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Abstract 

Mass mortality events (MMEs) occur when a disproportionate part of a population dies in a 

single event. The frequency of MMEs is increasing globally. In the past, MMEs have been 

linked to starvation, changes in environmental conditions and disease outbreaks. However, 

it is often unclear what the underlying cause of these events are. In New Zealand several 

MMEs have occurred in the bivalve species Austrovenus stutchburyi (Wood 1828) and 

Paphies subtriangulata (Wood 1828) with little known about the cause. Both of these 

species are recreationally harvested for consumption in New Zealand and have cultural 

significance.  

In order to better understand MMEs in these species we must first gain a better 

understanding of stress expression. Bivalves have few observable features and it is difficult 

to classify them as healthy or stressed without investigating immune change which can be 

quite costly. Some research has looked into how different cell types change in response to 

pollutants but few studies have researched how cell types change in response to 

environmental conditions.  The aim of this research was to find novel ways of assessing if 

shellfish were healthy or stressed. Little is known about how shellfish respond to 

environmental stressors and this is the first study to look at several novel stress 

expressions simultaneously, in New Zealand shellfish.  

Histological, morphological and behavioural responses were measured in both A. 

stutchburyi and P. subtriangulata after treatment with increased temperature, lowered 

salinity and increased fine sediment input for up to 5 weeks. Temperature stress was the 

main stressor for P. subtriangulata (85% of overall mortality occurred in the heat 

treatment), salinity was the main stressor for A. stutchburyi (46% of overall mortality 

occurred in the salinity treatment), and fine sediment stress did not seem to have an effect 

on either species in this study. Overall, A. stutchburyi were more robust to the treatments, 

but low mortality occurred in both species (≤8%). Mortality correlated with time of year 

and was believed to be related to spawning in P. subtriangulata (48% of overall mortality 

occurred from October-November). Both species had a single histological marker, in A. 

stutchburyi this was change in gill morphology, and in P. subtriangulata this was change in 
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digestive gland morphology. Several individual morphological features were identified as 

potential stress markers in A. stutchburyi and P. subtriangulata. Additionally, when 

removed from aquaria P. subtriangulata had impeded foot retraction time in the salinity 

treatment (p<.0001).  The differences in stress markers shows the diversity of reactions to 

stressors even within New Zealand bivalves. This study provides a useful baseline in 

investigating how P. subtriangulata and A. stutchburyi respond to environmental stress. 

The histological slides produced during this investigation are an invaluable resource that 

can be used in future studies and in comparisons with archived specimens from known 

MMEs. Knowing how to detect signs of stress in these bivalves will help to predict MMEs in 

the future and aid in implementing processes to combat these events. 
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Chapter 1: Introduction and Methods 
Introduction 

Mass mortality events in marine systems 

Anthropogenic change is an increasingly important issue in the current environment.  In marine 

systems ocean acidification, temperature increase, fluctuating oxygen levels and changes in 

sediment input influenced by human actions are all factors of increasing concern. The effects of 

these factors on marine systems are most notable at the poles which are at risk of sea ice retreat, 

and in the tropics where corals are particularly sensitive to temperature shifts (Doney et al. 2012). 

However, the effects of anthropogenic change in marine systems are felt globally. In New Zealand, 

the reef, sand and mud habitats along shallow coastlines and estuaries are considered to be the 

most at risk environments to anthropogenic change (DOC 2011). The threats to these environments 

are wide-ranging and caused by a number of recreational and commercial activities (MacDiarmid et 

al. 2012). As we see the frequency of abnormal environmental conditions increase, we also see 

changes in ecosystem stability, including population changes within species, community 

composition changes between species, and increasing mortality events. How organisms adapt to, 

and tolerate, this human-accelerated environmental change will determine the survival of many 

species worldwide (Harvell et al. 1999).  

Mass mortality events (MMEs) are catastrophic death rates that affect one or all life stages of an 

organism and remove a significant proportion of the population in a short amount of time relative 

to the lifespan of the organism (Fey et al. 2014). They are an increasing global issue from an 

aquaculture, wild fishery and human health point of view and disproportionately affect benthic 

species (Ereskovsky et al. 2019). MMEs are a naturally occurring phenomenon, however, in recent 

years the frequency of these events has greatly increased. Climate change has aided this through 

intensification of environmental stressors, which can lower immunity and increase disease 

transmission (Thieltges & Rick 2006, Ereskovsky et al. 2019). MMEs with the largest magnitude of 

deaths are correlated with starvation, multiple stressors and disease (Figure 1.) (Fey et al. 2014). 

However, the majority of MMEs are poorly understood because of the number of interconnected 

stress factors, which make it hard to isolate the specific cause in many cases. 
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Figure 1. Magnitude and causes of mass mortality events in fish, invertebrates, amphibians, 

reptiles, birds and mammals. Bars show total number of mortality events, while lines show change 

in occurrence over time and stars show significant temporal trends (Fey et al. 2014). 

Disease as a factor underlying Mass Mortality Events 

Many MMEs have been linked to disease. Understanding why and how these MMEs are occurring is 

of central importance to conservation and management of marine resources, as disease outbreaks 

have increased globally over the last 50 years. Disease in marine invertebrates first appeared in 

published literature and became a subject of research in the 1960s (Vago 1966, Johnson 1984). 

However, the range of studies has been largely organism biased. For example, in the tropics, most 

research has focused on coral diseases due to the importance of coral reef based ecosystems in 

supporting both biodiversity and marine tourism (Diedrich 2007, Jones et al. 2004). The fragility of 

these organisms likely also fuels this research. Temperate disease research is mainly focused on 

keystone species (for example the effects of sea star wasting syndrome on Pisaster ochraceus) and 



13 

commercially important species (for example withering syndrome in Haliotis sp.) (Haaaker et al. 

1992, Hewson et al. 2014, Flegel et al. 2008). The nature of MMEs and disease outbreaks means 

they can easily be missed or go unstudied depending on the monitoring and visibility of the species 

they affect. To learn how to navigate and reduce these events, we need to understand the individual 

causes, and combination of causes leading to species stress and eventually MMEs. 

Disease outbreaks that lead to MMEs can have significant long-term effects on population and 

community dynamics (Allam & Espinosa 2016). In 2012 there was an outbreak of sea star 

associated densovirus in P. ochraceus on the Pacific coast of the United States of America. Over the 

next three years 81% of the P. ochraceus populations in northern California died (Rodgers et al. 

2018, Moritsch & Raimondi 2018, Menge et al. 2016). In 1983 the black sea urchin (Diadema 

antillarum) population in the Atlantic Ocean had a 93% population reduction due to an unknown 

pathogen. Research showed that the population still had not recovered 20 years later, despite D. 

antillarum’s high fecundity (Lessios 1995, 2005). In 1980, on the Atlantic coast of Nova Scotia, 

green urchins (Strongylocentrotus droebachiensis) were infected by the marine amoeba Paramoeba 

invadens causing a 3 year MME (Scheibling & Hennigar 1997).  

Bacterial infections that wipe out populations and cause MMEs are also implicated in more 

controlled settings like aquaculture. Disease outbreaks in aquaculture are also of serious concern as 

individuals of the same species are often kept in close proximity and at a high density. Diseases 

spread quickly in this environment and can kill whole stocks of organisms. Even if a disease does 

not result in death, it can still cause a change in fecundity and growth rates (Shirakashi & El-

Matbouli 2009).  Roseovarius oyster disease (ROD) (formerly known as juvenile oyster disease) 

affects farmed Crassostrea virginica and can cause seasonal die off of up to 90% of the affected 

population (Boettcher et al. 2000). Shrimp ponds also spread bacteria extremely quickly, resulting 

in a boom and bust cycle of infection due to the impacts of disease at such high densities. White spot 

syndrome virus (WSSV) is the most lethal virus affecting shrimp farms (Nakano et al. 1993). Strains 

of WSSV can be highly lethal, reaching a 100% mortality rate of infected individuals within 3-10 

days in some cases (Chang et al. 1996).  
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Invertebrate immune systems 

In order to prevent disease events and make predictions about how disease mortalities may change 

in the future for invertebrates; we must first understand how invertebrates respond to infections, 

species immunocompetence and how immunity shifts with changing abiotic conditions. 

Invertebrate immunity is extremely variable and has different degrees of sophistication (Rowley & 

Powell 2007, Wotton et al. 2003). Sea urchins have some of the most complex immune systems of 

marine invertebrates, and dedicate 4-5% of their genes to immune response (Rast et al. 2006). At 

minimum, most invertebrates have a basic cellular and humoral response system.  

Coral immune responses are complex and still not well understood. The surface 

mucopolysaccharide layer in coral is a physical barrier to pathogens, but the primary immune 

defences are cellular. Amebocytes absorb invading threats and increase in numbers during a 

pathogen attack, much like white blood cells (Ritchie 2006, Mullen et al. 2004). In tandem, there is 

also an enzymatic response and production of antimicrobial chemicals by the mucopolysaccharide 

layer (Ritchie 2006, Mullen et al. 2004).  Similarly, the sea star immune system is made up of 

signalling molecules, coelomocytes, specialised phagocytotic cells, antimicrobial enzymes and 

melanisation responses (Franco et al. 2011). Coelomocytes are the innate immune response and 

have an important role in regeneration (Cervello et al. 1996).  Like sea stars, sea urchins also use 

coelomocytes as part of their innate immune reaction. The function of coelomocytes in urchins is to 

secrete antibacterial chemicals, increase mobility, and phagocytose foreign bodies (Smith et al. 

1996).  

Bivalves have an open circulatory system with hemolymph. They lack an adaptive immune system, 

and instead their innate immune system is made up of humoral and haemocyte-bound (cellular) 

defences. Hemocytes make up the majority of the immune response in bivalves with a range of 

physiological and immune roles including phagocytosis, encapsulation, healing. Hemocytes can also 

cross epithelial membranes. In molluscs, the gill and the digestive glands are the most hemocyte-

rich tissues (Allam & Raftos 2015, Canesi & Pruzzo 2016). The immune response in molluscs is 

made up of sensing and responding arms. Sensing happens through host recognition of pathogen-

associated molecular patterns (PAMPs). After recognition, molecules are deployed to bind to the 

pathogen (cytokines) and emit the relevant immune response (Allam & Raftos 2015, Pruzzo et al. 

2005).  One type of immune response is antimicrobial factors neutralising the pathogen by causing 

lysis or disrupting the metabolism (Ellis et al. 2011). Another part of the immune response is the 
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mucus interface. The mucus interface in bivalves is a barrier to microbes and contains immune cells 

such as neutrophils and dendritic cells. How the mucus interface functions is largely understudied 

at this stage (Lau et al. 2017).  

Bivalves have different types of haemocytes meaning their immune response can be extremely 

specific to infection types. However, not all haemocytes are the same across species and infection 

can go unrecognised by the immune system (Fryer & Bayne 1996). Different combinations of 

disease and immune response will result in different outcomes between species when subjected to 

abiotic stress. For example, even different species of the bacteria genus Vibrio can cause low level 

stress or be lethal depending on the species. The effectiveness of depuration of shellfish to remove 

bacteria can also vary greatly depending on the bacterial species (Tokarskyy et al. 2018). The 

complexity of disease agents can vary greatly and coupled with environmental stressors, can 

overload the immune system and change organism response to mild stress. 

Environmental stressors as a factor underlying MMEs 

Environmental stress is a driving influence behind marine MMEs globally and can interact with 

other important factors. For example, abiotic stress affects disease transmission through changing 

pathogen development, transmission, life cycles, and host susceptibility (Mydlarz et al. 2006, 

Harvell et al. 2002). Environmental stress is particularly intense in the intertidal zone where 

conditions are highly variable. Intertidal stressors can include increased and variable temperature, 

increased desiccation, decreased salinity, and changes in pH (Harvell et al. 2007, Miner et al. 2018, 

Moore & Robbins 2000, Mydlarz et al. 2006, Harvell et al. 2002).  

Salinity stress 

Salinity stress can have a variety of negative effects on marine invertebrates. Low salinity can 

directly and indirectly cause negative effects on the individual and their offspring by impeding 

metamorphosis, depleting larval reserves and impacting growth rates (Thiyagarajan et al. 2007). In 

marine species that hold embryos in brood chambers, salinity fluctuations cause chambers to 

become hypoxic and increase ammonia concentration, impacting long term shell formation 

(Chapparro et al. 2009). Salinity stress can also activate an immune response, increasing 

phagocytosis (Wang et al. 2008). The response of individuals to salinity stress changes over the 

time exposed, and the intensity of exposure.  
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Temperature stress 

In the literature there is a major focus on how water temperature increases the intensity and 

severity of disease outbreaks in marine populations (Harvell et al. 2007, Miner et al. 2018, Moore & 

Robbins 2000, Fey et al. 2014, Ereskovsky et al. 2019).  As sea surface temperatures rise, thermal 

tolerances of different species become increasingly important. Above average sea surface 

temperatures have been recorded to increase the frequency of infection in corals (Harvell et al. 

2007). Several coral diseases and marine fungi, including Vibrio shiloi and white pox disease have 

been shown to thrive closer to the coral heat stress zone as they grow better under increased 

temperatures (Harvell et al. 2002, Patterson et al. 2001). Increased temperatures can also hinder 

viral capabilities. The frequency of mortality of kuruma shrimp (Marsupenaeus japonicus) infected 

with the white spot syndrome virus is significantly reduced at higher temperatures, as the 

increased temperature reduces the ability of the virus to replicate (You et al. 2010, Moser et al. 

2012).  

Global temperature rise is also increasing the frequency of parasites in the benthic community, 

through increased hatching, increased transmission and an extended transmission season (Poulin & 

Mouritsen 2006, Studer & Poulin 2013, Ford & Chintala 2006). The thermal tolerance of parasites, 

can be higher than their hosts, but still has clear upper limits (Thieltges & Rick 2006). Parasitism is 

important in shaping benthic communities, which are often intermediate hosts. 

Sediment stress 

Increasing sediment input is becoming more common in the marine environment due to factors 

such as agricultural run-off, and marine drilling (Kennicutt et al. 1983, Jordan et al. 2003). While a 

degree of sedimentation naturally occurs in coastal ecosystems due to storms and natural run-off, 

the scale sediment loading occurs at has significantly increased in many systems with changes in 

land use. This is increasingly concerning for organisms living in these habitats, but particularly for 

filter feeders and benthic organisms as it can affect feeding and respiration. For example, the horse 

mussel (Atrina zelandica) loses biomass after sediment influx, regardless of food availability (Ellis 

et al. 2002, Covault et al. 2013, Thrush et al. 2004). Minute changes in sediment can cause 

significant changes in ecosystems. Sedimentation levels as low as 100mg/L have been observed to 

have effects on bivalve activity, while concentrations of 44mg/L inhibit growth (Ellis et al. 2002). 

Fine clay deposits on New Zealand sandflats that were 3cm deep led to a 90% decrease in 

macrofauna in 10 days (Norkko 2002).  
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Temperature, salinity and sediment are all important stressors for bivalves and invertebrates 

globally. Exposure to these stressors can drastically change growth and respiration and can lead to 

death. There is a lack of information available on how responses to different stressors are exhibited 

in different species of bivalve, and the magnitude of their effect. There is also little understanding of 

how these stressors work in a New Zealand context.  

