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Abstract
Estuaries represent a transitional environment influenced by both terrestrial and marine
processes. There are several types of estuary defined by their connectivity with the
marine environment that are found along coastlines worldwide. Estuarine sites hold
significant ecological, cultural, recreational and aesthetic values. The East Otago area
encompasses estuaries with permanent marine connection, intermittent connection, and
a system that is highly modified and contains sites with virtually no marine connection.
Comparisons in the ecology between estuaries of several types in this geographic area
was conducted over a twelve-month period.
Physicochemical properties of these estuarine sites were measured at regular intervals.
All sites had a different physicochemical make-up, which was influenced by the
connectivity to the marine environment. The pH, salinity, phosphate and nitrate
concentrations were the main physicochemical parameters from which differences
between sites were measured. Primary producer biomass was measured on a seasonal
basis at all sites and demonstrated the influence that drift macroalgae has on open
estuarine systems, while phytoplankton cell density was measured higher in closed
estuarine systems. The benthic macrofaunal community showed differences in the
assemblage composition and abundance of organisms between the different sites. Open
estuarine systems had a greater diversity of species and higher biomass compared to
closed systems, which contained high abundance of the limited number of species
present. A model was constructed using the sediment properties and macrofaunal data,
which found that benthic macrofaunal assemblage composition in East Otago estuarine
sites was influenced by sediment particle size.
Estuaries are environments undergoing rapid change as a result of anthropogenic
influence. The analysis of the ecology in East Otago estuarine sites has highlighted the
uniqueness of these systems on an individual level and will provide a data set for any
future comparisons to be assessed against, and will also assist in the implementation of
any future management initiatives.
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Chapter One: Estuarine Systems in the Coastal Environment
Estuaries and lagoons, like many coastal environments, are some of the world’s most
highly productive areas supporting a diverse range of organisms (Gobler et al., 2005;
Lloret et al., 2008). Throughout history human settlement has been centred around these
coastal systems as they are usually filled with abundant resources that are easily
accessible (i.e. fish and shellfish, water for humans and livestock, and recreational
opportunities) (Lotze et al., 2006; Nordstrom, 1992) . In 2002, Kennish (2002) estimated
that there were four billion people worldwide inhabiting land areas within 60 kilometres
of continental coastline. It is likely that we have now surpassed this estimate as the
world’s population has greatly increased in the decade since (Gerland et al., 2014), and
so the pressure on these systems ultimately increases. The knowledge and literature about
estuarine systems and processes continues to grow globally. There are gaps in the
literature regarding New Zealand coastal systems in general, with very few comparisons
undertaken between various types of estuarine systems (Kirk & Lauder, 2000; Lill et al.,
2011a).

Estuarine Formation and Classification
Estuaries are dynamic coastal ecosystems situated between terrestrial and marine
environments and represent the transition between the ocean, land and freshwater (Roy
et al., 2001; Tagliapietra et al., 2009). The location of estuarine systems has fluctuated
over the past two million years in accordance with glacial and interglacial phases that
influence global sea-level (Day et al., 2008; Kench, 1999; Soons et al., 1997). The
estuaries that we see today are considered young formations in the earth’s geological
history. They were formed in the Holocene period, within the past 6000 years, when
current sea-level was attained (Kench, 1999). There is geological evidence of systems
alternating between the form of estuaries and coastal barrier lakes as sea level has risen
and fallen. For example; Lake Ellesmere in Canterbury, where the connectivity between
marine and freshwater is presently prevented due to the formation of a barrier (Kaitorete
Spit) but in the past has been open for extend periods in geological time (Soons et al.,
1997).
There are various types of estuaries found in New Zealand and throughout the world.
Large, river-dominated estuaries are widespread in New Zealand and have been relatively
well documented, whereby, intermittently open estuaries are relatively smaller and have

not been researched to the same extent (Lill et al., 2011b). New Zealand’s estuaries can
be classified by five primary processes associated with their formation; fluvial erosion,
marine/fluvial deposition, tectonics, volcanism, and glaciations. Further classification is
based on geomorphic and oceanographic characteristics (Hume & Herdendorf, 1988).
The transitional position of estuaries mean each system is impacted uniquely by
variations in the power of terrestrial processes (Cooper, 2001) and the size, duration and
frequency of marine intrusion (Chuwen et al., 2009).
The literature refers to the term ‘estuary’ for many related coastal systems. Various
definitions and names are given for systems based on the defining characteristic(s)
selected. These characteristics could include one or more of the following; salinity, ocean
connectivity, ecology, hydrology etc. Examples of names expressed in the literature that
refer to ‘similar’ coastal systems include; ‘intermittently open estuaries’ (e.g. Griffiths &
West, 1999), ‘intermittently closed and open coastal lakes’ (e.g. Schallenberg et al.,
2010), ‘coastal lagoons’ (e.g. Kirk & Lauder, 2000), ‘shallow coastal lakes’ (e.g. Drake
et al., 2011), ‘temporarily open/closed estuaries’ (e.g.Whitfield et al., 2012), and ‘barrier
estuaries’ (e.g. Roy et al., 2001). For the purposes of this study, ‘estuarine systems’ are
categorised by the presence and degree of marine connectivity.
Closed Estuarine Systems
Closed estuarine systems or ‘coastal lakes’ have been described as being ‘choked’ with
regard to marine water exchange (Kirk & Lauder, 2000; Kjerfve, 1994). In general they
comprise fresh or brackish water bodies, and are characterised by having long water
residency times (Kirk & Lauder, 2000). ‘Closed estuaries’ occur naturally when the
volume of water required to breach the sand or gravel barrier is insufficient, and they
remain isolated from marine influence (Chuwen et al., 2009). Under natural conditions,
entrances can remain closed off for extended periods during which the freshwater inputs
become highly influential, and are reflected in the hydrological, salinity, sediment
regimes and nutrient loadings (Gobler et al., 2005; Kennish, 2002; Stretch & Parkinson,
2006).
These systems tend to have smaller water-sheds than river-dominated estuaries
preventing the build-up of water and ensuing barrier breach (Boynton et al., 1996). The
small water-shed also exposes closed estuarine systems to evaporation, particularly when
rainfall is below average and atmospheric temperatures are warm. The rate of evaporation
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can often exceed precipitation and subsequently these systems are prone to drying out
(Chuwen et al., 2009).
Intermittently Open Estuarine Systems
Intermittently open estuarine systems are most commonly referred to as ‘lagoons’ and
are classified by having a shallow water depth and maintaining an intermittent (often
seasonal) connection with the ocean (Kirk & Lauder, 2000; Kjerfve, 1994; Tagliapietra
et al., 2009; Thompson & Ryder, 2003). They are formed by the interaction of increased
sea-level and the formation of barriers by marine processes that prevent a permanent link
to the marine environment (Saunders et al., 2007). These systems can only be formed in
areas where there is sufficient sediment available (sand or gravel) and adequate wave
action necessary to transport the sediment, building a barrier that impounds water
(Stretch & Parkinson, 2006; Tagliapietra et al., 2009). Sand or gravel barriers are
breached either naturally or artificially (mechanical intervention), generally in spring or
winter as the water volume exceeds the capacity of the system (Chuwen et al., 2009).
This volume of water gradually increases over the duration of closure to the point where
the sandbar at the estuary mouth becomes breached. Breaching can also be induced or
accelerated by coinciding high tides and attaining freshwater capacity (Whitfield et al.,
2008). When a mouth breach occurs, a discharge of estuarine water and the intrusion of
marine water ensues (Chuwen et al., 2009), which can last from a few hours to several
years, until freshwater flow diminishes and sufficient sand or gravel is deposited to reestablish a blockage (Tagliapietra et al., 2009; Whitfield et al., 2012).
Permanently Open Estuarine Systems
Permanently open estuaries are differentiated from other similar coastal systems by the
influence of tides and a lack of geological features enclosing the water body (Kirk &
Lauder, 2000). In general, permanently open estuaries are exposed to large salinity
fluxes, have a more open and regular link (diurnal) to the marine environment, and
typically contain lower nutrient concentrations than closed systems because terrestrial
run-off is diluted and flushed out to the greater marine environment (Kirk & Lauder,
2000; Tagliapietra et al., 2009). The presence and persistence of an estuarine mouth
allows a continuous connection between fresh and marine water but is dependent on the
balance between the strength of inlet currents maintaining the mouth and wave and tidal
currents that act to deposit sand and close the mouth (Cooper, 2001; Haines et al., 2006).
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These systems tend to be river-dominated and have large water-sheds preventing the
formation of a barrier (Boynton et al., 1996).

Physical and Chemical Factors of Estuaries
Estuaries are influenced by catchment, oceanic and in situ processes. The frequency and
duration of freshwater and marine flow strongly influence the physical and chemical
characteristics, which in turn define the habitat type and niches available for organisms
to colonise (de Jonge et al., 2002; Kennish, 2002). Due to the varying degrees of
connectivity, these systems are characterised by having gradients in salinity, temperature,
fresh and marine water input, turbidity, nutrient quantity and sediment composition
(Haines et al., 2006; Tagliapietra et al., 2009).
Anthropogenic Factors: Catchment Land-Use
Coastal areas have always been an important zone in which approximately 50-70% of
the world’s population lives (Lloret et al., 2008). Coastal areas provide communities and
individuals with food, recreational, aesthetic and economic opportunities (Chuwen et al.,
2009; Nordstrom, 1992). Coastal areas have been placed under pressure by various
human activities, exacerbated by the world’s increasing human population and associated
economic and industrial development (Lloret et al., 2008). The location of estuarine
environments mean that they become the focal point of a water-shed. As land-use has
changed over time, the overall rate and quantity of organic and inorganic material
entering coastal systems has dramatically increased. Even incremental changes in
catchment land-use have the ability to become concentrated when they reach their
endpoint (i.e. an estuary) (McLay, 1976). Increased land development and intensification
surrounding estuaries has resulted in widespread degradation of these wetland areas at
global and regional scales, and has subsequently changed the fluxes of growth-limiting
nutrients from the terrestrial landscape to receiving waters (Smith, 2003). This has
compromised water quality and has resulted in long-term trends of increasing
sedimentation, exposure to toxic heavy metals, pesticides and organic matter (Drake et
al., 2011; Flindt et al., 1999).
Coastal environments have been structurally modified by infilling (land reclamation), the
installation of efficient drainage systems and the removal of natural vegetation as a result
of agricultural intensification and industrial and urban development (de Jonge et al.,
2002; Drake et al., 2011). These structural modifications interfere with normal tidal4

flooding and drainage, alter the ability of the systems to act as nutrient and sediment sinks
and reduce the natural role they play in protecting the coast from erosion (Kennish, 2002;
Lotze et al., 2006). Alterations to these natural systems can have consequences for the
biological community including: deteriorating water quality, the reduction or destruction
of habitat that previously functioned as valuable fish spawning areas, feeding and nursery
grounds, and disrupting migratory pathways (Kennish, 2002; Whitfield et al., 2012).
Biological communities within estuaries observed in the present day are relatively recent
compositions, with dramatic changes having taken place over human history (McComb
& Lukatelich, 1986).
Aside from the importance of a regular marine connection, maintaining a connection to
freshwater also shapes the physical and chemical composition of estuarine systems. A
decrease in the flow of freshwater into an estuarine system (as a result of
diversion/abstraction) influences the nutrient

loading, and can

change the

hydrodynamics, salinity and sediment movement (Hastie & Smith, 2006; Kennish,
2002). These parameters directly affect the habitat, impacting the abundance and
distribution of organisms and, ultimately, the food web structure (Kennish, 2002).
Land-use directly affects the amount and size distribution of sediment entering the
system, which in turn can impact the diversity and rate of benthic productivity. Under
natural conditions, estuarine systems filter and accumulate large quantities of silt, organic
and inorganic matter entering the system from a range of terrestrial and marine sources.
The amount of material entering the system is largely dependent on the catchment area,
vegetation cover, natural disturbance and rainfall (McKenzie et al., 2011; Roy et al.,
2001). Both sediment grain size and organic matter greatly influence the suitability for
macrophyte and macrofaunal assemblages to inhabit an area. Generally, as the content of
organic matter increases, the sediment grain size decreases (Magni et al., 2004).
Eutrophication
The position of estuarine systems as an endpoint of streams and rivers means they
naturally receive nutrient additions as a result of geological weathering and ocean
upwelling (Bricker et al., 2008). A significant portion of the nutrient rich organic matter
accumulated within estuaries is recycled by primary producers (i.e. benthic microalgae,
macroalgae, rooted macrophytes and phytoplankton). Under natural conditions these
systems remain stable where the natural nutrient additions support high biodiversity,
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which in turn is restricted by the natural seasonal variation in physicochemical
parameters (Flindt et al., 1999). Estuaries are also the endpoint for the accumulation of
anthropogenic nutrient additions. Urban development, agricultural intensification and
other associated human impacts have a cumulative effect, dramatically increasing the
nutrient load entering estuaries. The problem arises when additional organic matter and
nutrients are added to the system, shifting the nutrient balance towards a eutrophic state,
where, without limiting nutrients, primary productivity is greatly increased (Day et al.,
2012; Kennish, 2002).
In most low-land coastal areas, the increased development has affected estuarine system
stability. The impact on the biological community has led to reduced biodiversity in
coastal systems and altered species composition, abundance and distribution
(Schallenberg et al., 2010; Smith, 2003). For example, the addition of anthropogenic
nitrogen and phosphate (used as agricultural fertilisers) is associated with increased
chlorophyll α and macroalgal blooms (Bricker et al., 2008). The wider consequences of
prolific macrophyte growth is a change in the oxygen profile, as well as shading for other
benthic plants (Kennish, 2002).
Human Intervention/Management
The opening regime of estuaries has an important influence on the physical, chemical
and biological processes, specifically the salinity and nutrient profile (Hastie & Smith,
2006). The extent of confinement experienced by an estuarine system is directly linked
to the number and width of freshwater and marine connections (Viaroli et al., 2008). As
the interval between opening events increases, nutrient accumulation increases, and with
this, the ecosystem composition is likely to change. The physical and biological
symptoms that indicate water turnover is low include turbid and foul-smelling water, low
oxygen levels, the rapid proliferation of opportunistic macroalgae and the development
of algal and phytoplankton blooms (de Jonge et al., 2002; Hastie & Smith, 2006).
In some cases, communities, land owners or regional authorities impede natural
processes and mechanically manipulate entrances to increase flushing, in order to
alleviate the perceived risk of flooding, health and aesthetic issues. As a result of human
management, the maximum water level of some intermittently open systems has been
reduced. This reduction in water level in turn diminishes the volume and total area
occupied by the system (Kirk & Lauder, 2000). Mechanical intervention aims to enhance
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the exchange with ocean waters, thus assisting with nutrient and sediment flushing.
However, the success of mechanical opening depends on the duration (ranging from
hours to months) of such an opening before sediment accumulates, building a sufficient
barrier to prevent flow (Griffiths & West, 1999).
Climate Change
It is widely accepted that the rate of climate change has been sped up by the increasing
global consumption of fossil fuels and subsequent increase in carbon dioxide levels over
the last century (IPCC, 2007). The predicted outcome of climate change for coastal areas
will likely impact their structure and function through increasing seawater temperature,
sea-level rise, changes in salinity, an increase in dissolved carbon dioxide, increased
prevalence of extreme weather events and increased eutrophic conditions (Anthony et
al., 2009; Day et al., 2008; Lloret et al., 2008). Estuarine systems will be impacted if they
fail to adapt at the rate that the climate is changing (Day et al., 2008).
Biological Factors
Estuarine systems support a diverse range of organisms at all levels of the food web
including primary producers, consumers and micro-organisms, making these systems
some of the most highly productive environments globally that both regenerate and
conserve nutrients (Anthony et al., 2009; Day et al., 2008; Lloret et al., 2008). High
biological activity is associated with their geomorphological characteristics, shallow
depth and partial isolation, which combined result in high levels of light penetration at
the sediment-water interface (supporting the growth at the bottom of the food web). The
shallow depth also impacts the effect of wind, in particular the re-suspension of nutrients
and material from the sediment surface layer (Perez-Ruzafa et al., 2005).
Primary productivity and Phase Shifts
In shallow water, the ability of an ecosystem to function is closely associated with the
growth of benthic vegetation (Viaroli et al., 2008). The morphological characteristics of
estuaries make them prone to changes in the dominant primary producers, alternating
between macrophytes and phytoplankton dominance, termed ‘bottom-up’ control.
Estuarine systems can alternatively be controlled by grazers (termed ‘top-down’ control),
but this is dependent on the palatability of primary producers (Valiela et al., 1997).
Phase shifts can result in a change of dominant primary producer species, biomass and
density, greatly altering the ecological functioning of the system (Cook et al., 2004). One
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of the major consequences of these changes is that bottom-dwelling plants become
shaded, changing the light environment, and reducing the area occupied by submerged
aquatic vegetation. The reduction of submerged aquatic vegetation further impacts the
water-sediment nutrient balance (de Jonge et al., 2002; Kennish, 2002). Oxygen is
consumed when macroalgae detritus is decomposed by microbes, which can lead to
anaerobic respiration and anoxic conditions (Viaroli et al., 2008). Under eutrophic
conditions, the complexity of the food web can change dramatically. The biomass and
diversity of primary producers are greatly influenced by the balance of nutrients, which
in turn influence habitat, food and space availability for other organisms.
Secondary Productivity and Habitat Utilisation
Estuaries provide habitat for both migratory and resident organisms. Migratory species
(e.g. long and short fin eels: Anguilla dieffenbachia and Anguilla australis) utilise the
shallow environment of estuaries as pathways between feeding and spawning grounds.
Other services that these environments provide include nesting (e.g. grey teal Anas
gracilis), spawning (e.g. various species of Galaxiid) and nursery sites, abundant food
and a place to shelter (Kennish, 2002). Common deposit-feeders found in estuaries
include surface-feeding mudsnails, bivalve clams, crustaceans and polychaete worms
(Miller et al., 1996). A portion of the macrophyte production is consumed by birds and
macroalgae production consumed by isopods, with the remaining organic matter entering
the detrital food web broken down by bacteria and fungi (Flindt et al., 1999; Kennish,
2002). The highest trophic-level organisms are represented in estuaries by fish, marine
mammals, molluscs, crustaceans, and wading and shore birds (Kennish, 2002). Despite
the overall high productivity of these systems, the species diversity in the biotic
communities is limited by the wide fluctuations in environmental conditions and
extensive anthropogenic impacts (Kennish, 2002).

National Status and Management of New Zealand Estuarine Systems
Estuaries and associated coastal environments are found in a number of countries
including Australia, Mexico, Brazil, Uruguay and New Zealand (Haines et al., 2006).
There have been many studies undertaken on different aspects of coastal estuarine
systems globally, but relatively few in a New Zealand context, despite their relative
abundance along our coastline (Lill et al., 2011b). A topographical study (McLay, 1976)
identified 301 estuarine and lagoon systems along the coastline of New Zealand.
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Research devoted specifically to New Zealand’s estuaries with intermittent connections
to the sea is limited (Schallenberg et al., 2010), and further study is necessary on the
physical, chemical and ecological aspects to allow appropriate framework for coastal
managers (Kirk & Lauder, 2000; Kjerfve, 1994). The management of New Zealand’s
estuaries falls into two categories: governance is held by central and regional authorities,
with conservation initiatives often undertaken by various interest groups including landholders, community groups and iwi.

Project Purpose
This study examined a number of estuarine systems in East Otago (Figure 1), with a
particular focus on the physicochemical environment and the composition of the
biological community. Research linking the chemical, physical and biological properties
of estuarine systems is essential to provide improved understanding of ecosystem
functioning and how environmental variables may be changing over time. This study
used chemical measures, identifying gradients along which biological measurements
could be compared.
A study of estuaries in Otago by Lill et al. (2011b) identified 10 permanently open and
16 intermittently closed systems in the coastal Otago region. Coastal systems in East
Otago are affected by multiple anthropogenic impacts including agricultural
intensification, urban development, industrial processes and, in some cases, extensive
structural modifications (MacTavish, 2010; Wildland Consultants, 2009). This project
examined these by identifying the variability in the physical and chemical environments
of estuaries in East Otago.
The estuarine systems selected for this study were selected for their presence in the area
of East Otago. They are characteristic of other estuarine coastal systems in the Otago
region and are comparable with systems found both nationally and globally that span a
gradient in physical, chemical and biological conditions. The study comprised two
examples each of closed, intermittently open and permanently closed estuarine systems
(Table 1) located along the East Otago coast (Figure 1) and compared the variability in
the chemical, physical and biological communities between each site and regime type.
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Figure 1: Map of study sites along East Otago coast.
Table 1: Summary of estuarine site connectivity with the marine environment.
Site

System Description

Hawksbury Lagoon –Post Office Creek

Intermittently/Seasonally Open

Hawksbury Lagoon 2

Closed *

Hawksbury Lagoon 3

Closed *

Pleasant River Estuary

Permanently Open

Waikouaiti River Estuary

Permanently Open

Andersons Lagoon

Intermittently/seasonally Open

*connected to Hawksbury Lagoon – Post Office Creek via a culvert. Culvert blocked
except for during/after large rainfall events when water level threatens houses.

