
Elucidating divergent growth and climate vulnerability in abalone (Haliotis 
iris): A multi-year snapshot

Joanna S. Copedo a,b,* , Stephen C. Webb a, Lizenn Delisle a, Ben Knight a, Norman L.C. Ragg a,  
Olivier Laroche a, Leonie Venter b, Andrea C. Alfaro b

a Cawthron Institute, Nelson, 7042, New Zealand
b Aquaculture Biotechnology Research Group, Department of Environmental Science, School of Science, Auckland University of Technology, Private Bag 92006, 
Auckland, 1142, New Zealand

A R T I C L E  I N F O

Keywords:
Haliotis iris
Abalone
Histopathology
Parasites
Gametogenesis
Atresia

A B S T R A C T

Many abalone populations worldwide are in decline as a result of changing climate and fishing pressure. In New 
Zealand (NZ) Haliotis iris is the largest and most abundant of the endemic abalone species. This species displays 
high levels of phenotypic variation with slow-growing populations having an impact on their commercial uti
lisation. The present study incorporates targeted histopathological approaches to characterise tissue-level factors 
in abalone from NZ’s principal fishing region. Adult (n = 60) and sub-adult (n = 56) H. iris were collected from 
two Chatham Island sites that display differential growth rates; sampling was repeated on six occasions over 
three years. Through histology the slower-growing adult population was observed to have an elevated ceroid 
score, higher prevalence of kidney stones and increased prevalence of a plasmodia stage of haplosporidian-like 
parasites in the right kidney, when compared with the faster-growing and sub-adult populations. Furthermore, 
the faster-growing adult population appeared to be retaining mature oocytes over the predicted spawning season 
with higher-than-expected atresia (oocyte degeneration). Factors implicated in growth performance between the 
two populations include site, environment, parasites, pathology, reproduction, ceroid deposition and previously 
reported nutritional status. The 18S PCR and metabarcoding on the right kidney tissue were negative for hap
losporidian/Urosporidium previously reported in H. iris, with metabarcoding results detecting an apicomplexan 
ancestral group. The reproductive, somatic and parasite findings from the current study provides critical in
formation on abalone physiological condition which allows facilitation of early detection of conditions that may 
impact the sustainability and management of H. iris stocks in New Zealand under a changing climate. For 
instance, changes to reproductive condition may reduce oocyte quality and quantity thereby reducing recruit
ment to the next generation.

1. Introduction

Abalone are ecologically important coastal marine gastropods from 
the Haliotidae family and are globally widespread (Geiger, 1999). Many 
abalone populations are in decline, with several nearing biological 
extinction (Gnanalingam et al., 2021). These declines are often attrib
uted to over-fishing, habitat degradation, and disease (Cook, 2014; Van 
Nguyen et al., 2023). Additionally, the coastal ecosystems which 
abalone inhabit are often highly impacted by environmental alterations 
influenced by climate change (Halpern et al., 2008; Lima and Wethey, 
2012). The influence of climate change and corresponding decline in 
biodiversity of marine organisms within coastal ecosystems is well 

known and reported (e.g., Salinger et al., 2020; Behrens et al., 2022; 
Santana-Falcón and Séférian, 2022; Copedo et al., 2023). Habitat al
terations due to climate change have enduring impacts on various 
invertebrate populations and community resilience, resulting in shifts in 
ecological structure (Lotze et al., 2006; Subritzky, 2013; Soon and 
Ransangan, 2019; Montie et al., 2023). Globally, anomalous events of 
prolonged above-average warm water have increased in frequency and 
intensity. These prolonged warming events have been termed marine 
heatwaves (MHWs) (e.g., Houghton et al., 2001; Petes et al., 2007; 
Smale et al., 2019; Salinger et al., 2020; Copedo et al., 2023; Montie 
et al., 2023). MHWs can directly affect abalone as well as indirectly 
through influencing food supply and habitat (Rogers-Bennett et al., 
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2010). Although temperature is one of the key factors affecting aquatic 
organisms, other covarying environmental stressors, including 
increasing sedimentation and increased extreme weather events, also 
need to be considered (Rogers-Bennett et al., 2010; Nguyen et al., 2021).

Abalone populations are well known to display high morphological 
variability in growth, whereby the maximum size and growth rate vary 
both geographically and temporally. These large-scale variations can 
result in the appearance of slow-growing phenotypes (commonly termed 
as ‘stunted’) within the population (Schiel, 1993; Trussell, 1996; Steffani 
and Branch, 2003; Naylor et al., 2006; Saunders et al., 2009; Subritzky, 
2013; Copedo et al., 2024). Slow-growing variants are common in many 
species of abalone, including Haliotis rubra (Saunders et al., 2008) and 
Haliotis iris (McShane et al., 1994), as well as several other molluscan 
species, such as Mytilus galloprovincialis (Hine, 1997), with stunted 
variants occurring with a smaller maximum size with shorter, wider and 
higher shells when compared to the fast-growing/- typical growth con
specifics (McShane et al., 1994; Saunders et al., 2009; Van Nguyen et al., 
2023). The growth rate of many molluscs responds to a complex rela
tionship between endogenous and exogenous factors. Some of these 
contributing factors are population density, feed availability, water 
chemistry, reef topography, hydrodynamics of the microhabitat, path
ogen load and immune response (Diggles et al., 2002; Searle et al., 2006; 
Morash and Alter, 2016; Ren et al., 2019; Saulsbury et al., 2019). For 
example, a low energy hydrodynamic habitat could result in higher 
recruitment of larvae in the area versus a higher energy habitat where 
larvae can drift further, which impacts the population density and food 
availability (Ragg, 2023). In addition, warming waters and reduced kelp 
diversity, in association with climate change, have been observed to 
correlate with slower than normal growth in abalone (Saunders et al., 
2009; Rogers-Bennett et al., 2010).

Locally known as pāua, Haliotis iris (blackfoot abalone; Gmelin, 
1791) is the largest and most abundant of the abalone species endemic to 
New Zealand (NZ) (Sainsbury, 2010; Gnanalingam et al., 2021). H. iris is 
not only culturally significant but is also an ecosystem engineer, is 
prized by the recreational fishery, and supports a significant commercial 
fishing industry (Subritzky, 2013; Gnanalingam et al., 2021; MPI, 
2023a; Pāua Industry Council, 2023). Although harvesting is nationally 
managed using QMAs (quota management areas), H. iris is still vulner
able to overfishing, due to a number of factors including its slow growth, 
aggregation behaviour, reproductive biology, challenges in setting an 
appropriate minimum legal harvest size based on regional pāua growth 
rate differences, and changing environmental challenges e.g., habitat 
disturbance and climate change (Houghton et al., 2001; Gordon and 
Cook, 2004; Gnanalingam et al., 2021; Van Nguyen et al., 2023).

Slow growing (or stunted) H. iris populations, which typically do not 
reach the minimum legal catch size of 125 mm shell length have been 
observed in several areas of the NZ coastline (McShane et al., 1994c; 
Naylor et al., 2006). These populations are typically found in sheltered 
areas with low food availability and low wave action (Saunders et al., 
2009; Laferriere, 2016). The complex interactions of factors influencing 
growth can lead to additional challenges in the management of H. iris 
populations. Depletion of H. iris stocks in the central to southern region 
of the North Island of NZ (QMA ‘PAU2’), in 2023 was reported by 
customary and recreational fishers. These reports raised resource man
agers’ concerns around the sustainability of these stocks and the impacts 
of increasing extreme weather patterns, which led to the reduction of the 
recreation catch limit for pāua collections (MPI, 2023b). Commercially, 
stakeholders generally report a sustainable commercial fishery. Industry 
management is formalised by annual operating plans outlining man
agement tools to support the pāua populations. QMAs are divided into 
micro regions (statistical areas) whereby harvest catch and minimum 
harvest size are applied at fine scales, taking into consideration the 
growth rate, length at maturity and habitat type, in order to support and 
enhance the fishery. Further understanding the cause of differential 
growth among abalone populations will allow for more targeted man
agement strategies, thereby further supporting the objectives outlined in 

the plan and ensuring further sustainability (Van Nguyen et al., 2023). 
Although determining the impacts of environmental change is often 
complicated by the confounding influence of fishing pressures, under
standing the effects of environmental stress on abalone biology is also 
key for managing populations (Morash and Alter, 2016; Roussel et al., 
2020).

