.119

May

1.67

1.84

2.70

16.43

15.42

10.82

0.110

0.112

0.135

Jun

2.28

2.72

3.26

11.92

9.98

8.73

0.137

0.158

0.169

Jul

2.72

2.87

3.37

10.10

9.92

8.69

0.156

0.155

0.177

Aug

1.88

2.41

3.23

14.30

11.45

8.41

0.125

0.146

0.166

Sep

1.82

2.31

3.00

15.98

13.18

10.09

0.128

0.129

0.132

Oct

1.58

2.08

2.14

18.76

13.53

13.34

0.110

0.126

0.113

Nov

1.21

1.97

1.90

22.96

14.79

15.50

0.102

0.130

0.106

Dec

1.25

1.86

1.70

21.68

15.82

17.12

0.095

0.112

0.097
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Figure 2-6

Seasonal nutrient contents in sea lettuce tissue from 1991 – 2019 at three
Tauranga Harbour monitoring sites (Grace Road (Town Reach), Otumoetai
foreshore, Ongare Point). A = sea lettuce nitrogen content (% dw). B = sea
lettuce carbon:nitrogen ratio. C = sea lettuce phosphorus content (% dw).
The boxplot displays the median (centre line) and lower and upper hinges
show the 25th and 75th percentiles. The whiskers extend from the hinge to
the largest value no greater than 1.5*IQR from the hinge (Inter Quartile
Range). Outliers are black dots.
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Sea lettuce monitoring at sediment plate sites
Additional annual monitoring of sea lettuce abundances has occurred at 59 sites in
Tauranga Harbour since 2015, with a focus on the intertidal sub-estuaries around
Tauranga. Sea lettuce coverages are highly variable across years and sites within the
same sub-estuaries (Table 2-3). A number of sites within Waikareao Estuary have
consistently high sea lettuce coverage during years that sea lettuce abundances were
increased in the harbour (between 2016-2018). Waimapu Estuary and Rangataua Bay
also had a number of sites where sea lettuce coverage has occasionally been high. In
contrast, another nuisance macroalgal species, Gracilaria chiliensis showed higher
coverage at some sites in the northern harbour, Tuapiro Estuary in particular. In the last
few years large coverage of Gracilaria chiliensis has been observed at Ongare Point,
historically a site of high sea lettuce coverage.
Table 2-3

Percentage macroalgae cover (Ulva spp. and Gracilaria chilensis) at
sediment monitoring sites in Tauranga Harbour. Data shown is the average
of 10 quadrat replicates between 2015–2019. Data is coloured red-orange
to highlight high macroalgae coverage.
% Ulva sp. cover

Subestuary

Site Name

Rangataua Bay

% Gracilaria chilensis cover

2019

2018

2017

2016

2015

2019

2018

2017

2016

2015

Tau P1

1.0

5.6

0

95.0

14.5

0

0

0

0

0

Rangataua Bay

Tau P2

0

0

0

0.7

0

0

0

0

0

0

Rangataua Bay

Tau P3

0

0

0

0

0.2

0

0

0

0

0

Welcome Bay

Tau P4

0

0

0

0

0

0

0

0

0

0.2

Welcome Bay

Tau P5

0

0

0

1.4

0

0

0

0

0.2

0

Welcome Bay

Tau P6

0

0

0.6

0

0

0

0

0

0

0

Welcome Bay

Tau P7

0

0

0.4

1.1

0

0

0

0

0

0

Welcome Bay

Tau P8

0

0

0

2.2

0

0

0

0

0

0

Welcome Bay

Tau P9

0

0.4

2.2

2.0

0

0

0

0

0

0

Welcome Bay

Tau P10

0

0

0

0

7.4

0

0

0

0

0

Waimapu

Tau P11

0

0

0

0.6

0

0

0

0

0

0

Waimapu

Tau P12

0

0

0

0

0

0

0

0

0

0

Waimapu

Tau P13

0

2.7

28.1

0

0

0

0

0

0

0

Waimapu

Tau P14

0

0.1

24.5

41.5

0

0

0

0

0

0

Waimapu

Tau P64

0

0.0

0.3

0.7

Waikareao

Tau P15

0

0.1

24.5

41.5

0

0

0

0

0

0

Waikareao

Tau P16

0

2.9

42.5

1.0

1.6

0

0

0

0

0

Waikareao

Tau P17

0

59.8

84.3

93.4

0

0

0

0

0

0

Waikareao

Tau P18

0

1.7

5.8

3.1

0

0

0

0

0

0

Waikareao

Tau P19

0

69.0

94.1

88.3

0

0

0

0

0

0

Waikareao

Tau P20

0

0

0.6

1.8

2.0

0

0

0

0

0

Waikareao

Tau P21

0

5.4

14.7

0

0

0

0

0

0

0

Matua (Wairoa)

Tau P22

0

0

1.4

1.0

0

0

0

0

0

0

Matua (Wairoa)

Tau P23

0

0.2

0.5

0

0

0

0

0

0

0
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Matua (Wairoa)

Tau P24

0

0

1.0

0

0

0

0

0

0

0

Te Puna

Tau P29

0

0

0

0

0

0.7

3.0

1.2

1.0

0.7

Te Puna

Tau P30

0

0

0.6

0

0

0.2

0

0

0.1

0

Te Puna

Tau P31

0

0.9

0.9

0

0

0

0

1.4

1.6

1.6

Te Puna

Tau P32

0

0

0

0

0

0

0

0.5

0.2

0.2

Te Puna

Tau P33

0

0

0

0

0

0

0

0

0

0

Te Puna

Tau P34

0

0

0

0

0

0

0

0

0

0

Mangawhai

Tau P35

0

0

0

0

0

0.1

5.9

1.8

5.0

4.6

Mangawhai

Tau P36

0

0

0

0

0

0

3.2

1.0

0.5

0.3

Mangawhai

Tau P37

0

0

0

0

0

0

0

0

0

0

Waipapa

Tau P39

0

0

0.4

0

0

0

0

0

0

0

Waipapa

Tau P40

0

0

0

0

0

0

0

0

0

0

Wainui

Tau P43

0

0

0

0

0

Wainui

Tau P44

0

0

0

0

0

0

0

0

0

0

Rereatukahia

Tau P46

0

0

0.3

0

0

0

0

0

0

0

Rereatukahia

Tau P47

0

0

0

0

0

0

0

0

0.5

0

Rereatukahia

Tau P48

0

0.1

0

0.6

0.7

0

0.6

0

0.4

0

Uretara

Tau P49

0

0

0.8

4.0

0

0

0

0

0

0

Uretara

Tau P50

0

0

0

0.6

0

0.2

0

0

0

Uretara

Tau P51

0

0

0

0

0

0

0

0

Uretara

Tau P52

0

0

0

0

0

0

0

0.1

0

0

Tuapiro

Tau P54

0

0

0

0.1

1.6

1.1

0.5

11.4

2.5

26.7

Tuapiro

Tau P55

0

0

0

0

0

0.7

0.4

3.3

1.4

1.7

Tuapiro

Tau P56

0

0

0.2

0.6

0.5

2.4

3.0

25.1

Waiau

Tau P57

0.4

0

0

1.1

1.1

2.0

1.2

0.8

1.1

11.9

Waiau

Tau P58

0.5

0

1.8

0

0.1

0

0

0.1

Waiau

Tau P59

0

0

0

0

0

0

0.1

0

0

0

0.5

Spatial sea lettuce mapping
Sea lettuce coverage was mapped across Tauranga Harbour using 2014/2015 aerial
photography, which captured a summer sea lettuce bloom. Macroalgae cover was
quantified per subestuary units (Figure 2-7). The highest macroalgae coverage was at the
Otumoetai foreshore area, and Ongare Point (Figure 2-7). Other larger hotspots of
macroalgae appeared mostly in the southern estuary. The macroalgal cover tended to sit
alongside the edges of the subtidal channels across the harbour.
For the northern estuary, of the available 8802 ha of intertidal flats, 184 ha was affected
by macroalgae, which corresponded to 3.8% macroalgae growth present (Table 2-4).
Ongare Point was the worst impacted site in the northern harbour, with 65 ha of the 68 ha
available intertidal habitat affected by macroalgae cover, corresponding 96% macroalgae
growth present. Other areas with a higher affected area by macroalgae in the northern
harbour include North Estuary, Uretara Estuary, and Tuapiro-Athenree.
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The southern harbour covers a greater part of Tauranga Harbour, with 449 ha of the total
6218 ha affected by macroalgae cover, corresponding to 7.2% macroalgae growth
present (Table 2-4). The highest macroalgae cover in the southern harbour was at
Otumoetai, with 138 ha affected by macroalgae, corresponding to 70% macroalgae
growth present. Southern Estuary, which includes the town reach area of the Tauranga
CBD had the second highest coverage of algae with 80 ha of affected area, corresponding
to 26% macroalgae growth present. Other regions with higher macroalgae coverage
based on available intertidal habitat include Te Puna Beach, Waikareao Estuary, Waipu
Bay, Waimapu Estuary and Waipapa Estuary.
For all harbour locations, an ecological quality status grade was given based on the
Estuarine Trophic Index (Table 2-4). Area Affected (AA) was graded as very good for 52%
of sites, good for 32%, fair for 13%, and poor for 3% of sites. No sites were graded as
very poor for Area Affected. Only Otumoetai was graded as poor for Area Affected. For
the size of Area Affected in relation to available intertidal habitat, 74% of sites were
graded as very good, 13% as good, 6% fair, 3% poor and 3% very poor. Ongare was the
only site graded as very poor for AA/AIH, and Otumoetai the only site graded as poor for
AA/AIH. The northern harbour Area Affected was graded as poor, and for the southern
harbour was graded as very poor based on the total area coverage alone. The northern
harbour overall was graded as very good for AA/AIH, whereas the southern harbour was
graded as good overall.

Figure 2-7
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Tauranga Harbour subestuary units for quantifying percentage sea lettuce
coverage.
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Figure 2-8

Macroalgae cover in Tauranga Harbour mapped from 2014 aerial
photography (BOPRC). Blue areas show subtidal areas, light grey shows
the intertidal flats and the green shows the mapped macroalgae cover
(>5% coverage).
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Table 2-4

Macroalgae coverage in Tauranga Harbour split by subestuary and
categorised into health gradings based on the Estuarine Trophic Index
(ETI). Very good = blue, good = green, fair = yellow, poor = orange, very
poor = red.
Total
Area (ha)

AIH – available
intertidal habitat (ha)

Waiau Estuary

102

54

0.4

2.9

0.8

Tuapiro Athenree

678

609

13.7

3.1

2.3

5859

2537

79.5

3.1

3.1

255

184

3.5

2.8

1.9

70

68

65.3

28.0

96.1

Uretara Estuary

266

168

10.2

4.0

6.1

Blue Gum Bay

673

535

0.9

2.5

0.2

Rereatukahia Estuary

395

310

8.3

3.2

2.7

Matahui west

504

436

2.7

2.6

0.6

Northern Harbour Total

8802

4900

184.4

3.3

3.8

Middle Estuary

5170

1510

61.1

3.8

4.0

Aongatete Estuary

399

242

7.1

3.2

2.9

Wainui Estuary 1

400

265

12.2

3.8

4.6

Wainui Estuary 2

101

40

0.4

2.8

1.1

Wainui Estuary 3

177

67

0.9

2.9

1.4

Waipapa Estuary

388

305

15.3

4.0

5.0

Hunters Creek

970

727

28.5

3.5

3.9

Mangawhai Estuary 1

196

173

0.5

2.5

0.3

Mangawhai Estuary 2

53

45

0.0

2.5

0.0

Te Puna Estuary 1

170

119

2.6

3.0

2.2

Te Puna Estuary 2

88

60

2.2

3.9

3.7

Waikaraka Estuary

59

53

0.7

2.7

1.2

Te Puna Beach

92

71

10.4

6.0

14.7

Wairoa Estuary 1

791

556

15.3

3.1

2.7

Wairoa Estuary 2

112

71

1.0

2.6

1.4

Waikareao Estuary

265

211

32.4

5.9

15.3

Otumoetai

235

197

137.5

14.9

69.8

Southern Estuary

686

307

79.9

6.6

26.0

Waipu Bay

412

355

17.6

5.1

5.0

Rangataua Bay

776

545

13.0

2.8

2.4

Waimapu Estuary

206

153

7.8

3.1

5.1

Welcome Bay

168

147

2.2

2.7

1.5

11912

6218

448.5

4.1

7.2

Subestuary

North Estuary
Tuapiro Estuary
Ongare

Southern Harbour Total
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AA - affected
area (ha)

% cover
of AIH

AA/AIH (%)
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Estuary water nutrient concentrations
Estuary water quality is measured monthly at eight sites in Tauranga Harbour
(Figure 2-1). All available nutrient concentration data were compiled to look at seasonal
trends in estuary water quality at a number of sites close to the sea lettuce monitoring
sites.
Seasonality was evident at the majority of sites for both dissolved inorganic nitrogen
(Figure 2-9) and dissolved reactive phosphorus (Figure 2-10). Increases in nutrient
concentrations were evident across the winter months, with the largest peaks occurring at
Maungatapu for nitrogen, and Maungatapu and Toll Bridge Marina for phosphorus.
Nutrient concentrations were split by season and shown visually as boxplots in Figures
2-11 and 2-12. This more clearly displayed the increased average nitrogen concentrations
in winter, and all seasons were highly distinct from each other (p<0.001), with a lesser
difference in DIN concentrations observed between summer and autumn (p<0.05). The
seasonality was less evident in phosphorus concentrations, with no differences observed
in average phosphorus between autumn and summer, and spring and winter (p>0.05),
however differences were observed between all other seasons (p<0.001).
Average monthly nutrient concentrations (DIN and DRP) are detailed in Tables 2-5 and
2-6. The estuary water nutrient sites in the harbour showed a range of variation between
them. For dissolved inorganic nitrogen, significant differences were observed between
sites (ANOVA, F = (6, 946) = 27, p<0.001). DIN posthoc test are shown in Table 2-4. A
number of southern harbour sites were grouped together with similar DIN concentrations
including Waikareao, Maungatapu and Tilby Point. The most northern harbour site of
Kauri Point was distinct from many other sites including Maungatapu, Bridge Marina, and
Waikareao. It was grouped similar as the other northern site, Tanners Point, and also the
southern harbour sites of Mount and Tanners Point. For dissolved reactive phosphorus,
significant differences were observed between sites (ANOVA, F = (6, 917) = 21, p<0.001).
For DRP, Kauri Point was highly distinct from the other sites with lower DRP
concentrations, with the exception of Tilby Point (Table 2-6). Maungatapu was distinct
from all sites except Toll Bridge Marina and Waikareao. Waikareao was similar to
Maungatapu and Toll Bridge Marina, likely due to the close proximity of sites. The Mount
was distinct from all sites except for Tanners Point, Tilby Point, and Waikareao.