Study Sites
Hawksbury Lagoon
The Hawksbury Lagoon (Matainaka) is a highly modified, partly-tidal body of water
located adjacent to the township of Waikouaiti (Figure 2). During the late 1800s and early
1900s the lagoon underwent major structural modifications, primarily with the
construction of causeways and also a significant reduction in total area (MacTavish,
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2010). This body of water has cultural significance as it has been an important site for
mahinga kai (traditional area for food gathering). In recognition of this significance Kai
Tahu hold a fishing easement within the lagoon. The lagoon has historically been
considered a breeding ground for native migratory galaxiid fish and other aquatic fish
and birds (Prebble & Mules, 2004). The Hawksbury Lagoon is formally under the
jurisdiction of the Department of Conservation to be managed as a Wildlife Reserve,
however the day-to-day oversight of the Hawksbury Lagoon is currently undertaken by
the Hawksbury Lagoon Society, a group of volunteers who have undertaken the task of
improving the lagoon’s water quality, habitat and recreational value.
Hawksbury Lagoon has been modified by land reclamation, hydrological controls,
residential development and the construction of two causeways that divide the lagoon
and limit water movement (Wildland Consultants, 2009). The Hawksbury Lagoon
consists of two shallow eutrophic lakes divided from an estuarine environment by two
causeways (Mitchell & Wass, 1996). The lagoon has a surface area of approximately 40
hectares and receives terrestrial water inputs from a 1600-hectare catchment,
predominantly through Post Office Creek (MacTavish, 2010; Mitchell & Wass, 1996).
The benthic vegetation has been observed as being dominated for extended periods by
filamentous green algae, which grow into thick mats, periodically reaching the lagoon
surface (Mitchell & Wass, 1996). The lagoon water has a low salinity (1-13‰) (Ogilive
& Mitchell, 1998) with little saline input due to the mouth of the lagoon becoming
frequently blocked. If a mouth breach does not occur through natural processes it is
mechanically opened to the sea when the lagoon water level reaches a height sufficient
to threaten surrounding residential properties (Wildland Consultants, 2009). The
modifications have left the Hawksbury Lagoon in a state described by MacTavish (2010,
p. 5) as “transitional between estuarine lagoon and freshwater wetland” (Figure 3).
Some research has been undertaken on various aspects of the Hawksbury Lagoon.
Mitchell and Wass (1996) studied the contribution black swans (Cygnus atratus) made
to the overall nutrient status. They found that the daily nutrient input from swan faeces
accounted for less than 1% of the existing nutrient pool and were inconsequential to the
nutrient status. Schallenberg and Sorrell (2009) classified the Hawksbury Lagoon as
having repeated shifts between macrophyte and phytoplankton domination. In addition,
they found Hawksbury Lagoon to be characterised by low inorganic nitrogen
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concentrations and high dissolved reactive phosphorous concentrations. A study
undertaken in 2012 by Desmond et al. (2013) found minor localised levels of sediment
metal contamination in the Hawksbury Lagoon, which they deemed unlikely to be solely
responsible for previous plant mortality or the current degraded state. The Hawksbury
Lagoon system was broken into three sites for the purpose of this study, as pictured in
Figure 2.

Figure 2: Proximity of each study site within Hawksbury Lagoon.

Figure 3: Photograph, looking north-west, showing the Hawksbury Lagoon outlet to
Waikouaiti Beach (photo; Eileen Foote April 2012). Hawksbury Lagoon 2 and 3 are
‘closed sites’. Hawksbury Lagoon - Post Office Creek has an intermittent connection
with Waikouaiti Beach and contains a source of freshwater.
12

Andersons Lagoon
Andersons Lagoon (Figure 4) (also known as Stony Creek Lagoon) is located towards
the coast from Palmerston township, along the east coast of the South Island. The lagoon
is predominantly closed with respect to the marine environment but does breach naturally
after periods of high rainfall. The land-use within the Andersons Lagoon catchment is
comprised of agriculture, primarily sheep and beef farming (Desmond et al., 2013). There
are few residential dwellings located within the catchment. Andersons Lagoon is not well
known regionally and is not featured by the Otago Regional Council as a significant
wetland; the only study site included within this study that does not have this designation.
Recreational activity that takes place within and around Andersons Lagoon includes duck
hunting, fishing and use of a popular walking track.

Figure 4: Andersons Lagoon (intermittently open/closed), looking north-west (photo;
Eileen Foote April 2012).
Pleasant River Estuary
The Pleasant River estuary (Figure 5) is located on the east coast of the South Island,
north-east of the township of Waikouaiti. The Pleasant River estuary maintains a
permanent connection to the greater marine environment. The Pleasant River estuary is
described by the Otago Regional Council as having a ‘high degree of naturalness’. Both
the Dunedin City District Plan and the Waitaki District Plan recognise that this is a site
of

significant

conservation

value

(www.orc.govt.nz/Information-and-

Services/Wetlands-Inventory/Waitaki-District/Pleasant-River-Estuary-WetlandComplex/ 29.5.13). The Pleasant River estuary catchment is comprised of primarily
agricultural industry including dairy, sheep and beef. There is a low-density housing
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development in progress on the south side of the estuary. The estuary provides
recreational opportunity including walking, boating, fishing, shellfish gathering and
ornithology.

Figure 5: The Pleasant River estuary (fully open) looking north-east (photo; Geoff Foote
June 2014).
Waikouaiti River Estuary
The Waikouaiti River mouth is located at the settlement of Karitāne on the east coast of
the South Island and maintains a permanent connection to the greater marine
environment. The wider Waikouaiti River estuary catchment is comprised of agricultural
industry consisting of dairy, beef, sheep and poultry. The immediate catchment is
surrounded by a relatively high degree of residential housing, containing the Waikouaiti,
Hawksbury and Karitāne townships. The estuary is dissected by transport infrastructure
(roading and the main railway line) and is used recreationally by boaters and fishermen.
The Waikouaiti River estuary (Figure 6) is described by the Otago Regional Council as
having a ‘high degree of naturalness’. The Dunedin City District Plan recognises this site
as having significant conservation value (http://www.orc.govt.nz/Information-andServices/Wetlands-Inventory/Dunedin-District/Waikouaiti-River-Estuary-WetlandComplex/ 29/5/13). The Waikouaiti River estuary is a site recognised as an important
area for mahinga kai. Customary fishing protection, mātaitai, was granted in July 2016,
prohibiting commercial fishing in the area.
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Figure 6: Looking west up the Waikouaiti River estuary (fully open) (photo; Eileen Foote
April 2012).

Thesis Structure
Chapter Two; Environmental Characteristics: Physical and Chemical Status of East
Otago Estuarine Water Physicochemistry and Sediment Structure.
Estuaries have varying nutrient, temperature, pH, salinity, dissolved oxygen
concentrations and sediment composition, which are highly dependent on the opening
regime they are subjected to. It is widely recognised that collecting physical and chemical
data on estuarine ecosystems is important in determining the habitat type each individual
system provides and in assessing the ability of the biological community to inhabit the
system.
The aim of this chapter is to characterise and compare the chemical and physical
environments among coastal estuarine systems in East Otago. Twelve months of data on
physical aspects of the environments was collected using mobile and fixed recorders, and
sediment cores were taken to quantify sediment grain size. Chemical measures included
the analysis of nutrient concentrations from water samples.
Chapter Three; Biological Characteristics: Primary Producers in East Otago Estuarine
Systems.
Biological activity from primary producers constitutes the base of estuarine food webs.
In shallow water, benthic vegetation forms the foundation for community structure and
functioning of the ecosystem; vegetation is especially important for stabilising the
sediments and maintaining a clear-water state.
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The aim of this chapter is to compare taxonomic groupings and biomass (density) of
primary producers among East Otago estuaries. Macroalgae and phytoplankton data were
analysed for two seasons and chlorophyll α collected on a seasonal basis.
Chapter Four; Biological Characteristics: Macrofaunal Assemblages in East Otago
Estuarine Systems
Macrofaunal assemblages are an important functional component of estuaries. The
density, biomass and diversity of species inhibiting coastal ecosystems is highly
dependent on the productivity of primary producers and the variability of environmental
parameters.
The aim of this chapter is to compare and contrast the diversity and abundance of
macrofaunal assemblages among East Otago estuaries. Sediment grain size analysis
provided links between the substrate and the macrofaunal community residing on or
within it.
Chapter Five. Research Outcomes for East Otago Estuaries, Study Findings,
Management Implications, Limitations and Future Research Opportunities
This aim of this chapter is to provide a summary of the key findings from the research
undertaken for each East Otago estuary. Also discussed is an assessment of the study
structure, methodology, management implications and opportunities for future research.
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Chapter Two. Environmental Characteristics: Physical and
Chemical Status of East Otago Estuarine Water Physicochemistry
and Sediment Structure
Introduction
The ecological effects associated with anthropogenic activities and the predicted effects
of climate change have increased the importance in understanding the relationships
between physicochemical characteristics and the functioning of coastal ecosystems.
Understanding these physicochemical variables enables the development of plans to
maintain and/or enhance biodiversity, while monitoring for and mitigating further
degradation (Chuwen et al., 2009). Research has focused on conservation initiatives that
remediate deleterious effects of degradation in coastal estuarine systems (Edgar et al.,
2000) and on the physicochemical properties of individual estuaries (e.g. Chesapeake
Bay; Kemp et al., 2004) or estuaries of similar morphology and water regime (e.g.
'Coastal Lagoons'; Kormas et al., 2001). Often this research has entailed a comprehensive
examination of estuary functioning.
Literature on the physicochemical relationships between various estuary types is scarce
and consequently there is relatively poor understanding of these coastal ecosystems
(Cooper, 2001). Some studies have been undertaken in Australia (e.g. Chuwen et al.,
2009; Pollard, 1994) and South Africa (e.g. Harrison, 2004), including sites that span the
full range, or comparisons between multiple types, of estuarine systems. These include
methods for which data were collected through constant monitoring over a period of time,
a one off ‘snap-shot’ or repeated snap-shots. Despite the range of estuaries that exist in
New Zealand, there are few data that describe the physicochemical characteristics of all
estuary types from permanently open to normally closed (Chuwen et al., 2009). When
examining the Otago coastline, intermittently open estuaries are widespread, but their
importance has often been overlooked in favour of more common and larger open
estuaries (Lill et al., 2011a). A set of guidelines has been produced by the Australian and
New Zealand Environment and Conservation Council and Agriculture and Resource
Management Council of Australia and New Zealand (2000), which sets out thresholds
and limits for freshwater and marine ecosystems that can be used by researchers,
environmental consultants and water quality managers to compare systems against.
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Estuarine systems are particularly at risk because of their proximity to intensive low-land
farming. There is currently an opportunity to gather data on New Zealand’s coastal
systems in light of projected increases in land-use intensity, climate change and their
combined effects on the quality and function of these ecosystems. In order to monitor
changes in an ecosystem over time, data describing existing conditions needs to be
collected. Key water quality indicators include salinity, temperature, pH, dissolved
oxygen, and the nutrients nitrogen and phosphorous. Whilst none of the sites included in
this study can be classified as ‘pristine’, the collection of data will form an important
physicochemical baseline from which to monitor environmental characteristics in the
future.
pH
Changes to pH levels in estuaries are coupled to changes in salinity, photosynthetic
processes and dissolved oxygen cycles (Ringwood & Keepler, 2002). In addition to
physical processes (e.g. tides, turbulence, mixing and currents) the spatial and temporal
variability of pH is also influenced by biogeochemical processes (e.g. photosynthesis,
respiration, dissolution, and calcification) (Aufdenkampe et al., 2011). Freshwater pH is
controlled by ions derived from the weathering of inland soils and rocks (Weissel &
Stadler, 2006). pH is also thought to express the net effects of multiple parameters
(including salinity, dissolved oxygen, nutrients, turbidity and temperature) on overall
water quality (Ringwood & Keepler, 2002). The pH of coastal waters is of great
importance to the biology of the ecosystem as it has an influence on the functioning,
productivity, growth and survival of inhibiting organisms (Provoost et al., 2010).
Salinity
A defining aspect of estuaries is their relationship with the marine environment, and
salinity values are a useful indicator of the degree of connectivity. The amount of
freshwater discharge and marine tidal influence determines the salinity of a system,
which in turn impacts the physiological functioning of all estuarine organisms (Hayward
et al., 2004; Sklar & Browder, 1998). Salinity is a measurement of the osmotic
environment that organisms experience. The rate of change, magnitude and duration of
exposure to salinities beyond tolerance levels determines the stress an organism
encounters (Wing & McLeod, 2007). In estuarine ecosystems, the faunal community and
the supporting primary producers are impacted by the total range (fluctuations) of salinity
over different time scales; most commonly annual, monthly and daily means. These
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values change according to seasonal, extreme climatic and storm events (Hayward et al.,
2004).
Temperature
Temperature is an important element in regulating productivity in natural systems and
can fluctuate on diel, tidal and seasonal scales. However, the effects of temperature on
coastal environments can be difficult to separate from the simultaneous influence of
nutrient concentration and light (O'Donohue & Dennison, 1997). Temperature is tightly
coupled with dissolved oxygen saturation; as temperature increases, dissolved oxygen
solubility decreases (Best et al., 2007). Temperature also controls metabolic rates. For
example, as temperature increases, the rate of productivity and microbial decomposition
increases (and hence nutrients are utilised or regenerated respectively) (Kemp &
Boynton, 1984).
Dissolved Oxygen Concentration
The availability of dissolved oxygen is closely related to the productivity of a system
(photosynthesis), the rate of organic matter recycling (metabolic processes) and daily
tidal cycles (Ringwood & Keepler, 2002). Oxygen is supplied to estuarine systems
through photosynthetic production and through gaseous exchange across the interface
between water and air (Best et al., 2007). The balance between the flux of bioavailable
carbon and the rate at which heterotrophic bacteria consume oxygen determines the
dissolved oxygen concentration (ANZECC, 2000).
Fluctuations in salinity and temperature are natural physical processes that can also
influence the concentration of dissolved oxygen, specifically its solubility in the marine
environment (Best et al., 2007). These elements vary on a daily and seasonal basis.
Hypoxic (oxygen limited) conditions can kill organisms or subject them to sub-lethal
stressors that affect their growth, reproduction, and predation risk, or can force migration.
Long-term hypoxia equates to the loss of available habitat (Vaquer-Sunyer & Duarte,
2008).
Nutrient Source
The productive nature of estuaries is reliant on externally supplied or ‘new’ nutrient
inputs (Paerl, 2006). Nutrients are carried into estuaries via various pathways including
precipitation, wetland run-off, sewerage systems, tidal exchange and freshwater inflows
(Gillanders & Kingsford, 2002). These inputs largely enter estuarine systems during
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periods of rainfall (Underwood & Kromkamp, 1999), accumulating along hydrological
gradients from streams, through rivers and finally into estuaries (Childers et al., 2006).
Nitrogen inputs originate from agricultural fertiliser application and from fossil fuel
emissions, and is the limiting nutrient for primary producers in coastal waters (Vitousek
& Howarth, 1991). Phosphorous originates from fertiliser and from municipal and
industrial wastewater (Conley et al., 2009b), and is the limiting nutrient in freshwater
systems (Schindler, 1977). As nutrients move along the freshwater-to-marine gradient
they are utilised and recycled (Eyre & Balls, 1999). All aquatic ecosystems can be
described with reference to their supplies of growth-limiting nutrients; eutrophic waters
have relatively large supplies of nutrients compared to oligotrophic waters with relatively
poorer nutrient inputs (Smith et al., 1999). Estuaries are becoming exposed to excessive
enrichment, which can lead to the disproportionate production of organic matter that fuels
microbial decomposition, consuming oxygen and thus decreasing dissolved oxygen
levels and impairing the growth and survival of other biotic life (Paerl, 2006).
Freshwater
Freshwater entering an estuarine system often originates from a variety of sources
including riverine, agricultural run-off, industrial, sewage and urban storm water outfalls
(Gillanders & Kingsford, 2002). The climate of an area dictates precipitation and
evaporation, and subsequently the amount of freshwater input. This variability can be
stochastic or can be predicted on diel, seasonal or annual timescales (Gillanders &
Kingsford, 2002). Changes in the source, timing and velocity of freshwater entering
coastal systems influences water chemistry (salinity and water temperature), sediments,
nutrients (nitrogen and phosphorous), dissolved oxygen and concentrations of pollutants
(Gillanders & Kingsford, 2002; Loneragan & Bunn, 1999).
Changes in these variables can directly affect the abundance, distribution, recruitment,
growth, movement, mortality and fecundity of organisms inhabiting estuarine areas
(Gillanders & Kingsford, 2002; Kennish, 2002). Seasonal or annual variation in
freshwater input largely determines the frequency of estuary mouth opening and closure
in intermittently open systems, and subsequently controls the recruitment and emigration
ability of estuarine organisms (Loneragan & Bunn, 1999). All estuarine sites selected for
the current study are located within the same geographic location. The amount of
freshwater entering these sites is determined by the catchment size and land-use change
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(e.g. Waikouaiti River estuary has a large, predominantly agricultural catchment
compared to the relatively smaller, urbanised catchment of the Hawksbury Lagoon).
Sediment Characteristics
Estuaries are positioned at the interface of marine and fluvial sedimentological processes.
Estuarine sediments therefore reflect the relative balance between these processes, the
nature and intensity of which varies considerably (Cooper, 2001). Particle size influences
important properties of estuarine systems including chemical reactivity, susceptibility to
entrainment, transport and deposition (Blott & Pye, 2012). Sediment entering estuaries
often contains organic matter that can cause eutrophication and hypoxia (Best et al.,
2007).
Sediment entering estuaries can influence the structure and diversity of algal assemblages
and the abundance and composition of fauna (Gillanders & Kingsford, 2002). The extent
of increased sediment loads from terrestrial sources affect habitat structure and can
determine the suitability of habitats for organisms inhabiting coastal systems (Thrush et
al., 2004). Sediments reaching estuaries are generally comprised of fine silts and clays.
These particle sizes can directly affect the function of suspension feeders by clogging
their feeding structures, which then need to be cleaned; a process that requires energy
(Thrush et al., 2004).
The parameters listed above greatly influence the habitat provided to organisms that are
exposed to natural extremes in temperature, salinity, dissolved oxygen and pH. These
extremes can occur over short time scales (Aufdenkampe et al., 2011). Gillanders and
Kingsford (2002) concisely define environmental impacts as “an alteration in the ecology
or physiology of some members of an assemblage caused by a perturbation or
disturbance”. This could be an instantaneous ‘pulse’ (e.g. flood event), a non-fatal event
from which an organism can respond and return quickly to pre-impact conditions, or a
sustained ‘press’, which could result in reduced populations or even local extinction for
some species (e.g. prolonged entrance closure). Organisms can either respond to these
impacts using mechanisms to negate any effect or encounter the potentially fatal
consequences. The physical and chemical properties used in the present study to
characterise these environments were selected for their importance to the ecology of the
system, and their predicted ability to strongly influence the composition and assemblage
structure of inhabiting communities.
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Chapter Aims
The present study aimed to characterise and compare the physicochemical characteristics
of East Otago estuaries with varying degrees of marine connectivity. Data collected on
physicochemical attributes will provide a platform from which further data on primary
producers and the benthic community presented in the following chapters can be related
to.
Research Question: Does the physicochemical characteristics in East Otago estuaries
show changes based on the degree of marine connectivity?

Methods
For a map of site locations, refer to chapter one, ‘East Otago Study Sites’ (Figure 1).
Continuous Temperature Measurement
Hobo light and temperature loggers (Onset Computer Corporation, Massachusetts) were
placed in areas where the sensor would remain submerged year round and throughout the
tidal cycle for water measurements. To standardise readings among sites, each logger
was fixed to a stand approximately half a meter long, connected to a stake, and the cross
bar was positioned in a northwards direction (Figure 7A). A second logger was fixed on
top of a different stake in close proximity, in an unshaded area, to take atmospheric
readings of temperature (Figure 7B). Temperature was set to be logged every 10 minutes.
Loggers were checked for interference (debris) and data downloaded regularly using
HOBOware® software (Onset Computer Corporation, Massachusetts).
Measurements of Temperature, Salinity, Dissolved Oxygen and pH.
Measurements of temperature, salinity, dissolved oxygen, and pH were taken using a
hand-held Horiba U51 multi-parameter water quality meter (Horiba Ltd, Minami-Ku
Kyoto, Japan) at approximately fortnightly intervals throughout the period December
2012 until November 2013. A stake was used to mark the site from which these
parameters were measured. Five random points along a 20 meter transect were chosen,
and a random distance out from the transect was determined. The same five points along
the transect were used for the duration of the study. In the case of tidal sites, all efforts
were made to ensure measurements were taken during an out-going tide or low tide. The
Horiba U51 multi-parameter water quality meter was calibrated prior to each sampling
period.
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All sites were measured in a random order on the same day, during the morning if tides
allowed. Any changes and general observations were made about each site fortnightly in
parallel with the environmental measurements. These observations included the time of
day data were collected, time of low tide, observations on the weather, if the site was
open/closed with respect to the coast, and water depth at each sample point.
Rainfall
Rainfall data were collected fortnightly between December 2012 and November 2013 at
Flag Swamp (latitude; -45.547608, longitude; 170.668492). This location was central to
all sites and thus provided a general estimate of rainfall for the study area. This data was
collected using a Rain-O-Matic (PRONAMIC, Ringkobing, Denmark) digital rain gauge,
machine calibrated with 1mm resolution.
Nutrient Analysis: Ammonium, Phosphate and Nitrate
Plastic containers for collecting and storing nutrient samples were soaked in 3% Decon
90 solution, then rinsed in high purity (18.2 MΩ cm at 25 °C) Milli-Q™ water and acid
washed by submersion in a 10% HCL acid bath for a minimum of 12 hours. Plastic
containers were removed from the acid bath and placed in Milli-Q™ water, rinsed three
times in Milli-Q™ water and dried. Dried containers were sealed and packaged into a
clean plastic bag ready for use.
Water samples were collected in a 50ml tube at all sites at the time and location of other
physical parameter measurements. Immediately after collection these tubes were placed
in a thermally insulated container with ice packs. After all sites were sampled the water
was filtered through Whatman™ GF/C 25mm glass filter fibre papers into a 10ml tube
suitable for further processing. Samples were frozen for analysis. Three samples from
each sampling event for each site were analysed for nitrate, ammonium, and phosphorous
using a QuickChem 9000 Automated Ion Analyser (Lachat Instruments, Milwaukee,
USA).
Sediment Particle Size and Organic Content
Sediment samples were collected on the 22nd and 25th of January 2013 from ten points at
each site, selected randomly from a 30 meter transect line (collected simultaneously with
the biological cores). A core of five centimetre diameter was taken to a depth of five
centimetres and placed in a bag, and frozen for further analysis. Due to time constraints,
only five samples from each site were randomly chosen for particle size and organic
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content analysis. The remaining samples were retained for analysis at a future time if
necessary.
Samples for sediment particle size analysis were pre-treated in preparation for dry
sieving. Approximately two tablespoons of thawed, homogenised sediment was placed
into a clean, dry, pre-weighed beaker. To remove the organic content from each sample
30ml of 30% hydrogen peroxide was added, stirred well and left overnight on an orbital
shaker. An additional 30ml of 30% hydrogen peroxide was then added and heated to
40°C to remove any remaining organic material. Then 30ml of 10% hydrochloric acid
(HCl) was added to each beaker to remove any inorganic carbon and left on an orbital
shaker overnight. A mild base (sodium hydroxide) was added to neutralise the HCl. Then,
20ml of 5% sodium hexa-metaphosphate (5% (NaPO3)6) was added to disperse any
aggregates and each sample was stirred continuously for 15 minutes.
Each sample was thoroughly washed through a 63 micron sieve using distilled water.
Material that passed through the sieve was collected and filtered through a pre-weighed,
labelled filter paper. Filter papers were placed into an oven at 30°C and weighed after 72
hours when sediment was dry. The material that remained on the 63 micron sieve was
placed into a clean, dry, pre-weighed, pre-labelled beaker and placed into an oven at 30°C
until dry (approximately 72 hours).
For dry sieving of the coarse material, the following sieve sizes were selected based on
the phi scale that correlates to sediment classes; 63µm, 125µm, 250µm, 500µm, 1mm
and 2mm (Table 2). All sieves were carefully cleaned with compressed air and weighed
prior to sieving. The dried coarse material was weighed, placed at the top of a sieve stack
and left for 15 minutes in the shaker, and then each sieve was carefully weighed.
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B

