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Abstract 

The land-sea interface provides some of the world’s most valuable and biodiverse 

habitats, despite being exposed to anthropogenic pressures. Marine predators which 

cross this interface are particularly vulnerable, with human activities in coastal zones 

diminishing both the quality and availability of suitable breeding and foraging areas. 

These predators are constrained to forage in smaller oceanic regions while rearing 

young on-land, therefore their reproductive success is intrinsically linked to the 

productivity of nearshore waters. Changing environmental conditions, as a direct and 

indirect consequence of climate change, can alter the structure, distribution and 

community composition of lower-trophic level prey. In order to predict the response 

of ecosystems to this change, and to changes as a result of extreme events such as 

marine heatwaves (MHW), an in depth understanding of the links between 

environmental factors, prey-field dynamics and predator behaviour is needed.  

The continental shelf to the south-east of Tasmania is a hotspot of biodiversity, 

where seasonal productivity supports a large and diverse array of marine birds and 

mammals. However, this region is also subject to rapid environmental change, being 

situated within the south-east Australian climatic-hotspot. Due to the intensification 

and increasing southward penetration of the East Australian Current (EAC), a major 

western boundary current running from the sub-tropical Coral Sea to the south-east 

coast of Australia, warming is occurring at an accelerated rate. Quantifying how 

prey-field dynamics respond to these changing environmental conditions, and the 

flow-on effects to the behaviour of apex predators, formed the main objective of this 

study. Surveys were conducted over a three-year period (2015-2018), during which a 

prolonged marine heatwave (MHW) event occurred that increased water 

temperatures of the entire western Tasman Sea by a mean of 2.9°C above 

climatology for 251 days. To develop an integrated understanding of ecosystem 

dynamics through a period of high environmental variability, zooplankton prey-field 

dynamics, fish school presence, little penguin (Eudyptula minor) foraging behaviour, 

and the distribution and abundance of key bird species were analysed in relation to 

local environmental factors.  



Zooplankton community composition and abundance were examined in relation to 

environmental drivers. Generalised additive models (GAMs) indicated a significant 

decrease in community abundance during the MHW, with a shift in species 

assemblages away from temperate species and towards EAC-associated species. 

The size structure of the zooplankton community was also analysed using the 

normalised biomass size spectra (NBSS). The NBSS is an effective way to 

demonstrate the variability present in a community, in terms of gains and loss of 

energy through respiration, predation and mortality. It can also be indicative of 

changes to the equilibrium of a community. Strong seasonality was detected in the 

results, with temperature, current velocity and mixed-layer depth being significant 

drivers of variability in the NBSS.  

These lower trophic level dynamics were linked to the behaviour of top predators 

through a detailed case study of the at-sea habitat preference of little penguins 

breeding in south-east Tasmania (n=13). Tracking was conducted over two summer 

periods, in 2016 during the MHW, and in 2018 under cooler and more stable 

environmental conditions. Habitat models (species distribution models) were 

developed to asses spatial distribution patterns and examine the bio-physical factors 

influencing foraging trips at fine-scale. Regions of higher sea-surface temperature 

gradients and cooler than average temperatures were found to increase the 

probability of penguin presence. The predictability of little penguin habitat-use 

according to prey-type was also assessed by including covariates for the general 

distribution of resources in the region; e.g. total zooplankton abundance, and the 

abundance of Australian krill (Nyctiphanes australis), which forms part of little 

penguin diet. Little penguin foraging areas were more influenced by the distribution 

of Australian krill than by general zooplankton abundance.  

The response of local predators to changes in bio-physical parameters were 

measured by modelling the distribution of 10 species of seabirds using boosted 

regression trees. Key species ranged from small planktivores, such as the common 

diving petrel (Pelecanoides urinatrix), to albatross (family Diomedeidae). Therefore, 

to encompass the range of prey that underpins the distribution of these species, 

biological covariates included zooplankton biomass, and the presence (and 



absence) of fish schools (determined using hydro-acoustics during surveys). Seabird 

species were separated into feeding groups using multivariate analysis and modelled 

separately to reveal potential drivers for each group. Despite different biological 

predictors influencing the distribution of different groups, sea surface temperature 

was found to explain the greatest amount of variation across all feeding groups. This 

influence is thought to be prey-mediated, as both biological covariates tested 

exhibited negative correlations with increasing SST.  

Through considering the complex links which exist between predators, their prey and 

the physical environment, this study produces new insights into the potential effects 

of extreme events. Further, it improves our understanding of how general warming 

trends affect prey structure and the possible flow-on effects for predators. Modelling 

the distribution of apex predators enables the identification of important foraging 

regions with favourable bio-physical characteristics. We highlight how detailed 

assessments of ecosystem and environmental interactions can be pivotal to 

informing the effective management of these vulnerable and biodiverse ecosystems 

into the future.  
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Chapter 1 
 

 

 

1. General Introduction and context 

 

Marine environments experience rapid change as a result of climate change 

operating at both local (e.g. Buentello et al., 2000; Bibby et al., 2007), and global 

scales (Brierley and Kingsford, 2009; Brander, 2010). These changes are modifying 

ecosystem structure in unprecedented ways and have far-reaching and cascading 

consequences. Our understanding of how climate change will affect the marine 

realm has lagged significantly behind that of terrestrial ecosystems (Rosenzweig et 

al., 2008), due to the comparative difficulty of studying an environment that is both 

hidden and fluid (Hoegh-Guldberg and Bruno, 2010). Nevertheless, it is known that 

levels of marine biodiversity have declined significantly in recent decades (Mora and 

Sale, 2011). This has been attributed in part to the reduction in habitat complexity, 

with decreases in groups such as corals, sea grass, mangroves and kelp forests 

(Jones et al., 2004; Harley et al., 2012; Krumhansi et al., 2016).  

 

Ecological fluctuations as a result of climate change are often mediated by large 

scale oceanographic variability. Shifts in global current systems due to warming of 

the equatorial gyres, ice-melt at high latitudes, increased water-column stratification 

(Doney et al., 2012), and an increase in extreme weather events such as storm 

systems and marine heatwaves (Garrabou et al., 2009; Benthuysen et al., 2014; 

Bond et al., 2015) are now common signals of climate change. Marine environments, 

and the species which inhabit them, are shaped by this physical forcing on global, 

regional and local scales. However, the rate of warming is not globally constant, with 

regionally-specific areas of elevated warming referred to as climatic hotspots (Gupta 

et al., 2015). These regions are often along poleward flowing western boundary 

currents (WBCs), with many of these areas warming at a rate 2 or 3 times the global 

average (Wu et al., 2012). 
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Temperate regions along the edges of WBCs also exhibit increased levels of 

species’ range shifting, driven by an increase in the strength of these currents 

(Arblaster and Meehl, 2006; Last et al., 2011). The “tropicalisation” of temperate 

populations, in which organisms from lower latitudes move to higher latitudes, is a 

common phenomenon for many marine taxa. This process is altering the 

composition of plankton, invertebrate and fish communities, both within the donor 

community and the recipient community (Sorte et al., 2010). Species responses 

have been highly variable, however the rate of range extension has been shown to 

be faster for groups with large dispersal capacity, such as plankton (Sunday et al., 

2015). Harmful algal blooms (HABs) are a global example of this; as a direct 

consequence of warming the spatial range of this group has increased exponentially 

(Hallegraeff, 2003; McLeod et al., 2012a). As a consequence of these changes in the 

ecological niche of species, some ecosystems have reached ‘tipping points’, 

resulting in a whole regime shift (Kortsch et al., 2012; Hughes et al., 2013; Selkoe et 

al., 2015), the drivers or mechanisms of which are not well understood. 

 

The effects of these shifts on top predators such as marine mammals and seabirds 

are also not well understood; although one regime shift in 1976 documented 

significant negative effects on apex fish predators (Mantua et al., 1997; Francis et 

al., 1998; Anderson and Piatt, 1999) and for marine mammals (Trites et al., 2007). 

Due to shifts in predator abundances, these studies indicated top-down mediated 

implications for ecosystems and there is evidence that marine communities are more 

strongly structured by top-down forcing than terrestrial communities; i.e. they are 

thought to be consumer driven (Verges et al., 2014; Jiao et al., 2016). This makes 

marine predators central components of food webs, maintaining the resilience of 

ecosystems (Duffy, 2003). Cases where the removal of top-predators leads to an 

increase in herbivore abundance and a subsequent decrease in plant biomass occur 

in many ecosystems (Madin et al., 2016), commonly termed a trophic cascade. One 

well documented example is the maintenance of kelp biomass in Alaskan kelp 

forests by sea otter predation on herbivorous sea urchins (Estes et al., 2004). Many 

factors can influence the strength of trophic cascades (Byrnes et al., 2006), but there 

is general agreement by ecologists about the importance of predators for ecosystem 

functioning (Heithaus et al., 2008). It is therefore imperative, from a management 

perspective, to understand the complex linkages between the physical marine 
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environment and the effects on prey-field structure and distribution, and predator 

behaviour. There is evidence that ocean climate may also mediate how these 

systems are controlled, in terms of the alteration between top-down forcing and 

bottom-up control (Litzow and Ciannelli, 2007; Hunt et al., 2011). 

  

Significant effort has been made towards understanding the response of lower and 

upper trophic levels to changes in physical parameters. Zooplankton are often cited 

as an indicator group for environmental change as their association with a particular 

suite of environmental variables and their high capacity for dispersal means that their 

distribution is often tightly coupled with particular water-masses (Bonnet and Frid, 

2004; Conversi et al., 2016). They are also useful for studying trophic-linkages as the 

majority of marine mammals and seabirds feed either directly on zooplankton, or on 

species which feed on them (e.g. Cardona et al., 2012; Start and Gilbert, 2017; 

Cavallo et al., 2018). Zooplankton are fundamental to marine ecosystems, 

accounting for a large proportion of the energy transfer between the euphotic zones, 

pelagic fishes and deep-sea ecosystems (Brierley, 2017). Changes to the 

composition of temperate communities due to species range shifting as 

temperatures increase is often associated with a concurrent drop in community 

abundance and has flow on effects for predators (Thomson et al., 2015). Temperate 

and polar species of zooplankton tend to be larger than sub-tropical species and 

contain seasonal lipid stores (Lee et al., 2006), making them a high-quality food 

source. A shift in the planktonic community may therefore result in an inadequate 

level of nourishment being available to support normal rates of breeding success in 

penguins and other seabirds (Wanless et al., 2005). 

 

1.1. Methods for quantifying variability across trophic levels  

Plankton are often referred to as ocean sentinels, due to their strong associations 

with particular water masses or specific suites of physical conditions (Hays et al., 

2005; Hooff and Peterson, 2006). Dynamics of this group are often misrepresented 

in regional ecosystem models for many reasons, but most commonly by 

oversimplifying their trophic complexity (Ardonditsis and Brett, 2004). Zooplankton 

can aggregate in large numbers and their distributions are often extremely patchy 

(Steele, 1978); e.g. in temperate ecosystems they exhibit strong seasonal and 

interannual-to-decadal variability in abundance and distribution. The distributions and 
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community compositions of zooplankton are changing globally as a result of climate 

change, but in-depth studies of species composition changes are needed to 

document these effects.  

 

The distribution of biomass across size classes, often called the normalised biomass 

size spectrum (NBSS), is representative of the flow of energy from the lowest 

(smallest) trophic level to upper trophic levels. As metabolic rates are a function of 

size, studying a community from a size spectra perspective provides a simplified 

method of assessing energetic dynamics (Sheldon et al., 1972). Changes in the 

relationship between biomass and size structure can reflect dynamics including 

reproduction, productivity, mortality and predation. Plankton are particularly suited to 

being analysed relative to the NBSS by the development of automated counters 

such as the optical plankton counter (OPC - Herman 1988), and the more recently 

developed laser optical plankton counter (LOPC, Herman 2004).  

 

Fish are the link between lower trophic levels and many top-predator species. The 

distribution of communities can be assessed with acoustic echo-sounders. Acoustics 

have become a popular method of synoptic estimations of biomass and school 

density, and are also used for species identification in fisheries science (Fernandes 

et al., 2002; MacLennan et al., 2002). There has been a substantial amount of work 

on reducing the various errors associated with measurement and assumptions about 

acoustics (Aglen, 1994, Cury, 2000; Fernandes et al., 2002), as the understanding of 

the biases associated with this technique have advanced (Demer, 2004; Løland et 

al., 2007). Vessel noise, including electrical noise interference known as 

“background noise” (De Robertis and Higginbottom, 2007) can negatively affect the 

standard of data received through the echo-sounder. Inherent boat noise can also 

produce bias based on the varying reactions of different fish to the noise of the 

vessel (see Misund and Aglen, 1992). Despite these caveats, this method is an 

extremely powerful tool in rapidly assessing the relative densities of fish present in a 

region.  

Visual surveys are a long-used method for mapping the distribution of predators, in 

particular seabirds (Tasker et al., 1984). These surveys allow calculation of the 

absolute densities of multiple coexisting species of predators and therefore identify 
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and characterise productive hotspots of diversity. In addition, these surveys are 

relatively inexpensive, although the fine-scale in situ foraging behaviour of marine 

mammals and birds can be missed. Telemetry allows for finer-scale observations, 

being able to document prey-capture events, and measures both horizontal and 

vertical movement in relation to oceanographic features, such as thermoclines and 

fronts in which their prey aggregate. However, there are limits to how many animals, 

and how many species, can be tagged at once.  

In order to manage populations, variations in the response of species to climate 

change needs to be characterised from a systems perspective. This requires 

integrated information on community dynamics brought together into a cohesive 

study. This has ranged from modelling the distribution or foraging behaviour of one 

species according to the physical variables of its environment (Burns et al., 2004; 

Lea et al., 2006; Biuw et al., 2007; Bestley et al., 2010; Martinez-Rincon et al., 2012; 

Paiva et al., 2013; Cleeland et al., 2014; Raymond et al., 2015), to full regional 

ecosystem models. Ecosystem models are often specifically developed to meet the 

management needs of a given system (Gerber et al., 2003, Griffith et al., 2012, 

Watson et al., 2013; Melbourne-Thomas, 2017). The level of sophistication in these 

models has allowed them to incorporate a wide range of system interactions such as 

foraging responses of predators to different prey-field scenarios (Bestley et al., 

2013), or environment-prey-predator linkages at a variety of scales (Thompson et al., 

2007; Palacios et al., 2013).  

A vast array of modelling methods has emerged including machine learning 

techniques and model ensembles methods. These models focus on reducing the 

deviance associated with modelling species distributions in the marine environment, 

and making these models more accurate for predictive purposes (Oppel et al., 2012; 

Fox et al., 2017). This development of these methods has been led predominantly by 

the fisheries sector, where it is economically imperative to predict the distribution of 

target species accurately (e.g. Brill and Lutcavage, 2001; Martinez-Rincon et al., 

2012). Models are only as good as the data that underpin them, and a high number 

of species distribution models use remotely sensed variables and ocean colour as a 

proxy for the more complex drivers of species distributions (discussed by Grémillet et 

al., 2008). There is evidence that using a direct measure of prey distribution such as 
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fish biomass based on acoustics, improves the fit of predator distribution models, 

particularly between closely associated trophic levels such as upper and meso – 

level species (Renner et al., 2012). The foraging success of predators relies heavily 

on their ability to locate available and high-quality prey patches; therefore, there 

exists a tight coupling between the distribution of predators and their prey (e.g. 

Mehlum et al., 1996; Barnett and Semmens, 2012). However many studies report a 

lack of coherence when modelling predator and prey distributions, particularly at 

small spatial scales (Skov et al., 2000; Fauchald, 2009). It has been suggested that 

the methods used to measure the prey field don’t adequately capture the distinct 

patchiness of prey aggregations in the marine environment (Benoit-Bird et al., 2013).  

 

1.2. Aims, chosen study region and thesis outline 

The main aim of this body of work was to understand the complex linkages which 

exist between the physical environment, the prey-field and predator behaviour in a 

region which is rapidly changing and with significant knowledge gaps surrounding 

these mechanisms. The value in this approach is that each section builds on the 

previous, bringing new knowledge and a greater ecosystem-based perspective.  

To achieve this, I planned to:  

1. Quantify the environmental variability present in the region across the 

study period (Chapter 2, 3, 4, 5), and the effect of this variability on: 

The local prey-field by: 

2. Determining the response of the abundance and species composition of 

the zooplankton community through an extreme heatwave event (MHW), 

and for two subsequent sampling seasons. To add context to the work, 

group dynamics and abundances would be compared with historical 

assemblages for the region, and with communities of the EAC (Chapter 2). 

3. Examining the size structure of zooplankton through the normalised 

biomass size spectra, and if this exhibited a relationship through periods of 

high environmental variability (Chapter 3). 

4. Using acoustic surveying methods to quantify the spatiotemporal 

distribution of fish in the study region (linked to Chapter 5). 
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The effects of this variability in environment and prey-field was then linked to 

predator behaviour by: 

5. A fine-scale study of the at-sea behaviour of little penguins (Eudyptula 

minor) from a colony of Bruny Island which utilise the continental shelf for 

foraging. Penguin movement was analysed during the breeding season in 

2016 during the MHW, and during 2018 which was comparatively cooler 

with more stable physical conditions (Chapter 4).   

6. Linking the abundance and distribution of 10 key species of seabirds 

utilising the continental shelf to different prey-metrics and environmental 

variables (Chapter 5). 

 

1.2.1. The study region 

Global warming is occurring at varying rates across the globe, impacting the 

magnitude of change in ecosystem functions as a result. South East Australia is 

warming at a rate 3-4 times the global average (Holbrook and Bindoff, 1997), at a 

rate of 0.023 °C year-1 (Ridgway, 2007b). It is accepted that this accelerated rate of 

warming is due to the intensification and increasing southward penetration of the 

East Australia Current (EAC). The EAC is the major western boundary current of the 

southern Pacific Ocean, flowing down the east coast of Australia from the Coral Sea. 

During summer the EAC extends south into Tasmanian waters through a highly 

variable eddy-field and dynamic eddy field that forms at the separation point. The 

point where the majority of the current separates from the land and flows eastwards, 

mesoscale eddies are formed which then propagate south (Cetina-Heredia et al., 

2014). The interaction of this current with the two other water masses present, the 

Leeuwin current, which is an eastern boundary current of the Indian Ocean 

(Domingues et al., 2007), and the cool nutrient rich waters of the sub-Antarctic to the 

south, is responsible for the majority of variability present. (Figure 1.1). Historically, 

Tasmania’s oceanographic signature was temperate, with sub-Antarctic influence 

during winter and occasional protrusions of warmer water in the summer, which 

supported a diverse temperate assemblage of macroalgae (Kerswell, 2006) and 

extremely high levels of biodiversity and endemism – 50 to 60% in some areas 

(Phillips, 2001; Edgar et al., 2008).  
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Figure 1.1. Schematic of the major current system effecting Tasmania, showing the 

eddy-field of the East Australia Current, the Leeuwin Current (becoming the Zeehan 

current), and the Antarctic Circumpolar current (courtesy, CSIRO). 

 

 

The EAC is typically nitrate depleted with ≤ 1 μM nitrate, particularly in summer, 

relative to the more productive waters of the sub-Antarctic (Johnson et al., 2011). 

Despite this, numerous studies have found elevated concentrations of chlorophyll-a 

in waters associated with the EAC when compared with adjacent waters (Young et 

al., 2001; Baird et al., 2008; Young et al., 2011). This may be due, in part, to the 

dynamic nature of the EAC south of the separation zone due to the dynamic nature 

of eddys (Suthers et al., 2011). The elevated productivity in turn supports 

commercial fisheries along the east coast of Australia (Young et al., 2006; Young et 

al., 2011). In addition, zooplankton and larval communities inside some eddies can 

be distinct from the surrounding water, and, while not entirely isolated, the eddy-core 
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can act as an incubator for plankton and commercially important species such as 

rock lobster (Everett et al., 2012). In this way, the EAC acts as a large-scale  

transport system linking the sub-tropical water of the Coral Sea with the very 

different oceanographic signature and associated biota of the south-western Tasman 

sea (Booth et al., 2007).   

 

The EAC now dominates the oceanographic signature of the east coast of Tasmania 

during the summer due to the strengthening of this western boundary current 

system. As a result, and anomalous events such as marine heatwaves (Oliver et al. 

2017) there have been significant changes to the near-shore environment. Warmer 

sea temperatures have allowed the range expansion of a number of subtropical 

plankton and fish species into eastern Tasmania (Kelly et al., 2016; Johnson et al., 

2011). It has also facilitated the proliferation of invasive species, such as the long-

spined sea urchin (Centrostephanus rodgersii), which has caused the collapse of 

economically important kelp beds into urchin barrens (Johnson et al., 2005, Ling, 

2008; Ling et al., 2015). Warming is predicted to continue, with projected increases 

in the central and western Tasman sea of 2-4 °C over the next 50 years (Oliver et 

al., 2014). This is alongside the increasing likelihood of extreme events such as the 

2015/2016 Tasman Sea marine heatwave (Oliver et al., 2017), and globally, MHW 

days per year have increased by ~50% over the last century (Oliver et al., 2018a). 

Oliver et al., (2018a) highlights the urgent need for rapid reporting of such events, 

and their ecological impacts as they emerge. 

 

Coastal marine systems are among the most ecologically and economically 

important systems globally (Harley et al., 2006). Around 50% off all people reside 

within 200 km of the coast (Hinrichsen, 1996), therefore these systems are often 

some of the most vulnerable, not only to climate change but also to direct 

anthropogenic pressures (IPCC 2001; Jackson et al., 2001). Coastal regions can be 

important in terms of species diversity and productivity compared with pelagic 

systems (Spalding et al., 2007). Through this, they provide ecosystem services such 

as maintaining commercial fisheries through nursery grounds for young fish (e.g. 

Schindler et al., 2003). Coastal regions are also utilised as foraging grounds for 

central-place foragers during the breeding season and productive zones for 

migrating whales (e.g. Ropert-Coudert et al., 2004; Croll et al., 2005).  
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The study encompasses a multi-trophic level assessment of ecosystem dynamics on 

the continental shelf off south-east Tasmania. The nearest land-mass, and the site of 

a variety of seabird colonies, is Bruny Island (43.39°S, 147.27°E, Figure 1.2.b). The 

Island is comprised of two land masses connected by a long spit called ‘the Neck’, on 

the eastern side of which are found breeding colonies of both little penguins and 

short-tailed shearwaters (Puffinus tenuirostris). Australian fur seals (Arctocephalus 

pusillus) haul out in large numbers along the rocks at the southern tip of the Island; a 

region called ‘The Friars’, where black-faced cormorants (Phalacrocorax fuscescens) 

also nest. New Zealand fur seals (Arctocephalus forsteri) also haul out along the 

coast of the main island but in smaller numbers. Two species of dolphin, common 

(Delphinus delphis) and bottle nose (Tursips truncates) are regularly sighted in the 

area and several whale species are sighted during their migration seasons to and 

from Antarctica. Historically, the Storm Bay region of Tasmania was an important 

breeding ground for southern right whales (Eubalaena australis, Clapham et al., 

1999) and other species of baleen whale were present in much higher numbers. 

Forty-nine species of seabirds are known to utilize the continental shelf region and 

are regularly sighted (Reid et al., 2002). These include ten albatross species, the 

most common being the Shy albatross (Thalassarche cauta), which is endemic to 

Tasmania and nests on three offshore islands. Short-tailed shearwaters migrate in 

their millions from the Bering Sea to breed, arriving in September / October and 

returning in April (Serventy and Snow, 1967).  

 

This high coincidence of predator species provides compelling evidence for the 

existence of a biodiversity hotspot, however little work has been done to define or 

describe this region. The region is also commercially important, supporting lucrative 

fisheries and aquaculture operations including rock lobster, abalone and salmon and 

tuna fisheries. Due to the high incidence of predators there is an eco-tour company 

operating between Adventure Bay and the fur seal haul out at the friars. The Huon 

Conservation Marine Reserve (CMR) is also directly south of the area. There is 

considerable interest focused on this area and how it will change in future climates, 

therefore, there is great value in addressing the lack of information on the 

underpinning parameters and drivers operating in this region. 
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Figure 1.2. Map of the continental shelf south-east of Bruny Island showing (a) the 

position of the study region relative to the rest of Tasmania, with the position of 

Bruny Island marked by a red box. (b) major points of interest in the region, and (c)  

the position of the twelve transect and nineteen sampling sites relative to the little 

penguin colony (red triangle). Bathymetry isobars are shown in grey (every 50m).  
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1.2.2. Survey design 

The survey was designed to cover the productive shelf ecosystem between 50 and 

100 m depth (Figure 1.2.c), and encompassed an area of ~ 3,150 km2. The survey 

design was implemented with the distance sampling software Distance (Distance 

7.2; Thomas et al., 2010), where a transect arrangement is first specified and then 

the program randomly assigns the specified arrangement within the study region. 

Time was a factor that had to be considered when designing the survey, as each 

survey was restricted to two days of boat time. It was important to cover as much of 

the shelf as possible, so a zigzag formation was chosen to reduce travelling time 

between transects. The transects began ~5 km from shore so that the sampling 

could focus on the foraging areas of predators, rather than on their transits to and 

from colonies. Transects were situated perpendicular to bathymetry to capture the 

depth gradients which may be important to seabirds. In all, the total length of all 

transects covered during each survey was ~150 km, and over the 10 surveys ~1480 

km of the shelf was analysed. Visual surveys of marine mammals and birds and 

acoustic surveys for fish schools were carried out along the transects. Stations were 

arranged along the transects, to again capture the range in bathymetry which was 

available. At each station, the CTD (conductivity-temperature-depth profiler) was 

deployed, along with a double-bongo zooplankton net. 

 

The study domain encompassed the continental shelf from southern Storm Bay, 

which is shallow and subject to influences from the estuary, to the deeper, 

comparatively more offshore region south of Bruny Island. Some temporal resolution 

was sacrificed, with survey effort occurring every 2 months, rather than every month, 

to sample more of the spatial conditions present on the shelf. Temporally, survey 

effort was concentrated to cover important events in the annual cycle of the region; 

the spring phytoplankton bloom, summer zooplankton productivity peaks during 

breeding cycles of resident marine birds, and an autumn month where it was 

expected that biomass of phytoplankton and zooplankton in the region would 

decrease.  
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1.2.3. Research approach  

This study characterizes the bio-physical conditions present on the continental shelf, 

and links this to the fine scale habitat preference of a meso-level predator foraging 

very locally, and on a larger scale to 10 species of flying seabirds which use the 

region for foraging. A bottom-up approach was taken, with a framework from prey to 

predator being constructed, focusing on quantifying the detailed community 

composition, size structure and abundance of the prey-field before going on to 

analyse the links with local predator behaviour, and the dynamic physical processes 

which shape both of these groups. To predict predator distributions accurately, 

knowledge of the optimal bio-physical conditions which are preferable that support 

foraging is needed. This framework results in an integrated study, in which the four 

main analytical chapters build on one another, adding new information to gain a 

boarder, more systems-based perspective. 

 

Chapter 2 – “Significant fluctuations in the abundance and community 

composition of a coastal zooplankton community through the 2015/16 Tasman 

Sea marine heatwave” - investigates the short-term effects of the 2015/16 Tasman 

Sea marine heatwave on the abundance and composition of the local zooplankton 

community. Samples were analysed to describe the associations of different groups 

with cooler water periods and warmer, more EAC influenced periods. A subsample 

of surveys was also analysed to species level of the group Copepoda, demonstrating 

the increasing presence of small sub-tropical species of copepods in this region 

carried south by the EAC. Models were used to test these hypothesizes of water-

mass associations and to pinpoint particular physical drivers of changes in 

abundance and community composition over the survey period with particular 

emphasis on the marine heatwave event.  

 

Chapter 3 – “Changes in the biomass size spectrum of the plankton 

community in the south-east Australian climatic hotspot; does size decrease 

with increasing temperature?”  analyses the normalized biomass size spectra 

(NBSS) of the zooplankton community in south-east Tasmania in relation to the 

changing environmental conditions observed over the study period. I used 

generalized additive models derived from hydrodynamic data and the zooplankton 

size structure data collected by a Laser Optical Plankton Counter to establish the 
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effect of increasing temperature on the size-spectra. The relationship between 

covariates indicative of increased EAC presence, such as temperature, sea-level 

anomaly and increased northern current velocity, were identified as significant 

parameters for chlorophyll-a and zooplankton biomass and the steepness of the 

NBSS-slope. However, a positive relationship was observed between the mean size 

of organisms and temperature. These results are of significance to the management 

of diverse continental shelf ecosystems and modelling local fisheries dynamics.  

 

Chapter 4 – “Habitat utilization of a mesopredator linked to lower sea-surface 

temperatures and prey abundance in a region of rapid warming” - is a detailed 

analysis of habitat utilization by little penguins foraging within the study region. 

Penguins were tagged with GPS location devices during the breeding seasons of 

2016 and 2018, with zooplankton surveys occurring concurrently during both years. 

Habitat models were used to analyse the interaction between specific environmental 

features deemed important to little penguin foraging and the time-spent across grid 

cells of little penguins as a proxy for foraging behaviour. Two biotic predictors were 

also included in the models; total zooplankton community abundance was based on 

a similar model to that used in Chapter 2 and is used here as general “resource 

distribution”. Krill abundance was also modelled as little penguins have been 

recorded to eat in other parts of their range. These results are discussed in the 

context of the continued warming predicted for this region and concurrent changes to 

the structure of lower-trophic levels.  

 

Chapter 5 – “Predicting the distribution of seabird species in a region of rapid 

warming using biophysical parameters” is an integrated survey of ecosystem 

dynamics on the continental shelf, bringing together all data streams including 

environmental parameters, zooplankton biomass, fish schools, and the distribution 

and abundance of ten key seabird species utilizing the continental shelf.  

The main aim of this work was to understand how different species of seabird 

respond to fine-scale environmental parameters and the distribution of prey, 

depending on foraging technique. Principle component analysis (PCA) was used to 

segregate the seabird community by foraging behaviour. The spatiotemporal 

distributions of these groups were then modelled against bio-physical covariates and 

prey-indices using boosted regression trees (BRT). Conclusions are drawn in 
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relation to the contribution of this study to modelling the impacts of a changing 

climate on multiple trophic levels, and the future direction this type of work may take 

as a means providing a practical framework for mitigating the diverse effects of 

global warming.  

 

Chapter 6 - General discussion and conclusions – summarises the key findings 

of the thesis and their significance in the context of the broader knowledge gaps that 

were addressed in the body of the thesis, and the aims stated in each chapter. 