BAY OF PLENTY REGIONAL COUNCIL TOI MOANA

29

Figure 2-9

30

Dissolved inorganic nitrogen (NH4 + NO2/NO3) concentrations (g/m3) at six
Tauranga Harbour water quality monitoring sites across the day of year.
Data from 1992 at Maungatapu. Data from 1998 at Tanners Point, Kauri
Point and Toll Bridge Marina. Data from 2015 at Waikareao, Tilby Point and
Mount.

Environmental Report 2021/01 - Sea Lettuce research and monitoring in Tauranga Harbour 2020

Figure 2-10

Dissolved reactive phosphorus (DRP) concentrations (g/m3) at six
Tauranga Harbour water quality monitoring sites across the day of year.
Data from 1992 at Maungatapu. Data from 1998 at Tanners Point, Kauri
Point and Toll Bridge Marina. Data from 2015 at Waikareao, Tilby Point and
Mount.
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Figure 2-11

32

Dissolved inorganic nitrogen (NH4 + NO2/NO3) concentrations (g/m3) at six
Tauranga Harbour water quality monitoring sites across seasons. Data
from 1992 at Maungatapu. Data from 1998 at Tanners Point, Kauri Point
and Toll Bridge Marina. Data from 2015 at Waikareao, Tilby Point and
Mount. The boxplot displays the median (centre line) and lower and upper
hinges show the 25th and 75th percentiles. The whiskers extend from the
hinge to the largest value no greater than 1.5*IQR from the hinge (Inter
Quartile Range). Outliers are black dots.
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Figure 2-12

Dissolved reactive phosphorus (DRP) concentrations (g/m3) at six
Tauranga Harbour water quality monitoring sites across seasons. Data
from 1992 at Maungatapu. Data from 1998 at Tanners Point, Kauri Point
and Toll Bridge Marina. Data from 2015 at Waikareao, Tilby Point and
Mount. The boxplot displays the median (centre line) and lower and upper
hinges show the 25th and 75th percentiles. The whiskers extend from the
hinge to the largest value no greater than 1.5*IQR from the hinge (Inter
Quartile Range). Outliers are black dots.
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Table 2-5

Mean dissolved inorganic nitrogen concentrations (DIN: NH4 + NO2/NO3,
g/m3) at six Tauranga Harbour water quality monitoring sites by month.
Data from 1998 at Tanners Point, Kauri Point and Toll Bridge Marina. Data
from 2015 at Waikareao, Tilby Point and Mount. Posthoc test results are
displayed as letters.

Kauri
Point

Maungatapu

Mount

Tanners
Point

Toll
Bridge
Marina

Waikareao

Tilby Point

Posthoc
test

a

d

ab

ab

bc

d

cd

Jan

0.008

0.036

0.033

0.023

0.027

0.064

0.012

Feb

0.019

0.047

0.025

0.043

0.035

0.116

0.062

Mar

0.013

0.042

0.016

0.032

0.030

0.104

0.054

Apr

0.041

0.083

0.016

0.024

0.041

0.063

0.056

May

0.045

0.097

0.026

0.078

0.057

0.128

0.163

Jun

0.057

0.116

0.047

0.054

0.087

0.113

0.121

Jul

0.077

0.181

0.074

0.082

0.110

0.156

0.126

Aug

0.056

0.156

0.050

0.056

0.083

0.115

0.113

Sep

0.022

0.090

0.028

0.052

0.051

0.110

0.096

Oct

0.028

0.083

0.059

0.046

0.070

0.110

0.054

Nov

0.034

0.058

0.054

0.060

0.060

0.110

0.038

Dec

0.022

0.065

0.044

0.034

0.043

0.110

0.067

Month

Table 2-6

Dissolved reactive phosphorus (DRP, g/m3) at six Tauranga Harbour water
quality monitoring sites by month. Data from 1998 at Tanners Point, Kauri
Point and Toll Bridge Marina. Data from 2015 at Waikareao, Tilby Point and
Mount.

Kauri
Point

Maungatapu

Mount

Tanners
Point

Toll
Bridge
Marina

Waikareao

Tilby Point

Posthoc
test

a

d

bc

bc

d

cd

ab

Jan

0.0014

0.0052

0.0055

0.0038

0.0056

0.0053

0.0001

Feb

0.0024

0.0056

0.0034

0.0039

0.0053

0.0057

0.0026

Mar

0.0027

0.0062

0.0024

0.0034

0.0045

0.0068

0.0037

Apr

0.0029

0.0071

0.0023

0.0028

0.0038

0.0038

0.0035

May

0.0037

0.0106

0.0030

0.0048

0.0096

0.0070

0.0075

Jun

0.0038

0.0071

0.0045

0.0048

0.0071

0.0044

0.0050

Jul

0.0047

0.0101

0.0076

0.0061

0.0090

0.0086

0.0066

Aug

0.0037

0.0078

0.0060

0.0052

0.0081

0.0056

0.0054

Sep

0.0037

0.0072

0.0040

0.0045

0.0056

0.0068

0.0044

Oct

0.0035

0.0085

0.0060

0.0064

0.0089

0.0078

0.0032

Nov

0.0038

0.0056

0.0061

0.0060

0.0073

0.0078

0.0042

Dec

0.0037

0.0079

0.0056

0.0058

0.0076

0.0074

0.0034

Month
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Rivers nutrient concentrations
The latest Bay of Plenty Regional Council rivers report was released in April 2020 (Hamill
et al., 2020), thus represents the most up to date information of nutrient inputs to the
harbour. These results have been summarised below, in addition plots of the nutrient
concentrations from a number of key sites close to sea lettuce monitoring are plotted
below.
Many of the western streams of Tauranga Harbour had high water clarity (low turbidity
and total suspended solids) compared to the rest of the region (Waiau River, Tuapiro
Stream, Uretara Stream, Te Rereatukahia Stream, Waitekohe Stream and Ngamuwahine
Stream). Some of the highest ammoniacal nitrogen concentrations were reported in the
lower Kopurererua Stream, that feeds into Waikareao Estuary and out past the Otumoetai
foreshore. Total nitrogen and nitrate concentrations were high in many streams entering
the southern end of Tauranga Harbour (Omanawa Stream, Kopurereroa Stream,
Waimapu Stream, and Rocky Stream). Tauranga Harbour catchment (10 year trend)
shows widescale increases of TP, DRP, and at some sites NNN. For the 15 year trends,
there is deterioration of TP and NNN, however widescale improvements have occurred in
TSS, DRP and NH4. For the three northern harbour river sites, trends for NNN are
showing no clear changes. However there is a worsening trend for TP at all of the
northern Harbour sites. For the southern harbour sites, TP is showing a worsening trend
at all sites. There is no changing in NNN concentrations at the southern sites, with the
exception of Waitao Stream which is showing improvements in NNN and DRP. At
Waimapu Stream there is an increasing trend for DRP.
Ammonium concentrations of the streams were plotted over the day of year for
comparison against the sea lettuce abundances and tissue nutrient concentrations (Figure
2-13). Ammonium concentrations were significantly different between sites (ANOVA, F =
(6, 1125) = 105, p<0.001). Concentrations of ammonium were greatest in the Kopurereroa
Stream, which flows into the Waikareao Estuary and out past the Otumoetai sea lettuce
monitoring site. NH4 concentrations were similar between Te Rereatukahia Stream,
Tuapiro Stream and Wairoa River. Concentrations of NH4 were also similar between Te
Mania Stream, Waimapu Stream, Waitao Stream and Wairoa River (Table 2-7).
Nitrate concentrations were highly distinct between sites (ANOVA, F = (6, 1058) = 437,
p<0.001). NO3 concentrations were the highest in the Kopurereroa and Waimapu
Streams, which were both distinct from all other sites (Table 2-8). Tuapiro Stream had
significantly lower NO3 concentrations than the other sites. Te Mania and Te Rereatukahia
Streams had similar NO3 concentrations, and similarly Wairoa River and Waitao Stream
were grouped similarly (Table 2-8).
Dissolved reactive phosphorus concentrations were variable across the sites (ANOVA, F
= (6, 1115) = 90, p<0.001) (Figure 2-14). Kopurereoa Stream was highly distinct from the
other sites with greater DRP concentrations (Table 2-9). Waitao Stream was distinct from
the other sites. Waimapu Stream and Wairoa River was grouped similarly, as was Tuapiro
and Te Mania Stream, and Te Rereatukahia Stream and Tuapiro Stream (Table 2-9).
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Figure 2-13

36

River water ammonium concentrations (g/m3) measured at seven sites
around Tauranga Harbour since 1990. Note the varying y axis scales.
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Figure 2-14

River water nitrate+nitrite concentrations (g/m3) measured at seven sites
around Tauranga Harbour since 1990.
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Figure 2-15

38

River water dissolved reactive phosphorus concentrations (g/m3) measured
at seven sites around Tauranga Harbour since 1990.
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Nutrient concentrations were split by season and shown visually as boxplots in
Figures 2-16 to 2-18. There is some seasonality evident in the ammonium concentrations,
however this is quite variable and site specific (Figure 2-16). Higher concentrations of
ammonium were generally recorded across the winter months, similar to the increase in
nutrients of sea lettuce tissue nitrogen. There is some seasonality in nitrate
concentrations, with increases through winter – spring at most sites (Figure 2-17).
Dissolved reactive phosphorus concentrations were relatively stable across seasons
(Figure 2-18).

Figure 2-16

Ammonium concentrations (g/m3) at seven river sites around Tauranga
Harbour grouped by season. Data is from 1990 to end 2019. Note the
varying y scale. The boxplot displays the median (centre line) and lower
and upper hinges show the 25th and 75th percentiles. The whiskers extend
from the hinge to the largest value no greater than 1.5*IQR from the hinge
(Inter Quartile Range). Outliers are black dots.
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Figure 2-17

40

Nitrate concentrations (g/m3) at seven river sites around Tauranga Harbour
grouped by season. Data is from 1990 to end 2019. Note the varying y
scale. The boxplot displays the median (centre line) and lower and upper
hinges show the 25th and 75th percentiles. The whiskers extend from the
hinge to the largest value no greater than 1.5*IQR from the hinge (Inter
Quartile Range). Outliers are black dots.
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Figure 2-18

Dissolved reactive phosphorus concentrations (g/m3) at seven river sites in
Tauranga Harbour grouped by season. Data is from 1990 to end 2019.
Note the varying y scale. The boxplot displays the median (centre line) and
lower and upper hinges show the 25th and 75th percentiles. The whiskers
extend from the hinge to the largest value no greater than 1.5*IQR from the
hinge (Inter Quartile Range). Outliers are black dots.
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From the summary tables below (Tables 2-7, 2-8, 2-9) we can see the monthly averages
for nutrient concentrations entering through a number of key rivers in Tauranga Harbour.
The Kopurereroa River discharges into Waikareao Estuary, and flows out past the sea
lettuce monitoring site at Otumoetai. The Kopurereroa has nutrient concentrations much
higher than other rivers around the region, and is showing worsening trends in ammonium
and total phosphorus concentrations (Hamill et al., 2020).
Table 2-7

Average ammonium concentrations (g/m3) at seven river sites in Tauranga
Harbour recorded between 1990 and 2019.

Kopurererua
at SH2

Te Mania at
SH2

Te Rereatukahia
at SH2

Tuapiro at
Hikurangi Rd

Waimapu 100m
d/s SH29

Wairoa
at SH2

Waitao at
Waitao Rd

Posthoc
test

c

b

a

a

b

ab

b

Jan

0.0385

0.0166

0.0047

0.0051

0.0363

0.0162

0.0290

Feb

0.0389

0.0179

0.0087

0.0036

0.0206

0.0157

0.0177

Mar

0.0614

0.0204

0.0075

0.0118

0.0219

0.0194

0.0202

Apr

0.0792

0.0259

0.0055

0.0111

0.0282

0.0181

0.0249

May

0.0955

0.0214

0.0046

0.0070

0.0231

0.0158

0.0265

Jun

0.1144

0.0228

0.0030

0.0058

0.0180

0.0161

0.0250

Jul

0.1429

0.0358

0.0028

0.0041

0.0202

0.0164

0.0330

Aug

0.1521

0.0257

0.0048

0.0081

0.0258

0.0176

0.0279

Sep

0.1154

0.0280

0.0052

0.0080

0.0188

0.0119

0.0265

Oct

0.0879

0.0247

0.0063

0.0074

0.0188

0.0102

0.0218

Nov

0.0644

0.0208

0.0081

0.0088

0.0193

0.0110

0.0254

Dec

0.0475

0.0246

0.0044

0.0056

0.0176

0.0219

0.0205

Month

Table 2-8

Average nitrate concentrations (g/m3) at seven river sites in Tauranga
Harbour recorded between 1990 and 2019.

Kopurereru
a at SH2

Te Mania at
SH2

Te Rereatukahia
at SH2

Tuapiro at
Hikurangi Rd

Waimapu
100m d/s SH29

Wairoa
at SH2

Waitao at
Waitao Rd

Posthoc
test

e

b

b

a

d

c

c

Jan

0.84

0.18

0.14

0.01

0.59

0.30

0.30

Feb

0.84

0.19

0.15

0.03

0.68

0.34

0.30

Mar

0.87

0.22

0.29

0.08

0.71

0.47

0.28

Apr

0.78

0.24

0.33

0.06

0.80

0.44

0.38

May

0.95

0.33

0.31

0.10

0.74

0.46

0.49

Jun

0.91

0.38

0.44

0.13

0.96

0.48

0.59

Jul

1.03

0.50

0.50

0.15

0.90

0.51

0.61

Aug

0.93

0.52

0.47

0.15

0.86

0.48

0.57

Sep

0.97

0.34

0.44

0.15

0.88

0.44

0.54

Oct

0.94

0.30

0.38

0.11

0.81

0.38

0.48

Nov

0.90

0.21

0.27

0.09

0.77

0.36

0.38

Dec

0.87

0.17

0.20

0.05

0.68

0.37

0.33

Month
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Table 2-9

Average dissolved reactive phosphorus concentrations (g/m3) at seven river
sites in Tauranga Harbour recorded between 1990 and 2019.