Bivalves 

Bivalves are molluscs that are of huge ecological importance in New Zealand and the world. They 

are usually found in brackish waters with high nutrient levels. High aggregations of bivalves cause 

changes in sediment accumulation, temperature and light (Sousa et al. 2009, Newell & Koch 2004, 

Ajonina et al. 2005). Burrowing bivalves, which live in soft sediment habitats make up a large 

portion of bivalves worldwide. When high volumes of bivalves are present in an environment they 

can have a huge impact on water quality, including changing concentrations of phytoplankton, 

organic detritus, and bacteria in the water column (Vaughn & Hakenkamp 2001). Marine bivalves 

are particularly important as they filter two to eight times more water than freshwater bivalves of 

comparable size. In some systems, marine bivalves filter 100% of the water in the water column 

every day (Strayer et al. 1999, Kryger & Riisgard 1988).  

Movement of bivalves can also have a significant effect on environmental conditions. Bioturbation 

are the movement processes of organisms that indirectly or directly affect sediment matrices, 

including particle reworking and burrow ventilation (Kristensen et al. 2012). Bioturbation of 

bivalves plays a key role in releasing nitrogenous compounds from soil, increasing ammonium 

uptake and increasing primary production (Jones et al. 2011, Sandwell et al. 2009, Yamada & 

Kayama 1987). This movement through sediment also influences water quality, decreases water 

transparency and influences infaunal sediment composition (Matzusaki et al. 2007). Bioturbation 

can homogenize sediments and change community structure. This has been observed in the 

presence of the bivalve Austrovenus stutchburyi, where sediment homogeneity and porosity was 

reported to be higher with increasing shellfish densities (Sandwell et al. 2009).  

Most bivalves are edible and have been used as a food source for centuries, dating back to the 

Roman Empire. Bivalves are farmed as part of both recreational and commercial fisheries. Small 

scale fisheries are incredibly important for food security, sustainable livelihoods and poverty 

alleviation globally. Production of bivalves for human consumption exceeds 15 million tonnes 

annually (Staples et al. 2004, Wijsman et al. 2019). Bivalves are a staple in supporting rural deltaic 

communities. It is estimated that traditionally, 11-90% of Maori food energy was derived from 
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consuming shellfish, depending on the tribe (Shawcross 1970, Paulin 2007). Thus, preservation of 

bivalve stocks is of cultural, economic and global significance. 

The modality of filter feeding, and commonality as food items, make molluscs the most common 

source of seafood-related illness worldwide (Pruzzo et al. 2005). Shellfish consumption can transfer 

a number of enteric viruses, including typhoid, polio and Hepatitis A. Shellfish-related viruses are 

generally non-toxic to humans with the exception of Vibrio vulnificus that can have a mortality rate 

of 50% in susceptible people when exposed. Oysters cause the majority of shellfish poisoning, 

followed by clams and mussels (Chuang et al. 1992, Chiang & Chuang 2003, Atmar et al. 1993). Due 

to the high infection rate, understanding shellfish health can also have positive impacts on human 

health.    

Mass mortality events in New Zealand Bivalves 

Since the early 1980s, marine MMEs have been occurring in New Zealand with increasing frequency 

and magnitude (Fey et al. 2014). These events have caused substantial reduction in flora and fauna 

around the country. For example, between 1986 and 1992, the dredge oyster (Ostrea chilensis) 

suffered several MMEs resulting in 91% mortality of the population. Mortality was attributed to the 

parasite Bonamia exitiosa, in tandem with other factors (Cranfield et al. 2005). In 2005, the mussels 

Perna canaliculus and Mytilus galloprovincialis faced a MME in the South Island due to a high aerial 

temperature event. P. canaliculus had a higher mortality rate because they were living closer to the 

edge of their thermal tolerance range (Petes et al. 2007).  In 2006, Austrovenus strutchburyi had an 

MME in Whangateau Harbour resulting in a 60% death rate. This event was attributed to higher 

than average water temperatures combined with high parasite infection rates (Jones et al. 2016). In 

New Zealand, there have been several bivalve MMEs in the past few years with little known about 

the underlying causes or consequences for populations and community dynamics. At least six of 

these were associated with rickettsia like organisms (RLOs) (Ross et al. 2017).   

A common theme in the literature is that MMEs are attributed to one factor, usually pathogens, but 

it is difficult to separate external factors in order to definitively attribute cause to a singular factor. 

For example, farmed Crassostrea gigas had a large mortality event in the summer of 2010 from a 

herpes-like virus Ostreid herpesvirus-1 (OsHV-1 Var).  Mortality quickly reached 83-100% of oyster 

spat (Keeling et al. 2014). This event then moved across the Tasman to Australia affecting C. gigas 

in New South Wales. It is theorised that increasing water temperature influenced the onset of these 

events however it is difficult to prove this (Paul-Point et al. 2014).  Additionally, MMEs caused by 

OsHV-1 Var are often associated with other microbes, especially of the Vibrio species (Degremont 



19 

2011). Bacteria and parasites are always present in the water column and have the potential for 

infection. A bacteria or parasite overload resulting in a MME is likely to have some other trigger 

that lowers population immunity.  

Understanding MMEs is a priority for marine resource management in New Zealand and is being 

actively investigated by the Ministry for Primary Industries (MPI) and the National Institute of 

Water and Atmospheric Research (NIWA). In order to investigate these events in wild species, MPI 

tests deceased individuals using PCR, bacterial culture and histopathology (Ministry of Prime 

industries 2019). In farmed species mass mortalities are quickly discovered and reported, however, 

even in these cases, it can be hard to tell the cause of mortality (Norman et al. 2013). In Foveaux 

Strait, the bonamia (Bonamia exitiosa) infection levels in oysters (Ostrea chilensis) are frequently 

monitored to help predict MMEs (Michael et al. 2012). MPI takes management of these events 

seriously and can close recreational fishing grounds during and after MMEs to allow time for 

species recovery (Ministry of Prime industries 2015a, 2015b). How stressors affect species that 

have MMEs is being actively studied by MPI to better understand when these mortality events 

might occur (Jones et al. 2015).   

Behavioural responses to stress 

Behavioural patterns can be useful tools in assessing stress, however this can be difficult, 

particularly in infaunal species. Despite this difficulty, behavioural change should not be overlooked 

as it can be an easy and quick way to assess organism health. In bivalves, siphon presence and 

absence directly relate to food uptake and respiration. Reduced siphoning behaviour is believed to 

be a self-protection mechanism that increases the concentration of antioxidant response enzymes 

in the bivalve by reducing water filtration. However, extended valve closure in bivalves leads to 

death (Anestis et al. 2007).  

When exposed to salinities below 15ppt the marine bivalves, Venerupis corrugata, Ruditapes 

decussatus and Ruditapes philippinarum reduced burrowing, faecal deposition and siphon presence. 

However, V. corrugata and R. philippainarum increased siphon presence at salinities equal to or 

above 20ppt (Woodin et al. 2020). In Corbicula fluminea, siphoning behaviour increased for the first 

3 days when exposed to both aluminum coagulants and increased acidity.  After the initial 3 days, 

siphoning behaviour decreased steadily, and after 7 days of exposure the health declines were 

significant (Wu et al. 2019).  Reduced movement, and siphon changes may be a sign of bivalve 

exposure to stress. When C. fluminea were exposed to imidacloprid, as well as an inhibition of 

siphoning behaviour, a reduction of burrowing behaviour was observed (Shan et al. 2020). A 
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similar response was observed in the freshwater bivalves Lamellidens jenkinsianus obsea and 

Parreysia corrugata. Reduced movement and siphon extension was observed in these bivalves with 

exposure to increasing lead pollution. At high lead concentrations no foot or siphon extensions 

were observed (Brahma & Gupta 2020). If behavioural patterns can be used to detect stress then 

this is an easy way for local communities to monitor the health of shellfish in their area. These 

communities are both the most common harvesters and have the most vested interest in the 

shellfish health.  

Histological responses to stress 

Another way to monitor shellfish health is through the use of histological slides. Histology is the 

study of biological microscopic structures using light microscopy to examine a thin slice or section 

of tissue. Histopathology is using these tissues to note anomalies that could be the cause or 

outcome of disease. The technique was initially used in clinical medicine to examine biopsies, 

however it is now widely applicable to a number of biological fields. In order to prepare tissue for 

examination, tissue must first be fixed, embedded, sectioned, and then stained.  Hematoxylin and 

eosin (H & E stain) is the most common stain used in light microscopy and was first described in 

1875. It is a permanent stain and stains the cytoplasm pink and the nuclei purple (Musumeci 2014).  

Using histology to diagnose and recognise signs of stress in organisms is a relatively novel field of 

biology. With increases in environmental stressors and MMEs, histology is an effective and reliable 

tool for assessing the condition of individuals and the surrounding environment, but there are still 

vast areas of untapped potential (McElwain & Bullard 2014, Costa et al. 2013). At this stage, the 

majority of published literature that utilises histological techniques looks at different parts of 

organisms when exposed to a stressor and a control, however, there is no clear “baseline” for how 

variable organism tissue is without any stress input (Costa et al. 2012, Park et al. 2012, Cao et al. 

2017). 

The appearance of bivalve gills and digestive glands can be used to assess health in histopathology. 

Gills and digestive glands are target areas for contaminants and they conduct key physiological 

processes. The gills and digestive glands are known to be affected by nanoparticles in the water 

column and can also be contaminated by metals (Trombini et al. 2019, Khan et al. 2019). Digestive 

glands are responsible for the elimination of foreign material and metabolism, while gills are 

responsible for water pumping, filtration and the transport of particulate matter to the mouth 

(Jorgensen 1996, Wu et al. 2019).  
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Beyond assessing individual condition, histology has many other uses. In South America, 

histological techniques were used to assess the reproductive cycle of the invasive bivalve C. 

fluminea to identify the spawning cycle and help prevent spread (Cao et al. 2017). Jemaa et al. 

(2014) used histology to better understand the immune system of bivalves by confirming cells 

differentiate into hemocytes in the gills of Crassostrea gigas.  In New Zealand, MPI has archived 

slides from past Paphies subtriangulata MMEs. The research undertaken in the current study aims 

to create a “baseline” of histological slides illustrating variation of healthy P. subtriangulata and A. 

stutchburyi. These histological slides can then be used as a reference for comparison to slides of 

individuals under different stress conditions.  

Study Species 

The highly abundant Paphies subtriangulata and Austrovenus stutchburyi are the focus of the 

present research. Both P. subtriangulata and A. stutchburyi are in the Veneridae family and are 

prominent shellfish on New Zealand’s west coast. A. stutchburyi and P. subtriangulata are important 

species in New Zealand and are traditionally harvested by tangata whenua. Historical 

translocations by Maori can be used to explain the distribution of Paphies spp. around the country. 

Depending on if populations occur naturally or were seeded, shellfish beds depleted by MMEs or 

overfishing may not recover (Ross et al. 2018).  

Tuatua (Paphies subtriangulata) occupy the sublittoral zone of fine sand beaches in harbours and 

on the open coast. Paphies spp. are one of the most common infaunal bivalve living in these habitats 

around New Zealand (Redfearn, 1987). There are four species of Paphies in New Zealand: Paphies 

ventricosa, (toheroa) Paphies subtriangulata (tuatua), Paphies donacina (deep water tuatua) and 

Paphies australis (pipi) (Hooker 1997). Generally, the habitat area differs between species, 

however, in Otaki, P. donacia can co-occur in beds with P. subtriangulata. While the species can 

interbreed, this does not occur with high success (Richardson et al. 1982, Grant et al. 1998). P. 

subtriangulata are found dispersed throughout the country but are more commonly found in the 

North Island. Within P. subtriangulata, there are at least three genetically distinct groups. These are 

referred to as North, Central and Chatham Islands (Smith et al. 1989).  

When extended, the foot of P. subtriangulata is a broad oval shape that can be anchored into the 

sand to facilitate movement. P. subtriangulata settle in 3-5cm of sand but can occur at depths of up 

to 4m. They can tolerate some salinity fluctuation but have no tolerance to silt so are usually found 

in areas with clean sand (Morton & Miller 1968). Tuatua have no minimum shell size for harvest 

and are caught recreationally around the country. The mean density of aggregations is 5.5m2. There 
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is no reliable harvest data for recreational fishing and illegal catch is poorly monitored (Cranfield et 

al. 2002, MPI Fisheries). Reproduction occurs via broadcast spawning of separate sexes. This occurs 

twice annually, between September and November, and February and April. Larvae are planktonic 

and take 2-3 weeks to settle. They live for about 5 years and can grow up to 80mm in width (Smith 

et al. 1989). Tuatua populations are largely understudied. 

Cockles (Austrovenus stutchburyi) are a native New Zealand bivalve that inhabit lower estuarine 

soft mudflats. Estuaries are semi-enclosed bodies of water that have a connection to both the ocean 

and a fresh water source from land drainage (Prichard 1967). They are highly productive 

environments, rich in biodiversity and are also subject to large variability in salinity, temperature 

and turbidity (Dallarés et al. 2018).  Estuarine species tend to have a higher tolerance to change in 

environmental features due to the larger fluctuation of environmental factors. Cockles are shallow 

burrowers, often found between 5-10 cm depth due to their short siphons. They occur abundantly 

throughout the subtidal to mid-tidal areas and are the dominant species in many ecosystems, 

because of this, they have a strong effect on ecosystem processes (Morton & Miller 1968).  

A. stutchburyi reaches sexual maturity at approximately 18mm. They grow at a rate of about 10mm 

per year until they reach 30mm, which is when their growth rate slows down. Individuals can move 

up to 1.5m between tides. Their lifespan reaches 20+ years with the number of bands on their shell 

correlating with their age (Adkins et al. 2014, Mouritsen 2001, Morton & Miller 1968). Densities of 

cockles vary from 100–3,500 individuals/m2 and recruitment of new cockles to the ecosystem 

varies from year to year. Cockle shells are an important source of hard substrate within the system, 

which in turn provides habitat for other benthic species (Yakovis & Artemieva 2017). Commercial 

cockle farms have been established in Nelson since the 1970’s (Fisheries NZ 2018). Harvesting by 

humans changes community dynamics in cockles by reducing intraspecific competition and 

therefore increasing individual growth rates (Wells et al. 2018). Alterations in cockle assemblages 

cause both flow down and flow up effects due to their biomass. Patterns of population density and 

structure in cockles were previously attributed to biological interactions (Hewitt et al. 1996). More 

recently, multiple stressors in ecosystems have been observed to be the primary cause of 

differences in population density and structures (Adkins et al. 2014). Cockle growth rates are 

affected by environmental change and have been declining significantly since Maori settlement in 

the late 1300’s. This has lowered the mean adult size and reduced water filtration as smaller 

cockles cannot filter water as efficiently (Wells et al. 2018).  
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It is important to note that cockles are commonly infected with parasites, particularly the 

trematode parasite, Curtuteria australis. C. australis infects the foot of cockles as a secondary host, 

encysting in the tip, reducing the ability of the cockles to bury themselves. This is to increase their 

vulnerability to avian predators who are the primary host of this parasite. However, encysting in 

the foot tip leaves C. australis exposed and more likely to be damaged from foot cropping from the 

fish Notolabrus celidotus (Mouritsen & Poulin 2004, Mouritsen 2002, Mouritsen & Poulin 2003a, 

Mouritsen & Poulin 2003b). In the current study, it is expected that some individuals will be 

stressed due to the presence of parasites. 

What is the significance of this research? 

The New Zealand bivalves Paphies subtriangulata (tuatua) and Austrovenus stutchburyi (cockles) 

both experience MMEs. Like with other bivalve MMEs the causes are unknown, but thought to 

include stress and disease, although it is not possible to disentangle the contributions of those 

factors. There is a large hole in the literature surrounding what markers of stress are in 

invertebrates, and for bivalves in particular because they have few charismatic features, there is 

currently no way to tell whether individuals are stressed or not.  Further, it is not known whether 

different stressors may result in different responses.  By looking at morphological, histological and 

behavioural responses to different common stressors it is hoped that signs of stress can be 

identified.  If so, signs of stress could be used to predict the likelihood of MMEs before they happen. 