C

Figure 7: Temperature logger set up at Andersons Lagoon. (A) A ‘water’ logger attached
to a stand perpendicular to stake (photo; Chris Hepburn, February 2013). (B) A ‘land’
logger attached to a stake. (C) The proximity of loggers to one another; stake with water
logger attached (underwater) and land logger (on bank).
Table 2: Sediment particle size classification adapted from Blott and Pye (2012, Figure
3, Page 2077) showing relationship between phi scale, measurement and physical
description based on Wentworth scale.
Phi Scale

Measurement

Description

-2

2 mm

Very Fine Gavel

-1

1 mm

Very Coarse Sand

0

500 µm

Coarse Sand

1

250 µm

Medium Sand

2

125 µm

Fine Sand

3

63 µm

Very Fine Sand

4

<63 µm

Silt and Clay (Mud)

A further sediment sample was taken from the same homogenised cores used for organic
content analysis using the ‘percent loss on ignition’ method. A small amount of sediment
(approximately 30 grams) was oven dried, placed in a pre-weighed, labelled crucible and
dried for one hour at 105°C to remove moisture. Samples were placed in a desiccator
until cool enough to handle and weigh. Samples were then returned to the furnace for
two hours at 450°C, placed in a desiccator until cool and then weighed.
Statistical Analysis
The physicochemical parameters for each site is presented in line graphs, whereby each
data point is the mean value including measurements of variation (standard deviation)
around the sample mean.
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Box plots of water parameters, organic content, and nutrients were graphed using IBM
SPSS Statistics 22 (International Business Machines Corp, New York).
To test for differences between physicochemical parameters between East Otago
estuaries, PERMANOVA in Primer 6 (Plymouth Routines In Multivariate Ecological
Research: PRIMER-E, Plymouth) and PERMANOVA+ (permutational multi-variate
analysis of variance) software (see Anderson et al. (2008) and Clarke & Gorley (2006)
for details of full statistical methods) were used. Data were pre-treated using a square
root transformation, and a resemblance matrix was constructed to analyse between
samples using a Euclidian distance.
To test for statistical differences in the physicochemical parameters between sites a oneway PERMANOVA was designed, data selected as random and factor selected as site. A
mains PERMANOVA was then undertaken with unrestricted number of permutations of
the raw data. If there was a statistical difference (when p value was less than 0.05) a
pairwise analysis was performed to determine between which sites the difference(s) was.
If there was a significant difference between sites, a second two way PERMANOVA was
designed to test if there were statistical differences between regime type. This
PERMANOVA comprised two factors to test for differences when site was nested within
regime (regime fixed, site random). Both a mains and pairwise analysis was completed
if sufficient statistical significance was shown.

Results
pH
All sites had a range of between one and two pH units. Patterns in pH were seen that
broadly correspond to opening regime. Open sites had the lowest median pH, the median
pH of intermittently open sites was between that of open and closed sites and the highest
median pH was in closed sites (Figure 8). The lowest pH value of 7.11 was measured in
the Waikouaiti River estuary and the highest pH value of 9.88 was measured in
Hawksbury Lagoon 3.
pH values show a similar trend for all sites when observed over time. The site differences
can be observed when focusing on the absolute values (Figure 9). The pH was measured
above the ‘normal’ threshold of pH 8.5 on a couple of occasions in the Pleasant River
estuary and never in the Waikouaiti River estuary. In Andersons Lagoon and Hawksbury
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Lagoon – Post Office Creek pH was above the threshold on over half of the occasions
when it was measured. In Hawksbury Lagoon 2 and 3, pH was measured above the
threshold on most sampling occasions. pH remained high for consecutive sampling
occasions between July and September.

Figure 8: pH measured at each estuary based on 19 sampling events between February
and November 2013. The bold horizontal line is the median value for each site. Bars
indicate 95% CI, asterisk (*) denotes an extreme outlier (three times the range between
the interquartile and quartile). Open circle (o) denotes an outlier between 1.5 and 3 box
lengths from the inter quartile range. Waikouaiti River estuary (WRE), Pleasant River
estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1),
Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Figure 9: Data collected between February and November 2013 comparing mean
fortnightly pH (n=5) with standard error and total fortnightly rainfall. The red dashed line
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indicates pH upper threshold ‘normal’ (8.5) in estuarine environments (ANZECC, 2000).
No data were collected on 18.12.12 due to equipment logistics, and on 22.04.13 due to a
weather (flood) event. Open circles on the graph mark when a breach event occurred and
the mouth was open with respect to the coast. Waikouaiti River estuary (WRE), Pleasant
River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek
(HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
A mains one-way PERMANOVA identified significant differences in pH between sites
(p 0.001) (Table 3). A PERMANOVA pairwise analysis (Table 4) identified significant
differences between the following sites: Waikouaiti River estuary and Andersons Lagoon
(p 0.001), Hawksbury Lagoon – Post Office Creek (p 0.001), Hawksbury Lagoon 2 (p
0.001), Hawksbury Lagoon 3 (p 0.001); between the Pleasant River estuary and
Andersons Lagoon (p 0.002), Hawksbury Lagoon – Post Office Creek (p 0.005),
Hawksbury Lagoon 2 (p 0.001) and Hawksbury Lagoon 3 (p 0.001); between Andersons
Lagoon and Hawksbury Lagoon 2 (p 0.008); Hawksbury Lagoon – Post Office Creek
and Hawksbury Lagoon 2 (p 0.001), and Hawksbury Lagoon 3 (p 0.002). A two-way
mains PERMANOVA did not find any statistical difference (p 0.063) in pH when sites
were nested within regime (Table 5).
Table 3: One-way mains PERMANOVA results table for differences in pH at the level
of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

0.73301

0.1466

Res

108

0.70832

6.5585E-3

Total

113

1.4413

29

22.353

0.001

999

Table 4: One-way pairwise PERMANOVA results table for differences in pH between
sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

1.2654

0.233

997

WRE, AL

5.1565

0.001

997

WRE, HL1

4.1379

0.001

998

WRE, HL2

9.2143

0.001

995

WRE, HL3

7.2821

0.001

999

PRE, AL

4.0931

0.002

997

PRE, HL1

2.8742

0.005

997

PRE, HL2

7.9271

0.001

997

PRE, HL3

6.1747

0.001

997

AL, HL1

1.6368

0.094

996

AL, HL2

2.6965

0.008

999

AL, HL3

1.7286

0.082

997

HL1, HL2

4.9993

0.001

998

HL1, HL3

3.624

0.002

996

HL2, HL3

0.82965

0.414

997

Table 5: Two-way mains nested PERMANOVA analysis to test for differences in pH at
the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

0.70047

0.35024

32.287

0.063

15

Si(Re)

3

3.2542E-2

1.0847E-2

1.6539

0.191

999

Res

108

0.70832

6.5585E-3

Total

113

1.4413

Salinity
The highest salinity value was 34.28 recorded in the Pleasant River estuary during
summer 2012/2013. The lowest salinity value was 0.58 recorded in the Waikouaiti River
estuary during winter 2013 (Figure 11).
There were some notable differences in salinity in the estuarine sites studied. There are
three types of salinity classifications based on the range in salinity; mesohaline (5-18),
polyhaline (18-30) and euhaline (30-40) (Liu et al., 2014). All closed or intermittently
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open sites showed a similar range, with salinities ranging between 1.22 and 23.68
(excluding outliers) and all fall within the range of mesohaline environments (Figure 10).
Both intermittently open sites have a similar range in salinity with the main difference
being Hawksbury Lagoon – Post Office Creek having a lower median.
The difference between open sites is over ten salinity units, with the Waikouaiti River
estuary having more variation than the Pleasant River estuary (Figure 10). The
Waikouaiti River estuary had the largest range of all sites with salinities measured
between 0.58 and 29.84, consistent with meso- and polyhaline conditions. The Pleasant
River estuary had the narrowest salinity range between 30.18 and 34.28 (excluding
outliers) fitting the classification of euryhaline.
Increases in salinity coincided with a lack of rainfall (Figure 11), consistent with
observed decrease in water depth at closed sites, presumably caused by evaporation
(Table 6). Table 6 shows that the average depth recorded in both closed sites decreased
by over 50 percent over the course of the summer.
At all sites, fortnightly salinity values decreased in response to increased rainfall (Figure
11). Following the winter rainfall event, salinity values for Andersons Lagoon increased
substantially due to a breach of the mouth and the input of sea water. In contrast, there
was a mouth breach observed at Hawksbury Lagoon – Post Office Creek at the same time
but salinity values did not increase as a result. Incidents of mouth breaching were more
common in Hawksbury Lagoon – Post Office Creek than in Andersons Lagoon and
occurred outside of high rainfall events (Figure 11).
The salinity of the Pleasant River estuary was different from all other sites as salinity
values were consistently higher. Figure 11 shows how little fluctuation in salinity the
Pleasant River estuary displayed over time. The only change in salinity was recorded
around the flood event. In the other open site, the Waikouaiti River estuary displayed
salinity values that fluctuated over time (Figure 11).
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Figure 10: Range of salinities recorded at each site based on 23 sampling events from
December 2012 until November 2013. The bold horizontal line is the median value for
each site, bars indicate 95% CI, asterisk (*) denotes an extreme outlier (three times the
range between the interquartile and quartile). Open circle (o) denotes an outlier between
1.5 and 3 box lengths from the inter quartile range. Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post
Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Table 6: Change in water depth measured over summer between 4/12/12 and 26/2/13. *
denotes sites which are tidal. Waikouaiti River estuary (WRE), Pleasant River estuary
(PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1),
Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
Site

4.12.12 Depth

26.02.13 Depth

Average decrease

% Change

in depth (cm)
WRE*

45.84

27

18.84

41.1

PRE *

58.9

21.8

37.1

63.0

AL

51.4

31.2

20.2

39.3

HL1

38.2

31.7

6.5

17.0

HL2

15.4

5.3

10.1

65.6

HL3

18.6

8.4

10.2

54.8
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Figure 11: Total fortnightly rainfall (top). Mean fortnightly salinity (n = 5) with standard
error, collected between December 2012 and November 2013. No data were collected on
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18.12.12 due to equipment logistics and on 22.04.13 due to a weather (flood) event. Open
circles on the graph mark when a breach event occurred and the mouth was open with
respect to the coast. Waikouaiti River estuary (WRE), Pleasant River estuary (PRE),
Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury
Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
A one-way mains PERMANOVA identified significant differences (p 0.001) in salinity
between sites (Table 7). A PERMANOVA pairwise analysis identified significant
differences (Table 8) between the following sites: Waikouaiti River estuary and Pleasant
River estuary (p 0.001); between the Pleasant River estuary and Andersons Lagoon (p
0.001), Hawksbury Lagoon – Post Office Creek (p 0.001) and Hawksbury Lagoon 2 (p
0.001); between Andersons Lagoon and Hawksbury Lagoon – Post Office Creek (p
0.046) and Hawksbury Lagoon 3 (p 0.049). A two-way mains PERMANOVA did not
find any statistical difference (0.394) in salinity when sites were nested within regime
(Table 9)
Table 7: One-way mains PERMANOVA results table for differences in salinity at the
level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

92.892

18.578

Res

132

152.52

1.1555

Total

137

245.42
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16.079

0.001

998

Table 8: One-way pairwise analysis for salinity between sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

5.0643

0.001

998

WRE, AL

0.12937

0.897

996

WRE, HL1

1.4186

0.171

998

WRE, HL2

1.1675

0.244

998

WRE, HL3

1.2353

0.232

997

PRE, AL

7.7154

0.001

997

PRE, HL1

8.2723

0.001

996

PRE, HL2

8.8743

0.001

996

PRE, HL3

8.4641

0.001

996

AL, HL1

2.1149

0.046

997

AL, HL2

1.8928

0.063

999

AL, HL3

1.9224

0.049

996

HL1, HL2

0.41279

0.664

997

HL1, HL3

0.27174

0.761

995

HL2, HL3

0.13556

0.886

996

Table 9: Two-way mains for nested PERMANOVA analysis for salinity at the level of
regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

50.444

25.222

1.7825

0.394

15

Si(Re)

3

42.449

14.15

12.246

0.001

999

Res

132

152.52

1.1555

Total

137

245.42

Temperature
Water temperature follows the same trend at all sites when measured once every fortnight
(Figure 12 and Figure 13). When observed at a finer scale, fluctuations in temperature
become apparent (Figure 14). In permanently open sites a diurnal temperature pattern
was observed prior to a winter rainfall event. During the rainfall event, water temperature
remains constant, and returns to follow the diurnal pattern within several days. These
temperature fluctuations show how dynamic intermittently open systems can be. For
example, water temperatures in the Hawksbury Lagoon – Post Office Creek prior to a
rainfall event showed no obvious pattern. During the event there was very little
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temperature variation; after the event (which caused the system to be opened up to marine
input, in this instance, mechanically opened due to flood levels), diurnal variation in
temperature was observed (Figure 14).
At the open sites, temperature variation reflected the tidal cycle, except during the flood
event recorded in July. As the amount of water in the catchment decreased, the tidal
temperature regime was reinstated.
Median temperatures at all sites were similar when measured at fortnightly intervals;
closed and intermittently open sites had slightly higher median temperatures than open
sites (Figure 12). Andersons Lagoon, an intermittently open site, had the widest range of
temperatures with the lowest measured temperature of 4.13°C and the highest of 22°C.

Figure 12: Temperature readings for each estuary based on 23 sampling events from
between December 2012 and November 2013. The bold horizontal line is the median
value for each site. Bars indicate 95% CI, asterisk (*) denotes an extreme outlier (three
times the range between the interquartile and quartile). Open circle (o) denotes an outlier
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between 1.5 and 3 box lengths from the inter quartile range. Waikouaiti River estuary
(WRE), Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon –
Post Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Figure 13: Fortnightly water temperature measurements (n=5) from between December
2012 and November 2013. No data were collected on 18.12.12 due to equipment logistics
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and 22.04.13 due to a weather (flood) event. Data from this flood event (shaded area) is
displayed in Figure 14. Open circles on the graph mark when a breach event occurred
and the mouth was open with respect to the coast. Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post
Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Figure 14: 24 hour temperature readings from 12-25 June 2013, leading up to and
following a significant rainfall event showing water and atmospheric (land) temperatures
for each site. No data were recorded at Andersons Lagoon following the event as the
water level dropped significantly when the lagoon mouth naturally breached. At
Waikouaiti River estuary the water logger was shifted by the flood water and/or debris
and buried under sediment. Waikouaiti River estuary (WRE), Pleasant River estuary
41

(PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1),
Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
No statistically significant differences were detected between sites when temperature was
analysed using a one-way mains PERMANOVA test (Table 10). A two-way mains
PERMANOVA did not find any statistical difference (p 0.06) in temperature when sites
were nested within regime (Table 11).
Table 10: One-way mains PERMANOVA results table for differences in temperature at
the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

0.38677

7.7354E-2

Res

132

66.871

0.5066

Total

137

67.258

0.15269

0.985

998

Table 11: Two-way mains for nested PERMANOVA analysis for temperature at the level
of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

0.28252

0.14126

4.065

0.06

15

Si(Re)

3

0.10425

3.475E-2

6.8595E-2

0.984

998

Res

132

66.871

0.5066

Total

137

67.258

Dissolved Oxygen
The median concentration of dissolved oxygen was similar at each site (Figure 15). The
closed sites (Hawksbury Lagoon 2 and 3) show a wider variation in dissolved oxygen
concentrations than the other regimes. The lowest dissolved oxygen concentration was
2.24mg/L, recorded at Hawksbury Lagoon - Post Office Creek. The highest dissolved
oxygen concentration was 14.58mg/L and was recorded at Hawksbury Lagoon 2. The
lowest dissolved oxygen concentration for each site was recorded during the summer,
with the exception of Andersons Lagoon when it was recorded during November 2013.
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Whilst the box plot shows the total spread of data, the line graphs in Figure 16 shows
dissolved oxygen concentrations over the time scale of 12 months. Hawksbury Lagoon
sites displayed large variations in dissolved oxygen concentration from each sampling
occasion (Figure 16). This variation was prevalent in summer and autumn in Hawksbury
Lagoon. This contrasts the pattern shown over time in the open sites and Andersons
Lagoon, whereby dissolved oxygen has little fluctuation from each sampling occasion.

Figure 15: Dissolved oxygen concentration at each site based on 22 sampling events
between November 2012 and December 2013. The bold horizontal line is the median
value for each site. Bars indicate 95% CI. Open circle (o) denotes an outlier between 1.5
and 3 box lengths from the inter quartile range. Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post
Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Figure 16: Dissolved oxygen (DO) concentrations (n=5) with standard error for each site
with breaching events indicated by open circles. The red dashed line indicates 6 mg/L of
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dissolved oxygen, a biological threshold. Data collected between December 2012 and
November 2013. No data were collected on 18.12.12 due to equipment logistics, 22.04.13
due to a weather (flood) event and on the 18.06.13 due to equipment failure. Waikouaiti
River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon (AL),
Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury
Lagoon 3 (HL3).
No statistically significant differences (p 0.58) were detected between sites when
dissolved oxygen was analysed using a one-way mains PERMANOVA test (Table 12).
A two-way mains PERMANOVA did not find any statistical difference (p 0.602) in
dissolved oxygen when sites were nested within regime (Table 13).
Table 12: One-way mains PERMANOVA results table for differences in dissolved
oxygen at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

0.57184

0.11437

Res

126

18.257

0.1449

Total

131

18.829

0.78931

0.58

998

Table 13: Two-way mains for nested PERMANOVA analysis for dissolved oxygen at
the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

0.13476

6.7378E-2

0.46246

0.602

15

Si(Re)

3

0.43708

0.14569

1.0055

0.384

999

Res

126

18.257

0.1449

Total

131

18.829

Nutrients
Ammonium concentrations remained relatively constant across the year (Figure 17).
Increased nitrate concentration coincided around the mid-year rainfall event and were
elevated at all sites.
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The closed sites displayed similar trends for all nutrients except for the peak in
ammonium. Intermittent sites showed different trends. Andersons Lagoon displayed very
little variation. Hawksbury Lagoon – Post Office Creek showed peaks in phosphate and
nitrate. Open sites showed similarities in nutrient concentrations, although the
Waikouaiti River estuary was slightly more variable in concentrations of ammonium.
The plots in Figure 18 show a similar spread of ammonium data for all sites. Hawksbury
Lagoon – Post Office Creek shows a slightly higher median phosphate concentration than
all other sites but also has a greater spread of phosphate concentrations. Median nitrate
concentrations in Hawksbury Lagoon – Post Office Creek were slightly higher than for
all other sites. All sites contained outliers for nitrate concentrations, with extreme outliers
common for all sites excluding Hawksbury Lagoon – Post Office Creek.
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Figure 17: Ammonium, Phosphate and Nitrate concentrations at each site (n = 3), January
until November 2013. Samples for Hawksbury Lagoon 10.02.13 not analysed.
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Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon
(AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2 (HL2),
Hawksbury Lagoon 3 (HL3).