Kopurererua at
SH2

Te Mania
at SH2

Te Rereatukahia
at SH2

Tuapiro at
Hikurangi Rd

Waimapu
100m d/s SH29

Wairoa
at SH2

Waitao at
Waitao Rd

Posthoc
test

e

bc

a

ab

d

d

c

Jan

0.0170

0.0068

0.0055

0.0055

0.0111

0.0116

0.0110

Feb

0.0155

0.0101

0.0054

0.0045

0.0107

0.0083

0.0091

Mar

0.0203

0.0084

0.0074

0.0092

0.0122

0.0116

0.0094

Apr

0.0158

0.0100

0.0072

0.0084

0.0144

0.0118

0.0089

May

0.0162

0.0078

0.0056

0.0058

0.0126

0.0128

0.0092

Jun

0.0171

0.0076

0.0050

0.0070

0.0101

0.0123

0.0078

Jul

0.0167

0.0094

0.0053

0.0053

0.0126

0.0141

0.0095

Aug

0.0140

0.0061

0.0059

0.0067

0.0126

0.0093

0.0095

Sep

0.0167

0.0078

0.0061

0.0062

0.0118

0.0118

0.0093

Oct

0.0175

0.0077

0.0058

0.0063

0.0118

0.0101

0.0094

Nov

0.0148

0.0081

0.0066

0.0063

0.0118

0.0099

0.0079

Dec

0.0181

0.0088

0.0054

0.0093

0.0109

0.0101

0.0105

Month

Drivers of sea lettuce abundance
Due to the different sampling periods for the sea lettuce abundance, sea lettuce tissue
nutrients, and the river/estuary water quality, drawing strong conclusions on drivers of sea
lettuce growth are limited without modelling. Modelling of nutrient inputs and sinks in
Tauranga Harbour is currently underway. The relationships described below are intended
to show that the sea lettuce tissue nitrogen content varies strongly seasonally in line with
the external nutrient inputs, whereas clear relationships were not as evident with
phosphorus. The dissolved nutrients were summarised as a monthly average to show
relationships between the average river and harbour water quality compared to tissue
nitrogen content. Estuary and river monitoring sites were only investigated that were in
close proximity to the sea lettuce monitoring sites.
The nitrogen content of sea lettuce tissues generally showed strong relationships with
river and harbour dissolved inorganic nitrogen concentrations. Grace Road sea lettuce
tissue nitrogen showed strongest relationships with the Waitao River inputs (R2 =0.92),
followed by the Mangatapu Harbour water quality (R2 =0.81) then Waimapu (R2 = 0.76)
(Figure 2-19). Otumoetai tissue nitrogen showed strongest relationships with the nitrogen
inputs from the Kopurereroa River (Figure 2-20). Less strong relationships were evident
between the Otumoetai tissue content and Wairoa River, Mount, Tilby Point and
Waikareao Harbour sampling sites (Figure 2-20, 2-21). Ongare Point sea lettuce tissue
nitrogen had the strongest relationship to Kauri Point, Te Mania Stream,
Te Rereatukahia Stream, Tuapiro Stream then Tanners Point (Figure 2-22, 2-23).
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Strong relationships were not evident between sea lettuce phosphorus content and the
dissolved reactive phosphorus concentrations from river and harbour water quality
monitoring. This is likely due to the lower seasonality observed in phosphorus inputs from
the surrounding rivers (non-linear relationships were not plotted on the figures below).
Grace Road showed a weak relationship to Maungatapu Harbour phosphorus
concentrations (Figure 2-24) and Otumoetai showed weak relationships to Mount and
Tilby Point harbour sites (Figure 2-25). Ongare showed the greatest tissue concentration
of phosphorus compared to Kauri Point harbour site (Figure 2-26). The limited
relationships with phosphorus at Grace Road and Otumoetai suggests sea lettuce
phosphorus requirements are coming from either groundwater inputs or from sediment
nutrient recycling.

Figure 2-19

44

Grace Road average monthly sea lettuce nitrogen content (%, 1991-2019)
vs average monthly dissolved inorganic nitrogen concentrations (g/m3) at
Mangatapu harbour site (circles, 1991-2019) and Waitao and Waimapu
stream sites (triangles, 1990-2019).
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Figure 2-20

Otumoetai average monthly sea lettuce nitrogen content (%, 1991-2019) vs
average monthly dissolved inorganic nitrogen concentrations (g/m3) at Tilby
Point, Waikareao and Mount harbour sites (circles, 2015-2019).

Figure 2-21

Otumoetai average monthly sea lettuce nitrogen content (%, 1991-2019) vs
average monthly dissolved inorganic nitrogen concentrations (g/m3) at
Kopurereroa and Wairoa river sites (triangles, 1990-2019).
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Figure 2-22

Ongare average monthly sea lettuce nitrogen content (%, 1991-2019) vs
average monthly dissolved inorganic nitrogen concentrations (g/m3) at
Tuapiro, Te Mania and Rereatukahia river sites (triangles, 1990-2019).

Figure 2-23

Ongare average monthly sea lettuce nitrogen content (%, 1991-2019) vs
average monthly dissolved inorganic nitrogen concentrations (g/m3) at
Kauri Point and Tanners Point harbour sites (circles, 1998-2019).
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Figure 2-24

Grace Road average monthly sea lettuce phosphorus content (%, 19912019) vs average monthly dissolved reactive phosphorus concentrations
(g/m3) at Mangatapu Harbour site (circles, 1992-2019).

Otumoetai sea lettuce P content (%)

Mount

Tilby Point

0.18
0.16

y = 6.2958x + 0.0967
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0.12
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0.08
0.0000

0.0010

0.0020

0.0030

0.0040

0.0050

0.0060

0.0070

0.0080

Harbour DRP concentration (g/m3)

Figure 2-25

Otumoetai average monthly sea lettuce phosphorus content (%, 19912019) vs average monthly dissolved reactive phosphorus concentrations
(g/m3) at Mount and Tilby Point harbour site (circles, 2015-2019).
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Figure 2-26

Ongare average monthly sea lettuce phosphorus content (%, 1991-2019)
vs average monthly dissolved reactive phosphorus concentrations (g/m3) at
Kauri Point harbour site (circles, 1998-2019).

Additional climatic variables were compiled to assess influences on sea lettuce
abundance including rainfall, river discharge, sunshine hours, air temperature and wind
velocity. Sunshine hours and airport temperature were highly correlated to each other
(p<0.001) thus sunshine hours were dropped from the PCA and airport temperature was
selected to represent sunshine and temperature. Sea lettuce tissue nutrient
concentrations were also added into the PCA. The first principal component explained a
large amount of the observed data variability (37%) (Figure 2-27). The first axis showed
strong contributions from the tissue nutrients nitrogen (20%), C:N (20%) and phosphorus
(19%), along with the environmental variables sea water temperature (14%) and air
temperature (16%). The second component explained 14% of the observed data
variability, and correlating along this axis was the tissue carbon content (26%), ONI
(27%), sea lettuce abundance (17%) and wind velocity (11%). A multiple regression
model identified ONI, wind velocity, sea lettuce tissue C:N, and sea lettuce tissue C and N
content to explain the greatest variance of sea lettuce cover (ANOVA, F=8.7, (5,127),
p<0.001, R2 = 0.23). The sea lettuce N content was best explained by a model containing
air temperature, wind velocity, rainfall and water temperature (ANOVA, F=35,(4,93),
p<0.001, R2 = 0.58). The sea lettuce C content was best explained by a model containing
ONI and wind velocity (ANOVA, F=10.5, (2,130), p<0.001, R2 = 0.13). The sea lettuce C/N
was best explained by a model containing ONI, air temperature, wind velocity, rainfall, and
water temperature (ANOVA, F=29, (5, 92), p<0.001, R2 = 0.59). The sea lettuce P content
was best explained by a model containing air temperature, wind velocity and rainfall
(ANOVA, F=73, (3,128), p<0.001, R2 = 0.62). The sea lettuce N/P content was best
explained by a model containing air temperature and rainfall (ANOVA, F=7.4, (2,129),
p<0.001, R2 = 0.09).
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Figure 2-27

Principal component analysis of the climatic factors influencing Tauranga
sea lettuce cover. Figure is coloured by “Contrib”, the contribution of
variables on the correlation plot.

Section summary
The sea lettuce monitoring programme has now been running for 29 years, with a clear
reduction in bloom intensity evident in the harbour since the blooms of the early 90s.
Strong seasonality is shown in the timing of sea lettuce blooms, with higher spring and
summer abundances compared to the winter months. There is a clear relationship
between large sea lettuce blooms and the Southern Oscillation Index, although as
discussed further in sections below it is a co-variate in determining climatic factors such
as rainfall, wind intensity, the residence time of groundwater (including nutrient inputs), or
coastal upwelling. The sea lettuce tissue nutrients are quite distinct at each of the three
monitoring sites for nitrogen content, and to a smaller extent phosphorus content,
suggesting different nutrient sources, or differing availabilities of nutrients. Grace Road
had higher nutrient tissue concentrations compared to the other sites, followed by
Otumoetai then Ongare Point. The nitrogen and phosphorus tissue nutrients showed high
seasonality at all sites, with increased tissue nutrients over winter. This may indicate
increased nutrient availability from riverine or stormwater inputs, sediment nutrient
recycling, storage of nutrients to get through the winter months, and/or a lack of growth
and utilisation of nutrient stores. The higher storage of nutrients over winter will support
the increased growth of sea lettuce occurring as the sea temperature increases, thus
limiting the requirement of new nutrients during the initial growth phase of spring-early
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summer. The changes in sea lettuce tissue nitrogen content are strongly linked to the
seasonal changes observed in water quality in both the surrounding rivers and estuarine
sampling sites. These observations were not evident as strongly in the phosphorus inputs,
suggesting alternate sources of phosphorus such as sediment nutrient recycling loads or
groundwater inputs.
The water quality data from the estuary and rivers monitoring programmes may provide
some indication of the nutrient availability to sea lettuce. A number of estuarine monitoring
sites show seasonal trends with increased nitrogen inputs over the winter months. The
Maungatapu sampling site (near the Grace Road sea lettuce site) had the strongest
seasonality evident. High river nutrient inputs are focused primarily at the southern end of
Tauranga Harbour, and is some of the worst in the Bay of Plenty (Hamill et al., 2020). The
Kopurereroa Stream has very high NH4 concentrations that are increased during winter
and spring. The NO3 and DRP concentrations are also relatively high in the Kopurereroa
Stream compared to the other reported sites. The high river nutrient inputs are feeding
directly into two of the areas of Tauranga Harbour that experience high sea lettuce blooms
- Waikareao Estuary and Otumoetai foreshore. The PCA analysis has indicated that
nutrients alone are not the core driver of sea lettuce blooms, and that temperature, rainfall
and wind conditions also explain variations in the sea lettuce abundance. The northern
river sites also had relatively high concentrations of NO3, however macroalgae bloom
intensities remain lower in the northern harbour in recent times.
For the 15 year river trends (Hamill et al., 2020), there is increasing concentrations of TP
and NNN, however, wide scale improvements have occurred in TSS, DRP and NH4.
Although there are worsening trends for a number of rivers, we are not seeing a
corresponding increase in sea lettuce abundance across the harbour, compared to the
earlier large blooms in the 1990s. Reduction of a number of large point sources nutrient
discharges occurred in the early 90s, such as the diversion of the Tauranga City sewage
discharge directly out to sea and the reduction of Balance Agri-nutrients nutrient discharge
(Park, 2011), which likely supported the large sea lettuce blooms in the early 90s. There
are a large number of smaller communities in the Bay of Plenty that are served by on-site
wastewater disposal/treatment (OSET) systems. Occasionally these systems can have
failures that result in contamination of land and/or surface waters with nitrogen,
phosphorus and pathogens. The latest OSET report has shown there are a number of
point source discharges which are high in nitrogen and/or phosphorus in locations
including Tanners Point, Ongare Point, and Te Puna (Scholes, 2018). These inputs may
support localised blooms of sea lettuce, in particular after heavy rain events, however no
localised monitoring has occurred to support this. Groundwater inputs have recently been
identified to be a large source of nutrient loading to the harbour, often greater than that of
surrounding rivers (Stewart et al., 2018). The groundwater can have long lag times from
initial nutrient deposition onto land, to appearance in the harbour. Thus there may be the
potential for nutrient rich groundwater to be an ongoing source of nutrients to the harbour,
even as the water quality in the rivers continues to improve.
Spatial mapping of macroalgae aerial photography identified higher levels sea lettuce
accumulation continue to be at Otumotetai and Ongare Point. These two sites were
graded poor and very poor respectively under the estuarine trophic index, indicating high
macroalgal impacts at those subestuary zones. A number of additional sites were also
highlighted to be at large enough accumulations by aerial coverage, to potentially be
causing ecological impacts. Annual sea lettuce monitoring at a large number of subestuary sites in Tauranga Harbour provides further spatial coverage of sea lettuce
dynamics across the harbour. The highest coverage of sea lettuce tended to occur in
southern harbour sites, in particular Otumoetai foreshore and Waikareao Estuary.
However, in the northern sites, there was less sea lettuce coverage, and instead coverage
of the red filamentous algae Gracilaria chiliensis was more common. Gracilaria is able to
utilise nutrients from both sediment porewaters and overlying water column nutrients
(Robertson & Savage, 2018), thus even in periods of low water column nutrients
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Gracilaria is provided a competitive advantage over sea lettuce. Gracilaria may be able to
outcompete sea lettuce in periods of low nutrient conditions, due to its ability to uptake
nutrients directly from the sediments. Any nutrient inputs from groundwater or sediment
nutrient recycling would need to be mobilised out of the sediments (such as during strong
wind events) to make the nutrients available for uptake by sea lettuce. Gracilaria has been
reported at sites around New Zealand in small abundances, however, it also has the
potential to create extensive meadows and become a nuisance species (Nelson et al.,
2015). In particular Gracilaria is causing issues in Southland estuaries due to heavy
nitrogen enrichment, resulting in poorly oxygenated and sulphide rich sediments (Stevens
& Robertson, 2011). In the Bay of Plenty we have seen widescale expansion of Gracilaria
within both Maketū and Waihī estuaries with the deterioration of water quality from the
catchment. Due to the growth habit of Graciliaria, there is often little export of the plant
biomass out of an estuary once it is established. There is often a strong negative
feedback cycle established, where organic matter from Gracilaria is broken down and
resupplies further growth of the algae within the estuary. Large mats of Gracilaria also trap
fine sediments, thus further exacerbating the nutrient enrichment of an area and creating
suitable habitat for expansion. It is unknown why abundances of Gracilaria are greater in
the northern harbour compared to the southern harbour.
Climate change is likely to have a large influence on the timing and intensity of sea lettuce
blooms into the future. Sea lettuce growth is driven by a complex interaction between
light, temperature, and nutrient supply. Due to the shallow nature of Tauranga Harbour
and high flushing potential, light availability in the harbour is generally very high and
sufficient for sea lettuce growth. The work by de Winton et al. (1996) and de Winton et al.
(1998) have shown sea lettuce is likely only to be limited by light at around 4 m-8 m of
depth, where around 10% of surface light occurs. Climate change predictions for the Bay
of Plenty show that rainfall will vary on average, but there are likely to be drier spring
seasons, and more variable rainfall in summer and autumn (Pearce et al., 2019). It is also
likely that storm events will increase and become stronger, bringing heavier rainfall and
associated freshwater runoff carrying both nutrients and mobile suspended sediments.
Sedimentation is a big issue for the sheltered sub-estuaries of Tauranga Harbour (Lawton
& Conroy, 2019), and increased turbidity within the harbour will result in lowered light
conditions, which may decrease photosynthetic rates of sea lettuce. Sea level rise may
result in increased water depths within the harbour, and reduced intertidal habitat for peak
sea lettuce growth. Water temperatures have a strong influence on sea lettuce growth,
with peak growth rates observed with water temperatures between 16°C - 22°C (de
Winton et al., 1998), and a limitation of growth above 25°C (Park, 2011). Temperatures in
the Bay of Plenty are predicted to increase by 1.1°C by the 2040s, and between
0.7°C–3.1°C by the 2090s (Pearce et al., 2019). There is also predicted to be more hot
days above 25°C, and a warming of autumn and winter temperatures (Pearce et al.,
2019). The combined influence of these predicted temperature changes may limit sea
lettuce growth in the summer, but instead result in earlier blooms in late winter to spring at
times when freshwater runoff is often higher and pulses of nutrient rich water enter the
harbour. This will however be reliant on water light conditions being suitable for sea
lettuce growth.
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Part 3:
Climate influence on water quality
3.1