The Chatham Islands are located about 800 km off the coast of NZ 
and comprise of an archipelago of approximately 10 islands, the two 
largest are the main Chatham Island and Pitt Island. The main Chatham 
Island supports a large H. iris fishery. The minimum legal size of 125 mm 
has historically created localised areas of low and high fishing effort as a 
result of slower- and fast-growing populations. In addition to proposing 
harvest guidelines, the Chatham Island pāua management area com
mittee (PauaMAC4) actively promotes research to identify new man
agement strategies to support population growth (Venter et al., 2022; 
Van Nguyen et al., 2023). Additionally, the Chatham Islands are bio
geographically isolated, and hence experience minimal local anthropo
genic influence, but are vulnerable to global climate change, being 
situated in a warming region with an increasing number of MHW days 
(Montie et al., 2023). Abalone from the Chatham Islands therefore 
represent a rare case study opportunity of proactive fishery management 
in a changing ocean.

A histopathological approach was taken to investigate contributing 
factors to differential growth between two populations on the main 
Chatham Island. The populations are exposed to a range of different 
conditions i.e., physical environment (e.g. wave exposure), and nutri
tion (e.g. influence of food quality and quantity), which are further 
described in Venter et al. (2022), Van Nguyen et al. (2023) and Copedo 
et al. (2024). Collections of H. iris at both sites were extended over three 
years to provide an indication of variability over time, particularly in 
response to summer marine heatwaves of varying intensity. This study 
ensured repeated population sampling aimed at exploring the relation
ship between tissue health, pathogen burden, perceived growth perfor
mance and potential vulnerability during summer heatwave events. 
Results and inferences strive to inform directions for further work and 
management options for H. iris exposed to different environmental 
conditions, nutrient deficiencies, and pathological findings.

2. Methods

2.1. Environmental monitoring: Estimation of SST for Chatham Islands

While the geographic isolation of the sample locations made in situ 
environmental monitoring impractical, the principal driving variable of 
sea surface temperature (SST) was determined remotely through satel
lite. SST data were acquired using daily satellite information from Group 
for High Resolution Sea Surface Temperature (GHRSST) MUR L4 prod
uct (Chin et al., 2017) and the following data portal:

https://oceanlab3.rsmas.miami.edu/erddap/griddap/jplMURSS 
T41.html. Due to the coarse resolution of the satellite, SST was estimated 
about 4 km away (latitude 43.99◦S, longitude 176.34◦W) from both 
sampling sites (sites 1 and 2) although considered as representative. Sea 
surface temperature anomaly data was sourced from NOAA Coral Reef 
Watch (https://coralreefwatch.noaa.gov) using a 1985–1990 plus 1993 
climatological baseline period to calculate anomalies (Liu et al., 2014). 
The month of December was selected for visual representation of the SST 
anomalies for the New Zealand and Chatham Islands region for the years 
2020, 2021, 2022 and 2023 for comparison. Whereby zero is the base
line average and SST anomalies are the degrees Celsius above or below 
the average.

2.2. Sampling location and animal collection

Two sites were selected around the Chatham Islands, New Zealand, 
based on performance differences of resident abalone (historic data and 
personal communications: Pāua Industry Council Ltd) as well as initial 
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sampling and screening assessment (Venter et al., 2022; Van Nguyen 
et al., 2023). Site 1: Ascots (44◦00′56″ S 176◦23′12″ W) supports a 
population of H. iris identified as faster-growing, while site 2: Owenga 
(44◦01′28″ S 176◦21′56″ W) supports a population of slow-growing H. iris 
(Venter et al., 2022; Van Nguyen et al., 2023).

Ten adult (125.5 mm ± 6.8 mm shell length) and 10 sub-adult (92 
mm ± 10.4 mm) H. iris were randomly collected by a research diver 
using SCUBA from each of the two sites at each designated timepoint 
(Table 1). Adults were classified as those above 110 mm and sub-adults 
below 110 mm at both sites (Copedo et al., 2024). Sample preparation 
during the first collection event (March 2020) was completed on site on 
the day of collection (Copedo et al., 2024). For subsequent samples, 
individual H. iris were transported alive (6 ◦C humid air) to Auckland 
University of Technology (AUT), Auckland, New Zealand. The animals 
collected were weighed to the nearest 0.01 g, followed by measurements 
of shell length, width, and height (nearest 0.01 mm) before histological 
preparation. Additionally, the sex of each individual animal was recor
ded if identifiable (based on the colour of the gonad which was 
white/cream in males and green in females) and confirmed using his
tological techniques. Unidentifiable sexes were only detected in the 
sub-adults (13 of the 114). The sex ratio was determined as the pro
portion of males among the sex-verified individuals.

2.3. Histopathology

Abalone were shucked using a blunt shucking blade to detach soft 
tissues from the shell. The viscera was transversally sectioned in three 
positions, as per Copedo et al. (2024) and Poore (1973) to acquire three, 
5 mm histology cuts to maximise chances of sectioning crop/stomach, 
digestive gland, gill, gonad, left and right kidney (determined histo
logically by organ architecture (Handlinger, 2022)), adductor muscle 
and heart (Fig. 1).

The sections were placed into histological cassettes and immediately 
fixed in 4 % formalin in 1 μm filtered seawater for 48 h. Following fix
ation, the samples were transferred to 70 % ethanol. Samples were 
sectioned and stained with haematoxylin and eosin (H&E) at either the 
histopathology department of Medlab Central (Palmerston North, NZ), 
or Awanui Veterinary (Formerly: Gribbles, Christchurch, NZ). Addi
tional stains, such as Ziehl-Neelsen (ZN) for haplosporidians (Diggles 
et al., 2002), Periodic acid/Schiff (PAS) and Periodic acid/Schiff- Dia
stase (PAS-D) for polysaccharides were also used on selected samples 
(Howard, 2004; Carella et al., 2018). An additional small section of right 
kidney tissue was also collected and stored in 100 % ethanol for further 
molecular analysis.

2.3.1. General tissue alterations
Histology preparations were observed by light microscopy using an 

Olympus BX35 at magnifications of ×40 to x1000. Eleven tissue-specific 
alterations were scored as presence/absence or semi-quantitatively, as 

described below, in relation to site and timepoint. Semi-quantitative 
assessment included the following: ceroid material deposition (brown 
pigmented oxidised lipid material) in connective tissue of right kidney, 
digestive gland and surrounding intestinal tract, as well as kidney stones 
(Copedo et al., 2024), haemocytosis, digestive gland atrophy, organ/
tissue inflammation, gill epithelial atrophy or cilia loss (Perez-Cebrecos 
et al., 2022), gill protein level (Hooper et al., 2014), as described pre
viously by Knowles et al. (2014), whereby 0: Absent, 1: Mild or minor 
changes to the tissue structure, 2: Moderate, ½ of the organ disrupted, 3: 
High, up to ¾ of the tissue disrupted and 4. Severe, marked disruption 
and majority of tissue structure affected. The macroalgal quality within 
the stomach cavity was scored semi-quantitatively on a scale of 1–5 
whereby 1 was 100 % fresh with larger pieces of algae and 5 was 100 % 
old, whereby algae were degraded/digested to mostly fine particles, as 
previously described by Copedo et al. (2024).

2.3.2. Reproductive staging and egg viability
Female and male gonad development was categorised and graded 

using a generalised scheme adapted from Vélez-Arellano et al. (2015)
and Shin et al. (2020), as described in Table 2:

The proportion of individuals presenting gonads at each stage of 
development was plotted for visual representation (Fig. 4). An average 
maturation score was calculated as the number of individuals at each 
stage identified as the grade. For each of the females detected, further 
analysis was done to quantify pre-spawning atresia. Atresic oocytes were 
determined as those that were degrading and being reabsorbed. Iden
tification included: cytoplasmic discolouration and darker staining 
giving a necrotic appearance, irregular jigsaw shape, as well as retrac
tion and detachment from the jelly membrane. Three microphotographs 
were taken of the gonad of each female using cellsens imaging software 
(Olympus cellsens 3.1 [build 21,199]). The objective of an Olympus 
BX53 was set at x20, and three images of the gonad were randomly 
collected. For each image, the number of viable developing or vitello
genic and non-viable (atresic) oocytes were counted and recorded. The 
method proposed by Beninger (2017) was used to derive a percentage of 
atresia per individual egg-bearing pāua that had been graded as devel
oping or mature (Late or ripe). Spent females were included for visual 
representation but not included in the pre-spawning atresia analysis.