Conclusions are drawn in relation to the contribution of this study to modelling the 

impacts of a changing climate on multiple trophic levels, and the future direction this 

type of work may take as a means providing a practical framework for mitigating the 

diverse effects of global warming.  
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Abstract  

 

The waters east of Tasmania, Australia, are warming at a rate 3-4 times the global 

average, largely as a result of the increasing duration and frequency of the 

southward penetration of the East Australia Current (EAC). In 2015/16, the 

southward movement of this sub-tropical current caused a severe marine heatwave 

(MHW) event. The effects of this event on the abundance and structure of the 

zooplankton community of south-east Tasmania are examined between November 

2015 and January 2018. Generalised additive models indicated temperature to be 

significantly correlated with total zooplankton abundance (R2=0.6, p<0.001). When 

modelled separately, species groups that are highly associated with the EAC, 

including bryozoan larvae (R2=0.2), echinoderm larvae (R2=0.6) and gelatinous 

zooplankton such as thaliaceans (R2=0.3), exhibited significant positive relationship 

with temperature (p<0.001). The most abundant groups in samples; copepods 

(R2=0.6), appendicularians (R2=0.5) and cladocerans (R2=0.2), all exhibited negative 

relationships (p<0.001; p<0.001; p<0.01, respectively). The abundances of cold-

water and warm-water indicator species of copepods were also analysed in relation 

to temperature. Sub-tropical indicator species, such as copepods from the Family 

Corycaeidae, and the calanoids Temora turbinata and Acartia danae, were present 

when temperatures exceeded ~17°C, with a concurrent drop in the abundance of 

cold-water species. The east-coast of Tasmania is a region of rapid oceanographic 

change, and we have linked these changes with shifts in zooplankton population 

structure. Long-term studies from other regions that have also experienced marine 

heatwaves indicate these changes may have cascading implications for higher 

trophic levels. Gelatinous zooplankton and other zooplankton taxa not previously 

observed have now been documented in local predator diets. During warm periods, 

these species may represent an important alternative energy pathway.  

 

 

Keywords  

Plankton; warm event; East Australian Current; climate change; continental shelf; 

biodiversity hotspot 
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2.1. Introduction  
 

The world’s oceans are currently undergoing an accelerated rate of change as a 

result of anthropogenic global warming (e.g. Cheung et al., 2009; Chen et al., 2011; 

Wernberg et al., 2016). As a result, large-scale changes in ocean-circulation are 

predicted to occur (Meehl et al., 2007). These changes are likely to influence the 

abundance, species composition and distribution of populations; with effects already 

documented for a considerable number of taxa (Berg et al., 2010). The effects on 

organisms, such as plankton, which are unable to actively alter their location but are 

more subject to ocean circulation patterns are likely to be large (Chiba et al., 2006; 

Worm and Lotze, 2016).  

 

Subtropical western boundary current systems are warming more rapidly than other 

regions (e.g. Ridgway, 2007b; Yang et al., 2016). These currents transport large 

quantities of heat from the equator to mid to high latitudes (Yang et al., 2016). South-

east Australia is a climatic hotspot region warming at a rate 3-4 times the global 

average (Ridgway, 2007a). This warming has been attributed to the strengthening of 

the East Australia Current (EAC), the major western boundary current off the South 

Pacific Gyre (Wernberg et al., 2011; Frusher et al., 2014). In addition to the 

intensification of this current, the duration and frequency of its southwards 

penetration is increasing (Ridgeway 2007).  

 

As a result, species range shifting has occurred across multiple trophic levels, with 

the EAC transporting sub-tropical species from the east coast of Australia into 

temperate Tasmanian waters (Johnson et al., 2011; Johnson and Holbrook, 2014). 

Sub-tropical species such as the red-tide dinoflagellate Noctiluca scintillans 

(Hallegraeff et al., 2008), the sea urchin Centrostephanus rodgersii (Ling, 2008; Ling 

et al., 2009b), and 19 species of fish (Last et al., 2011) have expanded their range 

south. Changes to the nearshore community structure may have important economic 

flow-on effects. The Australian Bureau of Agriculture and Resource Economics and 

Sciences (ABARES 2010) reported Tasmania as having the largest gross value of 

fisheries production of any state in Australia, accounting for 23% of total Australian 

fisheries production, the majority of which occurs on the coast.  
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A long term-monitoring station at Maria Island (42.597 S, 148.233 E) on the east 

coast of Tasmania has documented increasing abundances of small sub-tropical 

species of copepods over the last ~25 years (Johnson et al., 2011; Kelly et al., 2016) 

causing a distinct shift in zooplankton communities. South-east Tasmania is closer to 

the influence of the cooler waters of the Sub-Antarctic Front (SAF) (Cresswell, 2000), 

and therefore exhibits a different species assemblage to further north at Maria Island 

(Cazassus, 2004). A small number of “snapshot” studies have documented past 

community dynamics for discrete temporal and spatial segments (e.g. Harris et al., 

1991; Taw, 1975). These studies note the higher relative influence of large 

temperate species, particularly Australian krill (Nyctiphanes australis) (Taw and Ritz, 

1979; Ritz and Hosie, 1982; Harris et al.,1991). Taw and Ritz (1979) studied the 

relative abundances and interplay between warm-water species and cold-water 

species at low spatial sampling resolution from south-east Tasmania. They noted the 

occurrence of sub-Antarctic indicator species between August and January, with 

subtropical indicator species present only between February and March. Cazassus 

(2004) built on this work, and found population-level shifts in species occurrence 

between those earlier studies and the early 2000s, with comparatively more sub-

tropical species, an absence of cold-water species (apart from very small 

abundances of Neocalanus tonsus) and an increase in temperature of 1-2 °C.  

 

In addition to the long-term warming trend, short-term climatic anomalies have 

occurred, such as the 2015/16 marine heatwave (MHW) event (Oliver et al., 2017). 

This event was the most extreme ever recorded for this region, lasting 251 days and 

reaching a mean 2.9°C above climatology. The MHW further exacerbated east coast 

fisheries, with the first instance of Pacific Oyster Mortality Syndrome (POMs) ever 

recorded in Tasmania (de Kantzow et al., 2017), and increased death and disease 

outbreaks in black lip abalone Haliotis rubra, southern rock lobster Jasus edwardsii 

and pacific oyster Crassostrea gigas farms (Oliver et al., 2017). The effect of this 

sudden and extreme rise in sea-surface temperature on non-commercial plankton 

fish communities is unknown. The region also supports large numbers of resident 

and migratory marine predator species, utilising the continental shelf for the 

provisioning of young during the breeding season. Analysing the potential effects of 

the much larger modern influence of the EAC on lower trophic level structure is 

therefore a significant knowledge gap.  
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The primary objective of this study was to relate changes in the structure of the 

zooplankton community of south-east Tasmania over a two-and-a-half-year period to 

seasonal and interannual variability in the dominance of the EAC current. In 

particular, we assessed changes in zooplankton abundance and community between 

the anomalous MHW in comparison with two seasons following the episode. 

Specifically, we (i) documented the current abundance and community composition 

of the zooplankton community on the continental shelf, (ii) the abundance of the 

community and the dominant groups present in assemblages were then modelled 

against a suite of oceanographic covariates chosen for their reflection of local current 

dynamics, particularly EAC input, and, (iii) using previous work from this region and 

further north (Taw and Ritz, 1979; Cazassus, 2004; Johnson et al., 2011; Kelly et al., 

2016), we also assessed the abundance of cold-water indicator species and sub- 

tropical indicator species of copepods in assemblages, and whether this varied 

significantly between the MHW and the subsequent, cooler summer.  

 

 

2.2. Methods  
 

The zooplankton community of south-east Tasmania (see Figure 2.1a) is influenced 

by the interaction of water masses: the EAC, the Leeuwin current to the west, and 

the proximity of southern Tasmania to the Sub-Antarctic Front (SAF) (Cresswell, 

2000). The greater Storm Bay region, and the continental shelf to the east of Bruny 

Island is the confluence point for these three bodies of water (Harris et al., 1991, see 

Figure 2.1b).  

 

2.2.1. Oceanographic and biological sampling  

Primary productivity, zooplankton, and physical data were collected from the 

continental shelf to the east of Bruny Island, Tasmania (-43.4293, 147.411, Figure 

2.1b). Ten surveys were conducted from November 2015 to January 2018,  
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Figure 2.1. Map of the continental shelf south-east of Bruny Island showing (a) the 

position of the study region relative to the rest of Tasmania, with the position of Maria 

Island and Bruny Island marked by a red box. (b) The position of the nineteen 

zooplankton sites sampled between November 2015 and January 2018. Arrow 

shows the directions of flow of the EAC during summer. Bathymetry isobars are 

shown in grey (every 50m).  

 

 

covering the productive spring period (November), early summer and late summer 

(January and March), and a “winter” indicative survey which took place during late 

autumn in May as, due to weather constraints, we were unable to sample mid-winter. 
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Three of these surveys (November 2015, January and March 2016) took place 

during the 2015/16 MHW (Oliver et al., 2017). During each survey, nineteen 

permanent stations were sampled over a two-day period. Stations were situated 

perpendicular to shelf bathymetry and ranged in depth from ~50 m to 100 m near the 

edge of the shelf. Stations were located between 5 km and 15 km from land; 

encompassing from south Storm Bay, past the southern tip of Bruny Island and into 

the Southern Ocean (Figure 2.1b).  

 

At each station, in situ oceanographic data including temperature (°C), salinity and 

oxygen (mgL-1) were measured using a calibrated CTD (Sea-Bird Electronics, Inc., 

model SBE19plus). A fluorometer (Wet Labs, Inc. Philomath, Oregon, USA), was 

incorporated with the CTD and therefore fluorescence was also recorded at each 

station (Huot et al., 2007). Zooplankton were sampled by oblique tows of a bongo 

net (mesh size 200 um; mouth diameter 75 cm). Both the CTD and the zooplankton 

net were deployed to 40 m to capture the dynamics in the portion of the water 

column most utilised by diving seabirds for foraging. Zooplankton data therefore 

represented an integrated community sample from 40 m depth to the surface. 

Samples were stored in 4% buffered formaldehyde solution.  

 

CTD data were cleaned and quality flagged with Seabird processing software 

(McTaggart et al., 2010), using data from the up-cast. To assess differences in water 

structure associated with the MHW, a vertical thermal gradient index was calculated 

as the difference between the temperature at the surface and the temperature at 40 

m depth (Harder, 1968). Profiles were used to calculate a mean of each variable at 

each station. Bathymetry was also included, as many studies show strong 

correlations between the structure of zooplankton shelf communities and depth (e.g. 

Valetin et al., 1993; Mackas et al., 2001; Vandromme et al., 2014).  

 

Due to gear failure, no CTD data were collected during March 2017, therefore 

community data for this month were omitted from the models. However, to give an 

indication of physical conditions during this period, temperature and salinity data 

were extracted from the high resolution hydrodynamic SETAS model (Southeast 

Tasmania – Operational Hydrodynamic Model, CSIRO Marine Atmospheric 

Research), at dates and times corresponding to zooplankton sampling. The model 
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was validated with mooring and glider data and is considered an accurate 

representation of local hydrodynamics (Jones et al., 2012).  

 

2.2.2. Zooplankton processing  

Samples from one of the nets were split using a Folsom splitter until the smallest 

fraction contained 600-1000 individuals. Organisms in the subsamples were 

identified to class or sub-class with a compound microscope (Leica M205C; Leica 

Microsystems, Wetzlar, Germany). Due to the importance of Australian krill to higher 

trophic-level diets in the region, euphausiids were identified to species level. 

Abundance (reported as individuals per m-3) was calculated for each group at each 

station, by calculating the volume of water filtered through a one-way flow meter 

(General Oceanics; Miami, Florida), which was mounted in the mouth of the net.  

 

2.2.3. Copepod species investigations  

Previous studies in the region have assessed the abundance of a suite of cold water 

and warm water indicator species of copepods. Cazassus (2004) built on work done 

by Taw and Ritz (1979) and found decreased abundances of cold-water species and 

a concurrent increase in warm-water species between 1975 and 2003. Kelly et al., 

(2016) and Johnson et al., (2011) found a significant increase in the abundance of 

warm-water indicator species at Maria Island monitoring station. We analysed the 

present day abundances of these indicator species for two summer periods. A 

subsample of five stations was randomly selected from both 2016 and 2017 (January 

and March), to assess fine-scale differences in copepod community structure in an 

anomalously “warm” summer (2016), and in a cooler summer (2017). Copepods 

were chosen as they constituted the highest proportions of samples. Samples were 

sorted to species level using Taw (1975) and various keys as identification guides. 

 

2.2.4. Statistical Analysis  

Statistical analysis was carried out using the R programming software (R Core 

Team, 2018). All values following ± are standard deviation (SD). To examine 
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seasonal and interannual differences in environmental variables, a one-way Analysis 

of Variance (ANOVA), with Tukey’s post-hoc multiple pairwise comparisons, was 

used on all possible combinations of pairs of surveys (α = 0.001). Only pairs of 

the same seasons from different years were analysed to quantify the effects the 

MHW had on the oceanographic signature of the region.  

 

To determine if there was a significant difference between seasonal abundances 

of zooplankton, a one-way ANOVA was performed on mean abundances. A Tukey’s 

multiple pairwise comparison examined differences between every possible pairing 

of seasons and years (α = 0.001). We used the mean abundance across stations to 

account for differences in effort between surveys, and the data were Log10(x+1) 

transformed to normalise the data (McCune et al., 2002).  

 

To quantify temporal trends in zooplankton abundance, and to link these trends with 

changes in physical conditions as a result of the MHW, generalized additive models 

(GAMs) using the R-package mgcv were used. This technique was used due to its 

flexibility regarding nonlinear relationships between a dependent variable and 

multiple predictors over both spatial and temporal scales (Venables et al., 2004). All 

abundance data were over-dispersed therefore we used the negative-binomial 

distribution (with log-link) rather than the Poisson distribution (White and Bennetts, 

1996). During model development, generalized linear models (GLM) were first fitted 

to determine if interaction terms for fluorescence and salinity, and fluorescence and 

temperature were appropriate. This was rejected due to lack of improvement in 

model fit. The lack of interactions, plus the much more flexible nature of GAM 

models to fit nonlinear relationships were the reasons for utilising these models over 

generalized linear models (GLM). The GCV score and smoothing parameters were 

both used to avoid over-fitting, which is a common problem when fitting GAM models 

(Wood and Wood, 2015). Season was included as a factor variable (levels = 4) to 

account for some of the temporal variability due to seasonality. Model selection was 

carried out via the Akaike Information Criterion (AIC), which uses deviance as a 

measure of model fit, quantifying the magnitude of difference between model 

predictive power (Burnham and Anderson, 2003), model diagnostics and the model 

R2. Significant covariates and factor variables were incorporated into the final model 
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after forward selection and backward selection methods were used, starting with 

both a full model and an intercept-only model.  

 

Total zooplankton abundances for each station were categorised into broad groups 

based on patterns of occurrence and association, e.g. salps and doliolids were 

incorporated together into their Class, Thaliacea, as they exhibited similar 

associations with environmental variables. Taxa present in <1% of samples were 

omitted. These groups were then modelled separately against the same suite of 

environmental variables as total zooplankton abundance. Model building and 

selection techniques were identical to those used for total abundance.  

The abundance of indicator species of copepods was regressed against temperature 

using univariate models, to assess whether their presence in samples was linked to 

temperature. 

 

 

2.3 Results  

2.3.1. Biological and physical components of the Bruny Island region during the 
survey period  

The study region exhibited a seasonal cycle in physical parameters, with significant 

differences in all variables across seasons (ANOVA, F8,156, p < 0.001 see Table 2.1). 

Overall, temperatures ranged from 12.76 to 18.19 °C, and salinity from 34.84 to 

35.69 across seasons. Temperature differences between years were significant for 

all seasons, except between Spring 2015 and Spring 2016 when temperatures were 

similar (Figure 2.2; F8,156, p = 0.9). At the height of the MHW during summer 2016 

(January and March) the water was significantly warmer and more saline, with 

almost no overlap with other surveys (Figure 2.2; F8,156, p = 0). The MHW period was 

characterised by temperatures exceeding 17.5°C, and salinity higher than 35.4. This 

corresponded with the period of lowest dissolved oxygen (mg L-1). Fluorescence (mg 

m-3) peaks occurred each year in spring, coinciding with the spring-blooming activity 

of phytoplankton. However, production in the study region was significantly higher 

during November 2016 (2.3 ± 0.5) than during the previous spring November 2015 

(1.3 ± 0.5; F8,156, p < 0.001) or subsequent spring November 2017 (1.1 ± 0.3; F8,156, 

p < 0.001).  
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Table 2.1. Sampling dates, stations visited, and means of all environmental variables (ranges in parentheses); ± is the standard 

deviation. ANOVA indicated significant difference between all surveys. SETAS indicates temperature and salinity values taken from 

the SETAS model (see methods), rather than measured in situ. 

 Sampling 
dates 

No. of 
stations 

Temperature  
0-40m °C 

Salinity  
0-40m  

Chlorophyll  
20-40m mgm-3 

Oxygen  
0-40m mgL-1 

Thermal 
gradient  
0-40m °C 

Year 

Nov-15 11/12 
November 
2015 

18 13.03 ± 0.18 
(12.76 – 13.48) 

35.03 ± 0.04 
(35.03 -35.08) 

1.25 ± 0.53 
(0.64 - 2.34) 

8.48 ±0.13 
(8.48 – 8.76) 

0.68 ± 0.32 
(0.33 – 1.43) 

1 

Jan-16 24/25 
January 
2016 

19 17.85 ± 0.26 
(17.34 – 18.10) 

35.43 ± 0.06 
(35.32 – 35.52) 

0.60 ± 0.20 
(0.38 – 1.05) 

7.52 ± 0.04 
(7.50 – 7.59) 

0.63 ±0.48 
(0.004 – 0.32) 

1 

Mar-16 21/22 March 
2016 
 

18 18.22 ± 0.47 
(17.20 – 18.19) 

35.64 ± 0.06 
(35.49 – 35.69) 

0.65 ± 0.25 
(0.33 – 1.38) 

7.13 ± 0.05 
(7.06 – 7.24) 

0.38 ±0.41 
(0.004 – 1.75) 

1 

May-16 31st May 1st 
June 2016 
 

19 14.48 ± 0.13 
(14.21 – 14.63) 

35.29 ± 0.05 
(35.23 – 35.37) 

0.37 ± 0.06 
(0.28 – 0.45) 

7.59 ± 0.06 
(7.54 – 7.65) 

-0.01 ± 0.06 
(-0.17 – 0.10) 

1 

Nov-16 17/18 
November 
2016 

17 12.94 ± 0.09 
(12.83 – 13.22) 

34.98 ±0.07  
(34.96 – 35.08) 

2.44 ± 0.51 
(1.68 – 3.17) 

8.60 ± 0.12 
(8.58 – 8.76) 

0.52 ± 0.26 
(0.09 – 1.05) 

2 

Jan-17 19/20 
January 
2017 

19 15.21 ± 0.10 
(15.004 – 15.33) 

34.99 ± 0.01 
(34.98 – 35.01) 

0.54 ± 0.25 
(0.41 – 0.92) 

7.64 ± 0.16 
(7.04 – 7.78) 

0.25 ± 0.24 
(-0.01 – 0.71) 

2 

Mar-17 23/24 March 
2017 

19 17.22  
(16.88 - 17.63) 
SETAS 

34.81 (34.71 – 
34.91) SETAS 

NA NA NA 2 

May-17 9/10 May 
2017 

19 14.78 ± 0.06 
(14.69 – 14.85) 

35.24 ± 0.01 
(35.23 – 35.25) 

0.56 ± 0.10 
(0.44 – 0.76) 

8.01 ± 0.04 
(7.96 – 8.08) 

0.04 ± 0.04 
(-0.01 – 0.13) 

2 

Nov-17 19/20 
November 
2017 

19 13.40 ± 0.24 
(13.20 – 14.11) 

34.99 ± 0.07 
(34.84 – 35.09) 

1.13 ± 0.31 
(0.67 – 1.57) 

8.66 ± 0.09 
(8.46 – 8.80) 

2.94 ± 0.62 
(1.83 – 3.94) 

3 

Jan-18 24/25 
January 
2018 

18 16.75 ± 0.29 
(16.13 – 17.46) 

35.18 ±0.06 
(35.04 – 35.31) 

0.84 ± 0.17 
(0.56 – 1.09) 

NA 1.19 ± 0.71 
(0.40 – 3.15 

3 

Fdf; 
Pr(>F)     

  13008,156  
<0.001 

343.68,156 
<0.001 

68.088,156 
<0.001 

6027,138 

 <0.001 
94.38,156 

 <0.001 
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Figure 2.2. Boxplots of (a) mean chlorophyll fluorescence mg m-3, (b) mean salinity, 

(c) mean vertical thermal gradient °C, (d) mean oxygen mg L-1, and (e) mean 

temperature °C, from November 2015 to January 2018. Boxplots have ends at the 

25th and 75th quartiles, with the horizontal lines in the middle being the median. Red 

boxes show the months of the marine heatwave event. 

 

Vertical thermal gradient (°C), used here as a proxy for thermal stratification of the 

water column, was highest during January 2018 (Figure 2.2; mean 1.19 ± 0.71 °C). 

The thermal gradient was also comparatively higher during the MHW summer (mean 

0.63°C ± 0.11 °C in January 2016 and 0.25°C ± 0.04 °C in January 2017). During the 

late autumn surveys in both years the thermal gradient index dropped close to 0 °C 

for all stations, indicating a well-mixed, stable water-column. 
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2.3.2. Total abundance of zooplankton  

The mean total abundance of zooplankton varied between seasons and years 

(Figure 2.3, ANOVA F9,176 = 71.6, p < 0.001), being highest in January 2017 (58,874 

± 11,594 m-3) and lowest in May 2016 following the MHW (1139 ± 736 m-3). 

Abundances were significantly higher in the cooler spring 2017 compared with spring  

2015, which was just before the MHW (63% higher, p < 0.001), and this difference 

persisted into the early summer with abundances 64% higher in January 2017 

compared to January 2016 (p < 0.001). Between March 2016 and 2017, abundances 

were more similar (p=0.8), due to a delay in the summer peak in abundance during 

the MHW (see Figure 2.3; Table 2.1). Abundances at stations between the two late 

autumn surveys (May 2016 and 2017) were similar (p=0.9), as were abundances in 

January 2016 and the last summer January 2018 (p=0.9). Over the three surveys 

during the MHW period (November 2015, January and March 2016) zooplankton 

abundances were similar (p > 0.1). This was contrary to the following cooler year, 

where abundances across the spring and both summer surveys were statistically 

different (p < 0.05). On average, there was 45% less zooplankton in the water-

column during the MHW year (2015-16) than during the following year (2016-17).  

 

 

Figure 2.3. Zooplankton total mean abundance (individuals m-3) from November 

2015 to January 2018, showing proportions of the six most dominant groups, 

Copepoda, Appendicularia, Cladocera, Pteropoda, Thaliacea, Euphausiid larvae, 

and all other groups samples combined into Other. 
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To quantify the effects of environmental variability on total zooplankton abundance 

we ran GAM models. Temperature and salinity were correlated; we chose 

temperature as the most important variable to include in models to address our aims. 

The simplest model was selected (R2 adj. of 0.6), including terms for temperature, 

fluorescence, bathymetry, and season (Table 2.2). The effects of these variables on 

the total abundance of zooplankton can be examined by the fitted contribution of 

each variable to total abundance, plotted against the value of the variable (Figure 

2.4). Temperature was the most significant variable for the abundance of 

zooplankton on the shelf, exhibiting a significant negative relationship (p<0.001). All 

other covariates exhibited a positive relationship with abundance (Figure 2.4). As 

covariates are descriptive of specific water masses, e.g. the EAC generally exhibits 

much higher temperatures than the temperate waters of south-east Tasmania, many 

of the physical variables used in models co-vary. This makes it very difficult to tease 

apart the ultimate drivers of the changes in plankton abundance.  

 

 

Table 2.2. Results of GAMs for total abundance, and largest functional group 

abundance present in the study region between 2015 and 2018, showing all 

covariates included in each model, AIC, R2 (adj.) and Pearson's chi-squared test (1-

pchisq>0.05). 

 

 

 

 

Model Temp. fluorescence oxygen bathy Thermal 
gradient 

Season AIC  R2 ( adj.) 1-
pchisq 

Total abundance  <0.001 <0.001  <0.01 <0.05 <0.001 3015.3 0.6 0.2 
Copepoda <0.001 <0.01  <0.001 <0.001 <0.001 2893.6 0.6 0.2 
Appendicularia <0.001 <0.001 <0.05   <0.001  0.5 0.05 
Cladocera <0.01 <0.001    <0.001 1796.5 0.2 0.1 
Euphausiid larvae  <0.001   <0.001 <0.001 1756.6 0.2 0.05 
Pteropoda  <0.001 <0.001  <0.001 <0.001 2088.3 0.3 0.1 
Thaliacea <0.001    <0.001 <0.001 1508.7 0.3 0.09 
Echinoderm 
larvae 

<0.001 <0.001    <0.001 1553.9 0.6 0.07 

Bryozoan larvae <0.001 <0.001 <0.001   <0.05 1359.3 0.2 0.07 



 51 

 

Figure 2.4. GAM-derived effects of temperature, thermal gradient, bathymetry and 

fluorescence on total zooplankton abundance in the study region from November 

2015 to January 2018. Shaded regions are 95% confidence bands for smoothed 

terms. Black tick marks on the x-axis represent the distribution of observed data 

points.   

 

2.3.3. Zooplankton community composition  

In total, 53 taxonomic groups were identified, however copepods dominated the local 

zooplankton community regardless of year, season or temperature (Figure 2.3), 

accounting for 61% of the zooplankton abundance across the study period.  

Copepods were 43% more abundant during the cooler year (2016/17) than during 

the MHW. Abundances during the final summer (2017-18) were intermediate.  

Appendicularians (15.5%), cladocerans (8.1 %), euphausiid larvae (4.3 %) and 

pteropods (3%) were the next most abundant groups on average.  

 

Appendicularians were present in high numbers throughout the study, across a 

broad thermal range, but reached their maximum in the cooler 2016-17 summer (see 
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Figure 2.3), only appearing in high numbers (>5000 m-3) in temperatures lower than 

~16 °C. Cladocerans also reached their maximum abundance in the cooler 2016/17 

but showed a more uniform distribution across the temperature ranges. Numbers of 

euphausiid larvae were slightly higher during the MHW year than the subsequent two 

years(mean 44.0; range 13.7 - 61.8 individuals m-3), although adults were rarely 

observed, which is to be expected due to likelihood of them being undersampled by 

the bongo nets . To acknowledge this bias, we refer to this group solely as 

euphausiid larvae. Some taxa were more abundant during the MHW; pteropods, 

siphonophores and ctenophores (the latter 2 were combined into “Other”) all 

exhibited higher abundances during the first year of sampling (Figure 2.3). Of the 

total numbers of echinoderm larvae present, 55% occurred during the MHW year, 

with 95% of Thaliacea abundance also occurring during this warm year. Thaliaceans 

and ctenophores were mainly present in samples the spring before the MHW and 

were almost absent from all other samples. 

2.3.4. Community composition responses to environmental factors  

Groups that made up the largest proportion of the community, and therefore had a 

sample size large enough, were modelled separately against environmental 

covariates (Table 2.2 for model structures, R2, AICs and Pearson’s chi-squared test 

for model fit). We also analysed the biomass of the zooplankton community, which 

can be a more important variable in terms of cascading effects to predators. 

However the results of that analysis are presented in Chapter 3, and here 

abundance is the focus of the analysis. The total abundance model suggested a 

trend of decreasing abundance as water temperatures increased (Figure 2.4). 

However, there were group-specific responses that were obscured in the total 

abundance model. Copepoda, Cladocera and Appendicularia all exhibited a negative 

relationship with temperature (p< 0.001, 0.01 and 0.001, respectively, Table 2.2, 

Figure 2.5a). Three of the groups modelled, Thaliacea, Echinoderm larvae, and 

Bryozoan larvae, exhibited highly significant positive correlations with increasing 

temperature (p<0.001 for all groups, Table 2.2; Figure 2.5b).  

 

For these six groups, temperature was by far the most important variable for 

predicting abundance. For euphausiid larvae and pteropods, the thermal gradient of 

the water column was the most important covariate. Euphausiid larvae responded to  
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Figure 2.5. GAM-derived effects of the most significant covariate for each functional 

group of the zooplankton community in the study site from November 2015 to 

January 2018. (a) shows groups of taxa more associated with typical temperate 

conditions, and (b) shows groups more associated with EAC conditions. Shaded 

bands are 95% confidence intervals for the smooth terms. Black tick marks on the x-

axis represent the distribution of observed data points. 
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an increase in the thermal gradient (p<0.001, Table 2.2, Figure 2.5a), while pteropod 

abundance decreased with increasing thermal gradient (p<0.001, Table 2.2, Figure 

2.5b). Fluorescence was significant across total abundance and all group 

abundances (Table 2.2). Both oxygen and bathymetry were significant drivers for  

some groups, however overall it seems that temperature, or the temperature 

difference vertically in the water-column, was the most significant parameter for 

zooplankton dynamics on the shelf (Figure 2.4, Figure 2.5).    

2.3.5. Copepod indicator species; associations with temperature  

Of the eleven species of cold-water species identified by Taw and Ritz (1979), 

Cazassus (2004) and Johnson et al., (2011), seven were present in our samples. 

Twelve species of warm-water species were analysed by the same authors, of which 

seven were present in our samples, however we chose not to include Oithona spp. in 

our analysis due to their wide distribution. We examined changes in the abundance 

of each of these species in relation to temperature (Figure 2.6a and b). Of the cold-

water species, Calanus australis, Calocalanus styliremis and Clausocalanus laticeps 

exhibited negative relationships with temperature. Three other cold-water indicator 

species, namely Calocalanus contractus, Centropages australiensis and Euchirella 

rostrata exhibited slight positive relationships with temperature, while Calanoides 

carinatus only appeared in one sample (Figure 2.6a). Of the warm-water indicator 

species Acartia danae and Corycaeus spp. both exhibited significant positive 

correlations (R2 = 0.42, p < 0.05, and R2 = 0.35, p < 0.05 respectively). In general, 

abundances of Nanocalanus, Pleuromamma and Temora also increased with 

increasing temperature. Sapphirina only appeared in one sample (Figure 2.6b), 

therefore no further analysis was possible for this group. Apart from Nanocalanus, all 

other warm-water indicator species were only present at temperatures higher than 

~17°C. For both the warm-water indicators and the cold-water indicators the over-all 

trends with temperature would be driven by the most abundant species in each 

group. Therefore with Calanus australis and Clausocalanus laticeps dominating cold-

water assemblages, the overall relationship of temperature with group is expected to 

be negative. Conversely, with Acartia danae and Corycaeus spp. dominating warm- 

water assemblages the relationship with temperature is expected to be positive.  
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Figure 2.6. Univariate models between the abundance m-3 of (a) cold water indicator species and (b) warm water indicator species taken from 

Taw and Ritz (1979), Cazassus (2004), Johnson et al. (2011), and Kelly et al. (2016) – see Table S2.1 for model parameters. 
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2.4. Discussion  

2.4.1. Variability in abundance  

While zooplankton abundance showed the classic seasonality of temperate systems, 

with low autumn abundance and higher summer abundance, the findings suggest 

that in the warm year the peak abundance of zooplankton was both significantly 

lower and occurred later in the austral summer. In 2016 the highest abundances 

occurred in March, while in the cooler year, 2017, the much larger peak in 

abundance occurred in January. While more years of data would be required to 

attribute the cause of this variability, the phenology of the zooplankton community 

was highly correlated with temperature. This was true of both the whole community 

phenology, and between the different species groupings analysed.  

This relationship has been observed in other regions which are warming rapidly. 

During the warm-water anomaly in the north-east Pacific (Gulf of Alaska) significantly 

lower abundances of zooplankton were recorded (McKinstry and Campbell, 2018). 

This reduction in total abundance persisted over several years, even after the warm 

event had dissipated. The 2003 MHW in the Mediterranean resulted in a significant 

reduction, or, in some cases, the absence of usually abundant key species 

(Piontkovski et al., 2010), and increased abundances of warm-water associated 

species (Peterson and Schwing, 2003; Piontkovski et al., 2010). In this study, during 

periods of higher temperature, a decrease in the abundance of groups that made up 

the largest proportion of the community - copepods, cladocerans and 

appendicularians -, caused a decrease in total abundance. In addition, all but one of 

the copepod warm-water indicator species were present in assemblages after 

the temperature of the water exceeded 17°C and not before.  