Introduction/Kupu Whakataki
Sea lettuce abundance in Tauranga Harbour has historically been correlated with El Nino
weather patterns (Park, 2011). Abundance has historically been higher in El Nino years
and it was hypothesised that this was due to increased availability of nutrients in these
years as a result of upwelling of nutrient rich deep oceanic water (Park, 2007). Nutrient
concentrations in estuary water have been regularly measured around the harbour since
the early 90s, including at sites close to where sea lettuce abundance is monitored, as
part of the NERMN program. However there has been little targeted sampling to identify
the influence of climate and weather patterns on nutrient concentrations in water around
the harbour.
A focused water quality investigation was initiated in 2015 to quantify the inflowing and
outflowing water quality at the southern harbour mouth, at the base of Mauao (Mount
Maunganui). The project was designed to measure inflowing and outflowing
concentrations of nutrients weekly, over the peak spring/summer period to investigate the
influence of strong westerly winds and potential upwelling associated with El Nino weather
conditions. The data will provide a greater understanding of the degree of oceanic nutrient
upwelling that occurs under El Nino weather conditions, to compare against other years
climatic conditions (neutral/La Nina conditions). This data will inform our knowledge of the
relationship between oceanic nutrient upwelling and sea lettuce abundance in and around
Tauranga Harbour.

3.2

Methodology/Huarahi
Water quality samples were taken from the mouth of the southern Tauranga Harbour
entrance, at sampling point DP952985 (E 1879529, N 5829853) (Figure 2-1; estuary
water quality site “Mount Maunganui”).
Water quality was sampled weekly over each spring/summer period, beginning at the start
of spring and ending in mid-summer. Water quality samples were collected over five
consecutive summers, collecting data from 2015/16 until 2019/20. The high tide and low
tide were targeted on alternate weeks, with a sample being taken three hours before and
three hours after the target tide (e.g. high tide or low tide) on each occasion (mid-ebb and
mid-flow). Samples were analysed for the conductivity, temperature, dissolved oxygen,
total nutrients (total nitrogen and phosphorus) and dissolved nutrients (dissolved reactive
phosphorus, ammonia, nitrite/nitrate nitrogen). Samples were filtered (for dissolved
nutrients) and frozen until analysis at the BOPRC laboratory.
Hourly wind data was collated from the Tauranga Airport climate station (BOPRC data).
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Data analysis/ Ngā Tātaritanga Raraunga
Data analysis was conducted using R Studio 1.2.5003 (base package R 3.6.0). Only
samples collected between October – end December were used in data analysis, due to
upwelling occurring during westerly winds commonly occurring between spring – early
summer. This resulted in 11 sample points for 2015/16, four for 2016/17, three for
2017/18, 10 for 2018/19 and nine for 2019/20. ANOVA was used where assumptions
were met. If ANOVA assumptions were violated and not remedied by transformation,
Kruskal Wallis test and pairwise wilcox tests were used for data analysis between groups.
Factor analysis of mixed data (FAMD) was used to analyse the dataset due to the
presence of both quantitative and qualitative variables. Data were transformed to meet
normality assumptions if required, and all data was normalised prior to analysis.

3.3

Results/Ngā Otinga
Climatic conditions
Water quality samples were collected over five consecutive summers, collecting data over
one strong El Nino year (2015/16), two neutral/ La Niña years (2016/17 & 2017/18), two
neutral/mild El Niño years (2018/19 & 2019/20) (Figure 3-1).

Figure 3-1

The Oceanic Nino Index (ONI) 3 month running mean, showing the
variability over the five year period of El Nino water quality monitoring.
Shaded areas highlight the sampling periods and El Nino (red) vs La Nina
years (blue).

The wind conditions across each sampling summer is shown in Figure 3-2. 2015/16 was
characterised by light – gentle SW – SSW winds. Generally strong El Nino years bring
strong westerly winds, however no large wind events occurred over the 2015/16 sampling
season, although the prevailing winds were SW in nature. 2018/19 and 2019/20 were mild
El Nino years, and were also characterised by gentle – light SW – SSW winds, however
there was also a strong prevalence of NW-NNW winds, which around half of the time were
moderate in strength. In contrast, 2016/17 and 2017/18 were weak La Nina years, and
had a wider variety of dominant winds.
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Figure 3-2

Wind rose showing frequency and direction of wind over each annual
summer sampling period. 2015 = 2015/16, 2016 = 2016/18,
2017 = 2017/18, 2018 = 2018/19, and 2019 = 2019/20.
Wind speed 0–2 = Light, 2 – 5 = Gentle, 5 – 10 = Moderate, and
10 – 17 = Strong.

Variation in tidal nutrient concentrations
It has been hypothesised that during El Nino years with strong westerly wind conditions,
that there will be an import of nutrient rich water on the incoming tide into Tauranga
Harbour (Park, 2011). A summary of nutrient concentrations in the incoming and outgoing
tides across years are displayed in Figure 3-3.
Total nitrogen concentrations showed little variability between the incoming and outgoing
tides, however some variability was evident across years (Figure 3-3A). TN was
significantly variable between years (Kruskal-Wallis, chi2 = 17.93, df = 4, p = 0.0013).
TN concentrations were significantly higher in 2016/17 compared to 2015/16 and 2017/18.
TN concentrations were significantly lower in 2017/18 compared to 2015/16 and 2018/19.
There were no significant differences in TN concentrations between tidal cycles, or for the
interaction effect of year and tidal cycle (p>0.05)
Total phosphorus concentrations were significantly different between years
(ANOVA, F = (4, 62) = 5.6, p<0.001), but not for tidal cycle (p>0.05) (Figure 3-3B).
There was no significant interaction effect between year and tidal cycle (p>0.05).
Total phosphorus concentrations were significantly lower in 2017/18 compared to all other
years (2016/17, 2017/18, 2018/19: p<0.001; 2019/20: p<0.01).
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There was slight variability in nitrate concentrations between years (Kruskal-Wallis, chi2 =
9.57, df = 4, p = 0.48) and tidal cycles (Kruskal-Wallis, chi2 = 4.5, df = 1, p = 0.034)
(Figure 3-3C). There was no significant interaction effect between year and tidal cycle
(p>0.05). Concentrations of nitrate were significantly lower in 2015/16 compared to
2016/17 and 2018/19.
Significant variation in ammonium concentrations were recorded between years (ANOVA,
F = (4, 62) = 9.78, p<0.001), tidal cycle (ANOVA, F = (1, 62) = 37.4, p<0.001). There was a
significant interaction between year and tidal cycle (ANOVA, F = (4, 62) = 5.0, p<0.01),
indicating that the ammonium concentrations between years was dependant on the tidal
cycle (Figure 3-3D). The 2015/16 years incoming tides ammonium concentrations were
significantly lower than concentrations recorded in 2016/17 (p<0.01) and 2018/19 and
2019/20 (p<0.001). The only significant difference between incoming and outgoing tidal
concentrations by year was in 2018/19, where the incoming nutrient concentrations were
significantly greater than the outgoing tides (p<0.001), suggesting some upwelling of
ammonium concentrations may have occurred.
Concentrations of dissolved reactive phosphorus varied significantly among years
(ANOVA, F = (4, 62) = 4.6, p<0.001) (Figure 3-3E). There was no significant difference
between tidal cycle or interactive effects (p>0.05). Dissolved reactive phosphorus
concentrations in 2016/17 were significantly lower than in all other years (2015/16:
p<0.05, 2017/18: p<0.001, 2018/19: p<0.05, 2019/20: p<0.01).
Water temperatures were highly variable across years, with significant differences
observed (ANOVA, F = (4, 62) = 7.2, p<0.001), and tidal cycle (ANOVA, F = (1, 62) = 10.5,
p<0.01), and there was no significant interaction effect (p>0.05) (Figure 3-3F).
Temperatures in 2017/18 were greater than in all other seasons (p<0.001) except for
2016/17, due to the stronger La Nina conditions over that summer. When looking at
specific incoming water conditions, the water temperature was cooler in 2019/20, 2015/16,
and 2018/19 compared to 2017/18 (p<0.001, p<0.001, p<0.05). Upwelling can bring in
cooler, nutrient rich water which can drive increased primary productivity, as reported in
(Black et al., 2006, Park, 2007) thus can be an additional predictor for upwelled nutrients.
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Figure 3-3
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Inflow and outflow concentrations of nutrients and temperature grouped by
year. A = Total nitrogen. B = Total phosphorus. C = Nitrate+nitrite. D =
Ammonium. E = Dissolved reactive phosphorus. F = Water temperature.
Dark blue shows incoming tidal data, and light blue shows outgoing tidal
data. The boxplot displays the median (centre line) and lower and upper
hinges show the 25th and 75th percentiles. The whiskers extend from the
hinge to the largest value no greater than 1.5*IQR from the hinge (Inter
Quartile Range). Outliers are black dots.
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Variation in nutrient concentrations by wind direction and intensity
As described above, El Nino conditions generally bring a prevalence of strong westerly
winds that can support the import of nutrient rich water into the harbour. Thus the nutrient
concentration data has been split by dominant wind conditions to identify if higher nutrient
concentrations are evident across certain wind conditions. The wind rose plots in
Figure 3-2 show the increased prevalence of westerly winds for the years 2015/16,
2018/19 and 2019/20 (El Nino years). If upwelling is occurring during strong westerly
winds, we would expect to identify higher nutrient concentrations on the incoming tides.
The largest differences in nutrients identified between the incoming and outgoing tides
were for ammonium (Figure 3-3D). We have therefore used the ammonium
concentrations to investigate changing nutrient conditions due to wind.
Wind conditions at the time of nutrient sampling (average wind direction at water sampling
time) are shown below for all years in Figure 3-4. Outgoing tides with northerly winds had
lower ammonia compared to the incoming tide with northerly winds. However on average,
ammonium concentrations were higher in NW and SE incoming tides (although no
outgoing tides were sampled during this wind direction), with a number of higher outliers
on N incoming tides.

Figure 3-4

Ammonium concentrations across measured wind conditions at the time of
water sampling across incoming and outflowing tides. Data from all years is
combined in this plot. The boxplot displays the median (centre line) and
lower and upper hinges show the 25th and 75th percentiles. The whiskers
extend from the hinge to the largest value no greater than 1.5*IQR from the
hinge (Inter Quartile Range). Outliers are black dots.
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As the plot above only reflects the current conditions, the average wind direction for the
past 12 hours was calculated and plotted below (Figure 3-5). Here we begin to see the
influence of westerly wind conditions on increasing the inflowing nutrient concentrations
compared to outgoing tides. The highest incoming ammonium concentrations were
recorded during easterly wind conditions.

Figure 3-5

Ammonium concentrations across average wind conditions 12 hours prior
to sampling across incoming and outflowing tides. Data from all years is
combined in this plot. The boxplot displays the median (centre line) and
lower and upper hinges show the 25th and 75th percentiles. The whiskers
extend from the hinge to the largest value no greater than 1.5*IQR from the
hinge (Inter Quartile Range). Outliers are black dots.

When the data is split by year sampled, the variance in dominant wind conditions during
sampling becomes evident for the El Nino versus La Nina years (Figure 3-6). The higher
ammonium concentrations recorded during the El Nino years is driven by the westerly
wind conditions, showing increased averages on the incoming tides.
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Figure 3-6

Ammonium concentrations across average wind conditions 12 hours prior
to sampling across incoming and outflowing tides split by year sampled. El
Nino years: 2015/16, 2018/19, 2019/20. La Nina years: 2016/17, 2017/18.

