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Abstract
This thesis examined the nutritional ecology of a single species of marine herbivorous fish, the New
Zealand butterfish Odax pullus (Labridae). Its aim was to establish whether this species could provide
any evidence for a temperature constraint on digestion in an ectothermic herbivore foraging at high
latitudes. Specimens of wild O. pullus were sampled across three locations within New Zealand,
which covered a latitudinal range of 11º and encompassed a year-round temperature range of
10–22ºC. Diet was determined through examination of ingested material and also through analysis
of stable isotopes (15N and 13C) in diet and consumer tissues. The nutrient content of material in the
foregut of captured fish was quantified on the basis of ash, total hydrolysable amino acids (THAA),
total lipid, and hydrolysable neutral sugars (including the sugar-alcohol mannitol). Assimilation
efficiencies were calculated and, subsequently, digestion was also considered in terms of the pattern
of changing nutrient concentrations along the gut. Finally, digestive activity in the hindgut was
characterised using a metabolite profiling approach.
An ontogenetic change in the diet of juvenile O. pullus was observed at all locations. During early
development, fish switched from an omnivorous diet of epiphytic rhodophyte algae and epiphytic
invertebrates to an herbivorous diet dominated by phaeophyte algae. Diet switching coincided with a
decrease in ingested protein and lipid concentrations and a corresponding increase in the ingested
concentration of crude carbohydrate. However, even on an herbivorous diet, juveniles ingested a
higher protein to carbohydrate ratio than adult fish. Differences in the size at which the ontogenetic
diet switch occurred were observed across locations. Since these differences also coincided with
variation in the availability of dietary algae, they could not be interpreted as evidence for a
temperature constraint on the development of herbivory in this species.
Seasonal effects on the diet and nutrition of adult fish were examined at a single location (36ºS), and
significant variation in diet across the year was found for both sexes. Variation in ingested nutrient
content was significant for female fish; where a high protein to mannitol intake was related to changes
in nutritional demand associated with spawning activity. Nutrient assimilation efficiencies did not
vary significantly across seasons, except for mannitol, which was utilised with greater efficiency
during the colder half of the year.
Across locations, diet analysis revealed that adult O. pullus were exclusively herbivorous during the
months that sampling took place (December – February), and stable isotope analysis supported the
conclusion that fish at all locations were herbivorous year-round. Ingested concentrations of protein
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were consistent across locations. Furthermore, mannitol was consistently present in the diet at greater
concentrations than any other sugar measured and was utilised with near 100% efficiency.
Comparisons of digestive activity and nutrient assimilation along the gut indicated similar levels of
hindgut microbial activity at all locations. On the basis of these results it was concluded that hindgut
fermentation of mannitol made a significant contribution to the nutrition of O.pullus throughout the
majority of its natural species range. This study therefore provides no evidence to suggest that the
digestion of algal material by a marine ectothermic herbivore is constrained
temperatures associated with latitude.
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Chapter 1: General Introduction

Chapter 1: General Introduction
1.1 – Biogeography of ectothermic herbivores
Herbivores play a critical role in mediating ecosystem function (Cebrian and Lartigue 2004),
therefore factors that influence the prevalence of herbivory are of great interest in ecology
(Schmidtz 2008, Hillebrand et al. 2009). Instances of herbivory are rare in non-avian reptiles and
fish compared to mammals (Choat and Clements 1998, Espinoza et al. 2004). Furthermore, the
abundance and diversity of these ectothermic herbivores declines with increasing latitude in both
terrestrial and marine environments (Zimmerman and Tracy 1989, Choat 1992, Harmelin Vivien
2002). These observations give rise to two questions: first, why is herbivory not more common
among ectotherms and second, are there any factors that constrain its distribution, particularly
at high latitudes?
One of the most significant changes associated with increasing latitude is declining temperature
(Roy et al. 1998). The maintenance of a body temperature similar to that of the environment means
that temperature not only has a profound effect on the physiology and life history of ectotherms
(Kingsolver and Huey 2008), but also directly affects their feeding and digestion (Zimmerman and
Tracy 1989, Bjorndal 1997). This has led to the suggestion that the decline in herbivory at high
latitudes may be driven by a temperature constraint on mechanisms of digestion (Gaines and
Lubchenco 1982).
Herbivore diets are generally considered to be of low nutritional value and difficult to digest (White
2005). As a result, high intake rates and extended gut throughput times are characteristic of
herbivore digestive strategies (Sibly and Calow 1984). Most terrestrial ectotherms, and many
herbivorous fishes, also rely on hindgut fermentation by microbial endosymbionts to assist with the
breakdown of plant material (Stevens and Hume 1995, Horn 1989), and studies have shown that
rates of fermentation in ectotherms are likely to be negatively correlated with temperature
(Bjorndahl 1997, Kihara and Sakata 2001). Slower digestion at lower temperatures results in lower
overall rates of nutrient assimilation. However, since metabolic rate declines with temperature
(Brown et al. 2004), nutritional demand and food intake rates are also likely to decrease along with
rates of digestion (Zimmerman and Tracy 1989). The hypothesis of a temperature constraint on
ectothermic herbivory at high latitudes therefore rests on the assumption that temperature has a
greater effect on digestive processes than it does on the metabolic rate, and hence nutritional
demand, of ectothermic herbivorous animals (Floeter et al. 2005).
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Most fishes are poikilotherms, meaning that their internal temperature is directly dependent on that
of their environment. The decline in global abundance and diversity of herbivorous fishes at high
latitudes relative to other foraging guilds has been frequently cited (Hiatt 1960, Ogden and Lobel
1978, Ebeling and Hixon 1991, Harmlen Vivien 2002, Floeter et al. 2005), although it may not be
universal (e.g. Meekan and Choat 1997, Clements et al. 2009). The hypothesis that low temperature
constrains the efficiency of herbivorous digestion has been used to explain the behaviour and
performance of individual fish (Behrens and Lafferty 2007, Tolentino-Pablico et al. 2008), changes
in community structure with latitude (Harmelin Vivien 2002, Floeter et al. 2005, Perez-Matus et al.
2007), and changes in the environmental impact of herbivory (Mora 2008). Nevertheless, evidence
for a temperature constraint on herbivorous mechanisms remains limited (Clements et al. 2009).
Some herbivorous fishes are able to survive in temperate and polar regions (Iken et al. 1997,
Meekan and Choat 1997), and more research is clearly required in order to establish the validity of
this hypothesis.
Herbivorous fishes that are successful at high latitudes provide an opportunity to study the effects of
temperature on ectothermic herbivory, and in doing so to test the temperature constraint hypothesis.
The aim of this thesis is therefore to consider aspects of herbivory in a single species, Odax pullus
(Labridae), which is endemic to the temperate coastal waters around New Zealand. The nutritional
ecology of O. pullus is examined in detail by looking at diet choice, nutrient intake, digestive
efficiency, and digestive mechanisms at three locations that encompass a broad latitudinal gradient
and span the majority of its species range.
1.2 – Nutritional ecology
The term nutritional ecology refers to an integrative approach that seeks to consider the nutritional
basis of interactions between an organism and its environment (Raubenheimer et al. 2009). It
combines knowledge of nutrition with knowledge of physiology and behavioural ecology, thereby
providing an ideal framework with which to address the question of how temperature may influence
the digestion of a marine ectothermic herbivore (Clements et al. 2009).
The knowledge that animals feed selectively in order to meet a nutritional demand is not new. Over
the last 50 years the most influential paradigm by which ecologists have come to understand and
interpret foraging behaviour is that of optimal diet theory (McArthur and Pianka 1966, Schoener
1971, Stephens and Krebs 1986). The understanding that animals may act to minimise feeding
effort whilst optimising nutritional gain has been of great benefit when interpreting complex
2
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behaviour in a wide variety of species (Sih and Christensen 2001), including marine herbivorous
fish (e.g. Lobel and Ogden 1981, Jones and Norman 1986). Whilst there is no imperative for
foraging ecology to be interpreted in terms of the optimisation of energy over other measures of diet
quality (Schoener 1971), studies incorporating optimal diet theory have traditionally considered
diets in terms of net energy yield (Stephens and Krebs 1986). Since different nutritional indices do
not necessarily correlate within diets, the generalised use of energy as a measure of quality may not
always lead to the best ecological interpretation of observed behaviour. In practice, nutritional
studies have used a wide variety of measures to determine diet quality, and the choice of metric may
be crucial in determining how results are interpreted.
A principal point of departure between traditional optimal diet theory and the integrated nutritional
approach taken by this thesis is the recognition that organisms will feed to meet a simultaneous
demand for multiple discrete nutrients (Simpson et al. 2004). It follows, first, that an optimal diet
will be one containing nutrients in the amounts and ratios at which they are required and second,
that over- as well as under-consumption of nutrients may be detrimental to an organism on an
unbalanced diet (Simpson and Raubenheimer 2005). Reviews of fish nutrition have previously
stated that diets may best be considered in terms of a balance of multiple components, for example
protein versus energy (Bowen 1987, Choat and Clements 1998). Studies of aquaculture species
have also highlighted that diet quality may be influenced by the supply ratio of compounds such as
macronutrients (Fortes-Silva et al. 2011), amino acids (Wilson 2002), and fatty acids (Sargent et al.
2002). The ability to maintain a balanced nutrient intake has thus been suggested as one reason why
freely foraging organisms frequently display enhanced fitness compared to those constrained to a
monotypic diet (Westoby 1978, Pennings et al. 1993, Berneys et al. 1994). Interpretation of diet
choice in herbivorous fishes is therefore likely to benefit greatly from a multivariate consideration
of nutrient intake and assimilation (Horn et al. 1986).
The idea that diet is best represented as a balance of nutrients has been most comprehensively
developed in terms of the geometric framework (GF), which is an approach that seeks to describe
the interaction between multiple dietary nutrients using state-space geometry (Raubenheimer and
Simpson 1997). The incorporation of GF into the current thesis is reflected in the understanding
that, first, animals will benefit from ingesting an amount and ratio of nutrients most suited to their
particular demands (an intake target) and second, that an optimal diet may be achieved by
selectively feeding on two or more diet items that are complementary in terms of their nutrient
composition (Chambers et al. 1995, Raubenheimer et al. 2005).
3
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Considering nutrition in terms of a balance of nutrients has important repercussions for the
interpretation of diet choice in ecological studies. In situations where the absolute amount of
nutrient assimilated over a given time cannot be determined, research is often limited to a
consideration of the relative concentration of different nutrients in ingested material. In such
circumstances it may often be better to consider nutrient intake in terms of balance, rather than
concentration, because the effect of variable concentration can be mitigated by increasing the
amount of material eaten (Raubenheimer and Simpson 1993, Raubenheimer 2011). Several studies
of herbivorous fishes have reported a decrease in gut throughput times accompanying low quality
diets (Targett and Targett 1990, Fris and Horn 1993, Horn et al. 1995). A second conclusion that
arises from a consideration of nutrient balance relates to complementary feeding on different diet
items; when multiple items are complementary in terms of their nutrient composition, the value of
any single item cannot be ascertained unless the nutrient composition of other available diet items is
also taken into consideration (Raubenheimer and Simpson 1997, Simpson et al. 2004). The value of
a particular diet item may therefore change from location to location independently of the change in
its nutrient composition.
Optimal diet theory has been extended to consider optimal digestion (Sibly 1981, Sibly and Calow
1984), which also provides a basis for understanding how herbivores might regulate the digestion of
multiple nutrients (Raubenheimer and Simpson 1996, Raubenheimer and Simpson 1998). Optimal
digestion theory recognises that the amount of nutrient transferred from the gut lumen into the
bloodstream of an organism is a function of the time that material has been retained in the gut.
Since the rate at which individual nutrients – such as protein or carbohydrate – are digested and
assimilated is likely to be variable, gut throughput times in herbivores are critical in determining not
only the relative efficiency with which individual nutrients are utilised, but also the extent to which
unbalanced diets can be mitigated during digestion (Raubenheimer and Simpson 1998).
1.3 – The effects of latitude on the ecology of marine herbivorous fishes
Compared to terrestrial systems, understanding the nutritional basis of marine herbivory presents a
unique set of challenges (Choat and Clements 1998). Both the biochemistry of marine macroalgae
(Percival and McDowell 1967, Painter 1983) and the digestive mechanisms employed by
herbivorous fishes (Horn 1998) are very different to their terrestrial counterparts. In spite of its
challenges, this field has received attention due to the importance of herbivores in reef ecosystems
(Mora 2008). Papers that have addressed the issue of marine herbivory tend to consider it from the
perspective of either; i) how environment influences the diet choice and digestive physiology of a
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species, or ii) how herbivore activity impacts on the environment and in particular macroalgal
abundance. Each of these perspectives is considered below.
Herbivorous fishes are generally assumed to be selective in their choice of dietary algae (Ogden and
Lobel 1978), although the extent to which this is the case may vary depending on the foraging
strategy employed (Choat 1992). Dietary selection has been interpreted either as an attempt to avoid
secondary metabolites that may constitute part of a plant’s defensive mechanisms (Hay and
Steinberg 1992, Hay 1997), or alternatively as an attempt to regulate nutrient intake in accordance
with theories of optimal diet. Whilst it has been demonstrated that secondary metabolites can
influence diet choice (Hay 1997) and affect digestive efficiency (Targett and Targett 1990), this
thesis defines diet quality in terms of nutrient balance. Though incomplete, this approach recognises
that the primary motivation for foraging must always be nutrient intake; although fishes may avoid
certain algae, the dietary items they do ingest must necessarily meet their nutrient requirements.
Observing changes in the nutrient balance of ingested material can therefore provide insight into
how fishes vary diet in response to either changes in environment, or changes in nutrient demand at
different life history stages.
Variation in behaviour and physiology across different life history stages means that nutrient
allocation, and hence demand, are likely to change with ontogeny. Juvenile fishes typically have
higher growth rates than adults (Dumas et al. 2010), resulting in greater allocation of nutrition to
somatic tissue growth and thus higher dietary protein requirements (Wilson 2002). Nutritional
demand may also vary in adult fish, for example, between sexes as a result of anisogamy and
differential investment in reproductive activity. Fishelson et al. (1987) found seasonal changes in
the diet of surgeonfishes (Acanthuridae) that were associated with sex specific seasonal spawning
activity. Accounting for life history is therefore likely to be useful in studies that consider the
relationship between the environment, nutrient availability, and fish nutrition.
Marine macroalgae are highly variable in nutrient content at both the intra- and inter-specific level
(Stewart et al. 1961, Montgomery and Gerking 1980), providing fish with the scope to regulate their
diet through selective feeding. However, since the carbohydrate to protein ratio of plant tissues is
far higher than that of fish tissues, it is generally assumed that ingested diets will be unbalanced
(Sterner and Hessen 1994, White 2005). Whilst diet choice may allow fish to limit the effects of
unbalanced diet through selective feeding, ultimately any ingested imbalance must be mitigated
during digestion. The importance of considering digestion in studies of herbivorous fishes has been
stressed (Horn 1989).
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Studies of the digestive physiology of herbivorous fishes have shown that some, but not all, fishes
employ hindgut fermentation as a digestive strategy (Horn 1989, Clements 1997). Species that do
utilise this approach have been shown to maintain high densities of microbes in the distal portion of
their gastrointestinal (GI) tract that are capable of the anaerobic break down of plant material
(Rimmer and Wiebe 1987, Clements 1997). Short chain fatty acids (SCFA), such as acetate and
butyrate, are products of microbial fermentation that are readily assimilated and utilised as an
energy source by the host (Seeto et al. 1996, Karasov and Martinez del Rio 2007). As discussed
earlier, hindgut microbial activity in fishes is one digestive process that a constraint of temperature
may plausibly influence. This possibility has recently been reviewed by Clements et al. (2009), who
concluded that evidence for a temperature constraint on microbial activity was equivocal, and that
further testing of this hypothesis is required before conclusions can be drawn.
Gut throughput times are likely to be critical in controlling and optimising nutrient acquisition in
herbivorous fishes. Slow rates of either endogenous or exogenous digestion at low temperatures
may mean that slower gut throughput is necessary to obtain equivalent digestive efficiency. Possible
responses of ectothermic herbivores to a temperature constraint would be to switch to a non-plant
based diet, or to alter digestive physiology in order to accommodate slower rates of digestion.
Herbivorous fishes have been shown to display developmental plasticity in response to changes in
environment and nutrient intake that include altering gut length (Xie et al. 2000), altering the mass
of material in the gut (Kopcho 2011), or altering gut ultrastructure (German et al. 2010).
The effect of temperature on herbivorous fish activity has been considered directly in a small
number of studies, which have looked at diet choice (Behrens and Lafferty 2007), and intake rates
(Smith 2008, Barneche et al. 2009), as well as gut throughput times and assimilation efficiency
(Horn and Gibson 1990).