 

Some models predict that plankton will track isotherms and so their range changes 

will parallel the velocity of climate change (e.g. Burrows et al., 2014). However, long- 

term plankton monitoring (>50 y) has shown that over longer time-scales plankton do 

not simply match the speed of environmental change (e.g. Beaugrand et al., 2009; 

Chivers et al., 2017). The differences in the response of groups to warming is likely 

to cause both spatial and temporal restructuring of plankton communities, with 

implications for higher trophic levels. Many studies have also recorded a concurrent 

shift in biodiversity with species range shifts. Some studies note an increase in 
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diversity during “warm” years, which is accompanied by a decrease in total 

zooplankton abundance (Piontkovski et al., 2010; McKinstry and Campbell, 2018). 

However, locally, Cazassus (2004) found long-term decrease in species diversity 

between 1975 and 2001. Our results indicate higher than average abundances of 

warm-water species prompted by one hot year, however, whether this pattern 

persists will require longer-term monitoring.  

2.4.2. Shifting zooplankton community  

Compared to Maria Island, south-east Tasmania has a paucity of long-term data 

regarding the zooplankton community. The studies available indicate a shift away 

from large temperate zooplankton species such as Nyctiphanes australis towards a 

smaller, copepod-dominated community (Harris et al., 1991; Cazassus, 2004). 

Nyctiphanes australis historically swarmed in extremely high numbers at the surface 

(Ritz and Hosie, 1982; Harris et al., 1987; 1991), making it a highly available prey-

item for fish such as jack mackerel (Trachurus symmetricus), barracoota (Leionura 

atun) and skipjack tuna (Katsuwonus pelamis), and seabirds such as short-tailed 

shearwaters (Puffinus tenuirostris) (Ritz and Hosie, 1982). Due to the lower 

occurrence of Australian krill compared with historical levels (O’Brien, 1988; McLeod 

et al., 2012b), the prey-target of these predators has probably shifted to reflect the 

change in structure of lower-trophic levels. Although we identified euphausiids to 

species level, our sampling methods were biased as adult krill can swim faster than 

our towing speeds. Therefore, although there is a strong sense that krill abundances 

have reduced in this region in line with increasing temperature, we cannot quantify 

local euphausiid levels with our results.  

 

Historical data indicates that sub-tropical groups of copepods such as Temora 

turbinata and corycaeids were rarely found as far south as Storm Bay (Taw and Ritz, 

1979). These species are now a frequent part of the assemblage when the EAC 

brings warmer water onto the shelf. North of Bruny Island, the long-term monitoring 

site at Maria Island has recorded increasing numbers of these species (see Table 

S2.1 for species), particularly during the last decade (Johnson et al., 2011). Kelly et 

al., (2016) were able to link this increase with elevated temperatures due to the 

intensification of the EAC. These species also tend to have a smaller body size 

(Suthers et al., 2006), a phenomenon called the temperature-size rule, due to a 
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difference in the rates of growth and development at higher temperatures (Sheridan 

and Bickford, 2011; Forster and Hirst, 2012). Future work should focus on confirming 

the change from large-bodied temperate and oceanic species towards smaller size 

classes in this region (Taw and Ritz, 1979; Young et al., 1993), as this will have flow-

on effects for predators.  

 

Despite this study being only three years, our results are consistent with longer-term 

studies of zooplankton communities elsewhere, and the same patterns have also 

been observed across different taxa. The warm-water anomaly that persisted in the 

north-east Pacific over 2014-2016 caused a warm-water community of plankton to 

endure for ~3 years. Many of the warm-water indicator species making up this 

community had not previously been observed in that region (Peterson et al., 2017). 

These authors highlight the importance of maintaining long-term datasets so 

species-based population changes can be quantified. In response to the same north-

east Pacific warm event, Auth et al. (2018) noted a concurrent change in the timing 

of spawning and distribution of the larvae of multiple ecologically and commercially 

important fish species between 2014-2016. Another study of the long-term warm-

anomaly in the north Pacific documented significant changes in the distribution of 67 

species across a wide range of taxa, including algae, invertebrates, fish and top 

predators, between 2014 and 2017 (Sanford et al., 2019). Population-based shifts in 

the zooplankton assemblages of south-east Tasmania observed through the MHW 

are therefore consistent with other MHW studies globally. In the north-east Pacific, 

multiple mass mortality events in marine mammal and seal populations occurred as 

a result of the drastic changes in lower trophic level structure, emphasising the 

whole-system based implications of severe changes in environmental conditions 

associated with these types of events.  

2.4.3. Bottom-up controls  

Changes in the availability, species composition and body size of low-trophic level 

organisms often has flow-on effects for higher trophic levels (Möllmann et al., 2008). 

This has already been observed in eastern Tasmania. Jack mackerel was a highly 

abundant and commercially important small pelagic fish species. However, in 1989 a 

combination of rising temperatures resulting in the disappearance of their preferred 

prey and increasing fishing pressure led to the collapse of the fishery (Harris et al., 
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1991; Young et al., 1993). The small pelagic fishery in south-east Tasmania now 

targets redbait (Emmelichthys nitidus), a copepod consumer that has replaced jack 

mackerel as the dominant small pelagic fish species in the region (McLeod et al., 

2012b). This bottom-up control can be observed in boundary currents globally. The 

regime shift between anchovy and sardines in the Humboldt Current, for example, is 

predicated on? the reduction in the abundance of zooplankton and the diminution of 

the proportion of large copepods during warm years (Alheit and Niquen, 2004). Both 

of these examples of a bottom-trophic level mediated shift in community structure 

had large economic impacts for local fisheries. This type of change in zooplankton 

structure is therefore an important economic consideration for fisheries as physical 

conditions change.  

 

In addition, a change in species composition can influence the quality of food 

available to predators. In the California Current Large Marine Ecosystems (CCLME), 

record high sea surface temperatures in 2015 brought an accompanying shift from 

lipid-rich to lipid-poor zooplankton (Daly et al., 2017), which resulted in low post-

release survival rates for salmon throughout their range  and continued to impact the 

commercial fishery for years after the warm event. During a large MHW event in 

Alaska, a significant reduction in the nutritional quality of sand eels, a keystone 

forage fish species, resulted in cascading effects for the groundfish fisheries 

supported by this species (VonBiela et al., 2019). 

 

Off Bruny Island, thaliaceans and other gelatinous zooplankton were prominent 

during the MHW. These groups are opportunistic colonizers with fast growth rates 

and short generation times. This means they can respond rapidly to propitious 

feeding conditions (Heron, 1972; Ritz et al., 2003; Deibel and Paffenhflöfer, 2009), 

making them ideal inhabitants of the EAC where nutrients are often depleted.  

Gelatinous-bodied zooplankton were thought to be a low-energy food source 

compared with groups such as krill or large copepods such as Calanus australis that 

contain a lipid-sack (Lee et al., 2006; Cardona et al., 2012). Therefore, the relative 

importance of gelatinous zooplankton such as true jellies (Scyphozoa), hydrozoans 

or salps for endothermal marine predators with high metabolic costs has been 

considered minimal (e.g. Verity and Smetacek, 1996). However, recent evidence 

suggests that while low-energy in density, salps may be high-reward for predators 
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due to their high availability, low capture costs and considerably faster digestion 

rates (Arai et al., 2003; Hays et al., 2018).  

 

There is evidence that gelatinous zooplankton form a higher proportion of the diet of 

marine birds, and some mammals, than previously documented (Arai, 2005; 

Cardona et al., 2012; McInnes et al., 2017). A recent study on the diet of little 

penguins from Phillip Island in south-east Australia identified salps as constituting 

>16% of sequences, read from a genetic analysis of the penguins’ scat. Additionally, 

salp sequences were actually the dominant taxa in 8% of samples, indicating they 

were a targeted prey during these times (Cavallo et al., 2018). The period of higher 

salp prevalence in the diets of these birds occurred during August and September 

2015, which is a similar period to the salp bloom recorded by this study further south. 

Salp blooms have been recorded to stretch for almost 10,000 km2 (Smith et al., 

2014), therefore it is likely that the same salp bloom stretched along the east coast of 

Tasmania to the south coast of mainland Australia, or salps were being transported 

south by the EAC. This new evidence indicates that these gelatinous zooplankton 

may be an important alternative energy pathway in temperate ecosystems during 

periods of warming (Hays et al., 2018). The potentially large size of this bloom 

represents a significant food-source for predators (Cardona et al., 2012), during a 

period when the abundance of copepods and other zooplankton species were low.  

 

 

2.5. Conclusions 
  

This study presents evidence of decreased abundance and shifts in community 

composition of the near-shore zooplankton community off south-east Tasmania. 

Through regression modelling, this decrease has been linked to an extreme and 

prolonged change in the physical properties of the water column during an extreme 

heatwave event. During “warm” periods, EAC-associated groups such as 

thaliaceans, echinoderm larvae and bryozoan larvae made up a much larger 

proportion of the community. Conversely, this was accompanied by a drop in the 

abundance of species that make up the largest proportion of the community under 

usual conditions, such as copepods, cladocerans and appendicularians, causing the 

total abundance of the community to decrease accordingly. Our results indicate that 
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one hot year prompted higher than average abundance of warm-water indicator 

species, but whether this pattern is sustained will require longer term monitoring.  

 

In the context of global zooplankton community responses to increasing sea 

temperatures, our results parallel those found in other rapidly warming boundary 

current systems; patterns which are mirrored in all marine systems displaying strong 

warm-water anomalies. In the north-east Pacific, there is a decrease in zooplankton 

community abundance during warm events, and a change from communities 

dominated by cool-water indicator species towards warm-water indicative 

communities, extending the range of these species poleward. The large carrying 

capacity of boundary currents means that warm-water species are carried rapidly 

into environments where previously their survival would not have been possible, with 

cool-water associated species displaced even further north (Gregory et al., 2009) or 

moving deeper into the water-column (Richardson, 2008). This snap-shot study on 

the effects of an extreme rise of temperature should encourage further analysis of 

the dynamics of Southern Hemisphere zooplankton population responses to 

warming, and the bottom-up controls this variability is likely to exert on higher-trophic 

levels.  
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Supplementary material 
 
Table S2.1. Species names, reference which denotes its indicator status, and 

univariate relationship with temperature. * Relationship was significant.  

 

Water 
mass  

Species name Ref. R2 of 
model 

p-value 

cold Calanoides 
carinatus 

Taw and Ritz, 1979 0.01 0.6 

cold Calocalanus 
contractus 

Taw and Ritz, 1979 0.1 0.2 

cold Euchirella 
rostrata 

Taw and Ritz, 1979 0.1 0.1 

cold Calocalanus 
styliremis 

Taw and Ritz, 1979   

cold Clausocalanus 
laticeps 

Taw and Ritz, 1979 0.3 <0.01* 

cold Centropages 
australiensis 

Johnson et al., 
2011 

0.06 0.3 

cold Calanus 
australis 

Johnson et al., 
2011 

0.3 0.05* 

warm Corycaeus 
spp. 

Johnson et al., 
2011 

0.3 <0.05* 

warm Acartia danae Taw and Ritz, 
1979; Johnson et 
al., 2011 

0.3 <0.01* 

warm Temora 
turbinata 

Cazassus, 2004; 
Johnson et al., 
2011 

0.2 <0.05* 

warm Nanocalanus 
minor 

Taw and Ritz, 
1979; Johnson et 
al., 2011 

0.3 <0.05* 

warm Sapphirina 
spp. 

Johnson et al., 
2011; Kelly et al., 
2016 

NA NA 

warm Oithona spp. Cazassus, 2004 0.1 0.2 
warm Pleuromamma 

gracilis 
Johnson et al., 
2011; Kelly et al., 
2016 

0.04 0.4 
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Abstract 

 

The distribution of biomass across size classes (also known as normalised biomass 

size spectra – NBSS) is a quantitative way to assess system processes such as 

respiration rate, predation, reproduction and mortality, and to compare efficiency of 

energy transfer of zooplankton communities among years, oceanographic regimes or 

locations. This relationship is represented as a negative, logarithmic slope and 

describes the structure of the community size-spectrum. We analysed the size 

spectra of the zooplankton community in south-east Tasmania, a region undergoing 

rapid warming as a result of changes to the southwards penetration of the East 

Australian Current (EAC). A steeper NBSS-slope is associated with a higher 

biomass of smaller organisms compared with large organisms, and smaller 

community mean size. This has been linked to increases in temperature due to an 

increase in metabolic rates, benefitting smaller organisms over larger ones. Using 

Generalized additive models derived from hydrodynamic data and the zooplankton 

size structure data collected by a Laser Optical Plankton Counter, we analysed 

whether the above relationship was evident for south-east Tasmania. Over the study 

period (November 2015 to January 2018), we found a significant negative 

relationship between sea surface temperatures (SST) and chlorophyll-a (R2=0.6, 

p<0.001) and zooplankton biomass (R2=0.3, p<0.001), as well for the NBSS-slope of 

the zooplankton community (R2=0.3, p<0.001). For these response parameters, the 

relationship between covariates that were indicative of increased EAC presence, 

such as sea-level anomaly and increased northern current velocity, were also 

significant. However, a positive relationship was observed between the mean size of 

organisms and temperature (R2=0.3, p<0.05). Warming is predicted to continue, 

suggesting that south-east Tasmania may become less productive into the future, 

with a steeper NBSS-slope. This may decrease the efficiency of energy transfer from 

primary productivity, through secondary production, with flow on effects for the 

economic status of Tasmania’s fisheries.  
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3.1. Introduction 
 

Organism size and the distribution of the biomass of a community across size 

classes are key ecological structural components (Brown et al., 2004; Petchey et al., 

2008; Yvon-Durocher et al., 2011). Size is often? more important when determining 

the trophic positioning of an organism than phylogeny (Jennings et al., 2001). The 

normalised biomass size spectrum (NBSS; Sprules and Barth, 2016) links the 

distribution of biomass across size classes with production rates, energy transfer 

efficiencies and predator-prey interactions (Zhou, 2006). Reflective of “food pyramid” 

theory (Elton, 1927; Miller, 1954; Winemiller 1996), this slope is negative, as higher 

biomass of smaller organisms is needed to support fewer, larger organisms, which 

then support even smaller numbers of their predators. This body-size dependent 

pattern is found across natural communities. In marine systems the slope is 

remarkably linear over logarithmically, equal body-mass intervals, generally around   

-1 (Boudreau and Dickie, 1992; Heath, 1995, Jennings and Mackinson, 2003). 

Zooplankton are particularly suited to assessing variation in organism size due to the 

development of in situ and automated plankton counters; the optical plankton 

counter (OPC - Herman 1988), and more recently the laser optical plankton counter 

(LOPC, Herman 2004).  

 

Temperate coastal regions, such as the continental shelf off Bruny Island, Tasmania 

(-43°, 147°), undergo a seasonally productive cycle. This cycle supplies energy for 

higher trophic levels and exerts strong bottom-up control on ecosystems (e.g. Harris 

et al., 1992). Blooms of phytoplankton lead to an increase in the number of small 

herbivorous zooplankton, consequently steepening the slope of the zooplankton 

biomass size-spectrum (Suthers et al., 2006). The initial steepening of the slope will 

level off with persistent production, as high numbers of small zooplankton lead to an 

increase in predation by larger zooplankton. This is followed by a subsequent boom 

in the numbers of larger zooplankton, while also increasing total biomass and the 

intercept of the slope. The slope and y-intercept of the relationship between the 

distribution of biomass across size classes reflects a range of individual and 

community-based life-history parameters including growth, predation, mortality and 

reproductive output (Jennings et al., 2001). This can also reflect the type of feeding 

characteristics of an ecosystem. For example, Maxwell and Jennings (2006) report a 
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flatter slope of ~-0.75 in instances of different sized organisms sharing a resource, 

rather than preying on each other. An even flatter slope occurs when large 

consumers feed directly on low trophic levels; such as is the case with cetaceans 

feeding on plankton.    

 

In both the terrestrial and marine environments many studies have linked rising 

temperature as a result of anthropogenic climate change with decreasing body size, 

across a range of species and life-history strategies (Gardner et al., 2011; Sheridan 

et al., 2011; Forster et al., 2012b). As yet, no study has developed continuous linear 

relationships between the zooplankton size spectra and environmental conditions, 

although steeper slopes have been found for zooplankton communities in gyres in 

the mid-Atlantic, compared to the poles (San Martin et al., 2006). Many physiological 

processes of zooplankton are directly correlated with temperature; ingestion, 

respiration and reproductive rates have been found to double or triple as 

temperature increases (Mauchline, 1998). The relationship between increased 

temperature and chlorophyll-a has been established; Barnes et al., (2010) found that 

increasing temperature correlated linearly with a decrease in mean phytoplankton 

biomass and cell size.  

 

South-east Tasmania is on the path of a rapidly warming western boundary current 

system and has been categorized as a ‘marine hotspot’ (Wu et al., 2012). In line with 

the rest of south-east Australia, it is warming at a rate of ~3 or 4 times the global 

average (Wernberg et al., 2011; 2016). This warming is predicted to continue as the 

East Australia Current (EAC) continues to strengthen, along with a predicted 

increase in the occurrence of extreme events such as marine heatwaves (MHWs). 

The EAC brings warm, saline, oligotrophic water from its subtropical source in the 

Coral Sea (Oliver et al., 2017). South of its separation point (~33°), the EAC is a 

volatile, eddy-driven current (Suthers et al., 2006). Due to the large carrying capacity 

of the EAC (Everett et al., 2012), plankton and larval fish are entrained within eddies 

and transported into Tasmanian waters during the summer (e.g. Johnson et al., 

2011).  

 

The zooplankton community of the EAC is characterized by a relatively steep NBSS-

slope ranging from -0.87 to -1.14 (Rissik et al., 1997; Suthers et al., 2006; Baird et 
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al., 2008), indicating a tendency towards a community dominated by smaller 

organisms. The mean size of the organisms of temperate zooplankton communities 

tends to be relatively larger than those found at the equator. However, with the 

expansion in the ecological range of smaller subtropical species to higher latitudes, 

size structuring can quickly change, with the influx of smaller species resulting in a 

steeper NBSS-slope (e.g. Beaugrand et al., 2003; Bonnet et al., 2005). Temperate 

productivity cycles can also shift the steepness of the slope, with the spring bloom in 

phytoplankton simulating a concurrent increase in small herbivorous zooplankton 

species. 

 

Because of the changing physical conditions, communities on the continental shelf 

are in a state of flux. The aim of this work was to quantify the characteristics of the 

zooplankton size spectra off eastern Tasmania, as a baseline for future work in the 

region. Specifically, we aimed to (i) explore the variability in plankton biomass over 

three sampling periods with high interannual environmental variability, (ii) assess the 

dynamics of the normalized biomass size spectrum (NBSS) of the zooplankton 

community in response to changing environmental conditions, and (iii) establish if 

changes in both phyto- and zooplankton biomass, and size-spectrum of the 

zooplankton community can be linked to changes in physical parameters.  

 

 

3.2. Methods 
 

3.2.1. Study region 

The study area is situated on the continental shelf off Bruny Island, Tasmania 

(Figure 3.1, -43.43, 147.41). This area just south of Storm Bay was chosen for its 

high biodiversity and diverse predator community. Is it also physically complex, being 

the confluence of three major water mass systems; the nutrient-depleted East 

Australia Current, the Leeuwin Current and the productive waters of the sub-

Antarctic (Harris et al., 1991; Cresswell, 2000). The interaction of these different 

water masses, and the associated seasonal variations in temperature and nutrients, 

are expected to be a major influence on the productivity of the region. In addition, an 

anomalous warming event occurred during the first summer of sampling, with the 
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whole of the western Tasman sea exhibiting sea surface temperatures (SSTs) that 

averaged 2.9°C above climatology (Oliver et al., 2017). 

 

 

Figure 3.1. Map of the continental shelf south-east of Bruny Island showing (a) the 

position of the study region relative to the rest of Tasmania, (b) the position of the 

nineteen zooplankton sites sampled between November 2015 and January 2018 

(blue diamonds). Arrow shows the directions of flow of the EAC during summer. 

Bathymetry isobars are shown in grey (every 50m).  
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Ten surveys were conducted over three field seasons between November 2015 and 

January 2018. Sampling occurred in November, January, March and May, to cover 

the majority of the interannual variability. As the physical parameters of the ocean 

exhibit a slightly delayed response to seasonal changes, we refer to November as 

being spring, January as early summer, March as late summer and May as autumn. 

During each survey, 19 stations were sampled between approximately 5 km and 15 

km off the east coast of Bruny Island (Figure 3.1). Stations ranged in depth between 

50 m and 100 m near the edge of the continental shelf, and were spread from just 

south of the estuary of the River Derwent (Storm Bay) to past the southern tip of 

Bruny Island into the Southern Ocean. 

 

3.2.2. Physical oceanography and Zooplankton sampling and processing 

A calibrated CTD (conductivity-temperature-depth) instrument (Sea-Bird Electronics, 

Inc., model SBE19plus) with an incorporated fluorometer (Wet Labs, Inc. Philomath, 

Oregon, USA), was deployed at each station to ~50 m. Fluorescence (mg m-3) was 

used as a proxy for estimating chlorophyll-a biomass. Data were quality flagged 

using Seabird processing software, with the top 5 m excluded and only the up-cast 

being used for further analysis (McTaggart et al., 2010). Data were then binned to 5 

m depth bins and averaged over the CTD profile for each station. No fluorescence 

data were collected during March 2017 due to equipment failure, so this month is not 

included in the subsequent fluorescence model analysis. Zooplankton samples were 

collected concurrently with CTD profiles, as an integrated sample of the top 40 m of 

the water column, using a bongo net with paired nets (mesh size 200 µm; mouth 

diameter 0.75 m). A Sea-gear one-way flow meter was mounted in the mouth of the 

net to determine the volume of water filtered. Samples were preserved in 4% 

formaldehyde and buffered with sodium hexametaphosphate. 

 

The contents of one net of each pair were counted and identified to the lowest 

taxonomic level possible to assess abundance and community composition in the 

study region (see Chapter 2). The second sample from each station was split into 

subsamples using a Folsom splitter and then processed with a Lab-based Laser 

Optical Plankton Counter (LOPC). The LOPC (Herman et al., 2004) uses a narrow 

laser beam to count and measure particles as they pass through the sampling 
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tunnel. The instrument calculates the cross-sectional area of each particle and, by 

equating this to the equivalent area of a calibration sphere, reports a corresponding 

Equivalent Spherical Diameter (ESD) for each particle (Herman et al., 2004). In this 

study the LOPC was used in conjunction with a custom-built flow-through system 

(similar in design to Moore and Suthers, 2006, see Figure S3.1 for schematic) 

consisting of a 50 L header tank, vacuum pump, and a 50 L sump tank with 100 μm 

filter to retrieve the processed sample. 

 

The biovolume of each organism was calculated from the ESD, using the equation of 

a prolate spheroid (length:width ratio of 3:1). Biovolumes were? then used to 

estimate particle biomass. Abundance (m-3) was also calculated from the counts of 

the LOPC, and to ensure that the LOPC was counting particles appropriately, 

abundances from the LOPC were compared with abundances (m-3) determined via 

microscopy (see Figure S2). A small margin of error is expected due to the LOPC 

counting parts of animals and other particles, as well as whole organisms (Finlay et 

al., 2007). We found difference in abundance between the LOPC and microscope 

processed samples was not significant (F1,274 1.3; p > 0.3). 

 

3.2.3. Zooplankton size spectra 

Zooplankton size-spectra were quantified using three response metrics calculated 

from the LOPC data: Zooplankton biomass (mg m-3), geometric mean size (GMS; 

ESD μm) and normalized biomass size spectra slope (NBSS-slope). The normalised 

biomass size spectra (NBSS) is a standardizing method allowing comparison 

between studies (Herman and Harvey, 2006). Plankton size measurement (between 

the sizes of 200 and 8577 μm ESD) from each station were binned into a series of 

logarithmically equal size intervals of 0.2 mg, resulting in a total of 25 bins. Each 

biomass size spectrum was normalised by dividing the biomass of each bin by the 

width of the bin (mg m-3/Δ mg). The NBSS-slope was calculated by fitting a least-

squares polynomial regression to the normalised biomass size spectrum (Sprules 

and Barth, 2016). Fluorescence (mg m-3) was also included as a first level indication 

of changes in physical parameters. Changes in physical parameters are often 

reflected as changes in the biomass or composition of the phytoplankton community 

before changes in secondary consumers.  
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3.2.3. Statistical analysis 

3.2.3.1. Seasonal and interannual variability in biomass size spectra 

All analysis were carried out using R version 3.5.0 (R Core Team, 2018). To 

establish if the warm event in the Tasman Sea during 2016 was detectable in waters 

off south-east Tasmania, a one-way ANOVA was performed on summer SSTs. 

ANOVA was also used to test for interannual differences in the four response 

variables: fluorescence, zooplankton biomass, NBSS-slope and mean size. Tukeys 

Honest Significant Difference test (HSD) was then used to test for differences 

between every combination of year and season, although only differences between 

the same seasons of different years are? discussed further (e.g. November 2015 

and November 2016).  

 

3.2.3.2. Environmental correlates of the biomass size spectra 

Due to the known influence of temperature on the distribution of plankton 

(Richardson, 2008; Gregory et al., 2009), the four response variables were modelled 

against temperature using univariate linear models. Following this, full models were 

constructed using a broader suite of environmental variables that characterised the 

oceanography of the region. Hydrodynamic covariate data were extracted from a 

gridded regional model (SETAS; CSIRO Marine Atmospheric Research, 2010), to 

allow extrapolation over a larger spatial domain than sampled. The SETAS model is 

3D, incorporating a depth layer to 180 m with a resolution of 1.4 to 2.5 km over the 

greater Storm Bay area. The model was validated using glider and mooring data 

(see Jones et al., 2012). SST (°C), sea level anomaly (m), north-south current 

velocity (m s-1) and bathymetry (m) were extracted from the SETAS model at 

corresponding temporal and spatial pixels to zooplankton samples. Mixed-layer 

depth (MLD) was calculated from temperature and salinity profiles as the depth 

where the change in density exceeded 0.125 kg m-3, relative to the surface layer 

(Toyoda et al., 2017).  

 

The SETAS model was chosen over satellite-derived environmental data for its high 

spatial and temporal resolution. The spatial resolution of the model (1.4 to 2.5 km) 

ensured predictions reflected the fine-scale variations in environmental parameters. 

Moreover, as the model was specifically developed to reflect the hydrographic 
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characteristics of this region (Jones et al., 2012), it incorporates variables which are 

reflective of the oceanography and are highly relevant to this study. For example, 

sea level anomaly measures the influence of warm-core eddies, and the north-south 

current velocity is a direct reflection of the strength of EAC input into the region.  

 

Using Generalised Additive Models (GAMs), these environmental covariates were 

modelled against four plankton community response variables: fluorescence (mg m-

3), zooplankton biomass (mg m-3) NBSS slope and geometric mean size (μm) of the 

zooplankton community. Zooplankton biomass was analysed using a negative-

binomial distribution to account for over-dispersion (White and Bennetts, 1996), while 

fluorescence, NBSS-slope and mean size (GMS) were modelled using a Gaussian 

distribution. Normality was assessed through the Shapiro-Wilk test (Shapiro and 

Wilk, 1965), and response variables were transformed where needed using the log10 

transformation. GAMs were fit using backwards selection methods starting with a 

saturated model fitting all environmental variables. Variables were removed if they 

weren’t significant at p<0.05, and final model selection was via the Akaike 

Information Criterion (AIC) (Yamaoka et al., 1978). Pearson’s chi-squared test 

(Pearson, 1900; Chernoff and Lehmann, 1954) confirmed model fit in each case, 

with 1-pchisq>0.05 indicating adequate fit of the observed data.  

 

 

3.3. Results 
 

The waters on the continental shelf to the south-east of Bruny Island exhibited high 

seasonal oceanographic variation. Between November 2015 and April 2016 the 

western Tasman Sea was subject to a warming event that caused an increase in the 

water temperature of the whole region (Oliver et al., 2017). This warming event was 

correlated with a strong influx of EAC eddies penetrating down the east coast of 

Tasmania (Figure 3.2a), which brought warm water (~19°C) onto the continental 

shelf off Bruny Island by December 2016. These eddy systems persisted through 

March 2016 and caused a shift in the oceanography (Oliver et al., 2017, Figure 3.2). 

SSTs were significantly higher during summer 2016 than the other two summers 

sampled during the present study (F8,156, p < 0.001, see Figure 3.2b for comparison). 
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Figure 3.2. IMOS SST and current image; colour shows SST, white contours show 

altimetric sea level (0.1m contours), arrows show current velocity. Maps are from 

January 2016, January 2017 and March 2017 and show varying levels of EAC 

influence on summer oceanography for the greater SE Tasmania region. (a) Shows 

a large anti-cyclonic eddy off eastern Tasmania during January 2016, (b) shows a 

cyclonic eddy off northern Tasmania, with comparatively cooler water on the 

continental shelf off Bruny Island during January 2017, (c), anti-cyclonic eddy with 

southward current bringing warmer water onto the shelf during March 2017. 

Downloaded from http://oceancurrent.imos.org.au. 

 

3.3.1. Seasonal variation in environment and plankton biomass size spectra 

On average, water temperatures were lowest in spring (November), rising throughout 

the summer period (January) to peak in late summer (March) and dropping off in 

autumn (May) (Figure 3.3). During spring, both fluorescence and zooplankton were 

at their highest. This was coupled with a relatively flatter zooplankton NBSS-slope 

(less negative) than found in any other season, and the largest variability in mean 

http://oceancurrent.imos.org.au/
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size (Figure 3.3). Mean fluorescence exhibited a second, much smaller peak in early 

summer that carried through to late summer. The steepest zooplankton NBSS-

slopes were present during this time (-1.0 to -1.2), shown by the tails of the box-plot 

in Figure 3.3, although the mean slope was similar in summer and autumn. Both 

zooplankton biomass and the mean size of organisms decreased steadily over time 

to late autumn. 

  

 

 

Figure 3.3. Box-plots showing the seasonal changes in SST °C, fluorescence mg   

m-3, zooplankton biomass mg m-3, NBSS slope and Geometric mean size μm 

averaged over the three years of study (2015-2018). 
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3.3.2. Interannual variability in environment and plankton biomass size spectra 

During January and March 2016 (summer), SST on the shelf reached a peak of 

~19°C. In January 2016 this was also coupled with shallower MLD depths, indicating 

shallower water-column stratification (Figure 3.4a), which became deeper into March 

and then May 2016 (autumn). Zooplankton biomass was significantly higher and the 

NBSS-slope significantly flatter (less negative) during November 2015 compared 

with the following two springs (F9,166 15.78; p < 0.001; F9,167 18.03; p < 0.001, 

respectively). Zooplankton biomass in January, March and May 2016 were the 

lowest recorded in summer and autumn of the entire survey period (Figure 3.4). 

North-south current velocity was notably more positive in January 2016, indicating 

stronger northern flow.  