Factor analysis of mixed data (FAMD) (principal component analysis) was used to
investigate the variance between years and climatic cycles in comparison to the
environmental factors (Figure 3-7). The first dimension of the FAMD was driven by the
water temperature (14%) and year (13%), with smaller contributions from the nutrients
DRP (9%), NH4 (9%), TN (8%), NO3 (8%) and TP (7%), explaining 22.4% of the observed
variance (Figure 3-7A). Dimension 2 was a combination of year (32%), tidal cycle (29%),
and DRP (11%), explaining 15% of the observed variance. Dimension 3 was the year
(30%), 24 hour wind lag (18%), conductivity (16%), TN (9%) and wind direction (9%),
explaining 11% of the variance.
When the data is split by climatic cycle (Figure 3-7B) we can see the strong distinction
between the El Nino and La Nina years. These changes are aligned with the changing
wind, temperature and conductivity conditions. The tidal cycle was mixed across the
FAMD (Figure 3-7C). The year of sampling showed clear distinctions between the El Nino
and La Nina climatic conditions (Figure 3-7D).
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Figure 3-7
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Factor of mixed analysis (FAMD) for the water quality sampling. A =
visualisation of quantitative variables and their contribution to the PCA
(contrib). B = Visualisation of sampling points by climatic cycle. C =
Visualisation of sampling points by tidal cycle. D = visualisation of sampling
points by year – ellipses show 95% confidence interval.
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Section summary
The upwelling nutrient study captured five years’ worth of incoming and outgoing tidal
nutrient data over the spring – summer upwelling period, capturing three El Nino years
and two neutral/La Nina years. The El Nino years were predominantly SW-SWW winds,
but also some strong NW-NWW winds. The La Nina years had a greater mix of wind
conditions. We captured a wide variety of nutrient concentrations across the various wind
conditions. Ammonium concentrations showed the clearest changes with year and tidal
cycle, where 2018/19 (an El Nino year) had increased ammonium concentrations during
incoming tides compared to the outgoing tides. The El Nino years also showed decreased
incoming water temperatures, indicative of potential upwelling of cool deeper waters. As it
was expected the W winds conditions would support increased upwelling into the harbour,
the data was examined across the dominant wind conditions. When utilising the 12 hourly
winds prior to sampling we found the influence of the westerly based winds on increasing
the NH4 concentrations on incoming tidal cycles, irrespective of year. However, when the
data was broken down by year, there was greater westerly wind conditions captured
during the El Nino years which was driving the patterns in the joint dataset. A factor of
mixed analysis was utilised to break down the complex dataset, and showed the core
drivers of the nutrient changes to be attributable to the water temperature and the year of
sampling. There were clear distinctions between the La Nina and El Nino datasets in the
principal component. Our sampling however did not capture any large nutrient changes on
incoming tides (or strong El Nino events) as predicted may occur in the coastal
productivity modelling by (Black et al., 2006). This indicates nutrients from coastal
upwelling is unlikely to play a large role in supporting increased sea lettuce growth in
Tauranga Harbour during weak El Nino years. It does indicate that during weak upwelling
events (indicated by cooler water temperatures after prolonged westerly winds) there is
increased NH4 concentrations. There have also not been any large blooms in recent
years, thus it may be a combination of lack of strong upwelling events or a reduction in the
total nutrient load to the harbour. Sea lettuce growth in winter is limited by low
temperatures (de Winton et al., 1998) and sea lettuce growth tails off in summer when
temperatures get too high (above ~25 oC) (de Winton et al., 1998). Although higher
nutrient concentrations were not strongly evident in El Nino years, there was a significant
decrease in water temperatures. The upwelling in El Nino years may contribute to higher
sea lettuce growth by bringing cooler water into the harbour, keeping temperatures at an
optimum growth period for longer (optimum growth rates between 16-20 oC {Park, 2011
#834)).
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Part 4:
Beach cast sea lettuce
4.1

Introduction/Kupu Whakataki
Under certain conditions, sea lettuce accumulates up in the high intertidal zone where the
public frequently interact with the harbour. The quantity of sea lettuce often reaches
nuisance abundances during most summers in a number of locations around the southern
harbour. A joint sea lettuce removal programme is run each summer between Bay of
Plenty Regional Council, Tauranga City Council and Western Bay Council, where sea
lettuce is removed from the upper shore zone (beach cast sea lettuce). This sea lettuce is
air dried on de-watering pads, and provided to Revital Group for use in fertilizer
production. Other purposes for sea lettuce are currently under investigation by the
University of Waikato, who have developed a new multimillion dollar programme on
marine biotechnology with an initial focus on the potential biotech uses of sea lettuce.
A joint summer studentship was run with the University of Waikato over the 2018/19
summer to investigate the abundance and biomass of beach cast sea lettuce across
Tauranga Harbour. It aimed to estimate the biomass and assess contamination (other
seaweeds, sand, fauna, and rubbish) in beach cast sea lettuce with the goal of assessing
if harvesting this sea lettuce would be viable.
Additional samples of sea lettuce were collected from each site following the methods of
section 2.1.2 for analysis of stable isotopes. Stable isotopes in sea lettuce was previously
surveyed in 2010 at three sites over a long time series (Park, 2011), however results were
limited spatially across the harbour. The stable isotopes of sea lettuce can provide a
nutrient source fingerprint, identifying the likely source of nitrogen and carbon inputs that
is supporting the sea lettuce growth. Stable isotopes are frequently utilised in ecological
studies as a chemical environmental tracer, such as the use of 𝛿𝛿15N as a trace of organic
sewage as it is transported through ecosystems (Savage, 2005). Barr et al. (2013) have
established a 𝛿𝛿15N baseline for marine Ulva based on a broad-scale study of New
Zealand. The survey has determined that Ulva 𝛿𝛿15N values that are from generally low
nutrient (oligotrophic – mesotrophic) environments will range between 6.6 - 8.8‰. High
𝛿𝛿15N signals (isotopically heavy) can result due to the discriminatory processes by
microbial activity, which preferentially utilises the lighter 𝛿𝛿14N isotope, leaving an enriched
𝛿𝛿15N signature. Examples of this include treated sewage or high denitrification rates in
sediments (Savage, 2005, Barr et al., 2013). Lower 𝛿𝛿15N signals (isotopically light) can be
due to inputs from raw sewage, inorganic fertilizer or runoff of nitrate rich freshwater (Barr
et al., 2013). The aim of conducting sea lettuce stable isotope analysis was to provide a
time series of isotopic values in the sea lettuce over a summer period, and identify
potential spatial variation in nutrient sources across Tauranga Harbour.

4.2

Methodology/Huarahi
The spatial abundance of beachcast sea lettuce was measured over the 2018/19 summer
at 11 locations across Tauranga Harbour (Figure 4-1). The sea lettuce abundance and
biomass were assessed weekly for eight weeks. The results of this work are described in
full in Lynds 2019 (BOPRC Internal Publication), and described in brief below. Sea lettuce
patches were mapped on each visit if the sea lettuce coverage was greater than 20 m2,
which is representative of the level of coverage that would trigger a sea lettuce removal
operation. Patches were mapped using the ArcGIS Collector App (ESRI). At each sea
lettuce patch, a number of quadrats were sampled for sea lettuce biomass (3-6 quadrats
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dependant on patch size). Sea lettuce biomass was dried and weighed to give an
accurate biomass assessment for each patch.
Samples of healthy sea lettuce were collected when present from each of the beach cast
monitoring sites over the summer, with 70 samples collected at 11 sites (including a site
not being routinely monitored at Sulphur Point). These samples were sent for isotopic
analysis at Isotrace (Otago University), to look for variation in nutrient sources of the
collected sea lettuce.

Figure 4-1

Sites for monitoring beach cast sea lettuce and sea lettuce collection for
isotope analysis.

Data analysis/ Ngā Tātaritanga Raraunga
Data analysis was conducted using R Studio 1.2.5003 (base package R 3.6.0). ANOVA
was used where assumptions were met. If ANOVA assumptions were violated and not
remedied by transformation, Kruskal Wallis test and pairwise Wilcox tests were used for
data analysis between groups.
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4.3

Results/Ngā Otinga
Sea lettuce clean-ups/removal
Sea lettuce clean ups occur at a number of sites across Tauranga during summer months
to alleviate nuisance symptoms in high public use areas (smell, swimmability, access)
(Figure 4-2). The volume of collected sea lettuce has been reported since 2009/10
summer season, and the sum of collected sea lettuce across years is shown in Figure 4-3.
The highest sea lettuce collection year occurred in 2009/10 during a weak El Nino year,
and the next biggest collection was in 2016/17 during a weak La Nina year.

Figure 4-2
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Sea lettuce clean up at Fergusson Park, December 2011 (top photo) and
beach clean-up at Otumoetai foreshore in 2016.
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Figure 4-3

Sum of sea lettuce volume (m3) collected from Tauranga Harbour during
sea lettuce beach clean-ups over the summer period across years

Only seven of the twelve monitoring sites had patches of sea lettuce large enough to
sample (>20 m2) on at least one occasion during the monitoring period. No large sea
lettuce accumulations were recorded at Pios Beach, Bureta Road, Memorial Park or
Mount Beach during the project. There was high variability in the average size of the
beach cast sea lettuce patches (Table 4-1). The greatest sea lettuce patches occurred at
Fergusson Park, with an average size of 410 m2, followed by Kulim Park and Maxwell’s
Road with average patch sizes of 258 and 249 m2 respectively. The size of a patch was
not related to the collected dry biomass of the sea lettuce. The greatest biomass of sea
lettuce from a patch was Kauri Point, with an average biomass of 0.466 kg collected per
0.25 m2 quadrat.
The sea lettuce patch size varied greatly over time at each site, with changes likely driven
by a combination of growth patterns, and wind/tidal events over the summer (Figure 4-4).
There was no clear trend in the beach cast sea lettuce peaking over the monitoring
period. The changes over time at Fergusson Park are clearly shown in Figure 4-5. Slight
changes in weather driven conditions results in wide movements of sea lettuce across the
shore over one tidal cycle, and this was evident at many sites across the summer of
monitoring. These complex movements of sea lettuce by the weather can make it difficult
to predict where and when large accumulations of sea lettuce will arrive on the shore.
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Table 4-1

No. of
patches

Average patch
size (m2)

Average patch dry
biomass (kg)

Recorded total dry biomass of
accumulative patches (kg)

Beach Rd

6

126

0.221

144

Fergusson
Park

7

410

0.150

481

Kauri Point

1

33

0.466

15

Kulim Park

6

258

0.192

300

Maxwell’s
Rd

20

249

0.231

1264

Ongare
Point

3

53

0.098

12

Pahoia

3

112

0.250

80

Pios Beach

0

-

-

-

Bureta
Road

0

-

-

-

Memorial
Park

0

-

-

-

Mount
Beach

0

-

-

-

All
locations

46

177

0.230

2297

Location
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Summary of the beach cast sea lettuce accumulation data from the
2018/19 survey.
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Figure 4-4

The total sea lettuce patch size (m2) recorded at each monitoring site over
the 2018/19 summer.

Figure 4-5

Fergusson Park on the 5 December 2018 (left) and the 6 December 2018
(right).

There is generally an accumulation of sea lettuce close to stormwater outputs in Tauranga
Harbour. In a few instances around the southern harbour, sea lettuce was attached and
growing in the substrate and channels leading out from stormwater pipes (Figure 4-6).
These accumulations of sea lettuce often degrade quickly and break down, creating
nuisance odours.
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Figure 4-6

Stormwater drain accumulation of sea lettuce at Maxwells Road (left) and
Beach Road, Otumoetai (right) in summer 2018/19.

There was a close relationship determined between the wet weight and dried weight of
sea lettuce (Figure 4-7). The relationship may be useful for future investigations of the
conversion of wet biomass to dry biomass for use in collections for biotechnology uses.
The sea lettuce is often mixed in with a range of other marine plants and life, including a
range of red algae, seagrass, and whelks and other marine snails. Due to time constraints
of this project the contamination of the collected sea lettuce was not quantified.

Figure 4-7
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Dry weight vs wet weight relationship between beach cast sea lettuce.
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4.4

Sea lettuce isotopes
General data
The site averages for the tissue isotopes and nutrients concentrations are summarised in
Table 4-2. The site average δ15N ranged from the lowest site average at Sulphur Point of
3.68‰ to the highest site average recorded at Ongare (7.52‰). Sea lettuce nitrogen
content ranged from the lowest site average at Pios Beach (1%), to the highest values at
Sulphur Point (2.91%). The average δ13C ranged from the most negative values recorded
at Kauri Point (-18.68‰) to less negative values at Maxwells Road (-14.26‰). Tissue
carbon content ranged from the lowest at Pios Beach (25.94%) to the highest at Mount
Beach (29.69%). The C/N values varied widely, with the lowest values at Sulphur Point
(11.15) to the highest at Kauri Point (31.06).
Table 4-2

Summary table of the isotopic signature and tissue concentrations of
nitrogen and carbon of collected sea lettuce samples over summer 2018/19
compared to samples collected from all seasons between 1994 to 2013
(Park, 2011).
Ave δ15N
(‰)

Site

Ave
Nitrogen
(%)

Ave δ13C
(‰)

Ave
Carbon (%)

Ave C/N
ratio

Sam
ple
num
ber

Pios Beach

6.81

1.00

-18.99

25.94

31.11

4

Ongare

7.52

1.26

-18.51

26.84

26.87

8

Kauri Point

7.01

1.11

-18.68

27.37

31.06

7

Pahoia

6.89

1.40

-17.06

28.18

28.10

7

Kulim Park

6.92

1.45

-15.58

27.65

23.67

8

Fergusson Park

6.57

1.64

-15.55

29.09

22.43

8

Beach Road

7.06

1.58

-16.36

28.08

21.92

8

Maxwells

6.81

1.79

-14.26

28.37

19.78

8

Mount Beach

6.05

1.61

-17.09

29.69

22.89

5

Memorial Park

7.33

1.61

-15.73

28.09

20.96

6

Sulphur Point

3.68

2.91

-17.84

27.82

11.15

1

Ongare (Park, 2011)

8.59

1.54

-

-

-

64

Otumoetai (Park, 2011)

7.80

1.97

-

-

-

56

Grace Road (town reach)
(Park, 2011)

8.47

2.31

-

-

-

39

The spread of the sea lettuce tissue nutrients and isotopes are displayed in Figures 4-8
and 4-9 by site. Many sites show quite a wide range in tissue nutrient concentrations and
isotope compositions, showing the variability of the sea lettuce tissue nutrients in
response to the changing availability of nutrients. The large outliers in sea lettuce nitrogen
and δ15N from six sites from one date were removed for analysis (noted by outliers on the
boxplot in Figure 4-8, 4-9).
There was no significant difference in sea lettuce tissue nitrogen concentrations between
sites (ANOVA, F = (9, 54) = 1.62, p>0.05). Sea lettuce carbon concentrations were
significantly different between sites (ANOVA, F = (10, 58) = 2.17, p<0.05), with significant
site differences observed between Pios Beach and Mount Beach (p<0.05). Sea lettuce
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δ15N tissue content showed a wide range across the sites (ANOVA, F = (9, 54) = 4.7,
p<0.001), however most sites were not statistically different from each other. Ongare had
significantly higher δ15N values compared to Fergusson Park (p<0.001). Mount Beach is
assumed to represent the open coastal (neritic) δ15N value, which was significantly lower
than Kauri Point (p<0.001), Memorial Park (p<0.01), and Ongare (p<0.001).
Sea lettuce δ13C tissue was significantly variable across the sites (ANOVA, F = (10, 59) =
5.69, p<0.001). Sites in the northern harbour had lowered δ13C values compared to some
sites in the southern harbour. Sea lettuce δ13C values were significantly lower at Pios
Beach compared to Fergusson Park (p<0.05), Kulim Park (p<0.05), and Maxwells
(p<0.001). Ongare also had significantly lower δ13C compared to Fergusson Park
(p<0.05), Kulim Park (p<0.05) and Maxwells (p<0.001). Kauri Point had significantly lower
δ13C compared to Maxwells (p<0.001), Fergusson Park and Kulim Park (p<0.05).