By common consensus it appears that intake rates decrease with

temperature and that throughput times increase, whilst the effect of temperature on assimilation
efficiency remains equivocal. Horn and Gibson (1990) noted equivalent assimilation efficiencies
and increased throughput times, which resulted in lower net assimilation at low temperatures in
Gobius cobitis (Gobiidae). However, the confounding effects of temperature on both nutrient
demand and digestive activity have been demonstrated in fishes (Pulgar et al. 2007), indicating that
knowledge of how growth and metabolic rate varies with temperature is essential when interpreting
results arising from studies of herbivorous ectotherms.
The role of herbivorous species in controlling macroalgal abundance has led to many studies that
consider herbivory in terms of its impact on the environment. Assumptions regarding macroalgal
6
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nutrient status without knowledge of the nutritional basis of herbivore foraging have led to very
different interpretations of the factors that determine herbivore impact (e.g. Cebrian et al. 2004,
Verges et al. 2011). Impact studies have been conducted in both tropical (e.g. Boyer et al. 2004,
Sotka and Hay 2009, Leferve and Bellwood 2010, Bennett and Bellwood 2011) and temperate (e.g.
Prado et al. 2010, Taylor and Schiel 2010) systems. Whilst information that relates herbivore
activity to ecosystem structure is valuable, such studies must often make assumptions regarding the
nutritional value of algae consumed in the absence of knowledge of the demands of the consumer
(e.g. Boyer et al. 2004, Prado et al. 2010). A secondary aim of this thesis is to provide insight into
factors that motivate diet choice in a marine herbivorous fish. This in turn will contribute to an
improved understanding of the ecological role of herbivorous fishes on temperate reefs and how it
may alter across gradients of temperature.
1.4 – Introduction to the study species
The New Zealand Butterfish, Odax pullus (Labridae), is one of 12 species that make up the labrid
tribe Odacini, all of which are found in the temperate waters of New Zealand and southern Australia
(Clements et al. 2004). Three species of odacine are exclusively herbivorous as adults, and are
unique among the wrasses in their consumption of laminarian and fucalian algae (Choat and
Clements 1992, Clements et al. 2004). The peak abundance of herbivorous odacine species occurs
at higher latitudes (~40°S) than that of most herbivorous fishes (Choat 1992) and, in the case of O.
pullus, abundance increases at the southern extent of its range (Meekan and Choat 1997). The
natural species range of O. pullus extends from Cape Reinga, North Island (34.4°S) to the
Antipodes Islands (49.5°S), which are located approximately 800km southeast of the South Island
(Francis 1996), and around the coastal waters of New Zealand O. pullus exists at temperatures that
range between 10-21°C (Table 1.1). This species therefore provides an ideal subject for the study of
ectothermic herbivory at latitudes for which a temperature-mediated constraint on digestion has
been hypothesised (Harmelin Vivien 2002, Floeter et al. 2005, Behrens and Lafferty 2007).
Previous work on O. pullus has revealed much about its life history and demography, its foraging
behaviour, and its digestive physiology. The species is typically found on shallow rocky reefs,
where it coincides with dense stands of phaeophyte macroalgae (Schiel 1990, Meekan and Choat
1997). Analysis of diet (Choat and Clements 1992, Clements and Choat 1993) has shown that it
consumes predominantly algae from the fucalian genus Carpophyllum as well as laminarian algae
such as Ecklonia radiata and Lessonia variegata. Fish at locations in the South Island (42-43°S)
also consume the bull kelp Durvillea antarctica (Taylor and Schiel 2010). Studies of feeding
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behaviour have revealed strong periodicity, with the majority of feeding occurring during the early
morning (Choat and Clements 1993). Patterns of gut activity indicate that gut passage rates are
likely to be slow (Clements and Rees 1998), and in captive fish mean throughput times were found
to vary between eight and 26 hrs (Baker 2011).
As with many herbivorous fishes (Bellwood 1988, Benavides et al. 1994, Moran and Clements
2002), juvenile O. pullus are omnivorous immediately post-settlement, and switch to herbivory
during early development (Clements and Choat 1993). Adult diet choice is known to be affected by
tide and season, with fish selectively targeting the reproductive structures of Carpophyllum spp.
during winter months (Clements and Choat 1993). Given the observed variation between study
locations (Choat and Clements 1992, Clements and Choat 1993, Taylor and Schiel 2010), diet is
also likely to be influenced by algal availability. A recent study of captive fish (Baker 2011)
revealed that individuals display significant preference for particular laminarian species; preferred
algae were the cool-water species Macrocystis pyrifera and the invasive Japanese Wakame Undaria
pinnatifidia. Neither of these algae has been abundant in the diet of wild fish at sites studied so far
(Choat and Clements 1992, Clements and Choat 1993, Taylor and Schiel 2010). It was also found
that captive fish display an increased tendency to alter diet choice after being constrained on a
monotypic diet (Baker 2011), and a mixed diet may therefore be important to this species.
The feeding morphology of the species reflects its diet of tough phaeophyte algae. The primary
dentition consists of a fused beak-like structure and an opposable pharyngeal jaw aids the
breakdown of ingested material (Clements and Bellwood 1988). The GI lacks a stomach, or any
anatomical specialisation, however a recent detailed examination of GI histology and ultrastructure
(Johnson 2010) indicated that the proximal two fifths of the gut were characterised by a high
density of exocrine cells, and the distal three fifths by a high density of absorptive cells. This study
concluded that the entire GI tract should be classified as a single plug-flow reactor (sensu Horn and
Messer 1992). Whilst the ontogenetic shift from omnivory to herbivory is accompanied by changes
in feeding morphology (Clements 1985), it is not known how it is reflected in changes in GI
physiology.
There is substantial evidence to indicate that O. pullus employs hindgut fermentation as a digestive
strategy, at least at the northern extent of its species range. High densities of bacteria have been
found in the distal portion of the gut (Clements 1991). These organisms have been identified as
being principally made up of Clostridia (Clements et al. 2007). Comparatively high levels of shortchain fatty acids (SCFAs) have been measured along the gut and found to correlate with microbial
8
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densities (Clements et al. 1994). Rates of SCFA production in the hindgut were found to be
comparable to those of terrestrial herbivores (Mountfort et al. 2002).
Evidence for fermentation of dietary substrates has led to an examination of both endogenous (fish)
and exogenous (microbial) enzyme activity (Moran and Clements 2005, Skea et al. 2005). Skea et
al. (2005) found evidence for both endogenous and exogenous digestion of starch and the
phaeophyte storage polysaccharide laminarin, and evidence for exogenous digestion of the
phaeophyte structural polysaccharide alginic acid. The sugar-alcohol mannitol has been identified
as a substrate for microbial fermentation in the GI tract of a related odacine species (Seeto et al.
1996). Mannitol is the primary photosynthate of phaeophyte algae (Lee 2004), and can constitute a
substantial proportion of algal dry mass (Percival and McDowell 1967). White et al. (2010)
measured changes in the concentration of mannitol along the gut of O. pullus, and found that it was
removed with near 100% efficiency in the hindgut, leading them to conclude that it may be an
important dietary constituent for this species.
In summary, previous studies have demonstrated the capacity of O. pullus to efficiently consume
and digest phaeophyte algae. They also enable a detailed understanding of the digestive
mechanisms employed by this species. However, the geographical scope of previous studies has
been limited, with the majority having been carried out in the Hauraki Gulf, North Island (~36°S).
The broad change in temperature across the natural species range has led some authors to suggest
that O. pullus may possess ‘additional adaptations’ that allow it to feed at the southern extent of its
range (Floeter et al. 2005), or that fish must utilise methods other than hindgut fermentation to
digest algae in cold water (Behrens 2005). It therefore remains to be established how diet, nutrient
intake, and digestion vary across locations and at high latitudes in this species.
One study has examined the life history and demography of O. pullus at all the locations that are
considered in the current thesis (Trip 2010). Trip et al. (2011) described the species as a monandric
protogynous hermaphrodite, meaning that all juveniles and young adults are female, but that a
proportion of the population undergoes female-to-male sex change at a specific body size.
Comparison of populations across New Zealand revealed that decreasing temperature with latitude
correlated with slower growth rates, but that size-at-maturity and size-at-sex-change remained
consistent across locations (Trip 2010). On the basis of this work, fish in the present study were
classified by size (Figure 1.1) as being either juvenile (<200mm fork-length (FL)), intermediate
female (200-359mm FL), large female (>359mm FL), or male (>359mm FL).
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The relationship between ectotherm life histories and temperature has yet to be fully understood
(Kingsolver and Huey 2008), but it is clear that nutrition may play an important role in determining
life history patterns (Berrigan and Charnov 1994, Diamond and Kingsolver 2010). A simultaneous
consideration of life history and nutrition across a latitudinal gradient within a single species will
help to increase understanding of how nutrition contributes to the demography of an ectothermic
herbivore.
1.5 – Thesis structure and research objectives
For the current study, sampling of wild specimens of O. pullus took place at three locations within
New Zealand: the Hauraki Gulf (HG: 36.3°S), D’Urville Island (DI: 40.7°S), and Stewart Island
(SI: 47.0°S). Together these sites cover a latitudinal range of approximately 11° and a year-round
temperature range of approximately 10.6˚C (Table 1.1). Within the Hauraki Gulf, fish were
collected throughout the year to determine seasonal variation in diet. At the two southern locations,
fish were collected during the New Zealand summer (December – February). At all times fish were
sampled across as broad a size range as possible, thereby allowing the nutritional ecology of the
species to be studied across seasons, across locations, and through ontogeny. Together the chapters
of this thesis take a sequential approach to the research question, and the specific focus of each
chapter is outlined below.