2.3.3. Pathogens and parasites
Parasites observed within the H. iris were identified histologically 

were recorded as present/absent. Additionally, ciliates previously 
identified through histology were freshly observed by dissecting a 10 
mm section of live gill tissue and examining it using an Olympus dis
secting microscope. The plasmodia of a haplosporidian-like parasite in 
the right kidney tissue previously described by Diggles et al. (2002) and 
detected by Copedo et al. (2024) was also initially recorded by pre
sence/absence but was subjected to further analysis and further histo
logical staining, as described in Section 2.3. Upon detection of the 
plasmodia in the right kidney, the length of 35 plasmodia was measured 
(longest point) to ± 0.01 μm across three individual abalone (n = 15, n 
= 10, n = 10). The nuclei of five of the pre-measured plasmodia per 
individual H. iris were counted. Further to the measurements and counts 
of the plasmodia, individual abalone with plasmodia detected were 
analysed for parasite intensity. Once visual detection occurred using the 
x40 objective, a count was initiated followed by counts in an additional 
24 randomly selected fields using cellSens™ software (Olympus cellsens 
Standard 3.1 [build 21199] on an Olympus BX53 compound micro
scope). The first count on initial detection was also included in the 
analysis as a result of the focal clustering of larger numbers of the 
plasmodia in few kidney tubules. Removal of these counts from several 
individuals resulted in a score of 0. The 25 counts were then averaged to 
provide a relative intensity score per individual abalone. Six of the 
corresponding ethanol fixed right kidney samples with a range of plas
modia intensities were selected for targeted molecular identification 
using PCR and metabarcoding methods see Section 2.3.4.

Table 1 
Sampling numbers and time course of H. iris sampling for the Chatham Islands. 
The first timepoint (March 13, 2020) has previously been analysed (Copedo 
et al., 2024) and is included as a reference for comparison.

Site 1: Ascots Site 2: Owenga Reference

Adults Sub- 
adult

Adults Sub- 
adult

March 13, 2020 10 10 10 10 Copedo et al. 
(2024)

November 26, 
2020

10 10 10 10 ​

March 04, 2021 10 10 10 10 ​
April 02, 2021 10 10 10 10 ​
May 15, 2021 10 10 10 10 ​

April 07, 2022 10 4 10 10 ​
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2.3.4. DNA isolation, PCR and metabarcoding sequencing
Molecular analysis was used to corroborate the putative diagnosis of 

haplosporidian infection, using primers for previously observed H. iris 
haplosporidians (Reece and Stokes, 2003) and generic eDNA primers to 
detect alternative pathogens. DNA was extracted and purified from 
approximately 20-25 mg of the ethanol preserved right kidney tissue for 
each of 6 haplosporidian-like parasite infected H. iris individuals using a 
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to 
the manufacturing protocols. As a result of PCR inhibition regularly 
associated with mollusc native DNA (Adema, 2021), a preliminary PCR 
was performed on a cascade dilution of 0x, 10x, 100x and 1000x of the 
DNA extracted using 18S rRNA eukaryotic primers Uni18SF and 
Uni18SR by (Zhan et al., 2013) to identify the optimal dilution factor 
required for the samples. Following this first assessment, the 10x dilu
tion was selected and used to perform PCR (Fig. 7a). Two methods of 
PCR were conducted: a targeted approach using the primers 
16S-A/NZAH-R1 and 16S-B/NZAH-F4 following methods from Reece 
and Stokes (2003), designed for the Haplosporidian/Urosporidium 
parasite in previous publications and a non-targeted PCR using the 18S 
rRNA eukaryotic primers Uni18SF and Uni18SR by (Zhan et al., 2013), 
primarily targeting micro-eukaryotes.

For the targeted method, each PCR reaction included 1 μl of 10 mM 

of each primer, 10 μl MiFy mix (Bioline, Meridian Bioscience), 2 μl DNA 
(1/10), 7 μl sterile water. For each PCR run, a negative control (RNA/ 
DNA-free water; Life Technologies), and one positive control (Gblock 
(DNA fragment), diluted 1/10,000) were carried out, PCR thermocy
cling was completed on an Eppendorf Mastercycler (nexus gradient) 
using the following profile: 1 cycle of 94 ◦C for 4 min, then 35 cycles of 
53 ◦C for NZAH-F4 + 16S-B, or 59 ◦C for 16S-A + NZAH-R1 for 30 s, 
72 ◦C for 1.5 min and a final extension 72 ◦C for 5 min (Reece and 
Stokes, 2003). The size of final PCR product was assessed by 
electrophoresis.

In the non-targeted approach, each 18S PCR reaction included 1 μl of 
10 mM each primer, 25 μl MiFy mix (Bioline, Meridian Bioscience), 3 μl 
DNA (1/10), 20 μl sterile water, a negative control was carried out in 
duplicate with the PCR mixture without the target. The total volume of 
the PCR reactions was 50 μl. The following profile was used: 95 ◦C for 2 
min, 40 cycles of 94 ◦C for 15 s, 52 ◦C for 15 s and an extension step at 
72 ◦C for 15 s. The 18S PCR positive samples then went through the 
clean-up method using the NucleospinGel and PCR Clean-up kit 
(Macherey-Nagel, Germany), and sent for paired-end sequencing on an 
Illumina MiSeq platform (Sequench, Nelson, NZ).

2.3.5. Bioinformatics
The FASTQ files, containing the sequence data, were demultiplexed 

and primers removed using CUTADAPT (version 4.2; Martin (2011)), 
requiring a minimum overlap of 15 bp and no insertion or deletion. To 
remove low-quality calls, sequences were truncated on their 3′ end at 
215 bp and 190 bp for 16S, and at 225 bp and 216 bp for 18S, for the 
forward and reverse sequences, respectively. Sequences were subse
quently quality filtered and denoised using the default parameters of the 
DADA2R package (version 1.26 (Callahan et al., 2016);) and merged 
using a minimum overlap of 10 bp. Potential chimeric sequences were 
removed using the ‘consensus’ option of DADA2, where sequences found 
to be chimeric in a majority of samples are discarded.

Taxonomy was assigned using a combination of approaches and 
databases to increase taxonomic resolution while maintaining confi
dence in the assignations. Specifically, 18S data was assigned with the 
RDP Naïve Bayesian Classifier algorithm (Wang et al., 2007) applied on 
the SILVA reference database (version 132; Quast et al. (2013)) and with 
blastn and megablast (Camacho et al., 2009) on the GenBank nucleotide 
database (Benson et al., 2008) using the default values of the ‘blastn_
taxo_assignment’ function of the biohelper R package (Laroche, 2024). 
Taxonomic assignments from each approach were then combined using 

Fig. 1. General anatomical depiction of New Zealand abalone (Haliotis iris) by (Copedo et al., 2024). Location of the histology sections, indicated by rectangular 
windows, were chosen to maximise likelihood of acquiring all tissue types, including gastrointestinal tract, digestive gland, gill, left and right kidney, hypobranchial 
gland, nervous tissue, muscle and gonad.

Table 2 
Generalised reproductive gonad staging descriptions of Haliotis iris.

Gonad stage Grade Description

Resting 0 Early inactive stage where sex is generally unidentifiable
Early 1 Early inactive with mostly primordial or previtellogenic 

cells; sex determination is possible
Late 2 Gonad/follicles are developing vitellogenic (formation of 

yolk protein) oocytes and spermatogonia, the appearance 
of mature well-developed oocytes and sperm cells. Many 
primordial/previtellogenic cells observed

Ripe 3 Gonad at full maturity with very few previtellogenic cells 
in female and mostly large, well developed oval oocytes 
with a thick jelly membrane and, in males, dense, 
numerous mature sperm cells

Spawning 1 Loss of mature cells due to the spawning process
Spent 0 Degenerating stage whereby the follicle is observed to 

have atresic oocytes and/or reabsorption of gametes 
through the process of phagocytosis

Redeveloping 1 Evidence of recent release of gametes but still has 
developing previtellogenic and vitellogenic cells
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the taxo_merge function of biohelper, which first normalizes taxonomy 
using the NCBI curated taxonomic database (Schoch et al., 2020), and, if 
there is consensus (>50 %) across assigned ranks among the different 
approaches, uses the highest taxonomic resolution among them. 
Otherwise, it assigns taxonomy to the last common ancestor among the 
majority (>50 %) of the approaches.

The top potential parasite amplicon sequence variants (ASVs) were 
selected for deeper exploration. Their sequences were blasted using 
Blastn (NCBI, https://blast.ncbi.nlm.nih.gov/Blast.cgi), the top 2 to 3 
results within in each of the ASVs were collated and the accession 
number recorded in a table (Table 6). The relative abundance was then 
determined for each feature based on the number of hits divided by the 
total number detected.