Figure 18: Ammonium, Phosphate and Nitrate concentration at each site based on 21
sampling events for all sites excluding Hawksbury Lagoon sites for which 20 sample
events between November 2012 and December 2013 were completed. The bold
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horizontal line is the median value for each site. Bars indicate 95% CI. Open circle (o)
denotes an outlier between 1.5 and 3 box lengths from the inter quartile range, asterisk
(*) denotes an extreme outlier (three times the range between the interquartile and
quartile). Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons
Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2
(HL2), Hawksbury Lagoon 3 (HL3).
A one-way mains PERMANOVA identified significant differences (p 0.001) in
ammonium concentration between sites (Table 14). A PERMANOVA pairwise analysis
identified significant differences (Table 15) between the following sites: Waikouaiti
River estuary and Hawksbury Lagoon 2 (p 0.014), Waikouaiti River estuary and
Hawksbury Lagoon 3 (p 0.017), Pleasant River estuary and Hawksbury Lagoon 2 (p
0.005), Pleasant River estuary and Hawksbury Lagoon 3 (p 0.003), Andersons Lagoon
and Hawksbury Lagoon 2 (p 0.038), Hawksbury Lagoon - Post Office Creek and
Hawksbury Lagoon 2 (p 0.027) and between Hawksbury Lagoon - Post Office Creek and
Hawksbury Lagoon 3 (p 0.017). A two-way mains PERMANOVA detected a statistical
difference in ammonium concentration between regime types (p 0.012). A two-way
mains PERMANOVA found a statistically significant difference (p 0.012) in ammonium
concentration when sites were nested within regime (Table 16). However, a two-way
nested pairwise PERMANOVA did not find any statistical difference in ammonium
concentrations between regimes (Table 17).
Table 14: One-way mains PERMANOVA results table for differences in ammonium
concentration at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

12.82

2.5639

Res

117

76.145

0.65081

Total

122

88.965
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3.9395

0.001

998

Table 15: One-way pairwise PERMANOVA results table for differences in ammonium
concentration between sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

2.1508E-2

0.985

998

WRE, AL

0.7452

0.473

998

WRE, HL1

0.60173

0.566

994

WRE, HL2

2.3599

0.014

998

WRE, HL3

2.5855

0.017

998

PRE, AL

0.99984

0.328

998

PRE, HL1

0.89162

0.338

996

PRE, HL2

2.5391

0.005

998

PRE, HL3

3.1559

0.003

996

AL, HL1

0.23912

0.799

997

AL, HL2

2.0231

0.038

998

AL, HL3

2.1292

0.053

997

HL1, HL2

2.1453

0.027

999

HL1, HL3

2.476

0.017

999

HL2, HL3

0.69475

0.531

993

Table 16: Two-way mains for nested PERMANOVA analysis for ammonium
concentration at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

12.129

6.0646

26.161

0.012

90

Si(Re)

3

0.69522

0.23174

0.35608

0.782

999

Res

117

76.145

0.65081

Total

122

88.965

Table 17: Two-way pairwise for nested PERMANOVA analysis for ammonium
concentration at the level of regime.
Groups

t

P(perm)

OPEN, INTERMITTENT

6.9437

0.168

6

OPEN, CLOSED

5.6182

0.163

6

INTERMITTENT, CLOSED

4.5418

0.156

6
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Unique perms

A one-way mains PERMANOVA identified significant differences (Table 18) in
phosphate concentration between sites (p 0.001). A PERMANOVA pairwise analysis
identified significant differences (Table 19) between the following sites: Waikouaiti
River estuary and Pleasant River estuary (p 0.001), Waikouaiti River estuary and
Hawksbury Lagoon – Post Office Creek (p 0.001), Waikouaiti River estuary and
Hawksbury Lagoon 2 (p 0.002), Waikouaiti River estuary and Hawksbury Lagoon 3 (p
0.008), Pleasant River estuary and Andersons Lagoon (p 0.011), Pleasant River estuary
and Hawksbury Lagoon – Post Office Creek (p 0.002), Andersons Lagoon and
Hawksbury Lagoon – Post Office Creek (p 0.001), Andersons Lagoon and Hawksbury
Lagoon 2 (p 0.014), Andersons Lagoon and Hawksbury Lagoon 3 (p 0.03), Hawksbury
Lagoon – Post Office Creek and Hawksbury Lagoon 2 (p 0.007) and between Hawksbury
Lagoon - Post Office Creek and Hawksbury Lagoon 3 (p 0.013). A two-way mains
PERMANOVA did not find any statistical difference (p 0.602) in phosphate
concentration when sites were nested within regime (Table 20).
Table 18: One-way mains PERMANOVA results table for differences in phosphate
concentration at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

27.297

5.4594

Res

117

63.674

0.54423

Total

122

90.972

51

10.032

0.001

999

Table 19: One-way pairwise PERMANOVA results table for differences in phosphate
concentration between sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

4.0681

0.001

995

WRE, AL

0.7717

0.448

999

WRE, HL1

4.3413

0.001

997

WRE, HL2

3.2041

0.002

994

WRE, HL3

2.756

0.008

997

PRE, AL

2.4871

0.011

998

PRE, HL1

3.4981

0.002

998

PRE, HL2

1.287

0.211

999

PRE, HL3

1.0489

0.301

996

AL, HL1

4.1106

0.001

997

AL, HL2

2.6226

0.014

996

AL, HL3

2.2701

0.03

999

HL1, HL2

2.6564

0.007

998

HL1, HL3

2.6562

0.013

996

HL2, HL3

8.8672E-2

0.928

996

Table 20: Two-way mains for nested PERMANOVA analysis for phosphate
concentration at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

7.6926

3.8463

0.57678

0.626

90

Si(Re)

3

20.009

6.6698

12.256

0.001

999

Res

117

63.674

0.54423

Total

122

90.972

A one-way mains PERMANOVA identified significant differences (p 0.002) in nitrate
concentration between sites (Table 21). A PERMANOVA pairwise analysis identified
significant differences (Table 22) between the following sites: Waikouaiti River estuary
and Andersons Lagoon (p 0.007), Pleasant River estuary and Hawksbury Lagoon – Post
Office Creek (p 0.014), Andersons Lagoon and Hawksbury Lagoon – Post Office Creek
(p 0.001), Andersons Lagoon and Hawksbury Lagoon 2 (p 0.005), Andersons Lagoon
and Hawksbury Lagoon 3 (p 0.01), Hawksbury Lagoon – Post Office Creek and
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Hawksbury Lagoon 2 (p 0.035) and between Hawksbury Lagoon - Post Office Creek and
Hawksbury Lagoon 3 (p 0.044). A two-way mains PERMANOVA did not find any
statistical difference (p 0.99) in nitrate concentration when sites were nested within
regime (Table 23).
Table 21: One-way mains PERMANOVA results table for differences in nitrate
concentration at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

52.398

10.48

Res

117

284.85

2.4346

Total

122

337.25

4.3045

0.002

998

Table 22: One-way pairwise PERMANOVA results table for differences in nitrate
concentration between sites.
Groups

t

P(perm)

WRE, PRE

1.2166

0.213

997

WRE, AL

2.7818

0.007

995

WRE, HL1

1.248

0.231

996

WRE, HL2

0.85251

0.415

999

WRE, HL3

0.91414

0.331

998

PRE, AL

2.0025

0.064

995

PRE, HL1

2.4182

0.014

995

PRE, HL2

0.56815

0.583

998

PRE, HL3

0.41685

0.676

999

AL, HL1

3.7425

0.001

996

AL, HL2

3.0666

0.005

999

AL, HL3

2.648

0.01

999

HL1, HL2

2.137

0.035

998

HL1, HL3

2.1613

0.044

997

HL2, HL3

0.13259

0.889

997
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Unique perms

Table 23: Two-way mains for nested PERMANOVA analysis for nitrate concentration
at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

1.1005

0.55024

3.2046E-2

0.99

90

Si(Re)

3

51.519

17.173

7.0537

0.002

997

Res

117

284.85

2.4346

Total

122

337.25

Sediment Particle Size and Organic Matter
Sediment particle size changed in accordance with estuarine opening regime (Figure 19).
Fine sediments dominated samples from closed systems, while open systems had
sediment composed of a range of fractions including some that were relatively coarse.
Closed sites have very similar sediment compositions, dominated by mud and fine sand
(Table 2 and Figure 19). The sediment in the intermittently open site Hawksbury Lagoon
– Post Office Creek, was dominated almost equally by mud and fine sand with
approximately 10 percent fine sand. Overall, this site had the smallest mean particle size
with more than 50 percent of the sample less than 63 µm in diameter (properties of mud).
Both open sites and Andersons Lagoon had an average particle size of 150 µm (fine sand)
coarser than all sites in Hawksbury Lagoon. Andersons Lagoon sediment samples were
dominated by fine and medium sands and contained a very low percentage of mud. The
sediment at Waikouaiti and Pleasant River estuaries was heterogeneous, but dominated
by fine sand (approximately 30 and 50 percent respectively). The remaining sediment in
the Waikouaiti River estuary comprised every other measured particle size measured.
The remaining sediment in the Pleasant River estuary was evenly spread between
medium sand and finer sand and mud particles.
The organic content of the sediment at all Hawksbury Lagoon sites was relatively high,
particularly at sites Hawksbury Lagoon – Post Office Creek and Hawksbury Lagoon 2
(Figure 20). There was very little variability measured in the organic content of all other
sites.
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Figure 19: The average proportion of sediment particles in each size class at each site (n
= 5). Refer to Table 2 for particle size guide. Waikouaiti River estuary (WRE), Pleasant
River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek
(HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
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Figure 20: Percentage organic content at each site sampled in January 2013 (n = 5). The
bold horizontal line is the median value for each site. Bars indicate 95% CI, asterisk (*)
denotes an extreme outlier (three times the range between the interquartile and quartile).
Open circle (o) denotes an outlier between 1.5 and 3 box lengths from the inter quartile
range. Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons
Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2
(HL2), Hawksbury Lagoon 3 (HL3).

Discussion
Some physicochemical factors indicated differences as defined by the opening regime.
Coastal systems classified as open are for the most part regulated by tidal influences,
meaning there was little observed variation in each of the physicochemical parameters
when measured at fortnightly intervals at a consistent tidal state. In intermittently open
systems, there was no routine freshwater inflow or tidal influence to provide
environmental stability, leading to a more physicochemically variable environment at the
temporal scale sampled, with changes observed leading up to, and after marine breach
events. Coastal systems classified as closed did not show any detectable signs of a strong
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association with the marine environment, with sites having low salinity and typically
higher nutrient concentrations.
pH
The physicochemical variable that best characterised the differences between opening
regimes was pH. The pH increased along the range of open to closed systems with a
consistent difference of at least one pH unit. The guidelines most applicable for fresh and
marine water quality in New Zealand (ANZECC, 2000) state 8.5 as the upper pH
threshold for estuarine sites. Intermittently open sites breached this threshold nearly year
round and sites with intermittently open regimes breached this threshold on more than
one sampling occasion. Sites that were permanently open reached this threshold, but did
not greatly exceed it as observed with the other opening regimes.
pH has not been previously regarded as an important issue in marine ecosystems due to
the high buffering capacity of seawater (Ringwood & Keepler, 2002). However,
fluctuations in pH have recently been recognised as an increasingly important factor due
to the anthropogenic nutrient enrichment of many coastal areas (Pedersen & Hansen,
2003) and the association of climate change with ocean acidification (Duarte et al., 2013).
It is thought that a highly productive environment (such as the phytoplankton bloom
events in closed sites) combined with a net production of oxygen during the daytime can
produce high pH conditions (Ringwood & Keepler, 2002).
Increases in pH can cause physiological difficulties for biota at a level of pH change as
small as 0.2 – 0.5 pH units (Ringwood & Keepler, 2002). Despite this, many different
taxa of marine phytoplankton have been found to grow in high pH conditions. The most
common marine phytoplankton species found to co-occur with high pH in nature are
dinoflagellates (Pedersen & Hansen, 2003). Previous observations in coastal habitats
have shown site-specific diel, semi-diurnal and stochastic patterns in the pH environment
of varying amplitudes (Duarte et al., 2013). As the sampling of pH was limited to
fortnightly intervals, there is essentially a temporal knowledge gap whereby pH could
change rapidly over hours or at a slower rate over days (a large fluctuation in pH between
sampling occasions in intermittently open and closed systems was observed). Any future
research could look at pH fluctuations over shorter timescales (such as those detailed by
Duarte et al. (2013)).
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Salinity
There is a general theory that as confinement of estuaries in New Zealand increases,
salinity decreases (Hayward et al., 2004). This is true for salinity patterns observed over
the course of this study. The salinity at open sites was generally higher and less variable
than at sites with closed and intermittently open regimes. The exception to this
observation is Andersons Lagoon, an intermittently open system, where salinity values
remained virtually constant (with the exception of measurements taken during a marine
breach event, which rapidly returned to pre-breach salinity levels). The constant salinity
at Andersons Lagoon may be influenced by the size and depth of the system, both of
which were greater than that of any Hawksbury Lagoon sites. All closed regimes
exhibited decreased salinity after the June rainfall event. Over time (a couple of months)
the salinities at these sites returned to approximately the same pre-rainfall level. Open
sites showed the largest change in salinity following this event. Salinity values below
five were measured at closed sites following the significant June rainfall event and these
conditions persisted for several months (July to mid-September 2013).
A statistically significant difference in salinity was found between permanently open and
intermittently closed estuaries along the Otago coastline by Lill et al. (2011b) with open
and intermittently open estuaries having an average salinity of 23.9 and 7.8 respectively.
Hawksbury Lagoon was found to have salinities ranging from 1-13 in a study completed
by Ogilive and Mitchell (1998); the upper range for salinity in Hawksbury Lagoon in the
current study was found to be in the early 20s (Figure 10). Both of these older studies
have salinity values that are slightly lower than the salinity measured in the systems in
this study, but the absolute difference between systems was similar. Such a difference
could be attributed to a variety of influences including the duration of sampling (across
a year versus a smaller timeframe), equipment calibration, total number of sites averaged
or wet atmospheric conditions leading up to or during data collection.
Chuwen et al. (2009) states that lowered or declining salinity is associated with a closed
mouth; as riverine discharge accumulates within the system, salinity gradually dilutes.
Saline water can enter a system via overtopping of the barrier, seepage through or a
complete breach of the estuary barrier. Each method resulting in a natural increase in
salinity can be used to model the salinity profile of intermittently open systems over time
but in closed estuaries the mouth, by definition, was never open so it is likely that seepage
through the substrate would account for increases in salinity. An alternative theory to
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account for the observed increases in salinity between February and April (2013) in
closed systems, is that salinity increases were not as a result of marine input but rather
coincided with a period of low rainfall and high temperatures, and therefore salinity
increased as a result of evaporation.
The shift in salinity values between pre- and post- (or during) rainfall events from
consistently high (in comparison to other regimes) to the sharp declines is likely to be as
a result of the catchment properties. Both open sites had the largest catchments and
therefore collected a large volume of freshwater that was flushed out through the estuary
mouths, briefly disrupting the tidal regimes (shown clearly in the temperature values in
Figure 14), which were re-instated as the flood waters diminished.
Salinity varies on a daily basis in environments that are open to tidal exchange cycles
and which episodically experience rain events (Ringwood & Keepler, 2002). A limitation
of the data collection in the present study is that salinity was never measured at regular
intervals over the course of a tidal cycle (or multiple cycles) at any of the sites, due to
financial and time restraints. The impact of rain events and subsequent catchment
discharge was, however, captured at a level that showed differences in salinity between
systems.
Fluctuations in salinity can affect the structure of marine communities due to salinity
changes within estuaries (gradient from marine to fresh water) and the associated
physiological stress (Teske & Wooldridge, 2003). Marine biota are most vulnerable to
the impacts of low salinity during heavy rainfall and subsequent flood events. Waters
with prolonged salinity values of between 3 and 5 units are likely to support species-poor
communities (Wing & McLeod, 2007).
Temperature
Due to the effect of tides, it was expected that temperature would differ between regimes,
which would be most pronounced during the summer months. Water level at the closed
sites decreased significantly over the summer, and temperature was expected to increase
due to the lack of water movement and shallow nature of these systems, whereby in
general, open systems would show any change in smaller degrees due to the constant
water turnover from tides and greater depth. These expected results were not observed
and the average water temperature was similar across all sites. These findings are backed
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up by Lill et al. (2011b), who found that temperature did not differ between systems in
an assessment of permanently open and intermittently closed estuaries along the Otago
coastline.
The data loggers recorded open sites as the only regimes where a diurnal temperature
pattern could be detected, likely to be as a result of the tides and associated fluctuations
in water depth. This effect was negated during and immediately after the June rainfall
event where water temperatures and atmospheric temperatures did not show diurnal
variability.
Dissolved Oxygen
Summer dissolved oxygen concentrations fell below the ANZECC (2000) recommended
threshold of 6 mg/L across the gradient of opening regimes. It is unknown how long the
dissolved oxygen concentration was below this threshold but in some instances (both
intermittently open sites and in closed Hawksbury Lagoon sites) dissolved oxygen was
measured below the threshold on consecutive sampling occasions. Mean dissolved
oxygen concentrations for all sites and regimes were similar but the variation in dissolved
oxygen concentrations in sites with a closed regime was considerably larger than in other
regimes and sites, typical of a boom and bust cycle of primary production (Cook et al.,
2004).
Oxygen in the water column can become naturally depleted due to diel variation
(limitations due to no photosynesesis, and hence oxygen production by primary
producers occurring at night) {Best, 2007 #100}. This results in potential dissolved
oxygen minima during the early mornings. All efforts were made to ensure measurements
of dissolved oxygen were taken during the morning to avoid bias, this also means that
measurements were likely to be lower than the systems experienced at other times of the
day.
Oxygen depletion can be influenced by anthropogenic sources, primarily through
increases in nutrient loading and subsequent increases in primary production, exceeding
the rate at which consumers can maintain balance, thus increasing the biological oxygen
demand (Breitburg et al., 1997). The biological oxygen demand increases as a result of
increased microbial decomposition, which is an oxygen consuming process (Yin et al.,
2004). Oxygen depletion is enhanced in waters that are vertically stratified, slowly
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flushed and/or stagnant (Paerl, 2006), which are attributes of closed or intermittently
open estuaries.
The effects of low dissolved oxygen are likely to be felt first and most severely by the
benthic community because dissolved oxygen depletion begins near the bottom of the
water column (Dauer & Ranasinghe, 1992). Dissolved oxygen concentrations below 6
mg/L can have a lethal impact or cause sub-lethal stress for the biota (ANZECC, 2000)
or increase the prevalence of opportunistic species (Boija et al., 2011). Figure 16 shows
that the dissolved oxygen concentration at Hawksbury Lagoon dips below on several
occasions; a concentration (below 6 mg/L) at which dissolved oxygen concentration
becomes limiting or deficient for some fish and invertebrates (ANZECC, 2000).
A threshold of 2mg/L dissolved oxygen has previously been seen as a level at which
hypoxic effects become evident (Best et al., 2007; Kennish, 2002). Steckbauer et al.
(2011) proposed a more conservative, revised threshold of 3.5 mg/L. The new
‘precautionary threshold’ designating hypoxic waters aims to avoid widespread mortality
and is a threshold at which coastal biodiversity is protected (Steckbauer et al., 2011;
Vaquer-Sunyer & Duarte, 2008). All Hawksbury Lagoon sites have breached the revised
threshold of 3.5 mg/L at least once; based on data collected, these conditions could have
persisted for one month. The consequences for these types of events could cause
differences in the community composition between sites. In addition, the consequences
of low dissolved oxygen levels extend beyond the immediate consequences for living
organisms. Low dissolved oxygen concentrations can impact other physicochemical
variables and can also alter the nutrient balance of a system.
Nutrients
The nutrient sampling component of this study had two main findings. Firstly, an
elevated phosphate concentration was observed in Hawksbury Lagoon – Post Office
Creek. Phosphate usually enters coastal systems attached to sediment particles, through
the direct application of phosphate-based fertilisers to waterways or through natural
geological weathering within the catchment. The first two of these relate to land-use
management practices within the catchment.
The other main finding was that increases in the concentration of all nutrients, at all sites,
was associated with rainfall events. In particular nitrate concentration peaked with

61

rainfall. The relationship between rainfall events and nutrient input to coastal estuarine
systems is well known. Nutrients enter estuarine systems via freshwater sources; rivers,
ground water and terrestrial runoff (Gobler et al., 2005).
The nutrient concentrations in temporarily and permanently open sites usually decrease
as tidal exchange with oceanic water return following flood events (Gobler et al., 2005).
The literature describes an apparent inverse relationship between salinity and nutrients
(Balls, 1994). More specifically, a negative correlation of nitrate concentrations with
salinity is known (White et al., 2004). Figure 21 shows the relationship between salinity
and nitrate concentrations in the present study in relation to each opening regime; these
data support the findings of White et al. (2004). This tight coupling indicates the role rain
events and freshwater inputs play in introducing new nitrogen to the system (White et
al., 2004).
Nutrient concentrations are a function of inputs, internal processing and biological uptake
(White et al., 2004). Nitrogen and phosphorous are the key limiting nutrients in most
aquatic and terrestrial systems. Nitrogen is utilised in protein synthesis, and phosphorous
is required in energy transfer and is an important component in DNA and RNA (Conley
et al., 2009b). There is a direct link between the prevalence of hypoxia and excessive
nutrient inputs. Increased nutrient input can increase the abundance of primary producers
and consumers (Gillanders & Kingsford, 2002). When limiting nutrients are freely
available organic matter can be produced in large quantities and a portion of this organic
matter is decomposed by microbes, a process where nutrients are recycled but which
consumes oxygen. A problem arises when excessive decomposition leads to an
imbalance between consumption and supply of oxygen. This imbalance creates stressful
conditions for animals and plants reliant on oxygen (Conley et al., 2009a; Paerl, 2006).
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Figure 21: Line graphs showing relationship between salinity and nitrate concentrations
with respect to opening regime (n = 5) between December 2012 and November 2013.
Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon
(AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2 (HL2),
Hawksbury Lagoon 3 (HL3).
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Sediment
Sandy and muddy sediments dominate estuarine ecosystems (Thrush et al., 2004). This
is true for all of the sites in the present study: more than 50 percent of the sediment
comprised of ‘fine sand and mud’. Larger sediment fractions are associated with open
systems, where there is more freshwater throughput and energy, preventing finer
sediments from settling out. There is a well-known positive correlation between sediment
particle size and the level of organic matter, i.e. increased organic matter is associated
with fine sediment fractions. This is partially caused by the increased surface area of the
mud fraction (Magni et al., 2008). This pattern was evident in Hawksbury Lagoon.
Hawksbury Lagoon 3 has a higher proportion of coarser sediment than Hawksbury
Lagoon 2 and has a lower organic matter content.
A higher content of fine sediment and high organic matter is, in turn, associated with a
lower sediment oxygen penetration (Magni et al., 2008). Nutrient input is also associated
with the release of sediment-bound nutrients (particularly phosphate) and the
development of oxygen depleted conditions (Best et al., 2007). The sediment load and
fraction size can change habitat suitability, impact the ability of organisms to colonise,
or interact with organism physiological and biological processes. This will be discussed
in further detail in chapter 4 of this thesis.
Site and/or Regime Differences
Multivariate statistics detected differences for most physicochemical parameters between
sites, with the exception of temperature and dissolved oxygen. As previously stated, other
field studies have also found no statistical difference in temperature where sites are in
the same geographic region, however no statistical difference was detected for dissolved
oxygen. Despite this, dissolved oxygen had been found to be below internationally
recognised thresholds. Detecting statistical differences in physicochemical parameters at
the level of regime proved unsuccessful with no regime types found to be statistically
different to another. This is an interesting finding, and reflects on the selected groupings
for each site. This will be discussed further in Chapter 5.