Table 1.1: Estimates of monthly sea surface temperature for the three
locations where specimens of O. pullus were collected for the current
study. Data are for the period (1985-2007), and are obtained from the
National Oceanographoc and Atmispheric Administation (NOAA).
Figures in brackets represent standard error.

Location

Hauraki Gulf

Monthly Sea Surface Temperature (˚C)
Year-round
Mean
Max
Min
17.6 (0.7)
21.0 (0.1)
14.6 (0.1)

D'Urville Island

14.7 (0.5)

17.7 (0.2)

12.3 (0.1)

Stewart Island

12.1 (0.4)

14.0 (0.1)

10.4 (0.2)
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A)

B)

C)

D)

Figure 1.1: Images of O. pullus demonstrating the approximate size of individuals sampled as:
A) Juveniles (<200mm FL), B) Intermediate females (200mm – 359mm FL), C) Large females (>359mm FL),
D) Males (>359mm FL). Large females are also capable of reaching a size equivalent to and greater than that of
males (image not shown).
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Chapter Two includes an analysis of diet based on the examination of the foregut contents of
captured O. pullus. It considers variation in diet with ontogeny, focusing particularly on the size at
which the shift from omnivory to herbivory is observed in juveniles. It has been suggested that the
consumption of animal material by small herbivores is a result of high nutrient demand at a time of
high growth rate (White 1985). Alternatively, it has been suggested that this behaviour results from
the limitations of a low ratio of gut size to body mass at small sizes, which in turn results in an
inability to maintain the extended throughput times necessary for plant digestion (Foley and Cork
1993). Under either scenario, a reduced efficiency of algal digestion at low temperatures would
result in an increase in the minimum size at which fish were able to become herbivorous. A
temperature constraint on herbivory could therefore be expected to influence the size at which the
ontogenetic diet shift is observed across locations. In adult fish, variation in diet is considered
across seasons and across locations, and the possibility of a temperature constraint influencing diet
choice is considered alongside the influence of other environmental effects, as well as seasonal
spawning activity. The hypotheses tested in this chapter are therefore that: i) a temperature
constraint on herbivory will cause an increase in the size at which an ontogenetic diet shift occurs at
higher latitudes; ii) that fish within the Hauraki Gulf will alter their diet across seasons, as observed
by Clements and Choat (1993); and iii) that at higher latitudes O. pullus will alter its diet in a
manner that is consistent with the inefficient digestion of plant material at low temperatures.
Chapter Three uses stable isotopes (δ15N and δ13C) to provide a more temporally-integrated study of
diet that complements the results of Chapter Two. At the two southerly locations a shift to
omnivory during the coldest months of the year would again provide evidence for a constraint on
the digestion of plant material at low temperatures. Since sampling at these locations was restricted
to summer, the results of Chapter Two do not examine this possibility. However, seasonal changes
in diet could be expected to influence the δ15N value of fish tissues. The hypotheses tested in this
chapter are therefore: i) that a seasonal increase in the consumption of animal material at high
latitudes is reflected in an elevated δ15N signature of fish white muscle tissue; and ii) that
ontogenetic changes in diet observed in Chapter Two will also be reflected in the change in δ15N
with size.
Chapter Four aims specifically to introduce robust methods for the quantification of the biochemical
components of macroalgae that may be of nutritional relevance to O. pullus. The nutritional ecology
approach of this thesis rests on the ability to accurately quantify multiple nutritional components.
Previous studies of marine herbivory have been limited either by inappropriate methods of nutrient
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quantification, or by the inability to discriminate between different forms of dietary carbohydrate
(Clements et al. 2009). This chapter evaluates the methods of nutrient analysis used during this
study. It also includes the results of a small pilot study comparing the composition of common diet
items encountered in Chapter Two. Whilst this chapter does not address any specific research
objectives, its outcomes are integral to the success of the study. Data have been presented separately
to avoid confounding the results of subsequent chapters.
Chapter Five uses the methods introduced in Chapter Four to determine the composition of material
removed from the foreguts of captured fish. Its aim is to determine how nutrient intake corresponds
to variation in diet observed in previous chapters. The hypotheses tested by this chapter are: i) that
the ontogenetic diet shift from omnivory to herbivory will result in an increase in the proportion of
algal carbohydrates ingested relative to protein and lipid; ii) that the seasonal variation in diet
observed in Chapter Two and by Clements and Choat (1993) can be explained on the basis of
changes in nutrient intake; and iii) that a temperature constraint at higher latitudes will result in
changes in nutrient intake, reflecting movement away from substrates that are difficult to digest at
low temperatures.
Chapter Six compares the composition of material in the foregut and hindgut of captured fish in
order to quantify the relative efficiency with which different dietary components are digested and
assimilated across locations. A temperature constraint on the digestion of algae at higher latitude
would result in decreased assimilation efficiency of compounds that are difficult to digest at low
temperatures. This chapter therefore tests the hypotheses that: i) at low temperatures (either
seasonal or latitudinal) efficiency of assimilation of specific algal carbohydrates will decrease,
reflecting a change in their digestibility; and ii) that juvenile fish display reduced assimilation
efficiency of algal carbohydrates relative to adults, reflecting inefficient digestion of plant material
at small sizes.
Chapter Seven compares the digestive processes of adult fish collected during December – February
from the three locations in this study. It does this first by using metabolite profiling (Villas-Boas
et al. 2005) to characterise microbial activity in the hindgut. It also compares the manner in which
different dietary components are removed along the gut at each location. The pattern of removal of
specific components is used to infer the digestive processes responsible. This chapter tests the
hypotheses that: i) a change in the level or type of hindgut microbial activity in response to
latitudinal gradients of temperature will be reflected in hindgut metabolite profiles across locations;
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and ii) a change in digestive mechanisms across locations will be reflected in the manner in which
nutrients are removed along the gut.
Together these chapters aim to provide a comprehensive understanding of the nutritional basis of
diet choice in an ectothermic herbivore living at a range of latitudes. Within Chapter Eight, results
are drawn together from previous chapters in order to provide an integrated discussion of the
nutritional ecology of O. pullus. The principal findings of this thesis are then used to assess the
evidence for a temperature constraint on herbivory in this species in particular, and in ecothermic
vertebrates in general.

Figure 1.2: Map showing the three locations where specimens of O. pullus were collected
for the current study.
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Chapter 2: Variation in Diet with Season and Latitude
2.1 – Introduction
Compared to other marine herbivores, fishes are characterised by their mobility and high visual
acuity, which enable them to forage selectively across a range of habitat types (Gaines and
Lubchenco 1982). The ability to discriminate between dietary substrates has been linked to the
avoidance of unpalatable algal species (Hay 1997), but it also enables individuals to directly
regulate their nutritional intake (e.g. Raubenheimer et al. 2005). Regulation of nutrient intake
through diet choice may be particularly important for herbivores because the nutrient balance of
plant tissues is often considered to be unfavourable (Mattson 1980), and is also known to be highly
variable (Sterner and Hessen 1994). Studies of herbivorous fish diet may therefore reveal much
about the motivation behind foraging behaviour, particularly when such studies can be related to
nutrient intake.
The current chapter examines the diet of the New Zealand butterfish O. pullus. In accordance with
the aims of this project it attempts to establish how diet changes with ontogeny, with season, and
across locations that cover a broad latitudinal range. Variation in diet choice is considered in the
context of a possible temperature constraint on the digestion of plant material by this species.
Previous studies looking at herbivorous fish diet across gradients of temperature
Previous studies within species have observed changes in the diet of herbivorous fishes across
seasons (Fishelson et al. 1987, Clements and Choat 1993, Moran and Clements 2002, Prado et al.
2010), and across temperature gradients associated with latitude (Behrens 2005). Behrens (2005)
observed an increase in the proportion of animal material in the diet of Girella nigricans
(Girellidae) over a latitudinal gradient, leading to his suggestion that herbivorous species may
respond to temperature constraints by increasing the proportion of protein in their diet. Whilst
relevant, the ability to extrapolate the results of this study and apply them to other studies is limited
by the fact that G. nigricans may be better described as an omnivore, rather than an herbivore
(Clements and Choat 1997, Hobson and Chess 2001). Behrens (2005) also confounded the effects
of latitude with those of season and, since both influence temperature, it is not clear which was
responsible for the reported diet shift.
As discussed in Chapter One, any evidence for a constraint on ectothermic herbivory at low
temperature could be expected to result in reduced consumption of material for which either rate of
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digestion or digestive efficiency are reduced. For herbivorous fish this could result in reduced
consumption of algal material and increased consumption of animal material, allowing protein to be
metabolised in place of carbohydrate as an energy source. Alternatively, herbivorous fish could
alter their diet to ingest algae that has either a high protein content or carbohydrate that does not
require digestive mechanisms likely to be constrained at low temperature. Finally, the effect of a
temperature constraint on herbivory might be particularly evident during early development due to
the effects of high growth rate and an unfavourable ratio of gut size to body mass.
Analysis of gut contents as a means of studying herbivorous fish diet
Studies of herbivorous fishes have often used analysis of stomach content as a convenient method
of examining variation in fish diet due to ontogeny (e.g. Bellwood 1988, Choat 1992, Moran 2002),
or changes in environment (e.g. Cocheret et al. 2003). Diet analysis is particularly useful in
providing information about foraging ecology in situations where individuals are difficult to
observe. However, when compared to other diets, analysis of herbivore gut content poses
difficulties due to the nature of the material being ingested. Extreme methods of trituration are
employed by many herbivorous fishes (Choat and Clements 1998), and resulting algal fragments
may lack distinguishing features. Additionally, a paucity of studies that focus on marine algae (Hay
1997), means that the identity of many algal species has yet to be fully resolved. In some cases
these problems have prevented the quantitative analysis of herbivore diets (e.g. Cocheret et al.
2003), and the taxonomic resolution to which dietary material can be identified is often limited. The
current chapter aims to avoid these problems by creating a digital archive to improve the accuracy
and consistency of the identification of dietary material.
The popularity of diet analysis as an ecological tool has lead to many methods of quantification
being reviewed (Hyslop 1980), and also to attempts to standardise methods of analysis and
presentation (Amundsen 1996, Horn 1966). Recent advances in multivariate statistical techniques,
designed specifically for ecological data, are particularly amenable for use with diet data (Anderson
2001, Clarke et al. 2006). The statistical methods advocated both by Clarke and Warwick (2001)
and Anderson et al. (2008) have begun to supersede traditional approaches to the analysis of diet
data and are used in the current study.
Chapter aims
For this chapter, specimens of O. pullus were collected from the three locations introduced in
Chapter One (Hauraki Gulf, D’Urville Island, and Stewart Island). Fish from the Hauraki Gulf were
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sampled throughout the year and fish from the other two locations were sampled during the New
Zealand summer (December – February). The foregut contents of captured fish were examined and
analysed with the aim of testing three principal hypotheses: first, that a temperature constraint on
herbivory causes an increase in the size at which O. pullus switches from omnivory to herbivory at
higher latitudes; second, that fish in the Hauraki Gulf alter their diet across season in order to reduce
consumption of material that may be difficult to digest at low temperatures; and third, that fish at
higher latitudes alter their diet in order to reduce consumption of material difficult to digest at low
temperatures.