2.4. Statistical analyses

Statistical analyses were conducted with the R studio interface Build 
375 (RStudio Team, 2021) using R version 4.4.0 (R Core Team, 2024). 
For the morphometric and sex ratio data the March 13, 2020 reference 
timepoint as cited in Copedo et al. (2024) was also included in the sta
tistical analysis. The morphometric data were combined for all time
points and analysed using a general linear model using the car, emmeans 
(Lenth, 2021), and ordinal package. Additionally, the sex ratio data for 
each timepoint were combined and only site and life stage were 
considered using chi squared tests. Histological data were analysed 
using site and date as explanatory factors. Analysis of the 
semi-quantitative data was performed using a polynomial ordinal linear 
regression model using the MASS package (Venables and Ripley, 2002). 
Binomial general linear models were performed on prevalance data 
MCMCglmm package (Hadfield, 2010). A p value < 0.05 was considered 
statistically significant. Additionally, for the semi-quantitative data 
three statistical models were created e.g. 1) site*sample date, 2) 
site*sample date + life stage (adult vs sub-adult), and 3) site + sample 
date, the model with the lowest AIC was selected as the model used in 
the analysis. Gonad scoring was performed using a generalised linear 
model followed by ANOVA with a type two sums sq.

3. Results

3.1. Temperature

Temperature data from the GHRSST approximately 4 km from site 1 

and site 2 indicated temperature offshore to be maximum 17.0 ◦C and 
minimum 10.6 ◦C, during the sampling period between March 2020 and 
April 2022. However, during the summer 2018 and 2019 SSTs reached 
18.2 ◦C and 17.6 ◦C respectively. Sea surface temperature (SST) anom
aly data indicated regular occurrences above the 1985–1990 plus 1993 
baseline temperature, indicating frequent marine heatwave events 
(Fig. 2).

Based on the timeseries data in Fig. 2 the average anomaly data for 
December was selected for visual representation for 2020, 2021, 2022 
and 2023 (Fig. 3). December 2021 visually appears to be the warmest of 
the four time periods based on the SST anomaly gradient.

3.2. Morphometric parameters

The morphometric data indicated a significant difference in the 
whole animal wet weight between site 1 (Ascots) and 2 (Owenga) (Site x 
Life stage: χ2

(1) = 31.4, p = < 0.001), with adults at site 1 being heavier 
than those at site 2 (t = 8.2, p = < 0.001). Interactions were found be
tween site and life stage for shell length measures (Site x Life stage: χ2

(1) 
= 11.9, p = < 0.001), whereby the sub-adults at site 2 were recorded to 
be slightly longer than those at site 1 (t = 2.2, p = 0.03). There was no 
difference in shell width or shell height between H. iris at site 1 and site 2 
(Site: χ2

(1) = 0.1, p = 0.78 and Site: χ2
(1) = 0.09, p = 0.75, respectively) 

(Table 3). Therefore, there was no differences in the L:H ratio between 
the 2 sites (Site: χ2

(1) = 1.08, p = 0.3). In terms of the sex ratio, the 
combined adult (n = 60) and sub-adult (n = 54) data for site 1 indicated 
a weak significance difference with sex deviating from the 1:1 ratio 
towards a female dominated population (χ2 

(1) = 3.7, p = 0.054) whereas 
site 2 (adult (n = 60) and sub-adult (n = 60)) was not significantly 
different from the 1:1 sex ratio (χ2 

(1) = 2.3, p = 0.13). However, when 
considering the adults only for both populations there appeared to be 
significant deviations whereby site 1 was female dominated and site 2 
male dominated (χ2 

(1) = 5.4, p = 0.02 and χ2 
(1) = 8.3, p = 0.004, 

respectively) (Table 3).

3.3. Tissue alterations

The population prevalence for eight of the indices, along with 
additional semi-quantitative scores is recorded in Table 4. No significant 
deleterious alterations were detected in the soft tissues. There were 
significant interactions between the two sites and the collection dates in 
some tissue conditions (Table 4).

Fig. 2. Course daily sea surface temperature (SST) (Left axis; blue dots) from a single location approximately 4 km from Site 1 (Ascots) and Site 2 (Owenga Harbour) 
(latitude 43.99◦S, longitude 176.34◦W). Data source: (JPL, DAAC, 2015). Monthly SST anomaly timeseries from December 2016 to December 2023 (Right axis; 
orange line). The SST anomaly timeseries shows degrees above the climatological baseline covering the 1985–1990 plus 1993 period (Liu et al., 2014) and is sourced 
from NOAA Coral Reef Watch (https://coralreefwatch.noaa.gov). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Population prevalences and scores varied between the two locations 
and sampling timepoints for example elevated ceroid accumulation 
around the right kidney, digestive gland and sub epithelium of the 
gastrointestinal tract was detected (Tables 4 and 5). While there was a 
interaction of location and sample date with the presence of older food 
detected within the crop/stomach region, no differences were seen be
tween life stages (Tables 4 and 5). For the prevalence of presence of 
spaces in the interstitial tissue of the digestive gland and kidney stone 
presence there was no interaction between location and sample date. 
Differences were also detected in the prevalence of kidney stones, with 
prevalence regularly above 40 % at site 2 and above 20 % at site 1 while 

prevalence in the sub-adults was between 0 and 40 % (Tables 4 and 5).

3.4. Reproductive status and atresia

The gonad tissue from most of the adult H. iris were observed to be in 
the ripe stage, with large mature oocytes. The adults at Ascots appeared 
to be in the ripe stage from November 2020 to May 2021, while adults at 
Owenga were developing in November 2020 and ripe from March 
through to May 2021. This resulted in a significant interaction in site 
and date for the average gonad scoring (Location* sample date: χ2

(5) =

11.64, p = 0.04). The sub-adults were observed to spent and early 

Fig. 3. Visual representation of the average sea surface temperature (SST) anomaly data for the month of December for the years 2020, 2021, 2022 and 2023 around 
New Zealand (NZ) and the Chatham Islands (arrow). SST anomaly data sourced from NOAA Coral Reef Watch (https://coralreefwatch.noaa.gov) (Liu et al., 2014).

Fig. 4. Frequency of reproductive staging of H. iris from 2 sites (Site 1: Ascots and Site 2: Owenga) on the Chatham Islands over multiple timepoints between March 
2020 and April 2021 for a) adult abalone and b) sub-adults.
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developing gonad which also resulted in a difference between life stages 
(χ2

(1) = 26.99, p = <0.001) (Fig. 4).
Atresic oocytes were detected through histological analysis (Fig. 5). 

The number of atresic oocytes counted in the female adults of H. iris was 
of interest and percentage of affected oocytes was relatively high. There 
were significant interactions in site and date for the average of the pre- 
spawning atresia (F (4, 179) = 4.22, p = 0.0027) and no differences be
tween life stages (F (1, 179) = 0.4, p = 0.53). The percentage of atresic 
oocytes was highest at site 1 (Ascots) in adults sampled in November 
2020 (74 %) and in the sub-adults in March 2021 (85 %) (Table 6).

3.5. Pathogens and parasites

3.5.1. Histological assessment
Two parasite types were observed in association with H. iris. Scy

phidia-like ciliates (Diggles and Oliver, 2005) and a haplosporidian-like 
parasite. Scyphidia-like ciliates were observed at 100 % prevalence in 
both populations at each time point (Table 4) and were easily identifi
able under a dissecting microscope (Fig. 6a and b). There was a signif
icant interaction in the presence of the haplosporidian-like parasite 
between site and collection date (Tables 4 and 5). Differences between 

the collection dates in 2021 were apparent at site 1 for March/April and 
May (p = 0.03 and p = 0.034, respectively) (Table 4).

Multinucleate plasmodia of the haplosporidian-like parasite were 
observed only in the right kidney tissue of several individual pāua. 
Plasmodia showed similarities to the parasite observed in the right 
kidney by Diggles et al. (2002) but not seen in the other tissues observed 
by Diggles et al. (2002) and identified by Reece and Stokes (2003). The 
average plasmodia length was 14 μm and ranged from 4.91 μm to 22.37 
μm, width from 5.39 μm to 9.28 μm (n = 35) and each plasmodium was 
observed to have between 5 and 8 nuclei (n = 15). The relative intensity 
(average number) of the plasmodia within the right kidney of H. iris 
were as follows: during March, April, and May adults at site 1: 2.32 (n =
1), 0 (n = 0), 1.16 ± 1.19 (n = 7) and site 2: 1.1 ± 1.1 (n = 5), 5.8 (n =
1), and 2.85 ± 2.1 (n = 6), respectively. For Sub-adults at site 1: 0, 0.08 
(n = 1), and 0 and sub-adults at site 2: 1.76 ± 1.25 (n = 4), 1.03 ± 0.5 (n 
= 4), 1.31 ± 1.2 (n = 5), respectively. No differences were observed 
between date and site (f (28, 2) = 0.63, p = 0.54) and site and life stage (f 
(30, 2) = 0.01, p = 0.91). Plasmodia were detected using ZN, PAS and 
PAS-D stains with H&E being the most effective stain for detection 
overall (Fig. 6 c, d, e, f). In contrast to Diggles et al. (2002) ZN staining 
indicated that the plasmodia were not acid-fast. The PAS and PAS-D 

Table 3 
Morphometric and sex ratio data for the adults (n = 60) and sub-adults (n = 54) at site 1 (Ascots) and the adults (n = 60) and sub-adults (n = 60) at site 2 (Owenga 
Harbour). Data are reported as mean ± standard deviations. The L:H ratio is the length to height ratio and sex ratio is M:F or male to female. Letters indicate statistical 
differences between site and life stages (p < 0.05). For the sex ratio the asterisk (*) indicates significantly different values when compared with a typical 1:1 sex ratio; p 
≤ 0.05 and two asterisks (**) p ≤ 0.001.