 

Spring 2016 (November) was slightly cooler than the previous spring and was the 

month when maximum fluorescence was recorded, and was significantly higher than 

spring 2015 and spring 2017(Figure 3.4b - F8,149 86.5; p < 0.001). The summer 

following this productive spring was significantly cooler (~15°C), compared with the 

previous January 2016 when the MHW occurred (F8,147 80.4; p <0.001; see Figure 

3.2b and Figure 3.4a). The much cooler early summer period in 2017, following the 

November peak in fluorescence, also exhibited significantly steeper NBSS-slopes 

compared with the previous summer (January 2016; F9,167 18.03; p < 0.01) and a 

slightly higher summer zooplankton biomass peak than for the other two years 

(Figure 3.4b). By March 2017, SSTs increased to ~17°C,where an offshoot of an 

eddy system off northern Tasmania moved inshore, bringing warmer water onto the 

shelf (Figure 3.2c). Mean size was more consistent across years, with no significant 

differences between seasons inter-annually (F9,167 7.2; p > 0.05, Figure 3.4b).  

 

NBSS-slopes were averaged across all 17 sites for each month to show the 

distribution of zooplankton biomass across size classes (Figure 3.5). The late 

autumn / winter periods in May 2016 and May 2017 deviated most in terms of 

absolute biomass of zooplankton from the typical slope of -1 (shown in dashed grey), 

however the slope of the line was consistent with other months sampled (see Figure 

3.4b). November 2015 deviated less in terms of absolute biomass but exhibited a 
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Figure 3.4 Interannual variability in (a) continuous physical parameters, sea-surface temperature 

°C (SST), sea-level anomaly m, mixed-layer depth m and north-south current velocity m-s. (b) 

Interannual variability in plankton biomass size spectra response variables, fluorescence mg m-3, 

zooplankton biomass mg m-3, NBSS-slope and geometric mean size μm. X-axis indicated month 

(November, January, March, May) and year sampled.
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Table 3.1. The most influential groups for reach survey (>5% of samples), the 

approximate size of the group taken from the literature, and the reference for the 

size. 

 

 

 

 

 

 

 

 

 Main groups Size, mm Reference 

Nov-15 Small copepod  
Large copepod 
Small salp 
Crustacean nauplius 

<1.5 
2.5-3.3 
1.8-2.3 
0.5 

Swadling et al., 2013 
Swadling et al., 2013 
Swadling et al., 2013 
Swadling et al., 201 

Jan-16 Small copepod 
Large copepod 
Appendicularia 
Echinoderm larvae 
Krill (metanaupilus - calyptopis 
stage 1) 

<1.5 
2.5-3.3 
2-4 
0.1-0.2 
0.5-1.4 

 
 
Madin 1991 
Swadling et al., 2013 
Brinton et al., 2000 

Mar-16 Small copepod 
Appendicularia 
Penilia (avirostris) 
Doliolid 

<1.5 
2-4 
0.6-1.4 
<2 nurse length 

 
 
Mullin and Onbé,1992; IMAS 
Swadling et al., 2013 

May-16 Small copepod 
Crustacea egg 

<1.5 
 

 

Nov-16 Small copepod 
Appendicularia 
Podon (intermedius) 
Evadne 

<1.5 
2-4 
1.1-1.2 
0.4-1.4 

 
 
Swadling et al., 2013 
Mullin and Onbé,1992; IMAS 

Jan-17 Small copepod 
Large copepod 
Appendicularia 

<1.5 
 

 

Mar-17 Small copepod 
Large copepod 
Appendicularia 
Penilia (avirostris) 

<1.5 
2.5-3.3 
2-4 
0.6-1.4 

 

May-17 Small copepod 
Large copepod 
Bryozoan larvae 
Pteropod 

<1.5 
2.5-3.3 

 

Nov-17 Small copepod 
Large copepod 

<1.5 
2.5-3.3 

 

Jan-18 Small copepod 
Appendicularia 

<2.5 
2-4 
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Figure 3.5. Average Normalised Biomass Size Spectra (NBSS) for each month. The 

black circles represent the normalised biomass in each size class. The blue line is 

the linear regression through the points, calculated using the average of biomass in 

each size class bin. The dashed grey line represents a fixed slope of -1 for 

comparison. 

 

 

much flatter slope due to peaks in biomass in the larger size classes of 1-7 cm (log10 

0-2 on the x-axis). This was most likely driven by the large salp bloom which 

occurred during that month (Table 3.1). 

 

Peak biomass was between ESD 398 um and 541 um in most other seasons 

(represented by the dome in slopes around log10 -1 on the x-axis; Figure 3.5), most 

likely driven by large numbers of small copepods that were the dominant group in the 

samples (Table 3.1, see Chapter 2 / Evans et al., In review). Copepod assemblages 
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were dominated by genera such as Paracalanus (~895 – 950 um) and Calocalanus  

(~600 – 750 um), which supports this conclusion. Dips in biomass at the larger size 

classes of 2.9 mm and 6.3 mm also occurred during these surveys (around log10 1-2 

on the x-axis, Figure 3.5), with larger organisms much less prevalent than small 

ones. Following the anomalously warm summer in 2016, May had the lowest y-

intercept due to the lower biomass of the community (Figure 3.4).  

 

Both January 2016 and November 2017 showed non-linearity of the NBSS-slope, 

with a second peak in biomass in larger size classes (~500um – 1mm; log10 0-1 

Figure 3.5), indicating a community not in equilibrium. We further explored the 

linearity of the community size spectra by analysing the r2 of the NBSS-slopes. The 

higher the non-linearity, the more the r2 deviated from -1. During Year 1 (November 

2015 to May 2016), the r2 was variable (Figure 6). During Year 2 (November 2016 to 

May 2017) the r2 of the NBSS-slopes were the most linear compared with the other 

two years sampled. The r2 of the NBSS-slopes deviated most from a linear slope (-1) 

during Year 3, particularly for the middle stations during spring 2017, and at stations 

positioned at both ends of the study region in summer 2018 (see Figure 3.1 and 

Figure 3.6). Lower r2 values were correlated with larger geometric mean sizes (see 

Figure S3.3).  

 

3.3.3. Environmental drivers of size metrics 

Initially, each of the response variables was tested against temperature. Both 

fluorescence and NBSS-slope displayed a significant negative correlation with SST, 

(F1,154 45.25; p<0.001 and F1,155 36.54; p < 0.001, respectively). Increasing 

temperature correlated with decreased fluorescence (r2 = 03) and a steepening of 

the NBSS-slope (r2=0.2). Neither zooplankton biomass (F1,155 2.73; p=0.1; r2=0.01) 

nor geometric mean size (F1,155 0.8; p = 0.4; r2=0.01) displayed a significant 

relationship with SST.  
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Figure 3.6. R2 of the NBSS-slope for each station and colour coded by survey. Years 

of survey are separated across panel for ease of viewing. Year 1 = Spring 2015 to 

late autumn 2016, Year 2 = Spring 2016 to late autumn 2017 and Year 3 is Spring 

2017 to Summer 2018. 

 

 

We then used GAMs to model the four biomass size spectra response parameters 

against environmental variables. When temporal autocorrelation was detected in the 

residuals, month was included as a cyclic variable to account for the high seasonal 

variability present (see Table 3.2 for full model details). Both SST and north-south 

current velocity showed significant negative correlation with fluorescence (p <0.001, 

Figure 3.7a). Fluorescence was larger when current direction was from the south 

and decreased with more northerly current. Zooplankton biomass exhibited a similar 

pattern (Figure 3.7b), although sea level anomaly (SLA) was retained in the model 

with SST as a significant predictor, rather than north-south current velocity. 
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Zooplankton biomass was negatively related to SST (p<0.001), and SLA (p<0.005), 

with decreasing biomass with greater SLA and warmer SST (Figure 3.7b).  

 

 

Table 3.2. Summary of GAM models examining the relationship between the four 

plankton biomass size spectra response variables between November 2015 and 

January 2018. Both fluorescence and geometric mean size were log10 transformed. 

SST = sea surface temperature, SLA = sea-level anomaly, MLD = mixed-layer 

depth, bathy = bathymetry. 

 

 

 

 

The NBSS-slope of the zooplankton community also showed a significant negative 

relationship with SST (p<0.001), with flatter NBSS-slopes at cooler SSTs steepening 

as the SST increased (Figure 3.7c). SLA and bathymetry were also significant 

drivers of the NBSS-slope. Positive SLAs were associated with steeper NBSS-

slopes, with an almost linear negative relationship (p<0.05). Bathymetry was 

positively correlated with NBSS-slope, with steeper slopes closer to the coast and 

flatter slopes present in deeper water (p<0.01). SST, MLD and month were 

significant drivers of the geometric mean size of the zooplankton community. The 

size of organisms was smallest at temperatures ~15°C. Mean size was largest at 

both higher temperatures, and deeper MLDs (Figure 3.7d). 

Candidate Model k R2 (adj.) df Distribution 1- 
pchisq 

Fluorescence ~ SST + north-
south current velocity + month 

3 0.6 9.5 Gaussian 
(log10) 

0.99 

Zooplankton biomass ~ SST + 
SLA + month 

3 0.3 7.2 Negative-
binomial 

0.2 

NBSS-slope ~SST + SLA + 
bathy 

5 0.3 6.4 Gaussian 0.99 

Geometric mean size ~ SST + 
MLD  

4 0.3 7.6 Gaussian 
(log10) 

0.99 
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Figure 3.7. Significant smooth terms for the four response variables describing the 

environmental drivers of plankton biomass size spectra between November 2015 

and January 2018, (a) fluorescence, (b) zooplankton biomass (c) NBSS-slope of the 

zooplankton community, and (d) geometric mean size. Black tick marks on the x-axis 

represent the distribution of observed data points.   
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3.4. Discussion 
 

The aim of this study was to quantify the size spectra dynamics of the zooplankton 

community within a highly variable marine environment. The study region is subject 

to both long-term changes as a result of the increasing dominance of the EAC in 

summer, and short-term changes leading to? particularly “warm” or “cool” years, 

such as during the MHW event. We found SST to be an important driver of the 

biomass size-spectra on the shelf, with increasing SST associated with a general 

decrease in fluorescence values, zooplankton biomass, and the NBSS-slope of the 

zooplankton community. In contrast, increasing SST was positively correlated with 

geometric mean size. The presence of larger organisms also drove a non-linearity of 

the distribution of biomass across size classes (Fig S3.3), which was reflected by the 

less negative r2 values of the NBSS-slope. The implications of this in the context of 

the predicted increase in the dominance of the EAC, and whether this can truly be 

reflective of the longer-term dynamics of this system, are discussed.  

 

3.4.1. Response of the plankton community to the inter-annual variability in 

environmental conditions as a result of the MHW 

We found inter-annual differences in the biomass and size spectra of the plankton 

community of south-east Tasmania. Regression modelling indicated that the large 

inter- annual differences in SST due to the MHW event played a large part in this 

variability. For both fluorescence and zooplankton biomass, increasing SST had the 

largest effect of the variables tested, and the increased SSTs present during the 

MHW resulted in both a reduced spring bloom and a smaller peak in zooplankton 

biomass than was observed the following year. This relationship has been observed 

by a longer-term study at Maria Island situated further north of this study site on the 

east coast of Tasmania. Over the last 50 years, a trend of increasing temperature 

has been accompanied by 50% reduction in the size of the spring bloom (Thompson 

et al., 2009). This has been related to the increasing presence of EAC eddies 

changing the oceanographic signature of the water column during the summer, 

altering both the abundance and the composition of the phytoplankton community 

(Buchanan et al., 2014). The association of lower fluorescence being correlated with 
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a more northerly current flow compared with a southerly one, is further evidence for 

lower productivity being related to an increase in the influence of the EAC coming 

from the north. 

 

This relationship is most likely mediated through a reduction in the availability of key 

nutrients in the water-column when temperatures are higher, limiting the blooming 

activity of phytoplankton (Eppley, 1972; Falkowski and Oliver, 2007; Winder and 

Sommer, 2012). Nutrients can also be limited in warm surface waters due to 

changes in water-column stratification (Rodriguez et al., 2001; Diehl et al., 2002), 

altering vertical mixing processes and restricting nutrients from being transported 

into the euphotic zone. MHW events are known to change water-column stratification 

processes (Schaeffer and Roughan, 2017; Oliver et al., 2017), and can affect the 

processes that lead to blooming activity. For example, in the north-east Atlantic, the 

spring mixed layer depth is shown to influence the timing of the spring diatom peak 

(Batten et al., 2018). The Coral Sea, which is the water source of the EAC and 

shares many of its characteristics, is warm, low in nutrients and relatively 

unproductive (Suthers et al., 2006). Therefore, despite no nutrient data being 

available for this region, we can fairly confidently establish the links between the 

higher input of EAC water, increasing temperature, reduced nutrient availability and 

a reduced spring bloom.  

 

Although the effect of SST on zooplankton biomass wasn’t as pronounced as for 

fluorescence, increasing SST during the MHW event led to an overall reduction in 

the biomass of zooplankton in the water-column. Effects of other MHW events on 

zooplankton communities have been well documented. Anomalous events recorded 

in Australia, the Mediterranean and the NE Pacific have resulted in significant 

reductions in the numbers of usually abundant, key species (Piontkovski et al. 2010), 

increased abundances of warm-water associated species (Piontkovski et al. 2010, 

Peterson and Schwing 2003), and, in one study from the Curonian lagoon, the 

highest zooplankton death-rate ever recorded there leading to the development of 

‘dead zones’ within the lagoon (Semenova, 2019). In the present study, it is likely 

that the negative effect of increases in SST on zooplankton communities is mediated 

by a combination of changing current systems causing shifts in the distribution of 

species (Perry et al., 2005; Sorte et al., 2010), a reduction in the blooming activity of 
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phytoplankton, and / or a reduction in the food-quality of phytoplankton. This last 

theory might be particularly relevant for south-east Tasmania as further north at 

Maria Island there has been a shift in species dominance from large diatoms to small 

sub-tropical species of dinoflagellate during periods of high EAC influence 

(Buchanan et al., 2014, a pattern which has been found in other temperate 

ecosystems during an anomalous warming event (Gómez and Souissi, 2008).   

 

The negative relationship observed between the steepness of the NBSS-slope and 

temperature offshore from Bruny Islandhas been observed in other ecosystems 

globally. In the present study, the steepness of the NBSS-slope increased with 

increasing temperature, highlighting a dominance in the biomass of smaller size 

classes. Under warmer conditions, individuals of a smaller body size typically 

outcompete individuals of larger body size, making them more resilient to physical 

variability (Atkinson, 1994; Angilletta et al., 2004; Baudron et al., 2014). This is 

known as the temperature-size rule and is thought to be due to differences in 

respiration and development rates in warmer conditions (Forster et al, 2012a). The 

size spectrum is a measure of the efficiency of energy transfer up the food chain 

(Trudnowska et al., 2014). This means that during an event such as an MHW, 

characterised by a sudden and significant rise in the temperature of the whole water-

column such as the Tasman Sea MHW (Oliver et al., 2017), larger organisms may 

be outcompeted by smaller organisms. In zooplankton, where turn-over rates and 

reproduction occurs rapidly, the event would not have to persist for very long before 

effects are observed in the size-spectra of organisms.   

 

The increasing migration of the EAC south into Tasmanian waters has also led to a 

prevalence of small sub-tropical species in assemblages (Johnson et al., 2011; Kelly 

et al., 2016; Evans et al., In review). Furthermore, shifts in the spatial range of 

organisms are occurring as a result of warming at the equator (Vergés et al., 2014). 

Smaller organisms that previously resided in the tropics are becoming more common 

at higher latitudes (Brun et al., 2019). This can result in the smaller migrant 

community outcompeting the larger resident community, ending in an overall 

“shrinkage” of the size spectra at mid and high latitudes (Garzke and Ismar, 2015; 

Brun et al., 2019). The size-spectra of the EAC is characterised by low biomass, 

small mean size (GMS) and steeper, more negative slopes (White, 2018).  
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The mean size of organisms exhibited a slight positive relationship with temperature. 

Based on the evidence outlined above, this relationship seems unlikely, given the 

increased metabolic demands for large bodied organisms during higher 

temperatures. In addition, NBSS-slopes were significantly flatter during the spring 

just prior to the MHW event. Evans et al., (In review - Chapter 2), found a significant 

rise in the number of large gelatinous zooplankton during this period. These groups, 

salps, doliolids (Thaliaceans), cnidarians and ctenophorans, are associated with 

warmer conditions and the EAC (Poloczanska et al., 2007; Purcell et al., 2011; 

Henschke et al., 2011; 2015) and can occur in dense swarms when conditions are 

favourable (Boero et al., 2008). The large carrying capacity of the EAC means they 

become entrained in eddies and transported with the current when it moves south 

(Suthers et al., 2006). Their presence in high numbers during the MHW event in 

2015/16, and the lack of these groups in samples from the subsequent two years, 

could explain the comparatively flat NBSS slopes during this spring, and the 

observed positive relationship between mean size and SST. 

3.4.3. Top down and bottom up controls 

The size spectrum of zooplankton is increasingly being considered in fisheries 

management and ecosystem models, as an important energetic link between the 

bottom trophic levels of marine ecosystems, fish and top predators (Daewel et al., 

2014). Variability in zooplankton population dynamics can be a primary source of 

uncertainty when considering food-web structure and modelling of lower-trophic level 

interactions. This can result in unrealistic models due to the unpredictable nature of 

changes to this lower trophic level as a result of changes in food availability and 

competition (Huisman and Weissing, 1999; Mitra and Flynn, 2006). For example, in 

the Mediterranean, seasonal differences in the size of zooplankton influenced the 

feeding strategy of larval anchovy and sardines, turning anchovy (which spawn 

earlier) into generalist predators, while sardine larvae specialized in one type of prey 

organism (Morote et al., 2010). The size structure of zooplankton can therefore exert 

bottom-up control on fisheries production. The inclusion of zooplankton size 

spectrum data into fisheries models improves their realism and predictability 

(Friedland et al., 2012).  
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The strong correlation observed between increased temperature, as a result of the 

MHW, and lower primary productivity is indicative of changes which might reach 

secondary consumers and the higher trophic levels in the future. In the North Sea, 

significant declines in primary productivity have occurred over the last 25 years 

(1988-2013), in conjunction with increased sea surface warming (Capuzzo et al., 

2018).  Multiple lines of evidence suggested this system had shifted from a top-down 

controlled system to a bottom-up controlled system (Kenny et al., 2009; Lynam et al., 

2017), with decreasing primary productivity cascading to secondary consumers and 

decreasing the abundances of small copepods. This has had flow-on effects for 

higher order predators such as fish, with important implications for fisheries 

management (Capuzzo et al., 2018).  

 

In addition to overall decreases in the abundance of phytoplankton and, 

consequently, zooplankton and forage fish species in Tasmania (Johnson et al., 

2011), it has also been observed that in other warming ecosystems with fisheries 

pressures the general quality of key prey is also decreasing. In the North Sea from 

1973 and 2015, Wanless et al., (2018) noted an apparent decline in the diet of 

seabirds of a previously key prey item, the lesser sandeel (Ammodytes marinus). 

This shift in the diets of local seabird chicks was linked with a significant decrease in 

the length-at-age of 0 group and 1+ group sandeels. In the north-east Pacific during 

the MHW event known as “the blob”,  the nutritional value of sandlance (Ammodytes 

personatus) declined, indicating a disruption in the transfer of energy from this 

species to marine predators, including seabirds, marine mammals and commercially 

important salmon and groundfish species (Biela et al., 2019). Both forage fish 

species are key prey items supporting productive food-web systems, therefore the 

potential consequences of this shift for predators is large. Breeding failures and 

population declines have already been noted in marine predators in these regions.  

 

South-east Tasmania is a region with moderate fishing pressure and is warming 

rapidly, and there is already evidence that changing physical conditions and the 

reduction in the abundance of large, lipid-rich zooplankton is exerting a strong 

bottom-up effect on fisheries (McLeod et al., 2012b). There are large numbers of 

resident and migratory marine birds that rely on the productive shelf region for chick 

provisioning during the breeding season. A steepening in the biomass size spectrum 
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as a result of increasing EAC influence would lengthen the food chain reducing the 

transfer of energy to predators. In addition, the possible decreasing quality of 

available prey might be a second contributing pressure on marine predators in 

regions which are warming rapidly. Under future climate scenarios, this ecosystem 

could see a reduction in productivity and food quality, and a subsequent decrease in 

the efficiency of energy transfer from primary productivity through secondary 

production to fisheries, with flow-on effects for the economic status of Tasmania’s 

fisheries,  
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Figure S3.1. Schematic diagram of the LOPC circulation system. The sump and 

header tanks are polyethylene, and all tubing is PVC with a diameter of 1.9 cm. 

Arrows indicate the direction of flow. Schematic taken from Moore and Suthers 

(2006) as an identical system was used for this study.  
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Figure S3.2. Comparison between LOPC-derived zooplankton abundances (m-3) and 

microscope-counted abundances (m-3), no significant difference detected between 

methods (r2 = 0.8; p < 0.001). 
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Figure S3.3. The relationship between geometric mean size and NBSS r2 of the 

zooplankton community (r2 = 0.5; p<0.001). 
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Abstract  

Central place foragers rely on areas within a small range of their breeding grounds 

for chick provisioning. Therefore there exists a tight coupling between their breeding 

success and local bio- physical conditions. The effects of fine-scale variability in 

environmental parameters and resource distribution on the foraging behaviour of 

marine predators is studied in a region of rapid environmental change. Here we use 

little penguin (Eudyptula minor) habitat preference during two years of varying 

environmental conditions, to investigate the interactions between environmental 

variables, resource distribution and penguin habitat preference. Penguins were 

tagged with GPS devices during a marine heatwave event in 2016 and again in 2018 

during comparatively cooler conditions. We found the distribution of penguins to be 

highly correlated with a fine-scale horizontal SST gradient feature, which appeared 

on the shelf in 2016 as a result of tropical water from the East Australian Current 

(EAC) interacting with cooler temperate water from southern Tasmania. Spatially, 

warmer SST anomalies corresponded to a lower probability of little penguins utilizing 

an area in both years. This was despite the much more uniform SSTs which were 

present during 2018. By modelling little penguin habitat preferences using two 

biological predictors, zooplankton community abundance as an indication of general 

resource distribution, and krill abundance - a prey species of little penguins - we 

show habitat preference to be only slightly more strongly driven by prey type, than by 

general resource distribution. The correlation between little penguin habitat 

preference and both zooplankton and krill abundance could indicate a plasticity in 

foraging behaviour which might be beneficial if lower-trophic level structure continues 

to change due to warming. In light of the continued warming predicted for this region, 

and the preference shown for cooler SSTs, this plasticity might be important under 

future resource climates.  

 

 

 

Key words 

Climate change, species distribution models (SMs), telemetry, marine predators, 

prey-field dynamics
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4.1. Introduction 
 

Marine predators are an essential component of ecosystems. They exert top-down 

structuring effects (Boveng et al., 1998; Goedegebuure et al., 2017) and are 

influenced by bottom-up controls (for example, Croxall et al., 1999; Lea et al., 2006; 

Ainley et al., 2007). Quantitative knowledge of the habitat preferences of predators 

allows direct links to be made between their behaviour and the physical and 

biological characteristics of the environment where they are foraging (Guinet et al., 

2001; Schick and Lutcavage, 2009; Raymond et al., 2015). Foraging theory predicts 

that predators will concentrate effort in regions with relatively richer resources 

(Stephens and Krebs, 1986). Marine predators adjust their behaviour to exploit these 

patches over a range of different scales (Boyd, 1996; Benoit-Bird and Au, 2003) 

which have been shown to be spatially and temporally predictable (Hunt, 1997; 

Ainley and Hyrenbach, 2010).  

 

Localized horizontal and vertical mesoscale features such as fronts, thermoclines 

and upwelling regions are known to aggregate prey (Bost et al., 2009; Ribic et al., 

2011). Consequently, regions with strong temperature gradients are often targeted 

by predators, resulting in an association between predators and certain abiotic 

conditions (Scheffer et al., 2010, 2012). However, the mechanisms controlling 

predator-prey interactions as a result of changes in environmental conditions are 

complex and still not well understood (Stommel, 1963; Haury et al., 1978). In coastal 

regions, local environmental changes are often reflective of larger scale ocean 

processes (Georges and Le Maho, 2003), and data collected at a fine-scale are 

required to understand these links. Ropert-Coudert et al. (2009), found that the 

foraging success of little penguins (Eudyptula minor) from Phillip Island in south-east 

Australia, decreased when the water column was well mixed with a deeper or absent 

thermocline. Therefore, fine-scale and highly variable physical processes seem to 

play an important role in the distribution of marine resources, which will influence the 

foraging efficiency of predators (Pelletier et al., 2012).  

 

Western boundary current systems are strengthening globally, increasing the 

advection of sub-tropical water away from the equator (Jayne and Marotzke, 2002). 

This is true of the East Australian Current (EAC) which has shown a marked 
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increase in the strength, duration and frequency of its’ penetration south, now 

reaching southern Tasmania episodically during the summer months and leading to 

an accelerated rate of warming (Ridgway, 2007a). In the summer of 2015/16, the 

intensification of the EAC also stimulated a severe marine heatwave (MHW) event. 

This event was unprecedented for south-east Australian waters, reaching a 

maximum intensity of 2.9 °C above climatology and persisting for 251 days (Oliver et 

al., 2017).  

 

The region is undergoing a parallel shift in the relative abundance of small pelagic 

fish species (McLeod et al., 2012b). Jack mackerel (Trachurus declivis) was 

previously abundant, and the dominant species targeted by the Tasmanian small 

pelagic fishery in the 1980s. However, in 2001 the fishery collapsed and switched to 

targeting sub-surface redbait (Emmelichthys nitidus) schools (Welsford and Lyle, 

2003). Decreased abundances of jack mackerel due to intense fishing pressure 

could be a reason for this shift, along with a concurrent increase in the abundance of 

redbait. However warming in this region has also led to a change in the zooplankton 

prey-field. Johnson et al. (2011), noted a reduction in the occurrence of large surface 

swarms of cold-water Australian krill (Nyctiphanes australis) which were previously 

common along the east coast of Tasmania (O’Brien, 1988). This species was 

incidentally the almost exclusive prey of jack mackerel, suggesting a prey-related 

shift in species dominance. Jack mackerel and redbait are not tropically equivalent, 

with redbait feeding mainly on copepods in deeper waters. This might reduce the 

availability of this species to diving seabirds (McLeod et al., 2012b). The continued 

increase in warming predicted for this region is expected to favour warm-water 

copepods and disadvantage the larger cold-water krill species (Cazassus, 2004), a 

shift which has already been noted along the east coast of Tasmania (Johnson et al., 

2011; Kelly et al., 2016). At present, there are surprisingly few studies quantifying the 

effects of this shift in lower-trophic levels on higher order predators.  

 

Therefore, to address this knowledge gap, the main aim of this work was to analyse 

the at-sea habitat use of little penguins in relation to both lower trophic level 

dynamics and physical parameters. The study was carried out during a period of 

anomalous environmental conditions, which was associated with subsequent 

changes in the structure of the zooplankton community. We used habitat models 
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based on the mean residence time of penguins at different locations within their 

foraging range. Two habitat models were run, one using total zooplankton 

abundance as a predictor, and one modelling krill abundance only. Krill are an 

established food source for little penguins, and other species of larger penguins and 

seabirds (Morgan and Ritz, 1982; Gales and Pemberton, 1990; Chiaradia et al., 

2012, 2016; Thiebot et al., 2017). Zooplankton and krill abundance data were 

collected as part of a larger study of south-east Tasmania (see Figure 4.1a for the 

location of the study relative to Tasmania). Until recently it is noted that except for 

krill, zooplankton are not cited as a food source for little penguins, with small meso-

pelagic prey such as small fish, squid and krill making up the majority of their diet 

(Klomp and Wooller, 1988; Deagle et al., 2010).  

 

However, we would expect that the distribution of small fish be closely coupled with 

productive patches, i.e. with higher abundances of zooplankton and phytoplankton 

(Young et al., 1993; Lanz et al., 2009; Stige et al., 2014). In addition, a recent study 

on Phillip island little penguins has revealed that zooplankton comprise a much 

higher proportion of their diet than previously thought (Cavallo et al., 2018). The 

authors found that in spring 2015, the gelatinous zooplankton salp (Thaliacea) 

constituted more than a third of diet sequences. Comparatively, fish only constituted 

10%, making it is unlikely that the salp sequences present in scat samples were due 

to secondary predation through fish. Other gelatinous and crustaceous zooplankton 

were recorded which have not appeared in little penguin diet in any previous studies, 

and comprised 25% of penguin diet over the study period (e.g. Flemming et al., 

2013; Kowalczyk et al., 2014; Chiaradia et al., 2016). Therefore, for certain periods 

of the year, it is suggested that zooplankton might play a more important role in the 

distribution of these predators than expected.  

 

This is one of the first studies to link in situ lower trophic-level dynamics with the 

behaviour of little penguins at sea. Due to the occurrence of the MHW, we also 

aimed to establish the effect of anomalously warm sea- surface temperatures (SST) 

and resulting physical features such as fine-scale thermal gradients, on the habitat 

preference of little penguins (Ropert-Coudert et al., 2009; Pelletier et al., 2012). We 

used the models to test our hypotheses that a) penguin habitat preference was 

influenced by the level of EAC influence within their foraging grounds, creating fine-
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scale local features which may aggregate prey; and b) that penguin habitat 

selectivity would be influenced by the distribution of zooplankton and krill, but that 

krill abundance would be a better predictor than zooplankton abundance.  

 

 

4.2. Methods 

4.2.1. Biotic covariate field data collection and processing  

Zooplankton abundance m−3 was sampled as part of two studies between 2014 and 

2018; a study of Storm Bay from three sites in the shallower waters (15–30m) of 

Storm Bay (Swadling et al., 2017), and a larger study of the continental shelf to the 

east of Bruny Island, between 50m and 100m depth (see Figure 4.1b for the 

locations of both sampling sites). Both studies sampled the zooplankton community 

using an oblique tow of the same double-bongo net (mesh size 200μm; mouth 

diameter 75cm), resulting in an integrated community sample. Zooplankton were 

sorted to species level and counted. Two species of krill were present in samples, 

however Australian krill (Nyctiphanes australis) accounted for the majority of krill 

counts. Total zooplankton community counts and krill counts were converted to 

abundance m-3 to be used in further analysis. Please see supplementary material 

for more detailed information regarding sample collection and processing.  

4.2.2 Little penguin instrument deployment and data processing  

Breeding little penguins in the guard-stage were tracked from the Neck colony, Bruny 

Island in south-east Tasmania (43.27°S, 147.35°E, see Figure 4.1c), during one-day 

foraging trips. The at-sea behaviour of little penguins was recorded using GPS tags 

deployed during the breeding season of 2016 (n=9, Philips et al., 2019) and 2018 (n 

= 4, this study), using two types of tags. In 2016, GPS cat-trackers were used 

(CatTrack, South Carolina, USA, 3.7×2.2×0.8cm, 27g), which were sealed in 

electrical heat-shrink tubing to make them waterproof. In 2018, an integrated GPS, 

accelerometer, pressure and temperature sensor were deployed (the Axy-trek 3D, 

TechnoSmArt Inc., Italy, 18g including battery, 36×22×10mm). Cat trackers were set 

to record every 90 s, while the Axy-trek were set to record locations every second. 