2.2 – Methods
2.2.1 – Specimen collection
In the Hauraki Gulf
Diets were examined for specimens of O. pullus collected from sites within the Hauraki Gulf, using
the University of Auckland’s research vessel, RV Hawere. Field trips ran from November 2005 to
October 2009, and sampled individuals ranged in size from 87mm to 497mm fork-length.
Fish were collected on snorkel, using either a hand-spear or spear-gun, and removed to the boat for
processing. Once out of the water fish were immediately pithed and the anus clamped with artery
forceps to prevent loss of gut contents and minimise movement of material within the gastrointestinal (GI) tract. Weight and length measurements recorded were: total weight (TW); gutted
weight (GW); fork-length (FL); and standard-length (SL). Fish were dissected with a vertical
incision along the belly from the gills to the anus, both ends of the GI tract were then clamped,
severed, and the entire GI tract removed from the gut cavity. Fat was cleared from the mesentery
tissue surrounding the gut to prevent contamination of gut contents. The cleaned gut was then
divided into five equal-sized sections (I‒V), following Clements and Choat (1997), and each section
was placed in an individually labelled polypropylene tube and frozen in liquid nitrogen. Once in the
laboratory, samples were stored at -80˚C until analysed. In the current chapter, section I was used as
a proxy for foregut contents, and all other sections were retained for use in subsequent chapters.
Fish were excluded from the study if any damage to gut section I was detected as a consequence of
spearing.
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Across locations
Trips to D’Urville Island took place during January/February 2007 and February 2008 on private
charter vessels. The method of sampling followed that outlined above and frozen material was
transported back for storage at the University of Auckland using liquid nitrogen-based dry-shippers.
Trips to Stewart Island took place during December 2006 and December 2007 on a commercial
fishing vessel, FV Jewel. The collection protocol was identical to that used at D’Urville Island.
2.2.2 – Diet analysis
For adult fish (>200mm FL) vials containing gut section I were removed from the -80˚C freezer,
weighed, and between 10‒20% by mass of the frozen gut contents was sub-divided for diet analysis.
The remaining material was returned, still frozen, to the freezer and used for the nutritional analyses
presented in subsequent chapters (Chapters Five and Six). Samples were not homogenized prior to
sub-sampling; however preliminary investigations on fish from the Hauraki Gulf demonstrated that
increasing the amount of material examined did not improve estimates of dietary diversity (Figure
2.1). For juvenile fish (<200mm FL) the amount of gut material was highly limited and the entire
contents of section I was examined then discarded.
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Figure 2.1: The change in Pielou’s evenness index (A) and Shannon's diversity index (B) as the amount of
foregut sampled increases. Data relates to five fish sampled from within the Hauraki Gulf, for which forklengths were: 147mm (T), 265mm (U), 290mm (z), 362mm (), and 439mm ({). Measurements are
standardised on the basis of the maximum value obtained for each fish.
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Gut material was thawed on a clear Perspex tray, suspended in a small amount of artificial saline,
and examined under a stereoscopic microscope (10–50 x magnification). Material was divided into
morphotype categories based on distinguishable characteristics, and material in each category was
photographed using a mounted Nikon D50 camera, with a Sigma 105 1:1 macro lens (f11, exp.
1–2s). Digital images were subsequently converted into binary (Figure 2.2) and quantified based on
area using macros written for ImageJ v1.42q (Rasband 2008, Appendix A.1). Approximately 4400
images were taken during analysis, and information was concatenated using perl v5.10.0 (Wall
2007, Appendix A.2) before being entered into Microsoft Access 2007©. Software for perl was
written with the assistance of Dr Howard Ross, University of Auckland.

Figure 2.2: Example illustrating how gut material was quantified: In this example, Carpophyllum
spp. reproductive structures (left), Hydrozoa (middle), and E. radiata have been removed from the
foregut, photographed, and each image converted to binary. The area of binary images was
subsequently used to calculate the proportion of each diet item in the foregut.

A total of 53 dietary morphotype categories were identified for the Hauraki Gulf; 49 for D’Urville
Island; and 55 for Stewart Island. Each category was subsequently identified to the lowest possible
taxon using algal voucher specimens collected at each location and by reference to relevant
literature (Morton and Miller 1968, Adams 1994, Lee 2008). Constant referral to stored images
ensured that identifications remained consistent throughout the study, thus preventing any increase
in identification experience from influencing results.
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Representative samples of each morphotype category were taken and immersed in artificial saline
for approximately 1 minute before being gently blotted and immediately weighed to the nearest
0.1mg. Weighed material was then photographed and an area to mass conversion ratio determined.
Ratios were subsequently used to correct area data for varying algal thickness and density.
2.2.3 – Data analyses
In this and subsequent chapters, variations associated with size were analysed on the basis of FL,
rather than either SL or mass measurements, in order that results might be easily comparable with
the work of Trip (2010).
Diet data were manipulated using Microsoft Access 2007© and the diet categories analysed and
presented approximated those used in other studies of O. pullus (Choat and Clements 1992,
Clements and Choat 1993). For the Hauraki Gulf, seasonal variation in diet was investigated by
blocking data into annual quarters (henceforth referred to as seasons), based on the fact that January
– March and July – September were the hottest and coldest three months of the year, respectively
(see Figure 2.6 A below). Comparisons across locations were made in separate analyses, for which
Hauraki Gulf data included only fish collected during the New Zealand summer (December –
February).
Diet data were 4th root transformed, converted to resemblance matrices using Bray-Curtis
dissimilarity coefficients, and subsequently analysed using Primer v6.1.12 (Clarke and Gorley
2006) with the Permanova+ v1.0.2 add-on (Anderson 2009). Initially, the effect of size was
considered as a categorical variable in PERMANOVA tests, with data blocked in ~100mm size
categories based on fork-length. Male fish were excluded from analyses that used size categories
because male data were sparsely distributed across the upper categories and their inclusion would
have resulted in an unbalanced, nested design, with low sample replication across certain category
levels. Instead, differences between sexes were considered in separate PERMANOVA tests that
included only fish above the size of the smallest male encountered during sampling (359mm, FL).
Size was included in these analyses as a baseline adjusted, and square root transformed, linear
covariate. Since minimum size-at-sex-change was found not to vary with latitude (Trip 2010), the
same cut-off (359mm, FL) was used for both seasonal and cross-location comparisons of sex.
Assumptions of homogeneity of variance were tested for all PERMANOVA analyses using
PERMDISP in Permanova+. Differences in diet across locations were also elucidated using
principal coordinate analysis (PCO) ordination (Gower 1956).
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Variables found to be significant in analysis of variance tests were further examined in post-hoc,
pairwise comparisons across factor levels. Significance levels for pairwise tests presented in figures
have been adjusted from α = 0.05 using sequential Bonferroni correction following Quinn and
Keough (2002, pp 49–50). Unless presented in the text, tables of ANOVA results and pairwise test
results can be found in Appendix A.

2.3 – Results
Section I contents were examined for 130 O. pullus collected year-round from the Hauraki Gulf.
Sampled specimens ranged in size from 87 – 497mm FL. Fish collected from the Hauraki Gulf
during summer (December – February, n = 47) were subsequently compared with 52 specimens
collected from D’Urville Island (82 – 543mm FL) and 56 specimens collected from Stewart Island
(104 – 545mm FL). Results are presented first for juvenile fish (<200mm FL), and subsequently for
adults (>200mm FL).
2.3.1 – The diet of juvenile fish
In the Hauraki Gulf
A significant relationship between size and season was observed for juvenile O. pullus collected
from the Hauraki Gulf (Figure 2.3). Peak spawning activity in this region is known to occur in
August (Trip et al. 2011), and the trend observed was attributed to seasonal settlement patterns. Due
to the confounding of size and season, juvenile data are subsequently presented on the basis of size
alone (Table 2.1).
220
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Figure 2.3: The relationship between size (FL) and season for juvenile fish
(<200mm FL) collected in the Hauraki Gulf (F = 5.58, p = 0.03, R-Sq(adj) = 0.19).
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Table 2.1: Table showing the percent contribution of different diet categories to the diet of fish under 200mm
FL in the Hauraki Gulf, where data has been split into ~25mm size ranges. Figures in bold are summaries of
higher taxonomic data. Values in brackets show standard error.

Mean Size (FL):
Animalia
Arthropoda
Bryozoa
Cnidaria
Mollusca
Mollusca_Egg
Unknown algae
Chromista
Heterokontophyta
Phaeophyceae
Fucales
Sargassaceae
Carpophyllum
Carpophyllum reproductives
Laminariales
Lessoniaceae
Plantae
Chlorophyta
Rhodophyta
Calcareous rhodophyte
Corticated rhodophyte
Filamentous rhodophyte
Fine filamentous rhodophyte
Sheet-like rhodophyte

<125
107.3
n=6
65.82 (16.53)
61.78 (15.63)

125-149
134.75
n=4
14.34 (5.28)
10.78 (6.46)
2.69 (2.59)
0.71 (0.43)
0.16 (0.16)
4.92 (4.92)

150-174
163.8
n=5
6.92 (1.30)
5.17 (2.05)
0.27 (0.27)
0.10 (0.10)
0.64 (0.43)
0.73 (0.59)
6.16 (2.69)

175-199
186.4
n=5
11.82 (2.05)
8.58 (1.97)
0.23 (0.23)
2.43 (2.34)
0.10 (0.10)
0.47 (0.47)
7.49 (2.15)

1.02 (0.68)
0.84 (0.84)
2.18 (2.18)
1.59 (1.59)

3.41 (2.94)

44.58 (22.43)

72.38 (5.84)

71.71 (5.70)

1.66 (1.28)
0.05 (0.05)

2.12 (1.61)
39.76 (22.60)

17.01 (4.14)
40.4 (12.12)

10.68 (6.01)
19.48 (12.95)

1.70 (1.70)

2.70 (2.45)

14.97 (10.82)

41.55 (12.09)

36.16 (15.37)

14.53 (5.59)

8.98 (6.61)

24.52 (13.92)

18.31 (10.77)
4.61 (4.50)

7.75 (2.71)
0.12 (0.12)

5.86 (4.10)

4.66 (3.81)

13.25 (6.97)

6.66 (4.55)

3.12 (2.59)

29.18 (17.22)

Evidence for the onset of a switch to a diet of phaeophyte algae was found in individuals as small as
125 – 149mm FL (Table 2.1). Results indicated that the smallest individuals consuming phaeophyte
material ingested mainly Carpophyllum spp., whereas the consumption of significant amounts of
laminarian algae only began at larger sizes (175 – 199mm FL). Omnivorous specimens of O. pullus
collected in the Hauraki Gulf consumed both epiphytic rhodophytes and animal material. A detailed
consideration of diet revealed that ingested animal material was dominated by arthropods, which
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were mainly found to be gammarid and caprellid amphipods. Ingested rhodophyte material
consisted overwhelmingly of small filamentous genera (Ceramium, Metamorphe, Dasyclonium),
known to contain epiphytic species (Adams 1994). Frequently ingested rhodophyte algae were still
visibly attached to material identified as Carpophyllum spp. thallus.
Across Locations
The composition of juvenile diets did not vary significantly across locations (p(perm) > 0.05,
Appendix A.7). At the time of sampling (December – February) fish from all three locations
consumed predominantly animal material and epiphytic rhodophytes (Table 2.2). At D’Urville
Island, ingested animal and rhodophyte material did not differ markedly from that encountered in
the Hauraki Gulf, with animal material consisting mainly of amphipods and isopods (Arthropoda),
and ingested rhodophyte material consisting almost exclusively of Ceramium spp. In contrast, small
fish at Stewart Island displayed qualitative differences in diet. At this location ingested animal
material consisted mainly of unidentified fragments of gastropod and ingested rhodophyte material
consisted mainly of unidentified, fine-filamentous, turfing algae that appeared to be epiphytic on
laminarian species.
2.3.1.1 – The switch from omnivory to herbivory
Consistency across locations in the diets of juvenile fish meant that ontogenetic changes could be
represented as a decline in the proportion of animal and rhodophyte material found in Section I
(Figure 2.4). Data from the Hauraki Gulf and D’Urville Island showed a discrete transition from an
omnivorous diet to one dominated by phaeophytes. Fish from Stewart Island appeared to be more
variable in terms of the composition of the omnivorous diet, which sometimes included relatively
large amounts of phaeophyte material (Figure 2.4 E and F). It was also apparent that at all three
locations large individuals varied greatly in terms of the amount of animal and rhodophyte material
they consumed.
Attempts to derive estimates for the size at which the diet switch occurred in each population were
made difficult by the lack of year-round data for the two southern locations. Spawning was known
to occur at specific times of the year for at least one of the three populations (Hauraki Gulf) and
population specific growth rates (Trip 2010) suggested that, for the Hauraki Gulf and D’Urville
Island in particular, size was likely to be nested within season at the life history stage at which an
ontogenetic diet shift was seen to be occurring. This problem was apparent at D’Urville Island due
to a lack of data for fish between 95–150mm FL. For the one location where year-round
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Table 2.2: Table showing the percent contribution of different diet categories to the diet of fish under
200mm FL, collected from three locations across New Zealand. Figures in bold are summaries of higher
taxonomic data. Categories with an asterisk (*) were used for statistical analysis. Categories with a
dagger (†) were combined into a single category (Epiphytic rhodophyte) for inclusion in analysis.
No L. quercifolia was found in the foreguts of fish <200mm FL. Values in brackets show standard error