Knowing if shellfish are stressed is a vital step toward mass mortality prevention. If shellfish stress 

can be predicted, then harvesting of shellfish at times of high stress can be avoided to allow species 

numbers time to recover. Beyond this, the slides created from these experiments can serve as a 

library of tissue condition of shellfish at different times of year and under different stressors. This is 

helpful for future histological comparisons to existing archived samples from previous MMEs.  
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Aims of this research is to: 

 Define signs of stress in two species of marine bivalves in order to aid health monitoring.  

o Determine signs of stress that can be observed behaviourally, morphologically and 

histologically. 

o Determine if stress expression changes based on the stressor. 

o Determine if stress tolerance changes with size. 

o Create a reference of stressed and healthy histological slides that can then be 

compared to archived specimens from MMEs. Additionally, create a reference of 

stressed and healthy histological blocks that can be used to make more slides in the 

future.  

 

 

Hypotheses 

 Indicators of stress will be detectable concurrently across behavioural, morphological, and 
histological categories. 

 

o Increased temperature will have the biggest negative effect on shellfish. 

o Damage to tissue condition will be expressed similarly across species and will be 

most clear in the digestive glands and gills. 

o Larger individuals will have a higher stress tolerance. 

o More stressed individuals will have slower reactions. 
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Methods 

Shellfish collection: 

All specimens were collected by hand at low tide from coastal sites in the Wellington region. Tuatua 

(P. subtriangulata and P. donacia) were collected from Otaki beach (n=65 per experiment), an open 

shore beach on the Kapiti coast 70km North of Wellington (40.7413° S, 175.1170° E) (DOC, 2009). 

For the purposes of this study the two Paphies species could not be definitively distinguished, 

however, due to the slight habitat differentiation the majority of individuals were P. subtriangulata 

and will be grouped as Paphies subtriangulata. Cockles (A. stutchburyi) were collected from 

Pauatahanui inlet (n=65 per experiment), a section of the Porirua Harbour estuarine catchment on 

the west coast of New Zealand (41°07'S 174°55'E). The inlet is contaminated with heavy metals. 

This is at a safe consumption level for humans, but effect on fauna is not fully understood yet 

(Swales et al. 2005, Blaschke et al. 2010).   

 

 Four collections were made between April and November 2019. Shellfish were transported to the 

Coastal Ecology Laboratory, at Victoria University of Wellington in 5L buckets half filled with 

seawater. Sand was also collected at this time from the water’s edge in separate 5L buckets. Any 

leftover sand was stored for later use. Shellfish were placed directly into aquaria with flowing 

seawater when they arrived at the laboratory then given a 3-5 day acclimation period. 

 

After the acclimation period, individuals were measured and tagged. A permanent marker covered 

with clear nail polish to seal, was used to number the shells of tuatua individuals. Super Glue was 

used to attach numbered tags to the outer edge of the cockle shells which could not be tagged with 

a marker because they are highly ridged. Any animals on the shells were removed.  

 

Experimental setup: 

Twenty-four 12L plastic aquaria were set up in a large sea-table. Each had a hose to supply raw 

seawater. Aquaria contained two 8mm holes on either side approximately 2cm from the top for 

drainage (Figure 2). 12 aquaria were for tuatua and 12 for cockles. Aquaria were filled with 

unfiltered sand from the collection sites at a depth of 4cm, and 7cm of seawater. If the sand had 

been stored it was rinsed in freshwater and then saltwater before being added to the aquaria.  Five 

cockles and five tuatua were placed in each aquarium. Tuatua were sorted by size and 5 individuals 

were placed into each aquaria so that each aquaria had a diverse range of sizes of individuals in 
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order to investigate size tolerance (25-77mm width). Cockles were closer in size range and were 

assigned randomly with no differentiation (13-41mm width). 

 

Three different stress treatments plus a control were used in the experiment:  

1. Increased water temperature (H) 

2. Lowered salinity (S)  

3. Addition of fine sediment (Se)  

4. Control (C) 

 

For each species there were three replicate aquaria for each treatment, including controls. 

Treatments were applied overnight (15-20 hours), for 5 nights a week for a minimum of 4 weeks. 

During the treatments seawater flow was stopped to the aquaria. At the end of each treatment 

night, running seawater was resupplied to each aquarium. Due to logistical constraints, occasionally 

experiments ran for up to 23 hours a night or ran 4 nights a week, but this was rare and did not 

occur in a consistent way across treatments, so is unlikely to have introduced bias. This experiment 

was replicated four times over the period of the 28th of April to the 11th of November 2019. After 

each collection 5 individuals from each species were immediately dissected and preserved in order 

to assess conditions straight from the field. These were labelled as baseline treatment (B). 

Treatment application is described below: 

 

1. To increase the water temperature, 50W aquarium heaters set to 32°C were used (one in 

each of three replicate aquaria). This produced temperatures ~10 °C warmer than ambient 

seawater, ranging from 19°C in the winter to 28°C in the summer, across experiments. 

Ambient seawater ranged from 8°C in the winter to 18°C in the summer across experiments.   

2. Salinity was lowered to 9-12ppt by decanting seawater from the aquaria and then adding 

seawater and freshwater until a salinity refractometer confirmed salinity was within the 

desired range.  

3. For the fine sediment treatment, 80 g of bentonite clay (particle size ranges from 0.03-20 

microns) were added to each aquarium, and stirred daily to keep particles suspended in the 

water column before settling (settlement time = 2-3 hours) (Al-Homadhi 2009). 

Concentration of sediment within aquaria was roughly 8g/L. Weekly, 20g of extra sediment 

was added to each sediment treatment to account for sediment loss through water flow or 
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shellfish excretion and keep concentration stable (Cranford & Gordon 1992, Smit et al. 

2008). Sediment depth in each aquarium was roughly 1cm.  

4. Control aquariums had the seawater supply turned off and on at the same time as the 

treatment aquariums.   

 

Raw seawater was the sole source of food to the individual aquaria. Sand was topped up to all 

aquariums as needed throughout the experiment. Pilot experiments were initially run in March 

2019 to determine appropriate treatment levels that were likely to cause stress, but not immediate 

death (Appendix E). 

 

 

Figure 2. Aquarium set up for experiments with shellfish placed into treatments 
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Experimental procedure:  

At the end of each day (from 3pm-6pm), the sea water supply was turned off.  The time was noted, 

and each aquarium was checked for the number of visible siphons at the surface and the number of 

individuals unburied. A siphon was considered “visible” if any part of either the inhalant or exhalant 

siphon was visible at the surface (Figure 3 & 5). An individual was considered “unburied” when 

enough of the shell was visible at the surface to determine the orientation of the individual (Figure 

4 & 6). After this assessment of individuals, the treatments as described above, began. 

 

Figure 3. (Top left) Tuatua inhalant and exhalant siphon  

Figure 4. (Top right) Unburied tuatua foot extruding  

Figure 5. (Bottom left) Cockle inhalant and exhalant siphon 
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Figure 6. (Bottom right) Unburied cockle 

 

Treatments were stopped the following morning from 7-10am.  Each aquarium was assessed, and 

individuals again noted if they had visible siphons or were unburied.  In addition, for tuatua 

behavioral responses were examined.  Reaction time was checked by removing 3 individuals from 

each aquaria and holding them for 15 seconds while they retracted. The time taken for the foot and 

siphons to fully retract back into the shell was measured (in seconds). Any other reactions (e.g. 

“spitting” - water forcefully ejected from the shell as foot retracts) were also recorded. If the 

individual did not fully retract, or did not respond to being removed from the treatment, it was 

recorded as the maximum of 15 seconds. Individuals were then placed back into their aquaria. Dead 

animals that retained enough intact tissue were preserved in Davidson’s fixative for 48-72 hours 

and then moved into 70% ethanol (histology protocol described below).  

 

One individual from each aquarium was chosen haphazardly each week, and was dissected to look 

for any morphological and histological responses to the stress treatments. For the dissection, 

abductor muscles were severed and the internal structure photographed. Weekly dissections 

combined with natural mortality caused some treatments to end earlier than others. All treatments 

were run for at least 4 weeks. All experiments ended when at least one treatment (15 individuals 

total at the start) had ≤3 individuals left. 

 

Histology protocol 

Each week histology was carried out on the individuals that were randomly selected from each 

treatment (12 individuals per species). Samples were fixed in Davidson’s solution and stained with 

Gill's hematoxylin and eosin Y working solution (0.25%). 

 

Fixing: 

 

After dissection, the whole animal was fixed in Davidson’s fixative for 48-72 hours before being 

moved to 70% ethanol until ready for tissue processing. Individuals were then cross-sectioned and 

placed into cassettes for tissue processing. The tissue processor machine ran cross-sections (held 

within cassettes) through a number of chemical baths to dehydrate and fix tissue for wax 

embedding. The tissue processor used was the TP1020 Lecia P6. The cycle ran: 60 mins 70% 

ethanol,  60 mins 70% ethanol, 60 mins 95% ethanol, 60 mins 100% ethanol, 60 mins 100% 

ethanol, 80 mins 50:50 xylene: ethanol, 45 mins xylene, 45 mins xylene vacuum, 80 mins paraffin 



30 

vacuum, 80 mins paraffin vacuum. Specimens were then embedded in paraffin wax and stored at 

2°C until ready for sectioning. 

 

For sectioning, blocks were placed on ice before excess wax was cut off using a microtome blade. 

When the tissue section was exposed, blocks were placed back on ice for another 5 minutes before 

sectioning with a fresh section of blade. Individuals were sectioned at 5µm intervals into ribbons 

that were transferred to a 40℃ water bath. Ribbons were then transferred to slides and allowed to 

dry at 2°C overnight before staining. A fresh blade was used after every 2-3 individuals. 

 

Staining:  

 

For staining, a haematoxylin & eosin protocol provided by Khoi Phan, an histology expert at 

Wellington Southern Community Laboratories (SCL) was modified. Modifications were based on 

trial and error during experiment 1. Slides were baked in an oven at 62°C for 20 minutes before 

staining. Chemicals used in staining are further explained in Appendix A.  

 

The following staining protocol was used: 

Wax was removed from the slide using the following process: 5 min histoclear, 1 min histoclear, 1 

min histoclear, 1 min absolute ethanol, 1 min absolute ethanol, 30 seconds 95% ethanol, 20 seconds 

70% ethanol, 2 minutes running tap water.  

Then dewaxed slides were stained using the following process: 15 min gill's III haematoxylin, 

running tap water until clear, 30 seconds 1% acid alcohol, running tap water until clear, 3 minutes 

Scott’s tap water, 1 minute 95% ethanol, 10 minutes 1% alcoholic eosin, running tap water until 

clear. 

Slides were then dehydrated, cleared and mounted in the following cycle:  

30 seconds 95% ethanol, 30 seconds absolute ethanol, 10-15 minutes histoclear.  

Once slides were dry, dibutylphthalate polystyrene xylene (DPX mounting medium) was placed on 

a coverslip which was dipped in a small amount of histoclear to spread and placed on the section. 

Samples were then categorized by week and stress treatment to create a reference table of cell 

variation under different treatments.  
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After the dissection and photography, all shellfish were assigned to categories based on shared 

visual characteristics in the following traits: gill erosion, gill coloration, body consistency and, in 

tuatua, additionally the presence or absence of red marks on exterior tissue near the stomach. 

 

Statistical Analysis:  

All statistical analyses were carried out in R studio (Version 64-bit, R-3.6.2). The R packages used 

were lme4, afex and lmerTest.  Differences in morphological or histological categories and mortality 

for each species was compared across treatments and experiments.  A separate analysis was carried 

out for the tuatua behavioural data. All analyses were the same for both species with the exception 

of behavioural data which was only looked at for tuatua.  

Behavioural data was measured by the time taken for the foot to retract into the shell. Due to the 

high number of zero-second measurements in the data, retraction data was turned into a 

dichotomous variable: did react (coded as 1) or did not react (coded as 0). This was analysed with a 

mixed effects logistic regression. In the model, the aquarium was the random effect, and treatment, 

experiment and day were fixed effects. Following this, mean reaction times across experiments 

were compared using a two-way ANOVA. For each experiment data was pooled across days, and 

transformed by adding 1 and taking the log of each value. Transformation was necessary because of 

the high number of zero-second measurements in the data. To determine differences between 

experiments, a post-hoc Tukey test was run. Control and sediment treatments were removed from 

the two-way ANOVA due to a lack of values.  

Chi squared tests were used to examine whether there were associations between the treatment 

applied and the morphological traits, histological traits, size of individuals (as a continuous 

variable), and mortality. If there were any significant associations between treatment and traits, 

Bonferroni-adjusted pairwise comparisons were run to give conservative estimates of differences 

between categories within the traits. In some cases, the expected counts were too small, and a Chi 

squared test was not reliable. When this occurred a Fisher's exact test was used instead. Where 

values were missing for an individual because of technical difficulties in histology or human error, 

the individual was removed from the data set. Approximately 15 individuals per species were 

removed from the data set due to missing values. 
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Chapter 2: Results and Discussion 
Results: 

Part 1: Morphological and Histological categories  

Overview: 

A primary goal of this research was to create a reference set of specimens to enable histological 

comparisons from different stress treatments. This will help ascertain whether shellfish condition 

can be visually assessed as healthy or unhealthy and whether different stresses result in different 

histological responses. To accomplish this, roughly 250 histological blocks per species were created 

from preserved shellfish (3 individuals per treatment, per week from each of the 4 experiments). 

The majority of these could be used again to produce more slides in the future as they remain in 

good condition. Approximately 169 slides per species were successfully created out of these blocks 

to assess as part of the present research and make preliminary comparisons with the control 

shellfish. These slides will be given to the Ministry of Primary Industries (MPI) at the completion of 

this work. Preliminary morphological and histological categories for the different tissue types were 

created from microscopic assessment of the slides and dissections. Results were interpreted 

visually, to create the best possible meaningful categories. It is likely that more information can be 

gained from these slides with expert assessment and interpretation, however, this was not feasible 

in the time frame of the present research. The results herein should be treated as preliminary and 

be interpreted with caution. 

For the purposes of analysis, the following abbreviations have been applied to graphs and tables: 

heat (H), salinity (S), sediment (Se), control (C), baseline (B) and time of death (TOD).  Experiments 

were carried out from the 28th of April to the 8th of November 2019. Traits are defined as the 

overarching groups (e.g. Body consistency, digestive glands) and categories are defined as the 

levels within these traits (e.g. 1, 2, 3 or A, B, C). The weeks were defined as: week 0 = all individuals 

that died before the first dissection, including baseline individuals, week 1 = all individuals in the 

first dissection, including those that died before the second dissection,  week 2 = all individuals in 

the second dissection, including those that died before the third dissection,  week 3 = all individuals 

in the third dissection, including those that died before the fourth dissection, week 4 = all 

individuals in the fourth dissection, (in the case of 5 weeks this includes those that died before the 

fifth dissection), week 5= individuals in the 5th dissection. 
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Morphological responses: 

For tuatua, individuals were placed into one of three categories according to morphological 

reaction to the treatments, with 1 being the least severe and 3 being the most severe. Five traits 

were assessed for reactions to the treatment; gill erosion, gill colour, body colour, body consistency 

and red marks on the body. Each trait was assessed independently of the others (Figure 7). A 

similar table was created for cockles. The same traits were assessed for cockles, with the exception 

of red marks which were not present on the cockle bodies (Figure 8).  