All animal handling and monitoring was carried out in accordance with, and with the  
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Figure 4.1. Map of the continental shelf south-east of Bruny Island showing (a) the 

position of the study region relative to the rest of Tasmania, (b) the position of 

zooplankton sampling sites from the study by Swadling et al., (2017) (red) between 

2014 and 2015, and the larger study of the continental shelf (blue) between 2015 

and 2018. (c) Shows the filtered tracks for little penguins from both 2016 (green) and 

2018 (purple). The Neck colony is shown as a grey triangle. Bathymetry isobars are 

shown in grey (every 50m). 
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approval of UTAS Animal Ethics Committee (AEC approval number A0016902), and 

DPIPWE Parks and Wildlife permit approval (animal permit no. FA 17311 DPIPWE).  

 

4.2.3. Statistical analyses  

4.2.3.1. Spatial and temporal variability in bio-physical variables  

All models were constructed in R version 3.5.0 (R Core Team, 2018). We aimed to 

model penguin habitat preference as a function of the environment and the spatial 

distribution of total zooplankton abundance and krill abundance. We therefore 

modelled both zooplankton and krill abundance in relation to several local 

environmental covariates which are known to influence plankton dynamics, within a 

generalised additive model (GAM) framework. Covariates were extracted from the 

Southeast Tasmania – Operational Hydrodynamic Model (SETAS), a near real-time, 

high-resolution model of the region developed by the CSIRO Coastal Environmental 

Modelling Team. The model was validated using both glider and mooring data and is 

considered an accurate representation of the fine-scale influences on this system 

(see Jones et al., 2012). For more information about this model please see the 

Supplementary Material. Sea surface temperature (SST, °C), salinity, sea level 

anomaly (m), bathymetry (m) and north-south current velocity (ms−1) were extracted 

at corresponding temporal and spatial grid coordinates to zooplankton samples. 

Mixed-layer depth (m) was calculated as the depth where an increase in density of 

0.125kgm−3 occurred relative to the surface layer ( Toyoda et al., 2017). Pearson's 

chi-squared test (Chernoff and Lehmann, 1954; Pearson, 1900), confirmed the 

goodness of fit of each model (p > 0.05). Final GAMs had a negative-binomial 

distribution to account for over- dispersion (White and Bennetts, 1996), and model 

selection was based on delta Akaike's Information Criterion (AIC) values and model 

diagnostics. Year was included as a factor term in the models to account for inter-

annual variability due to the MHW in 2016.  

 

These two models were then used to predict zooplankton abundance m-3 and krill 

abundance m-3 across the broader study domain, which matched the possible range 

of little penguin foraging grounds. Predictions were made across a 0.1° resolution 

spatial grid for the two tagging periods. Zooplankton samples from the three years 
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were dominated by copepods (~61%); the distribution of total zooplankton 

abundance m−3 therefore reflected the distribution of this largest contributing group.  

 

4.2.3.2 Penguin track preparation  

Only complete, single day foraging trips were used in these analyses (see Table 

4.1). Tracks were cleaned to remove data points on land, except the first and last 

point. Trip metrics were calculated using the package trip (Sumner, 2016). Locations 

represent “presence only” data, with absences being unknown. To generate pseudo- 

absence data, i.e. areas which were within little penguin possible foraging range but 

were not visited, we simulated 200 tracks for each year following methods outlined 

by Johnson et al. (2008). Time regularized tracks were required, so original tracks 

were filtered using a continuous time correlated random walk model (CTCRW), 

similar to that outlined by Johnson et al. (2008) using the package RWALC 

(Wotherspoon and Raymond, 2016). The RWalc CTCRW model differed to that of 

Johnson et al. (2008), in that there was no drift or haul out components, which were 

not applicable to little penguins, and the model assumed t-distributed errors as 

described by Albertsen et al. (2015). In this case, each track was fitted 

independently, and model parameters differed for each individual. This method also 

helps correct for gaps in the data. Tracks from the Axy-trek tags used in 2018 

exhibited some large gaps between location points, presumably due to a longer 

satellite fix time than the CatTrack GPS devices. This means that when penguins 

were transiting quickly between foraging locations, tags were not out of the water 

long enough to fix to a satellite, resulting in gaps in the data. After visual examination 

of time-gaps between fixes, a time step of 30 minutes was deemed appropriate. A 

land mask was generated and applied to all fitted tracks to remove any fitted track 

point which fell on land. All location points (both real and simulated), were spatially 

binned across the same 0.1° resolution grid as the bio-physical covariate data, 

resulting in counts within each grid square which were summed for each year 

separately (See Figure S4.1).  
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Table 4.1. Summary of data: deployment information and trip metrics for both GPS 

cat-tracker and Axy-trek tags at Bruny Island, Tasmania during 2016 and 2018. 

Standard error is denoted as ±. 

*Not included in habitat model analysis due to doubt about GPS accuracy 

 

 

 

Year Penguin 

ID 

No. 

chicks 

Trip 

date 

Trip 

duration 

(h) 

Max 

displacement 

(km) 

Distance 

travelled  

(km) 

Dive 

depth 

mean (m) 

Total 

no. of 

dives 

2016 Bru 1 2 4th Jan 

2016 

19.27 31.36 71.13   

2016 Bru 2 2 8th Jan 

2016 

18.38 23.05 60.01   

2016 Bru 3 2 9th Jan 

2016  

18.27 19.15 62.45   

2016 Bru 4 2 8th Jan 

2016  

18.0 16.07 51.64   

2016 Bru 5 2 9th Jan 

2016  

17.93 22.73 54.56   

2016 Bru 6 2 10th Jan 

2016 

18.32 23.92 56.44   

2016 Bru 7 2 9th Jan 

2016  

18.09 19.93 49.54   

2016 Bru 8 2 10th Jan 

2016  

18.61 26.44 61.21   

2016 Bru 9 1 11th Jan 

2016  

17.82 21.37 57.72   

2018 19 2 1st Feb 

2018  

18.44 18.31 49.33 10.47 ± 

0.36 

580 

2018 AT8 1 31st Jan 

2019  

19.02 30.5 67.16 14.86 ± 

0.49 

609 

2018 AT12 1 1st Feb 

2018  

18.06 34.84 71.4 6.53 ± 

0.31 

604 

2018 AT15* 1* 30th Jan 

2019 

22.51* 4.2* 11.78* 11.97 ± 

0.34 

493 

Mean 

2016 

   18.29 ± 

0.2 

22.67 ± 1.5 58.3 ± 

2.2 

  

Mean 

2018 

   19.51 ± 

1.0 

27.8 ± 4.9 * 62.63 ± 

6.8* 

10.96 ± 

1.73 

571.55 

± 26.92 
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In 2018, dive information was collected in addition to location data, and is included 

here to give context to the vertical distribution of little penguins. Accelerometers 

measured pressure (1Hz) and 3-axis acceleration (50Hz). Dive data were analysed 

using IGOR Pro (Wavemetrics Inc., USA, 2000; Version 4.01). A dive started when 

birds left the surface and ended when they returned to it. Only dives >1 m were 

analysed.  

 

4.2.3.3. Bio-physical covariate selection  

To model penguin habitat preference, physical covariates were selected which 

described water mass distribution; SST anomaly, SST gradient and mixed-layer 

depth. SST anomaly (° C) was calculated as the deviance of SST for each grid cell 

from the mean SST of all grid cells from both 2016 and 2018. To mark regions of 

thermal gradients (SST gradient) on the edge of EAC eddies, we calculated the 

horizontal thermal gradient between neighbouring grid squares (°C km-1),using the 

R package HadSSTR (Hadsstr, 2016). Mixed-layer depth (m) provided a 3D 

perspective of water column stratification and accounted for the effects of both 

temperature and salinity as the definition is density-based (as used by Bond et al., 

2015). SST gradient across grid squares and mixed-layer depth provided a measure 

of the horizontal and vertical gradient features penguins would encounter whilst 

foraging.  

 

4.2.3.4. Habitat model  

Bio-physical covariates were extracted from grid squares containing either a real or 

simulated penguin location point. We again used GAMs with a binomial distribution 

to model the probability of the “presence” of a real penguin location occurring, as 

opposed to a pseudo-absence of a real penguin location occurring (i.e. a simulated 

point). Modelling the data in this way also avoided the need to account for zero-

inflation. Model selection was carried out via delta AIC; model diagnostics and R2 

(%) were used to assess if final models were a good fit.  

 

Correlation analysis using the Pearson Correlation Coefficient was used to test for 

correlation between variables (see Figure S4.2 for correlation matrix). Significant 

correlation was found between krill abundance and mixed-layer depth, and between 
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zooplankton abundance and SST anomaly. Therefore, these two variables were 

dropped from these two models respectively.  

 

 

4.3. Results  

 

Foraging trips (n=12) occurred over a maximum distance of 23.9±5.8 SD km away 

from the colony (all further measurements will be expressed this way ± SD), with a 

total round-trip distance of 59.4 ± 7.7 kms over a one-day foraging trip (Table 4.1, 

Figure 4.1c). They departed between 3:13 and 4:15 and returned between 21:24 and 

22:35 (local time, AEDT), with foraging trips lasting a mean of 18.7 ± 1.2 h. Between 

years, there was no significant difference in trip duration (p=0.1, F1,11 =3.2), 

maximum displacement – i.e. maximum distance away from the colony (p=0.2, F1,10 

=2.02) or total distance travelled (p=0.4, F1,10 =0.7) (Table 4.1).  

 

In 2018 dives were to a mean depth of 11.97±0.34 (m), and across the four penguins 

the mean number of dives per one-day foraging trip was 571.55 ± 26.92 (Table 4.1). 

One penguin exhibited a uni-modal distribution of dive depth (AT12), making the 

majority of dives in the surface waters <10m. The other three penguins tagged (AT8, 

AT5 and 19), exhibited a double peak in dive depth, with high numbers of dives in 

surface waters <10 m, and a second peak in the density of dives deeper in the water 

column between 10 and 40 m (Figure 4.2).  
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Figure 4.2. Density distribution of dives by depth for little penguins (n=4, coloured 

lines) from the Neck, Bruny Island during January/February 2018.   

 

4.3.1. Temporal and spatial variability in bio-physical variables  

Model selection parameters for both zooplankton and krill abundance models are 

shown in Table 4.2. Cooler water was correlated with higher zooplankton 

abundance, which was evident in the zooplankton abundance model predictions 

(Figure 4.3, see Figure S4.3 for GAM output). During 2016, zooplankton abundance 

was associated with regions of cooler water (<17.5 °C) outside of the offshoots of the 

EAC (17.5–19 °C; Figure 4.3). In the much cooler 2018, higher abundances of 

zooplankton were more evenly distributed across the study region. The best model 

for krill abundance included terms for SST, bathymetry, sea -level anomaly, mixed-

layer depth, year and north-south current velocity and was determined by AIC (see 

Table 4.2). Krill exhibited less of an association with SST during the summer, and 

was more correlated with shallower mixed-layer depths, shallower bathymetry and 

higher sea level anomalies (see Figure S4.4).  
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Table 4.2 Summary of GAM comparisons examining for the two zooplankton 

response variables, total zooplankton abundance (m-3) and Krill abundance (m-3) and 

environmental covariates for November 2014 to January 2018. Only model with 

ΔAIC < 10 are shown and the accepted model is presented in bold. SST = sea 

surface temperature (°C), north-south current = north-south current velocity (ms-1), 

bathy = bathymetry (m), SLA = sea level anomaly (m), MLD = mixed-layer depth (m) 

and year as a factor variable.  

 

 

In 2016, SST horizontal gradients were greatest (~0.003–0.004°C km−1) across a 

relatively small area in the middle of the survey area, which separated warmer than 

average water from cooler than average water (Figure 4.4). The warmer than 

average EAC water had a deeper mixed-layer depth, which became shallower in the 

cooler water towards the coast. Higher abundances of krill were also found in the 

cooler waters towards the coast. In 2018, the surface waters were comparatively 

much cooler and exhibited a more consistent temperature regime (17.0–17.7 °C; 

Figure 4.4a). There were no notable surface SST gradients present due to the lesser 

influence of the EAC during this January (Figure 4.4). Krill abundances during 2018 

Response Candidate model logLik ΔAIC delta df % r2 

Zooplankton 

abundance 

Bathy + SLA + MLD + 

SST + north-south 

current + Year 

-1924.4 3938.5 0.0 36 77.9 

 Bathy + SLA + SST + 

north-south current + Year 

-1931.276 3942.6 4.1 32  

 Bathy + SLA + MLD + SST 

+ Year 

-1936.9 3947.4 8.9 30  

Krill 

abundance 

Bathy + SLA + MLD + 

SST + north-south 

current  + Year 

-1135.8 2329.4 0.0 24 66.9 

 Bathy + SST + north-south 

current + Year 

 

-1140.2 2330.8 1.3 22  

 Bathy + MLD + SST + 

north-south current + Year 

-1137.7 2330.8 1.4 23  

 Bathy + SLA + SST + 

north-south current + Year 

-1139.6 2331.7 2.3 22  

 Bathy + SLA + MLD + SST 

+ Year 

-1141.5 2339.2 9.8 24  
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were higher than in 2016, again concentrated to the west of the study region closer 

to the coast, though this was not linked to mixed-layer depth or SST anomaly.  

 

 

 

 

 

Figure 4.3. Results for 2016 are shown on the left, and 2018 to the right. a) Map 

showing SST °C extracted from the SETAS model as an average of the two January 

survey days for each year showing unusually warm water in 2016 (~19°C) during the 

marine heatwave, and the cooler more stable SST during 2018. b) Map showing the 

distribution of total zooplankton abundance (log10 m-3) for January 2016 and January 

2018 estimated over the greater study region (see Table 2). 
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Figure 4.4. Spatial distribution of the environmental and biotic covariates selected for 

the final habitat model for 2016, shown on the left, and 2018, shown on the right. 

Environmental covariates were selected based on their reported influence on little 

penguin habitat preference. (a) SST anomaly °C, (b) Mixed-layer depth m (c) SST 

gradient across grid cells, and (d) Krill abundance log10 m-3 estimated over the 

greater study region (see Table 2) . Covariates were extracted from the SETAS 

model and averaged over foraging days.  

 



 108 

4.3.2. Habitat model  

The best model of penguin habitat preference included terms for krill abundance, 

SST anomaly and SST gradient across grid cells. The model which included krill 

abundance as the biological predictor exhibited the lowest AIC at 1460.4, compared 

to the model which included zooplankton abundance (AIC: 1552.4; see Table 4.3).  

 

 

Table 4.3. Summary of GAM comparisons examining the relationship between 

number of real points per cell (i.e. time spent per cell) and bio-physical covariates for 

little penguins from the Neck colony. The best 4 models in terms of ΔAIC are shown 

and the accepted model is presented in bold. 

 

 

 

During the marine heatwave (2016) little penguins selected regions which were 

between ~1°C below the mean, and ~0.5°C above the mean. In regions which were 

more than ~0.5°C warmer than the mean, the probability of penguin presence 

decreased rapidly as the temperature rose. These regions were characterised by 

anomalously warm EAC MHW water, although anomalies above 0.5 °C exhibited 

large error margins (Figure 4.5). In 2018, the probability of penguin presence in a 

grid square decreased almost linearly in locations with temperatures above the 

mean. SST gradient was significant in 2016 only; during this warmer year, greater 

SST gradients notably increased the probability of penguin presence. In addition, 

areas with higher probabilities of penguin presence were correlated with increased 

krill abundance, although error margins were wide at lower abundances. In 2018, 

Candidate models 
 

k LogLik AICc ΔAIC  df %r2 

Krill abundance + MLD + 
SST gradient + SST 
anomaly 

4 -697.9 
 

1452.8 0.0 28 47.6 

Zooplankton abundance + 
MLD +SST gradient + SST 
anomaly 

4 -701.8 
 

1457.8 5 26 47.2 

Krill abundance + SST 
gradient + SST anomaly 

3  
-706.6 
 

1460.4 
 

29.5 26 45.5 

MLD + SST gradient + SST 
anomaly 

3  
-753.8 

1553.6 253.8 22 43.2 
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this relationship was more complicated. The probability of penguin presence 

increased sharply when krill abundances were log10 6–7, and then decreased at 

higher abundances. However, error margins were again large at both lower 

abundances and higher abundances of krill (Figure 4.5). Table 4.3 shows the full 

candidate selection process based on ΔAIC.  

 

 

Figure 4.5. All smooth terms for both 2016 and 2018 for the best little penguin habitat 

model: krill abundance + SST anomaly + SST gradient + mixed-layer depth. Each 

smooth term incorporated year as a factor to account for the differences between 

years. 

 

 

This study considers time spent per cell as a proxy for foraging effort, as animals 

habitually spend more time in regions where they are actively searching or foraging 

(Barraquand and Benhamou, 2008). Therefore, we extracted environmental 

parameters for the two tagging years from grid cells where little penguins spent >1 h, 

to investigate the characteristics of regions where penguins persisted, possibly due 

to favourable foraging conditions. There was a significant difference in preferred 
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conditions between years for four out of the five covariates (Table 4.4). Regions with 

higher SSTs and more positive SST anomalies were utilised in 2016 compared with 

2018 (Figure 4.6). In addition, in 2016 penguins spent a comparatively longer time in 

locations on or near the region of high SST gradient in the centre of the study area. 

However, as there was no gradient present in 2018 it is unknown whether this 

behaviour is predicable or not, and further data are needed to fully understand the 

importance of such features. Selection of areas based on mixed-layer depth showed 

no significant difference between years, with 13.5 ± 2.1 m and 13.1 ± 1.8 m preferred 

in 2016 and 2018 respectively. Penguins selected regions with significantly higher 

krill abundance during 2018 (Figure 4.6). These preferences reflect the range of bio-

physical variables which were available across the two years (Figure 4.6).  

 

 

 

Table 4.4. Inter-annual variation in environmental parameters in areas where 

penguins spend >1 hour (probable foraging regions). ANOVA was used to test for 

significant differences between years. Standard error is displayed as ±.  

 

 

 

 

 

 

 

Year 2016 n=9 2018 n=4 df F-ratio P value 

Mean 
bathymetry 
m 

64.72 ± 
13.2 

47.3 ± 17.2 1,98 25.2 < 0.001 

SST °C 17.8 ± 0.4 17.4 ± 0.2 1,98 20.5 < 0.001 

SST 
anomaly °C 

-0.5 ± 0.4 -0.9 ± 0.2 1,98 26.6 < 0.001 

SST 
gradient  

0.0019 ± 
0.0 

0.0005 ± 
0.0 

1,98 33.4 < 0.001 

Mixed-layer 
depth m 

13.5 ± 2.1 13.1 ± 1.8 1,98 14.1 0.5 

Krill 
abundance  

Log10 7.8 ± 
0.1 

Log10 9.2 ± 
0.0 

1,98 77.0 < 0.001 
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Figure 4.6. Boxplots showing characteristics of preferred habitat of little penguin 

during 2016 and 2018. Plots are based off grid squares where little penguins spent 

>1 hour indicating probable foraging regions. Tails are for quantile ranges. 
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4.4. Discussion  
 

We aimed to quantify little penguin habitat preference across varying bio-physical 

conditions. We found an association of these birds with regions of lower mean 

temperatures and greater horizontal SST gradients. We tested two biological 

predictors to test the hypotheses that (a) the model would perform better with the 

inclusion of lower-trophic level information, and, (b) little penguin distribution would 

be more closely linked to prey distribution (krill abundance), than general resource 

distribution (zooplankton abundance). The two models that included a biological 

predictor performed better than a purely abiotic model, with the inclusion of krill 

abundance producing a slightly better model fit than zooplankton abundance. 

Interestingly, models which included abiotic predictors performed significantly better 

than models built solely on biological predictors. Abiotic variables such as SST 

anomaly may therefore be reflective of the distribution of forage fish, which make up 

the largest proportion of little penguin diet.  

 

This study is limited both by the small sample size (particularly for 2018), and by 

tagging in only two breeding seasons. Small samples sizes are a common problem 

for telemetry studies due to the difficulties associated with sampling wild populations. 

As suggested by Hays et al. (2016),] we combined two datasets to attempt to 

maximize inference from both datasets. Sample sizes are still relatively small, 

therefore study should continue in this region to validate the relationships put forward 

in this manuscript, as we cannot rule out the possibility that results were biased 

towards effects from the larger sample size in 2016. To try and combat this, we 

included a term in the model for year, to try and separate out the effects of each 

year. Cooler SST anomalies were also preferred in the cooler 2018, giving us some 

confidence in our conclusions. Despite these limitations, this study has merit, being 

one of the first studies to track little penguins in Tasmania, as well as being one of 

the first to track this species through an MHW event. The accelerated rate of 

warming (Thompson et al., 2009), makes this region an important area to understand 

the effects of changing physical conditions on every trophic level, and the probable 

flow-on effects of these changes for ecosystem function.  
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4.4.1. Temporal and spatial variability in habitat selection  

The region showed considerable variability in environmental parameters between the 

two summers as a result of the MHW event. In 2016 higher temperatures, larger 

horizontal SST gradients and deeper mixed-layer depths were present due to the 

influence of the EAC to the east. Across both years however, penguin preference 

decreased in regions warmer than the mean. Despite temperatures in 2018 being 

consistently cooler across the shelf without large horizontal SST gradients, there still 

existed a significant negative relationship between SST and penguin preference. 

Penguins selected a mean SST of 17.8±0.4 and 17.4±0.2°C in 2016 and 2018 

respectively (Table 4.4). Similarly, penguins selected for a narrow summer thermal 

range in other colonies studied. In a study from Macquarie Island (New South Wales, 

Australia), little penguins selected higher temperatures for foraging compared with 

our study - 19–21°C; (Carroll et al., 2016). While in Bass Strait, preferred 

temperatures for foraging were lower; between 16.2 and 16.8 °C (Hoskins et al., 

2008).  

 

There was remarkable homogeneity in trip metrics across the two years, although 

due to small sample sizes and limited temporal resolution, this may not be reflective 

of the whole colony or interannual patterns. All penguins left the colony at a similar 

time, headed south-east, foraged in regions with a similar depth range, and returned 

to the colony at a similar time. There are two other colonies of little penguins farther 

north in Storm Bay, and it has been suggested that between colony segregation 

often occurs as a result of competition for resources during periods of high-need 

such as the breeding season (Phillips et al., In press; Sánchez et al., 2018 ). 

Compared with a study by Hoskins et al. (2008), on three colonies around Bass 

Strait, little penguins from the Neck travelled farther from the colony (mean of 18.3 ± 

1.5 km in Bass Strait). They also travelled farther in total trip distance compared with 

45±4.4km in Bass Strait. The scope of possible SSTs within the foraging range of the 

little penguins in Bass Strait was comparatively much cooler (between 13.8°C and 

18.6°C - Hoskins et al., 2008), compared with south-east Tasmania. This could 

explain the slightly cooler optimum foraging temperatures found by Hoskins et al. 

(2008), with cooler temperatures being more widespread across their foraging range.  
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Significant horizontal SST gradients were present in 2016 due to the presence of 

EAC eddies along the shelf edge. Little penguins preferentially spent time on the 

boundary between the warmer EAC and the cooler temperate water closer to the 

shore. This association with horizontal gradient features has been reported for other 

marine birds on much larger oceanic scales than studied here. Thermal gradient 

features might act as a physical barrier preventing prey from dispersing (Pelletier et 

al., 2012) and are regions of reliable, heightened productivity (see Bost et al., 2009). 

Several studies have documented the utilisation of predictable prey patches at the 

Polar front by King penguins (Scheffer et al., 2010, 2012). Fronts are known to be 

utilised by many marine mammal and seabird species for this reason (Waugh et al., 

1999; Hyrenbach et al., 2007; Bost et al., 2009).  

 

Ropert-Coudert et al. (2009) studied the effects of small-scale coastal thermoclines 

on the foraging behaviour of little penguins in Bass Strait. They found that greater 

water stratification increased little penguin foraging success. Stratification reduced 

dispersion of prey leading to higher prey-availability around the gradient. Using time-

spent to infer foraging behaviour, we found a similar result despite the differences in 

oceanography between Bass Strait and Storm Bay. However the gradient feature in 

this study was horizontal (front) rather than vertical (thermocline). To our knowledge, 

this is the first study which has found an association between little penguins and a 

fine-scale horizontal SST gradient feature such as this. The gradient was produced 

by the presence of very warm EAC water, the effects of which were enhanced by the 

MHW (Oliver et al., 2017). Based on the increased time penguins spent around this 

feature, it is likely that prey were also aggregated in this area. Therefore, small-scale 

“fronts” produced in regions where current systems interact could be advantageous 

to predators. This might be particularly true during periods of lower prey-availability 

such as 2016, leading to a reliance on such features which aggregate prey. This is in 

contrast to 2018 when higher abundances of zooplankton, and presumably higher 

abundances of fish, were distributed more evenly across the shelf (Ballance et al., 

1997).  

 

Interestingly, mixed-layer depth tended to be deeper in the warmer water regions 

present in 2016. This might have been due to the MHW event, which caused 

significant warming to 100m depth offshore of Tasmania, although this effect may 
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have reduced closer to the coast (Oliver et al., 2017). Although we couldn't explicitly 

include mixed-layer depth in the final model due to correlation between krill 

abundance and this variable, we were still able to analyse the mixed-layer depth of 

the regions where little penguins preferentially spent time. Penguins selected regions 

with a mixed-layer depth of between 11 and 16m (Figure 4.6). Although penguins 

can dive to ~65m (Ropert-Coudert et al., 2006) they rarely dive this deep, instead 

concentrating most of their effort between 10 and 20 m depth (Ropert-Coudert et al., 

2009; Carroll et al., 2016), coinciding with the depth of the thermocline in these 

studies. The mean dive depth of penguins tagged in 2018 was 11.9±0.3m, 

corresponding with the preferred mixed-layer depth. Therefore, we can conclude that 

penguins may have been utilising this feature for foraging. Pelletier et al. (2012) 

demonstrated that during periods when the thermocline was undetectable, hunting 

efficiency in little penguins declined. 

 

4.4.2. Bottom up controls on habitat selection  

In shallow shelf ecosystems, the distribution of prey can be patchy. This is 

particularly true of regions such as south-east Tasmania where in summer the shelf 

is subject to large fluctuations in physical variables (Ridgway, 2007a; 2007b). The 

penguins selected a narrow thermal range, which is unlikely to be due to their 

thermoregulatory ability (Stahel and Nicol, 1982). Therefore, it is more likely to be 

reflective of the distribution and availability of prey. Many species of small pelagic 

fish show strong associations with cooler water areas, or reduced abundance during 

warmer than average years (Noto and Yasuda, 1999; Chavez et al., 2003; Takasuka 

and Aoki, 2006). The link in this region between the cooler-water associated krill 

species and the preference shown by little penguins for cooler water regions 

indicates that little penguins may well be targeting krill or a species such as jack 

mackerel which feeds on krill in cooler water. This is corroborated by the suggestion 

by McLeod et al. (2012b), that the subsurface foraging behaviour of redbait might 

make it less available to diving seabirds.  

 

There are many studies which have failed to find coherence between the distribution 

of marine predators and their prey at small scales (Rose and Leggett, 1990). 

However, in this region modelling the behaviour of little penguins as a function of 
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zooplankton and krill abundance has produced significant relationships. There are 

many studies which use remotely sensed estimates of primary productivity and SST 

to relate and predict apex predator movement (Polovina et al., 2004; Bailleul et al., 

2005; Zainuddin et al., 2006), but there can be as many as four trophic levels 

between phytoplankton and top predators (e.g. Frederiksen et al., 2006). We 

attempted to reduce the trophic separation by using zooplankton as a predictor. The 

generally high R2 of both biological models could indicate that zooplankton 

constitutes a higher proportion of little penguin diet in south-east Tasmania than 

would have been predicted, as has been found in Bass Strait (Cavallo et al., 2018).  

 

Little penguin habitat preference was correlated with both the distribution of krill and 

to a slightly lesser extent, the distribution of zooplankton. This region is undergoing 

rapid environmental change, with decreasing abundances of krill as a result of the 

increasing incursion of sub-tropical water (EAC) water (Young et al., 1993; Johnson 

et al., 2011). This climate-mediated shift in lower-trophic level structure is expected 

to have flow on effects for forage-fish communities, already facilitating the switch in 

dominance between jack mackerel and redbait (McLeod et al., 2012b). The changing 

prey-field might have already led to a higher reliance on zooplankton species which 

are not usually included in little penguin diet (Cavallo et al., 2018), and on gradient 

features where prey aggregate. Demographic surveys of the Neck colony since 2012 

show a highly variable number of little penguin pairs present in the colony year by 

year (Woehler et al., 2018), which might be related to a similar variation between 

warm and cool SST years leading to variability in local foraging conditions. 

Quantitative data to support this link, however, is missing at present and is 

confounded by the vulnerability of burrowing seabirds to terrestrial predators, which 

might be a significant pressure on penguins ( Stevenson and Woehler, 2007), and 

the relatively short time frame of monitoring employed at this colony.  

 

There is a need for a state-wide, integrated land and sea-based assessment of the 

status of these marine vertebrates which are vulnerable to both land-based and 

marine threats during the breeding season, including climate-induced changes in 

their foraging grounds. Detailed data on demography, diet, breeding success, and 

preferred foraging grounds are currently lacking for almost every marine mammal 
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and seabird species which utilise the continental shelf in south-east Tasmania, and 

is a significant gap in our understanding of this system. One notable exception is the 

systematic study which has been made of the Shy albatross in Tasmania ( Alderman 

et al., 2010, 2012; Alderman and Hobday, 2017; Lynch et al., 2015; Mason et al., 

2018), which demonstrates clearly how detailed information can be integral in 

managing vulnerable populations to reverse downward trends. Additionally, for 

accurate comparisons of conditions and behaviours between colonies where 

predators are in contact with a range of different conditions, baseline information 

must first be collected in a structured way. Considering the predicted increase in 

MHW events and the increasing warming forecast for this region (Oliver et al., 

2018b), this must become a priority for future marine ecosystem research in south- 

east Australia.  

 

 

4.5. Conclusions  
 

Our results suggest that during periods of lower abundances of zooplankton, and 

presumably fish, little penguins might be more reliant on oceanographic gradient 

features which aggregate prey (Ballance et al., 1997 ). These results might not be 

reflective of other species of marine predators, however on larger oceanic scales 

these relationships are mirrored, with high utilisation of systems such as fronts by a 

large variety of marine predators (Bost et al., 2009). During both periods of study, 

even when a cooler, more constant SST was present across the study region, 

penguin habitat preference decreased with increasing SST. This is consistent with 

the results of studies of little penguins in other parts of their range (Carroll et al., 

2016; Cannell et al., 2012). In addition, the inclusion of biological variables resulted 

in a better model fit, with krill being a better predictor of little penguin habitat 

selection compared with zooplankton abundance. The predicted increase in MHW 

events (Oliver et al., 2018b), and the accelerated rate of warming for this region 

could result in a reduction in the availability of favourable foraging habitat for the little 

penguin in the near future. The shift away from cool- water species such as krill and 

the increased relative abundance of copepods and forage fish species which feed on 

them, such as redbait, is likely to continue given the projected rate of warming in this 

climatic hotspot. Marine predators such as penguins may need to rapidly adapt their 
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foraging requirements or behaviour. Studies in regions of rapid change and/or 

warming, such as south-east Tasmania, should continue to enable more accurate 

forecasting of these changes.  
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Supplementary Material 

 

Methods 

Zooplankton sampling studies and sample processing  

Swadling et al. (2017) collected zooplankton community data monthly between 

November 2014 and May 2014. The water-column at these sites ranged in depth 

from 15m to 30m, and net samples were taken to within 2 m of the seabed. Samples 

were therefore an integrated community sample of the whole water column. The 

larger study analysed the bio-physical dynamics on the shelf to the east of Bruny 

Island, Tasmania (43.4S, 147.4E) over a three-year period between November 

2015 and January 2018. Sampling occurred in spring (November), summer 

(January, March) and autumn (May) to cover the seasonal range in abundance and 

community structure present. Using the same net as the Storm Bay project, 

zooplankton were sampled from nineteen stations by oblique tows deployed from the 

surface to 40m depth, resulting in an integrated community sample of the first 40m of 

the water column. Stations were situated so that the inner shelf, mid-shelf, and 

deeper part of the shelf were adequately sampled, ranging from ~50m to ~100m 

(see Figure 4.1b). 