Mean Size (FL):
Animalia*
Unknown animal
Arthropoda
Bryozoa
Cnidaria
Mollusca
Mollusc egg
Porifera
Unknown algae
Chromista
Heterokontophyta
Phaeophyceae
Fucales
Sargassaceae
Carpophyllum*
Carpophyllum reproductives*
Landsburgia*
Seirococcaceae
Marginariella*
Laminariales
Unknown laminarian
Ecklonia/Lessonia*
Macrocystis*
Plantae
Chlorophyta*
Rhodophyta
Calcareous rhodophyte*
Corticated rhodophyte*
Filamentous rhodophyte†
Fine filamentous rhodophyte†
Sheet-like rhodophyte†

Hauraki Gulf
132.0
n=7
45.75 (18.37)

D'Urville Island
128.1
n=8
30.6 (15.27)
0.02 (0.02)
23.39 (14.5)
3.72 (2.21)
2.72 (2.64)
0.74 (0.42)

Stewart Island
136.9
n=9
19.41 (10.74)
1.26 (0.65)
5.68 (2.64)
0.02 (0.02)
0.04 (0.04)
12.41 (9.88)

0.28 (0.28)

0.06 (0.06)

9.38 (4.97)

34.49 (16.09)

16.86 (7.67)

2.10 (1.45)

9.24 (4.74)
25.25 (12.09)

14.70 (6.70)
2.16 (2.10)

1.87 (1.37)

43.00 (17.3)
0.07 (0.07)
0.81 (0.71)
1.87 (1.87)

0.92 (0.82)

21.85 (11.78)

0.92 (0.82)

21.85 (11.78)

18.56 (13.72)

0.02 (0.02)
30.6 (15.22)

14.59 (10.52)
3.97 (3.28)

24

0.07 (0.06)
26.77 (14.23)
0.01 (0.01)
3.75 (1.78)

0.23 (0.23)
11.42 (5.28)
3.46 (2.63)
7.96 (5.27)

1.65 (1.56)
56.04 (11.01)
0.03 (0.03)
1.01 (0.95)
30.71 (10.74)
24.29 (8.73)
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information was available, fish appeared to adopt a predominantly phaeophyte diet at around
150mm FL (Figure 2.4 B).
In an attempt to provide a robust comparison of the size at which a change in diet occurred across
locations the data presented in Figure 2.4 were converted into binary values. This was done on the
basis of whether the diet category in question constituted more or less than 50% of the total diet.
Binary logistic regression was then carried out incorporating size and location as linear and
categorical predictor variables respectively. Results revealed that the Hauraki Gulf and Stewart
Island populations were significantly different when comparing the size at which fish began to
ingest >50% phaeophyte material (z = -3.25, p < 0.001). However the two locations were not
significantly different when comparing the size at which fish began to ingest <50% animal +
rhodophyte material (z = 1.93, p = 0.053). Fish from D’Urville Island were excluded from this
comparison due to a lack of data for fish in the size range at which the diet switch was occurring
(Figure 2.4 C and D).

2.3.1.2 – The diet of adult female fish
In the Hauraki Gulf
Throughout the year the diet of adult female fish collected in the Hauraki Gulf was dominated by
laminarian algae (Table 2.3), the majority of which was found to be E. radiata. Lessonia variagata
was also found in section I of several specimens, but doubts about the ability to distinguish
L. variagata from E. radiata, especially when encountering young plants, led to the two species
being classified together. The next most significant contribution to the diet was made by fucalian
algae; this consisted of the thallae, reproductives, and occasionally pneumatocysts of Carpophyllum
species. Strong seasonal patterns in the appearance of reproductive structures were apparent. Much
of the rhodophyte material encountered consisted of small epiphytic species similar to those found
in the diet of juvenile fish. Non-epiphytic rhodophyte material (‘corticated rhodophyte’) consisted
almost entirely of Pterocladia lucidia, which appeared in the diet predominantly in the latter half of
the year and was frequently encrusted by hydrozoa. Finally, a small but consistent proportion of the
diet was made up of animal material, the majority of which was assumed to be epiphytic
invertebrates.
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Figure 2.4: The change in the proportion of animal + rhodophyte material (A,C,E) and phaeophyte material
(B, D, F) with size. Shown for the Hauraki Gulf (A and B), D’Urville Island (C and D), and Stewart Island
(E and F). Data have been arcsine transformed to improve spread. Dashed lines indicate the boundary that
constitutes 50% of the diet. (HG = Hauraki Gulf, DI = Durville Island, SI = Stewart Island).

26

600

Chapter 2: Variation in Diet with Season and Latitude

Table 2.3: Table showing the percent contribution of different diet categories to the diet of fish over 200mm FL across seasons. Categories with an asterisk (*) were used for
statistical analysis. Categories with a dagger (†) were combined into a single category (Epiphytic rhodophyte) for inclusion in analysis. Values in brackets show standard error

Females
Season
Animalia*
Unknown animal
Arthropoda
Bryozoa
Cnidaria
Mollusca
Mollusc egg
Porifera
Unknown algae
Chromista
Heterokontophyta
Phaeophyceae
Unknown phaeophyte
Fucales
Sargassaceae
Carpophyllum*
Carpophyllum reproductives*
Laminariales
Unknown laminarian
Ecklonia/Lessonia*
Plantae
Chlorophyta*
Rhodophyta
Calcareous rhodophyte*
Corticated rhodophyte*
Filamentous rhodophyte†
Fine filamentous rhodophyte†
Sheet-like rhodophyte†

Males

Jan-Mar
n=21
4.36 (2.01)
0.01 (0.01)
0.30 (0.17)
1.96 (1.77)
1.70 (0.97)
0.15 (0.09)
0.01 (0.01)
0.03 (0.03)
4.32 (1.67)

Apr-Jun
n=16
3.55 (1.01)
0.75 (0.71)
0.3 (0.12)
0.12 (0.08)
1.47 (0.7)
0.11 (0.06)
0.8 (0.64)

Jul_Sept
n=16
5.63 (2.79)
0.12 (0.09)
0.08 (0.04)
0.01 (0.01)
3.22 (2.11)
0.1 (0.10)
2.11 (2.11)

Oct-Dec
n=23
8.83 (3.15)
2.12 (1.34)
3.43 (2.99)
0.77 (0.39)
1.19 (0.35)
0.80 (0.52)
0.52 (0.43)

Jan-Mar
n=8
2.92 (1.88)
1.85 (1.85)
0.04 (0.03)

5.59 (1.78)

4.42 (1.49)

3.64 (2.53)
16.68 (3.71)

6.39 (4.97)
5.58 (1.69)

11.28 (2.59)
5.53 (2.81)
60.20 (5.77)
2.26 (1.52)
51.43 (6.14)

14.21 (3.95)
2.02 (2.02)
0.45 (0.43)
6.2 (2.20)
6.6 (3.96)
2.11 (1.53)

Apr-Jun
n=10
0.97 (0.44)

Jul_Sept
n=9
0.20 (0.12)

Oct-Dec
n=8
1.51 (0.82)

0.2 (0.12)

0.13 (0.08)
1.19 (0.77)
0.19 (0.11)

6.69 (2.67)

2.47 (1.42)

0.71 (0.37)

0.05 (0.03)
0.36 (0.24)
0.16 (0.14)

0.32 (0.32)

0.4 (0.40)

6.14 (1.93)

2.69 (1.8)

1.4 (0.96)

55.30 (7.16)

0.62 (0.62)
26.36 (5.60)

3.47 (2.8)
12.06 (5.96)

2.44 (1.48)
7.60 (4.15)

46.82 (10.87)

5.36 (2.68)
21.51 (7.33)

5.3 (1.57)
0.28 (0.18)
80.84 (3.68)
2.78 (1.66)
71.67 (6.08)

25.74 (5.61)
29.56 (6.33)
23.13 (5.11)
0.21 (0.21)
22.92 (5.17)

11.58 (2.41)
14.78 (3.80)
44.30 (7.08)
0.23 (0.23)
43.46 (7.22)

7.71 (3.08)
4.34 (4.20)
79.36 (7.20)
3.31 (2.27)
72.58 (6.66)

7.27 (4.19)
0.33 (0.33)
85.58 (4.64)
0.18 (0.18)
82.97 (5.34)

32.84 (9.10)
13.97 (4.48)
45.17 (11.35)
1.62 (1.10)
43.55 (11.4)

9.78 (3.43)
11.73 (4.36)
73.10 (7.97)
2.54 (1.68)
65.21 (8.91)

0.62 (0.43)
3.82 (1.48)
0.25 (0.25)
0.31 (0.14)
0.57 (0.20)
0.04 (0.04)
2.65 (1.36)

11.52 (4.12)
0.77 (0.72)
4.42 (3.79)
1.21 (0.48)
0.74 (0.62)
4.38 (1.54)

1.12 (0.49)

1.41 (0.86)

0.47 (0.47)
0.02 (0.02)
0.02 (0.02)
0.6 (0.27)

0.7 (0.59)
0.2 (0.14)
0.14 (0.06)
0.37 (0.30)
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0.01 (0.01)
14.36 (4.35)
3.72 (2.80)
7.09 (2.80)
0.34 (0.26)
3.22 (1.36)

2.97 (1.78)
0.08 (0.07)
1.68 (1.42)
0.79 (0.45)
0.16 (0.16)
0.26 (0.14)

0.79 (0.79)
3.65 (1.53)
0.44 (0.43)
2.73 (1.16)
0.27 (0.20)
0.21 (0.17)
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The results of a two-way PERMANOVA, testing for the effects of size and season on the diet of
adult female fish, are presented in Table 2.4. Male and juvenile fish were excluded from this
analysis because of the nesting concerns discussed previously. The diet of females was found to
vary significantly across both size category and season and PERMDISP results supported the
assumption of homogeneity of variance across all factor levels. Seasonal variation in the diet of
adult female fish is summarised in Figure 2.5.
Table 2.4: Results of PERMANOVA comparing diet of female fish across size and season in the Hauraki
Gulf. Size categories included in the analysis were 200-299mm, 300-399mm, and 400-499mm. Seasonal data
was blocked as January – March, April – June, July – September, and October – December. Assumptions
regarding homogeneity of variance across cells were met: PERMDISP, F = 1.31, df1 = 15, df2 = 79,
p(perm) = 0.554.