Figure 7. Traits and categories of morphological responses of tuatua, where 1 is the least severe 

and 3 is the most severe. 
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Figure 8. Traits and categories of morphological responses in cockles, where 1 is the least severe 

and 3 is the most severe. 

 

Histological responses to stress 

Histological categories for tuatua and cockles were created by identifying differences in the same 

cell types between slides. In both species, the traits, digestive gland, gonad and gill condition were 

examined separately. For cockles, the bottom edges of the foot were also assessed. The categories 

were aligned with published histological images (e.g. Figures 9, 10 and 11) and archived MPI slides 

(Appendix B, Figure 1).  All visible categorical differences were added to a reference table and 

assigned a letter. After all slides were assessed, any categories with less than 5 individuals were 

removed from the overall reference table. All images of histological slides were taken under 100x 

magnification with a dissecting microscope. Note: there is no histological assessment of individuals 

from experiment 1 due to technical issues affecting the quality of slides (Appendix B, Figure 2).  
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Figure 9. Digestive gland of grooved carpet shell (Ruditapes decussatus). A: normal cells, B: 
regressing tubules (rt), C: Fibrosis and necrotic tubules (nt), D: Neoplasic haemocytes (np) and 
necrotic area (shown by arrow) and diffuse epithelial hypoplasia (hp). Diagram abbreviations stand 
for: Numerous haemocytes (hm), digestive tubules (dt), epithelial cells (ec), tubular lumen (tl), 
interstitial tissue (it). Scale bar 50µm. Sourced from Costa et al. (2012). 
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Fig 10. Histological structure of gill tissue in sand clam (Gomphina veneriformis). Images A & C are 
from a control treatment, images B & D were exposed to tributyltin (TBT) for 28 days. P= Plica, 
F=filaments, Wt= Water tubules, Fc=Front cilia, Lc=Lateral cilia and Lfc=latero-front cilia, 
Hs=Haemolymph sinus. Sourced from Park et al. (2012). 
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Figure 11. Histological view of male and female sex cells in the grooved carpet shell (Ruditapes 
decussatus) throughout development. Female: 2a: initiation of gametogenesis 2b: Advanced 
gametogenesis 2c: Reproduction period. Male: 2d: initiation of gametogenesis 2e: Advanced 
gametogenesis 2f: Reproduction period. IG=immature gametes, DO= developing oocyte, 
VIC=vesicular intrafollicular cells. Figures 2a & 2d scale bar is 150 µm. All other figures scale bar is 
75 µm. Sourced from Delgado & Camacho (2005). 
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The histological categories developed for each tissue type of each species are described below, 

including photographs of examples.  

Note: Both species had a number of rickettsia-like organisms (RLOs) that were not able to be 

distinguished from hemolymph cells at the time of analysis. This should be considered in any 

interpretation and for future analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

Tuatua  

Digestive glands: 

A: Epithelial hyperplasia, tubular lumen space is reduced, and low to non-existent interstitial tissue. 
B: Space between cells, interstitial tissue present, and cells layers moderately thick. 
C: Cellular infiltration around digestive glands, hypoplasic cells, and undefined lumens. Neoplastic 
haemocytes and necrotic areas are also present.  
D: Large gaps between cells, large cell lumens, cell structure stretched, and cells hypoplasic.  
E: Unclear cell outlines, cellular infiltration, large empty spaces, large cell lumens, extremely thin 
gland epithelium and hypoplasia.  

 

 

 

D 

A B 

C 
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Figure 12. Tuatua digestive glands histological categories. See text for detail. 
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Gills: 

A: Large gaps between filaments, thin cell epithelium, hypoplasic cells, and open water tubules. 
B: Uniform plicae, gaps between filaments, cellular infiltration, and haemolymph sinus moderately 
full. 
C: Filaments occasionally compacted together, water tubules collapsed, plicae straight (non-
existent), and thick haemolymph sinus.   
D:  Clearly defined plicae, gill lamellae joined together closely in plaques, thick haemolymph sinus, 
small water tubules, and cellular infiltration. 

 



42 

 

 

Figure 13. Tuatua gills histological categories. See text for detail. 

 

 

A B 

C D 
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Gonad: 

A1: Mature sperm follicles.  
A2: Mature oocytes.  
B1: Oocytes at mid stages of reabsorption.  
B2: Sperm reabsorption.  
B3: Oocytes, at end stages of reabsorption.  
C: Unknown.  

 

 

 

 

 

 

 

  

A1 A2 
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Figure 14. Tuatua gonads histological categories. See text for detail. 
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Cockles  

Digestive glands: 

A: Thickening in digestive glands, thickening of the epithelium, clearly defined lumen, no cellular 
infiltration, and “coffee bean” shape. 
B: Cellular infiltration around digestive glands, thickening in glands, thickening of the epithelium, 
thin but clearly defined lumen, little interstitial tissue, and oval but not always clearly defined cell 
shapes. 
C: Thin digestive cells, hypoplasia, and some space between cells.  
D: Hypoplastic cells, majority of the cell made up by the lumen, cellular infiltration between cells, 
thin epithelium and undefined cell walls. 
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Figure 15. Cockle digestive glands histological categories. See text for detail. 
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Gills: 

A: Hypoplasia, space between gill filaments, water tubules large and “pinched” horizontally, plicae 
clear and parabolic. 
B: Filaments compacted, water tubules large, gill structure uniform, plicae parabolic and extremely 
well-articulated. 
C: Space between filaments, cellular debris present in water tubules, water tubules parallel and 
large, plicae not clearly defined, and breaks in cell walls. 
D: Cells tightly compacted, hyperplasia, filaments joined closely, water tubules clearly present, gill 
shape longer vertically, and plicae gently sloping. 
E: Gill filaments joined together closely in plaques, cell compacted, water tubules collapsed and 
barely present, plicae gentle and not well articulated.   

 

 

 

A B 
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Figure 16. Cockle gills histological categories. See text for detail. 
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Gonad:  

A1: Mature sperm follicles.  
A2: Mature oocytes.  
B1: Oocytes late reabsorption. Parasite visible on left side. 
B2: Sperm late reabsorption.  

 

Figure 17. Cockle gonads histological categories. See text for detail. 

 

A1 A2 

B1 B2 
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Foot Edges: taken from bottom of the foot where possible  

A: Low nuclear activity, thin and clearly defined epithelium.  
B: Nuclear cells scattered through edges.  
C: Pockets of mucus cells.  
D: Clear banding of mucus cells (large nuclear concentrations).  
E: Large sections of mucus cells spread to the edges of the foot.  
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Figure 18. Cockle foot edges histological categories. See text for detail. 
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Part 2: Mortality 

Tuatua 

Throughout all 4 experiments 21 tuatua died out of 264 (8%). The mortality rate varied across 

experiments (X2= 17.83, df = 3, p = 0.0005). Of those that died, nearly half were from experiment 4 

(Table 1 & 2), which was also the only experiment where death occurred in the salinity and 

sediment treatments (Table 3, Figure 19).  

 

Table 1:  Percentage of total death that occurred in each experiment for each species 

Experiment  Tuatua  Cockles 

1 (28/04/19-27/05/19)  19% 92% 

2 (29/07/19-29/08/19) 14% 0 

3 (05/09/19-04/10/19) 19% 0 

4 (13/10/19-08/11/19) 48% 8% 

 

 

Mortality changed according to the treatment an individual was subjected to (X2= 50.6, df = 4, p 

<.0001). Of all the deaths across experiments, 85% occurred in individuals subjected to the heat 

treatment (Table 3, Figure 19).  
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Figure 19. The percentage of total death in tuatua that occurred in each treatment in each 

experiment, separated by treatment. Where, H= heat treatment, S= salinity treatment, Se= sediment 

treatment, C= control.  

 

The overall size range for tuatua across experiments (by width) was 25-77mm. The tuatua that died 

had a width range of 31-63mm. Both width (X2= 152.01, df = 164, p = 0.74) and height (X2= 157.12, 

df = 139, p = 0.14) of the tuatua were not correlated with death. 

 

Table 2:  Differences in mortality of tuatua between experiments. Test statistic is X2. Statistically 

significant results p <0.0083 indicated by*. Cut offs are variable due to bonferroni correction. 

Experiments  Test statistic df  p  

1, 2 Fisher’s  0.708 

1, 3 Fisher’s  1 

1, 4 5.83 1 0.016 

2, 3 Fisher’s  1 

2, 4 8.63 1 0.0033* 

3, 4  7.11 1 0.0077* 
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Table 3:  Differences in mortality of tuatua between treatments. Test statistic is X2. Statistically 

significant results p <0.0083 indicated by*. Cut offs are variable due to bonferroni correction. 

Where, H= heat, S= salinity, Se= sediment and C= control  

Treatmen
ts 

Test 
statistic 

df  p  

C, H   20.9 1 <.0001* 

C, S   8.6 1 <.0001* 

C, SE   Fisher’s  1 

H, S   15.1 1 0.0004* 

H, SE 18.0 1 <.0001* 

S, SE Fisher’s   0.619 

 

The highest mortality across all experiments occurred in weeks 1 and 2. The majority of mortality, 

62%, occurred before the end of the second week. After week 2, the mortality across experiments 

dropped to 19% per week until the end of the experiments (Figure 20). 

 

Figure 20. Tuatua mortality over time (weeks) combined across experiments. 
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Cockles 

The mortality in cockles varied significantly between experiments (X2= 28.43, df = 3, p-value 

<.0001). In experiment 1, the most deaths of cockles were recorded. Twelve individuals died in 

experiment 1, out of the 13 individuals who died across experiments 1 to 4 (Tables 1 & 4).  Of those 

12, six died in the salinity treatment, four died in the heat treatment, one died in the sediment 

treatment and two died in the control (Figure 21).  Across the other three experiments, only one 

cockle died - a cockle from the control treatment in experiment 4. Non-significant results for 

pairwise treatment comparisons can be found in Appendix C, Table 1. 

There was no relationship between the width (X2= 41.96, df = 119, p= 1) or height (X2= 63.66, df = 

110, p= 1) of cockles and their time of death. 

 

 
Figure 21. The percentage of total death in cockles that occurred in each experiment broken down 

by treatment. Where, H= heat treatment, S= salinity treatment, Se= sediment treatment, C= control.  
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Table 4:  Differences in mortality of cockles between experiments. p value is from fisher’s test. 

Statistically significant results p <0.0083 indicated by*. Cut offs are variable due to bonferroni 

correction. 

Experiments   p  

1, 2 <.0001* 

1, 3 <.0001* 

1, 4 0.2261 

2, 3 1 

2, 4 0.0023* 

3, 4  0.0043* 

 

The highest mortality across all experiments occurred in week 1 (38%). Mortality steadily declined 

by approximately 8% for the next two weeks. Week 4 had the lowest mortality at 8% (Figure. 22). 

 

Figure 22. Total cockle mortality across experiments, by week. 
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Part 3: Behavioural responses 

Tuatua only 

In tuatua, time taken to retract into their shells (after being lifted out of the aquarium) did not 

significantly change with treatment, with the exception of the salinity treatment (Table 5).  The 

majority of individuals across all treatments had no measurable retraction time. In the salinity 

treatment, almost half of the individuals had a noted reaction (Figure 23). The heat treatment also 

had more reactions than the control and the sediment treatment, but these were not statistically 

significant. Low numbers of retractions were recorded for individuals where they either retracted 

so quickly that the reaction could not be recorded, or they were not sitting with their foot anchoring 

as expected. There were a significant number of these instances so reactions were recorded as "yes" 

or "no" for initial analysis.  

 

Figure 23. Number of individuals from each treatment that reacted when removed from aquaria.  

N = no reaction, Y = yes reaction. 
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The mixed effect logistic regression model showed significant differences in reaction time between 

experiment 4, salinity treatment, and day, and all other treatments (Table 5). In the post-hoc 

analysis, differences in reaction time over days could not be found across several different models 

and it was not explored further.  

 

Table 5. Overview of results from general mixed effect logistic regression for reaction time in 

tuatua. Statistically significant results p <0.05 indicated by*. Intercept indicated by **. 

  Estimate Std. Error z value  Pr(>|z|)  

(Intercept) -1.27765   0.37414   -3.415  0.0006** 

Experiment 2 0.05810 0.23546 0.247 0.805  

Experiment 3 -0.04859 0.23782 -0.204 0.838 

Experiment 4 -0.94299 0.27315  -3.452 0.0006 * 

Heat Treatment 0.61190 0.44033 1.390  0.165 

Salinity 
Treatment 

2.04269 0.42465 4.810  <.0001 * 

Sediment 
Treatment 

-0.35974 0.46576  -0.772  0.440 

Day -0.10865 0.02294 -4.736 <.0001 * 

  

 

The two-way ANOVA confirmed significant differences in reaction time between treatments and 

individual experiments (Table 6). Only results from the heat and salinity treatments were analysed 

using the ANOVA as there were not enough values from the sediment and control treatments to 

perform the analysis. Post-hoc tests found that the mean reaction time of individuals exposed to the 

salinity treatment was slower than that of individuals exposed to the heat treatment. Individuals in 

experiments 2 & 4 had a slower reaction time than individuals in experiments 1 & 3 (Table 7, Figure 

24).  
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Table 6. Overview of results from two-way ANOVA for reaction time in tuatua. Statistically 

significant results p <0.05 indicated by*. 

Source df Sum of 
Squares 

F  p 

Experiment 3 1.71 10.24 <.0001* 

Treatment  1 0.24 4.36 0.0384* 

Experiment* 
Treatment  

3 0.1 0.61 0.61 

 

 

Table 7. Tukey test for differences among experiments for reaction time in tuatua  

Experiment Tukey 
group  

Least sq mean 

1 B 0.505 

2 A 0.697 

3 B 0.5 

4 A 0.769 
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Figure 24. Mean reaction times in seconds (+/- 1 standard error) across treatments. Data was 

combined across days. Note that in experiment 4 the control and sediment treatments only had one 

value and therefore had no error.  
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Part 4: Analysis of treatment effects on histological and morphological 

categories 

Tuatua  

Histology  

There was no difference in traits across treatments for digestive glands (X2= 21.86, df = 16, p= 

0.148), gonads (X2= 6.03, df = 8, p-value = 0.644), or gills (X2= 15.81, df = 12, p= 0.2).  However, 

when combined across treatments but broken down by week, digestive glands (X2= 30.82, df = 16, 

p=0.014) had significant changes in categories with increased exposure time. Gonad (X2=9.94,  

df = 8, p-value=0.269) and gills (X2= 18.42, df = 12, p=0.104) had no significant difference when 

analysed over time (weeks).   

Dominant digestive gland category changed over the duration of experiments, with the number of 

individuals in category C steadily increasing as time progressed, and the number of individuals in 

category D steadily declining (Figure 25).  The most significant change between weeks was between 

week 0 & 4 (Fishers, p <.0001) and week 2 & 4 (Fishers, p=0.0017), where there was a major 

increase in the number of individuals that fit into category C and a decrease in individuals in 

category A & D (Figure 25). The most significant shift in the number of individuals in a category 

happens between categories A & C (p=0.0004) and C & D (p=0.0002). Non-significant results for 

pairwise comparisons over time are in Appendix C, Table 2. 
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Figure 25. Digestive gland category changes over exposure time (weeks) combined over all 

treatments. 