Weight (g) Length (mm) Width (mm) Height (mm) L: H ratio Sex ratio M:F

Site 1. Ascots Adult 390.7 ± 59.2 a 127.0 ± 7.2 c 88.4 ± 10.8 36.7 ± 8.7 3.7 ± 1.2 0.54 *
Sub-adult 117.4 ± 57.1 c 87.7 ± 13.5 b 67.0 ± 9.7 23.1 ± 5.1 3.9 ± 0.6 0.95

Site 2. Owenga Adult 320.6 ± 39.3 b 123.6 ± 6.6 c 91.7 ± 4.9 34.9 ± 6.7 4.3 ± 5.1 2.22 **
Sub-adult 118.3 ± 28.8 c 92.2 ± 6.8 a 71.1 ± 12.9 24.1 ± 6.3 4.0 ± 0.9 0.79

Table 4 
Data for 14 general pathological findings and tissue alterations are presented, including a semi quantitative food score, ciliate (Scyphidia-like) prevalence, ciliate 
intensity (int), gill alterations (e.g., epithelial atrophy or cilia loss), gill protein score (Gill P), haemocytosis (He), ceroid prevalence, ceroid score of the: right kidney 
(CK), digestive gland (CDG) and sub epithelial layer of the gastrointestinal tract (CSG), detachment of digestive gland tubule from basement membrane (DG gaping), 
interstitial space between the digestive tubules (DG IS), kidney stones (KS) and haplosporidian-like parasite (Hap) (Copedo et al., 2024), % percent prevalence, * only 1 
sample, NR: Not recorded/no samples provided.

Life 
stage

Site Collection 
date

Food 
score

Ciliate 
(%)

Ciliate 
int

Gill 
alt 
(%)

Gill 
P

He 
(%)

Ceroid 
(%)

CK CDG CSG DG 
gaping 
(%)

DG IS 
(%)

KS 
(%)

Hap 
(%)

Adults Site 1: 
Ascots

Mar-20 1.4 100 2.3 0 0.6 0 100 1.0 2.0 1.0 13 20 20 20
Nov-20 2.8 100 1.4 0 2.9 0 100 0.1 1.6 1.6 89 0 90 20
Mar-21 2.8 100 1.4 0 1.8 0 100 1.0 1.3 0.4 100 0 50 10
Apr-21 2.8 100 2.3 0 2.2 0 100 0.5 1.8 1.1 100 0 25 0
May-21 2.6 100 1.6 0 1.5 0 100 0.8 2.0 1.4 44 0 44 78
Apr-22 2.9 100 1.8 0 3.0 0 100 1.0 1.0 2.0 0 0 40 20

Site 2: 
Owenga

Mar-20 4.9 100 1.8 0 0.7 0 100 3.0 3.0 3.0 100 0 80 60
Nov-20 3.1 100 1.9 0 1.8 0 100 0.9 2.3 3.0 67 0 89 50
Mar-21 3.5 100 1.6 0 2.2 0 100 1.5 2.0 2.6 100 20 70 60
Apr-21 3.7 100 2.2 0 2.6 0 100 2.0 2.1 2.9 88 0 100* 100*
May-21 3.9 100 1.3 0 1.9 0 100 1.0 2.3 2.9 80 0 71 75
Apr-22 3.5 100 1.3 0 2.3 0 100 1.8 2.1 2.9 13 0 40 50

Sub- 
adult

Site 1: 
Ascots

Mar-20 1.7 100 2.2 0 0.0 0 100 1.0 1.9 1.0 50 0 0 20
Nov-20 3.1 100 1.5 0 1.7 0 100 0.0 2.1 1.1 40 10 20 50
Mar-21 2.9 100 1.0 0 1.4 0 100 0.2 1.0 0.0 100 0 10 0
Apr-21 2.7 100 2.5 0 2.2 0 100 0.0 1.5 0.0 100 0 0 10
May-21 NR NR NR NR NR NR NR NR NR NR NR NR NR NR
Apr-22 3.5 100 2.3 0 3.3 0 100 0.0 1.0 1.0 0 0 0 0

Site 2: 
Owenga

Mar-20 4.9 100 2.0 0 1.1 0 100 1.4 2.1 1.4 70 0 20 60
Nov-20 3.8 100 1.9 0 1.1 0 100 0.0 2.3 2.0 100 20 40 40
Mar-21 3.3 100 1.3 0 1.9 0 100 0.4 1.6 1.3 90 0 10 70
Apr-21 4.1 100 1.6 0 2.0 0 100 0.8 1.8 2.2 100 0 0 67
May-21 3.4 100 1.1 0 2.2 0 100 0.2 1.7 1.2 70 0 0 50
Apr-22 3.9 100 1.2 0 2.7 0 100 1.5 1.4 2.3 0 0 30 40
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indicated presence of glycogen-like material within the plasmodia 
bodies. Overall, right kidney tissue appeared to be in good condition and 
no haemocyte proliferation was detected.

3.5.2. Molecular identification of parasites
Two molecular approaches were performed to further identify the 

haplosporidian-like cells: a PCR targeting the SSU rRNA gene sequence 
of the haplosporidian-like parasite from NZ Haliotis iris (Reece and 
Stokes, 2003) and metabarcoding.

The PCR analysis performed on the right kidney tissue shows nega
tive results for the haplosporidian-like parasite (Diggles et al., 2002; 
Reece and Stokes, 2003) except for the positive control (Gblock, Fig. 7), 
suggesting the observation of a different/new parasite in this study.

A total of 65,431 reads were obtained from the sequenced data. After 
quality filtering, denoising, paired-end merging and removal of poten
tial chimeric sequences, a total of 100 ASVs and 45,946 reads remained, 
with a mean of 15,315 reads/sample.

The three main groups detected based on the last common ancestor 
were Apicomplexa, Sessilida and Haptoria (Table 7). No hits were 
detected for the previously identified Urosporidium/haplosporidian-like 
parasite.

4. Discussion

The histological information presented in the current study adds 
critical seasonal and inter-year dimensions to an initial investigation by 
Copedo et al. (2024) and provides further information on the 
site-specific differences between two Haliotis iris populations from the 
main Chatham Island. Marked differences were noted in the H. iris tis
sues between the two sites; however, these differentials varied in sig
nificance over time. For example, elevation of ciliate numbers occurred 
in March 2020 and April 2021 when compared to November 2020 and 
March 2021 indicating potential seasonal and annual variations. More 
consistently, tissue condition observations made during the March 2021 
collection support those reported by Copedo et al. (2024) in 
similar-sized individuals sampled in the same month. The increased 
temporal resolution in the present study confers greater confidence in 
the detection of pathological findings and tissue alterations including 
ceroid accumulation, kidney stones, ciliates, and haplosporidian-like 
plasmodia being associated with slower growth. These combined ob
servations emphasised the health and performance differences between 
the sites. Food integrity, as an indicator of quality, in the gastrointestinal 
tract was similar between both populations post-transport to the labo
ratory. However, based on site characterisations H. iris from Ascots had 
more available algae than Owenga. Although, site differences can only 

Table 5 
Statistical analysis of the pathological findings and general tissue alterations observed through histology in Table 4. The lines in bold indicate statistically significant 
values p < 0.05.