Figure 4-8
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Sea lettuce tissue nutrients from the 2018/19 survey. A = sea lettuce
nitrogen content %. BB = sea lettuce carbon content %. C = sea lettuce
C:N ratio. The boxplot displays the median (centre line) and lower and
upper hinges show the 25th and 75th percentiles. The whiskers extend from
the hinge to the largest value no greater than 1.5*IQR from the hinge (Inter
Quartile Range). Outliers are black dots.
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Figure 4-9

Sea lettuce tissue isotopes from the 2018/19 survey. A = sea lettuce δ15N
‰. B = sea lettuce δ13C ‰. The boxplot displays the median (centre line)
and lower and upper hinges show the 25th and 75th percentiles. The
whiskers extend from the hinge to the largest value no greater than 1.5*IQR
from the hinge (Inter Quartile Range). Outliers are black dots.

Spatial data analysis
The initial plots clearly show some distinctions in nutrient and isotope profiles at sites
across Tauranga Harbour, suggesting a range of dominant nutrient sources. The majority
of the sea lettuce samples sit within the δ15N Ulva spp. baseline (6.6 - 8.8‰) described by
Barr et al., (2013), indicating sites generally sit within the normal ranges for New Zealand
coastal ecosystems.
A biplot was used to compare the sea lettuce nitrogen isotopic signature and nitrogen
content between the sites, and between the northern and southern harbour to examine
any differences in isotopic signature between the regions (Figures 4-10A & 4-10C). There
are clearly different groupings between the southern harbour and northern harbour. The
northern harbour sites on average had greater δ15N values (7.62‰) with a few lower δ15N
value outliers, which is significantly higher than the southern harbour average (6.97‰)
which showed a wider range of δ15N values (ANOVA, F = (1, 62) = 8.8, p<0.01).
Additionally, the northern harbour had a lower tissue nitrogen content on average (1.15%)
compared to the southern harbour (1.61%) (ANOVA, F = (1, 62) = 11.2, p<0.01).
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The δ13C values can also be used to identify potential nutrient sources to the harbour
(Figures 4-10B & 4-10D). Marine benthic algae typically have δ13Corg value between -16
and -20‰, and marine phytoplankton between -20 and -24 ‰ (Elfi et al., 2012).
Freshwater phytoplankton generally fall between -24 and -26 ‰ (Elfi et al., 2012).
Terrestrial organic matter is characterised by low δ15N values (-2 - 3‰) with low δ13C
ranging -27 to -33 ‰ (Elfi et al., 2012). The majority of sites in Tauranga Harbour show
δ13C values similar to a marine benthic algae signature, with a number of sites reflecting
marine phytoplankton in the northern harbour.

Figure 4-10
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Sea lettuce tissue nitrogen % and tissue δ15N‰ in Tauranga Harbour by
site (A) and location (C). Sea lettuce tissue δ15N‰ and tissue δ13C‰ in
Tauranga Harbour by site (B) and location (D).

Using the conceptual model developed by Barr et al., (2013) (Figure 4-11), we can
investigate the potential nitrogen sources to sea lettuce. Increasing tissue N content
shows increasing nitrogen availability. Lower δ15N values show an increasing potential
terrestrial dominance (below 5.5-6‰) (Barr et al., 2013), upwelling nutrients (range 46.5‰) (Cao et al., 2017), or inputs from groundwater (1-5‰) or porewater (4-10‰)
(Andrisoa et al., 2019). Sewage derived nutrients generally range between 3-8‰, whilst
nitrogen fixation and assimilation are between 0-3‰ (Cao et al., 2017). All of the
Tauranga site averages fall within the baseline values for sheltered-exposed marine
dominated systems (Figure 4-11). Some outliers in the δ15N values exist, suggesting that
for the northern harbour (average 7.62‰) possible sources of nutrients (based on
theoretical values described above) include a combination of sewage, porewater nutrients
and freshwater farm runoff (animal waste) (Barr et al., 2013). For the southern harbour
(average 6.97‰), potential nutrient contributors based on theoretical isotope values
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include a mix of raw sewage and porewater (Barr et al., 2013). The nitrogen content of the
sea lettuce samples are within the baseline ranges depicted in Figure 4-11 below (Barr et
al., 2013), indicating there is not high N loading from any of these sources, but potentially
a mix of sources occasionally resulting in lower δ15N values.

Figure 4-11

Conceptual model for the application of Ulva tissue-N and tissue δ15N
values as indicators of change in both source and amount of nitrogen in
coastal environments (Barr et al., 2013). The x-axis indicates deviation of
Ulva tissue- δ15N from marine 15N baseline, and the y-axis indicates relative
change in nitrogen availability (increasing upwards). The triangular symbols
in the solid rectangle centred at the bottom of the plot delineate tissue-N
and tissue- δ15N values in Ulva (derived from the ‘National Survey’) from
non-polluted marine dominated sites, ranging from sheltered (downward
pointing triangles) to exposed (upward pointing triangles). The increasingly
shaded area towards the top of the plot defines environments with high Nloading that are potentially dominated by either isotopically light 15N (e.g.,
raw or primary treated wastewater, or fertiliser derived N) or isotopically
heavy 15N (e.g., tertiary treated denitrified wastewater, or other sources of
denitrified N). The area surrounded by the dashed light grey line
accommodates the possible range of Ulva tissue- δ15N values in
environments where terrestrially derived isotopically light nitrogen (e.g.,
from freshwater runoff) are the dominant 15N source.
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Six sites were shown to have one large outlier, with a more depleted δ15N signature
relative to other samples from the same site (<5‰, Figure 4-9A), indicating a large one-off
input from either terrestrial inputs of nitrogen, oceanic upwelling or groundwater inputs.
The sites were Ongare, Kauri Point, Pahoia, Maxwells Road, Memorial Park and Sulphur
Point (Figure 4-9A). Interestingly, these samples were all collected on the same two
consecutive days (22 and 23 January 2019) (Figure 4-12). There was little or no rainfall
over the five day period prior to the collection of these samples (~1 mm over five days),
with a small amount of rainfall (~5 mm) one week prior (Figure 4-13). The wind conditions
showed a strong period of WSW-SW winds one day prior/during the sea lettuce collection
(Figure 4-14). Mount Beach had a lower δ15N value on average compared with sites
across the harbour (6.05‰). Sea lettuce are able to rapidly (<48 hours) alter tissue δ15N
to reflect storage of nitrogen (Orlandi et al., 2014). A study of oceanic sea lettuce in
Australia reported the δ15N to be between 5%-6‰ (Gartner et al., 2002). Nitrate rich (3040 umol/L) δ15NO3 values in the 60 m-80 m deep zone have shown low values (3-5‰) just
above the oxycline in an upwelling area off the coast of Peru (Grasse et al., 2016),
similarly reported near the equator in the South Pacific Ocean (Rafter & Sigman, 2016).
This may indicate the dip in isotopic value is due to oceanic upwelling or be reflective of
close coastal conditions (Orlandi et al., 2014) Alternatively, this may be a signature
reflective of submarine groundwater discharge known to occur across the southern
harbour (Stewart et al., 2018). Groundwater has been reported to have δ15N values
between 1%-5‰, and shallow porewater to range from 4%-10‰ (Andrisoa et al., 2019).
Wave-driven benthic fluxes can represent a significant input of nutrients to the estuary
(Sawyer et al., 2013), and can be enhanced with stronger wind-induced benthic
exchange.

Figure 4-12
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Sea lettuce δ15N (‰) values from Tauranga Harbour 2018/19 survey over
time
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Figure 4-13

Cumulative daily rainfall (mm) measured at the Whareroa Marae at the
southern end of Tauranga Harbour between December 2018 and February
2019.

Figure 4-14

Daily average wind direction (degrees) and wind speed (Spd, m/s) at
Tauranga Airport between December 2018 and February 2019. Darker
blues are low wind, light blues are stronger winds.
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Comparisons to previous sea lettuce isotope survey
A previously reported survey of sea lettuce isotopes was completed in summer and winter
2010, including an analysis of time series data between 1994 - 2010 (Park, 2011). This
survey contained three sites with 121 sea lettuce samples collected. The results showed
Ongare to have higher δ15N values on average , indicative of sediment nutrient cycling or
anthropogenic inputs (such as processed human and animal wastes (Cao et al., 2017)). In
contrast, the Otumoetai site had lower values on average. Similar to the results in the
current survey, the Ongare site had a more distinct signature of %N to δ15N compared to
the southern harbour sites. Grace Road (Town Reach) showed a range of variability
between the two other sites, likely due to the mix of high oceanic, but also high freshwater
inputs (possibly including stormwater) at times. No clear correlations were found that were
drivers of the changing δ15N values, including the Oceanic Nino Index. This likely shows
the fast changing nutrient tissue content of sea lettuce, and the need for targeted
sampling of sea lettuce during periods likely of oceanic upwelling or freshwater influence
to distinguish the source of nutrients.
The results from the survey by Park (2011) are compared to our results in Figure 4-15. On
average the sea lettuce tissue nitrogen was similar between the two surveys, however,
the sea lettuce tissue δ15N across the sites was generally lower in this survey (Figure 415A). The samples in the current survey were collected from the upper intertidal zone,
whereas samples from the Park study were collected in the lower intertidal zone, thus site
specific differences may account for the δ15N variances. An alternate hypothesis is that
the lower δ15N values indicate since the last survey data point in 2011, there has been a
reduction in point source nutrients that would increase the δ15N through microbial activity
(such as treated wastewater). Similar to our survey, the southern sites often had higher
tissue nitrogen contents in in the survey by Park (2011) (Figure 4-15B). Results for
individual sampling sites were compared between the current study and Park (2011)
where data was available to investigate if there were any site specific changes between
the two studies. (Figure 4-15C). At Grace Road the average δ15N from the Park (2011)
was 8.59‰, and in our study it was lower at 7.33‰ (sampled from 500 m away at
Memorial Park). At Ongare Point, the average δ15N value in Park (2011) was 8.69‰, and
in this study it was further reduced at 7.52‰.These two sites had slightly lower δ15N
values due to the one low sample in the current survey that drew down the average value.
The average δ15N at Otumoetai was 7.9‰ in Park (2011). The average values from this
study come from two sites close to Otumoetai, which was Maxwells Road and Kulim Park
with lower average δ15N values again at 6.81‰ and 6.92‰. The last sea lettuce report
(Park, 2011) showed marginally significant decrease of δ15N at Ongare Bay and Grace
Road between 1994 to 2010. The variation in values may also come from the small period
for sample collection over summer (December – January) in this survey, where in the
previous study isotopic values displayed show some seasonality. In the Park (2011) study,
samples collected in the winter – early summer period had some of the lowest δ15N
values.
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Figure 4-15

Sea lettuce tissue nitrogen % and tissue δ15N‰ in Tauranga Harbour
compared by survey (A), survey and location (B) and by survey and site
(C).

Section summary
Beach cast accumulations of sea lettuce are actively removed in a joint agreement with
regional/territorial authorities. The volume of sea lettuce removed annually does not
appear to be clearly related to climatic factors such as the Southern Oscillation Index.
There are also no obvious patterns of beach cast sea lettuce accumulations around
Tauranga Harbour. Beach cast sea lettuce accumulations are highly mobile and driven by
temporal wind and wave dynamics. A number of sites are subject to beach cast
accumulations regularly, in particular the parks and beach access points between
Otumoetai and Matua. Sea lettuce accumulations regularly occur around stormwater
drains, which has been noted in previous surveys. This is likely due to a combination of
some point source nutrient inputs providing nutrients for growth (Scholes, 2018), and the
stormwater drain physically trapping sea lettuce providing a sheltered area for growth.
Stable isotopes were used in a one off survey to examine temporal and spatial variability
in nutrient conditions of the sea lettuce. Understanding what nitrogen inputs are fuelling
primary productivity is important to ensure we can manage and reduce these inputs at
source. Often large blooms of phytoplankton and/or macroalgae are driven by inputs of
nitrogen from sewage or fertilizer runoff (Taylor et al., 1999). Most of the sampled sea
lettuce fell well within the δ15N baseline Ulva values for New Zealand coasts (6.6 - 8.8‰)
defined by (Barr et al., 2013). The highest average δ15N values were recorded at Ongare
Point (7.52‰). No specific isotope tracing has been done on potential sources of nutrients
to the harbour, however, we can investigate potential sources through literature values.
Higher δ15N values may be due to either treated sewage inputs from leaky sewage
systems (as reported occurring in certain areas of Tauranga Harbour in Scholes (2018),
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inputs from stormwater drains, or high microbial sediment activity (such as denitrification)
in the estuary. Further investigation should be completed to identify and quantify isotope
signatures in this area. The lowest δ15N was reported at Sulphur Point (although this was
a one-off sample at a period where a number of sites declined). There was one sampling
event that captured a sharp decline in δ15N values, where the δ15N values at a number of
sites in the southern harbour greatly decreased from average, after a period of strong
WSW-SW winds and no rainfall. This period aligns with the large sudden accumulation of
beach cast sea lettuce at Maxwells Road. There are two potential sources of the nutrients
to lower the δ15N to that level – either through oceanic upwelling (Cao et al., 2017) or
through localised groundwater/porewater inputs (Andrisoa et al., 2019, Samanta et al.,
2019). However we acknowledge that groundwater inflows are likely quite constant and
vary on the timescales of climatic cycles (Stewart, 2020), thus are unlikely to show such a
marked change over a two to three day period, thus strengthening the argument for
oceanic upwelling. Further isotopic sampling of specific sources would need to be
conducted to characterise the two sources specific to Tauranga Harbour, rather than
using report values in the literature. The contribution of each source of nitrogen to sea
lettuce could then be estimated using isotopic mixing equations (Phillips & Gregg, 2003).
The combination of groundwater and porewater fluxes in two lagoon ecosystems in
France was found to supply primary producers between 60-100% of the nitrogen
requirements (Andrisoa et al., 2019), and therefore this is an area of research worth
investigating further. Sea lettuce tissue δ15N values had decreased across all of the
monitored sites observed in the current study compared to Park (2011), and may be due
to slight differences between two different isotope analysis providers, the effects of
seasonality on the sampling, a reduction in point source nutrient discharges or slight
differences in sampling locations.
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Part 5:
Research summary and discussion
5.1