 

Morphology vs treatment 

Gill erosion, gill colour, body colour, and body consistency all showed changes in dominant 

categories across treatments (Table 8).  This was often because the heat treatment had a different 

dominant category compared to all other treatments. For gill erosion, the individuals subjected to 

heat and salinity treatments fell into significantly different categories when analysed. For gill 

colour, the baseline individuals and individuals subjected to heat the treatments were significantly 

different in category make up to one another, and for body colour and consistency, the individuals 

subjected to heat and control treatments were significantly different to each other (Table 9). 
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Table 8. Morphological traits compared to treatments in tuatua. Test statistic is X2. Statistically 

significant results p <0.05 indicated by*. 

 Test statistic df p val 

Gill erosion 18.91 8 0.015* 

Gill colour 15.79 8 0.046* 

Body colour 17.6 8 0.025* 

Body consistency  16.39 8 0.037* 

Red Marks  11.26 8 0.185 

 

 

Table 9. All significant pairwise comparisons between treatments in morphological traits. Non-

significant results for pairwise comparisons can be found in Appendix C Tables 3-6. Test statistic is 

X2.  p values showing statistical significance indicated by*. Cut offs are variable due to bonferroni 

correction. 

Morphological 
indicator 

Treatment
s 
compared 

Test 
statistic 

df p  

Gill erosion  H,S 11.235 2 0.0036* 

Gill colour B,H Fisher’s  0.003* 

Body colour C,H 10.931 2 0.0042* 

Body consistency C,H 9.8489 2 0.0073* 
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In the gill erosion and gill colour traits, the biggest difference in the number of individuals in a 

category was between the baseline and treatments. In gill erosion, there were no individuals in 

category 3 in baseline individuals and the highest number of individuals in category 3 were in the 

heat treatment. Additionally, in gill erosion there was a significant difference between the heat 

treatment and the salinity treatment in the number of individuals in each category (Table 11, 

Figure. 26a). Gill colour was relatively uniform across all treatments including the control (Figure. 

26b). Body colour and consistency followed similar patterns of, the highest number of individuals in 

category 1 in the baseline treatment followed by the control treatment; and the lowest number of 

individuals in category 1 in the salinity treatment. For body consistency and colour, the salinity 

treatment had the highest number of individuals in category 3 (Figure. 26c, 26d). There was a 

difference in the number of individuals in each category between the baseline and aquaria 

treatments in all traits. The number of individuals sampled from the ocean for immediate dissection 

(B) (5 per experiment) was only a third of the number of individuals in all treatments so the 

category disparities could be due to the lower sample size.   
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Figure 26. Morphological categories vs treatment where category is a percentage, and treatments 

are combined across all weeks. Where, H= heat treatment, S= salinity treatment, Se= sediment 

treatment, C= control, B= baseline.  

A. Gill erosion vs treatment (Top left)  

B. Gill colour vs treatment (Top right)  

C.  Body colour vs treatment (Bottom left)  

D. Body consistency vs treatment (Bottom right) 
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Morphology vs week 

The number of individuals in the “red mark” categories did not vary according to treatment, 

however the number varied according to which week of the experiment individuals were sampled 

in. The number of individuals in the body consistency categories also varied according to the weeks 

of the experiment that the individuals were sampled in (Table 10).  

 

Table 10. Tuatua traits compared to time of death (TOD).  Test statistic is X2. Statistically significant 

results p <0.05 indicated by*. 

 Test 
statistic 

df p val  

Gill erosion 15.48 10 0.116 

Gill colour 11.4 10 0.327 

Body colour 12.54 10 0.251 

Body consistency  27.21 10 0.0024* 

Red Marks  18.55 10 0.0464* 

 

Individuals in the body consistency trait shifted between categories over weeks 0 & 1, and weeks 0 

& 2 (Table 11). For the body consistency traits, individuals shifted to a 50/50 split between 

category 1 and category 3 between weeks 0 and 1. There was a significant difference between the 

number of individuals in categories 2 and 3 (p=0.0004) for the body consistency trait. Week 4 had 

the most similar composition of individuals in each category to week 0 (Figure 27). 
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Figure 27. Changes in the percentage of individuals in each body consistency category over time 

(weeks) exposed to treatments. 

 

The increase in the number of individuals in category 2 for body consistency in week 4 is influenced 

by increases in category 2 in week 4 in the salinity and sediment treatments (Figure 28S & 28SE). 

The heat treatment resulted in a high number of individuals in category 2 for body consistency in 

week 0, which steadily decreased over time (Figure 28H). The control treatment had almost no 

individuals in category 2 for body consistency, with only one individual in category 2 at week 4 

(Figure 28C). 
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Figure 28. Changes in the number of individuals in each body consistency category over time 

(weeks) compared by treatment. 

C= Control (Top left)  

H= Heat (Top right)  

S= Salinity (Bottom left) 

Se= Sediment (Bottom right) 
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Table 11. All significant pairwise comparisons between categories within traits compared to time 

of death (TOD). p values showing statistical significance indicated by*. Cut offs are variable due to 

bonferroni correction. Non-significant results for pairwise comparisons can be found in Appendix C, 

Tables 7 & 8.  

Morphological 
indicator 

Weeks of 
experiment 

p  

Body consistency 0,1 0.0009* 

Body consistency 0,2 0.0001* 

Red Marks  0,1 0.0026* 

Red Marks  0,2 0.0011* 

Red Marks  0,4 0.0022* 

 

 

The number of individuals in the categories for red marks differed significantly depending on which 

week the individuals were sampled in. In particular, week 0 had no individuals in category 3 for red 

marks, making it significantly different from weeks 1, 2 and 4 (Table 11). The biggest difference 

between categories was in category 1 & 3 (p=0.0104), and this change happened after one week in 

aquaria (Figure 29). 

 

Figure 29. The percentage of individuals in each category for the red mark trait over time (weeks) 

exposed to treatments. 



71 

Cockles  

Histology 

The number of individuals in histological traits assessed for cockles did not differ in dominant 

category across treatments: digestive gland (X2=24.24, df =16, p=0.084), gills (X2=22.44, df =-16, 

p=0.13), gonads (X2=2.24, df =4, p-value =0.692) and foot edges (X2=15.62, df =20, p=0.74). When 

broken down by week and combined across all treatments, digestive glands (X2=14.41, df =15, p-

value=0.495), gonads (X2= 6.47, df = 5, p-value=0.263), and foot edges (X2=22.64, df =20, p-

value=0.307) still had no significant changes in the number of individuals in each category. When 

broken down by week and combined across all treatments, gill histology was found to have a 

significant change in dominant categories over time (X2=53.689, df =20, p-value <.0001). 

Gill histology had significant differences between the number of individuals in categories A & C (p 

<.0001) and B & C (p =0.0002) over time. There was a general decrease in the number of 

individuals in category C for gill histology over weeks and an increase in the number of individuals 

in category A and B for over weeks. The number of individuals in category D for gill histology 

fluctuated over time across all experiments (Figure. 30). Non-significant results for pairwise 

comparisons can be found in Appendix D, Table 9. 

 

Figure 30. The percentage of cockles in gill histology categories over time (weeks) exposed to 

treatments. 

 

 



72 

Morphology 

The number of individuals in morphological traits assessed for cockle health were not significantly 

different across treatments: gill erosion (X2=7.25, df = 8, p=0.51), gill colour (X2=3.01, df=4, 

p=0.556), body colour (X2=4.26, df=8, p=0.833), and body consistency (X2=1.23, df=4, p=0.873). 

However, when combined across treatments and compared over time, all morphological traits bar 

one were significant; gill erosion (X2= 18.29, df = 8, p-value = 0.0191), gill colour (X2= 12.69, df = 4, 

p-value = 0.0129), and body colour (X2= 20.698, df = 8, p-value =0.008) were significant. The only 

morphological trait that was not significant was body consistency (X2= 2.53, df = 4, p-value = 0.639). 

The number of individuals in gill colour categories changed each week. The number of individuals 

in category 1 increased until week 3, after which the number of individuals in category 1 began to 

decrease. The number of individuals in category 2 started and ended as the largest group, with the 

number of individuals in category 1 being the largest group in week 3 (p=0.0121) (Figure 31). The 

number of individuals in categories 1 and 2 of gill colour were significantly different between 

weeks 2 & 4 (p=0.0008). Non-significant results for pairwise comparisons can be found in Appendix 

D, Table 10. 

 

 

Figure 31. The percentage of cockles in categories for gill colour category over time (weeks) 

exposed to treatments. 
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The number of individuals in categories 1, 2 and 3 for gill erosion was significantly different 

between weeks 2 & 3 (p=0.0042), 3 & 5 (p=0.0076) and 4 & 5 (p=0.0028). In week 5, the number of 

individuals in category 1 had the biggest increase and a large decrease in the number of individuals 

in category 2 & 3, while in weeks 3 & 4 the number of individuals in category 1 was at its lowest 

(Figure. 31). Non-significant results for pairwise comparisons can be found in Appendix D, Tables 

11-12. 

 

Figure 32. The percentage of cockles in categories for gill erosion over time (weeks) exposed to 

treatments. 
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The number of individuals in the body colour categories 2 and 3 had the biggest variation over time 

(p=0.0042). The number of individuals in category 2 shifting from the largest to the smallest group 

over time, and the number of individuals in category 3 shifting from the smallest to the largest 

group over time (with the exception of week 1). Weeks 2 & 4 had the biggest difference in category 

makeup, where the largest group in week 2 was category 2 and the smallest group was category 3, 

and in week 4 the smallest group was category 2 and the largest group was category 3 (p=0.0035) 

(Figure. 33). Non-significant results for pairwise comparisons can be found in Appendix D, table 13. 

 

Figure 33. The percentage of cockles in categories for body colour over time (weeks) exposed to 

treatments. 
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Discussion:  

This study provides information on varying stress responses of two species of bivalve and helps to 

determine the difference between natural individual variation and signs of stress. Additionally, it 

assesses whether different stressors result in distinct stress responses. This is the first study to my 

knowledge to look at morphological, histological and behavioural signs of stress simultaneously in 

New Zealand bivalves, and greatly contributes to our understanding of these species and how they 

respond to environmental stressors. The environmental factors that caused stress responses for 

tuatua in this study were increased temperature and decreased salinity. This was expressed 

through a number of behavioural, morphological and histological stress markers.  For cockles time 

exposed to treatment had the biggest effect on stress expression, while salinity had the biggest 

effect on mortality.  Based on this study, stress expression changed based on stressor in tuatua but 

not in cockles, and stress markers largely differed between the two species. 

 

Mortality 

Global warming and changing environmental conditions can exceed species tolerances to heat, 

salinity and acidity, leading to Mass Mortality Events (MMEs) (Arafeh-Dalmau et al. 2019, 

Langenbuch & Portner 2004, Ho et al. 2019). P. subtriangulata and A. stutchburyi, like many other 

infaunal bivalves are not able to leave their immediate environment, thus having robust 

mechanisms for tolerating stress,  particularly thermal stress, is important for bivalves living a 

sedentary lifestyle to survive (Guerin et al. 2019). Because of this, mortality can be used as a 

measure of stress in sessile species (Hammond & Hoffman 2010). For some species like corals, 

conditions outside their normal range can have near immediate mortality with devastating 

ecosystem effects (Eakin et al. 2010). Other species use their immune response to counteract the 

effects of the stressor, however, these responses are often not capable of combating long term 

stressors and can be detrimental over time (Rollo et al. 2006).   

 

Throughout this research, 8% of P. subtriangulata died, and the highest mortality was consistently 

in the heat treatment followed by salinity and then sediment treatments. Death in the salinity and 

sediment treatments only occurred in experiment 4.  The low but consistent mortality rate in the 

heat treatment shows that temperature was a mild stressor for tuatua. As mortality only occurred 

in experiment 4 in the other treatments they were likely low stressors that could cause mortality 
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when combined with other stress factors.  However, the sediment treatment may not have had a 

stress effect as it had no significant stress makers across either species or experiment. Sequencing 

of the pacific oyster (C. gigas) genome found that a large proportion of their genes are dedicated to 

stress response, particularly heat stress (Zhang et al. 2012). Though mobile, Atlantic cod (Gadus 

morhua) were also found to have a large number of thermal adaptive mechanisms during genome 

sequencing (Star et al. 2011). When under heat stress, organisms can undergo heat induced 

apoptosis. This is prevented by the expression of heat shock protein hsp70 and its homologues in 

cells (Mosser et al. 1997). Expansion of heat shock proteins occurred in the lineages of both the 

pearl oyster (Pinctada fucata) and the pacific oyster (Takeuchi et al. 2016). Tuatua suffered some 

mortality within the experiments but overall this is a low percentage of individuals. It is likely that 

similar to the 2 species of oyster, tuatua have expanded a wide number of genes to deal with 

different stressors including heat stress, however, heat shock proteins in tuatua may not be as 

developed as in other species.  

 

The dates of the experiments were spread throughout the year, meaning differences between 

experiments could possibly be attributed to season. The majority of tuatua individuals died in 

experiment 4 which ran from mid-October to late November. Experiment 4 encompasses the 

second of two annual tuatua spawning periods (February to April and September to November) 

(Grant & Creese 1995). Spawning can have an effect on the ability of individuals to respond to 

stress. Bivalves have a lowered metabolic activity, impaired lysosomal membrane stability and 

lowered immune response post spawning (Li et al. 2009a). This is often the cause of “summer 

mortality syndrome”, a phenomenon that occurs because, during this time individuals have lowered 

thermal tolerance, and a lowered ability to isolate and clear pathogens (Li et al 2009b, Wendling & 

Wegner 2013). Summer mortality syndrome may be applicable to tuatua based on the results of 

this spawning period, because decreased tolerance to temperature and salinity stress occurred in 

experiment 4 compared to the other experiments. The histological data supports this and illustrates 

ripe gonads coinciding with season. The largest number of individuals with ripe gonads occurred in 

experiment 4, followed by experiment 3 and experiment 2. However, there were fewer individuals 

overall in experiment 2 when compared to experiment 3 and 4. Because of this, experiment 2 may 

not be representative of the overall tuatua population at this time and further investigation would 

be needed to confirm if ripe gonads correlate with season resulting in spawning mortality.  
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In some bivalves, the ability to deal with stress post-spawning changes with size, and smaller 

individuals have quicker recovery periods (Song et al. 2007).  However, tolerance to stressors did 

not change with size for either species during the course of this study. As age increases with size in 

both tuatua and cockles, stress tolerance is unlikely to be age related (Allam & Espinosa 2016). 

Immunity against stressors may rely more on the evolution and expansion of the innate immune 

system, as is the case in Mediterranean mussels (Mytilus galloprovincialis) (Gerdol et al. 2011). 

However, it is also possible that the tuatua collected for this experiment did not represent the 

smaller size classes sufficiently enough to detect a size effect.  

 

In contrast to tuatua, cockles had the highest mortality in the salinity treatments and in all 

treatments in experiment 1. This included deaths of individuals from the control treatment. There 

was also high mortality in the pilot experiment that occurred immediately prior to experiment 1 

(Appendix E, table 14). Cockles spawn from October to December and cockle mortality in this 

experiment is unrelated to spawning (Booth 1983). Experiment 4 ran through spawning season for 

cockles and there was no significant death from this experiment. Perrigault et al. (2012) found that 

immunity in the clam Mercenaria mercenaria was lowered by increases in salinity that made 

individuals more susceptible to parasite infections.  If individuals in the pilot experiment and 

experiment 1 were already experiencing external stress, lowering salinity could have weakened 

cockle immunity. Increased stressors in the field may have been occurring during March to late 

May. The Pauatahanui inlet has high heavy metal concentration and variable environmental 

conditions (Blaschke et al. 2010). Increased stress in this environment could be due to higher than 

average heavy metal loads, or sudden temperature changes (Ford & Chintala 2006).  