Scoring method Alteration Statistical method χ2 df p value

Prevalence Ciliates Location * sample date 0 5 1
Life stage 0 5 >0.05

Gill alterations Location * sample date 0 5 1
Life stage 0 5 >0.05

Haemocytosis Location * sample date 0 5 1
Life stage 0 5 >0.05

Ceroid Location * sample date 0 5 1
Life stage 0 5 >0.05

DG gaping Location * sample date 0 5 1
Life stage 0 5 >0.05

DG spacing Location * sample date 3.06 5 0.69
Life stage 6.5 5 0.01

Kidney stones Location*sample date 5.02 5 0.41
Location 52.09 1 0.001
Life stage 52.09 1 0.001

Haplo-like parasite Location * sample date 16.85 5 0.005

Semi-quantitative Food score Location * sample date 84.67 5 0.001
Life stage 2.38 1 0.12

Ciliate intensity Location * sample date 17.86 5 0.003
Life stage 1.37 1 0.24

gill protein score Location * sample date 20.05 5 0.001
Life stage 2.31 1 0.13

Ceroid kidney Location * sample date 20.75 5 0.001
Life stage 57.26 1 0.001

Ceroid DG Location * sample date 12.59 5 0.028
Life stage 18.78 1 0.001

Ceroid SG Location * sample date 26.52 5 0.001
Life stage 100.81 1 0.001

Table 6 
Average percent of atresic (non-viable) oocytes in females that were graded as spent, ripe or late developing. NR = not recorded, empty spaces = no samples available. 
Atresia in ripe and late development was considered as pre-spawning atresia.

Ascots Owenga

Mar-20 Nov-20 Mar-21 Apr-21 May-21 Apr-22 Mar-20 Nov-20 Mar-21 Apr-21 May-21 Apr-22

Adults Spent 90 89 98 ​ ​ 95 ​ 100 ​ 96 ​ 80
Ripe 39 74 55 65 30 47 59 ​ 21 49 49 ​
Late ​ ​ ​ ​ ​ 59 ​ ​ ​ ​ ​ ​

Sub-adults Spent 92 96 100 91 NR 100 93 100 98 100 100 93
Ripe ​ ​ 85 61 NR 38 19 ​ 47 49 16 ​
Late 25 ​ ​ ​ NR ​ ​ ​ ​ 68 12 ​
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be tentatively inferred as availability, diversity and quality of algal 
species may change over time. H. iris from the Owenga site also had 
increased prevalences of kidney stones, haplosporidian-like parasites in 
the gut, and elevated ceroid. In addition, this population showed evi
dence of spawning events and a lower proportion of atresic oocytes 
when compared with the second site.

4.1. Nutritional stress and an ageing population

Although proportionally wider shells of the slower growing site (site 
2, Owenga) were apparent within this study, lengths were similar be
tween the two sites providing an opportunity for ‘same size’ comparison. 
It is likely that depleted nutrition contributes substantially to the slow 
growth due to dietary limitations, as mentioned previously by Bayne 
(2004), Venter et al. (2022), Van Nguyen et al. (2023) and Copedo et al. 
(2024). This is supported by Van Nguyen et al. (2023) who found that 
slower growing H. iris from the Chatham Islands, including Owenga, had 
lower levels of several key organic acids (including some essential fatty 
and amino acids) circulating in the haemolymph. However, this influ
ence is closely followed in importance by physiological alterations from 
external and internal stressors (Bayne, 2004). For example, increased 
sedimentation also impacts nutrient absorption and respiration, which 
can affect tissue and shell growth (Poore, 1973; Schiel et al., 2006; 
Saunders et al., 2009; Laferriere, 2016). Additionally, increased popu
lation density has been observed to correlate with slower growth and the 
degree of reproductive development in H. laevigata (McAvaney et al., 
2004).

Based on the results from Copedo et al. (2024) and A. C. Alfaro 
(unpublished observations), it appears that algae at site 1 are more 
abundant, palatable, and easier to digest, with consequently higher 
consumption. Access to a diverse range of macroalgal species is also 
known to improve abalone growth (Stuart and Brown, 1994; Mai et al., 
1995; Viera et al., 2011). It should, however, be noted that the algal 
architecture within the stomach/crop region was decayed in samples 
from both sites post 24–48-h transport, which is consistent with 

digestion time (Day and Cook, 1995; Britz et al., 1996). It is therefore 
likely that reduced nutritional quality and quantity of food available 
(reduced energy availability) to the slower-growing population is 
limiting growth, while exacerbating other tissue conditions such as 
ceroid-lipofuscin accumulation. The inferences based on gut content are 
therefore tentative and would benefit from further in situ assessments.

Ceroid and lipofuscin both present as pigmented brown to yellow 
waxy aggregates and both are by-products of oxidative stress and typi
cally termed as ‘ceroid-lipofuscin’ due to the similarities (Carella et al., 
2015; Miller and Zachary, 2017; Webb and Duncan, 2019; Copedo et al., 
2024). Lipofuscin is typically associated with age as a ‘wear and tear’ 
pigment in vertebrates where the yellow/brown pigments accumulate as 
cellular debris, from the lysosomes, in the cytoplasm as part of a normal 
cellular process. Although similar to lipofuscin, ceroid pigments are 
considered to be associated with pathological conditions (Dolman and 
MacLeod, 1981; Zaroogian and Yevich, 1993; Seehafer and Pearce, 
2006; Jung et al., 2007b; Miller and Zachary, 2017). Lipofuscin and 
ceroid can also increase accumulation of lipid peroxidation as a result of 
their ability to facilitate their own production (Jung et al., 2007a). The 
lysosomes within the cell may not be able to digest all of the pigment, 
resulting in the accumulation outside of the cell (Dolman and MacLeod, 
1981). The build-up of both lipofuscin and ceroid pigments impairs 
tissue function and can correlate with impacted growth (Hole et al., 
1995). As a result of the similarities between ceroid and lipofuscin and 
the difficulty of separating the two, the term ‘ceroid’ will be used 
generically henceforth.

Incidence of elevated ceroid material within the interstitial tissues of 
the H. iris, was observed to be higher in the adults at the slower growing 
site (site 2, Owenga) based on the statistical interaction, reflecting a 
pattern previously observed by Copedo et al. (2024). The increased level 
of ceroid in the slower-growing population indicates a potential cumu
lative tissue maintenance cost (Terman and Brunk, 1998). The increase 
in ceroid, whether from poor nutrition, potential thermal stress from 
heatwaves or self-driven production is also likely to impact growth by 
reallocating energy away from growth for general tissue and cellular 

Fig. 5. Representative images of the reproductive staging of female H. iris showing a) late-stage gonad development of oocytes, b) ripe stage gonad with mature 
oocytes, c) spent stage with degrading/atresia oocytes and atresic debris, and d) atresic oocytes (ao) of a ripe stage female indicating potential pre-spawning atresia, 
jelly membrane of the oocytes (*) and atresic oocyte showing detachment from the membrane (arrow).
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maintenance (Portner and Farrell, 2008; Kooijman and Kooijman, 2010; 
Sokolova et al., 2012; Delorme, 2017; Booth, 2018; Steeves et al., 2018). 
If the habitat with the slower growing population is warmer, then 

accumulation of oxidative damage is to be expected, exacerbating the 
formation of ceroid production (Marigomez et al., 2002; Carella et al., 
2015; Shaw et al., 2019; Webb and Duncan, 2019). Finally, if, ceroid 
production is constant with age and aging is a “progressive loss of 
physiological integrity”, based on the statement by Cohen (2018), then 
the build-up of ceroid would impair tissue function. Therefore, the 
slower growing population displays not only a reduced scope for growth 
because of cellular destabilisation, but also accelerated senescence 
(age). Although H. iris were not aged during this study (e.g., by counting 
shell growth rings), based on the ceroid differences between the adults 
and subadults, and the differences between the slower and faster 
growing populations, as well as the biased sex ratios, and parasite 
accumulation, there is evidence to suggest that the adults in the slower 
growing population are older than their faster growing counterparts. 
However, future investigations should include aging techniques to 
confirm these findings. Comparisons of physiological age (loose measure 
of physiological fitness) versus the chronological age (absolute lifespan) 
(Philipp et al., 2005) between the two populations would definitively 
confirm the ‘slower growing’ characterisation. Typically, physiological 
age and chronological age are positively correlated, however they may 
not be linear. Furthermore, based on minimum legal catch sizes it is also 
possible that there is an accumulation of older abalone in the slower 

Fig. 6. Photomicrographs of the parasites observed in H. iris samples a) gross observation of the ciliates attached to the gills (arrows) inset: enlargement of ciliate 
attached to gill filament, b) ciliates observed in histology stained with H & E, c) the haplosporidian-like multinucleate plasmodia (arrow) located in the lumen of the 
right kidney was observed to have refractive spore-like structure H&E, d) the plasmodia in the lumen of the right kidney stained using ZN, e) PAS-D and f) PAS. 
Plasmodia are indicated with arrows.