Tauranga Harbour sea lettuce research
A large number of research projects relevant to sea lettuce have been conducted in
Tauranga Harbour following the publication of the last sea lettuce monitoring report in
2011 (Park, 2011). The results of the research projects are discussed below in order, as
they follow the natural progression of knowledge developed.
Yvonne Tay completed a PhD in 2011 on the nutrient dynamics of Tauranga Harbour
(Tay, 2011) Modelling scenarios were used to investigate seasonal variability in nutrient
concentrations in two estuaries (Te Puna and Waikareao). Groundwater was identified as
a significant contributor of DIN to the estuaries, ranging from 2-37%. Porewater recycling
processes were an important DIN source during the ebb tide, with greatest concentrations
observed in mid-winter and summer. Ammonium was the dominant form of nitrogen in the
porewater, and the dominant input source of ammonium to the estuaries, whilst nitrate
was dominantly sourced from rivers.
Isaac Santos completed some work during a visit to Tauranga in collaboration with Karin
Bryan (Santos et al., 2014). The work focused on radon groundwater tracing to estimate
groundwater exchange rates, specifically in Waikareao and Te Puna estuaries. Waikareao
Estuary was found to have nutrient rich porewater fluxes, equivalent to 46 and 88% of
TDN and TDP, demonstrating porewater was a major source of nutrients to Waikareao
Estuary. Nitrate was the dominant nitrogen form in Waikareao Estuary. In Te Puna, the
Estuary was a net sink of porewater TDN, and a small source of TDP (8%). This indicates
there may be high rates of denitrification occurring in Te Puna Estuary sediments.
Ammonium was the main form of nitrogen in Te Puna Estuary. This provides evidence
that porewater fluxes of nutrients may be a significant input of fresh (or recycled) nutrients
into the estuary water column.
Alex Port completed a PhD measuring and modelling estuarine macroalgae blooms and
water column nutrients in 2016 (Port, 2016). The work modelled long-term and seasonal
scenarios of sea lettuce population dynamics, and found the dissolved inorganic nitrogen
fractions (NO3, NH4) being the best environmental forcing variable to determine timing and
peak sea lettuce biomass. Phosphate had no visible effect on the sea lettuce biomass,
and physical factors including temperature, irradiance and turbidity at most had an effect
at about half the magnitude of the dissolved inorganic nitrogen fractions. The
concentrations and fluxes of dissolved nutrients were measured across ebb and flow
tides, which identified higher dissolved nitrogen concentrations across the southwestern
areas of the southern harbour (Figure 5-1), and higher concentrations of NO3 on the ebb
tide. Net export of ammonium was only evident at site 1 and the harbour entrance (6). The
nutrient transport and mixing processes are driven by complex movements through subestuary constrictions, sandbanks and islands, freshwater inputs and tidal currents.
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Figure 5-1

Average dissolved inorganic nitrogen (NH4, NO3) average concentrations
and mass fluxes for the ebb and flood tides (Port, 2016).

Passive tracer transport modelling was used to investigate loss of the tracer over time
(representing water column nutrients) in the estuary sub-regions (Figure 5-2). The harbour
entrance (SR6) had the greatest tracer dilution, and Waikareao (SR7) had the lowest
tracer dilution. This indicates that nutrients sourced from Waikareao have a higher
residence time, with longer time periods of nutrients being held within the estuary
available for uptake by primary producers (such as sea lettuce). In contrast, there is low
residence times in the harbour entrance, thus nutrients here would be transported from
this area rapidly by tidal flushing. During mid-tidal cycles the contribution of different
upstream waterbodies may change rapidly, and some areas showed different degrees of
connectivity.
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Figure 5-2

Modelled passive tracer dilution over time in Tauranga Harbour
(Port, 2016).

Ben Stewart has recently completed a PhD investigating groundwater nutrient inputs to
Tauranga Harbour (Stewart, 2020). Submarine groundwater discharge is the flow of both
fresh terrestrial groundwater from coastal aquifers and seawater recirculation through
permeable sediments. The research utilised radium isotopes to trace the location, age,
and rate of discharge of groundwater into the southern half of Tauranga Harbour (Figure
5-3). The shorter lived radium isotopes (224Ra (half-life 3.66 days) and 223Ra (half-life 11.4
days)) indicate the timescale of mixing and dynamic coastal processes. The highest
concentrations of the shorter lived radium isotopes (224Ra and 223Ra) were observed in the
shallower upper regions of the lower harbour, in particular around Aongetete to Pahoia.
There was also some higher concentrations in the middle of the harbour, and in Hunters
Creek at Matakana Island. These likely represent estuarine processes such as pore water
exchange, and decay quickly. The longer lived isotope, 226Ra (half-life 1600 years)
indicate longer timescale processes, such as older aquifer derived groundwater. A
number of hotspots of the 226Ra isotope were evident around Te Puna/Mangawhai, and
some areas fringing Matakana Island. To a lesser extent it was also evident at Aongetete
to Pahoia.
Groundwater inputs to the southern Tauranga Harbour were calculated to be substantially
higher than nutrient inputs from the rivers and streams. The submarine groundwater
discharge nutrient flux (mass load) is estimated to be ~5x greater (for nitrogen) and ~8x
greater (for phosphorus) than inputs from the surrounding rivers and streams (Stewart,
2020). The groundwater was rich in nitrogen (37.7 μm) and phosphorus (1.9 μm),
compared to average river and creek concentrations (DIN: 24.1 μm, TDP: 0.8 μm). The
source of the high nutrients is likely to be anthropogenic loading, such as sewage,
wastewater, fertilizer, and agricultural manure and urine. Remineralisation of organic
matter in estuarine sediments may also account for the higher NH4 concentrations in the
groundwater. The submarine groundwater discharge is likely a mix of fresh aquifer derived
water and saline porewaters. The modelling shows that ~81% of the total submarine
groundwater discharge are made up of saline porewaters (Stewart, 2020), indicating the
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nutrients may be sourced from regeneration of DIN and DON from microbial processes,
providing a continuous source of nutrients into the harbour even when river inputs are low
(Santos et al., 2014). The N:P ratio of the groundwater samples was 36:1, compared to
the average harbour ratio of ~17:1, thus will likely increase primary productivity within
Tauranga Harbour. Research by Port (2016) identified dissolved nitrogen species as the
best predictive nutrient for sea lettuce blooms, thus higher availability of nitrogen from
groundwater inputs will support the growth of sea lettuce.
The next component of the research investigated harbour flushing times in relation to
climatic factors such as the El Nino Southern Oscillation (ENSO). Rainfall and wind were
correlated to the Southern Oscillation Index, with El Nino years generally resulting in lower
rainfall and stronger westerly wind events. A significant relationship between the southern
oscillation index and the harbour dilution rate (residence time) was identified (r2 = 0.43,
p=0.001). El Nino years had lower annual dilution rates, thus increased water residence
times may retain nutrients in the harbour for longer, and support increased primary
productivity (such as sea lettuce blooms). The link between dilution rate and the SOI was
driven by the combined influences of wind, rain and freshwater discharge to the harbour.
In particular, rainfall was correlated with harbour dilution rates, and would increase with a
northward wind component. In contrast, the persistent westerly winds associated with El
Nino periods increase harbour circulation in the harbour mouth, but retain water in the
central sub-regions (Tay et al., 2013). The lower dilution rates (increased residence times)
in the upper regions of the harbour resulted in a decrease of DIN concentrations,
suggesting increased residence times results in uptake of bioavailable DIN in the water
column. This uptake is likely due to primary productivity (e.g. sea lettuce growth), and may
explain the previous relationship between sea lettuce abundance and the Southern
Oscillation Index reported in Park (2011) (larger sea lettuce blooms occurring in El Nino
years).

Figure 5-3
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Average nutrient concentrations in Tauranga Harbour from groundwater,
rivers and creeks, and Tauranga Harbour surface water. Taken from
(Stewart et al., 2018).
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Clarissa Neimand completed a PhD in 2018
(Niemand, 2018) investigating the impact of
small scale sea lettuce accumulations on the
biodiversity and ecosystem functioning of
benthic communities in Tauranga Harbour.
The work involved experimental sea lettuce
depositions, and measuring the
corresponding changes in ecosystem
function and benthic communities. Ulva
deposition did not result in large changes to
the benthic community or ecosystem
function, however small shifts were observed
due to temporal variations in environmental
variables such as light availability. The
presence of large macrofauna (such as the
cockle Austrovenus stuchburyi) was
positively related to the presence of higher
functional diversity, resulting in greater algal
detritus uptake by macrofauna. It was noted
that this study only investigated the effects of
small quantities of sea lettuce depositions
compared to the rather large accumulations
that have occurred historically, resulting in
sediment oxygen loss, rotting sea lettuce and
severe impacts on the benthic community.
Georgina Flowers began a PhD project in
2018 investigating sediment nutrient fluxes in
seagrass beds and sandflat habitats across
Tauranga Harbour. Sites for this work were
chosen to represent an eutrophication
gradient (increasing mud/sediment nutrient
conditions). The project is measuring oxygen
and nitrogen fluxes (denitrification) and
investigating the role of seagrass in these
processes. The research will identify
locations that may provide a high nutrient
source (ammonium through organic matter
remineralisation) or a nutrient sink (removal
of nitrate through denitrification or
ammonium through coupled nitrificationdenitrification). Results of this research are
not yet published.
A recent survey as part of the Intercoast
programme included the deployment of
Baited Remote Underwater Video (BRUV) at
a large number of sites across Tauranga
Harbour between 2018 (January-April) and
Figure 5-4
Spatial distributions of groundwater
2019 (April) (Battershill & Morrison pers.
inputs to Tauranga Harbour.
Comms.). The outputs of this research
Taken from Stewart et al., (2018).
included a presence/absence summary of
sea lettuce, and whether any growth of sea
lettuce was observed on the sediments. Presence/absence was defined as any visual
occurrence of sea lettuce (e.g. floating past, or on substrate), whilst growth of sea lettuce
was defined as sea lettuce attached to the substrate. This information is displayed
spatially in Figure 5-5. Observations of sea lettuce presence were noted throughout the
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harbour, however the growth of sea lettuce in the subtidal channels was only observed in
the southern harbour, in subtidal channels out from the Wairoa River. Preliminary
assessments show juvenile fish populations utilise the subtidal sea lettuce habitat, with
high fish presence observed in areas with subtidal macrophytes (e.g. seagrass, sea
lettuce) present compared to sites without any complex biogenic habitat. Future planned
outputs of this research include a habitat model and trophic food web for the harbour. A
survey similar that undertaken as part of this research should be repeated during a year
with high sea lettuce abundance, as these recording periods were during low sea lettuce
abundance years.

Figure 5-5

Sea lettuce presence/absence and sea lettuce growth observations from
Baited Remote Underwater Video deployments by University of Waikato.

Most recently, a new innovative algal biotechnology research programme has begun at
the Waikato Coastal Marine Field Station. The work is investigating the commercial
applications of seaweed, including sea lettuce, and the development of a new market
opportunity for seaweed aquaculture in New Zealand. The research is also investigating
the potential of seaweeds to remove excess nutrients from nutrient rich ecosystems,
whilst creating a clean seaweed product for commercial applications.