Source of variation
Size Category (C)
Season (Sn)
Sn*C
Residual

100

A)

df
2
3
6
63

SS
3465.7
9990.9
1332.3
28902

A

B

C

D

Jan-Mar

Apr-Jun

Jul-Sept

Oct-Dec

MS
1732.8
3330.3
222.05
458.76

B)

Pseudo-F
3.777
7.259
0.484

P(perm)
0.002
<0.001
0.954

Unique
perms
9935
9926
9906

AB
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B
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Mean % diet
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Figure 2.5: The diet of female (A) and male (B) fish
over 200mm FL across season within the Hauraki Gulf.
Symbols demonstrate significant differences in post-hoc
pairwise tests following Bonferroni correction.
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When all seasonal data were pooled, pairwise comparison of size categories showed that the diet of
fish in the largest size category (400–499mm FL) differed significantly from that of fish in
intermediate size categories (200–299mm and 300–399mm FL, p(perm) < 0.01, Appendix A.4).
Similarity percentage (SIMPER) analysis was subsequently performed to determine the contribution
of individual diet items to differences between size classes; however results indicated that no one
diet item was primarily responsible for driving these differences (data not shown)
When data for adult female fish were pooled across size categories (Figure 2.5), pairwise
comparisons revealed significant differences between all four seasons (p(perm < 0.05, Appendix
A.5). Particularly apparent was the increased ingestion of Carpophyllum during the second half of
the year.

The predominance of Carpophyllum spp. reproductives in the diet during July –

September coincided with an increase in gonad mass that indicated spawning activity (Figure 2.6
C). Further evidence of physiological change during this period was provided by weighing the fat
removed from the gut mesentery (Figure 2.6 B), which showed that lipid reserves were depleted
from July – December. A seasonal change in the absolute amount of material ingested was also
seen; analysis of covariance showed that the dry mass of foregut contents (Section I) varied
significantly across season (F = 3.81, p = 0.014, Appendix A.6). The pattern of variation observed
(Figure 2.6 D) was similar to that seen for gut volume by Clements and Choat (1993).
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Figure 2.6: A) Mean monthly sea surface temperature (1967–2008) collected at Leigh Marine Reserve, Hauraki Gulf.
B) Seasonal variation in the mass of fat, collected from mesentery tissue surrounding the gut. C) Monthly variation in
gonad mass of mature female fish. D) Seasonal variation in the dry mass of gut section I. Figures B, C, and D show the
residual values resulting from a linear regression of the allometric relationship between body size (FL) and the
respective variable. All data comes from fish collected from within the Hauraki Gulf. Where shown: different letters
depict significant pairwise differences between seasons. Pairwise comparisons for B are based on Mann-Whitney tests
of regression residuals. Pairwise comparisons for D follow the ANCOVA reported in the text.
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Across locations
At the time of sampling (December – February) the diet of large fish collected from the three
locations in this study was dominated by laminarian algae (Table 2.5). In the Hauraki Gulf and at
D’Urville Island, this was made up almost exclusively of E. radiata. At Stewart Island the
laminarian algae consumed was divided between E. radiata, Lessonia sp. and M. pyrifera. Fucalian
algae were found to make up 10‒20% of the diet of female fish at all three locations. In the Hauraki
Gulf and at D’Urville Island, this was identified as being exclusively Carpophyllum spp. and at
Stewart Island a greater diversity of algae was again found. The presence of a wider range of both
Fucalian and Laminarian algae in the diets of Stewart Island fish resulted in a greater variation in
ingested diet at this location (Figure 2.7).
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Figure 2.7: PCO ordination showing differences in diet between size categories of female
fish across three locations: the Hauraki Gulf (S), D’Urville Island (), and Stewart
Island (T). The figure shows the first two PCO axes, which together capture 75.7% of
total variation. Vector plots represent correlations between untransformed diet data and
sample data as it is distributed on the plot (Pearson’s correlation; showing all correlations
>0.5, where the circle radius indicates 1.0)
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Table 2.5: The percent contribution of different diet categories to the diet of fish over 200mm FL, collected from three locations
across New Zealand. Figures in bold are summaries of higher taxonomic data. Categories with an asterisk (*) were used for
statistical analysis. Categories with a dagger (†) were combined into a single category (Epiphytic rhodophyte) for inclusion in
analysis. Categories with a double dagger (‡) were used for statistical analysis at lower taxonomic resolution. Values in brackets
show standard error
Region

Animalia*‡
Unknown animal
Annelida
Arthropoda
Bryozoa
Cnidaria
Mollusca
Mollusc egg
Porifera
Unknown algae
Chromista
Heterokontophyta
Phaeophyceae
Unknown phaeophyte
Fucales‡
Unknown fucoid
Sargassaceae
Carpophyllum*
Carpophyllum
reproductives*‡
Landsburgia*
Seirococcaceae
Marginariella*
Laminariales‡
Unknown laminarian
Ecklonia/Lessonia*
Macrocystis*
Plantae
Chlorophyta*‡
‡
Rhodophyta
Calcareous rhodophyte*‡
Corticated rhodophyte*‡
Filamentous rhodophyte†
Fine filamentous
rhodophyte†
Sheet-like rhodophyte†

Hauraki
Gulf
n=28
4.80 (1.48)
0.68 (0.34)
0.33 (0.15)
1.81 (1.33)
1.82 (0.74)
0.14 (0.07)
0.01 (0.01)
0.02 (0.02)
5.25 (1.49)

Females
D'Urville
Island
n=33
11.62 (2.42)
0.02 (0.02)
0.22 (0.09)
0.26 (0.1)
8.37 (1.91)
1.54 (1.2)
0.11 (0.05)
1.10 (0.53)
4.09 (0.91)

Stewart
Island
n=37
3.83 (1.06)

Hauraki
Gulf
n=12
2.61 (1.33)
1.23 (1.23)

0.13 (0.11)
0.39 (0.24)
2.69 (1.01)

0.09 (0.05)
0.52 (0.52)
0.56 (0.26)

0.06 (0.04)
0.58 (0.36)
4.41 (1.48)

0.21 (0.21)
2.59 (1.32)

Stewart
Island
n=10
7.61 (2.62)
0.10 (0.10)
0.23 (0.23)
0.39 (0.36)
6.30 (2.55)
0.06 (0.06)
0.53 (0.53)

1.53 (0.82)

1.89 (1.26)

21.46 (7.98)
0.07 (0.07)

6.71 (3.90)
3.09 (2.62)

3.24 (1.95)
15.00 (3.09)

20.69 (2.61)

13.98 (3.92)
4.61 (2.76)

8.82 (2.03)

18.43 (2.29)

1.68 (0.9)

5.41 (2.24)

14.1 (4.13)

3.3 (3.08)

6.18 (2.53)

2.25 (0.75)

0.63 (0.26)
0.13 (0.13)

4.17 (2.79)

7.28 (4.75)

0.32 (0.21)

68.33 (8.26)
0.92 (0.44)
67.42 (8.16)

0.01 (0.01)
82.47 (5.77)
7.13 (2.95)
13.67 (7.25)
61.67 (6.94)

61.73 (4.87)
1.70 (1.15)
56.79 (5.14)

13.23 (3.47)
1.52 (1.51)
0.52 (0.34)
6.15 (1.91)
2.07 (1.08)
2.98 (1.57)

58.52 (4.16)
2.27 (1.19)
56.25 (4.34)

0.35 (0.25)
4.73 (2.20)

6.93 (3.19)
62.68 (5.47)
4.52 (1.54)
27.24 (5.90)
30.92 (5.78)

4.39 (2.16)
9.58 (4.08)

Males
D'Urville
Island
n=11
7.33 (2.25)
2.28 (2.20)
0.22 (0.13)
0.02 (0.01)
4.74 (1.52)
0.06 (0.06)

82.56 (5.16)
2.21 (1.55)
75.97 (5.32)

0.04 (0.04)
1.09 (0.42)

0.32 (0.21)
14.77 (3.86)
0.94 (0.54)
0.02 (0.02)
5.59 (2.63)

2.65 (1.28)
0.05 (0.04)
1.52 (1.00)
0.57 (0.31)

3.00 (1.88)
0.60 (0.34)

6.44 (2.57)
1.78 (0.93)

0.12 (0.10)
0.39 (0.21)
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The effect of size and location on diet was tested using a two-way PERMANOVA. Male fish were
again excluded from this analysis, but juvenile fish were retained because no significant differences
in the size of fish within this category were observed across locations. Diet was found to vary
significantly with both size and location (Table 2.6 A), and a significant interaction term was taken
to infer that differences between locations are not consistent across size categories. The assumption
of homogeneity of variance across size categories and locations was not met (PERMDISP, (p(perm)
<0.001). Pairwise comparisons revealed no significant differences between the diet of fish from the
Hauraki Gulf and D’Urville Island, but revealed significant differences between the diets of fish
>300mm FL from Stewart Island and fish from the two northern locations (p(perm) < 0.001,
Appendix A.7).

Table 2.6: Results of PERMANOVA comparing the diet composition of female fish across size and across
all three locations. Size categories included in the analysis were <200mm, 200–299mm, 300–399mm, 400–
499mm, >500mm FL. Assumptions regarding homogeneity of variance were not met (PERMDISP):
A) F13, 108 = 12.07, p(perm) < 0.001; B) F13, 108 = 4.606, p(perm) < 0.001.

A) Source of variation
Location (L)
Size Category (C)
L*C
Residual
B)
Location (L)
Size Category (C)
L*C
Residual

df
SS
MS Pseudo-F
2
25681 12841
12.052
3
28656 9551.9
8.965
6
11628 1937.9
1.819
105 111870 1065.4

P(perm) Unique perms
<0.001
9940
<0.001
9933
0.020
9917

2
7301.8
3
32437
6
3256.2
105 77634

<0.001
<0.001
0.753

3650.9
10812
542.69
739.37

4.938
14.623
0.734

9956
9938
9930

Comparing Diet across Locations at a Lower Taxonomic Resolution
Since PERMANOVA is sensitive to changes in variance across levels of a factor, significant
differences observed across locations (Table 2.6 A) could have been driven by the wider variety of
laminarian and fucalian algae found in the diet of fish collected from Stewart Island. The orders
fucales and laminariales accounted for almost all of the phaeophyceae ingested and, in spite of
variation at the species level, the proportions of each phaeophyte order consumed remained
relatively similar across locations (Table 2.5).
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In order to determine whether differences across locations were still significant when diet was
considered at a lower taxonomic resolution, data was retested using fewer dietary categories (Table
2.5‡). PERMANOVA results showed that diet was still significantly different across locations
(Table 2.6 B) and variance in the data was still not consistent (PERMDISP, p(perm) < 0.001). PCO
ordination indicated that variation in the diet of fish from Stewart Island was still greater than that
of the other two locations and this variation correlated with the proportion of red algae in the diet
(Figure 2.8).
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Figure 2.8: PCO ordination showing differences in diet between size categories of
female fish across three locations using a reduced number of diet categories.
Hauraki Gulf (S), D’Urville Island (), Stewart Island (T). The figure shows the
first two PCO axes, which together capture 70.1% of total variation. Vector plots
represent correlations between untransformed diet data and sample data as it is
distributed on the plot (Pearson’s correlation; showing all correlations >0.5, where
the circle radius indicates 1.0)
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2.3.1.3 – Sex and ontogeny in adult fish
The impracticality of including male data in analyses of early ontogenetic changes in diet led to
their being excluded from previous parts of this study. Analysis of differences in the diet between
males and females was carried out on a reduced dataset (individuals >359mm FL), in which size
was considered as a linear covariate.
In the Hauraki Gulf
A three-way sequential (Type I) PERMANOVA design was used to search for differences in sex,
whilst accounting for the known effects of season and size. Results revealed no significant
difference between sexes in terms of diet (Table 2.7) Overall, male diets showed a similar seasonal
pattern to that of females, although year-round consumption of Lessoniaceae was slightly higher.
(Table 2.3, Figure 2.5).
Table 2.7: Results of PERMANOVA comparing the diet of male and female fish over 359mm FL within the
Hauraki Gulf. Sex is considered after accounting for the effects of season and size using sequential (Type I)
SS. Size is included in the analysis as a linear covariate, with values baseline adjusted and square root
transformed.

Source of variation
Season (Sn)
Size (Sz)
Sex (Sx)
Sn*Sz
Sz*Sx
Sn*Sx
Sn*Sz*Sx
Residual

df
SS
3
11156
1
2332.3
1
1260.0
3
1656.7
1
276.82
3 452.08
3
2017.3
51 27069

MS
3718.8
2332.3
1260.0
522.25
276.82
150.69
672.44
530.77

Pseudo-F
7.007
4.394
3.374
1041
0.522
0.284
1.267

P(perm)
<0.001
0.007
0.073
0.412
0.679
0.958
0.253

Unique perms
9935
9961
9953
9936
9959
9949
9932

Across locations
As with the Hauraki Gulf data, a sequential (Type I) PERMANOVA was carried out using the 11
diet categories identified in Table 2.5 (*). Results showed no significant difference between male
and female fish when sex was fitted to the model after region and size. Re-analysis of the same data
at a lower taxonomic resolution (Table 2.5‡) revealed a significant difference between sexes, but a
significant interaction term indicated that this difference was not consistent across locations
(Table 2.8).
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Table 2.8: Results of PERMANOVA comparing the diet of male and female fish over 359mm FL across
locations, using a reduced number of diet categories. Data is treated as for Table 2.7.