 

In both studies, zooplankton samples from one of the nets were split into 

subsamples of 600-1000 individuals using a Folsom splitter. Krill (Euphausiids) were 

identified to species level and counted. Krill constituted <5% of total community 

abundance and although two species were present, Australian krill Nyctiphanes 

australis was the most numerous krill in samples (>95%), and therefore is the only 

species discussed. Counts of the whole zooplankton community, and separate krill 

counts, were converted to abundance m-3 using volume filtered from a one-way flow 

meter fixed to the net during deployment (General Oceanics; Miami, Florida, USA).  

 

Little penguin instrument deployment and data processing 

Penguins in the guard-stage were selected on the basis that during this stage of 

breeding they usually conduct one-day foraging trips, so should be comparatively 

easy to recapture. The colony has been reported to contain ~600 breeding pairs 

(Vertigan and Woehler, 2014), although numbers vary considerably year to year 
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(Woehler et al., 2018). All devices were attached to the lower back to minimize drag 

(Bannasch et al., 1994), positioned above the oil gland so as not to impinge 

movement of the tail. Instrument attachments lasted less than 10 minutes. Birds 

were weighed to the nearest gram using a spring balance and loggers were attached 

to the feathers using cloth tape (Tesa 4651, Beiersdorf AG Hamburg, Germany). We 

aimed to retrieve the devices after one day at sea, however tags were collected after 

a mean of 2.1 ± 1.4 days, as some penguins were missed or were delayed returning 

to the nest. It is possible that missed birds could also be a function of device 

attachment. Once devices were removed, the birds were weighed again before being 

returned to the burrow. Track AT15 from 2018 was a complete track, however 

maximum displacement distance was extremely low. Therefore, there was doubt 

about the accuracy of locations from this trip, and it was not included in analysis for 

the habitat model. 

 

SETAS model 

Covariates were extracted from the Southeast Tasmania – Operational 

Hydrodynamic Model (SETAS), a near real-time, high-resolution model of the region. 

The SETAS model is gridded both horizontally and vertically, ranging in resolution 

from 1.4 to 2.5 km over the greater Storm Bay area and to 180m depth. Data are 

logged hourly available from March 2014, allowing us to access high resolution 

environmental data for the whole zooplankton survey period. As a large number of 

environmental covariates were used to construct the biological component of the 

habitat model, (i.e. zooplankton and krill abundance), we did not include these 

covariates in little penguin habitat models.
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Figure S4.1. The distribution of gridded counts per cell, for (a) each point of a real 

track and (b) each point of a simulated (pseudo-absence) track. Real track points 

and simulations for 2016 are on the left, and real track points and simulations for 

2018 are on the right. 
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Figure S4.2. Correlation matrix of biotic and abiotic predictors used for habitat 

models. MLD =  mixed-layer depth. 
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Figure S4.3. Significant smooth terms for total zooplankton abundance m-3 modelled 

between November 2014 and January 2018. The most parsimonious zooplankton 

GAM model included SST, bathymetry, sea level anomaly, mixed-layer depth and 

year as a factor variable, df = 36, AIC= 3938.5, R2 (%) = 77.9. Each smooth term 

incorporated season as a factor term to account for the variation between seasons 

(seasons = spring, early summer, late summer and autumn).  
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Figure S4.4. Significant smooth terms for krill abundance m-3 modelled between 

November 2014 and January 2018. The most parsimonious krill GAM model 

included SST, bathymetry, sea level anomaly, mixed-layer depth, north-south current 

velocity and year as a factor, df = 24, AIC= 2329.4 R2 (%) = 66.9. Each smooth term 

incorporated season as a factor term to account for the variation between seasons 

(seasons = spring, early summer, late summer and autumn). 
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Abstract  

Due to recent changes in current systems as a result of global warming, the 

continental shelf south-east of Tasmania is a region of accelerated environmental 

change. These changes are likely to influence species responses to variability in 

oceanography, productivity and the distribution of prey. The main aim of this study 

was to understand the effects of variability in environmental variable and prey-field 

structure, on the distribution of key seabird species in a region of rapid change. 

Sampling also occurred through a severe marine heatwave event (MHW), which 

significantly altered the bio-physical environment where these seabird were foraging. 

Analysis is based on seabird distribution data collected in conjunction with an 

integrated survey of oceanography and lower-trophic level community structure. We 

used principle component analysis (PCA) to segregate the seabird community 

utilising the continental shelf between November 2015 and January 2018 by foraging 

behaviour. The spatiotemporal distributions of these groups were then modelled 

against bio- physical covariates using boosted regression trees (BRT). Covariates 

were selected according to their spatiotemporal scale relevance and their considered 

importance to seabird distribution. The two biological covariates considered provided 

a measurement of the spatial distribution of the main prey targets of the seabird 

species foraging on the shelf, considering both foraging technique and the body-size 

of birds sampled. Sea-surface temperature (SST) exhibited the highest relative 

influence on the distribution of seabirds from two groups, and was the third most 

influential covariate for the third group, making it significant in the distribution of all 

seabirds on the shelf. The albatross group were most affected by the probability 

distribution of fish schools, whereas smaller pursuit diving seabirds such as 

common-diving petrels were more influenced by the distribution of zooplankton 

biomass after temperature. We conclude that the high relative influence of SST on 

the distribution of seabirds in this region is a prey-mediated relationship, with both 

the distribution of fish schools and zooplankton biomass exhibiting a negative 

relationship with SST. In light of the predicated increase in MHW events and the 

overall warming trend for this region, this study is an important first-step towards 

predicting the responses of important seabird species to rapid environmental change 

into the future.  
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5.1. Introduction  

Seabird distribution is often patchy and under-pinned by complex bio-physical 

parameters working at a range of temporal and spatial scales (Ballance et al., 1997; 

Spear et al., 2001; Frederiksen, et al., 2007). Seabirds can cover large distances in 

order to exploit resource-rich regions, and their distribution can be highly correlated 

with their zooplankton and nekton prey (Piatt, 1990; Hunt, 1999; Ballance et al., 

2001). However, the mechanisms through which they locate productive areas across 

large spatial scales is still an important topic for predator ecology (Hunt et al., 1991; 

1998; Benoit-Bird et al, 2003; 2013; Waggitt et al., 2018). Species distribution 

modelling is an important tool for identifying and characterising those regions of high 

productivity which will be important for species conservation (Garthe and Hüppop, 

2004, Kinlan et al., 2012). 

Physical parameters such as sea surface temperature (SST), salinity and depth have 

been found to be correlated with the distribution of seabirds (e.g. Ballance et al., 

2006). These parameters, particularly SST, have been found to be proxies for direct 

factors such as prey availability (Ainley et al., 2005; Shultz et al., 2009). The level of 

influence of bio-physical parameters can therefore vary considerably between 

species (e.g. Inchausti et al., 2003) due to variations in foraging strategy and diet. 

The breeding success of some species of seabirds show considerable negative 

correlation with increasing SST due to changes in the structure of lower trophic 

levels during “warm” years (Veit et al., 1996; Hipfner, 2008; Cannell et al., 2012), 

while some species exhibit positive correlations (e.g. Cullen et al., 2009).  

Studies commonly demonstrate a lack of coherence when inferring the distribution of 

marine predators and their prey due to mis-matches in spatial and temporal scales, 

or the difficulties associated with capturing the patchiness of prey in pelagic 

environments (e.g. Torres et al., 2008; Benoit-Bird et al., 2003; 2013). Analytical 

methods that are multi-scale, such as spectral analysis, wavelet analysis and scale- 

dependant correlation have confirmed the scale-dependency of these relationships, 

with tighter coupling at larger scales; 600m to 10km or larger (e.g. Hunt et al., 1992; 

1999; Mehlum et al., 1996, Logerwell et al., 1998). Research relating predators’ 

responses to prey has often failed to find an association at small scales (but see 

Piatt, 1990). Many studies also focus on matching the distribution of these groups at 
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specific high-use features such as a fronts or thermoclines, which are regions of 

elevated productivity and therefore aggregate prey (Hunt et al., 1991, 1998; Spear et 

al., 2001). However, part of the difficulty with establishing relationships remains that 

while a large aggregation of birds at sea is very likely to be associated with a 

concurrent large aggregation of prey below the surface, the opposite is not true.  

Productive prey patches are not always associated with large aggregations of 

predators making the predictability of these relationships challenging.  

An ecosystem approach to modelling, through incorporating remotely sensed 

variables, in situ measurements and prey-field dynamics, has been shown to perform 

better at predicting the distribution of some species (Croll et al., 1998; Zipkin et al., 

2014). The need to improve the predictive power of these models has given rise to 

the application of machine learning techniques and model-ensemble methods for 

species distribution modelling. This has occurred particularly within the field of 

fisheries ecology, where accurate predictions of species occurrence are 

economically imperative (e.g. Froeschke and Froeschke, 2011; Martínez-Rincón et 

al., 2012; Soykan et al., 2014). These methods have also been employed with 

success to seabird species distributions models (Oppel et al., 2012; Fox et al., 2017) 

for prediction purposes in regions where sampling is difficult. These models can also 

be used to establish functional relationships between environmental parameters and 

predator distributions, in order to better predict the response of species to future 

changes in habitat. Boosted regression trees (BRT) are a combination of classical 

regression and machine learning techniques with advantages for messy ecological 

time-series data. They can accommodate some spatial autocorrelation, a major 

source of uncertainty in species distribution models (Crase et al., 2012), they can 

accommodate collinearity in predictor variables, and can handle missing values. A 

host of other common ecological dataset problems are also managed implicitly by 

these models (Elith et al., 2008).  

The primary aim of this study was to use these models to understand how different 

species of seabird respond to fine-scale environmental parameters and the 

distribution of prey, in a region of rapid environmental change. The continental shelf 

to the south-east of Tasmania is a foraging hotspot for a large number of seabird 

species, with a diverse range of foraging techniques. We therefore used multivariate 
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ordination methods to inform the development of machine learning model 

predictions. The results of these models are then used to identify those bio-physical 

parameters most important for driving the distribution of associated seabird species, 

in order to better understand the responses of these predators to the future changes 

in physical parameters which are predicted for this region (Oliver et al. 2017). This 

study presents an integrated, quantitative baseline of marine bird information for 10 

of the most regularly sighted species in south-east Tasmania. Specifically, we 

addressed the following aims; (a) to determine what environmental factors control 

and constrain the distribution of species, and whether these are different for different 

groups of birds, (b) to establish whether a correlation existed between the 

distribution of different groups of birds and different prey-types and, (c) to identify 

biotic and abiotic characteristics of the preferred habitat of each group, and 

determine whether this is predictable in time and space.  

 

 

5.2. Methods  

5.2.1. Survey methods and study area  

An integrated survey of the continental shelf to the south-east of Bruny Island (Figure 

5.1) took place over a three-year period, between November 2015 and January 2018 

using the vessel Noctiluca (4.3 x 13.9 m). This region is subject to complex 

interplays between three main current systems (Ridgway, 2007a). However a large 

proportion of the variability present is due to the strengthening of the East Australia 

Current (EAC), resulting in an increased presence of this current during summer 

(Ridgway 2007b). To form linkages between predator distribution, prey and the 

environment, this survey encompassed marine mammal and seabird visual surveys, 

acoustic echo-sounder surveying for fish biomass, zooplankton community sampling 

and physical oceanographic sampling. The northern part of the survey was within the 

southern part of Storm Bay, with twelve transects and nineteen sampling stations 

spread from Storm Bay, over the continental shelf to the east of Bruny Island, and 

past the southern tip of the Island into the Southern Ocean. This region is considered 

a biodiversity hotspot for a range of resident and migratory seabirds. Large  



 130 

Figure 5.1. Map of the continental shelf south-east of Bruny Island showing (a) the 

position of the study region relative to the rest of Tasmania, with the study region 

marked by a red box. (b) The position of the nineteen zooplankton sites sampled 

between November 2015 and January 2018 (blue) and the position of the 12 

transects over which we surveyed predators and fish acoustics. Red triangles show 

the position of three little penguin and short-tailed shearwater colonies around Storm 

Bay. Bathymetry isobars are shown in grey (every 50m).  

 

numbers of short-tailed shearwaters migrate to breed at three sites around the Bay; 

reported ~9.1 million breeding pairs in south-east Tasmania and off the north-east 

coast (Skira et al., 1986), and three little penguin colonies (see Figure 5.1) consisting 
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of approximately ~1700 breeding pairs are also located around the Bay (Vertigan, 

2010; Vertigan and Woehler, 2014; Phillips et al., 2019). Transects were situated 

perpendicular to bathymetry, were ~ 10 nautical miles long and were traversed at a 

speed of ~6-7 knots in a zigzag configuration to minimise travel time in-between. 

At each of the 19 stations, the temperature (°C) and salinity of the water-column 

were sampled using a CTD (Connectivity-temperature-depth profiler, Sea-Bird 

Electronics, Inc., model SBE19plus). CTD profiles were taken to 40m depth; data 

were assessed for quality (McTaggart et al., 2010) and only the upcast used in 

further analysis. In addition to in situ physical data, the SETAS (South-east 

Tasmania – Operational Hydrodynamic Model, CSIRO Marine Atmospheric 

Research, 2010) hydrographic model was also used to extract physical information 

for the broader study region. This gridded model is high-resolution, between 1.4 to 

2.5 km grid squares, and records a suite of hydrographic variables every hour to a 

depth of 120m. This model was validated using mooring and glider data (Jones et 

al., 2012) and is deemed to be an accurate representation of dynamics on the shelf. 

The zooplankton community was sampled, using a double bongo net (mesh size 200 

um; mouth diameter 75 cm), towed obliquely at 40m depth to give an integrated 

sample of the zooplankton community in the surface water at each station. Tows 

were carried out at the same time as CTD casts. 

Fish community distribution along transects were estimated using a scientific 

SIMRAD ES60 (Kongsberg Simrad AS) single-beam echo-sounder system at 120 

kHz. The transducer was mounted on a pole arm configuration ~1 m under the 

surface of the water, on the same side of the boat as seabird surveys were carried 

out. Location data were integrated directly with the echogram from the transducer 

using a Garmin GPS system. Acoustic surveys were run continuously along the 12 

transects at an average ping rate of 1 second. Calibration of the instrument was 

carried out prior to surveys beginning in November 2015, and during surveying in 

March 2017 using the standard sphere method (Foote et al., 1987). Due to multiple 

sources of electrical interference, only data from November 2015, January 2016, 

March 2016, May 2016, March 2017 and May 2017 (n=6) could be analysed for fish 

school presence.  
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Seabird surveys were carried out using conventional visual survey techniques 

following the method of Tasker et al., (1984). Binoculars (7x50 magnification, 

Bushnell, Bushnell Corporation, Kansas City, USA), were used to count and identify 

seabirds to species level off 1 forequarter of the ship’s bow to 300m swath width. We 

attempted to improve the accuracy of counts and reduce the bias inherent in these 

types of surveys in a number of ways, as failure to address these biases ultimately 

leads to poor estimates of population sizes (Piatt and Ford, 1993; Attié et al.,1997; 

Spear et al., 2004). Where possible, the same highly experienced observer was 

used for all surveys (n=7, n=3 different observers) to reduce observer bias. A factor 

term for “survey” (levels = 10), was included in models to account for variation 

between surveys as a result of this bias. We did not record flight speed or the 

direction of flight, therefore to avoid bias from the effect of random directional bird 

movement relative to that of the ship, a “snapshot” of birds present within the 

forequarter were recorded every 2 minutes. This also helped account for species 

such as Albatross which are attracted to the boat; however we also only recorded 

these birds if they were observed approaching from beyond the survey swath-width 

(e.g. Clarke et al., 2003). At the start of each transect, wind speed and direction, 

cloud cover, sunlight strength and sea-state were recorded. Surveys were not 

carried out in conditions where sea-state was greater than 3. Observations such as 

seabird behaviour (flying or sitting on the water), foraging behaviour and the 

presence of multi-species aggregations of seabirds and marine mammals, were also 

recorded to add context to observations.  

The survey was designed to ensure randomized placement of transects within the 

study region. This ensures an unbiased survey design as random transects are then 

representative of all conditions present in the study region (Buckland et al. 2001). 

Seabird sighting surveys followed the strip-transect method proposed by Tasker et 

al., (1984) which attempts to reduce the bias associated with detecting birds at sea 

by reducing the area of sea surveyed at any one time. Counts were converted to 

relative densities based on the segment length and the strip width (which in this case 

was 300m) to account for variability in survey effort (Tasker et al. 1984). Marine 

mammal sightings were also recorded as part of the survey (see Table S5.1 for full 

species list), however sighting numbers were too low to include in further analysis.  



 133 

5.2.2. Data processing 

 Whole zooplankton samples from one of the two net tows were sieved to remove 

excess seawater and oven-dried for 24 hours at 60°C, or until constant mass was 

reached. Zooplankton biomass mg m-3 was then calculated using a one-way flow 

meter (General Oceanics; Miami, Florida) which measured the volume of water that 

passed through the net during each deployment. All acoustic survey data were 

analysed using Echoview software (v5.0.69.19064, www.echoview.com, SonarData 

Pty. Ltd., Hobart, Tasmania, Australia). Acoustic data quality control included (i) 

excluding off-effort data at stations, (ii) excluding data below the seafloor, (iii) 

excluding the bubble-layer at the surface by omitting the first 5 m of the water 

column, and (iv) using varying levels of noise removal using Echoview’s built-in 

algorithms. Echograms from all surveys exhibited varying levels of noise 

interference, including “spike" or impulse noise, transient noise and background 

noise (De Robertis and Higginbottom, 2007). Therefore, data were inspected 

manually, comparing both echograms with the noise removed and the raw rendered 

volume backscatter strength measurement (Sv). Echoview’s built in fish school 

detection algorithm was then run to detect fish schools, using equations from Diner 

(1998) and Coetzee (2000). Tracks were divided into 1-km segments and the 

number of fish schools per segment was recorded, and then expressed in binary 

form of presence / absence of schools per segment.  

 

5.2.3. Data analysis  

5.2.3.1.Response and predictor variable data preparation  

All analyses were carried out using R (R Core Team, 2018) version 3.5.0. To 

determine whether there were any patterns present in the distribution of seabird 

species count data, a principle component analysis (PCA) was carried out based on 

24 sections of the cruise track. Each of the 12 transects were split into two based on 

time, resulting in two segments per transect ranging in length between 3.7 and 7.5 

km. The relative density of seabirds (birds km-2) was calculated based on the area of 

these segments (length x strip width).  
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Table 5.1. Total survey counts of all seabird species sighted during November 2015 
to January 2018. % proportion was calculated excluding short-tailed shearwater.  

 

Common name Genus species Count % 
contribution 

Short-tailed shearwater  Ardenna tenuirostris 4732 - 
Fairy prion  Pachyptila turtur 3105 60.2 
Shy albatross  Thalassarche cauta 791 15.3 
Australasian gannet  Morus serrator 435 8.4 
Common diving petrel  Pelecanoides urinatrix 211 4.1 
Buller’s albatross  Thalassarche bulleri 132 2.6 
Black-browed albatross  Thalassarche melanophris 84 1.6 
Little penguin  Eudyptula minor 57 1.1 
Grey headed albatross  Thalassarche 

chrysostoma 
56 1.1 

Crested Tern  Thalasseus bergii 56 1.1 
Silver gull  Chroicocephalus 

novaehollandiae 
37 0.7 

Kelp gull  Larus dominicanus 37 0.7 
Pacific gull  Larus pacificus 27 0.5 
Mottled petrel  Pterodroma inexpectata  22 0.4 
Northern giant petrel  Macronectes halli 17 0.3 
White-chinned petrel  Procellaria aequinoctialis 17 0.3 
Fluttering shearwater  Puffinus gavia 11 0.2 
White-faced storm petrel  Pelagodroma marina 8 0.2 
Black-faced cormorant  Phalacrocorax fuscescens 7 0.1 
Wilson’s storm petrel  Oceanites oceanicus 7 0.1 
Wandering albatross  Diomedea exulans 5 0.1 
Southern giant petrel  Macronectes giganteus 4 0.1 
Cape petrel  Daption capense 4 0.1 
Sooty shearwater  Ardenna griseus 4 0.1 
Hoary-headed grebe  Poliocephalus 

poliocephalus 
4 0.1 

Unidentified giant petrel  3 0.1 
Hutton’s shearwater  Puffinus huttoni 3 0.1 
Great-winged petrel  Pterodroma macroptera 2 0.04 
Prion spp.  2 0.04 
Pied cormorant  Phalacrocorax varius  2 0.04 
Common tern  Sterna hirundo  2 0.04 
Yellow-nosed albatross  Thalassarche 

chlororhynchos 
1 0.02 

White headed petrel  Pterodroma lessonii 1 0.02 
Unidentified albatross  1 0.02 
Grey petrel  Procellaria cinerea  1 0.02 
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Over the three seasons of survey effort, 32 species of seabirds were sighted and 

identified to species level, however a number of species were only sighted during 

one or two surveys. We therefore omitted rare species from the analysis by 

converting seabird counts to proportions and truncating species which constituted 

less than 1% of sightings (Table 5.1). Due to the mega-flocks of short-tailed 

shearwaters sighted during some surveys, we excluded this species prior to 

truncating the data. Short-tailed shearwater, fairy prion, shy albatross, Australasian 

gannet, common diving petrel, Buller’s albatross, black- browed albatross, little 

penguin, grey headed albatross and crested tern were present in more than 1% of 

sighting (after excluding short-tailed shearwaters), and were therefore included in 

further analyses.  

Seabird densities were log10 (x+1) transformed prior to analysis to normalise 

distributions. Principle component analysis (PCA) was then used to categorize 

groups of seabirds with similar foraging behaviour or distribution patterns, based on 

the first two principle component loading values for each species. The resulting 

associations were used to inform a regression model with the view to predict the 

distribution of each seabird group in relation to local physical variables and the 

distribution of the prey field.  

Total zooplankton biomass (mg m-3) sampled across the 19 stations over 10 

integrated surveys (November 2015 to January 2018) were modelled against several 

local environmental covariates. These covariates were selected based on their 

known influence on plankton dynamics and were extracted from the SETAS 

hydrodynamic model. Sea surface temperature (SST, °C), salinity, sea level anomaly 

(m), bathymetry (m) and north-south current velocity (ms-1) were extracted at 

corresponding temporal and spatial pixels to zooplankton sampling stations. Mixed-

layer depth (m) was calculated as the depth where an increase in density of 0.125 

occurred relative to the surface layer (Toyoda et al., 2017). Generalised Additive 

models (GAMs) were used due to the improved ability of these models to account for 

non-linear relationships (Venables et al, 2004). Final GAMs had a negative-binomial 

distribution to account for over-dispersion (White and Bennetts, 1996), and included 

all covariates based on delta Akaike’s Information Criterion (AIC) values and model 

diagnostics. Year was included as a factor term in the model to account for inter- 
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annual variability in environmental variables. The model fit was established using 

Pearson’s chi-squared test (Chernoff and Lehmann, 1954; Pearson 1900) based on 

residual deviance and degrees of freedom, with 1-pchisq>0.05 considered adequate. 

This model was then used to predict zooplankton biomass along transects for each 

survey.  

Acoustic data were converted to probability of encountering a fish school along the 

transect by modelling fish presence/absence per 1-km segment with SETAS 

environmental variables extracted for the same coordinates. Data were modelled 

using a binomial logistic generalized linear model (GLM) framework (1= presence, 

0=absence). A GLM was chosen over a GAM in this case due to the reduced 

number of observations in the acoustic data due to electrical noise interference 

rendering data from 4 out of the 10 completed surveys unusable. GAMs can over-

interpret the smoothed fit in the case of smaller sample sizes, particularly for binary 

logistic models (Jones and Almond, 1992), however a GAM was fit first to identify an 

effective GLM. Final model fit was then assessed using residual plots and Pearson’s 

chi-squared test (see above). Model selection was based on ΔAIC and contained 

terms for bathymetry, mixed-layer depth, salinity, sea surface temperature, north- 

south current velocity and factor terms for season and year of sampling. The 

probability of the presence/absence of a fish school was then predicted along 

transects for each survey.  

 

5.2.3.2. Seabird group distribution models  

For the seabird distribution models, we extracted SETAS environmental variables for 

each 1-1.4 km segment. The variables were 13 ecologically relevant bio-physical 

predictors (Table 5.2), summarizing temporal and spatial sources of variability at 

different scales. The spatial environmental predictors were the same as for 

zooplankton and fish models, including salinity, sea-surface temperature (SST °C), 

bathymetry (m), sea level anomaly, north-south current velocity and mixed-layer 

depth (m). Sea- surface temperature, salinity, north-south current velocity and sea 

level anomaly are indicative of water mass dominance; when the EAC is dominant 

there are likely to be higher SSTs and salinities, higher northern current velocities 

and either higher or lower sea level anomalies depending on the presence of anti- 

cyclonic or cyclonic eddies. As seabirds are often associated with horizontal gradient  
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Table 5.2. Bio-physical variables used to model seabird distribution.  

 

Variable Description Mean ± sd  Range: min.-
max. 

Segment-
scale 
predictors 

   

SST From SETAS - sea-surface 
temperature °C 

15.8 ± 1.9   12.7 - 19.2 

Salinity From SETAS - Salinity 34.9 ± 0.2 34.4 - 35.4 
Bathymetry From SETAS - Bathymetry 77.8 ± 8.3 49.5 - 100 
Sea level 
anomaly 

From SETAS - m -0.9 ± 0.2 -0.5 - 0.5 

Mixed-layer 
depth 

Calculated from temp/salinity 
SETAS data - depth at which 
the Δdensity reached = 
0.125 

20.2 ± 10.2 3.3 - 35 

North-south 
current 
velocity 

From SETAS ms-1 0.04 ± 0.08 -0.2 - 0.3 

Regional 
scale 
predictors 

   

SST 
gradient 

Difference between SST of 
one segment compared with 
immediate next °C  

0.05 ± 0.03  0 - 0.5 

SST survey 
anomaly 

Average SST of all segments 
in survey compared with 
segment °C 

0.0 ± 0.3 -1.3 - 0.8 

Temporal 
predictors 

   

Season Season sampling occurred Factor; Spring, 
Early summer, 
Late summer, 
Autumn 

 

Year Survey year sampling 
occurred 

Factor; 1, 2 ,3  

Survey One of 10 surveys Factor; 1-10  

Biological – 
segment 
scale 

   

Zooplankton 
biomass 

Log (mgm-3) - predicted for 
each segment using 
zooplankton model 

7.9 ± 1.4 4.04 - 9.9 

Fish school 
probability 

Probability of a fish school 
occurring, predicted for each 
segment using fish logistic 
model  

0.4 ± 1.4 0.05 - 0.7 
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features such as fronts and thermoclines, we calculated the difference in 

temperature between one segment and the next (°C) as a measure of temperature 

gradient. To incorporate a survey-scale predictor we included SST anomaly based 

on the average temperature per survey compared with segments (°C). We also 

incorporate zooplankton and fish layers (see above). We used temporal factor 

variables for survey (n=10) and season (n=4), to account for variation in bird 

densities in the area over time. A correlation matrix of all covariates was computed 

as variables were used to derive both plankton distribution and fish school probability 

layers (Figure 5.2). Some correlations were present between variables and layers 

however none higher than ~0.6. Species distribution models were chosen to reflect 

this. The BRT approach uses a form of regression modelling, with the technique of 

boosting to combine large numbers of relatively simple tree models to enhance 

predictive implementation (e.g. Elith et al., 2008; Leathwick et al., 2008). The 

resulting model used for prediction is therefore a combination of many models. When 

fitting a BRT model, there are two important parameters to set, the learning rate (lr), 

which determines the contribution of each tree to the growing model, and the tree 

complexity (tc) which controls whether interactions are fitted; a tc of 1 fits an additive 

model and a tc of 2 fits a mode with 2-way interactions etc. These two parameters 

determine the number of trees required for optimal prediction (Elith et al., 2008). 

Here, we use a tree complexity of 5 as advised by Elith et al., (2008) for smaller 

datasets, with a learning rate of 0.05 for the group A, which had comparatively less 

0s, and 0.001 for group B and C, which was slow enough to allow more trees. We 

followed the method of Elith et al., (2008) to identify the optimal number of trees 

during model development using a 10-fold cross validation (CV) process. With the 

addition of more trees, at a slow enough learning rate, there is an initial steep decline 

in predictive deviance, followed by a gradual approach to the optimum number of 

trees.  

Model performance was assessed by comparing the deviance (r2) of each final tree 

model, and by predicting to the test data to determine the area under the receiver 

operator characteristic curve (area-under-curve; AUC). AUC values >0.7 were 

considered to be adequate (Pearce and Ferrier, 2000). The influence of individual 

predictor variables was examined through the relative influence (RI) statistics.  
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Figure 5.2. Correlation matrix of continuous covariates used in all boosted regression 

tree models. 

 

Machine learning approaches are generally robust to the inclusion of a large number 

of correlated variables (Archer and Kimes, 2008), therefore we were able to model 

all predictor variables at once. Each of the four seabird groups derived from PCA 

analysis were modelled separately. Final counts of species groups were entered into 

models with an area offset, again calculated as the product of segment length and 

strip width. The package gbm does not add the offset to predicted values, so 

predicted counts were converted to density based on the area of the grid square in 

the prediction grid. Predicted densities are considered relative, not absolute 

measures of abundance per unit area, which was sufficient to achieve our aims of 
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identifying regions of importance for each group and ascertain the particular bio-

physical characteristics of regions where they aggregate. Predictions were based on 

average early summer (January) covariates over the 3 surveyed years.  

 

5.3. Results  

 

5.3.1. Interannual variability in spatial density of seabirds and environmental 

variables  

The total density of birds distributed throughout the study region showed high 

temporal variability (Figure 5.3). As shearwaters constituted >90% of birds sighted, 

total densities reflect the distribution of this group most. Densities of birds were 

highest during the summer months (January, March), and lowest in autumn (May). 

March 2016 showed the highest density of birds compared with other surveys, which 

was driven by megaflocks of short-tailed shearwaters. Densities were highest in the 

middle of the study region during this month, and January 2017, although other 

months show a remarkable homogeneity in the spatial distribution of density across 

transects. There was large interannual variation in the physical covariates, with 

warmer East Australia Current (EAC) water contributing a much larger influence 

during the summer of 2016 (Figure 5.3). 2017 was a cooler year, with temperatures 

more typical of a temperate cycling system (Figure 5.3). The higher temperatures  

during 2016, also produced higher temperature gradients particularly during January 

2016 with cooler water to the south-west.  
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Figure 5.3. The spatial distribution of the total density of seabirds (km-2) through the study region for each survey. SST for each period was 
extracted from the SETAS model and averaged over the two study days. The size of the bubble point relates to the scaled density for each group 
and is shown in the legend.  
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5.3.2. Multivariate group analysis  

Using the first 2 principle components, we reduced the original 10 species into four 

groups (Table 5.3) and explained 32% of the variation in the data (PC1: 18%, PC2: 

13%). We plotted the first two axis of this PCA (Figure 5.4) and separated the plot 

into 4 quarters based on their positive or negative loadings in each axis. So as not to 

double up on species, we considered those species which were positive in PC1 and 

positive in PC2 to be group A, positive in PC1 but negative in PC2 to be group B, 

negative in PC1 and negative in PC2 to be group C, and negative in PC1 but positive 

in PC2 to be group D. Black-browed albatross was on the boundary between positive 

and negative in PC1 (group B or C, -0.03), however all other albatross species were 

in group B, therefore we classified this species with the other albatross species 

which we considered made ecological sense based on their feeding preferences. 