Conclusion
The analysis of the physicochemical environment of estuaries in East Otago with
different opening regimes supports the findings of a similar study by Chuwen et al.
(2009) and showed similarities with other estuarine systems in New Zealand. Waikouaiti
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River estuary and the Pleasant River estuary had constant pH and salinity and dissolved
oxygen environments with low nutrient concentrations and an assortment of sediment
particle sizes dominated by sand. In contrast, the other sites (in particular Hawksbury
Lagoon) contained higher pH environments, generally lower salinities, fluctuating
dissolved oxygen concentrations, higher nutrient levels and finer sediments. Organisms
persisting in the latter would need adaptations to cope with the fluctuating environmental
conditions and be specialists for occupying fine sediment environments. While some
physicochemical characteristics can be aligned with estuarine opening regime, each
individual estuary was found to be unique, possessing their own combination of features.
This data will be compared in the following chapters to examine how physicochemical
aspects influence the abundance and composition of key species.
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Chapter Three; Biological Characteristics: Primary Producers in
Open, Intermittently Open and Closed Estuarine Systems
Introduction
Biological activity from primary producers constitutes the base of lagoon and estuarine
food webs. The composition of primary producers and the rate of productivity in
estuarine environments is inherently linked to physicochemical factors; the most
influential being the availability of nutrients (concentration and ratios), light and osmotic
stress (Underwood & Kromkamp, 1999). Estuaries are considered some of the most
productive ecosystems. The biomass of plants in estuaries increases as a direct result of
nutrient enrichment (McComb & Lukatelich, 1986), which is often heavily influenced by
the prevailing connection with the marine environment. Light availability is influenced
by the stability of the water column, sediment input and water depth (Schallenberg et al.,
2010).
Ecologically, estuaries display a progressive change of community structure from those
species adapted to fresh, brackish or saline seawater (Hodgkin & Hesp, 1998). The
estuarine plant and algal community is comprised of primary producers spanning a range
of sizes from microscopic phytoplankton, to larger macroalgae and macrophytes that
occupy a range of habitats and are mainly suspended in the water column, or attached to
substrata (Sand-Jensen & Nielsen, 2004). Estuaries are associated with shallow water
depth where benthic vegetation provides the foundation of community structure
providing habitat, food and sediment stabilisation (Whitfield et al., 2012). Unfavourable
conditions or events can hamper the ability for primary producers to persist in some
environments and can be a result of anthropogenic (i.e. increased sediment) and/or
natural processes (i.e. seasonal flood events) (Chainho et al., 2006; Mackay & Cyrus,
2001; Underwood & Kromkamp, 1999).
Microalgae (Phytoplankton)
Phytoplankton are the most prominent microscopic algae, which contribute greatly to
overall primary productivity (McComb & Lukatelich, 1986). Phytoplankton are primary
producers located at the base of marine and freshwater food webs, providing organic
matter that support the growth and survival of all other marine organisms including
grazing mesoplankton (e.g. copepods) and heterotrophic protozoans (flagellates and
ciliates) (Falkowski, 2012; Underwood & Kromkamp, 1999). Phytoplankton can be
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partitioned into functional taxonomic groups that play a major role in coastal production,
nutrient cycling and food web dynamics. These groups are the Chlorophytes,
Cryptophytes, cyanobacteria, diatoms and dinoflagellates (Paerl et al., 2003).
Phytoplankton in estuarine environments can experience rapid fluctuations in the
availability of nutrients and exposure to other abiotic and biotic factors (Underwood &
Kromkamp, 1999). An increase in estuarine phytoplankton growth (density) occurs
directly in response to increased nutrients (McComb & Lukatelich, 1986) while
phytoplankton biomass is influenced by factors including grazing, washout, resuspension and deposition (Underwood & Kromkamp, 1999). Phytoplankton biomass is
measured as the concentration of water column chlorophyll α (McComb & Lukatelich,
1986). Chlorophyll α is the main light harvesting pigment primary producers use during
photosynthesis, the process whereby energy is harvested from light. Increasing
chlorophyll α concentrations are an indicator of increasing system productivity (Stich &
Brinker, 2005).
Macroalgae and Macrophytes
Both macroalgae and macrophytes contribute towards maintaining the structure and
function of a range of coastal freshwater and marine ecosystems (Levin et al., 2001).
They are important components of the estuarine community as they provide substrata for
epiflora and epifauna (Whitfield et al., 2012). Macroalgae differ from macrophytes in
that they are generally larger and grow attached to rocks, shells and other solid substrates,
float as mats or as drift found on sediment. Macroalgae take up nutrients from the water
surrounding them (McComb & Lukatelich, 1986) and are associated with marine
dominated environments.
With the exception of seagrass, the presence of other macrophyte species in the marine
environment is not common (Whitfield et al., 2012). Estuarine macrophytes are not a
direct food source, rather they produce detritus which will ultimately become food for
organisms, support sediment structure and provide shelter for fauna (Roy et al., 2001).
Macrophytes can utilise nutrients dissolved within the water column or via sediments
through their root structure (McComb & Lukatelich, 1986). Macrophyte vegetation and
root structure is particularly useful in binding the substrata, which has implications for
managing erosion (particularly important at providing protection during flood events),
increasing water column clarity and trapping nutrients (Whitfield et al., 2012).
67

The degree of marine connectivity is often reflected in the composition of primary
producers in estuarine environments. Closed estuarine systems are often dominated by
species of freshwater origin compared to open estuarine systems, which are dominated
by species of marine origin (Underwood & Kromkamp, 1999). Closed systems, which
often contain high nutrient levels, are commonly dominated by phytoplankton, with low
macrophyte biomass. Intermittently open systems can support a wide range of
macrophyte species that thrive in the shallow, calm water, and stable saline environments
(McComb & Lukatelich, 1986). Macroalgae of marine origin are not uncommon in
intermittently open systems, and are often washed over the closed mouth during high
seas (Kjerfve, 1994). The phytoplankton species composition of intermittently open
systems is dependent on the frequency of marine re-connection (with marine species
present after a breach event) (McComb & Lukatelich, 1986). Open estuarine systems are
heavily influenced by fragment material from the open coast (Kjerfve, 1994). In addition
to the degree of marine connectivity (and by default salinity), nutrients and light are also
important influencers of the abundance and composition of primary producer
communities (O'Donohue & Dennison, 1997).
Chapter Aims
This chapter aims to compare and identify differences and similarities in the taxonomic
diversity, density and biomass of primary producers in East Otago estuaries. This
involved the collection and analysis of macroalgal and phytoplankton data over several
seasons to assess the influence of marine connectivity on primary producers in East
Otago estuaries.
Research Questions: Do the primary producers in East Otago estuaries show patterns in
their biomass and composition based on the degree of marine connectivity? Is biomass
and composition of primary producers in East Otago estuaries influenced by season?

Methods
Microalgae Sampling: Chlorophyll α Collection, Extraction and Fluorometry
Chlorophyll α samples were collected four times over the duration of the study, on a
seasonal basis: summer (11.02.2013), autumn (6.05.2013), winter (13.08.2013) and
spring (5.11.2013). Water samples for chlorophyll α sampling were taken at all sites at
the same sample points where physicochemical measurements were taken. A clean
Whatman™ 25mm GF/C glass filter paper was placed in a filter holder and a known
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volume of water was gently passed through immediately following sample collection.
The volume of water for collecting each chlorophyll α sample was not the same (i.e. for
summer Hawksbury Lagoon samples the filter became blocked after only 5-15ml
compared to the ‘open’ river estuary sites that required at least 30ml). The volume filtered
was recorded and used to determine chlorophyll α concentration. Using tweezers, the
filter paper was extracted from the filter holder, folded and blotted to remove excess
moisture. The filter paper was then placed in tin foil and kept cool before being frozen at
an appropriate time (within three hours of samples being taken).
Chlorophyll α extractions followed the method of Parsons et al. (1984). Chlorophyll
samples collected on filter paper were taken out of the freezer, removed from tinfoil,
torn-up and placed into a clean, labelled test tube whilst remaining out of direct light.
Ten millilitres of 90% acetone (which contained a few drops of concentrated ammonium
solution to maintain a high pH, thus preventing chlorophyll α from breaking down) was
added to each test tube and sample. Each test tube was sealed with Parafilm M®, before
being placed in a sonicating bath for 15 minutes, removed, covered with tin foil and then
placed in a refrigerator overnight.
The following day the samples were removed from refrigeration and placed into a
sonicating bath filled with ice chips for a further ten minutes with tin foil cover in place.
Following sonicating, samples were then placed in a centrifuge for 15 minutes.
Samples were then removed from the centrifuge, covered with tin foil in preparation for
chlorophyll measurements using a Pharmaspec UV-1700 UV-visible spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). Each sample and 90% acetone blank was
measured at the following wave lengths; 750, 664, 647, 630, 510 and 480 nm.
The concentration of pigment was determined by correcting each sample against the
blank using the following equation (Parsons et al., 1984). Whereby 664, 647, and 630
nm are absorbances subtracted from the absorbance measured at 750 nm.
C (Chlorophyll α) = 11.85664 (664) - 1.54647 (647) - 0.08630 (630)
The concentration of chlorophyll α was then determined using the following equation
(Parsons et al., 1984). Whereby C is the amount of chlorophyll α pigment, v is the volume
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of acetone, V is the volume of water filtered and the cuvette used had a path length of ten
centimetres.
µg chlorophyll α/L=(C x v)/(V x 10)
Microalgae Sampling: Phytoplankton Collection, Identification and Cell Counts.
The following methods for phytoplankton tows and the subsequent cell counts were
based on information contained in Hotzel and Croome (1999). A phytoplankton tow was
undertaken in February (27th) and August (22 &23rd) 2013. Each hand-held tow was
completed by walking the plankton net (mesh size 0.5 mm) through the water at a
constant speed for five minutes with the net remaining in undisturbed flow for the
duration. Between samples the net was washed in a 10% bleach (Janola™) solution. Each
sample was then placed in a labelled jar, Lugols (potassium iodide) solution added (3 ml
per litre of sample), wrapped in tin foil and refrigerated until cell counts and taxonomic
identification could take place. For tidal sites phytoplankton tows were completed during
the incoming tide.
Phytoplankton cells were counted and identified using a hemocytometer. The
phytoplankton solution was gently mixed, and a small volume pipetted and placed on the
clean haemocytometer slide. All phytoplankton were observed at x 40 magnification.
Cells in each set of corner squares were counted. This was replicated three times for each
site and sampling event.
The total number of cells per ml was calculated using the following equations:
Volume of Corner Square = (Width.Height.Depth)
Cell Density=Average Number of Cells per Square/ Volume of Corner Square
While undertaking the cell counts phytoplankton were identified into groups of major
classes: Diatom, dinoflagellate, chlorophytes and cyanobacteria. Guides used to aid this
identification were Verlencar and Desai (2004) and Moore (2000).
Macroalgal Sampling – biomass and taxonomic classification
On January 31st, and August 22nd and 23rd 2013, macrophytes and macroalgae were
collected at 15 (summer sampling) and ten (winter sampling) randomly selected sample
points along a 30 meter transect line at each site. A quadrat 0.25 m2 (0.5 m x 0.5 m) was
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placed at the corresponding number and all macrophyte and macroalgae were removed
and placed into a clean, labelled plastic bag. Collected samples were kept cool until
further processing for taxonomic identification the following day (Figure 22). All
samples were separated into taxonomic classes, and their weight recorded both wet and
immediately following desiccation. Biomass was determined as dry weight (48 hours at
60 degrees).

Figure 22: Summer macroalgae and macrophyte samples after sorting.
Statistical Analysis
The combined macroalgae and macrophyte biomass, chlorophyll α concentration and
phytoplankton cell density for each site is presented in column graphs as mean values
associated with measurements of variation (standard deviation) around the sample mean.
To test for statistical differences in the biomass or cell density of primary producers
between sites, marine connectivity regimes and season PRIMER version 6 (Plymouth
Routines

In

Multivariate

Ecological

Research:

PRIMER-E,

Plymouth)

and

PERMANOVA+ (permutational multi-variate analysis of variance) software (see
Anderson et al. (2008) and (Clarke & Gorley, 2006) for details of full statistical methods)
were used. A Bray-Curtis similarity was used and all data were log(x+1) transformed to
account for the biasing effect of few high and low data values.
To test for statistical differences between sites a one-way PERMANOVA was designed.
Site was selected as a random factor. A mains PERMANOVA was then undertaken with
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unrestricted number of permutations of the raw data. If there was a statistical difference
(when p value was less than 0.05) a pairwise analysis was performed to determine
between which sites the difference(s) was.
If there were statistical differences determined between specific sites a second two-way
PERMANOVA was designed to test if there were statistical differences between regime
type. This PERMANOVA comprised two factors to test for differences when site was
nested within regime (regime fixed, site random) and used an unrestricted number of
permutations of the raw data. A mains PERMANOVA was run on this design.
A third two-way PERMANOVA was designed to test the interaction between site and
season. This two-way PERMANOVA specified season selected as a fixed factor and site
as a random factor and used an unrestricted number of permutations of the raw data. A
mains PERMANOVA was run on this design.

Results
Microalgae: Chlorophyll α
The highest concentration of chlorophyll α was from samples collected during the
summer and the lowest chlorophyll α concentration was from samples collected during
winter.
Concentrations of chlorophyll α increased with marine isolation (Figure 23). Chlorophyll
α was undetectable in open sites during autumn and summer. The variability in
chlorophyll α was greatest within sites most isolated from the marine environment. These
sites also had the highest concentration of chlorophyll α during all sampling occasions.
The ANZECC (2000) trigger value for chlorophyll α in estuaries is 4 µg/L. This trigger
value was exceeded in all Hawksbury Lagoon sites during summer sampling, and
exceeded by Hawksbury Lagoon 2 during autumn and spring sampling.

72

30
25

Summer

20
15
10
5
0
30
25

Autumn

20
15
10
5

Winter

µg/L

0
3
2.5
2
1.5
1
0.5
0
14
12
10

Spring

8
6
4
2
0
WRE

PRE

O

AL

HL1

IO

HL2

HL3

C

Figure 23: Mean seasonal chlorophyll α per site (n=5) with standard error. Hawksbury
Lagoon 3 (HL3), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon – Post Office Creek
(HL1), Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons
Lagoon (AL). Opening regime; open (O), intermittently open (IO) and closed (C).
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The one-way mains PERMANOVA analysis found statistically significant differences in
the concentration of chlorophyll α at the level of site (p 0.001) (Table 24). The one-way
pairwise PERMANOVA (Table 25) shows statistical differences in chlorophyll α
concentration between all sites except between the Waikouaiti River and Pleasant River
estuary sites. A two-way mains PERMANOVA did not find any significant difference (p
0.067) in chlorophyll α concentration when sites were nested within regime (Table 26).
A two-way mains PERMANOVA found that season alone did not have a statistically
significant effect (p 0.073) on chlorophyll α concentration but there was a statistically
significant effect when site and season were combined (p 0.001) (Table 27). That is, for
sites overall, seasons were a factor in determining the concentration of chlorophyll α
present.
Table 24: One-way mains PERMANOVA results table for differences in chlorophyll α
concentration at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

si

5

33342

6668.4

Res

114

20121

176.5

Total

119

53463

74

37.781

0.001

998

Table 25: One-way pairwise PERMANOVA results table for differences in chlorophyll
α concentration between sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

2.0328

0.061

999

WRE, AL

5.5325

0.001

999

WRE, HL1

4.7933

0.001

999

WRE, HL2

13.9

0.001

998

WRE, HL3

6.7876

0.001

999

PRE, AL

3.9799

0.001

998

PRE, HL1

4.2172

0.001

999

PRE, HL2

12.906

0.001

999

PRE, HL3

6.2801

0.001

998

AL, HL1

2.2199

0.03

999

AL, HL2

9.908

0.001

999

AL, HL3

4.4891

0.001

999

HL1, HL2

5.3283

0.001

998

HL1, HL3

2.0472

0.043

997

HL2, HL3

2.6889

0.011

997

Table 26: Two-way mains nested PERMANOVA analysis to test for differences in
chlorophyll α concentration at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

re

2

29996

14998

13.446

0.067

15

si(re)

3

3346.3

1115.4

6.3198

0.001

998

Res

114

20121

176.5

Total

119

53463

Table 27: Two-way mains PERMANOVA analysis for differences in chlorophyll α when
season is a factor.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

se

3

5686.7

1895.6

2.7401

0.073

999

si

5

33342

6668.4

157.77

0.001

999

sexsi

15

10377

691.78

16.367

0.001

999

Res

96

4057.5

42.266

Total

119

53463
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Phytoplankton Community and Cell Density
The summer phytoplankton tows in Hawksbury Lagoon sites 2 and 3 were dominated by
chlorophytes. The Waikouaiti River estuary was dominated by diatoms, while the
Pleasant River estuary was dominated by diatoms but also contained dinoflagellate
species. Andersons Lagoon was dominated by a range of diatom, chlorophyte and
dinoflagellate species (Table 28). No phytoplankton were identified or counted from
Hawksbury Lagoon – Post Office Creek during the summer sampling due to the water
level being particularly low and the water clarity preventing the observation of any
phytoplankton.
The winter phytoplankton community at all Hawksbury Lagoon sites, Waikouaiti River
Estuary and Andersons Lagoon consisted of chlorophyte and diatom species. The
Pleasant River estuary contained diatom and dinoflagellate phytoplankton species.
Overall species of diatom were present and most dominant in all sites (excluding
Hawksbury Lagoon sites sampled during summer) (Table 28).
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Table 28: Phytoplankton composition (based on proportion of cells identified during cell
counts) for each site for both summer and winter 2013 plankton tows. Hawksbury Lagoon
3 (HL3), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon – Post Office Creek (HL1),
Waikouaiti River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon
(AL).
Regime

Site

Groups

Summer
% Composition

Closed

HL3
Chlorophyta

100

HL2
Chlorophyta

100

Intermittently Open

HL1

AL

Open

PRE

WRE

Groups

Winter
% Composition

Diatom

1.2

Chlorophyta

98.8

Diatom

1.4

Chlorophyta

98.6

Diatom

4.5

Chlorophyta

95.5

Diatom.

74

Diatom

58.2

Chlorophyta

16.9

Chlorophyta

39.8

Cyanobacteria.

7.8

Cyanobacteria

2

Dinoflagellate

1.3

Diatom

75

Diatom

80

Dinoflagellate

25

Dinoflagellate

20

Diatom

71.5

Diatom

95

Dinoflagellate

21.4

Chlorophyta

7.1

Chlorophyta

5

The density of phytoplankton cells increased with decreasing marine connectivity
(Figure 24). The concentration of phytoplankton cells in open and intermittently open
sites was generally greater in the winter than in summer. For closed sites the opposite
pattern was observed, with higher phytoplankton concentrations in summer compared to
winter. Over all the sites, there is large standard error associated with phytoplankton cell
density.
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Figure 24: The mean number of phytoplankton cells per millilitre (ml) (n=3) for summer
and winter with standard error. Hawksbury Lagoon 3 (HL3), Hawksbury Lagoon 2
(HL2), Hawksbury Lagoon – Post Office Creek (HL1), Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL).
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The one-way mains PERMANOVA analysis found significant differences (p 0.001) in
phytoplankton cell densities at the level of site (Table 29). The one-way pairwise analysis
shows that the phytoplankton cell density of all sites were not significantly different to
each other (Table 30). Statistical differences were found between the following sites:
Waikouaiti River estuary and Hawksbury Lagoon 2 (p 0.003), Waikouaiti River estuary
and Hawksbury Lagoon 3 (p 0.038), Pleasant River estuary and Andersons Lagoon (p
0.006), Pleasant River estuary and Hawksbury Lagoon 2 (p 0.005), Pleasant River estuary
and Hawksbury Lagoon 3 (p 0.002) and Hawksbury Lagoon - Post Office Creek and
Hawksbury Lagoon 2 (p 0.011). A two-way nested mains PERMANOVA did not find
statistically significant differences in the phytoplankton cell density at the level of regime
(p 0.143) (Table 31). A two-way mains PERMANOVA found that season alone did not
have a statistically significant effect (p 0.27) on phytoplankton cell density but there was
a statistically significant effect when site and season were combined (p 0.001) (Table
32). That is, for site overall, seasons were a factor in determining the density of
phytoplankton cells present.
Table 29: A one-way mains PERMANOVA analysis for phytoplankton cell at the level
of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

si

5

11940

2388

Res

30

12209

406.96

Total

35

24149
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5.8679

0.001

999

Table 30: One-way pairwise analysis for phytoplankton cell density differences between
sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

2.1559

0.059

231

WRE, AL

1.7481

0.092

310

WRE, HL1

0.77564

0.485

198

WRE, HL2

3.5583

0.003

404

WRE, HL3

2.1398

0.038

407

PRE, AL

4.7683

0.006

305

PRE, HL1

1.131

0.285

88

PRE, HL2

8.7401

0.005

304

PRE, HL3

4.2447

0.002

309

AL, HL1

1.6897

0.138

203

AL, HL2

2.0109

0.057

408

AL, HL3

1.0065

0.309

409

HL1, HL2

2.545

0.011

198

HL1, HL3

1.8672

0.082

204

HL2, HL3

0.66219

0.543

414

Table 31: Two-way nested mains PERMANOVA analysis to test for differences in
phytoplankton cell density at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

re

2

8589.9

4294.9

3.8461

0.143

15

si(re)

3

3350.1

1116.7

2.744

0.052

997

Res

30

12209

406.96

Total

35

24149

Table 32: Two-way mains PERMANOVA analysis with season as a factor in
phytoplankton cell density.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

se

1

2446.8

2446.8

1.4538

0.27

997

si

5

11940

2388

42.569

0.001

997

sexsi

5

8415.6

1683.1

30.004

0.001

999

Res

24

1346.3

56.097

Total

35

24149
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Macroalgae Taxonomic Diversity and Biomass
Andersons Lagoon and the Pleasant River estuary sites contained the highest biomass
(Figure 26) and most diverse macroalgal and macrophyte communities (Figure 25) in
contrast to Hawksbury Lagoon sites, which each contained a single macrophyte species
(Table 33) and very low biomass. Macroalgae fragments were a major contributor to the
diversity in the Pleasant River estuary, of which most of the macroalgae was of marine
origin. Much of the taxonomic diversity in open systems was contained within the
‘fragments’ grouping. No macroalgae were located within the transect in the Waikouaiti
River estuary and in Andersons Lagoon during the winter sampling.
Table 33: The contribution of each species to the total biomass at each site during summer
and winter sampling in 2013. Note sp short for species. Hawksbury Lagoon 3 (HL3),
Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon – Post Office Creek (HL1), Waikouaiti
River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon (AL).
Summer

Winter

Species

% of total
biomass

Species

% of total
biomass

Closed

Site

HL3

Chara sp

100

Chara sp

100

HL2

Chara sp

100

Chara sp

100

Intermittently Open

Regime

HL1

Ruppia sp

100

Ruppia sp

100

AL

Monostroma sp

80.42

Ulva sp.