Source
Location (L)
Size (Sz)
Sex (Sx)
Sz*L
Sz*Sx
L*Sx
Sz*L*Sx
Residual

df
SS
2
3429.0
1
1708.2
1 1593.6
2
2416.3
1
430.67
2
2129.5
2
1063.7
70 37908

MS
1714.5
1708.2
1593.6
1208.1
430.67
1064.8
531.84
541.55

Pseudo-F
3.170
3.154
2.943
2.231
0.795
1.967
0.982

P(perm)
0.005
0.027
0.033
0.044
0.5307
0.0725
0.4402

Unique perms
9938
9946
9954
9926
9961
9948
9948

2.4 – Discussion
Odax pullus is one of the most abundant coastal fish species in New Zealand (Francis 1996), where
it is known to significantly alter algal community structure in sub-tidal ecosystems (Taylor and
Schiel 2010). Whilst studies have already reported the diet of this species at several locations
(Choat 1992, Clements and Choat 1993, Taylor and Schiel 2010), this is the first to compare diet
across locations that span the majority of the natural species range. Furthermore, this chapter has
demonstrated that O. pullus consumes a predominantly algal based diet across a latitudinal range
that spans from 36–47°S and encompasses temperatures that range from 10–21°C. This species
therefore supports other studies (e.g. Iken et al. 1997, O’Clair and O’Clair 1998) that provide
examples of herbivory at temperatures well below those cited as imposing a nutritional constraint
on microbial mechanisms of digestion (Floeter 2005), and below temperatures at which it is claimed
that some herbivorous fish species move away from an algal diet (Floeter 2004, Behrens 2005).
The subsequent discussion addresses the significance of O. pullus first as an herbivore on rocky
reefs throughout New Zealand, and second as an example of successful ectothermic herbivory in a
cold temperate environment.
Juvenile diet
Whilst this study attempted to consider the diet of O. pullus across its entire size range, the smallest
individual sampled from all three locations was 82mm FL. A possible reason for the absence of
individuals <82mm FL is provided by Meekan (1986), who noted that individuals under 50mm SL
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could be found predominantly under the canopy of dense stands of E. radiata, which lead him to
suggest that O. pullus only migrated to open areas dominated by Carpophyllum spp. once they had
achieved a size where they could successfully avoid predation. The subsequent discussion is limited
to the size range for which data are presented in this chapter.
Results for the diet of juvenile fish in the Hauraki Gulf are in keeping with previous work by
Clements and Choat (1993), who found that the diet of individuals of <180mm SL consisted mainly
of rhodophytes, with a small proportion (~10%) of animal material. In the current study, a clear
decline in ingested animal material with size was observed in individuals under 200mm FL. These
data therefore support the assertion that O. pullus is omnivorous at very small sizes. However, they
also demonstrate that phaeophyte material is ingested in significant amounts by individuals as small
as 125mm FL. Within the Hauraki Gulf, phaeophytes first appeared in the juvenile diet in the form
of Carpophyllum spp. reproductives. The seasonal appearance of these structures in the diet of
adults has already led to the suggestion that they may be selectively targeted because of their
nutrient content (Clements and Choat 1993). It is possible that juveniles also target these structures
because they meet their specific nutritional requirements.
At all three locations in this study, populations displayed the same trophic shift from omnivory to
herbivory, and PERMANOVA analysis showed no significant differences in juvenile diet. It is
notable that a large amount of rhodophyte material was present in the diet of fish from all three
locations, and that there were qualitative differences in the composition of this diet category for
individuals from Stewart Island. The nutritional relevance of the targeting of rhodophytes is
something that will be addressed in subsequent chapters, but it is worth noting that several species
of herbivorous fishes have endogenous enzymes capable of digesting rhodophyte polysaccharides
(Skea et al. 2005), suggesting that small O. pullus may not have to rely on microbial assistance to
digest this material. In addition to qualitative differences in diet, small fish from Stewart Island
appeared to have a slightly higher proportion of rhodophytes and lower proportion of animal
material relative to the other two sites. Although non-significant in statistical tests, this difference
may reflect either selective feeding or differences in the availability of these diet items across
locations.
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The size of the ontogenetic switch to herbivory
It is possible that a temperature constraint on the microbial digestion of plant material could delay
the size at which hind-gut fermenting herbivorous fishes switch to an algal diet at low temperatures.
If it existed, such a trend could potentially be observed across the populations in this study.
Extended gut lengths in herbivorous vertebrates are thought to be necessary in order to enable
increased retention times that facilitate microbial digestion (Stevens and Hume 1995). Herbivorous
fishes display a longer relative gut length than carnivorous or omnivorous species, and a number of
studies indicate that both diet and phylogeny may influence this trait (Elliot and Bellwood 2003,
German and Horn, 2006, Wagner et al. 2009). Clements and Choat (1993) showed that there is an
exponential relationship between body length (SL) and gut length for specimens of O. pullus
collected from the Hauraki Gulf. If the diet switch observed in this species occurs at the size where
relative gut length enables herbivory to become viable, then reduced microbial productivity
(relative to nutritional demand) at low temperatures would necessitate a longer relative gut length
and result in an increase in the minimum size at which fish are able to become herbivorous. Such a
scenario could be observed across a temperature gradient if the impact of temperature on microbial
fermentation was greater than its impact on growth and metabolism.
Evidence for a difference in size at the onset of herbivory across populations was equivocal in the
current study. A lack of year-round data meant that, for D’Urville Island in particular, it was
difficult to estimate when the diet transition may be occurring. For all locations, a large degree of
non-normally distributed scatter in the data prohibited non-linear regression modelling, and as a
compromise binary logisitic regression was used. The severity of the data transformation involved
in this analysis limits the degree to which results can be interpreted, but a comparison of fish from
the Hauraki Gulf and Stewart Island provides evidence that phaeophytes begin to dominate the diet
of Stewart Island fish at a significantly larger size. This result may be explained in terms of a
temperature constraint on herbivory in small specimens of O. pullus. Equally plausible is that the
observed patterns relate to differences in the nutritional value of dietary algae available to juveniles
at each location. Following diet switching, Carpophyllum spp. reproductives were abundant in the
diet of juveniles from the Hauraki Gulf. If an equivalent resource were not available to juveniles at
Stewart Island it might explain their prolonged ingestion of animal and rhodophyte material.
Finally, any constraint on herbivory in juveniles would not imply that temperature has the same
effect on large individuals, since the latter have slower growth rates, lower metabolism, and a
greater relative gut length.
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In addition to the limited evidence for a delayed onset, the transition from omnivory to herbivory
was less distinct in fish collected from Stewart Island than for fish from the other two locations. At
Stewart Island, several fish under 200mm FL had intermediate amounts of brown algae in the
foregut, which may reflect a difference in the rate at which brown algae is incorporated into the
diet. The lower growth rate of fish at Stewart Island (Trip 2010) may also affect the manner in
which diet transition occurs. In the Hauraki Gulf, where a discrete annual spawning event occurs,
individuals in the 150–175mm FL size range were found to coincide with the availability of
Carpophyllum spp. reproductives. It is known that the nutritional quality of algae varies across
seasons (Stewart 1961, Kaehler 1996, Peters 2005, Iwao 2008), and it is thought that seasonal
availability of reproductives may be important to O. pullus nutrition in the Hauraki Gulf (Clements
and Choat 1993). Patterns of spawning activity and settlement at Stewart Island are not known, but
nonetheless slower growth means that individuals in the size range of 150–175mm FL can be
expected to experience a greater range of seasons. Consequentially, at this location, ontogenetic
development and diet shifts would not be expected to coincide so tightly with seasonal availability
of algae.
Variation in the diet of adult fish
The diet of large specimens of O. pullus was dominated by macroalgae at all three locations,
proving that adult fish are functioning as herbivores across the latitudinal range of this study. Since
sampling at D’Urville Island and Stewart Island took place during summer, it is possible that fish at
these locations move away from an herbivorous diet during the colder winter months, this question
will be addressed using stable isotope analysis in Chapter Three.
Seasonal changes in diet were observed at the one location where year-round data were collected. In
the Hauraki Gulf, adult fish showed increased ingestion of fucalians and decreased ingestion of
laminarians during the coldest months of the year (July – September, Figure 2.6 A). The influence
of a temperature constraint on seasonal diet changes can be ruled out because it has been
demonstrated that, over the summer months, fish from Stewart Island consume an equivalent diet
whilst living at temperatures below those ever reached in the Hauraki Gulf. It is therefore likely that
the observed diet patterns are due to changes in both seasonal nutrient availability and nutritional
requirements. The nutritional requirements of adult female O. pullus are likely to alter between July
– August due to investment in the growth of reproductive tissue, although this is unlikely to be the
only factor influencing changes in diet at this time of year because comparable shifts were observed
in male fish. Seasonal nutrient availability may also influence feeding behaviour. Carpophyllum
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spp. reproductives are only present during the colder months of the year, and the nutritional content
of dietary E. radiata is also known to vary across seasons (Stewart 1961). The exact changes in
nutrient intake that accompany these trends will be addressed in Chapter Four.
Qualitative differences in diet were observed across locations, particularly when comparing fish
from Stewart Island with fish from the other two locations. Most notable is the fact that fish from
Stewart Island consumed a greater diversity of both laminarians and fucalians. This difference may
be driven by the relative diversity of available habitat, or alternatively it may represent selective
feeding differences across locations. Previous studies have looked at feeding in O. pullus at two
locations not considered here; Choat and Clements (1992) found significant amounts of L. variegata
in the foreguts of fish collected near Wellington, and Taylor and Schiel (2010) identified
D. antarctica as important in the diet of fish collected from Banks Peninsula and Kaikoura. It is
therefore likely that diet choice is, in part, dictated by species availability.
The distribution and abundance of phaeophytes within New Zealand has been the subject of several
studies (Choat and Schiel 1982, Shiel 1990, Adams 1994, Shears and Babcock 2007). Of particular
value is the work of Shears and Babcock (2007), since they presented a survey of the relative
abundance of different macroalgae that covered all the locations included in the current study. Their
results for nutritionally relevant species are summarised in Figure 2.9. Choat and Schiel (1982)
found that the subtidal regions of Northern New Zealand were characterised by dominant stands of
Fucalian algae from 3 – 6 m, which was replaced by E. radiata at greater depths. Schiel (1990)
found that fucalians were abundant in the immediate subtidal around most of New Zealand;
furthermore he noted that, whereas Carpophyllum spp. may be prevalent in the northeast, it is
replaced by D. antarctica in much of the South Island. The diversity of Laminarian algae is also
likely to change from north to south. Shears and Babcock (2007) found M. pyrifera to be common
in the south, but reported low abundance near D’Urville Island (Figure 2.9), where this species is
nearing the northern extent of its range (Adams 1994). Considering all the locations in the current
study, Shears and Babcock (2007) reported the highest diversity of dietary fucalians and
laminarians at Stewart Island (Figure 2.9). Qualitative assessment of diet in relation to algal
availability therefore suggests that, although O. pullus consumes a consistent proportion of
laminarian and fucalian algae across New Zealand, the choice of phaeophyte species at a specific
location appears to correlate with the prevailing algal cover. This in turn suggests that O. pullus are
capable of meeting their nutritional demands by selectively feeding on a variety of algal taxa.
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Figure 2.9: Summary of the findings of Shears and Babcock (2007), showing the relative abundance of different algae
at four locations across New Zealand. Algae are as follows: 1) C. angustifolium, 2) C. flexuosum 3) C. maschalocarpum
4) C. plumosum 5) D. antarctica 6) L. quercifolia 7) M. boryana 8) E. radiata 9) L. variegata 10) M. pyrifera
11) Gigartina spp 12) Pterocladia lucida 13) Red turfing spp. Data represent the frequency of occurrence in quadrats
during sampling. Data shown for D’Urville Island was actually collected at Long Island, Queen Charlotte Sound.