 

For both species, initial exposure to stress appeared to cause a sharp decline in numbers, which 

then slowed. In tuatua, the majority of individuals died before the end of the second week, after 

which time mortality rates decreased. Cockles had the highest mortality rate at the end of week 1, 

after which time the mortality rate steadily declined until the end of the experiment.  The sudden 

addition of a stressor into the aquaria likely contributed to the mortality. For example, in the 

Japanese mud snail (Batillaria attramentaria) sudden drops in salinity caused mortality within the 

first 16 days, while long-term reductions in salinity did not cause mortality (Ho et al. 2019). In the 

common fruit fly (Drosophila melanogaster), early exposure to desiccating airflow caused an 

increase in mortality rate followed by a steady decline (Aziz et al. 1995). Different methods of tissue 

preservation can change mortality rate. In the Mediterranean fruit fly (Ceratitis capitata) higher 
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lipids concentrations positively influenced tissue preservation after cold exposure and increased 

recovery (Pujol-Lereis et al. 2016). In the case of marine bivalves digestive gland lysosomes serve a 

similar purpose to lipids in Diptera and lysosome concentration may influence stress tolerance and 

mortality onset (Hole et al. 1992). Different levels of stressors can also change the onset of initial 

mortality. Exposure in the burrowing marine worm (Sipunculus nudus) to 3% CO2 showed a rise in 

mortality after 35 days before decline in the mortality rate (Langenbuch & Portner 2004). In tuatua 

and cockles, tissue reaction and intensity of stressors may predict the onset of an initial mortality 

rise and its severity. The initial high death rate seen in this experiment imitates the immune 

response in the bivalves Crassostrea virginica and Ruditapes philippinarum. Research has shown 

that after introduction of bacteria, it can take up to 14 days to clear the bacteria from the organism 

(Froelich & Oliver 2013).  The intensity level of stressors used in these experiments likely exceeds 

the threshold for mortality in tuatua and cockles at 2 weeks. Shock of the rapid change in 

environmental conditions likely contributed to mortality in the current experiments, and could be 

contributing to MMEs in the environment (Garrabou et al. 2009). Mortality caused by stressors is 

also influenced by a number of other factors such as food availability, parasites and pollutants 

(Khan et al. 2018, Zwen et al. 2011). In the present study, bivalves were deprived of fresh seawater 

for approximately 18 hours overnight as treatments ran. We do not know food availability in the 

raw water supply and it is possible food supply varied seasonally and may contribute to some of the 

mortality seen throughout experiments. 

 

 

Behavioural responses 

Across a number of different species when individuals are under stress there is a reduction in 

reaction time to stimuli, this is often due to impaired functioning (Montory et al. 2015, Haaker et al. 

1992, Edelaar et al. 2003). For example, the fry of Skiffia multipunctata show reflex impairments 

including lethargy and gasping in response to sub-lethal concentrations of phosphate (Aneli et al. 

2014). Davis et al. (2010) found fish response to stress could also include spontaneous activity, gag 

response and operculum closure when individuals are stressed with restraints, increased 

temperature or hypoxia.  In abalone (Haliotis sp.), withering syndrome disrupts bodily processes 

causing a reduction in reaction time and mantle retraction (Haaker et al. 1992).  
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Tuatua sit anchored in the sand with their foot extended (Morton & Miller 1968). In this 

experiment, time taken to retract the foot back into the shell when removed from the water was 

measured to see if this was affected by stress, as it may be an easy indicator for assessing field 

populations suspected to be under environmental strain. No difference was found in retraction time 

between the control and sediment treatments, but individuals in the salinity treatment reacted far 

slower when removed from the sediment. Reduction of salinity can cause decreased movement in a 

number of marine species. In the gastropod (Crepipatella peruviana) salinities below 24ppt caused 

isolation of brooding chambers and caused adults to clamp to substrate and cease movement 

(Montory et al. 2015). As behavioural reaction is an immediate response, it is likely that the slower 

reaction observed in tuatua in the salinity treatment is indicative of lowered salinity causing a mild 

stress reaction. Mortality is a cumulative effect of body processes being overwhelmed by stress and 

causing mortality. In tuatua mortality only occurred in the salinity treatment in experiment 4, it is 

possible that the salinity stress was having a low stress effect that was not lethal unless combined 

with other stressors. Ho et al. (2019) found that when suddenly introduced to lowered salinity of 

3ppt, the Japanese mud snail (B. attramentaria) hermatised immediately and did not move, produce 

stool or react to being touched with a stimulus, before dying. As salinity was increased above 16ppt, 

individuals had higher movement and activity. In the common starfish (Asterias rubens) lowered 

salinity led to a reduction in feeding and the size of prey selected. However, A. rubens then began to 

acclimatize to the lowered salinity and feeding increased back to its original rate over time (Aguera 

2015). Lowered salinities may not be lethal for bivalves if they are able to acclimatize, however, this 

ability will change between species and depending on the severity of the stressor. In the current 

experiments cockle and tuatua mortality decreased over time, and it is possible that individuals 

surviving in salinity treatments began to acclimatize despite constant stress treatment.   

Temperature stress had an effect on tuatua mortality across all experiments and a small effect on 

behaviour. Infaunal species are highly affected by temperature changes. A study looking at heat 

wave effects on an ecosystem found that 86% of sessile species responded to the temperature 

change in some way while only 14% of free living species did.  The authors found, abundances of 

the blue mussel (M. edulis) were reduced by almost half and abundances of the Baltic clam 

(Limecola balthica) were reduced by 35%. However, some invertebrates were able to behaviourally 

thermoregulate and maintain stable population numbers or increase abundance (Pansch et el. 

2018). A similar phenomena is observed in the mangrove snail (Littoraria scabra). In this 

gastropod, there is a relationship between body temperature and substrate. Individuals 

behaviourally thermoregulate through selection of areas with favourable substrate temperatures 
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(Chapperon & Seuront 2011). In invertebrates if behavioural thermoregulation is not possible, 

physiological processes work to accommodate environmental change. For example, an increase in 

ambient temperature also increased the respiration rate in the sea hare (Phyllaplysia taylori). The 

severity of the temperature variation P. taylori was exposed to dictated the rate of mortality 

(Tanner et al. 2019). The observations in this experiment are supported by the findings of previous 

studies that some intertidal species have the ability to behaviourally respond to temperature 

variations, while others must respond physiologically. In tuatua a clear behavioural link could not 

be observed between temperature and reaction time. It was also found that temperature stress 

could result in mortality for tuatua. This suggests the main mechanism for dealing with 

temperature stress in tuatua is physiological, or aquaria treatments were not suitable for 

behavioural responses in tuatua to occur.  

In experiments 1 and 3 (autumn and early spring) reaction time was relatively uniform across all 

treatments, while in experiments 2 and 4 (winter and late spring) reaction time was much slower in 

individuals exposed to the salinity treatment and to a lesser extent in individuals exposed to the 

temperature treatment. The clear distinction in reaction times observed between experiments 

suggests that other factors may have affected the changes in reaction times. Changes in reaction 

times could be based on seasonal fluctuations. For example, some birds have seasonal response 

changes to environmental stress, including nest abandonment and aggressiveness (Wingfield & 

Kitaysky 2002).  In the present research, as raw seawater was used to supply the aquaria, the influx 

of food may have changed seasonally. The omnivorous zooplankton (Ochromonas sp), increases 

feeding seasonally with changing temperatures (Wilken et al. 2013). Another possibility is, feeding 

behaviour in tuatua and cockles could have alternated seasonally. Sgro et al. (2005) found feeding 

in two species of marine bivalve was affected negatively in some seasons when there were; low 

abundances of food in the water column, low qualities of food or high turbidity. Fluctuations seen in 

reaction time over seasons in the current study could be related to food availability and feeding 

behaviour or a combination of these factors. Other variables that could influence increased seasonal 

stress include changes in burial depth. The clam Macoma balthica changes burial depth seasonally, 

burying deeper in the winter to protect from storms and parasitism (Edelaar et al. 2003). A similar 

change in burial depth may occur in tuatua, noting that the sediment depth remained the same 

throughout all experiments. The inability to move vertically through the sediment column, coupled 

with the experimental treatment, may have caused the stress experienced by tuatua to change 

seasonally, which was observed through the changes in behavioural reactions.   
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Reduction of foot retraction likely has negative effects on life processes of bivalves. For example it 

could reduce effectiveness of burrowing, as the foot is the main tool for movement. In the bivalve 

(Indoaustriella lamprelli) burrowing behaviour was inhibited when individuals were stressed with 

copper enrichment. Burrowing behaviour was reduced to complete inactivity and inhibited the 

individuals’ ability for reburial depending on copper concentrations (Hutchins et al. 2009). In the 

freshwater clam Anodontites trapesialis, after exposure to cigarette butt leachates, burrowing was 

also significantly reduced (Montalvao et al. 2019).  Research into how burial behaviour correlates 

with foot retraction would be an important next step in understanding the full extent of this 

behavioural stress response and how it negatively affects life processes of burrowing bivalves. 

Histological categories  

Histopathology in bivalves has been used in the past to find if there are cellular level changes in 

individuals that have been treated with chemicals, pesticides and pharmaceuticals (Pinto et al. 

2019, Wu et al. 2019, Kadam et al. 2018). For example, histopathology has been used to assess and 

determine what healthy and unhealthy digestive glands in the Asian clam (Corbicula fluminea) look 

like when treated with Aluminum. Healthy glands are described as having a single layer of cells 

enclosing the digestive tubules and a ‘Y’ shaped lumen, whereas unhealthy glands have a wide 

lumen and a thinner epithelial thickness as an inflammatory response (Wu et al. 2019).  

Mediterranean mussels (Mytilus galloprovincialis) contaminated with lanthanum showed 

infiltration of haemocytes into gills, loss of gill cilia, digestive gland atrophy and necrosis (Pinto et 

al. 2019).  Another way histological damage can be expressed is through gonad alternation. In the 

sand clams (Gomphina veneriformis) the introduction of the pesticide Tributyltin (TBT) resulted in 

an increase in intersex gonads in both males and females (Park et al. 2012). Finally, gills can often 

show negative impacts of chemical pollution. The textile effluent methyl orange has been observed 

to infiltrate the gill structure and cause swelling and distortion through the gill lamellae in 

Lamellidens marginalis (Kadam et al. 2018).  Similarly, a study found the introduction of 

imidacloprid caused swelling of gill epithelium, degeneration of digestive tubules and cell necrosis 

in Asian freshwater clams (Shan et al. 2020).  As these examples illustrate, damage to different body 

structures by chemicals is well documented in histology. However, few studies have examined if 

and how these same patterns are expressed under different levels of environmental stress. 

In this study, for tuatua, there appeared to be changes in the digestive gland associated with 

increasing time exposed to treatments, when combined over all experiments. Glycogen and lipid 

storage occur in digestive glands, thus fullness of tissue and size of lumen space can signal stress, 
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especially in relation to food deprivation (Berthelin et al. 2000). The changes in digestive cells seen 

in tuatua may be due to a behavioral change in feeding patterns as individuals get stressed. This 

relationship has been observed for eastern oysters (Crassostrea virginica) and hard clams 

(Mercenaria mercenaria) when exposed to heat stress and increased carbon dioxide. Under these 

stressors feeding was lessened leading to decreases in tissue energy reserves and eventual 

mortality (Ivanina et al. 2013). In the current experiment, digestive cell categories in tuatua shifted 

from the majority of individuals occurring in the full gland and sparse gland categories (A & D 

respectively) in week 0, to majority of individuals occurring in the medium-full glands with high 

cellular infiltration category (C) in week 4. It is unexpected that Category D would be dominant 

early on as it was characterized by the biggest lumen space with high interstitial infiltration. These 

individuals might be easily or already stressed and die off before week 1 explaining the reduction of 

category D observed by week 2. The other dominant category in week 1, had the fullest digestive 

gland (category A). This category (A) steadily decreases in frequency as exposure to stressors 

continue and energy reserves are depleted. Category C and E grow in number over time and these 

categories are both characterised by wider lumen spaces and less full glands. This suggests tissue 

condition is worsening over time. Interestingly, category B remained stable throughout the 

experiments. Category B had full glands with infiltration of body tissue (likely haemocytes) into the 

digestive glands. The stability of this category could indicate category B is a transitory stage where 

the immune response is beginning to be expressed (Canes & Pruzzo 2016).   

 

In contrast to digestive glands there was no change in gill histology over exposure time in tuatua. 

This may be similar to histological stress expressions in the grooved carpet shell (Ruditapes 

decussatus). Costa et al. (2013) found 30 histological lesions were defined in gills and digestive 

glands showing inflammation, necrosis, and neoplastic diseases in response to environmental 

stressors. The digestive glands were significantly more damaged than the gills in the majority of 

individuals (Costa et al. 2013). Tuatua likely follow a similar response pattern where digestive 

glands show stress more intensely than gills.  

 

Histologically, there was no change in cockle tissues in response to stress treatments or over 

exposure time, with the exception of changes to gills. This pattern in cockles mimics stress 

expression observed in the freshwater bivalve Unio tumidus.  When under copper stress, U. tumidus 

increased antioxidant response in gills but did not significantly change morphology in digestive 

glands (Doytte et al. 1997). In the present study, gill histology in cockles initially had the most 



83 

individuals in category C, in week 0. Category C was characterized by non-uniform gills with space 

between filaments, and cellular debris present in water tubules. This shifted over time to have the 

most individuals in category A and B in week 5. These categories (A and B) were characterised by 

uniform well-articulated plicae, with compacted filaments. The pattern observed in gill change is 

the inverse of the expected order based on gill histology in stressed and unstressed sand clams 

(Gomphina veneriformis). In sand clams, the control individuals had uniform plicae and filaments 

with clear structure, and chemically treated individuals had broken filaments, cellular debris and 

gaps in plicae. Damage to gills in sand clams caused reduction in feeding and filtration rate (Park et 

al. 2012).  This suggests that in my experiments, individuals may have started with gill damage, 

perhaps due to environmental stressors. Movement to aquaria could have removed cockles from 

external stressors in their ecosystem and allowed recovery.  

Another tissue response explored in this study as a stress marker in bivalves was changes in the 

concentration of foot cells. The tissue at the foot edge of cockles, contains mucus cells (nuclei 

stained purple) within the foot muscle. No obvious concentration changes were observed in the 

mucus cells when exposed to stressors at these intensities, despite these cells having been 

hypothesized as a first level of defense in bivalve immunity (Ellis et al. 2011). While there was 

variation among individuals in concentration of mucus cells, this could not be concluded as an 

immune response and is more likely indicative of natural variation in the cockle population. 

Preliminary results from this experiment may indicate mucus cells do not have a role in immune 

response in cockles.   

A possible external stressor that affects cockles are rickettsia like organisms (RLOs). In New 

Zealand RLOs have been associated with at least 6 shellfish mortality events. In Paphies ventricosa 

RLOs can give rise to gas bubble disease which causes bubbles to form on the gill filaments, and 

blisters to form on the outer valve surfaces of the organism (Ross et al. 2017).  RLOs were present 

in both species of shellfish in this experiment. Presence of RLOs could be due to lowered immunity 

in stress treatments allowing opportunity for increased infection, individuals of the same species 

being kept in confined space allowing easy transfer of parasites, or random distribution of RLOs 

from the environment (Zwen et al. 2011). In this study issues in distinguishing RLOs from 

haemocytes in the slides hindered interpretation. Under expert examination, using the slides 

created in this study, investigating patterns of RLOs in different stress treatments could be an 

extremely valuable next step in beginning to understand MMEs associated with RLOs.  
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There was no significant change in the gonad development in cockles or tuatua under 

environmental stress. Differences in the gonad tissue likely represented natural variation in gonad 

development due to normal reproductive cycles. In some bivalves, energy from food is prioritized 

for reproductive success, especially in times of food deprivation. Energy allocation can be at the 

cost of loss of body mass and impaired gonad recovery post spawning (Delgado & Camacho 2005). 