16.40

Chara sp.

2.04

Ruppia sp.

1.15

Ulva sp

48.70

Fragments**

45.50

Fragments *

18.34

Ulva sp

27.17

Macrocystis pyrifera

16.89

Gracillaria sp

10.09

Gracillaria sp

13.83

Halopteris congesta

5.15

Adamsiella sp

1.11

Landsbergia quercifolia

4.88

Dictyota kunthii

0.92

Macrocystis pyrifera

3.98

Caulerpa sp

0.18

Zonaria turneriana

3.24

Ulva sp

85.21

Gracillaria sp

14.79

Open

PRE

WRE

Note: No winter data shown for Andersons Lagoon as no macroalgae was present
following a breach event. No winter data shown for Waikouaiti River estuary as none
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was present. Fragments included species that comprised less than 0.5 grams wet weight
per sample. *Fragments collected from the Pleasant River estuary during summer
sampling were; Caulerpa brownii, Plocamium spp., Desmorestia ligulata, Hymenena
durvilliae, Halopteris

congesta,

Macrocystis

pyrifera, Anotrichium

crinitum,

Craspedocarpus spp., Adamsiella chauvinii, Dasyclonium, Ceramium, Dictyota kunthii,
Gelidium ceremoides, Rhodophyllis spp., Gracilaria spp. and epiphyte, Polysiphonia,
Ulva spp. and Colpomenia spp.
**Fragments collected from the Pleasant River estuary during the winter sampling were;
Ulva spp, Gracilaria chiliensis, Plocamium angustum, Durvillaea spp., Corallina
afficinalis, Dasyclonium hareyanum, Halopteris congesta, Zonaria turneriana,
Rhodophyllis

membranacea,

Anotrichium

crinitum,

Landsbergia quercifolia and Macrocystis pyrifera.
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Carpophyllum

flexuosum,

A

B

C

D

Figure 25: Floating and attached macrophyte and marcoalgal biomass during sampling
in January at Andersons Lagoon (A, B) and the Pleasant River estuary (C, D). Photos A,
C Nicole Foote; photos B, D Chris Hepburn (January 2013).
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Figure 26: Combined macroalgal and macrophyte biomass (dry weight grams/0.25m2)
for summer and winter. Summer n=15, winter n=10. Hawksbury Lagoon 3 (HL3),
Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon – Post Office Creek (HL1), Waikouaiti
River estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon (AL).
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The one-way mains PERMANOVA found a statistically significant difference (p 0.001)
in macroalgae and macrophyte biomass at the level of site (Table 34). The one-way
pairwise analysis found that there were statistically significant differences (Table 35)
between the macroalgae and macrophyte biomass at all sites, with the exception of
between the Waikouaiti River estuary and Hawksbury Lagoon 3 (p 0.76). The two-way
mains PERMANOVA found that there was no statistically significant differences (p
0.546) in macroalgae and macrophyte biomass when site was nested within regime
(Table 36). A two-way mains PERMANOVA found that season alone did not have a
statistically significant effect (p 0.135) on macroalgae and macrophyte biomass but there
was a statistically significant effect when site and season were combined (p 0.001) (Table
37). That is, for site overall, seasons were a factor in determining the biomass of
macroalgae and macophytes present.
Table 34: One-way mains PERMANOVA analysis for macroalgae and macrophyte
biomass at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

si

5

41609

8321.8

Res

144

52556

364.98

Total

149

94166

85

22.801

0.001

999

Table 35: One-way pairwise analysis for macroalgae and macrophyte biomass between
sites.
Groups

t

P(perm)

Unique perms

WRE, PRE

7.993

0.001

998

WRE, AL

5.3883

0.001

999

WRE, HL1

4.6133

0.001

999

WRE, HL2

2.481

0.018

999

WRE, HL3

0.38113

0.76

998

PRE, AL

1.9915

0.036

998

PRE, HL1

2.3007

0.022

999

PRE, HL2

7.5276

0.001

999

PRE, HL3

8.619

0.001

995

AL, HL1

2.7277

0.006

997

AL, HL2

5.1814

0.001

997

AL, HL3

5.5912

0.001

997

HL1, HL2

3.957

0.002

997

HL1, HL3

4.9604

0.001

998

HL2, HL3

3.5907

0.001

996

Table 36: Two-way mains for nested PERMANOVA analysis for macroalgae and
macrophyte biomass at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

re

2

19896

9948

1.3745

0.546

15

si(re)

3

21713

7237.7

19.831

0.001

999

Res

144

52556

364.98

Total

149

94166

Table 37: Two-way mains PERMANOVA analysis for macroalgae and macrophyte
biomass when season is a factor.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

se

1

18143

18143

3.2953

0.135

997

si

5

29204

5840.7

117.1

0.001

998

sexsi

5

27530

5505.9

110.38

0.001

999

Res

138

6883.4

49.88

Total

149

94166
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Discussion
Biomass was patchy among sites, with some sites containing relatively very high
biomass, while at times others contained very little to no plant biomass. Although the
regime itself was not found to be a statistically significant factor, the biomass in each
system can be linked to the degree of connectivity with the marine environment (Table
38). The Pleasant River estuary site contained high biomass, a significant portion of
which was ‘imported’ from the wider coastal area and deposited as drift macroalgae. In
contrast, the Waikouaiti River estuary contained little macroalgal biomass. This was also
noted in the state of the environment report (Otago Regional Council, 2010), which
described the presence of macroalgae in the Waikouaiti River estuary as relatively scarce.
With only one location studied within the estuary, the lack of macroalgae biomass was
thought to be reflective of the hydrodynamics associated with the particular area studied;
a high-energy, channel-like section through which the exchange of tidal water occurred.
These circumstances were neither conducive to deposition of macroalgae or to the
establishment of in-situ macroalgae. Andersons Lagoon contained a high macrophyte and
macroalgae biomass during the summer sampling. In summer this site contained calm
conditions and a stable salinity profile, which are conducive to macrophyte growth
(McComb & Lukatelich, 1986). Hawksbury Lagoon contained very low macrophyte or
macroalgae biomass overall. Some possible reasons for this include the overall
dominance of phytoplankton and the subsequent low light environment available for
macrophytes; the physicochemical environment was not stable (see chapter two) and the
substrate was not solid and therefore not appropriate for the attachment of macroalgae
(McComb & Lukatelich, 1986).
Two sites contained high diversity in both phytoplankton and macroalgae and
macrophyte diversity. The Pleasant River estuary site contained taxa of predominantly
marine origin and had species commonly found on rocky reef habitats locally (Desmond
et al., 2015; Hepburn et al., 2011). In comparison, Andersons Lagoon contained taxa
commonly found in freshwater environments. The free floating macroalga Monostroma
spp. dominated this site, while rooted macrophytes were also present and relatively
widespread, however only in the summer. The lack of any macroalgae or macrophyte
presence in Andersons Lagoon during winter sampling highlights the impact of breach
events where, as observed and described by Whitfield et al. (2008), significant
disturbance results in the displacement of most plant biomass. All Hawksbury Lagoon
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sites contained similar assemblages of primary producers and in summer was in a state
of phytoplankton dominance. There was little diversity in the marophyte community,
which comprised submerged macrophytes of freshwater origin.
Seasonal Influence
Seasonal effects on estuaries that could be reflected in primary producer biomass include
salinity, temperature, light attenuation, nutrient availability and freshwater inflows
(Chuwen et al., 2009; Gobler et al., 2005; Liu et al., 2014). As discussed in chapter 1, the
study sites are influenced by these factors to different degrees and as such, primary
producer assemblages will be influenced in different ways. In particular, marine
connectivity and nutrient concentrations are thought to be the main drivers of the
differences in primary producer biomass observed but, for different sites. Hawksbury
Lagoon is highly eutrophic and dominated by phytoplankton (Mitchell & Wass, 1996).
Hawksbury Lagoon receives high nutrient inputs from its catchment and is infrequently
flushed or connected to the marine environment. Phytoplankton in Hawksbury Lagoon
often bloom during the summer and autumn (the characteristic green water colouration
can be seen in Figure 3, chapter one) and as described in chapter one, phytoplankton
dominance can often negatively influence marcophytes through shading. This is likely to
be why such phytoplankton cell density was so high but also why macrophyte and
macroalgal biomass were low (in comparison to other sites). In contrast, the regular
flushing and marine influence in all other sites does not allow nutrients to build up in the
system and creates balanced conditions favourable for macroalgae and macrophyte
growth, while supporting a diverse phytoplankton assemblage.
Water Level
The presence and biomass of macrophytes and macroalgae inhabiting estuaries is event
driven depending on the status of the mouth (open/closed), which can be dependent on
either the weather or tidal cycle. Macrophyte growth and survival can be inhibited
following periods of high water levels and any subsequent breach (flood) event, which
can physically displace and/or flush out entire macrophyte beds (Whitfield et al., 2008).
Following a breach event some systems can almost drain completely, exposing
previously submerged areas, and resulting in the further loss of macrophytes (Whitfield
et al., 2012). This series of events (high water level, flood, macrophyte and macroalgae
displacement) was observed in Andersons Lagoon, whereby no macrophyte or
macroalgae biomass was recorded following the July 2013 flood (Figure 27). At the time
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of sampling the water level was well below that of the previous sampling event, and there
was no macrophyte material observed within the water column or in the exposed
sediment. This demonstrates the dynamic environments that biota in intermittently open
estuaries have to occupy, as in previous sampling undertaken during the summer
macrophyte and macroalgae biomass in Andersons Lagoon was considerably higher than
any other system sampled. The ramifications of flood events can be long lasting.
Whitfield et al. (2008) reported that it takes approximately five to six weeks to reach
maximum biomass following a significant mouth breach. This is of course dependent on
the presence of propagules and a seed bank. No data were collected for this at any of the
sites and the timeframe for macrophytes to return was not noted.
In contrast to the effects of flood events, macrophyte and macroalgae survival is also
threatened during periods when water levels are low, whereby prolonged desiccation can
result in dieback (Whitfield et al., 2008). Macrophyte dieback was observed in some
areas of Hawksbury Lagoon (in the weeks following sampling) near the end of summer,
where due to evaporation, submerged macrophytes became exposed and, in some cases,
the substrate supporting them completely dried out, forming a thick crust. It is uncertain
whether this would have been lethal or if the macrophytes have adapted to such harsh
conditions.
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A

B

C

D

Figure 27: A dynamic coastal system: A, showing Andersons Lagoon study site prior to
June 2013 flood event. B, Andersons Lagoon the mouth prior to June 2013 flood event.
C, Andersons Lagoon site after June 2013 flood event. D, Andersons Lagoon mouth
after June 2013 flood event (photos; Nicole Foote).
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Table 38: Summary of observations for primary productivity in each regime type
Chlorophyll α

Phytoplankton
Composition
 Stable
composition
 Dinoflagellates
and Diatoms
dominant
species

Open



Very low
concentrations
year-round

Intermittently
Open



Highest summer 
concentration
overall


Closed



Highest
concentration
overall
Concentration
highest during
summer, lowest
during winter







Most diverse
composition
overall
Diatoms and
Chlorophytes
dominant
Least diverse
composition
overall
Stable
composition
Dominated by
Chlorophytes

Phytoplankton
Density
 Lowest cell
count overall



Highest cell
counts recorded
during winter



Highest cell
count overall
Highest cell
count recorded
during summer
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Macroalgae
Composition
 Highest species
diversity overall
 Ulva sp and
Macrocystis
pyrifera
dominant
species
 Monostroma sp
and Ruppia sp
dominant




Macroalgae
Biomass
 High variability
within sample
 Highest
biomass overall
(recorded
during summer)


Biomass
greatest during
summer

Lowest species 
diversity overall
Dominated

outright by
Chara sp

Biomass low
overall
Biomass
greatest during
winter

Critical Evaluation - Methods
There were several issues for the methodology used in the analysis of the estuarine
primary producer communities. It would be more robust if additional net tows for
phytoplankton cell density had been undertaken but due to time constraints only one for
each site was completed. This resulted in the phytoplankton cell count samples
containing a high in-site variability. On this basis, the overall trends in the phytoplankton
cell density should be noted rather than the absolute values. Another point to note is that
there is potential for the chlorophyll α concentration to have been underestimated. Due
to an oversight in the choice of pore size used to filter the water and collect chlorophyll
α, Wattman 25mm GF/C glass filter papers were used for all samples when the use of a
smaller pore size, Wattman 25mm GF/F glass filter paper, would have been more
technically correct. It should be noted that the larger pore size was used for all chlorophyll
samples so results obtained are representative and comparable.
Some statistical differences were detected in the primary producer biomass between sites
but these could not be linked statistically to the opening regime each site was categorised
into. It is possible that increasing the sample size and/or sample frequency would allow
further conclusions to be drawn, or it could simply, and most likely, be that the site regime categorisation did not adequately explain the trend observed. The use of regime
to characterise sites will be discussed in further detail in chapter 5 of this thesis.

Conclusion
The analysis of the primary producer composition of estuaries in East Otago with
different opening regimes shows that there were differences in taxonomic composition
and biomass between sites. Sites with a more open connection with the marine
environment contained high biomass and had a higher diversity of organisms compared
with sites with no marine connection that contained very little biomass and low species
diversity. The benthic macrofaunal community of these East Otago estuaries is examined
in the following chapter to establish if similar trends in taxonomic diversity and biomass
are present.
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Chapter Four; Biological Characteristics: Macrofaunal Assemblages
in East Otago Estuarine Systems
Introduction
Macrofaunal organisms are a size-based division of animals found in the sediment and
usually retained on a 500 µm mesh (Ellis et al., 2000). These organisms can occur in high
abundance in estuarine sediments and contain representatives from many invertebrate
phyla (Coull, 1999). Assemblages are most often dominated by polychaete annelids,
crustaceans and molluscs (Snelgrove, 1998; Whitfield et al., 2008). In estuarine and
coastal environments these sediment dwelling invertebrates provide important ecosystem
services such as nutrient cycling, sediment dispersion and secondary production
(Nicastro & Bishop, 2013; Snelgrove, 1998).
Community Structure
Macrofauna facilitate the breakdown of organic matter, which allows nutrients to cycle
between the water column and sediment (Coull, 1999; Dauvin, 2007; Levin et al., 2001).
The sessile nature of benthic organisms causes them to be exposed to a variety of
environmental conditions, impacting water and sediment quality, more so than pelagic
organisms, which have the ability to seek new habitat when stressed (Dauvin, 2007;
Gamito, 2006). Benthic macrofauna also form prey items for organisms occupying higher
trophic levels (Coull, 1999), particularly juvenile fish (Gillanders & Kingsford, 2002).
Macrofauna inhabit within, rather than on, the substratum, and their activities have the
ability to influence the habitat on short temporal scales. For example bioturbators
distribute the sediment through burrowing and feeding activity, rapidly turning over the
sediment structure and increasing oxygen penetration within the sediment column, but
during these processes they can also have negative effects on suspension feeding and
tube forming macroinfauna by increasing sediment particles in the water column
(Wilson, 1991).
Macrofaunal species differ in their feeding behaviour and mode of movement,
consequently creating different levels of disturbance to the sediment structure (Biles et
al., 2002). The two main modes of feeding observed in the macrofauna community are
suspension and deposit feeding. Suspension (or filter) feeders remove particles from the
water column comprising phytoplankton (Wilson, 1991), dissolved organic matter,
organic aggregates and bacteria (Dyer, 1989; Levington, 1972). Filter feeders include
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bivalve molluscs and some families of polychaete worms (Wilson, 1991), and are often
found in habitats with sandy substrates. The height above the sediment surface at which
these organisms filter particles differs between species (Snelgrove, 1998). Deposit
feeders ingest sediment particles and associated organic matter (Pearson & Rosenberg,
1978; Snelgrove, 1998), including phytoplankton (living or dead), which has been
deposited on the sediment surface, plant detritus, diatoms and bacteria (Levington, 1972).
Deposit feeders are often associated with muddy substrates. The depth within sediments
that feeding and defecation (cycling) processes occur at, differs between species
(Snelgrove, 1998).
Organisms
Organisms that are often abundant in estuarine benthic communities include polychaete
worms, chironomid larvae, bivalves and amphipods. Polychaete worms are an important
component of benthic assemblages. They mix sediments as they feed by either burying
or remobilising particulate matter that settles on the bottom (Levin et al., 2001).
Chironomids are the larval form of chironomid midges that are common and important
components of estuarine food webs (Woodcock et al., 2005). Chironomids primarily
consume algae and detritus and are food for other invertebrates, fish and waterfowl
(Menzie, 1980; Woodcock et al., 2005). Bivalve molluscs consume suspended organic
matter from the water column and deposit the waste material to the sediment, playing an
important role in improving water clarity (Levin et al., 2001). Amphipod taxa are often
abundant and are ecologically important components in soft-bottom estuarine benthic
communities. They live in direct contact with the sediment and (in comparison to other
benthic organisms) are relatively tolerant of polluted sediments (Dauvin & Ruellet,
2009).
Physicochemical influence
The habitat for benthic macrofaunal organisms is partitioned in three dimensions, with
horizontal and vertical components (Wilson, 1991). Estuarine communities live among a
number of physical and ecological boundaries and gradients; between water and
sediment, pelagic and benthic, and within the marine-freshwater zone of transition
(terrestrial and marine influence) (Perez-Ruzafa et al., 2005). Sediment qualities,
hydrodynamic conditions, salinity, temperature, nutrient concentrations and pH are all
physicochemical parameters that, individually or collectively, influence the abundance
and distribution patterns of macrofaunal species (Elliott & Quintino, 2007; Ellis et al.,
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2000). Each species exhibits a tolerance threshold to these stressors (Dauvin, 2007). The
composition of benthic macrofaunal communities is heavily dictated by two main
physicochemical parameters: sediment dynamics and salinity. Sediment dynamics affect
the abundance and distribution of benthic organisms by subjecting organisms to erosion
and deposition of sediments by currents and to the capacity for nutrients and oxygen to
diffuse into the sediment matrix (Hack et al., 2007).
The composition of macrofaunal assemblages in estuarine environments are strongly
influenced by sediment particle size, particularly between mud and sand (Gillanders &
Kingsford, 2002). One of the factors that sediment grain size influences is the depth of
oxygen penetration. The consolidation of fine particles (under certain hydrodynamic
conditions) inhibits the movement of oxygen, restricting inhabiting fauna to a narrow
band at the sediment surface that is often only a few centimetres wide, compared to fauna
that can inhabit depths of more than 10 centimetres in sandy or coarse sediment (Coull,
1999).
Species occupying transitional environments (estuaries) often are marine species that
have adapted to desalinised waters, or freshwater species that have adapted to salty or
brackish waters (Dauvin, 2007). Trends in the abundance and diversity of species have
been found to decrease along the marine to freshwater gradient (Gillanders & Kingsford,
2002). Biota inhabiting estuaries are often derived from the marine environment and are
likely to become stressed when salinity drops below 30. However, organisms of
freshwater origin are also observed in the biota (e.g. tubified oligochaetes) and these
species have a tolerance for very low salinities but become stressed at salinities greater
than 0.5 (Elliott & Quintino, 2007). Species composition in estuaries is often dependent
on how connected the system is to the marine environment, which determines if, and
when, the recruitment and emigration of marine fish, crustaceans and molluscs can occur
(Loneragan & Bunn, 1999).
Chapter Aims
This chapter examines the benthic macrofaunal community in East Otago estuaries to see
if there are differences in taxonomic diversity, abundance and biomass of organisms
between estuarine sites and between opening regimes. In a wider context this study aims
to contribute to the data and knowledge on estuaries in New Zealand, particularly as the
benthic biota in several of these sites has not previously been documented. This study
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involved the collection, and taxonomic identification and analysis, of biota within
sediment cores.
Research Question: Does the benthic macrofaunal community composition in East Otago
estuaries show changes based on the degree of marine connectivity?

Methods
Sample Collection and Preparation
Substrate samples for benthic macrofaunal analysis were collected at ten sample points
for each site on the 22nd and 25th January 2013. These points were chosen along a 30
meter transect line using random numbers. A core of 25 centimetres diameter was used
to sample benthic sediment to a depth of ten centimetres. The sediment was sieved
through a 0.5 millimetre sieve in situ and macrofauna collected. Macrofauna were rinsed
off the sieve and placed into a bag with formalin solution (ten percent in seawater) and
Rose Bengal stain. Sample bags containing formalin were stored in a secure room until
further processing.
Samples were removed from storage and the formalin solution drained off. Each sample
was thoroughly washed with filtered water and left overnight in a plastic container under
a fume hood to release any remaining formalin gas. The sample was then sorted on a tray
and macrofauna extracted.