Fig. 7. The PCR Gel results for a) 18s primers using different dilutions of DNA 
extraction from sample 1: a1) pure, a2) 1/10 concentration, a3) 1/100, a4) 1/ 
1000, and sample 2: a5) pure, a6) 1/10, a7) 1/100, a8) 1/1000, and a9) neg 
control, b) PCR gel results using NZAH-F4 and NZAH-R1 primers on 1/100 
diluted samples b1) sample 1, b2) sample 2, b3) sample 3, b4) sample 4 b5) 
GBlock, positive control at approximately 1100 base pairs, and b8) neg control, 
b6, b7, and b9 are empty slots.
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growing population which never grow large enough to be removed by 
fishing activity.

In terms of the sex ratios, the adult populations from the slower- 
growing site were male dominated when compared to the fast- 
growing, female dominated, site. This result consistent with the obser
vations of Poore (1973), who suggested that older populations of H. iris 
trended towards male dominance. This is also supported by Lleonart 
(1992), who observed a male dominated population in H. laevigata and 
attributed it to the females being fished first due to their larger size. 
However, it is also likely that due to the suboptimal habitat and the 
energetic investment required to produced oocytes, female mortality 
could be higher in the slower growing population resulting in a bias 
towards male survival. Although the slow-growing population histo
logically appears to have conditions, such as the ceroid and kidney 
stones, which would influence metabolic maintenance of the tissues, as 
well as the nutrient deprivation from limited food access and, potential 
exposure to suboptimal temperatures, they are still reproductively 
active. Based on these factors (diet, temperature, reproduction), it could 
be suggested that they have adapted to ‘life in the slow lane’ (Clarke, 
1988; Philipp et al., 2005).

4.2. Site-specific reproductive condition and atresia

The reproductive stages encountered and elevation of oocyte atresia 
in the adults is of particular interest. Gametogenesis was observed in the 
November 2020 snapshot, but the ripe gametes appeared to be retained 
up until May 2021. If these observations represent stasis within the 
gonad, it becomes unclear when/if spawning occurred in 2021. Addi
tionally, developing gametes were observed in November 2020 at the 
Owenga site (site 2), which may suggest a previous spawning event 
(Autumn) and local population differences in each bay. Poore (1973)
also observed differences in gametogenesis staging between two sites in 
New Zealand, whereby at one of the site’s spent gonads were very rarely 
observed whereas all were spent post-spawning at the other site. The 
results of the present study also support Poore’s (1973) original state
ment regarding the unreliability of making generalisations regarding 
spawning season when samples are only collected for one year. Although 
the present study provides only a snapshot of the gametogenesis cycle, 
the data suggest variability in timing of the spawning season each year. 
There is variation in spawning magnitude and timing, the broad trends 
described by Poore (1973) and Wilson and Schiel (1995) suggested 
development of gametes leading up to the November 2020 sampling 
could be expected, following the Autumn spawning. This would theo
retically be followed by ripening, then spawning associated with the 
February and March 2021, and potentially April 2021 sample events, 
depending on localised variability. Few studies on H. iris in New Zealand 
have focused on the histological staging of reproductive development 

over multiple seasons. This is particularly so with respect to localised 
populations and changing climate, but such knowledge gaps indicate 
profitable future directions for research. A further area for investigation 
would be the assessment of gametogenesis patterns and differential 
oocyte quality between populations across multiple years to build on the 
data and provide greater confidence in interpretation.

There is generally high variation in the spawning season of haliotids 
with some species maintaining condition for months and others such as 
H. iris having discrete spawning seasons (e.g., Webber and Giese, 1969; 
Poore, 1973; Wilson and Schiel, 1995). Additionally, spawning failure is 
not uncommon, Poore (1973) and Sainsbury (2010) both reported years 
where there was no spawning detected, for example 1969 and 1974, 
respectively. According to Poore (1973), temperature alone could not 
explain spawning failure in 1969, due to a successful site having a 
similar temperature profile. Gonad production is an energy demanding 
process that can impact behaviour and growth rate: during the winter 
period shell growth slows and correlates with the production of gonad 
(Poore, 1973), highlighting the value in exploring energy balance as a 
means to interpret variability in reproductive performance. Further
more, controlled experiments are required to assess the relationship 
between reproductive performance, temperature and nutrition.

In addition to the unusual reproductive staging results, there was 
also an increase in appearance of pre-spawning atresia (oocyte resorp
tion) in the adults. The increase in atresia is potentially indicative of a 
delayed spawning and a sub-optimal environment (Beninger, 2017; 
Chérel and Beninger, 2017). The percent of atresic oocytes was observed 
to be higher in the faster growing population and could potentially 
support the hypothesis that atresia is removing older oocytes, to favour 
development of the younger oocytes, rather than over-investing in a 
single spawning event. Atresia is known to be a reabsorption strategy of 
energy recycling during adverse conditions, such as thermal stress 
(Beninger, 2017; Chérel and Beninger, 2017). It has been observed in 
several mollusc species including, clams, mussels, and oysters (Steele 
and Mulcahy, 1999; Pérez et al., 2013; Chérel and Beninger, 2017; 
Copedo et al., 2023). In a previous study (Wilson and Schiel, 1995), 
resorption of oocytes in H. iris was also noted during the lead up to 
spawning, as well as during recovery post-spawning, indicating removal 
of mature oocytes. Also, for H. discus hannai it was found that oocyte 
quality improved, in terms of lipid and protein content, after the first 
spawning and post reabsorption, resulting in more consistent survival of 
the larvae (Fukazawa et al., 2005).

Although Poore (1973) could not attribute temperature to the 
spawning failure, temperature does influence the reproductive cycle of 
many species of Haliotis and can potentially alter reproductive 
phenology (Poore, 1972; Wilson and Schiel, 1995; Kim et al., 2016). It is 
also known that spawning events occur after a change in temperature 
and typically occur as water temperature starts to decline (Poore, 1972; 

Table 7 
Gene sequence results from gene blasting the 18S amplicon sequence variants, of particular interest, of the 3 samples of abalone kidney tissue. The top 2 to 3 closest 
species were recorded for each of the 3 selected features and the last common ancestor was recorded.

Feature ID Accession 
number

Identity E-Value Query 
coverage

Closest species Last common 
ancestor

Relative 
abundance

6f373dbe6cbc5bcd6e50fa56da154f77 MH375329.1 79.86 % 2.00E-72 100 % Cryptosporidium sp. Apicomplexa 0.1 %
MN493109.1 80.10 % 2.00E-72 100 % Theileria sp.

0d2c9b0214a245445bae15860cab5201 KP698209.1 95.85 % 0 100 % Scyphidia ubiquita Sessilida 53.7 %
KP698210.1 93.66 % 4.00E- 

169
100 % MantoScyphidia branchi

ON157280.1 91.55 % 8.00E- 
156

100 % Vorticella sp.

6e9fcd2b0c6e21db389e738de2591c7d KY355505.1 98.86 % 8.00E- 
175

100 % Uncultured eukaryote Haptoria 44.9 %

LN870157.1 96.59 % 2.00E- 
161

100 % Haptoria sp.

OR042381.1 96.58 % 7.00E- 
161

100 % Pseudoamphileptus 
apomacrostoma
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Wilson and Schiel, 1995; Kim et al., 2016). Disruptions associated with 
ocean warming, e.g. temperature, habitat alteration and food avail
ability, can also impact reproductive condition and therefore spawning 
(Moss, 1998). The present study therefore highlights the need for 
ongoing multi-year sampling to build a reliable gametogenesis map for 
H. iris particularly regarding the changing climate. Additionally, further 
research confirming scope for growth and impact of temperature is 
required to resolve questions such as, whether the fine-scale genetic 
variability underpins the site-specific growth patterns, whether there is 
a greater benefit of being larger or smaller under stress whether tem
perature will impact spawning cues, and how the occurrence of patho
gens further impacts growth and reproduction.

4.3. Pathogens

The detection of 2 groups of ciliates, the first being Sessilida and the 
second Haptoria in the metabarcoding analysis was expected as there 
was a high number attached to the gills of the H. iris and 100 % prev
alence in both populations. Numerous species of ciliates also live in 
association with aquatic molluscs (Bower, 2006). Previous studies on 
H. iris have detected ciliates on the gills and determined them to be 
either Sphenophyra-like or Scyphidia-like (Diggles et al., 2002; Muznebin 
et al., 2021; Copedo et al., 2024). The high DNA metabarcoding identity 
score of the groups indicates that the ciliates detected on the gills are 
likely to be Scyphidia sp.