However, in other bivalves, gonad reabsorption can be induced under environmental stress 

(Camacho-Mondragon et al. 2012). Li et al. (2009) used gonad reabsorption in oysters (Crassostrea 

gigas) as a measure of food deprivation stress. However, no notable change in gonads was found in 

this study. 

 

It is important to note cockles may not have been under stress during the majority of these 

experiments. Overall, there was low cockle death and little changes in histological morphology. It is 

possible that cockles are highly resistant to mild environmental variation (Marsden 2004). If so, 

MMEs in cockles will only occur under combinations of stressors (e.g. disease, food limitation, and 

pollution), or under high intensity individual stressors. This knowledge lends to our understanding 

of predicting when and why cockle MMEs will occur. Further investigation should look into testing 

the tolerance of cockles under high intensity individual stressors and multiple stressors.  

 

Morphological categories 

In order to ensure survival in an ecosystem, some morphological characteristics change in response 

to environmental stressors. Change can either help the organism to acclimatize in response to a 

stressor or cause negative effects due to damage (Littler 1980, Dubilier 1995, Diner et al. 2015). 

Identifying and assessing damage due to stressors helps us understand the health of the species in 

the environment. For example, in the mummichog fish (Fundulus heteroclitus) individuals had fewer 

vertebrate and higher instances of vertebrae abnormalities when developed in higher 

temperatures, making them more vulnerable to predation (Mitten & Koehn 1976).  In response to 

elevated CO2 levels, larval sand dollars developed a narrow body shape and smaller stomachs 

impairing feeding ability (Chan et al. 2011). Additionally, cadmium exposure on brittle stars 

impacted their ability to recover from an injury by causing newly regenerated arms to be smaller, 

and contain more developing ossicles (Andrea et al. 1996). Negative effects of stress can also be 

internal, for example, M. galloprovincialis reduces the volume of muscle fibers after an introduction 

of bacteria negatively impacting a number of life functions within the individual (Parsi et al. 2009). 

In the literature, descriptions of unhealthy and healthy tissue are largely focused on cell level 
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changes, however, this neglects tissue morphology changes visible to the naked eye (Shan et al. 

2020). This study starts to help fill this gap by identifying variation in morphological tissue due to 

environmental stress treatments and distinguishing this from natural variation.  

For tuatua, traits that showed significant change over time in assigned visual categories were body 

consistency and red marks. No individuals had red marks at the darkest level (Category 3) until 

after week 0. Categorical make up of each week remained largely the same after week 0 over all 

experiments. Red marks in dissected tuatua appeared near digestive glands and stomach and likely 

represent part of the stomach (Personal obs). Under oxidative stress, multiple bivalves were found 

to experience increases in antioxidant enzymes, and high concentrations of these enzymes could be 

detected at the cellular level with cytoplasmic staining (Orbea et al. 2000). It is possible that the 

expression of antioxidant stress enzymes, or a mechanism similar to this, could be the cause of the 

“red marks” I observed. However, further investigation should be considered to determine the 

definitive cause of these marks in bivalves.  Increase in intensity of red marks after starting the 

experiment could be a sign of stress in individuals or could be a signal of another environmental 

change. 

 

Of all treatments, increased temperature had the biggest effect on morphology change of tuatua and 

had a significant effect on all categories (with the exception of red marks). In gill erosion, body 

colour and body consistency this effect of the heat treatment was shown through a reduction in the 

prevalence of clearly visible gills, pink body colour, and a somewhat watery body consistency 

(category 1) respectively; and an increase in gills that were barely visible, white or yellow body 

colour and body consistencies that were either extremely watery or dehydrated (categories 2 and 

3) respectively. Additionally, the salinity treatment had fewer individuals with pink body colour 

and somewhat watery consistency (category 1) than in the baseline and control treatments. For gill 

erosion, body colour and body consistency the categories I defined could have some basis for 

defining healthy (1) from stressed (2 or 3) tuatua under heat and salinity stress. Although there 

were significant changes in gill colour in the scope of this study, it is unlikely to be a useful measure 

of stress as the composition was the same across all treatments and control (with the exception of 

the baseline). The lack of category variation in baseline tuatua could be explained by the lower 

number of tuatua sampled from the ocean (5 per experiment) not encompassing the full scope of 

normal morphological variation.  

Body consistency had the biggest change from week 0 to 1 in tuatua where there was a drop in the 

number of individuals with watery body consistency (category 2) and an increase in the number of 
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individuals with dehydrated body consistency (category 3) which continued until week 4. Week 4 

had an increase in the number of individuals with watery body consistency (category 2) in 

comparison to weeks 1-3. Body consistency was the only category that had significant change 

correlated to both treatment and exposure time. When separated by treatment, the large rise in 

individuals with watery body consistency (category 2) observed in week 4 occurred mainly in the 

salinity and sediment treatments. Few individuals in this category (2) were seen in the control 

treatment and a high number of individuals in the watery body category (2) occurred in week 0 of 

the heat treatment before slowly tapering off. Individuals in week 0 of the heat treatment died 

before dissection and were presumably stressed. As this is a high-stress treatment, a watery body 

consistency (category 2) dominates early on. With the lower stressors the watery body consistency 

was not observed until later in the experiment. Watery body consistency may be a sign of intense or 

cumulative stress. This also explains why this category (2) does not appear much in the control 

treatment. It is hard to attribute change in body consistency to a single stress cause, but this could 

be due to a change in water content, organs leaking fluid, or issues with osmotic balance (Lange 

1970, Pierce & Greenberg 1972, Eggermont et al. 2020).  

 

Treatment did not have any effect on the number of individuals in different morphological levels in 

the cockles’ categories. While there were differences in category make up this should be attributed 

to natural variation and not treatment. This is perhaps because cockles live in the estuarine 

environment and likely have higher tolerance to the environmental fluctuations than tuatua that 

live in the open coast (Marsden 2004). Variations of estuarine temperatures can be upward of 20℃ 

while open coasts rarely vary more than 5℃. When compared to similar coastal species, estuarine 

intertidal species consistently have higher tolerance to fluctuations in salinity, temperature and 

dissolved oxygen. This pattern is similar across taxa and climates (Madeira et al. 2012). Living in 

estuaries can be beneficial, for example, juvenile phases of European bass (Dicentrarchus labrax) 

have higher growth in estuaries than the open coast, with the exception of when there are heat 

waves (Vinagre et al. 2012). Additionally, estuarine species of phytoplankton tolerate lower 

salinities better than coastal species, though both have better tolerance than oceanic species (Brand 

1984). However, as estuaries are more variable in abiotic features, they are expected to be highly 

affected by climatic change (Wetz & Yoskowitz 2013). Because of this, it is reasonable to expect to 

see continually increasing cockle mortality events as environmental conditions change despite 

cockles having relatively high environmental tolerances. 
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When broken down by week, all cockle morphological categories had time-related changes in the 

number of individuals in each level, with the exception of body consistency. In contrast to tuatua, 

body consistency was not significant as a stress measure for cockles. However, both body colour 

and gill colour could be useful stress markers for cockles. Colour change in different species can 

occur due to hormonal or pH change in response to stress, and therefore can be used as a stress 

marker. In Atlantic cod (Gadus morhua), pre-mortality stress is shown through fillet colour change 

and lowered muscle pH (Stein et al. 2005). In birds, melanisation colouration in feral pigeons 

(Columba livia domestica) changes as a response mechanism to increasing environmental stress 

through variation in hormone levels (Corbel et al. 2016). Additionally, the stony creek frog (Litoria 

wilcoxii) experiences a similar skin colour change in response to mild stress, also altering hormone 

levels (Kindermann et al. 2013). The principal behind this change can similarly be applicable for 

invertebrates. Body colour categories showed an increase in the number of individuals with pink 

bodies and yellow margins (category 2), which continued to  increase until week 3, after which 

there was a sharp decline in the number of individuals in category 2. The translucent morphology 

(category 3) followed the opposite pattern to category 2. The number of individuals in the mild pink 

body category (1) remained relatively stable throughout the experiments.  

Gill colour followed a similar pattern to body colour, with an increase in the number of individuals 

with pink gills until week 3, and then a gradual decrease. Blue gills showed the inverse pattern. 

Under the experimental treatments, after 3 weeks the highest proportion of individuals with pink 

gills were observed. The pattern of increase until week 3, followed by a decrease is only observed in 

low numbered categories (1 or 2) of body and gill colour. It is possible that colour alteration in 

cockles is an overall body shift happening due to changing hormone levels in response to stress. 

Another possibility is that the increase and then decrease of individuals in different categories 

within traits could be a sign of attempted recovery in cockles, before eventual decline due to the 

persistence of stressors. Colour change categories in cockles followed the standard recovery 

pattern of decreasing and then increasing stress response. For example, when exposed to increased 

salinity, the copepod Tigriopus californicus first showed a decline in fitness before reaching a stable 

recovery despite the stressor remaining constant. When exposed to increased temperature, a 

similar fitness pattern occurred, however, after recovery decline could begin again in the 

temperature treatments (Hwang et al. 2016). The black sea cucumber (Holothuria forskali) follows 

a similar pattern of increasing antioxidant enzymes in response to oxidative stress before gradual 

recovery (Tonn et al. 2016).  To fully understand the mechanism behind colour changes, research 

into antioxidant enzyme change and hormone change in relation to colour variation would be 
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required. Despite our lack of understanding around the mechanism causing colour change, gill and 

body colour change in cockles are promising preliminary stress markers.  

Over time, gill erosion followed a trend of the number of individuals with ‘clearly defined gill 

margins’ (category 1) steadily decreasing,  the number of individuals with ‘obscured margins’ 

(category 2) staying stable and the number of individuals with ‘barely visible’ gills (category 3) 

increasing for the first 4 weeks. This is consistent with what could be expected from healthy tissue 

degrading with stress exposure, however, in week 5 there was a shift and ‘clearly defined gill 

margins’ (category 1) became the most dominant category of the whole experiment. Only 

experiment 2 and 3 ran to week 5 and both placed the overwhelming majority of individuals in 

category 1.  There is no clear explanation for this because there was no significant death in either of 

these experiments, and cockles were chosen randomly for dissection. It is possible the increase of 

individuals in category 1 was a random occurrence due to the sample size in week 5 being lower 

overall than previous weeks.   

In cockles, the number of individuals in each gill category changed in relation to stress exposure, 

and gill damage could be a good indicator of stress under low levels of environmental change. Gill 

structure and function is important for food uptake and selection in filter feeders and variation in 

gill and palp morphology can be great between and within bivalve species (Medler & Silverman 

2001).  Additionally, gill morphology can change depending on food availability and juvenile growth 

environment (Compton et al. 2008, Drent et al. 2004). Alterations of gills can impair life processes 

of organisms and alter feeding functionality (Beniger et al. 1992). Tissues within gills are also 

important in osmoregulation and are the site of oxidative stress in bivalves (Haque et al. 2019). Gill 

damage caused by stress has the potential to impede several key life processes in bivalves. 

Narrowing down the cause of different types of gill damage and how morphology is altered in 

response to stress would aid in understanding of how functionality is impeded by changes in gill 

morphology. 
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Implications and further research 

This is the first research of its kind among these two bivalves. While it may not be easily 

generalizable due to its limitations, it does provide robust pilot data for further work in this area. 

For example future investigations could look at interactions between stressors, or stress markers of 

one extreme stressor. This work highlights the differences in stress responses between species and 

illustrates the need for more research.  

Tuatua and cockles appear to be relatively robust in response to long term exposure to individual 

stressors based on the results of this study. The treatments in this experiment were applied on 

average for 18 hours, 5 nights a week for 4 weeks. The frequency of stressor application is standard 

compared to other long-term studies looking at environmental stress. Short term studies tended to 

run for 4-48 hours, while long-term experiments could run from 5 days to 3 months and the 

acclimation period for these studies could be up to 3 weeks (Ellis et al. 2002, Wendling & Wegner 

2013, Chapparo et al. 2009, Lockwood & Somero 2011). The intensity of stressors in previous 

studies could also be variable. Salinity stress treatments ranged from 10-24ppt, sediment stress 

treatments used concentrations from 100mg/L and sublethal temperature treatments ranged from 

32-37℃ (Cheng et al. 2020, Li et al. 2007, Pechenik et al. 2000, Wang et al. 2008, Cranford & Gordon 

1992, Smit et al. 2002). However, these studies have relatively high rates of mortality, and tend to 

have constant application of stressors. In the current experiment the salinity treatment ranged 

from 9-12ppt, the sediment treatment had concentrations of 8g/L, and the temperature treatment 

was 10℃ above ambient seawater temperature (20-27℃). These intensities were similar to 

previous literature and were much higher than naturally occurring levels of these stressors at both 

sites. Otaki River opens to the sea just south of the main beach and water temperature throughout 

the year ranges from 12-20 °C. Pauatahanui and Ration Streams are the source of 80% of sediment 

run-off into Pauatahanui inlet and water temperature at this site varies from 10-17 °C (Surf 

forecast, 2019). Both sites have a freshwater input, but there is little data around sedimentation at 

either location. As there was low mortality across all experiments despite the high intensities of 

stressors, both tuatua and cockles likely have high resistance to singular changes in temperature, 

and salinity in their natural environment. It is difficult to make conclusions about sediment 

tolerance without better data on sediment input into these ecosystems. 

The results of this study could mean MMEs are likely to be a result of multiple stressors occurring 

within a system (e.g. stress and disease). This contributes to our understanding of why and when 

MMEs may occur. It is possible that during the high cockle mortality event from March to May 



90 

another stressor was occurring in the environment and contributed to the mortality seen in the 

pilot experiment and experiment 1. Past this event, the level of stressors for cockles may have been 

too low to have a significant impact accounting for the lack of cockle stress signs. In future cockle 

MMEs, time of year should be noted to investigate if the March-May time period is significant and 

what other correlating factors could be contributing to lowered cockle immunity. Additional 

experiments could also be carried out to investigate stressor thresholds for mortality in tuatua and 

cockles.  

Recognising how damage manifests can aid in understanding the health of organisms and the 

environment (Mosser et al. 1997, Dallares et al. 2018). Bivalves can be used as environmental 

indicator species because of their sensitivity to pollutants, isotopes present in their shell growth, 

and their ability to accumulate microorganisms (Almeida et al. 2007, Bemis & Geary 1996, Dore & 

Lees 1995). For example, Dallares et al. (2018) looked at 3 different bivalve species living in the 

same system and assessed biochemical markers and histopathology to evaluate pesticide pollution. 

Sub-optimal health was found across all 3 species and was used to confirm presence of a stress 

input into the environment. Understanding different mechanisms of how bivalves express stress 

across species can also further our understanding of ecosystem health. Though tuatua and cockles 

do not reside in the same ecosystem, sampling and health assessments could help understand 

wider environmental perturbations.  

In terms of susceptibility to different environmental stressors, tuatua had the highest sensitivity to 

the heat treatment, while cockles had the highest sensitivity to the salinity treatment. Despite 

suspended sediment being considered an important stressor for sessile filter feeders, it had the 

lowest effect of all stressors tested in these experiments (Bell et al. 2015). This could be because 

tuatua and bivalves are adapted to fine sediment input, or the concentration at which clay was 

added to aquaria in this experiment was too low to produce a stress effect (Ilan & Abelson 1995). 