The associations were considered based on foraging behaviour, with group A being 

small procellariiform species (short-tailed shearwaters, fairy prion), group B being 

larger divers (four albatross species and Australasian gannet), group C being smaller 

pursuit-divers (little penguin, common diving petrel) and group D being the 

shallowest-plunge diver, crested tern (Table 5.3).  

The spatiotemporal distribution of these different groups was highly variable. For 

group A, peak densities occurred during the summer months when shearwaters 

were breeding in the bay and foraging on the shelf (Figure 5.5a). Low densities were 

present through the rest of the year when the shearwater migration occurred (May to 

November). Both group B and C were patchily distributed, both spatially and 

temporally. It was expected that albatross species (group B) would be more highly 

concentrated in the southern part of the survey region which was more exposed and 

oceanic (see Figure 5.1). This pattern was observed during Spring (November 

surveys), however albatross were distributed throughout the study region during 

other times (Figure 5.5b). The distribution of divers (group C) was highly variable 

(Figure 5.5c), although peak densities occurred in May 2016.  
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Figure 5.4. Biplot of first two axis from principle component analysis (PCA) based on 

relative densities of birds across 24 sampled segments, between November 2015 

and January 2018, coloured by group. Group A (green): Fprion – Fairy prion, Stsh – 

short-tailed shearwater, Group B (purple): Shy – shy albatross, Ghal – grey headed 

albatross, AG – Australasian gannet, Bual – Buller’s albatross, Black-brow – black- 

browed albatross, Group C (dark red) Lipe – little penguin, CDP – common diving 

petrel, Group D (blue) CrestedT- crested tern. Grey dashed line indicates axis 

divisions for groups.  
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Table 5.3. Standard deviation, proportion of variance explained, cumulative 

proportion and loadings of principle components 1 and 2 (PC1 and PC2). Also 

showing the group associations which will be used for distribution mapping based on 

these two components of the 10 species analysed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3. Covariate preparation 

The optimal final model for zooplankton was determined by AIC and included terms 

for SST, salinity and north-south current velocity (Table S5.2). For fish schools, the 

covariates with the largest influence on the probability of a segment containing a 

school were SST, salinity, bathymetry, mixed-layer depth and north-south current 

velocity, with season and year as factors to account for temporal variability (Table 

S5.3). These models were used to predict the along-track probability of fish school 

presence for each survey, including for the 4 surveys where empirical survey data 

were too “noisy” to include. In these cases, we used the GLM model as a method to 

account for the missing data. We are aware that predictions for these 4 surveys may 

be of a poorer quality than for the other 6 surveys. Probabilities were highest during 

January 2017, and lowest in  January 2016 (Figure 5.6a). Standard error (SE) for all 

predictions was below 0.5, therefore we have relative confidence in our predictions 

(Figure 5.6b). 

 PC1 PC2 Group 

Standard deviation 1.35 1.15  
Proportion of 
variance 

0.18 0.13  

Cumulative 
proportion 

0.18 0.32  

Australasian 
gannet 

0.3 -0.27 B 

Common diving 
petrel 

-0.22 -0.06 C 

Crested tern -0.12 0.17 D 
Fairy prion 0.37 0.46 A 
Little penguin -0.31 -0.11 C 
Shy albatross 0.49 -0.04 B 
Short-tailed 
shearwater 

0.45 0.35 A 

Black-browed 
albatross 

-0.03 -0.31 B 

Buller’s albatross 0.3 -0.62 B 
Grey headed 
albatross 

0.29 -0.25 B 
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Figure 5.5 Maps showing the spatial distribution of the density of birds (km2) along transects during November 2015 to January 

2018 for (a) group A, (b) group B and (c) group C. The size of the bubble point relates to the scaled density for each group, and is 

shown by the legend. 
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Figure 5.6. (a) The probability of fish schools occurring along transects for each 

month (November 2015 – January 2018), predicted from the fish school logistic 

model, and (b) Standard error of predictions. 

 

 

 

5.3.4. Modelling the spatiotemporal distribution of seabirds  

All test-data predictions achieved AUC values of >0.7, indicating the models did well 

at representing the variability present in the feeding group distribution data (see 

Table S5.2). Group D (consisting solely of crested tern) had too few sightings to 

model the distribution, and the model failed. Influential predictors were variable 
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between groups, however on average SST was by far the most important predictor 

(Table 5.4), with survey period, salinity, north-south current velocity and sea level 

anomaly also being important. The influence of biotic predicators was more variable 

between groups. 

 

 

Table 5.4. Summary of the relative influence (RI) of individual predictors in the final 

boosted regression tree (BRT) models for the 4 feeding groups. Also showing the 

mean deviance explained (%) of models, cross validation average AUC, the final 

fixed number of trees as determined by 10-fold cross validation, the tree complexity 

(tc), and the learning rate (lr) of each model. 

     

*Model run without Autumn survey data. 

 

 

5.3.4.1. Group A - Short-tailed shearwater and Fairy prions 

As both short-tailed shearwater and fairy prion specialise in euphausiid, we expected 

that their distribution would be highly influenced by zooplankton biomass. However, 

zooplankton was not an influential predictor (1.4% influence, Table 5.4). We ran the 

Variable Group A Group A* Group 
B 

Group C mean 

SST 36.0 33.4 12.7 28.5 25.7 
Salinity 17.0 16.8 10.4 4.2 10.5 
Sea level anomaly 8.8 8.7 8.0 5.5 7.4 

North-south current velocity 14.2 15.4 6.2 5.8 8.7 
Bathymetry 2.5 2.2 8.7 6.3 5.8 
Mixed-layer depth 3.4 4.5 4.1 1.2 2.9 
SST gradient 3.4 4.2 11.1 5.8 6.8 
SST survey anomaly 3.6 3.7 3.0 12.0 6.2 
Fish school probability 3.0 2.9 17.0 6.1 8.7 
Zooplankton biomass 1.4 2.7 1.9 10.9 4.7 
Survey 6.8 5.3 16.7 13.8 12.4 
Season NA 0.1 0.3 NA  
Year NA NA NA NA  
      

% deviance explained 
Cross validation AUC 

54.6 
0.79 

 
0.72 

19.3 
0.70 

15.8 
0.78 

 

Optimum no. trees (by 10-
fold CV) 

4650 3600 4450 2750  

tc 5 5 5 5  
lr 0.05 0.05 0.001 0.001  
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model both with and without “Autumn” survey data (May), as during this month 

sightings would have been lowest as most shearwaters would have already left for 

the Bering Sea. This reduced the importance of ‘Survey’ slightly, however did not 

affect the relative importance of any of the other predictors and the cross-validation 

AUC value was lower (see Table 5.4). Therefore, we opted for the full model. SST 

was the most influential covariate on the distribution of this group (Table 5.4), 

followed by salinity, north-south current velocity and sea level anomaly. High SST, 

salinity and faster current velocities from the north were associated with the 

presence of eddies that flow south onto the shelf during periods of high EAC input. 

The influence of all other predictors was minimal in comparison, with 76% (RI were 

computed out of 100) attributed to those 4 predictors.  

 

There was a positive correlation between increasing SST (Figure S5.1), salinity and 

the density of birds. However, when looking in more detail at the distribution of the 

fitted values in relation to each of the predictors (Figure 5.7a), peaks in densities 

relative to both SST and salinities occurred at more median values and distributed at 

3 points along the predictor scale. These peaks represent the 3 summer periods 

surveyed, when densities of short-tailed shearwaters were highest. Peaks also 

occurred in median values of sea level anomaly and north-south current velocity 

when the influence of the East Australia Current (EAC) was low. The SST survey 

anomaly showed a similar distribution, with higher densities in areas distributed 

around ~0 °C rather than at higher or lower anomalies.  

    

5.3.4.2. Group B - Shy albatross, black-browed albatross, grey-headed albatross, 

Buller’s albatross and Australasian gannet 

Fish school probability was the most influential predictor for group B distribution, 

showing a positive relationship (Figure 5.7b). The high influence of survey period 

also indicated large variability in sighting occurrence between surveys, with densities 

peaking in March 2016, but also being high in November 2017 and January 2017. 

Densities of group B were lowest in November 2015, January 2016, May 2016 and 

January 2018 with almost no birds sighted during these times. SST and SST 

gradient were also comparatively important for the distribution of this group. SST 

exhibited a slightly negative relationship with densities (Figure S5.1b), although there 
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were larger densities of birds at both cooler (~13°C) and warmer (~19°C) 

temperatures (Figure 5.7b). The highest densities of group B birds were present at 

low SST gradients, with almost no birds being sighted in regions with higher  

gradients. These four predictors accounted for a high proportion of the influence at 

58% (Table 5.4).  

 

 

 

 

 

Figure 5.7. Plot of fitted values from the training data set (n = 973) in relation to each 

of the predictors used in the model. (a) model for group A, (b) model for group B and 

(c) model for group C. 
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5.3.4.2. Group C – Little penguin and common diving petrel 

The relative density of this group was the lowest of the three groups modelled. SST 

was again the most influential predictor for this group, the deeper-diving group, with 

time of survey again ranked second indicating high temporal variability in the 

distribution seabirds from this group. Seabird densities were highest between 13-

15°C, with numbers being almost negligible at higher SSTs (Figure 5.7c). Numbers 

of common diving petrel sightings were higher than little penguins, and this is 

reflected by the relative importance of zooplankton biomass. Due to the smaller size 

of the common diving petrel, meso-zooplankton dominate their diet. Little penguins 

also feed on some species of larger zooplankton, such as krill, which might also 

account for the relatively higher influence of zooplankton for this group compared 

with the other two groups. SST anomaly was also an important indicator for these 

birds. Similar to the other groups higher, and lower, densities of birds were 

associated with anomalies around 0 °C, and also with regions characterised by low 

SST gradients. SST, zooplankton biomass, SST survey anomaly and time of survey 

were the four most influential covariates at 65.2% (Table 5.4).  

 

5.3.5. Bio-physical characteristics of high-use areas 

SST was the most influential predictor of seabird density and distribution on average, 

with relatively warmer water coming onto the shelf from the north east corner of the 

study region (Figure 5.8d). The model predictions indicated higher use areas for both 

group A and group C corresponding to the ridge of median (~17°C) temperature 

water coming from the eastern edge of the study region (Figure 5.8a and c). For the 

albatross group, there was an important region to the south, presumably due to the 

higher exposure to wind and more oceanic rather than coastal conditions, and 

increased probability of fish schools in this region (Figure 5.8b). This also 

corresponds to a cooler water area (~16.6°C). For the diving seabirds, important 

regions seem to be just off the coast, and in the centre of the study region, following 

the input of warmer water entering from the north east (Figure 5.8c).  
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Figure 5.8. Summer (January) spatial predictions of the average relative density 

(birds km2), of (a) Group A, (b) Group B, and (c) Group C and (d) the summer SST 

averaged from January 2016, January 2017 and January 2018. 
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 5.4. Discussion  

 

The aims of this study were to establish the bio-physical drivers of the distribution 

and abundance of seabird groups from the continental shelf of south-east Tasmania. 

Across all three groups there were large seasonal and interannual variability. The 

influence of biotic predictors varied considerably across groups, with group B highly 

influenced by the distribution of fish schools, group C influenced by the distribution of 

zooplankton biomass and the distribution of group A not associated with either of the 

prey-field indicator metrics used.  

 

5.4.1. Environmental predictors 

During the breeding season, central-place foragers such as seabirds may be 

vulnerable to changes in the availability and dominance of prey which is often 

mediated by changes in local physical conditions. All three groups were associated 

with regions of median to low SST survey anomalies. These anomalies provided a 

measure of the spatial distribution of warmer and cooler water for each time period. 

As the period through which sampling occurred in this study included a MHW event, 

this “average” SST would be expected to be warmer than a long-term summer 

average SST for the region. Seabird densities were clustered around points which 

were close to 0°C, which could be reflective of a general bias in the data points, with 

more sampled cells around the mean temperature and fewer with very high or very 

low temperatures relative to the mean. However, the fitted functions for each group 

(Figure S5.1) suggest that group A and group C were more associated with regions 

with a negative SST anomaly, with densities of seabirds decreasing in regions which 

were warmer than the mean. 

 

There is considerable evidence to suggest that the abundance and species 

assemblages of seabirds are influenced by short-and long- term changes in SST 

(Veit et al., 1996;1997). Reduced breeding output is often associated with “warm” 

years (Crawford and Jahncke, 1999; Becker et al., 2007; Hyrenbach et al., 2008). 

Many of the small pelagic fish species that comprise seabird diet globally show 

strong associations with cooler water areas or exhibit reduced abundance during 

warmer than average years such as MHW periods. For example; off the coast of 



 156 

Japan, anchovy development (Engraulis japonicus) decreased at warmer 

temperatures (Takasuka and Aoki, 2006). In the Kuroshi Current, another warming 

western boundary current, higher SST negatively affected all stages of the life cycles 

of Japanese sardines (Sardinops melanostictus) (Noto and Yasuda, 1999). In the 

tropical Pacific, abundance of anchovies (Engraulis spp.) decreased rapidly during 

“warm” cycles (Chavez et al., 2003). Unsurprisingly, this cycle has been found to 

affect marine predators, particularly during breeding periods. We found a higher 

probability of fish schools, and to a lesser extent zooplankton biomass, in regions 

which were around average SST (Figure S3, -0.5 to 0.5). However, in general, the 

likelihood of there being a fish school in the water-column exhibited a negative 

relationship with temperature.  

 

Anomalous events such as MHWs lead to changes in the structure and abundance 

of lower trophic levels, whether this be a decrease in the abundance of a food source 

such as zooplankton or fish, or a reduction or change in the quality of prey due to a 

shift in species dominance (Peterson et al., 2017; Batten et al., 2018; Auth et al., 

2018). When these events are prolonged, such as the north-east Pacific anomaly 

known as “the blob”, which lasted for over 700 days between 2014 and 2016, the 

cascading effects of changes to lower trophic levels can be severe for upper trophic 

levels. During the heatwave, several mass mortalities events of seabirds occurred, 

including of the small zooplanktivorous seabird Cassin’s Auklet (Ptychoramphus 

aleuticus) (Jones et al., 2018) and the Common Murres (Uria aalge) (Robinson et al., 

2018; Gibble et al., 2018; Piatt et al., 2018).  

 

In the case of Cassin’s Auklet, a shift in the species composition of their main prey 

group, mesozooplankton, resulted in a reduction in the energy available for 

predators, leading to starvation (Jones et al., 2018). Feeding directly on plankton 

means that this species is particularly sensitive to changes in ocean climate 

conditions (Bertram et al. 2005; Sydeman et al. 2006). As a result of the general 

warming in the California Current Ecosystem, the population of Cassin’s Auklet had 

already declined by 75% over the 3 decades previous to the MHW event (Lee et al., 

2007). In south-east Tasmania, the 2015/16 MHW event was not as severe in spatial 

or temporal scale as the north-east Pacific anomaly, however the general warming 

trend, and the frequency of MHW events is predicated to increase (Oliver et al., 
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2018b). Lower-trophic level structure in this region is already shifting (Evans et al., In 

review – Chapter 2), and while cascading effects such as those seen off the west 

coast of USA have not been observed yet, the consequences of future events may 

become more similar to those in other MHW regions. Therefore, characterising the 

responses of seabirds to environmental change, and changes in prey-field structure 

has become imperative. 

  

Many marine predators show a strong association with vertical or horizontal gradient 

features which aggregate prey, even at small spatial scales (Ainley et al. 2005; Bost 

et al. 2009; Scales et al. 2014).  In the marine environment prey can be patchily 

distributed over very large spatial areas, therefore any feature which aggregates 

prey is usually utilised by predators (Hyrenbach et al., 2007; Scheffer et al., 2010). 

Here, the occurrence of a temperature gradient was only present during the MHW 

event, as this feature was the result of the confluence of cooler temperate water with 

very warm MHW water. Evans et al., (2019) analysed little penguin foraging in this 

region during the 2015/16 MHW event and found an association between little 

penguins and the gradient feature which occurred during January 2016. It would be 

expected, that if this feature was present seabirds would utilize this feature for 

foraging as these features are known to aggregate prey. We found no strong 

association between seabirds and any gradient features within the study area. It 

might be that no other strong gradient features were present over the period we 

sampled, which seems likely considering the small spatial scale of the study area, 

and the unusual conditions which were present during the MHW. In coastal regions, 

fine-scale gradient features such as thermoclines tend to be highly variable (e.g. 

Ropert-Coudert et al., 2006). During the analysis conducted, the absence of a 

regular strong gradient feature may have masked the positive effect of the front for 

foraging during summer 2016.  

5.4.2. Predator – prey distributions 

We were able to detect a functional relationship between the distribution of group B 

and C and the distribution of at least one of the prey groups we tested, however this 

was not the case for group A. A large proportion of the diet of short-tailed 

shearwaters and fairy prions is comprised of large zooplankton species such as krill 

and large copepods (Morgan and Ritz, 1982), although they also feed on fish larvae 
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and squid (Prince and Copestake, 1990). In Tasmania and the Bering sea both 

species are highly reliant on near-shore stocks of euphausiids (Bartle, 1976; 

Weimerskirch and Cherel, 1998; Baduini et al., 2001). Euphausiids were previously 

abundant in this region; O’Brien (1988) characterised schooling behaviour of 

Nyctiphanes australis off south-east, east and northern Tasmania, and describes 

these schools as being highly abundant with a density of between 3000 and 

>450,000 individuals m-3. Many studies now note the apparent absence of these 

schools (Young et al., 1993; McLeod et al., 2012b; Johnson et al., 2012), linked to 

rapid warming in this region. It is unknown whether this observed decline is due to a 

shift vertically, with krill moving deeper into the water-column in search of cooler 

water, a shift in spatial range towards the poles, or an actual abundance decline. 

However, all 3 of these hypotheses would affect the availability of euphausiids to 

seabirds such as short-tailed shearwaters foraging in this region.  

 

Unlike many other breeding seabirds, which utilise a highly localised foraging 

strategy during chick-rearing, Weimerskirch and Cherel (1998) found that breeding 

shearwaters use a two-fold foraging strategy. Short trips to the continental shelf of 1 

or 2 d duration are interspersed with longer 9 to 17 d trips to Antarctica. Similar to 

albatross, shearwaters are able to use this foraging strategy due to morphological 

adaptations which reduce the energetic costs of flight (Pennycuick, 1989). 

Weimerskich and Cherel, (1998) concluded that shearwaters must travel so far from 

breeding grounds because local foraging conditions, or the local availability of krill, 

are unable to sustain the whole breeding population during this period. This suggests 

that some of the shearwaters sighted were not foraging locally, which might account 

for some of the mismatch in predator-prey distributions observed. Before returning to 

colonies on Bruny Island, shearwaters may rest on the water or pass through the 

study site whilst transiting to and from longer trips south.  

 

However, there are multiple studies which record shearwaters feeding in Tasmanian 

waters during the breeding season (e.g. Morgan and Ritz, 1982; Skira et al., 1986; 

Weimerskich and Cherel, 1998), foraging at relatively shallow depths (4-30m) on 

epipelagic prey. Due to the method of sampling used, we were unable to adequately 

sample adult euphausiid populations as they swim at speeds faster than our 

zooplankton net towing speed. We hypothesise that some of the mis-match between 
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predator-prey distributions for this group is likely due to our sampling methods being 

unable to sample their most targeted prey species. In addition, our acoustic sampling 

of fish schools used a 120 kHz echosounder. As suggested by Ainley et al. (2005), 

this might have biased detections towards slightly larger fish than being targeted by 

short-tailed shearwaters. Generally, sampling at 38 and 120 kHz is better for fish 

detection, while higher frequencies such as 200 and 420 kHz are better for detecting 

zooplankton such as euphausiids. This might also explain why there was much 

better agreement between our acoustic data and the distribution of group B 

(albatross species), as these larger birds would target larger pelagic fish species.  

 

Zooplankton are known to be extremely patchy in their distribution. Sampling of 

these communities often doesn’t capture the complex spatial heterogeneity in 

biomass and community composition (e.g. Benoit-Bird et al., 2013). Nonetheless, 

zooplankton biomass was an influential predictor of group C, which contained the 

deepest diving seabirds. Both little penguin and common diving petrel dive to 65m 

(Bocher et al., 2000; Ropert-Coudert et al., 2006). Both of these species are coastal 

and have a much smaller foraging range during the breeding season (Collins et al., 

1999; Hoskins et al., 2008). Due to their small size, common diving petrels are 

reported to forage almost exclusively on zooplankton, with euphausiids, copepods, 

hyperiid amphipods and crab zoea making up a large proportion of their diet during 

the breeding season (Bocher et al., 2000; Schumann et al., 2008). All of these 

groups are either common or occasional components of the zooplankton community 

to the south-east of Tasmania.  

 

Little penguins are not thought to feed on zooplankton, excepting large crustacean 

species such as krill (Chiaradia et al., 2010), with small pelagic fish constituting the 

largest proportion of their diet. However, little penguins are plastic in their foraging 

behaviour, and in regions where changes in water mass characteristics are altering 

the structure of lower trophic levels their diet is shifting. In south-east Australia where 

waters are warming rapidly (Ridgeway 2007a), gelatinous zooplankton formed a 

substantially larger part of little penguin diet than previously thought, during a period 

of elevated temperature (Cavallo et al., 2018). This period of elevated temperature 

during Spring 2015 coincided with the severe MHW event which affected this region 

for a prolonged period over spring/summer 2015/2016 (Oliver et al., 2017). Although 
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Cavallo et al., (2018) still found that fish made up the largest proportion of little 

penguin diet, this new association indicates how the diets of predators in warming 

regions may change. 

 

Whilst foraging, black-browed, Buller’s and grey headed albatross operate on a 

much larger scale than some of the other species analysed. Even during the 

breeding season, they cover vast distances, therefore during unfavourable 

conditions they can alter their foraging strategy by searching for prey at greater 

distances from nesting grounds (Pinaud et al., 2005). This may explain why there 

was such large variability in densities of this group between surveys; during periods 

of lower resource availability albatross can avoid regions altogether in favour of more 

profitable ground elsewhere. In addition, regions which are just as profitable might 

not be visited. With breeding populations at Pedra Branca south of Tasmania, shy 

albatross were the most common albatross species on the shelf, foraging extensively 

along the south-east continental shelf of Tasmania (Brothers et al., 1998). Black-

browed albatross nest on a range of sub-Antarctic islands such as the Falklands and 

Campbell Island, New Zealand (Prince, 1980), and Buller’s albatross are endemic to 

New Zealand. Therefore, these species covered large distances to forage in the 

study region. The occurrence of albatross on the shelf was highly correlated with the 

occurrence of their prey. A negative relationship existed between the probability of 

fish schools and SST, with higher probabilities occurring at lower temperatures and 

decreasing as temperatures increased (see Figure S5.2), which may also explain 

why SST exhibited a relatively high influence on the distribution of this group.  

 

This region is undergoing rapid environmental change as a result of the 

intensification of the EAC. Apart from an intensive study of the management of the 

shy albatross (see Alderman et al., 2010; 2012; 2017), and work by Bird life 

Tasmania (Woehler et al., 2014), there is a paucity of information or relevant data 

available to answer some of the pertinent questions around the management of 

seabird populations, including the likely changes to the structure of the prey-field and 

the response of populations of seabird which currently breed around south-east 

Tasmania. This study attempts to address some of this knowledge gap, and the 

association of two of the three groups of birds studied with lower SST regions, and 

the negative relationships exhibited between the zooplankton and fish school prey 



 161 

grounds with SST, gives some insight into the changes which might occur in this 

region as climate change progresses.  

 

 

5.5. Conclusions 
 

This study highlights the bio-physical variables operating in this region which affect 

the distribution of key species of the seabird community on an inter-annual 

timeframe. Due to the MHW event, the SST anomaly reflect a much warmer mean 

than a long-term mean, and 2 of the 3 seabird groups studied showed association 

with regions with temperatures below the mean. SST exhibited a large influence on 

the abundance and distribution of seabirds on the shelf, with two groups responding 

to lower temperature areas, and one group correlated with higher temperature areas. 

The large relative influence of SST is likely to be mediated through food supply for 

these birds, as we found both zooplankton biomass and fish school distribution to be 

negatively related to increasing SST. Despite no long-term data being available for 

this region, the relationships found are likely to give insight into future scenarios for 

this region, given the predicated increase in MHW events and the continuing 

warming trend (Oliver et al. 2017). We can use other regions with long-term data 

which are subject to MHW events, such as the north-east Pacific, as a guide for our 

predictions. We conclude that the structure of the prey-field is likely to continue to 

change in this region (Evans et al. in review; McLeod et al., 2012b) and this is likely 

to affect the foraging behaviour of these birds, with seabirds breeding around Storm 

Bay having to travel further south for preferred prey items such as Nyctiphanes 

australis.  

 

The results highlight the complex links between different species’ distributions, their 

prey and the physical environment. A detailed knowledge of these links, built from 

adequate data and appropriate modelling techniques, is therefore needed to predict 

regions of importance to particular species. Ecological-based studies should be 

carried out in tandem with management to develop informed practical frameworks for 

managing populations of vulnerable species before they are declining (Smith et al., 

2007; Alderman and Hobday, 2017).  
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Supplementary Material 
 
Table S5.1. Along transect marine mammal sightings for each survey (on-effort), 

from November 2015 to January 2018. 

 

 

 
   

Month Humpback 
Whale 

Bottlenose 
dolphin 

Common 
dolphin 

Dolphin 
spp. 

Australian 
fur seal 

New 
Zealand 
fur seal 

Seal 
spp. 

Total 

Nov-15 3 0 0 6 3 2 3 17 
Jan-16 0 138 0 0 1 0 9 148 
Mar-16 0 50 52 44 1 0 1 150 
May-16 1 0 0 4 0 0 6 13 
Nov-16 1 0 6 0 0 0 2 9 
Jan-17 0 162 0 0 0 0 7 169 
Mar-17 0 26 66 6 0 0 27 125 
May-17 0 0 0 0 0 0 5 5 
Nov-17 0 0 5 0 0 0 2 7 
Jan-18 0 67 0 2 0 0 11 78 

Totals 5 443 123 62 5 2 154  
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Table S5.2. Summary of GAM comparisons examining the relationship between total 

zooplankton biomass mg m-3 and environmental covariates for November 2015 to 

January 2018. Only the best 5 models in terms of ΔAIC are shown and the accepted 

model is presented in bold. Salt = salinity, SST = sea surface temperature °C, north-

south current velocity ms-1, bathy = bathymetry m, sea level anomaly m, MLD = 

mixed-layer depth m. 

 

Candidate models 
 

k LogLik AICc ΔAIC  df 

Salt + SST + north-south 
current velocity 

3 -1357.9 
 

2744.9 
 

0.0 13 

Bathy + salt + SST + north-
south current velocity + Year 

5 -1357.7 
 

2747.2 
 

2.3 14 

Bathy + sea level anomaly + 
salt + SST + north-south current 
velocity + Year 

6 -1354.7 
 

2747.4 
 

2.5 16 

Bathy + MLD + salt + SST + 
north-south current velocity + 
Year 

6 -1357.7 
 

2747.4 
 

2.5 
 

14 

Bathy + sea level anomaly + 
MLD + salt + SST + north-south 
current velocity + Year 

7 -1354.2 
 

2747.7 
 

2.8 
 

17 
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Table S5.3. Summary of logistic GLM comparisons examining the relationship 

between fish school presence/absence and environmental covariates for November 

2015 to January 2018. Only the best 5 models in terms of ΔAIC are shown and the 

accepted model is presented in bold. Salt = salinity, SST = sea surface temperature 

°C, north-south current velocity ms-1, bathy = bathymetry m, sea level anomaly m, 

MLD = mixed-layer depth m. 

 

Candidate models 
 

k LogLik AICc ΔAIC  df 

Bathy + MLD + salt + Season  + SST 
+ north-south current velocity + 
Year 

7 -2164.182 
 

4348.4 
 

0.0 10 

Bathy + salt + Season  + SST + north-
south current velocity + Year 

6 -2165.553 
 

 
4349.2 

 
0.7 
 

9 

Bathy + MLD + salt + Season  + SST 
+ north-south current velocity 

6 -2165.998 
 

4350.0 
 

1.6 
 

9 

Bathy + eta + MLD + salt + Season  + 
SST + north-south current velocity + 
Year 

8 -2164.174 
 

4350.4 
 

2.0 11 

Bathy + salt + Season  + SST + north-
south current velocity 

5 -2167.340 
 

4350.7 
 

2.3 8 
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Table S5.4. Summary of evaluation metrics for BRT models for feeding group A, B 

and C, built with different predictors. We stopped dropping variables when the AUC 

and r2 started to get worse. For each metric, we report the mean value. Selected 

model is shown in bold.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Model Predictors AUC / 
ROC 

R2 

Group A    
 Full model 0.78 0.51 
 Drop Year 0.78 0.53 
 Drop Year and Season 0.79 0.55 
 Drop Year, Season and zooplankton 

biomass 
0.78 0.54 

Group B Full model 0.70 0.41 
 Drop Year 0.70 0.41 
 Drop Year and Season 0.66 0.39 
Group C Full model 0.78 0.48 
 Drop Year 0.78 0.43 
 Drop Year and Season 0.78 0.42 
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Figure S5.1. Functions fitted to the predictor variables by a boosted regression tree 

(BRT) model relating the distribution of birds from group A (a), B (b) and C (c) to the 

biotic and abiotic predictors. Y-axes are on the logit scale with mean zero. Fitted 

functions for covariates are plotted in the order of their relative influence for each 

seabird group, starting with the largest. 
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Figure S5.2. Relationships between fish school probability and the biotic and abiotic 

covariates used to predict the distribution of the relative density of each feeding 

group. 
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Chapter 6 
 

 

 

6.1. General discussion and conclusions 
 

This study encompassed a fine-scale analysis of predator-prey linkages through a 

period of anomalous warming. During the study period, the biology of this region was 

subject to changes through the combined influences of the general warming trend in 

the south-east Australia climatic hotspot, and the sudden and extreme change in 

physical conditions due to the marine heatwave (MHW) event. The effect of this 

double-pronged permutation on lower-trophic levels and the subsequent flow on 

effects for marine mammals and seabirds has not been previously studied in south-

east Tasmania. In terms of documenting the effects of extreme events, and climate 

change in general, ecological studies which incorporate trophic interactions are 

integral to our understanding of the changes which are likely to occur in marine 

systems. This region is important ecologically, exhibiting high biodiversity. The high 

levels of seasonal productivity also support fisheries activities which are valuable to 

Tasmania’s economy (Pecl et al., 2009). Due to the diverse assemblages of marine 

mammals and seabirds utilising the continental shelf, eco-tourism has grown in the 

area, supplying jobs and tourism to the region. An in-depth study was timely 

considering the paucity of information regarding ecosystem dynamics, and the rapid 

rate of change due to warming.  