Figure 28: Left: collecting sediment and macroinfauna samples along a transect in the
Waikouaiti River estuary. Right: sieving samples in the Pleasant River estuary and
getting them into bags for further sorting at the laboratory.
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Taxonomic Identification
After extracting from the sample debris, macroinfauna were placed into labelled
containers containing the preservative isopropyl alcohol (70 percent) until further
identification. All organisms in each sample were examined under a compound
microscope and identified to family level with the use of Beesley et al. (2000), and
counted. These organisms are referred to collectively as macrofauna. A reference
collection of each taxonomic grouping identified was also formed to aid identification
and for future use, and is currently stored at the Portobello Marine Laboratory.
Macrofaunal Biomass Estimate
To obtain an estimate of biomass in each site representative samples of size classes for
each family were weighted. Five large individuals from each taxa, or 20-60 individuals
for smaller taxa, were used to gain a dry-weight biomass estimate. When appropriate,
calcareous material (shells etc.) were removed prior to weighing. Each taxa was weighed
wet (patted dry to remove excess moisture) and then placed in a drying oven for three
days at 60 degrees and re-weighed.
Sediment Grain Size and Organic Content Analysis
See Chapter 2 for the full methods of this analysis.
Statistical Analysis: Macrofaunal Richness and Biomass
Taxa richness and biomass for each site is presented in column graphs as mean values
associated with measurements of variation (standard deviation) around the sample mean
(average of the ten sediment cores). To test for differences between East Otago estuarine
sites and regimes PRIMER and PREMANOVA methods for the statistical analysis of
macrofaunal biomass are described in the following paragraph.
Statistical Analysis: Macrofaunal Abundance
To test for differences in macrofaunal abundance and biomass between East Otago
estuarine sites and opening regimes, multivariate statistical analysis was performed using
PRIMER version 6 (Plymouth Routines In Multivariate Ecological Research: PRIMERE, Plymouth) and PERMANOVA+ (see Clarke & Gorley (2006) and Anderson et al.,
(2008) for details of all statistical methods). A draftsman plot showed the raw data were
skewed towards zero so this data were log (x+1) transformed and a Bray-Curtis similarity
measure used (Clarke & Gorley, 2006). A non-metric Multi-Dimensional Scale plot was
created showing the abundances (and biomass) of macrofauna at the site level in two97

dimensional space. To test for statistical differences in macrofauna abundance at the site
level a one-way PERMANOVA was designed and mains and pairwise tests performed.
Site was selected as a random factor, an unrestricted number of permutations of the raw
data were selected, and a dummy variable (+1) was added to deal with zeros in the data
set. To test for differences in macrofaunal abundance between regime types a two-way
PERMANOVA was designed and mains tests performed. Regime was selected as a fixed
factor, and site selected as a random factor nested within regime.
Statistical Analysis: Community Structure
To partition the variation present in resemblance matrices for a series of biodiversity
metrics according to the measured environmental variables, distance-based linear
modelling (DistLM, in PRIMER 6 (Clarke & Gorley, 2006) and PERMANOVA+
(Anderson et al., 2008)) was used. For these analyses, biodiversity metrics calculated
using the richness and abundance of associated organisms were considered as the
response variables, and sediment grain size and organic content were considered as
predictor variables. A range of statistical procedures in the PRIMER package were
undertaken to prepare the data for DistLM.
To visualise any changes in community assemblages in multivariate space, Principal
Coordinate Analysis using PRIMER 6 & PERMANOVA + statistical software was run
on square root transformed abundance data using a Bray-Curtis similarity measure
(Anderson et al., 2008; Clarke & Gorley, 2006). A draftsman plot of the environmental
data showed that very coarse sand and very fine gravel were highly correlated with values
above 0.9. If values are above 0.8 not all variables are needed in the most parsimonious
model (Clarke & Gorley, 2006). The data for very coarse gravel and very fine gravel was
subsequently removed from the analysis as the variables were effectively redundant.
Variables percent medium sand and percent coarse sand were log (ν+1) transformed due
to left-skew for the DistLM analysis.
A Distance Based Linear Model (DistLM) was used to analyse and model the relationship
between multivariate data (macrofaunal species composition and abundance) and
predictor variables (sediment size and percent organic content). As only five samples for
sediment grain size and organic content were analysed, the five corresponding
macrofaunal samples were selected, and data used in this model. The DistLM is based on
a resemblance matrix and uses permutations of samples to obtain a p-value (Clarke &
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Gorley, 2006). A Distance-Based Redundancy Analysis (dbRDA) was used for
ordination and visualisation of the fitted DistLM model. Data type selected for the
DistLM analysis was environmental, with AICc (Akaike's Information Criterion
corrected) chosen as the selection criterion because the number of samples was small
relative to the selection criterion. BEST was chosen as the selection procedure as it
examines the value of the selection criterion for all possible combinations of predictor
variables (Clarke & Gorley, 2006).
Raw abundance data for macroinfauna were square-root transformed (to downweigh the
contributions of quantitatively dominant species to the similarities calculated between
samples). A resemblance matrix using Bray-Curtis similarity measure was constructed
as this similarity measure is appropriate for exploring similarities of biological
communities (Clarke & Gorley, 2006).
Sediment properties were chosen as environmental predictor variables because the
sediment cores were taken at the same time as, and adjacent to, the location that
macrofaunal cores were sampled. Sediment properties including particle size and organic
content were included in the dbRDA plot as they have direct contact with macrofauna
and are indicative properties used to explain presence and/or absence of species.
Although the physicochemical parameters are also important in affecting benthic
macrofauna, sampling did not coincide with that of the sediment core samples and would
have been based on conditions either the week previous to, or week following, sediment
and benthic macrofaunal sampling. Furthermore, the data for some physicochemical
parameters (e.g. pH) were not recorded at the time.
To test for statistical differences in the community composition (based on environmental
predictors) between sites, a one-way PERMANOVA was designed, data selected as
random and factor selected as site. A one-way mains PERMANOVA was then
undertaken with unrestricted number of permutations of the raw data. A pairwise analysis
was performed to determine between which sites the difference(s) were.
A new two-way PERMANOVA using a nested design was created to test if statistical
differences could be determined between regime types. This PERMANOVA comprised
two factors; Regime was selected as a fixed factor and Site was selected as a random
factor nested within Regime. A mains analysis was run on this two-way nested design.
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Results
Taxonomic Richness
Average taxa richness was relatively even across all sites and regimes, with the Pleasant
River estuary having a slightly higher average taxa richness (Figure 29). Variability was
relatively low between samples in each site, with the overall richness of sites differing
between the presence or absence of one or two species.
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Figure 29: Biodiversity presented as mean taxa richness with standard deviation at sites:
Hawksbury Lagoon 3 (HL3), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon – Post
Office Creek (HL1), Waikouaiti River estuary (WRE), Pleasant River estuary (PRE),
Andersons Lagoon (AL) and opening regimes; open (O), intermittently open (IO) and
closed (C). n = 10 for all sites. Samples collected February 2013.
Many of the families and/or groupings were unique to a site. Capitellidae, Spionidae,
Chironomidae and amphipods were the most common groupings to be found at multiple
sites sampled (Table 39). Waikouaiti River estuary and Pleasant River estuary contained
the most diverse benthic macrofaunal communities.
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Table 39: Presence/absence of benthic macroinfauna by site. Presence indicated by
shaded square. Waikouaiti River estuary (WRE), Pleasant River estuary (PRE),
Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek (HL1), Hawksbury
Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
Site
WRE

PRE

AL

HL1

HL2

HL3

Spionidae
Glyceridae
Nereidae
Orbinidae
Nephtyidae

Taxonomic grouping

Maldanidae
Capitellidae
Sabellidae
Arenicolidae
Platyhelminth
Chironomidae
Biffarius filholi
Austrovenus
stutchburyii
Macomona liliana
Trochodota
dunedinensis
Amphipods

Macrofaunal Abundance
There appears to be characteristic assemblages at the site level for macrofauna
abundance, whereby samples tended to be placed closer to those from the same site than
those from other sites in multivariate space (Figure 30). Figure two shows a progression
in abundance of macrofauna from sites with a strong marine connection (i.e. Pleasant and
Waikouaiti River estuaries and Hawksbury Lagoon – Post Office Creek) transitioning
into sites with a weak marine connection (i.e. influenced more by freshwater inputs;
Andersons Lagoon and Hawksbury Lagoon 2 and 3). As shown in Table 39, many of the
estuarine sites contained the same species but differences were observed in the number
of individuals present (e.g. Figure 30 B-E). Amphipods were particularly abundant in
Andersons Lagoon compared to Hawksbury Lagoon 2 and the Pleasant River estuary.
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Many individuals of Capitellidae species were found in Andersons Lagoon; fewer
individuals were found in all other sites with the exception of Waikouaiti River Estuary
where no individuals were found. Chironomidae larva were abundant in Hawksbury
Lagoon – Post Office Creek, with slightly fewer individuals found in Andersons Lagoon
and Hawksbury Lagoon 2 and 3. Spionidae species were very abundant within the
Pleasant River estuary and Hawksbury Lagoon – Post Office Creek with fewer
individuals found in Andersons Lagoon and the Waikouaiti River estuary.
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Figure 30: (A) A similarity resemblance matrix for macrofaunal abundance at each site
displayed in two-dimensional space. (B-E) A selection of macrofaunal abundance at the
level of family in the same two-dimensional space. Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post
Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3).
A one-way mains PERMANOVA identified significant differences in macrofaunal
abundance between sites (p 0.001) (Table 40). A PERMANOVA pairwise analysis
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identified significant differences between all sites (p 0.001) excluding between
Hawksbury Lagoon 2 and Hawksbury Lagoon 3 (p 0.069) (Table 41).
Table 40: One-way mains PERMANOVA output table for macrofaunal abundance at site
level.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

39005

7801

Res

53

9759.1

184.13

Total

58

48764

42.366

0.001

997

Table 41: One-way pairwise PERMANOVA output table for macrofaunal abundance
between sites.
Groups

t

P(perm)

Unique perms

HL1, HL2

5.129

0.001

995

HL1, HL3

5.5375

0.001

990

HL1, AL

6.447

0.001

987

HL1, WRE

8.5963

0.001

994

HL1, PRE

6.0354

0.001

992

HL2, HL3

1.6503

0.069

993

HL2, AL

3.0311

0.001

995

HL2, WRE

9.6065

0.001

995

HL2, PRE

7.2656

0.001

995

HL3, AL

2.7391

0.001

995

HL3, WRE

8.0138

0.001

993

HL3, PRE

6.3281

0.001

992

AL, WRE

10.656

0.001

997

AL, PRE

8.1708

0.001

995

WRE, PRE

5.747

0.001

991

No statistical difference was detected in the two-way mains PERMANOVA test for
differences in macrofaunal abundance between regime types (p 0.118) (Table 42).
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Table 42: Two-way nested mains PERMANOVA output table for macrofaunal
abundance at regime level.
Source

df

SS

MS

Pseudo-F

P(perm)

perms

Re

2

27142

13571

3.4489

0.118

45

Si(Re)

3

11808

3936.1

21.376

0.001

999

Res

53

9759.1

184.13

Total

58

48764

Macrofaunal Biomass
The average biomass per core showed some differences between sites. The Pleasant
River estuary contained a higher average biomass than that of other sites. Biomass was
relatively even within intermittently open and closed estuarine regimes. There was low
variability between samples in all sites (Figure 31).
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Figure 31: Biomass presented as the mean dry weight biomass of each site in grams with
standard deviation: Hawksbury Lagoon 3 (HL3), Hawksbury Lagoon 2 (HL2),
Hawksbury Lagoon – Post Office Creek (HL1), Waikouaiti River estuary (WRE),
Pleasant River estuary (PRE), Andersons Lagoon (AL) and opening regimes; open (O),
intermittently open (IO) and closed (C). n = 10 for all sites. Samples collected in February
2013.
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A PERMANOVA was run to test the differences of mean macrofauna biomass between
sites. This found that there were significant differences between sites (p 0.001) (Table
43).
Table 43: One-way mains PERMANOVA for macrofauna biomass at the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

11518

2303.5

Res

53

5356.2

101.06

Total

58

16874

22.793

0.001

999

To find which sites were significantly different to each other a pairwise analysis was run
(Table 44). The pairwise analysis found that all sites were significantly different to each
other (p 0.001) excluding Hawksbury Lagoon 2 and Hawksbury Lagoon 3 (p 0.197).
Table 44: One-way pairwise PERMANOVA of macrofauna biomass between sites.
Groups

t

P(perm)

perms

HL1, HL2

4.2616

0.001

994

HL1, HL3

4.9839

0.001

994

HL1, AL

5.1173

0.001

993

HL1, WRE

4.4003

0.001

995

HL1, PRE

5.2349

0.001

995

HL2, HL3

1.308

0.197

995

HL2, AL

5.5538

0.001

992

HL2, WRE

3.8874

0.001

992

HL2, PRE

4.8436

0.001

996

HL3, AL

5.2428

0.001

997

HL3, WRE

4.1297

0.001

993

HL3, PRE

5.1048

0.001

993

AL, WRE

4.6699

0.001

996

AL, PRE

5.3561

0.001

995

WRE, PRE

3.7379

0.001

992

There were no significant differences (p 0.09) when site was nested within regime (i.e.
no difference in macrofauna biomass between closed, intermittent or open estuarine
systems) (Table 45).
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Table 45: Two-way nested mains PERMANOVA of biomass at regime level.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

7259.9

3630

2.5606

0.09

45

Si(Re)

3

4254.2

1418.1

14.032

0.001

999

Res

53

5356.2

101.06

Total

58

16874

Community Structure
The first two axes of the principal coordinate analysis together explain 75 percent of the
total multivariate variability inherent in the full resemblance matrix, providing a
reasonable representation of the overall structure (Table 46).
Table 46: Variation in macrofaunal community explained by individual axes for Principal
Coordinate Analysis.
Axis

Eigenvalue

Individual%

Cumulative%

1

17843

47.32

47.32

2

10462

27.74

75.06

3

4612

12.23

87.29

4

3395

9

96.29

5

1465.7

3.89

100.18

On a Principal Coordinate plot the length and direction of each vector indicates the
strength and sign of the relationship between the variable and the Principal Coordinate
axis (Clarke & Gorley, 2006). Percent coarse and percent fine sand is positively
correlated with Principal Coordinate axis 2 (PCO2), the percent mud and percent very
fine sand are negatively correlated with PCO2. Andersons Lagoon positively correlated
with PCO1, the Pleasant River estuary is negatively correlated with PCO1. Waikouaiti
River estuary positively correlated with PCO2.
The principal component analysis shows overlap between sites Hawksbury Lagoon 2 and
Hawksbury Lagoon 3 (Figure 32).
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Figure 32: Plot of the first two axis from Principal Coordinate Analysis with
environmental vector overlay. Faunal abundance data were used. Waikouaiti River
estuary (WRE), Pleasant River estuary (PRE), Andersons Lagoon (AL), Hawksbury
Lagoon – Post Office Creek (HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3
(HL3). For further details on sediment particle size classification refer to Table 2 in
chapter two.
Two dbRDA axes explained 84.8 percent of the fitted variation and 53.7 percent of the
total variation in the resemblance matrix (Table 47 and Figure 33). The two axes captured
a large amount of the information about the fitted model, although there was still some
residual variation in the original data matric not captured in the dbRDA plot (Figure 33).
The dbRDA axis 1 was strongly negatively correlated with log percent coarse sand and
percent fine sand. The dbRDA axis 2 was strongly negatively correlated with percent
very fine sand and negatively correlated with percent mud (Figure 33).
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Figure 33: dbRDA plot of faunal distribution with environmental predictor vector
overlay. Faunal abundance data were used. Waikouaiti River estuary (WRE), Pleasant
River estuary (PRE), Andersons Lagoon (AL), Hawksbury Lagoon – Post Office Creek
(HL1), Hawksbury Lagoon 2 (HL2), Hawksbury Lagoon 3 (HL3). For further details on
sediment particle size classification, refer to Table 2 in chapter two.
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Table 47: Percentage of fitted and total variation explained by each axes of dbRDA plot.

Axis

% explained variation out of fitted

% explained variation out of total

model

variation

Individual

Cumulative

Individual

Cumulative

1

60.73

60.73

38.43

38.43

2

24.07

84.8

15.23

53.66

3

11.32

96.12

7.16

60.82

4

4.94

101.06

3.13

63.95

5

-1.06

100

-0.67

63.28

The most parsimoniast DistLM model based on AIC values contains five variables, which
together explain 63 percent (AICc = 199.69) of the variation in macrofaunal community
structure (Table 48). These five variables are the percent composition of: mud, very fine
sand, fine sand, log(medium sand) and log(coarse sand).
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Table 48: Output for DistLM marginal tests.
Variable

SS(trace)

Pseudo-F

P

Prop.

% Mud

4129.6

3.4435

0.0189

0.10951

% Very Fine

4481.2

3.7762

0.0125

0.11884

% Fine sand

5392.1

4.6719

0.0052

0.14299

log(% Medium

4396.2

3.6951

0.013

0.11658

7511.8

6.9652

0.0001

0.1992

2007.9

1.5747

0.1922

5.3246E-2

Sand

Sand+1)
log(% Coarse
Sand+1)
% Organic

BEST RESULT FOR EACH NUMBER OF VARIABLES
AICc

R^2

RSS

No.Vars

Selections

211.87

0.1992

30197

1

5

210.39

0.2984

26457

2

4,5

206.8

0.43065

21469

3

3-5

202.19

0.55667

16718

4

1-3,5

199.69

0.63279

13847

5

1-5

200.82

0.66

12821

6

All

OVERALL BEST SOLUTIONS
AICc

R^2

RSS

No.Vars

Selections

199.69

0.63279

13847

5

1-5

200.82

0.66

12821

6

All

202.19

0.55667

16718

4

1-3,5

203.39

0.58461

15664

5

1-3,5,6

206.37

0.4904

19216

4

2,3,5,6

206.8

0.43065

21469

3

3-5

206.82

0.48273

19506

4

2-5

207.46

0.4716

19925

4

3-6

207.68

0.52069

18074

5

2-6

208.55

0.45193

20667

4

1,3-5

The macrofaunal community composition at each site (0.001) was found to be
significantly different from one another (Table 49).
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Table 49: One-way mains PERMANOVA for macrofaunal community composition at
the level of site.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Si

5

29728

5945.6

Res

24

7980.8

332.53

Total

29

37709

17.88

0.001

999

Statistically significant differences were found at all sites excluding between Hawksbury
Lagoon 2 and Hawksbury Lagoon 3 (Table 50).
Table 50: One-way pairwise PERMANOVA output for comparisons of community
composition between sites.
Groups

t

P(perm)

Unique Perms

HL1, HL2

2.8596

0.008

126

HL1, HL3

2.8696

0.01

126

HL1, AL

4.5529

0.009

126

HL1, WRE

3.8514

0.006

126

HL1, PRE

4.7152

0.009

126

HL2, HL3

1.0404

0.409

126

HL2, AL

4.0337

0.007

126

HL2, WRE

4.8422

0.01

126

HL2, PRE

4.8879

0.008

126

HL3, AL

3.3253

0.01

125

HL3, WRE

3.9697

0.012

126

HL3, PRE

3.8437

0.004

126

AL, WRE

8.1027

0.009

126

AL, PRE

7.31

0.013

126

5.2851

0.012

126

WRE, PRE

The two-way mains PERMANOVA design found no statistical difference between the
community composition at regime level (0.0655) (Table 51).
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Table 51: Two-way mains PERMANOVA output for macrofaunal community
differences at the level of regime.
Source

df

SS

MS

Pseudo-F

P(perm)

Unique
perms

Re

2

17626

8813

2.1847

0.0655

15

Si(Re)