Tuatua and cockles reacted to sediment differently throughout the experiments. Cockles were 

relatively unresponsive to the weekly addition of sediment while tuatua processed sediment out 

into mucus bound faeces and pseudofaeces (Newell 2004, Personal obs). This reduced the amount 

of clay in the water column of aquaria over time and suggests tuatua have some defense against fine 

sediment input, at this level with minimal negative effects. However, in experiment 4 where tuatua 

were the most stressed, some mortality occurred within sediment treatments. Processing fine 

sediment likely has a low energetic cost on tuatua that may be detrimental when coupled with 

other stressors.  Researching bivalve response to sediment input across a range of particle sizes and 
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concentrations is needed to understand how New Zealand bivalves tolerate and react to external 

sediment input.  

The cellular mechanisms behind visual markers of stress are a missing piece of the puzzle in 

understanding stress response in tuatua and cockles. Further research into different gene 

expression in response to stressors could help isolate mechanisms involved in cell regulation and 

immune response in New Zealand bivalves (Bertrand et al. 2012). For example, after exposure to 

salinity stress, the mussels M. galloprovincialis and Mytilus trossulus had 117 genes that showed a 

significant change and 12 genes that were associated with species specific responses to salinity. 

Forty-five of the 117 genes that were expressed when exposed to salinity stress also changed in 

response to heat stress (Lockwood & Somero 2011). Heat shock protein 90 (HSP90) and its 

homologues can help predict how different species will respond to thermal stressors (Cheng et al. 

2020). Based on the results of this study, we would expect to see higher concentrations of heat 

shock proteins, and stress associated gene expression in cockles. Tuatua may exhibit lower overall 

gene expression but higher salinity specific gene response. It would be interesting to see if there are 

any shared genes expressed in response to stress across tuatua and cockles. Comparing changes in 

gene expression to changes in stress markers in both species will help further understanding about 

the immune system in tuatua and cockles and help to confirm when they are experiencing stress.  

The signs used to detect stress in both cockles and tuatua were only partially successful and need 

further research to confirm if they can be considered suitable stress markers. It is possible that 

morphological and histological markers are subtle and species-specific, creating difficulty in 

detecting them. More work is needed to find and confirm these markers. Cell expression changes in 

response to heat and salinity stress in tuatua and cockles can be further studied using the slides 

produced in this set of experiments. The cataloging of these slides can also serve as a measure for 

how these shellfish change in cell morphology over time, and how their response to increasing heat, 

decreasing salinity, and addition of fine sediment changes over time. These slides also capture a 

snapshot of the year 2019 and give an idea of what parasite loads, and environmental conditions 

(when looked at baseline individuals) were like in each of these two systems. They are invaluable in 

furthering our understanding of these bivalves and ecosystems.  
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Understanding shellfish health also has human implications. The ocean and its taonga (treasures) 

are of central importance to Maori culture, as seen through expression in myths and legends 

(Ruddle 1995, Paulin 2007). The connection with the ocean is of spiritual, intellectual and social 

importance. Protecting these environments and adapting human behaviors to fit into the 

surrounding ecosystem is core to traditional beliefs and essential for sustaining these ecosystems 

(Wellington Regional Council 1998, Memon & Cullen 1992). The shellfish studied in this experiment 

are also traditionally harvested for consumption. Ingestion of unhealthy shellfish can have 

devastating human health impacts. For example, an assessment of 121 market-ready oysters in 

Vietnam showed 81% of samples were found to be contaminated with norovirus (Suffredini et al. 

2020). Largely this occurs at safe consumption levels, but in cases can cause mass shellfish 

poisoning events (Pilotto et al. 2019). The largest ever shellfish poisoning event was in Shanghai 

and involved 300,000 people contracting Hepatitis A and 47 deaths within 2 months (Chiang & 

Chuang 2003, Xu et al. 1992). Shellfish poisoning events are steadily increasing worldwide. Being 

able to assess shellfish health by looking at the reaction time when removed from sediment and the 

dissection morphology, allows a way for local populations to avoid harvest of shellfish during times 

of high stress. This is beneficial to shellfish population numbers and human health.   

Conclusions  

Stress can be exhibited in broadly similar ways across a range of marine organisms including fish, 

gastropods and bivalves (Stein et al. 2005, Montory et al. 2015, Park et al. 2012). Despite this, there 

is also a huge amount of variation in response mechanisms even within the bivalve class. This study 

further confirmed this variation showing that despite the similarities in body morphology, there 

can be highly different responses to stress across cockles and tuatua.   

The creation of visual indices to compare morphology and histology of different tissue types under 

different environmental stressors, though needing further development, is a novel achievement and 

has not been attempted in these species before. Though many of the categories did not appear to 

change in relation to stressors, there is still value in better understanding the individual variation in 

both morphological and histological states between individuals within a species. Understanding 

how the keystone bivalves A. strutchburyi and P. subtriangulata express stress is of importance to 

species health, sustainability, ecosystem health, and human health.  

 



93 

Overall, stress tolerance in this study was higher in the cockles than in the tuatua.  Across all 

experiments fewer cockles died, indicating cockles have higher tolerance to variations in heat and 

salinity.  Summer spawning mortality had no effect on cockles in this experiment but had a 

significant effect on tuatua. This study suggests that tuatua may be most vulnerable during 

spawning periods that coincide with rapid change in environmental conditions. During these times 

tuatua may be vulnerable to MMEs, and care should be taken around harvesting. In cockles, 

changing environmental conditions with periods of lowered salinity should be closely monitored as 

this is likely to be when vulnerability is highest. In histology, more change was associated with time 

spent exposed to stressors than specific treatment. In order to detect cellular stress in tuatua and 

cockles, the time exposed may be more important than the stressor itself, however, this is also 

dependent on the stressor and its intensity. Identifying the normal categorical make up within 

different tissue traits in a population is extremely valuable. If the proportion of individuals in a trait 

category is different to the expected proportion, this could give insight as to whether stressors are 

present in an ecosystem, and how long they have been present for. 

This study identifies heat and salinity as stressors in P. subtriangulata and A. stutchburyi with 

increased heat acting as a high stressor and lowered salinity acting as a low stressor. There was a 

possible seasonal component to expression of stress in both species that exacerbated the effects of 

both these treatments. Cumulative exposure over time also intensified the stressor effect. The shock 

of initial introduction to the stress treatment had the most visible response in mortality, 

morphology and histology. This was particularly notable in gills in cockles and body consistency 

and digestive glands in tuatua. Slow reaction time when removed from sediment should be further 

explored as a possible tool to identify tuatua stress especially, in mild stress situations. Being aware 

of stress markers contributes to our understanding of when tuatua and cockles are stressed and can 

help to predict and prevent MMEs in these and other bivalves in the future. 
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Appendices: 

Appendix A:  
 

Davidson’s fixative: 

strong formalin (37%)  ----------------500 mL 

Alcohol ---------------------------------- 750 mL 

Glacial acetic acid --------------------- 250 mL 

Tap water  ------------------------------ 750 mL 

Eosin: enough to color 

Mix well and store at room temperature. 

  

1% Acid Alcohol Solution: 

Hydrochloric acid ---------------- 10 ml 

70% ethanol ---------------------- 1000 ml 

Mix well and store at room temperature. 

Differentiate 30 second to 2 minutes after hematoxylin overstain. 

50 um paraffin sections require 2 minutes differentiation 

  

Eosin Y Solution:   

Eosin Y Stock Solution (1%): 

Eosin Y --------------------------------------- 10 g 

Distilled water ------------------------------- 200 ml 

95% Ethanol ---------------------------------- 800 ml 

Mix to dissolve and store at room temperature. 

Eosin Y Working Solution (0.25%): 

Eosin Y stock solution ------------------ 250 ml 

80% Ethanol ------------------------------ 750 ml 

Glacial acetic acid (concentrated) ----- 5 ml 

Mix well and store at room temperature. 

 

Scott's tap water: 

Sodium bicarbonate ----------------------------------  2 g 

Magnesium sulphate --------------------------------- 20 g 

Deionised water---------------------------------------  1 litre 

Dissolve the salts in the water.  Store stock solutions at room temperature. 
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Appendix B:  
 

 

Figure 1. Labelled picture of tuatua slides from MPI catalogue. 
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Figure 2. Example of failed histology slides. Image is obscured due to thickness in sectioning, 

difficulty in staining and tissue falling off slides.  
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Appendix C:  
 

 

Table 1: Natural death v treatment in cockles. p values from fisher’s test. 

Treatment  p Val (4dp) 

C, H    0.3613 

C, S   1 

C, SE 1 

H, S   1 

H, SE 0.4958 

S, SE  0.2443 

 

 

Table 2: Differences of digestive gland of tuatua over weeks. p values from fisher’s test. 

Weeks compared p Val 

0,1 0.02434 

0,2 0.2312 

0,3 0.0479 

0,4 <.0001** 

1,2 0.569 

1,3 0.9325 

1,4 0.1201 

2,3 0.6732 

2,4 0.001731** 

3,4 0.2327 
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Table 3: Differences of gill erosion of tuatua over treatments  

Treatment compared Chi squared df p Val 

B,C Fisher’s  0.1222 

B,H Fisher’s  0.02458 

B,S Fisher’s  0.2993 

B,SE Fisher’s  0.2869 

C,H 1.986 2 0.3705 

C,S 7.8917 2 0.01933 

C,SE 0.40389 2 0.8171 

H,S 11.235 2 0.003634** 

H,SE 2.9983 2 0.2233 

S,SE 4.8687 2 0.0876 

 

Table 4: Differences of gill colour of tuatua over treatments  

Treatment compared p Val 

B,C 0.2146 

B,H 0.002973** 

B,S 0.02376 

B,SE 0.05722 

C,H 0.04926 

C,S 0.3733 

C,SE 0.8772 

H,S 0.3945 

H,SE 0.1387 

S,SE 0.7586 
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Table 5: Differences of body colour of tuatua over treatments 

Treatment compared Chi Squared df p Val 

B,C Fisher’s  0.06483 

B,H Fisher’s  0.0151 

B,S Fisher’s  0.01983 

B,SE Fisher’s  0.05569 

C,H 10.931 2 0.004231** 

C,S 5.2345 2 0.073 

C,SE 2.4764 2 0.2899 

H,S 1.7823 2 0.4102 

H,SE 3.4011 2 0.1826 

S,SE 0.66211 2 0.7182 

 

 

Table 6: Differences of body consistency of tuatua over treatments 

Treatment 
compared 

Chi squared df p Val 

B,C Fisher’s  0.05341 

B,H Fisher’s  0.04 

B,S Fisher’s  0.03178 

B,SE Fisher’s  0.09298 

C,H 9.8489 2 0.007267** 

C,S Fisher’s  0.1526 

C,SE Fisher’s  0.2824 

H,S 2.1556 2 0.3403 

H,SE 2.5333 2 0.2818 
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S,SE 0.44983 2 0.7986 

 

 

Table 7: Differences of body consistency of tuatua over weeks 

Weeks compared Chi Squared  df p Val 

0,1 Fisher’s  0.0008947** 

0,2 Fisher’s  0.0001384** 

0,3 Fisher’s  0.01526 

0,4 5.839 2 0.05396 

1,2 Fisher’s  0.8966 

1,3 Fisher’s  0.3497 

1,4 3.5522 2 0.1693 

2,3 Fisher’s  0.1795 

2,4 5.5543 2 0.06222 

3,4 2.9323 2 0.2308 

 

 

Table 8: Differences of red marks of tuatua over weeks 

Weeks compared Chi Squared df p Val 

0,1 Fisher’s  0.002629** 

0,2 13.697 2 0.001061** 

0,3 Fisher’s  0.005312 

0,4 Fisher’s  0.002213** 

1,2 1.1984 2 0.5493 

1,3 1.8329 2 0.3999 

1,4 3.4169 2 0.1811 
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2,3 2.055 2 0.3579 

2,4 3.1649 2 0.2055 

3,4 0.18142 2 0.9133 
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Appendix D:  
 

 

Table 9: Differences of gills of cockles over weeks pooled over treatments. p values from fisher’s 
test. 

Weeks compared p Val 

0, 1 0.07988 

0, 2 0.1908 

0, 3 0.008008 

0, 4 3.462e-06** 

0, 5 0.006617 

1, 2 0.389 

1, 3 0.1308 

1, 4 0.01385 

1, 5 0.2191 

2, 3 0.06497 

2, 4 0.0007661** 

2, 5 0.01518 

3, 4 0.0092 

3, 5 0.73 

4, 5 0.04019 
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Table 10: Differences of gill colour of cockles over weeks. p values from fisher’s test. 

Weeks compared p Val 

1, 2 0.4081 

1, 3 0.01113 

1, 4 0.02214 

1, 5 1 

2, 3 0.1447 

2, 4 0.2971 

2, 5 0.475 

3, 4 0.704 

3, 5 0.02777 

4, 5 0.05907 

 

 

Table 11: Differences of gill colour of cockles over treatments 

Categories compared p Val 

1, 2 0.01211 

 

 

Table 12: Differences of gill erosion of cockles over weeks. p values from fisher’s test.  

Weeks compared p Val 

1, 2 0.3952 

1, 3 0.207 

1, 4 0.09907 

1, 5 0.1881 

2, 3 0.004207** 
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2, 4 0.1318 

2, 5 0.02961 

3, 4 0.5428 

3, 5 0.007565** 

4, 5 0.002789** 

 

 

Table 13: Differences of body colour of cockles over weeks. p values from fisher’s test.  

Weeks compared p Val 

1, 2 0.04714 

1, 3 0.03558 

1, 4 0.07952 

1, 5 0.4471 

2, 3 0.7869 

2, 4 0.003525** 

2, 5 0.03483 

3, 4 0.01153 

3, 5 0.05521 

4, 5 0.9184 
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Appendix E:  
 

The pilot experiment occurred from the 19th of March to the 12th of April. Each treatment 

was tested at 3 different levels with no replicates. The temperature treatment was tested at 

HH=32℃, HM=26℃, and HL=20℃. The salinity treatment was tested at SH=20ppt, SM=15ppt, 

SL=10ppt. Finally, the sediment treatment was tested at SEH=80g, SEM=40g, and SEL=25g. At the 

end of each week individuals were dissected and observed for morphological changes. Initially, 

sediment was added at the beginning of the experiment and stirred daily, but this became lesser 

over the course of 5 weeks and was adjusted to be topped up weekly after the pilot experiments. 

Mortality was relatively low for the pilot and all treatments were used at their highest intensity 

level for the final experiments. Mortality seen over the course of this experiment is laid out in the 

table below. 

Table 14: Mortality in pilot experiment. Where TOD= time of death by date, and week = time of 

death in relation to weekly dissections. 

Species TOD Treatment Week 

Cockle 3/20/2019 SL Week 0 

Cockle 3/20/2019 SL Week 0 

Cockle 3/21/2019 SL Week 0 

Cockle 3/21/2019 SL Week 0 

Cockle 3/24/2019 SEH Week 0 

Cockle 3/24/2019 SH Week 0 

Cockle 3/24/2019 SEL Week 0 

Cockle 3/28/2019 HH Week 1 

Cockle 4/1/2019 SEL Week 1 

Cockle 4/2/2019 HH Week 2 

Cockle 4/3/2019 HM Week 2 

Cockle 4/4/2019 SM Week 2 

Cockle 4/9/2019 HH Week 3 

Cockles 4/11/2019 SEH Week 3 

Tuatua 2/4/2019 HH Week 1 

Tuatua 7/4/2019 HH Week 2 

 