 

The main overarching aim of this body of work was to establish and quantify the 

functional linkages between the environment, prey-field dynamics and their influence 

on marine mammals and seabirds that forage along the continental shelf. This was 

achieved by first establishing a detailed understanding of the structure, size and 

community composition of the zooplankton prey-field supporting higher trophic 

levels. Variability in lower trophic levels has considerable influence on foraging 

success, and ultimately the breeding success of marine predators. To establish a link 

between predator foraging behaviour and prey-field dynamics we chose to conduct a 

fine scale study of little penguin (Eudyptula minor) at-sea habitat use, identifying the 
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bio-physical characteristics of regions which were important for little penguins 

foraging during the breeding season. We followed this with a larger-scale, multi-

species analysis of the spatiotemporal links between seabird distribution, fish and 

zooplankton distribution, and environmental variability. We chose to focus on 

seabirds due to their unique position in marine food webs which often recommend 

them as indicators of marine ecosystem status and marine food supplies (Piatt et al., 

2007; Springer et al., 2007). These four individual chapters result in a larger 

integrated study of ecosystem dynamics on the continental shelf. Each study adds 

new information which, when viewed together, generates much a larger knowledge 

base than each stand-alone study. 

 

6.1.1. Sea surface temperature: the bio-physical parameter influencing ecosystem 

variability 

South-east Australia offers an interesting case study in the implications of rapid 

environmental change, with numerous studies documenting species responses to 

warming on the NSW coast (Carroll et al., 2016; Hartog et al., 2011; Hobday et al., 

2011; Young et al., 2011), and the east coast of Tasmania (Ling, 2008; Ling et al., 

2009a; 2009b; Johnson et al., 2011; Buchanan et al., 2014; Kelly et al., 2016). 

However, at the southern-most extent of the south-east Australian climatic hotspot, 

very little work has been done to establish the effects of changing physical conditions 

on the structure of lower trophic levels, and the subsequent flow-on effects to apex 

predators. This is despite the number of lucrative aquaculture and fisheries 

operations within Storm Bay and surrounds, with more salmon aquaculture sites 

planned in the future. The conditions in the region are historically temperate, with 

sub-Antarctic influence (Cresswell, 2000). Therefore, the potential for change is 

large, with temperate species being exposed to conditions much warmer than 

previously experienced.  

 

Overall, the most important influence of dynamics on the shelf was sea-surface 

temperature (SST), which was highlighted by the findings of each study in this body 

of work. Due to the MHW event, variability in SST between years was high, and in 

addition to the cyclic fluctuations in SST which characterise seasonality in temperate 
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systems. Variability in the structure and community composition of lower trophic 

levels was largely mediated by the influence of the East Australia Current (EAC), 

with sub-tropical species of copepods appearing in assemblages when SST reached 

a certain threshold indicative of this water mass (~18.5 °C, Chapter 2). The MHW in 

spring and summer 2015/16 further altered conditions on the shelf. 

 

My results are in agreement with studies from other climatic hotspot regions globally. 

We found decreased abundances and a shift in the community composition of lower 

trophic levels, linked to high interannual variation in SST. The north-east Pacific is 

also undergoing rapid environmental change accompanied by an anomalous 

warming event (Walsh et al., 2018). Long-term monitoring of the eastern Pacific has 

occurred due to the presence of profitable salmon fisheries (Mackas et al., 2006; 

Daly et al., 2017), and other large fisheries for ground-fish such as pollock, cod, 

halibut and hake (e.g. Witherell et al., 2000). Analysis of the effects of the warm-

water anomaly are quantifiable due to an in-depth knowledge of the state of the 

ecosystem prior to this event, particularly lower-trophic levels. Therefore, causation 

for variability in ecosystem dynamics has be adequately attributed to the warm 

anomaly, which has become known as “the blob” (Bond et al., 2015). In comparison, 

this thesis includes two other field seasons as contrast for the MHW period, however 

some earlier work on productivity and zooplankton dynamics provided context for the 

findings. Chapter 2 demonstrates increased range-shifting of specific species of 

copepods identified by these previous studies as warm-water indicators, and 

reduced abundances of larger temperate species. These results are mirrored in the 

north-east Pacific, where, as “the blob” developed and intensified, range-shifting of 

tropical copepods (Cavole et al., 2016) and a reduction in the quality of zooplankton 

as food for predators occurred, caused by a shift away from lipid-rich species.  

 

The Tasman sea MHW studied in this thesis was the most severe event experienced 

in this region. However, by the metrics put forward by Hobday et al., (2016) to define 

MHW events, “the blob” of the north-east Pacific was considerably larger in both 

spatial and temporal scales and magnitude. The anomalous warming event which 

became known as “the blob” persisted for over two years (711 days, 2013-2016; 

Cavole et al., 2016; Gentemann et al., 2017). This meant that the subsequent 

changes in lower trophic level structure and abundance had massive flow-on effects 
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for marine predators. There were numerous reports of mass seabird deaths which 

necropsy investigations attributed to starvation (Cavole et al. 2016). As many as 

50,000 to 100,000 juvenile Cassin’s Auklets (Ptychoramphus aleuticus), a 

zooplanktivorous seabird, were found dead on the Pacific coast and approx. 1 million 

common murres (Uria aalge) also died from starvation and washed up on the 

California coast (Walsh et al., 2018; Piatt et al., In review). There were also 

increased mortality of marine mammals including California sea lions (Zalophus 

californianus) and Guadalupe fur seals (Arctocephalus townsendi) (Cavole et al., 

2016).  

 

The link between the MHW, poor foraging conditions and this anomalous warming 

event was established for the north-east Pacific ecosystem, emphasizing the multi-

faceted impacts of these events. The scale of consequences for the predator 

communities of south-east Tasmania are incomparable, however there is evidence 

that these events will increase in frequency in the Tasman sea region in line with 

climate change (Oliver et al. 2018b). Although no mortality events of marine 

predators were reported as a result of the 2015/16 MHW, a previous heatwave in the 

Tasman sea saw ~54,000 prions of various species, wash up along the west coast of 

New Zealand (Clifford et al., 2011). With the serious predator mortality events 

associated with heatwaves in the north-east Pacific, the lack of predator mortality 

resulting from the 2015/16 MHW studied here seems to be the exception rather than 

the rule. Chapters 4 and 5 of this thesis emphasise the importance of SST in 

determining the distribution of predators on the shelf, as well as the changes in lower 

trophic levels which was also an important influence on the distribution of predators 

in both Chapters.  

 

During the north-east Pacific MHW event, higher abundances of smaller, sub-tropical 

species of zooplankton were documented, with cascading effects for fish and higher 

order predators (Kintisch, 2015; Peterson et al., 2016). These results are mirrored in 

other temperature-size relationships throughout ecology (Angilletta et al., 2004; 

Sheridan and Bickford 2011; Forster et al., 2012a; 2012b; Cheung et al., 2013; 

Baudron et al., 2014), and our study also found an increased abundance of small 

subtropical species of copepod present during the MHW event. However, this 

change in the community composition of copepod populations does not appear to 
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have been significant enough to alter the size-distribution of the overall zooplankton 

community through this time. We observed no reduction in the size of zooplanktonic 

organisms during the MHW (Chapter 3). However, models indicated that increasing 

SSTs were significantly related to a reduction in fluorescence and zooplankton 

biomass, as well as a steepening of the normalized biomass size spectra slopes 

(NBSS-slopes).  

 

Steeper NBSS-slopes are generally associated with high levels of productivity, but 

not persistent production, as ultimately this would lead to a flattening of the NBSS-

slope as biomass increases in larger size classes. Steeper slopes have also been 

associated with warming and are indicative of an inefficient transfer of energy to 

higher trophic levels (Trudnowska et al., 2014; Sprules and Barth, 2016). We found 

steeper NBSS-slopes to be associated with higher temperatures, and therefore a 

higher prevalence of smaller organisms compared with larger ones. It was therefore 

expected that the mean size of zooplankton would also exhibit a relationship with 

temperature; however, this was not the case. Plankton communities often exhibit 

large interannual variability in population dynamics due to high turn-over rates and 

rapid reproduction. To fully quantify the relationship between the size of organisms 

and increasing temperature, further study of the size spectra of lower trophic levels is 

needed, particularly as there are no historical size data to provide context. 

 

Sea surface temperature was also an important physical parameter associated with 

predator distribution. While the focus of this study was on seabirds, the importance 

of SST in structuring the distribution of marine mammals has also been documented 

(e.g. Hindell et al., 1991; Croll et al., 1998; Biuw et al., 2007; Arthur et al., 2015), 

most likely mediated though prey distribution as was found here. The importance of 

SST is unsurprising considering the large body of literature highlighting the negative 

relationship between increasing SST and decreasing seabird abundance or reduced 

reproductive success. Between 1987 and 1994, Veit et al., (1996) reported a 40% 

reduction in seabird abundance, which was accompanied by a concurrent, long-term 

increase in SST. Hipfner (2008) attributed decreased breeding success in Cassin’s 

auklet (Ptychoramphus aleuticus) to an increase in the mis-match between the birds 

and their prey during warm years. In western Australia, above average SST was 

correlated with reduced breeding success in little penguins (Cannell et al., 2012). In 
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addition, a number of indirect physical influences which are related to SST are 

known to influence seabird breeding, for example a year with reduced water-column 

stratification was associated with both reduced foraging and breeding success for 

little penguins from Phillip Island, south-east Australia (Ropert-Coudert et al., 2009). 

 

However, there are a considerable number of other studies which demonstrate the 

variable responses of seabirds to SST. This is a significant field of research for 

seabird ecologists, and one that has been reviewed by many authors in an attempt 

to capture the scope of the inter-species variability in seabird responses to their 

environment (e.g. Ballance et al., 2006; Fauchald et al., 2009; Gaston et al., 2009; 

Trembley et al., 2009; Wakefield et al., 2009). For example, on a long-term scale, 

little penguin breeding success on Phillip Island was positively related to warmer 

SSTs (Cullen et al., 2009). In the Southern Ocean, a study by Inchausti et al. (2003) 

found that temperature anomaly had differing effects on the breeding success of 

eight seabird species depending on the foraging habitat of the species. For birds 

foraging north of the polar front warm SST anomalies were associated with higher 

breeding success while the converse was true for species foraging south of the polar 

front. These results were reflected by this study, where albatross distribution on the 

shelf was positively associated with SST, while all other groups displayed a negative 

relationship between SST and their distribution. These links are complex and reflect 

complicated interactions and highlight the importance of multi‐species monitoring 

programs for understanding the ecological consequences of environmental 

variability, which was the main overarching aim of this work. 

 

6.1.2. Challenges and future considerations – integrated surveys and effective 

monitoring of populations 

Fully integrated ecosystem studies encompassing multiple trophic levels and species 

are integral to our understanding of the complex dynamics which control the 

abundance and distribution of species. This project was inspired by some of the 

long-term, large -scale multidisciplinary projects that have significantly added to our 

understanding of marine systems including: GLOBEC (Batchelder et al., 2002), 

Chukchi Integrated survey (Hopcroft et al., 2013), PALMER-LTER (Smith et al., 
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1995) and CCE-LTER California Current Ecosystem Long term ecological research. 

Many of these programs have supplied substantial understanding of climate change 

effects on marine systems, as many of these regions, such as the eastern Pacific, 

are seeing effects from climate change. An empirical application of long time-series 

information provides the ability to assess not just seasonal patterns, but inter-annual 

and inter-decadal ecosystem responses to events such as the southern oscillations 

(ENSO cycles). La Niña and El Niño events, depending on their strength and 

frequency, have the potential to alter global ocean current systems, which has 

cascading impacts to all levels of ecosystem function (e.g. Ballance et al., 2006). 

Due to the temporal scale of these events, their effects can only be well documented 

by long-term studies.  

 

Long-term, integrated studies are not only integral to building and furthering our 

understanding of climate change impacts on marine systems but are also critically 

important in underpinning effective management approaches to adapt to these 

changes. A study by Hughes et al. (2017) found that long-term ecological studies 

(LTEEs) have an increased capacity to inform policy decisions. Compared with 

short-term scientific studies, they are disproportionally represented in policy reports, 

with the authors of these reports citing the sampling duration of studies as a critical 

factor in the level of trust placed in findings (Hughes et al., 2017). However, this 

study also found that authors of policy reports ranked studies of more than 1 year as 

more important for management recommendations than studies of a shorter 

duration. It is hoped that this work will establish a long-term monitoring program in 

Tasmania, however the finding of this thesis are valuable on a stand-alone basis for 

inference regarding this system. Many of the programs mentioned above categorize 

water masses based on a specific set of physical parameters. This allows 

conclusions to be drawn regarding the underlying processes associated with 

species-specific distribution patterns (e.g. Fiedler and Reilly, 1994). Therefore, in 

addition to gaining understanding of the dynamics of the continental shelf of south-

east Tasmania, the findings of this study could ultimately be applied to other rapidly 

warming boundary current systems, or similar species in different geographical 

locations to explain their spatial distribution. Care must always be taken however, to 

not extrapolate findings outside of their means. 
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One of the challenges with designing a survey that attempts to capture multiple 

trophic levels and environmental processes is establishing the balance between 

spatial coverage and temporal sampling frequency. This concept of scale is of 

central importance in ecology (Pielou 1977; O’Neill et al., 1986; Levin, 1992; 

Belovsky et al., 2004). Dynamics within ecosystems occur across a considerable 

range of scales, both spatial and temporal. Capturing processes at appropriate 

scales hugely impacts the quantifiability of findings. For example, if a survey was 

designed to solely capture zooplankton dynamics, the spatial coverage could be 

reduced in favour of higher temporal frequency of sampling (Stommel, 1963). 

However, as our aim was to integrate data from multiple trophic levels, the spatial 

resolution needed to encompass most conditions present on the shelf, incorporating 

the deeper offshore regions and coastal regions which might be important to seabird 

distribution. Hewitt (2007) highlights the need for rigorous design of ecological 

studies, incorporating random samples, which balance spatial extent with replication.  

 

With the aim of quantifying predator-prey-environment interactions on the continental 

shelf, the region was chosen to exhibit the effects of the EAC and cooler temperate 

conditions and employ medium spatial coverage with fine-scale replication along the 

bathymetry gradient of the shelf. In terms of answering the more specific questions 

encompassed by the main aim, both the survey design and spatiotemporal resolution 

adequately reflect the important spatial conditions and seasonal and interannual 

variability present. We chose to focus survey effort in the productive spring / summer 

months to capture productivity peaks, secondary production through zooplankton 

dynamics and the subsequent abundance and distribution of seabirds during the 

breeding season. This work could be extended to include higher temporal resolution 

of sampling through this breeding season across multiple years, such as additional 

telemetry studies of little penguins from other colonies around the bay with 

concurrent sampling of biophysical variables. In addition, a sampling program which 

continues past the scope of this PhD would be invaluable to further understand the 

relationships highlighted by this thesis. This would ultimately allow the identification 

of temporally persistent habitat features which are important for top-predator foraging 

(Polovina et al., 2001; Doniol-Valcroze et al., 2007; Weimerskirch, 2007; Scales et 

al., 2014). Persistent features such as meso-scale fronts have been found to more 

highly influence the searching behaviour of top-predators when compared with non-
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persistent features (Scales et al., 2014). At the current temporal resolution, 

ephemeral features are unable to be identified as persistent, therefore longer term 

data collection would allow the quantification of regions which are reliably productive 

and therefore important to local predator populations.  

 

6.1.3. Implications of the study for management of ecosystems in regions of rapid 

environmental change 

This study characterises, for the first time in Tasmania, the fine-scale interactions of 

lower trophic levels, the environment, and the effect of these processes on the 

behaviour and distribution of apex predators. To achieve this, a diverse range of 

field, laboratory and modelling techniques has been utilised. Without the 

incorporation of lower trophic levels information into distribution models for the 

predator species studied, the overall power of the model to accurately reflect the 

real-time foraging decisions, and therefore the distribution of predators, is reduced. 

The addition of a fine-scale study of the forage-fish community, and the subsequent 

addition of this information into models, would provide a more comprehensive link 

between plankton dynamics and fish presence and upper trophic levels. It would also 

allow this study to be more easily compared with other similar studies globally and in 

the future. Chapter 4 and 5 found improvements in model fit with the addition of prey-

field information. In addition, Chapter 5 highlights similarities in the response of some 

species to physical variability, and differences in others. This emphasises the need 

for an integrated approach to ecosystem management.  

 

This thesis analyses two important bio-indicator groups; the zooplankton and 

seabirds. By incorporating a lower trophic level indicator and a predator indicator our 

understanding of the mechanisms which link these groups with the state of the 

environmental is increased. To use ecosystem indicators effectively, these 

mechanisms need to studied and quantified (Carpenter and Folke, 2006). Variability 

in the dynamics of these populations needs to be established outside of cyclical 

changes if these groups are to be used as indicators for management. To enable 

adaptive management of these groups, which is reactive to sudden climatic changes 

such as MHW events, accurate ecological information is required. This information 
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was previously missing for this region. A range of management strategies can be 

developed alongside ecological studies such as this body of work, to increase the 

resilience of populations to climate change. For example, a knowledge of the 

foraging behaviour of predators can help predict when they might be most vulnerable 

to disease or nest failure. For burrowing seabirds such as penguins, management of 

domesticated predators such as cats can hugely affect the outcome of a breeding 

season. Without many of these added pressures, indirect pressures from climate 

change may more easily be managed. For central-place foragers, a combination of 

demographic management strategies must be combined with integrated studies of 

the local bio-physical foraging conditions influencing the movement of predators. In 

regions such as the south-east Australian climatic hotspot, with high current 

biodiversity, these strategies may help conserve individual species, and through this 

the health of marine ecosystems, into the future.  
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Sourisseau, M., and Petitgas, P. 2014. Springtime zooplankton size structure over the 
continental shelf of the Bay of Biscay. Ocean Science, 10: 821-835.  

Veit, R. R., Pyle, P., and McGowan, J. A. 1996. Ocean warming and long-term change in pelagic bird 
abundance within the California current system. Marine Ecology Progress Series, 139: 11-18. 

Veit, R., McGowan, J., Ainley, D., Wahl, T., and Pyle, P. 1997. Apex marine predator declines ninety 
percent in association with changing oceanic climate. Global Change Biology, 3: 23-28. 

Venables, W. N., and Dichmont, C. M. 2004. GLMs, GAMs and GLMMs: an overview of theory for 
applications in fisheries research. Fisheries Research, 70: 319-337.  

Vergés, A., Steinberg, P. D., Hay, M. E., Poore, A. G., Campbell, A. H., Ballesteros, E., Heck Jr, K. L., 
Booth, D.J., Coleman, M.A., Feary, D.A. and Figueira, W. 2014. The tropicalization of 
temperate marine ecosystems: climate-mediated changes in herbivory and community phase 
shifts. Proceedings of the Royal Society B: Biological Sciences, 281: 20140846. 

Verity, P. G., and Smetacek, V. 1996. Organism life cycles, predation, and the structure of marine 
pelagic ecosystems. Marine Ecology Progress Series, 130: 277-293.  

Vertigan, C. A. The life-history of short-tailed shearwaters (Pu nus tenuirostris) in response to spatio-
temporal environmental variation. PhD thesis, University of Tasmania, 2010.  

Vertigan, P., Woehler, E.J., 2014. Survey of Little Penguins in Kingborough, 2013/14. Report, BirdLife 
Tasmania Technical Report. 



 198 

von Biela, V. R., Arimitsu, M. L., Piatt, J. F., Heflin, B., Schoen, S. K., Trowbridge, J. L., and Clawson, 
C.M. 2019. Extreme reduction in nutritional value of a key forage fish during the Pacific 
marine heatwave of 2014-2016. Marine Ecology Progress Series, 613: 171-182. 

Waggitt, J. J., Cazenave, P. W., Howarth, L. M., Evans, P. G., van der Kooij, J., and Hiddink, J. G. 
2018. Combined measurements of prey availability explain habitat selection in foraging 
seabirds. Biology Letters, 14: 20180348. 

Wakefield, E. D., Phillips, R. A., and Matthiopoulos, J. 2009. Quantifying habitat use and preferences 
of pelagic seabirds using individual movement data: a review. Marine Ecology Progress 
Series, 391: 165-182. 

Walsh, J. E., Thoman, R. L., Bhatt, U. S., Bieniek, P. A., Brettschneider, B., Brubaker, M., Danielson, 
S., Lader, R., Fetterer, F., Holderied, K. and Iken, K. 2018. The high latitude marine heat 
wave of 2016 and its impacts on Alaska. Bulletin of the American Meteorological Society, 99: 
S39-S43. 

Wanless, S., Harris, M., Redman, P., and Speakman, J. 2005. Low energy values of fish as a 
probable cause of a major seabird breeding failure in the North Sea. Marine Ecology 
Progress Series, 294: 1-8. 

Wanless, S., Harris, M.P., Newell, M.A., Speakman, J.R., and Daunt, F. 2018. Community-wide 
decline in the occurrence of lesser sandeels Ammodytes marinus in seabird chick diets at a 
North Sea colony. Marine Ecology Progress Series, 600: 193-206. 

Watson, R. A., Nowara, G. B., Tracey, S. R., Fulton, E. A., Bulman, C. M., Edgar, G. J., Barrett, N. S., 
Lyle, J.M., Frusher, S.D. and Buxton, C.D. 2013. Ecosystem model of Tasmanian waters 
explores impacts of climate-change induced changes in primary productivity. Ecological 
modelling, 264: 115-129. 

Waugh, S., Weimerskirch, H., Cherel, Y., Shankar, U., Prince, P., and Sagar, P. 1999. Exploitation of 
the marine environment by two sympatric albatrosses in the Pacific Southern Ocean. Marine 
Ecology Progress Series, 177: 243-254. 

Weimerskirch H. 2007 Are seabirds foraging for unpredictable resources? Deep Sea Res. II Top. 
Stud. Oceanogr. 54: 211– 223. doi:10.1016/j.dsr2.2006. 11.013. 

Weimerskirch, H., and Cherel, Y. 1998. Feeding ecology of Short-tailed Shearwaters: breeding in 
Tasmania and foraging in the Antarctic? Marine Ecology Progress Series, 167: 261-274. 

Welsford, D.C., and Lyle, J.M. 2003. Redbait (Emmelichthys Nitidus): a Synopsis of Fishery and 
Biological Data. Technical Report Series Number 20. Tasmanian Aquaculture and Fisheries 
Institute. 

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K., Depczynski, M., Dufois, F., 
Fromont, J., Fulton, C. J., Hovey, R. K. and Harvey, E. S. 2016. Climate- driven regime shift 
of a temperate marine ecosystem. science, 353: 169-172.  

Wernberg, T., Russell, B. D., Moore, P. J., Ling, S. D., Smale, D. A., Campbell, A., Coleman, M. A., 
Steinberg, P. D., Kendrick, G. A. and Connell, S. D. 2011. Impacts of climate change in a 
global hotspot for temperate marine biodiversity and ocean warming. Journal of Experimental 
Marine Biology and Ecology, 400: 7-16.  

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K., Depczynski, M., Dufois, F., 
Fromont, J., Fulton, C.J., Hovey, R.K. and Harvey, E.S. 2016. Climate-driven regime shift of a 
temperate marine ecosystem. science, 353: 169-172. 

White, G. C., and Bennetts, R. E. 1996. Analysis of frequency count data using the negative binomial 
distribution. Ecology, 77: 2549-2557.  

White, Z. 2018. Zooplankton size structure off south-eastern Australia; quantifying the missing trophic 
link for fisheries. University of New South Wales, Sydney, Australia.  

Winder, M. and Sommer, U., 2012. Phytoplankton response to a changing climate, 
Hydrobiologia, 698(1): 5-16. 

Winemiller, K.O. and Polis, G.A. 1996. Food webs: what can they tell us about the world? In Food 
Webs. Springer, Boston, MA. 1-22 pp. 

Witherell, D., Pautzke, C. and Fluharty, D. 2000. An ecosystem-based approach for Alaska groundfish 
fisheries. ICES Journal of Marine Science, 57(3): 771-777. 

Woehler, E., Patterson, T. A., Bravington, M. V., Hobday, A. J. and Chambers, L. E. 2014. Climate 
and competition in abundance trends in native and invasive Tasmanian gulls. Marine Ecology 
Progress Series, 511: 249-263. 

Woehler, E.J., Vertigan, P., and Vertigan, C. 2018. Surveys of Short-Tailed Shearwater and Little 
Penguin at the Neck and Whalebone Colonies, Bruny Island 2017/18. BirdLife Tasmania 
Technical Report. 04. 

Wood, S. and Wood, M.S. 2015. Package ‘mgcv’. R package version, 1: 29. 



 199 

Worm, B., and Lotze, H. K. 2016. Marine biodiversity and climate change. Climate change: 195-212.  
Wotherspoon, S., and Raymond, B., 2016. RWalc: Continuous‐time Correlated Random Walk Models 

for Animal Movement. 
Wu, L., Cai, W., Zhang, L., Nakamura, H., Timmermann, A., Joyce, T., McPhaden, M. J., Alexander, 

M., Qiu, B., Visbeck, M. and Chang, P. 2012. Enhanced warming over the global subtropical 
western boundary currents. Nature Climate Change, 2: 161-166. 

Yamaoka, K., Nakagawa, T., and Uno, T. 1978. Application of Akaike's information criterion (AIC) in 
the evaluation of linear pharmacokinetic equations. Journal of pharmacokinetics and 
biopharmaceutics, 6: 165-175. 

Yang, H., Lohmann, G., Wei, W., Dima, M., Ionita, M., and Liu, J. 2016. Intensification and poleward 
shift of subtropical western boundary currents in a warming climate. Journal of Geophysical 
Research: Oceans, 121: 4928-4945.  

Young, J., Jordan, A., Bobbi, C., Johannes, R., Haskard, K., and Pullen, G. 1993. Seasonal and 
interannual variability in krill (Nyctiphanes australis) stocks and their relationship to the fishery 
for jack mackerel (Trachurus declivis) off eastern Tasmania, Australia. Marine biology, 116: 9-
18. 

Young, J., Lansdell, M., Riddoch, S., and Revill, A. 2006. Feeding ecology of broadbill swordfish, 
Xiphias gladius, off eastern Australia in relation to physical and environmental variables. 
Bulletin of Marine Science, 79: 793-809. 

Yvon-Durocher, G., Montoya, J. M., Trimmer, M., and Woodward, G. 2011. Warming alters the size 
spectrum and shifts the distribution of biomass in freshwater ecosystems. Global Change 
Biology, 17: 1681-1694. 

Young, J. W., Bradford, R., Lamb, T. D., Clementson, L. A., Kloser, R., and Galea, H. 2001. Yellowfin 
tuna (Thunnus albacares) aggregations along the shelf break off south-eastern Australia: 
links between inshore and offshore processes. Marine and Freshwater Research, 52: 463-
474. 

Young, J. W., Hobday, A. J., Campbell, R. A., Kloser, R. J., Bonham, P. I., Clementson, L. A., and 
Lansdell, M. J. 2011. The biological oceanography of the East Australian Current and 
surrounding waters in relation to tuna and billfish catches off eastern Australia. Deep Sea 
Research Part II: Topical Studies in Oceanography, 58: 720-733. 

Zainuddin, M., Kiyofuji, H., Saitoh, K., and Saitoh, S.-I. 2006. Using multi-sensor satellite remote 
sensing and catch data to detect ocean hot spots for albacore (Thunnus alalunga) in the 
northwestern North Pacific. Deep Sea Research Part II: Topical Studies in Oceanography, 53: 
419-431. 

Zhou, M. 2006. What determines the slope of a plankton biomass spectrum? Journal of Plankton 
Research, 28: 437-448. 

Zipkin, E. F., Sillett, T. S., Grant, E. H. C., Chandler, R. B., and Royle, J. A. 2014. Inferences about 
population dynamics from count data using multistate models: a comparison to capture–
recapture approaches. Ecology and Evolution, 4: 417-426. 

 

 

 

 

 

 


	Abstract
	Chapter 1
	1. General Introduction and context
	1.1. Methods for quantifying variability across trophic levels
	1.2. Aims, chosen study region and thesis outline
	1.2.1. The study region
	1.2.2. Survey design
	1.2.3. Research approach



	Chapter 2
	2.1. Introduction
	2.2. Methods
	2.2.1. Oceanographic and biological sampling
	2.2.2. Zooplankton processing
	2.2.3. Copepod species investigations
	2.2.4. Statistical Analysis

	2.3 Results
	2.3.1. Biological and physical components of the Bruny Island region during the survey period
	2.3.2. Total abundance of zooplankton
	2.3.3. Zooplankton community composition
	2.3.4. Community composition responses to environmental factors
	2.3.5. Copepod indicator species; associations with temperature

	2.4. Discussion
	2.4.1. Variability in abundance
	2.4.2. Shifting zooplankton community
	2.4.3. Bottom-up controls

	2.5. Conclusions

	Chapter 3
	3.1. Introduction
	3.2. Methods
	3.2.1. Study region
	3.2.2. Physical oceanography and Zooplankton sampling and processing
	3.2.3. Zooplankton size spectra
	3.2.3. Statistical analysis
	3.2.3.1. Seasonal and interannual variability in biomass size spectra
	3.2.3.2. Environmental correlates of the biomass size spectra


	3.3. Results
	3.3.1. Seasonal variation in environment and plankton biomass size spectra
	3.3.2. Interannual variability in environment and plankton biomass size spectra
	3.3.3. Environmental drivers of size metrics

	3.4. Discussion
	3.4.1. Response of the plankton community to the inter-annual variability in environmental conditions as a result of the MHW
	3.4.3. Top down and bottom up controls


	Chapter 4
	4.1. Introduction
	4.2. Methods
	4.2.1. Biotic covariate field data collection and processing
	4.2.2 Little penguin instrument deployment and data processing
	4.2.3. Statistical analyses
	4.2.3.1. Spatial and temporal variability in bio-physical variables
	4.2.3.2 Penguin track preparation
	4.2.3.3. Bio-physical covariate selection
	4.2.3.4. Habitat model


	4.3. Results
	4.3.1. Temporal and spatial variability in bio-physical variables
	4.3.2. Habitat model

	4.4. Discussion
	4.4.1. Temporal and spatial variability in habitat selection
	4.4.2. Bottom up controls on habitat selection

	4.5. Conclusions

	Chapter 5
	5.1. Introduction
	5.2. Methods
	5.2.1. Survey methods and study area
	5.2.2. Data processing
	5.2.3. Data analysis
	5.2.3.1.Response and predictor variable data preparation
	5.2.3.2. Seabird group distribution models


	5.3. Results
	5.3.1. Interannual variability in spatial density of seabirds and environmental variables
	5.3.2. Multivariate group analysis
	5.3.3. Covariate preparation
	5.3.4. Modelling the spatiotemporal distribution of seabirds
	5.3.4.1. Group A - Short-tailed shearwater and Fairy prions
	5.3.4.2. Group B - Shy albatross, black-browed albatross, grey-headed albatross, Buller’s albatross and Australasian gannet
	5.3.4.2. Group C – Little penguin and common diving petrel

	5.3.5. Bio-physical characteristics of high-use areas
	5.4.1. Environmental predictors
	5.4.2. Predator – prey distributions

	5.5. Conclusions

	Chapter 6
	6.1. General discussion and conclusions
	6.1.1. Sea surface temperature: the bio-physical parameter influencing ecosystem variability
	6.1.2. Challenges and future considerations – integrated surveys and effective monitoring of populations
	6.1.3. Implications of the study for management of ecosystems in regions of rapid environmental change


	References