The detection of the haplosporidian-like plasmodia within the right 
kidney tissue of adult H. iris were initially of concern due to the >50 % 
population prevalence in the adults of site 2, and >40 % prevalence in 
the sub adult population of site 2, as well as a similar occurrence asso
ciated with a mortality event in juvenile H. iris reported by Diggles et al. 
(2002), Hine et al. (2002) and Reece and Stokes (2003). However, unlike 
the above studies, within the current study no other plasmodial parasites 
were observed in other tissues histologically. Based on results of Copedo 
et al. (2024), the right kidney tissue was targeted within the present 
study to investigate the parasite and provide more taxonomic informa
tion. It was found using targeted and non-targeted (metabarcoding) PCR 
techniques that the parasite in the right kidney within this study was not 
the same as previously identified by Diggles et al. (2002) and Reece and 
Stokes (2003). The current parasite within the H. iris was only detected 
in the right kidney lumen of both life stages (adult and sub-adult) and no 
immune response or mortalities were associated with it. Furthermore, in 
contrast to the parasite detected within this study the juveniles in Dig
gles et al. (2002), Hine et al. (2002) and Reece and Stokes (2003) pre
sented with a plasmodia stage of a novel parasite in most tissue types (e. 
g. gill and epipodium etc.). Diggles et al. (2002) also reported the 
haplosporidian-like plasmodia in the right kidney of adult H. iris and 
suggested the low numbers and prevalence could be representative of a 
natural infection, and thus adults could potentially be asymptomatic 
carriers. Whereby, the question remained whether the parasite detected 
within this study is the same species previously described and observed 
or whether they were a coincidental occurrence. In addition, based on 
Diggles et al. (2002) study, the parasites were associated with poorer 
host growth, with results from Reece and Stokes (2003) placing it closer 
in the phylogenetic tree to Urosporidium. Little is known about the 
haplosporidian-like (Urosporidium) parasite found in H. iris by Diggles 
et al. (2002) and Hine et al. (2002) or the host-pathogen interaction 
particularly in regards to climate change.

The metabarcoding analysis also identified the presence of apicom
plexans (Cryptosporidium and Theileria sp.). Theileria sp. and crypto
sporidians are protozoan parasites of mammalian species. 
Cryptosporidians are typically found in cattle faecal matter which can 
contaminate shellfish, particularly if the waters are polluted by 
anthropogenic discharge (e.g. livestock faeces during rain events) 
(Srisuphanunt et al., 2009, 2023). Cryptosporidium-like cells have pre
viously been observed adhered to the mucosa layer of the intestine in 
abalone (Handlinger et al., 2002), so detection is not unexpected in the 

H. iris. Detection, of Cryptosporidium in the kidney tubules is likely 
incidental and represents contamination from the main gut section 
(Handlinger et al., 2002). However, Cryptosporidium is also a member of 
the apicomplexan group (Rajapandi, 2020), along with Eimeriidae, 
which causes renal coccidiosis in several molluscan species (Chong, 
2022). Due to the low identity value of the Apicomplexa group, the 
limited genetic data of New Zealand parasites (Thomas et al., 2022), 
small sample number, and the possibility of low quality DNA or degra
dation, the haplosporidian-like parasite could not be identified further. 
Based on the molecular results it is hypothesised that the parasite be
longs to the apicomplexan group rather than the ciliate or haplospor
idian/Urosporidium group, but further molecular research is required 
for species specificity. Additional research is required to confirm and 
validate the parasites detected in the kidney tissue of Chatham Island 
H. iris. Regardless of parasite specificity based on previous pathogen 
research on emergence and spread, such as Perkinsus olseni, a protistan 
parasite (Muznebin et al., 2021; Lane et al., 2023), the information 
presented provides a potential early warning of a parasite that may 
impact the H. iris in the future.

4.4. Contributing factors to slow growth and future vulnerabilities

The lack of amino acids observed previously in algal food (Van 
Nguyen et al., 2023) and the limited and poor algal quality inferred in 
this study implicates inadequate nutrition as a key influence on slow 
growth. Although ceroid deposition in the tissues was unlikely to be the 
initial cause of the slow growth, once it reaches an intensity where it 
propagates it is likely to have cumulative impacts on the energy budget. 
Furthermore, both sites showed signs of gametogenesis, presence of 
kidney stones (right kidney), and parasites which represent additional 
energetic demands on the H. iris because of energy reallocation and 
immune defence. Due to these additional energetic demands the energy 
available for growth is likely limited, resulting in slower growth.

The Chatham Islands sit in a marine heatwave hotspot, which 
regularly experiences anomalous sea surface temperatures and extended 
MHW days (Montie et al., 2023). Although approximate maximum 
temperatures during the sampling period remained below 17 ◦C there 
were strong sea surface temperatures anomalies observed during this 
period. In addition, the previous two summers showed temperatures 
reaching ~18 ◦C. Elevated temperature can interact and exacerbate the 
conditions discussed above, and impact the overall metabolic scope, 
thus further reducing available energy. In a study by Nguyen et al. 
(2023), it was found that with prolonged periods (weeks) of temperature 
above 18 ◦C H. iris could not reduce their energy expenditure, resulting 
in energy demand exceeding supply, leading to a vulnerability to ther
mal stress during the summer period. However, it is also likely that local 
adaptation of H. iris to cooler temperatures in the Chatham Islands mean 
that lower thermal tolerance is possible. Furthermore, increasing sea 
temperatures due to climate change are likely to impact local seaweed 
abundance and diversity. It is well known that marine heatwaves 
threaten marine biodiversity resulting in impacts on kelp forests, 
resulting in compromised future food sources for H. iris (Rogers-Bennett 
and Catton, 2019; Thomsen et al., 2019; Rogers-Bennett et al., 2021; 
Nguyen et al., 2023). The food supply, temperature, and parasite pres
ence observed within the current study, as well as other research 
(Morash and Alter, 2016; Venter et al., 2022; Nguyen et al., 2023; Van 
Nguyen et al., 2023), indicate that H. iris populations are likely to be 
vulnerable to climate change phenomena, notably marine heatwaves. In 
addition, research by Nguyen et al. (2023) and Aalto et al. (2020) also 
indicate that the adult life stage is likely the most vulnerable to future 
environmental stressors.

5. Conclusions

This histological investigation provides key information about the 
factors contributing to slow/stunted growth in New Zealand abalone. 
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The following factors were implicated: site, environment, parasites, 
pathology, reproduction, as well as nutrition as previously described in 
Copedo et al. (2024), exacerbated by a likely vulnerability to increased 
temperature. pathological findings observed (e.g. ceroid) were primarily 
detected in the adult populations which could indicate that growth 
differentials start to occur once the individuals reach maturity. If ceroid 
is an indicator of age and production is constant, then even without 
chronologically aging the shells, its presence supports the anecdotal 
observations of growth differences. The current study highlights several 
dynamic parameters following on from the initial March 2020 investi
gation to further elucidate population differences. Further information 
on the gametogenesis cycle over multiple years, spawning failure, and 
recruitment of new juveniles of H. iris are critical, not only in a changing 
climate but also under the additive pressure of fishing. In addition, 
further monitoring of the gametogenesis cycle will also provide key 
knowledge in understanding growth phenology and energy allocation. 
In parallel to the monitoring of growth and reproduction, a means of 
assessing age across a large size range and quantifying ceroid deposition 
would also be beneficial in determining the relationship between 
chronological and physiological age. Finally, pathogens present a po
tential threat; the parasite observed in the right kidney tissue in wild 
H. iris deserves particular attention, noting that it could also provide a 
potential early warning of future health problems. Such possibilities 
could be assessed if there is greater knowledge of host/parasite in
teractions under the influence of climate change. Further work should 
include the impact that this parasite may have on the population in the 
future and the implications for fisheries management.

Improving knowledge on the following: seasonal and annual varia
tion in seaweed diversity, gametogenesis and oocyte quality of the H. iris 
thermal stress, energetic budget, and initial cause of ceroid deposition 
(e.g. age or stress) would provide beneficial information to support other 
management strategies already being implemented by fishing industry. 
These factors and pathological findings, as discussed above, are also 
likely to increase the vulnerability with increasing pressure during 
summer heatwaves. Due to changing climate, increasing abnormal 
weather patterns, high morphological variation, alternations to repro
duction, and the depletion of H. iris populations, the concern around 
sustainability of the H. iris fishery in NZ is warranted. However, 
collaborative partnerships between researchers, such as the current 
study, and the pāua industry (in this case PauaMAC4 and the Pāua In
dustry Council), provide unique opportunities for developing new 
management strategies to ensure future growth of pāua populations.
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