5.2

Report Discussion/Matapakitanga
A wide range of sea lettuce monitoring and investigative projects have been conducted in
Tauranga Harbour. The past sea lettuce reports have provided clear discussions around
the potential drivers of abundance of sea lettuce (Park, 2007, Park, 2011) therefore this
discussion will focus on the development of knowledge over the past 10 years since the
previous reporting period. The bi-monthly monitoring at three sites has shown a significant
decrease in large blooms of sea lettuce occurring across the harbour, however, sea
lettuce blooms of lower intensity have still been occurring. Problematic accumulations of
sea lettuce are still very common in the southern harbour, in particular along the
Otumoetai foreshore and Waikareao Estuary. These areas are likely both directly
influenced by the high nutrient inputs from the Kopurereroa River, as shown in the river
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water nutrients section (2.2.6). In addition, research by Santos et al. (2014) has shown the
sediments of Waikareao Estuary to also be a high source of nutrients through nutrient
recycling, producing high quantities of ammonium (Section 5.1). It is likely that the riverine
inputs of nutrients are rapidly assimilated by primary producers (phytoplankton,
microphytobenthos, sea lettuce), and once this organic matter is deposited into the
estuary sediments, it is rapidly converted and released back into the water column as
dissolved nutrients available to fuel further growth. A number of rivers around Tauranga
Harbour are showing increasing trends in nutrient inputs (DRP, NO3, NH4), particularly in
the southern harbour. Modelling work currently underway will provide detailed analyses of
whether the river nutrient sources are a large contributor to the sea lettuce blooms in subestuaries around Tauranga Harbour.
There are clear distinctions in the concentration of nutrients in sea lettuce tissue between
the northern and southern harbour. The sea lettuce tissue nutrient concentrations are
higher in the southern harbour compared to northern harbour site. This may indicate a
varying nutrient availability, or a differing source of nutrients. Bay of Plenty Regional
Council monitoring of river and estuary nutrient concentrations show the higher
concentrations of nutrients are observed in the southern harbour, and the recent rivers
report shows some of the rivers are showing significant increase in nutrient loads (Hamill
et al., 2020), in particular for the southern harbour. The sea lettuce tissue nutrients remain
higher in winter - early spring in line with increases in nutrient concentrations from
surrounding rivers and estuarine monitoring sites. The groundwater tracing work by
Stewart et al. (2018) has shown a hotspot of groundwater inputs by the tracer 226Ra in the
region in front of Otumoetai foreshore. It is feasible this may provide an ongoing source of
nutrient rich water fuelling the growth of sea lettuce when riverine/estuary water inputs are
reducing into early summer. This groundwater nutrient input combined with occasional
upwelling events (in particular during El Nino years) may provide cooler, upwelling
oceanic water with high water clarity to provide the perfect growth medium for sea lettuce
and thus the ongoing problematic beach cast abundances that are removed over the
summer months.
In previous sea lettuce reporting there was a correlation observed between the Southern
Oscillation Index and sea lettuce abundances. This relationship remains evident, with
higher sea lettuce abundances still occurring during stronger El Nino phases, showing
linkages to climatic conditions such as wind strength and rainfall. Research into
groundwater inputs of nutrients have shown the Southern Oscillation Index to be
correlated to residence times in the harbour, with El Nino years resulting in lowered
rainfall affecting the influence of groundwater on the harbour. The decreased rainfall
increases harbour residence times, thus retaining water (and nutrients) for longer periods
which allows for greater time for nutrients to be assimilated by sea lettuce (Stewart (2020)
section 5.1). Additionally, the incoming tides during El Nino years have shown increased
ammonium concentrations and cooler water temperatures, likely due to upwelling events
during strong S-W winds. Using sea lettuce isotope data (δ15N) we have captured the sea
lettuce δ15N signature dropping rapidly across a number of sites following a period of
strong WSW-SW winds during a weak El Nino year. This may indicate an oceanic source
of δ15N, which may be provided by oceanic upwelling events. Thus at times, it is likely that
oceanic upwelling and/or groundwater inputs play a role in nutrient additions to the
harbour, supplying nutrients for sea lettuce growth. During El Nino conditions when sea
lettuce abundances are often increased, the riverine inputs of DIN can be reduced by 10%
in summer and even more during the winter periods (Park, 2011). A potential reasoning
for this pattern is that the strong westerly wind events during El Nino years results in
increased residence times holding the nutrient rich water in place for uptake by
macroalgae such as sea lettuce (Stewart et al., 2018; Santos et al., 2014, section 5.1),
additionally supported by lower water temperatures from oceanic upwelling events. The
oceanic upwelling in El Nino years may contribute to higher sea lettuce growth by bringing
cooler water into the harbour, keeping temperatures at an optimum growth period for
longer, with nitrogen rich groundwater further contributing to sea lettuce growth. Sea
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lettuce modelling by Port (2016) has shown the dissolved nitrogen concentrations to be
the driving factor for historical observations of sea lettuce blooms, with climatic factors
having a smaller influence. As groundwater inputs of nutrients to the harbour are
estimated to be ~5x greater (for nitrogen) and ~8x greater (for phosphorus) than
surrounding riverine inputs (Stewart et al., 2018), the influence of groundwater may have
significant impacts on primary productivity, particularly when riverine inputs are reduced.
This may be a contributing factor to the large sea lettuce blooms that can occur during
strong El Nino years.

Future work on sea lettuce monitoring
The current sea lettuce monitoring programme has now been running for almost 30 years,
and the data collected has been highly valuable for calibrating research models and
tracking changes over time. The data provides us with site specific information on sea
lettuce changes at a high frequency (bi-monthly), however it is limited in the assessment
of larger scale patch dynamics or subtidal growth areas. The installation of ~70 NERMN
sediment and macrofauna monitoring sites around the harbour has greatly expanded the
spatial understanding of sea lettuce blooms during the summer months. The current
monitoring programme remains fit for purpose for monitoring long term trends of sea
lettuce abundance and tissue nutrients. However, we are still limited in our ability to
predict higher sea lettuce seasons. Thus our management of sea lettuce blooms remains
reactive, responding to public complaints about high use areas. Additional tools could be
incorporated to the existing monitoring programme to gain further insights to spatial
variability and coverage of the sea lettuce, such as the use of drones or satellite imagery.
Remote sensing (using historical satellite imagery) can be an avenue to explore for
incorporation into future monitoring programmes, given the wide spatial coverage and
relatively high availability of imagery.
A new continuous water quality site (EXO Sonde) has been installed at Sulphur Point
Marina (E 1880203, N 5826178). This meter will measure continuous data including
specific conductance (ms/cm), salinity (ppt), water temperature (°C), dissolved oxygen
(mg/l and % saturation), blue-green algae phycoerythrin (RFU), chlorophyll (RFU),
turbidity (FNU), and pH. This instrument will provide real time data to provide a better
assessment of water quality within the harbour. Unfortunately, at this point in time, the
nutrient continuous data sensors are still not sensitive enough for use in low nutrient
estuarine environments such as Tauranga Harbour. Additional nutrient sensors will be
added to the monitoring site when they become available. In the interim, the phycoerythrin
and chlorophyll sensors may be able to be correlated with in situ nutrient conditions from
discrete nutrient samples, and act as an integrated assessment of nutrient conditions in
the harbour. This may prove a useful tool to track or predict the growth of sea lettuce. In
addition, a comprehensive nutrient model is being developed for Tauranga Harbour subestuaries, which will provide a clear measurement of each sub-estuary nutrient state that
can be related back to sea lettuce coverage at the ~70 macroalgae monitoring sites
around Tauranga Harbour.
The more recent blooms of sea lettuce we see in Tauranga Harbour have very low
abundances compared to some of the sea lettuce blooms reported internationally. There
is high public interest in places such as Italy, where blooms are accumulating in such
densities that the hydrogen sulphide (H2S) releases have been correlated to deaths of
animals and humans. Measurements of hydrogen sulphide in Tauranga Harbour in 2009
found that H2S could pose a health risk when large rotting piles of sea lettuce were
disturbed (Iremonger, 2009). In contrast to Tauranga, sea lettuce accumulations are not
much of a nuisance issue across other Bay of Plenty estuaries. Historically there were
occasional blooms in Ohiwa Harbour, however these have not been noted for many years.
Suspended sediments in the Nukuhou River (which flows into Ōhiwa Harbour) are
reported to show an increasing trend in sediment concentrations over the past five years
(Hamill et al., 2020), and previous estuary reporting also found a significant increasing
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trend in suspended solid concentrations at the Port Ohope site (near the entrance to
Ōhiwa Harbour) (Scholes, 2015). Possibly the increasing suspended sediment
concentrations in Ohiwa harbour are limiting the growth of sea lettuce, unlike in Tauranga
Harbour where water clarity remains high. Maketū and Waihi estuaries have occasional
spring-summer blooms of sea lettuce, however they do not accumulate in such high
densities along the shorelines and pressure for removal has not occurred.
Climate change is likely to have a strong impact in the Bay of Plenty, with modelling
forecasts showing an increase in storms and nutrient runoff, and increased water
temperatures (Section 2.3). This is likely to have mixed impacts on sea lettuce
abundances in the harbour. Currently the temperatures and water clarity in Tauranga
Harbour provide the perfect growth situation for sea lettuce, with temperatures in spring –
early summer in the optimal zone for peak growth. In mid-summer, we are often seeing an
early tailing off of sea lettuce growth, due to the sea temperatures rising well above the
threshold for growth of 25°C. This does however lead to rapid degradation of the sea
lettuce, and associated nutrient release and hydrogen sulphide production which often
sparks a number of smell nuisance complaints. If water temperatures increase in line with
climate change predictions, we are likely to see a decreased growth window for sea
lettuce, or possibly an earlier season with temperatures being milder over winter when
nutrient runoff is at its peak. In addition sea level rise may result in a shift of habitat for sea
lettuce overwintering due to the potential reduction in light environment, particularly if
combined with increased freshwater runoff (and suspended sediments) reducing light
availability in the harbour. Significant growth of sea lettuce has not been observed in
many of the deep harbour channels, likely being limited to the shallower zones with
sufficient light supply. Light availability is considered to restrict the growth of subtidal Ulva
at many locations in Tauranga Harbour (de Winton et al., 1996). The inner southern
harbour was reported to have the lowest light penetration through the water column, with
90% of incoming light lost by 4.5 m depth, whilst the northern harbour entrance had
greater light penetration with 90% surface light down to 7 m depth (de Winton et al.,
1996). Combined sea level rise and potential clarity reductions with increased runoff from
heavy rainfall events may reduce sea lettuce prevalence in the harbour.
The completion of a number of research projects will provide further understanding of
nutrient recycling pathways, and this will be incorporated into the Tauranga Harbour
nutrient model that is under development. This will allow distinction between dominant
nutrient sources at various sites across Tauranga Harbour, and provide opportunity for
land management interventions to reduce nutrient inputs at the source. An ecological
component (such as primary productivity/sea lettuce abundance) may be developed in
conjunction with this model. Similar ecological models are under development for other
estuaries in the Bay of Plenty.

Takeaway key messages
This report provides an up to date account of the sea lettuce monitoring programme and
drivers of sea lettuce blooms in Tauranga Harbour. The key points are summarised below:
•

Large blooms of sea lettuce are greatly reduced in recent times from those recorded
in the early 90s, likely due to reduction of point source nutrients into Tauranga
Harbour. Blooms continue to be highly seasonal with peak blooms occurring over
late spring - summer. The worst summer coverage of sea lettuce has been
measured in the southern harbour, in particular Waikareao, Waimapu and
Otumoetai. Sea lettuce blooms can be significant in the northern harbour also, and
future wide spatial assessments using remote sensing will be a valuable new tool for
monitoring. A number of sites in the northern harbour (in particular Tuapiro) are
beginning to show increased coverage of the red filamentous algae Gracilaria
chilensis, which can become a nuisance species creating large mats which reduces
the health of the sediment environment.
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•

Analysis of freshwater inputs over time in the latest Rivers report (Hamill et al.,
2020) shows significant increases in a number of nutrients in Tauranga Harbour.
The greatest riverine nutrient contributions are coming into the southern end of the
harbour, and to a lesser extent in the northern harbour. Some point sources of
nutrients (stormwater, OSET leakages) are still evident across the harbour. These
large freshwater inputs are likely supporting the increase in sea lettuce tissue
nutrients during winter – spring in the southern harbour, supporting enhanced
growth when temperatures increase in late spring.

•

During El Nino years with strong westerly wind conditions there is some evidence for
increased ammonium inputs to the harbour from coastal upwelling. These
concentrations however are low in comparison to the inputs from rivers and
groundwater, and predicted potential upwelling by Black et al., (2006) and Park
(2007). There is some evidence from sea lettuce tissue isotopes of potential
upwelling and or porewater/groundwater inputs influencing sea lettuce tissues,
however the inputs have a fast turnover in the sea lettuce tissue, and sea lettuce
isotope values quickly return to normal values days after the strong westerly wind
event. Further investigation is required to determine if this was an anomalous event
or a potential indicator of nutrients sourced from upwelling.

•

Modelling and measurements of groundwater inputs to the southern harbour have
shown the groundwater to be a significant source of nutrient rich water, with the
mass nutrient flux from submarine groundwater discharges in the range of ~5x for
nitrogen (1.17 x 105 mol d-1) and ~8x for phosphorus (5.88 x 103 mol d-1) higher
than river inputs. These inputs are enhanced in El Nino years, due to the decrease
in river inputs and changing wind conditions increasing residence times in the
harbour. These inputs likely significantly enhance primary productivity during these
periods, and may account for the historical observations of the largest sea lettuce
blooms occurring in El Nino years.

•

The main drivers of future blooms of sea lettuce are likely to be a mixture of nutrient
rich groundwater and riverine inputs, combined with high light and suitable
temperatures (16°C-22°C). Catchment use has been intensifying in Tauranga
Harbour over the past decade (Lawton & Conroy, 2019) and there is a likelihood that
concentrations of nutrients in groundwater will continue to increase. The core
management option to reduce future blooms of sea lettuce is to continue to work on
reducing nutrient loads from rivers/land, and capturing/treating nutrients at source
and reduce inputs of nutrients to the groundwater. Ecological modelling of Tauranga
Harbour utilising the vast amount of nutrient and sea lettuce abundance data will
provide scenarios of nutrient reductions to limit bioavailable nutrients for primary
productivity.
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Appendix A
Table 5-1

NERMN sea lettuce monitoring sites GPS locations and BOPRC sampling
point ID.

Easting

Northing

Sampling Point Description

Sampling Point ID

1862623

5845335

Ongare Point (upper)

CR262534

1862835

5845378

Ongare Point (lower)

CR284538

1878605

5826649

Otumoetai (upper)

DP861665

1878672

5826859

Otumoetai (lower)

DP867686

1879332

5822409

Grace Road (upper)

DP933241

1879420

5822480

Grace Road (lower)

DP942248

Table 5-2

NERMN estuary water quality sites GPS locations and BOPRC sampling
point ID.

Easting

Northing

Sampling Point Description

Sampling Point ID

1881183

5821902

Tauranga Harbour at Maungatapu Bridge NERMN

EP118190

1880241

5826190

Tauranga Harbour at Toll Bridge Marina

EP027600

1879529

5829853

Tauranga Harbour at Mount Maunganui

DP952985

1879122

5826016

Tauranga Harbour at Waikareao

DP912601

1863015

5843575

Tauranga Harbour at Kauri Point Jetty

CR301357

1860596

5847783

Tauranga Harbour at Tanners Point Jetty

CR059778

1875671

5827396

Tauranga Harbour at Tilby Point

DP547739

Table 5-3

NERMN river water quality sites GPS locations and BOPRC sampling point
ID.

Easting

Northing

Sampling Point Description

Sampling Point ID

1884514

5818831

Waitao at Waitao Road

EP458000

1876865

5818584

Waimapu River at SH29 bridge

DO688849

1877840

5823064

Kopurererua at S.H.2

DP787299

1872819

5823049

Wairoa at SH2 Bridge

DP287308

1857111

5836225

Te Mania at S.H 2 bridge

BQ704627

1857084

5837121

Te Rereatukahia at SH 2 Bridge

BQ708712

1858090

5845826

Tuapiro at Hikurangi Road

BR812587

90

Environmental Report 2021/01 - Sea Lettuce research and monitoring in Tauranga Harbour 2020

Table 5-4

Beach cast sea lettuce sampling sites GPS location.

Easting

Northing

Sampling Point Description

1863066

5850238

Pios Beach

1877015

5826992

Beach Road

1878199

5826551

Bureta Road

1875622

5827315

Fergusson Park

1862952

5843749

Kauri Point

1878011

5826659

Kulim Park

1878777

5825979

Maxwells Road

1879152

5822770

Memorial Park

1880528

5830351

Mount Beach

1866204

5831556

Pahoia

1862398

5845511

Ongare

1879128

5826023

Sulphur Point
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