3

12102

4034

12.131

0.0001

9941

Res

24

7980.8

332.53

Total

29

37709

Discussion
Taxonomic Richness, Macrofaunal Abundance and Biomass.
A report on the state of seven open estuaries by the Otago Regional Council (2010) stated
that mud crabs, mudsnails, polychaete worms and amphipods are features of the
macrofaunal assemblages in estuaries across the Otago reion. All of these listed
organisms were observed in the Pleasant and Waikouiti River estuaries, however mud
crabs and mudsnails were not present in the macrofaunal cores analysed. This Otago
Regional Council (2010) report also noted that there was considerable variation in the
benthic communities between sites. Although this generalisation is based on the data
collected for the seven open estuaries, it also describes the differences across the systems
in East Otago.
Open estuaries tend to have a high number of species (Coull, 1999; Hirst, 2004). On
average the Pleasant River estuary stood out as containing the highest taxonomic richness
of all sites. All other sites contained a similar level of taxonomic diversity. These findings
do not strictly support the expected trend of increased taxonomic diversity as connectivity
with the marine environment increases. The reflected trend in the overall taxonomic
diversity observed at each site (Table 39) demonstrates that open estuarine sites contained
high diversity with the Waikouaiti River estuary containing eight and the Pleasant River
estuary containing 12 different taxonomic groupings compared to all other sites, which
contained a total of six or fewer taxonomic groupings. It should be noted that due to time
limitations this study identified individuals to the level of family and it is possible that
this is masking the full extent of taxonomic diversity within sites.
The multivariate analysis based on the overall abundance of macrofaunal organisms
appeared to place sites into space based on decreasing marine connectivity. This finding
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has some merit and is described in the literature whereby macrofaunal abundance
decreases along the marine to freshwater gradient (Gillanders & Kingsford, 2002).
Although there can be many species of macrofauna in estuarine sediments, generally only
a few of these dominate. Most species are rare and comprise only a small percentage of
the overall assemblage (Coull, 1999). This is true for the East Otago sites in which several
macrofaunal species were found in more than one estuarine site (although with
differences in the overall abundance between each site), while some species were unique
to a specific estuarine site (Table 39).
Some species are capable of tolerating a broad range of water chemistry and sediment
conditions unanimous with estuarine conditions (Woodcock et al., 2005). The most
common individuals found in the majority of East Otago estuarine sites included the
amphipod grouping, Chironomidae species, Capitellidae species and Spionidae species.
The abundances of these species in each site ranged from zero to several hundred and in
some instances thousands, whilst others were present in only some sites in low numbers.
This is also described in a study of the zoobenthos of South African estuaries by Mackay
and Cyrus (2001), who concluded ‘that each estuary was characterized by a small number
of highly abundant species, and a large number of rare species (including those with a
single record of distribution)’. This summary describes the macrofauna composition of
the Waikouaiti and Pleasant River estuaries.
Although some species contain numerous individuals, often collectively they contribute
very little to the overall biomass. Biomass is a measure of secondary productivity
whereby every individual makes a contribution. The macrofaunal biomass was greatest
in open estuarine sites, and was particularly large in the Pleasant River estuary. In open
estuaries few large individuals contributed to the overall biomass, compared to closed
estuaries where many small individuals contributed to the overall biomass. These
observations are reflective of the two dominant strategies described in the literature,
which theorise how different species exist/endure specific environments.
‘K-Strategists’ are associated with dominance in open estuaries. In open estuaries, these
are usually represented by large organisms with high biomass that are comparably long
lived and reproduce slowly (Gamito, 2006). An example of a ‘K-Strategist’ species found
in the Pleasant River estuary is Meldanidae species; a large polychaete with high
biomass, represented by few individuals. In contrast, ‘R-Strategists’ dominate closed and
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intermittently open estuaries that are typified by environmentally variable and stressful
conditions (Elliott & Quintino, 2007). These stressful environments are associated with
small-sized organisms (Gamito, 2006) with high abundances but low taxonomic
diversity. The overall biomass with this combination can still be high due to the sum of
many individuals each contributing some biomass (Elliott & Quintino, 2007). For
example, Hawksbury Lagoon 2 contained a total of three macrofaunal groupings,
Capitellidae, Sabellidae and Chironomidae, of which all were numerous but small in size.
With this combination, Hawksbury Lagoon 2 had the lowest average biomass of all sites.
A study on benthic macrofauna in 48 Tasmanian estuaries by Edgar et al. (2000) found
that overall macrofaunal biomass was much more ‘patchy’ at the replicate scale
compared to species richness. They linked this finding to large animals such as bivalves,
which contributed well over half of total biomass in a sample, but may be fortuitously
collected in one core, but not another. The same could be said of the influence of
individuals on the total biomass in East Otago estuarine sites, in particular the Pleasant
and Waikouaiti River estuaries.
Community Structure
Organic matter is the foundation of food webs and its presence stimulates benthic
productivity (Palmer et al., 2011). The amount and rate of organic matter deposition is
strongly influenced by hydrodynamic fluctuations. In turn this has an important effect on
the erosion and depositional cycles, influencing the sediment composition. These three
factors (organic matter, hydrodynamics and sediment composition) combine to influence
the colonisation and subsequent assemblages of benthic communities (Chainho et al.,
2006; Ellis et al., 2000). Systems that experience high flow velocities often contain very
little organic matter (e.g. the Waikouaiti River estuary study site), as organic matter is
entrained in the water column and prevented from becoming deposited until such time as
velocity decreases (Palmer et al., 2011).
Chironomid larvae readily feed on the available organic matter, and provide a link up the
food chain as a food source for other invertebrates and fish (both juvenile and adult)
(Menzie, 1980). Chironomids were present in five out of the six sites (not present at
Waikouaiti River estuary). High organic matter is associated with finer sediments (Dyer,
1989). Mud and sand components of estuarine sediment profiles are known to influence
macrofaunal assemblages (Gillanders & Kingsford, 2002). This was observed with
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multivariate statistics that used macrofauna abundance data and environmental predictor
variables to place assemblages in space in the form of a dbRDA plot. This plot clearly
showed that assemblages in the Waikouaiti and Pleasant River estuary sites were isolated
(in multivariate space) from the others on the basis of containing coarser sediments,
whereas assemblages found in sites comprising finer sediments were grouped together.
Although physicochemical variables were not included in this model, a study by Teske
and Wooldridge (2003) found that the composition of the sediment was more important
in limiting the distribution of macrofauna when compared against salinity in permanently
open and temporarily open/closed South African estuaries.
The multivariate analysis of macrofaunal assemblages has demonstrated that
assumptions made with respect to regime groupings (based on marine connectivity) were
unfounded, particularly with respect to the intermittently open grouping, whereby the
macrofaunal community assemblages in Andersons Lagoon and Hawksbury Lagoon
were quite different. This indicates that these sites were not true replicates and that
possibly there is scope for additional groupings. It certainly reinforces the difficulties in
defining coastal estuarine systems as outlined in Chapter 1. The implications of this
finding on the project as a whole will be discussed further in the following chapter.
Statistical Analysis
The environmental data incorporated in the analysis of community structure was limited
to sediment grain size and organic content (collected concurrently with macrofaunal
samples). The sediment profile is generally considered stable over the short to medium
term compared to water parameters, which, as stated in chapter two, are variable over
time. Unfortunately the water parameters were not sampled simultaneously with the
sediment and macrofaunal cores. A decision was made to exclude environmental
variables measured for the water column on the basis that these were not sampled at the
time of macrofaunal collection. The physicochemical variables measured in the water
column can change over short time frames, and it could not be guaranteed that
physicochemical measurements from the week prior to, or after, macrofaunal sampling
occurred would be entirely representative so it was determined that their inclusion in this
analysis would not be appropriate.
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Conclusion
The macrofaunal community (abundance and biomass) showed statistical differences
between most sites. Statistically significant differences were detected between sites
grouped in the same regime. Sediment grain size is a useful environmental predictor of
macrofaunal assemblages and enabled significant differences in macrofaunal
assemblages to be identified at site level. Regime type was not an adequate descriptor for
the macrofaunal community structure observed at the sites sampled. General
comparisons of environmental factors will be made in the following, and final, chapter
with regard to the biological system (encompassing all measured environmental factors,
primary productivity and macrobenthic community assemblage).
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Chapter Five. Research Outcomes for East Otago Estuaries, Study
Findings, Management Implications, Limitations, and Future
Research Opportunities
Main Findings
Extensive observations pertaining to the ecology and water quality in four estuaries in
East Otago, New Zealand, has enabled the evaluation of the relationships between
organisms (primary producers and benthic macrofauna), the habitat they occupy (water
and sediment) and the coastal opening regime they are influenced by. The results
obtained provide a general picture of the diversity, abundance and biomass of organisms
sampled during this 12 month study. A major limitation in this study was the frequency
of biological sampling over the course of the year and the absence of multi-seasonal data,
which has limited the extent of statistical analysis and to which conclusions about each
opening regime could be made. The observations and data obtained from this research
will contribute to the overall level of knowledge and understanding of estuarine systems
in New Zealand.

Site Summaries
The physicochemical environment of no two sites studied were the same, rather each site
was a unique combination of factors that resulted in a flora and faunal assemblage equally
unique. The exception to this could be sites within the Hawksbury Lagoon system and
this will be addressed further in this discussion.
Hawksbury Lagoon
The physicochemical environment within the Hawksbury Lagoon complex exhibited
high pH, often recorded above ANZECC (2000) recommended levels on consecutive
sampling occasions. Salinity was found to be relatively even within the complex,
although there was less variation over time in Hawksbury Lagoon 2 and 3. Dissolved
oxygen was found to dip below ANZECC (2000) thresholds, although generally not on
consecutive sampling occasions. High ammonium levels were found within Hawksbury
lagoon sites 2 and 3 while high phosphate and nitrate levels were measured in Hawksbury
Lagoon - Post Office Creek. Hawksbury Lagoon tended to contain fine sediments with a
high organic matter content. Primary production within Hawksbury Lagoon typically
contained low phytoplankton and macroalgal species diversity and low biomass, however
chlorophyll α was significantly higher than in any of the other sites, exceeding ANZECC
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(2000) trigger value during some seasons. Macrofaunal species richness was relatively
similar within the Hawksbury Lagoon complex but contained low biomass, particularly
within Hawksbury Lagoon sites 2 and 3. The general findings are summarised in Figure
34, which shows the main differences between Hawksbury Lagoon 2 and 3 are the
periodic connections with the marine environment and the greater macrophyte biomass
observed in the intermittently open Hawksbury Lagoon – Post Office Creek.
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Figure 34: Schematic summary of geomorphology, processes and biological
communities in Hawksbury Lagoon sites 2 and 3 (top) and Hawksbury Lagoon – Post
Office Creek (bottom). Arrows indicate inputs from the catchment and/or marine
influence. Dotted lines indicate processes that influence the system on a periodic basis.
Solid arrows indicate processes occurring in response to catchment processes and
climate.
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Andersons Lagoon
The physicochemical environment in Andersons Lagoon contained high pH above
ANZECC (2000) recommendations (on consecutive sampling occasions). Salinity was
found to be very responsive to rainfall, with low salinity values recorded following flood
events. The sediment profile contained a variety of sediment particle sizes and had a low
organic content within the sediment. Phytoplankton species diversity and macroalgae and
macrophyte biomass in Andersons Lagoon were highest of all sites. Andersons Lagoon
contained a diverse assemblage of macroalgae and macrophytes including rootedsubmerged forms and free floating. This has been summarised in Figure 35.

Figure 35: Schematic summary of geomorphology, processes and biological
communities in Andersons Lagoon. Arrows indicate inputs from the catchment and/or
marine influence. Dotted lines indicate processes influencing the system on a periodic
basis. Solid arrows indicate processes occurring in response to catchment processes and
climate.
Pleasant River Estuary
The highest recorded salinity value was measured in the Pleasant River estuary. Salinity
was observed to fluctuate with rainfall events. The sediment contained a variety of size
classes with low sediment organic content. The Pleasant River estuary contained the
second highest overall macroalgae biomass and contained the highest macroalgal species
diversity. A high portion of this macroalgal biomass was contained in drift deposits with
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species compositions reflective of those found in wave exposed macroalgal beds and
offshore kelp forests (Desmond et al., 2015; Hepburn et al., 2011). Macrofaunal biomass
and species diversity was also found to be highest at this site and included bivalves and
a diverse assemblage of polychaete worms. Phytoplankton cell density was low. This
Pleasant River estuary site is summarised in Figure 36.

Figure 36: Schematic summary of geomorphology, processes and biological
communities in the Pleasant River estuary. Horizontal solid arrows indicate inputs from
the catchment and/or marine influence. Dotted lines indicate processes influencing the
system on a periodic basis; in this site this (and the vertical solid arrow) refers to water
level fluctuating with tidal processes.
Waikouaiti River Estuary
The Waikouaiti River estuary contained the lowest recorded pH value. The salinity
profile was found to be responsive to rainfall and dissolved oxygen was always measured
above the ANZECC (2000) threshold. Nitrate levels were relatively high within this site.
The sediment comprised a diverse particle size range and had a low organic matter
content. The species diversity of macrofauna was relatively high and included bivalves
and a diverse assemblage of macrofauna. Biomass was considerably lower than the
Pleasant River estuary. There was little to no presence of macroalgae or macrophytes.
This Waikouaiti River estuary site is summarised in Figure 37.
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Figure 37: Schematic summary of geomorphology, processes and biological
communities in the Waikouaiti River estuary. Horizontal solid arrows indicate inputs
from the catchment and/or marine influence. Dotted lines indicate processes influencing
the system on a periodic basis; in this site this (and the vertical solid arrow) refers to
water level fluctuating with tidal processes.

Management Implications
The gathering of this data on East Otago estuaries has demonstrated how increased
marine connectivity can influence the diversity, biomass (and abundance) of organisms
inhabiting these systems. The assessment of the ecology in East Otago estuary sites has
highlighted the uniqueness of these systems on an individual level. This research has
paved the way for further work on the East Otago estuaries, identifying aspects that
require a more extensive approach whilst also providing a data set for future comparisons
to be assessed against. The information attained from this study will be used to formulate
management initiatives for each individual system and in a larger context will support
estuarine research in New Zealand and globally.
Initiatives to enhance the aesthetic and ecological nature of the Hawksbury Lagoon are
already underway, with the possibility of changes to the water management at the system
(MacTavish, 2010; MacTavish & Mitchell, 2013) currently proposed. This study will
assist with any future technical reports required for the implementation of this project.
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Formal measures to minimise the human impacts on systems can include legal protection
but this first requires the identification of conservation values. The analysis of the
Andersons Lagoon system identified ecological values that are of significance for the
East Otago area, however these values have not been recognised with any formal
protection. There is an opportunity for the information contained in this study to inform
policy makers in the form of a submission in support of Andersons Lagoon gaining
‘regionally significant wetland’ status in the Otago Regional Council water plan. The
inclusion of Andersons Lagoon in the Regional Plan: Water for Otago (Otago Regional
Council, 2016) would allow a degree of legal protection from human modification. Data
collected along the duration of this study could be useful in any submission made in
support of inclusion.
The data for the Waikouaiti River estuary could also be beneficial for managers
overseeing the newly established Waikouaiti mātaitai, setting a baseline from which
further research can be measured against.

Methodology Review
The wide scope of this project meant there was a lot of information and understanding
required to set up and collect the data. In doing this, there were some omissions or
oversights in the methods picked up during data processing or statistical analysis.
Frequency of Measurements
Time, resources and manpower are drivers and restrictors in undertaking a research
project of this nature. If each of these factors were unlimited, the scope and scale (and
ultimately value) of the research would have been greatly enhanced.
The time and resources utilised in the initial sampling and the subsequent sample
preparation and analysis restricted the frequency of benthic macrofaunal sampling to a
one-off event. Although conclusions can still be drawn from the resulting data, there are
limitations. The results are representative of a snapshot of the benthic macrofaunal
community on the day of sampling. It would have been useful and of great research value
to have gathered samples for every season and/or in response to isolated weather events.
This would enable the analysis of data one step further to account for changes over time.
For similar reasons, it would have been useful to have been able to sample the primary
producer community more than during the summer and winter extremes (and for
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chlorophyll α sampling to extend beyond seasonal sampling). To go beyond this and
analyse differences in the community due to flood, swell, or drought events (e.g. Hastie
& Smith, 2006) would also produce valuable data and enhance understanding of
biological responses in these coastal environments to environmental change. The reasons
that sampling was not undertaken to these scales was due to the time and resource
required to process samples.
The syncing of physicochemical measurements with primary productivity and
macrofaunal sampling would have allowed for more robust statistical analysis to have
been applied. The way sampling was conducted meant there was approximately one week
between physicochemical sampling and that of biological sampling. The nature of the
physicochemical environment and the variation associated with it meant that when it
came to analysing the data, making the assumption of no change in water column
parameters between weeks could not be made. In making this decision at the time of field
data collection, time and resource were factors (having equipment available on the day,
having someone available to use it and being able to collect all biological samples and
take physicochemical measurements), which meant that not all information could be
gathered at the same time. As a result an argument was made to include only certain
parameters into statistical models used in chapter four of this thesis (sediment analysis,
which was determined to be influenced on longer-term scales).
Site Selection and Categorisation
The selection of sites was based on their proximity to each other and the proximity to
Dunedin. Sites were chosen that would demonstrate the influence (or lack of) of marine
processes on the assessed parameters: physicochemistry, flora and fauna.
Statistical analysis confirmed there were differences in many of the parameters analysed
among sites but could not support differences in parameters between regimes. This is
reflective of the selected regime types failing to represent the observed differences,
whereby sites within each regime contained differences. In short, the regime
classification was too simplistic for the sites studied. As stated earlier, these are
environments with unique properties in which classifications and definitions of systems
have been dissected at length in the literature. The outcome of this is a series of
definitions that more clearly defines processes going on within each system.
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Hodgkin and Hesp (1998) break estuarine coastal systems into four categories based on
marine connectivity: permanently open, seasonally open, normally closed, permanently
closed. Roy et al. (2001) classified estuaries differently based on marine connectivity:
tide-dominated, wave dominated, intermittent, freshwater. Kench (1999) classified
Australian estuaries based on their morphology: drowned river valley, funnel-shaped
macro-tidal, barrier, delta front, river mouth, propagating delta-type. Kirk and Lauder
(2000) took the classification of coastal systems one step further and classified types of
coastal lagoons: choked lagoons, restricted lagoons and leaky lagoons.
Hawksbury Lagoon is a unique environment, which is far removed from its natural form
as a result of extensive and historical structural modifications beginning in the late 1800s
and early 1900s (MacTavish, 2010). The divisions created by man-made causeways were
used to define zones within the site. The collection of data from this location was not
without issue and often natural processes were over-ridden by human-intervention due
to the concerns of residents/land owners and recreational groups for the perceived risk of
flooding and/or the thought that the lagoon needed ‘flushed’ due to perceived water
quality, visual and/or odour issues.
Management of culverts between sections of the lagoon are also managed when water
levels are high; this was outside of the control of the study and no guarantee can be made
that there was no connectivity between the three ‘individual’ sites within Hawksbury
Lagoon. Possible means of connection could be water flowing between culverts in
Hawksbury Lagoon - Post Office Creek and Hawksbury Lagoon site 3, and between
culverts in Hawksbury Lagoon - Post Office Creek and Hawksbury Lagoon site 2. The
possible connections could have influenced the physicochemical environment and the
recruitment and migration of the biological community.

Scope Limits and Future Research
This study set out with a broad scope to collect environmental and biological data to
assess differences between sites with different degrees of marine connectivity. This has
been achieved and has set a foundation for further monitoring in this locality, has
provided valuable information to feed back into the management plans for some
environmental community groups, and has set a framework for citizen science initiatives.
In the write up of this study some areas of the study where methods could have been
refined and expanded were identified.
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There are additional parameters that could have been included, adding significant value
to the physicochemical sampling. The first parameter is an indicator for microbial
contamination, generally in the form of faecal coliforms. Faecal contaminants impact the
biological functioning of systems and are of recreational and cultural significance.
Analysing this parameter would provide an additional indicator as sources of faecal
coliforms are associated with catchment and/or land-use processes including wastewater
discharges, animal manure, wildlife and septic tank discharges (Bougeard et al., 2011).
A study by Daly et al. (2013) of the Yarra River in Australia found that the concentration
of Escherichia coli (a common microorganism associated with faecal matter) and
variability in the river had an increasing trend moving downstream, with the highest
concentration and variability found in estuarine sites. The report on Otago estuaries by
the (Otago Regional Council, 2010) found that faecal coliform levels in the Waikouaiti
River estuary were always within a safe level (for swimming), however safe levels for
the gathering of shellfish is also important to the community, and this study did not
comment on this factor. MacTavish and Mitchell (2013) tested Escherichia coli levels in
the Hawksbury Lagoon and found them to exceed 140 enterococci/100ml, an exceedance
of the marine recreational level. It would be beneficial to include this parameter within
any future studies comparing estuarine sites and their opening regimes.
Estuaries contain a high degree of spatial variation (Boija et al., 2011). Although replicate
physicochemical measurements were taken, these samples were taken from one position
within each site. It would have been beneficial, particularly for open estuarine sites, if
physicochemical parameters had been measured at sites near the mouth of the estuary
and at the extent of the salt-water wedge, locations that would have been upstream and
downstream of the single point used in the current study. This would have allowed for
comparisons based on location within each site and accounted for the effect of marine or
freshwater influence. Furthermore, existing water quality parameters could have been
measured at varying depths to account for water column stratification. Additional
physical water quality parameters that could have been utilised in the current study
include turbidity, water level/depth (an accurate depiction overtime), and an improved
set-up to allow light levels within the water column at a set depth to be measured over
time (as per (Rainer, 1981)). Data on the spatial and temporal variations within each
estuarine site could also be applied to the biological components of this study; primary
producers and the benthic macrofaunal assemblage (for example Whitfield et al. (2008),
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White et al. (2004), Perez-Ruzafa et al. (2005)). This information would help fill the
information gap on monitoring studies that comprise high spatial and temporal variation
as identified by Currie and Small (2005).
All sites within Hawksbury Lagoon contained elevated pH, in particular the two isolated
sites: Hawksbury Lagoon 2 and Hawksbury Lagoon 3. Further research could look at
what is causing this (i.e. linked to primary production boom, residual contaminants
within sediment) and the effects of pH on estuarine ecosystem functioning (Nixon et al.,
2015) (i.e. if this could explain low diversity in primary (Hinga, 2000) and secondary
production). This is likely to require data on the time scales of pH to determine trends
over different time scales (i.e. if elevated levels are associated with diurnal or seasonal
patterns), which were not undertaken during the current project.
Hobo temperature and light loggers were set up within each site and data were
downloaded regularly. The quality of the light data collected meant that it was not widely
used in the write up of this study for a number of reasons. The collection of data on the
light environment of each site and/or regime type was expected to demonstrate clear
differences (i.e. very limited light penetration in ‘closed’ Hawksbury Lagoon sites in
contrast to the open sites whereby light penetration was expected to be considerably
higher). However, nature got in the way and more often than not, on the fortnightly site
visits to the open sites in particular, light and temperature loggers would be found with
varying amounts of macroalgae and macrophyte material caught around them and the
stands that held them. This would be removed during these visits but usually they would
become covered once again with the incoming tide. Macroalgae and macrophyte material
compromising data quality was also reported by Plew and Barr (2015) in the Kakanui
Estuary, reinforcing the dynamic nature of estuaries and the challenges associated in
collecting time-series data. Another problem not considered was the physical removal
and/or displacement of loggers and logger stands during flood events, affecting both open
and intermittently open systems, which often left loggers buried in the sediment, left
above the water line or tangled in flood debris. Technical difficulties were experienced
with the loggers failing during an electrical storm, battery power running out and human
error in logger deployment (logger deployed without being activated). In hindsight, it
would have perhaps been more appropriate/beneficial to deploy these temperature and
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light loggers seasonally for a fixed duration (24 hours, one full week), during which time
intensive monitoring for seaweed interference could have taken place.
The use of carbon and nitrogen stable isotope analysis to depict food web dynamics,
nutrient linkages and source of organic matter (Cook et al., 2004; Vizzini & Mazzola,
2003) within each estuarine system analysed in this study would be of good future
research value. This was recognised during the field work component, resulting in
samples of sediment, chlorophyll α, key macrofaunal and primary producer species being
collected from each site, processed and stored for any future isotope analysis that could
become an extension of this project following the submission of this thesis.

Conclusion
The magnitude of research required to fully understand and compare these systems at a
level where cause and effect can be linked cannot be understated. They are inherently
naturally stressed systems, which makes the task of accurately fleshing out and
attributing reasons for observed differences a complex science. Any research of estuarine
systems, particularly at a local level, should hold great value to the community, and
cannot be underestimated. This research will be important for the present and future
management of these locally important coastal systems, especially for those individuals,
organisations and industries already invested in the future of these systems. In
undertaking this research, the profile of all four of these East Otago coastal estuaries has
inadvertently been highlighted and a permanent record established. This increased profile
provides opportunities for their inclusion in other research or metadata reviews in New
Zealand and/or at a global level.
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