During examination of foregut contents it was clear that the majority of rhodophyte material
consumed at all three locations was epiphytic. Fish from Stewart Island again showed the greatest
variation in terms of the proportion of the diet made up by this category. Since data were 4th root
transformed prior to analysis, the variation in diet attributable to rhodophytes may be small relative
to the overwhelming amount of phaeophyte material consumed, nonetheless it could still be
important. A paucity of information relating to the abundance and distribution of epiphytic
rhodophytes means that it is difficult to relate variation across locations to algal availability.
However, since rhodophytes were actively targeted by juveniles, their presence in the adult diet
could also reflect preferential feeding. Chapters Four and Five will attempt to establish the
nutritional significance of the presence of this material in the diet.
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Changes in diet of adult fish with size
Analysis of adult data revealed changes in diet with size that were clearly distinct from the
ontogenetic shift in juvenile diet common to many marine herbivorous fishes. Differences between
the diets of intermediate and large sized females were observed at all locations and there was also
evidence for a difference in diet between sexes. It was not clear from the current study whether
these differences were being driven by consumption of any one diet item.
When studying O. pullus within the Hauraki Gulf, Meekan (1986) noted a separation in the
distribution of sexes, where males were encountered at greater depths than females. Since fucalian
and laminarian algae display peak abundance at different depths (Schiel 1990), it is possible that the
observed variation in diet reflects size- or sex-related differences in habitat utilisation.
Alternatively, the results obtained could indicate selective targeting of dietary species, in which
case differences in diet relating to size or sex could reflect a behavioural response to physiological
changes in nutritional demand. Whereas juveniles may be responding to such changes by switching
from omnivory to herbivory, adult fish are clearly doing so whilst foraging on macroalgae alone.
Conclusion
This chapter provided no evidence that the diet of adult O. pullus was constrained by the low
temperatures encountered at the southern extent of its species range. Across locations adult fish
ingested predominantly phaeophyte material, made up of a relatively consistent proportion of
fucalian and laminarian algae; however the exact composition of the diet at each location did appear
to be influenced by the relative abundance and availability of different algal species, indicating that
fish are flexible in their choice of diet.
A shift from omnivory to herbivory in juveniles was observed at all locations studied, and some
evidence provided for a delayed transition to herbivory at higher latitudes. More detailed
investigation would be required in order to determine whether this delay is caused by the limiting
effect of temperature on the digestion of plant material.
The extent to which the trends observed across seasons and locations influence nutrient intake has
yet to be established. As a result this chapter provides a basis from which to investigate the
nutritional significance of variations in diet observed.
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3.1 – Introduction
The observation that heavy isotopes biomagnify as elements pass from diet to consumer has proved
extremely useful in the study of nutritional ecology (DeNiro and Epstein 1981, Peterson and Fry
1987, Wolf et al. 2009). Variation in the proportion of nitrogen isotopes (the ratio of 15N to 14N)
between plant and animal tissues has been successfully used to elucidate trophic interactions in
marine ecosystems (Smit et al. 2006, Jephson et al. 2008, Crawley et al. 2009), and also to trace
ontogenetic diet shifts in marine fishes (Cocheret de la Morinière et al. 2003, Kolasinski et al.
2009). Stable isotope analysis is particularly useful when combined with diet analysis because the
two approaches are informative over very different timescales. Whilst diet analysis reveals only
material eaten in the few hours preceding capture, isotope signatures provide a more temporally
integrated view and have the potential to represent contributions to diet that might otherwise have
been missed (Pinnegar and Polunin 1999). The analysis of isotope signatures is of benefit to the
current study since it provides a further dimension to the results presented in Chapter Two.
Although stable isotope analysis has great potential as a tool in nutritional studies, there is currently
a lack of understanding regarding the underlying mechanisms that govern the isotopic fractionation
observed between trophic levels. This, in turn, has led to calls for caution about the use of isotopes
in ecological studies (Gannes et al. 1997, Martinez del Rio et al. 2009, Wyatt et al. 2010). In this
introduction, isotope theory is discussed only insofar as it has a direct effect on the structure and
results of the current study.
The rate of assimilation of dietary isotope signals into animal tissues
A consumer has tissues that are typically enriched in

15

N and

13

C relative to its diet, and the

magnitude of enrichment is assumed to be constant under stable conditions (Ponsard and Averbruch
1999). A change in the isotope signature of the diet will induce a subsequent change in the signature
of all tissues, and the rate at which a new isotope signature is incorporated into a specific tissue will
depend on the rate of tissue turnover.
Tissue turnover is generally considered in terms of the contribution of growth versus the
contribution of other metabolic processes (Wolf et al. 2009). Wolf et al. (2009) model the time
course for the incorporation of an isotope signature (δX) into a tissue over time (t) following a
change of diet as:
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∞

∞

0

Where δX∞ is the isotope signature at equilibrium, and λ is defined in terms of the proportional
change in body mass (mb) over time plus the allometric effect of body mass on metabolism:
1

Both α and θ are empirically derived constants that are thought to be dependent on temperature,
and they are likely to vary across species (Wolf et al. 2009).
Although untested for many species, the equations cited provide an intuitive framework with which
to consider the potential effect of growth and temperature on isotope assimilation. They suggest that
any study of ectotherms aiming to compare ontogenetic diet changes across populations must
account for the fact that rates of isotopic assimilation will vary with both temperature and growth
rate. The relative contributions of growth and other metabolic processes to turnover in a variety of
tissues has been considered for ectotherms in a small number of studies (Bosley et al. 2002, Suzuki
et al. 2005, Buchheister and Latour 2010), which suggest that – for muscle tissue – the majority of
turnover observed, and hence isotope assimilation, can be accounted for by growth.
Variation of the discrimination factor observed between an animal’s diet and its tissues
The term discrimination factor (ΔX) refers to the magnitude of the difference between the δX of an
animal’s diet and the δX of its tissues. Knowledge of discrimination factors, particularly Δ15N, are
useful because they allow estimation of trophic position (Hobson and Welch 1992, Post 2002),
identification of potential diet items (Smit et al. 2006), and, through use of mixing models,
determination of the relative contribution of known diet items to specific tissues (Jephson et al.
2008, Crawley et al. 2009). Since discrimination factors pertaining to a particular species-diet
relationship can only be determined experimentally, estimates of discrimination factors are often, by
necessity, derived from the literature.
Literature-derived Δ15N values (such as 3.4‰) may be used effectively in food web studies that
involve the approximation of a large number of discrimination factors (e.g. Post 2002).
Unfortunately, when considering the association between an individual species and its potential diet
items, reliance on such estimates may be misleading because the discrimination factors observed
between diet and consumer are found to be highly variable (McCutchan et al. 2003).
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Variation in discrimination factors observed across taxa have been the subject of review
(McCutchan et al. 2003, Vanderklift and Ponsard 2003); however several recent studies also
suggest that a number of variables may influence values observed within species. Of relevance to
the current study are that temperature (Power et al. 2003, Barnes et al. 2007), δ15N of diet
(Overmyer et al. 2008, Caut et al. 2009), and diet quality (Adams and Sterner 2000, Oelbermann
and Scheu 2002, Robbins et al. 2005) – in particular how well diet amino acid balance reflects that
of consumer tissues (Schmidt et al. 2004) – have been observed to influence Δ15N values. To date
there is a failure to acknowledge the potential problems that variable discrimination factors may
cause to ecological studies (McCutchan et al. 2003, Caut et al. 2009). A lack of understanding of
how environment influences discrimination means that caution is required when analysing and
interpreting ecological isotope data.
Accounting for environmental gradients in background isotope levels
Background environmental concentrations of stable isotopes can show broad geographic variation
(Fry 2006). As primary producers, marine algae assimilate elements directly from the environment
and hence display isotope signatures that depend on the location in which they grow. In
consequence, herbivores that occupy an equivalent trophic niche at two different locations may
differ in their δ13C/δ15N values. Studies that seek to compare trophic position across locations using
δ15N must necessarily account for this difference (Vander Zanden and Rasmussen 1999).
Problems arise when comparing herbivores across locations because determination of trophic
position is traditionally based on Δ15N values, which, as discussed, are susceptible to environmental
influences such as temperature. Furthermore, plant material can sometimes provide a highly
variable δ15N signal that is subject to temporal fluctuation (Cabana and Rasmussen 1996, Post
2002). Since δ15N fluctuation is much lower in animal tissue than plant tissue (Cabana and
Rasmussen 1996), the perceived Δ15N between an herbivore and its diet may vary depending on the
conditions under which dietary material is sampled. Post (2002) recommends overcoming the
problems of environmental gradients and primary producer variability by standardising
measurements across populations on the basis of primary consumer δ15N values. In studies that
focus on plant herbivore interactions, this approach amounts to comparing the relative fluctuation of
δ15N within herbivore populations rather than making trophic comparisons on the basis of Δ15N.
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Considerations when sampling dietary isotope tissues
Provided the magnitude of the discrimination that occurs between an organism and its diet is
known, calculated values of Δ15N can be used to infer the contribution of specific items to the
overall diet of an organism. However, in order to determine Δ15N it is necessary to know the δ15N
and δ13C values of both diet and consumer tissues. It may not always be possible to sample diet
items during field work, for example they may be unknown or inaccessible at the time of sampling.
In such circumstances it may be necessary to obtain estimates of dietary isotope values using
material removed from the digestive system of captured specimens (e.g. Tanaka et al. 2008, Aya
and Kudo 2010). In other instances there may be cryptic variation in the isotope signatures of
dietary material that may influence the diet choice of the consumer, but that are not obvious during
sampling. In this case sampling from the environment may give an inaccurate representation of the
isotope values of ingested material. Again, it may be better to sample material after it has been
selected by the study species. In the current study, the decision to perform isotope analysis was only
made after sampling had been completed and consequently it was not possible to collect samples of
dietary material from all study locations.
The use of material removed from the digestive tract relies on the assumption that isotope
signatures are unchanged when subjected to ingestion and partial digestion. Doubts over whether
this is the case mean that very few published studies have taken this approach. However, this also
means that the question of whether dietary material can be removed from the GI tract in isotope
studies remains largely untested. Studies of marine herbivory frequently use stable isotopes and the
potential for using ingested material as a proxy for fresh has yet to be investigated.
Chapter Aims
The current chapter aims to use stable isotopes (δ13C and δ15N) to compare diet and ontogeny across
populations of O. pullus, collected from the three locations introduced in Chapter One. It starts with
an attempt to establish the reliability of using material taken from the foregut of collected
specimens to infer the isotope values of known dietary taxa. This is achieved by comparison of the
δ13C and δ15N values of ingested and fresh material collected for four classes of dietary algae
(identified in Chapter Two), across onshore and offshore regions within the Hauraki Gulf.
The second half of the chapter presents δ13C and δ15N data for white muscle tissue of fish collected
from the three locations. First, it tests the hypothesis that seasonal variations in diets observed in
Chapter Two are reflected in the δ13C and δ15N measurements of fish collected from the Hauraki
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Gulf. Second, isotope signatures are compared across locations in order to test the hypothesis that
fish at higher latitudes consume increased amounts of animal material at times of the year for which
diet was not examined in Chapter Two. Finally, the relationship between diet and ontogeny is
compared across locations using δ15N signatures in order to establish whether there is any evidence
for a delayed onset of herbivory at higher latitudes.

3.2 – Methods
3.2.1 – Analysis of ingested versus fresh dietary material
Specimen Collection
Over two days in November 2009, five female specimens of O. pullus between 200–300mm forklength (FL) were collected from one offshore island (Little Barrier), and across two closely located
onshore sites (Fairchild Reef and Elephant Rock) within the Hauraki Gulf, New Zealand (Figure
3.1). Fish collection and processing followed the protocol outlined in Chapter Two. Replicate
samples (n = 5) of the five principal dietary components identified in Chapter Two were also
collected for both onshore and offshore regions, these included: Carpophyllum maschalocarpum
secondary

thallus,

C. maschalocarpum reproductives, E. radiata thallus, epiphytic red algae (Abrotea spp.), and
epiphytic invertebrate species. Epiphytic invertebrates were removed from C. maschalocarpum in
the field, by shaking plants vigorously in fresh water followed by sieving. Epiphytic rhodophytes
were also dissected from C. maschalocarpum plants in the field. Once isolated, all diet items were
stored in polypropylene tubes and immersed in liquid nitrogen before being stored at -80˚C prior to
analysis.
Sample Preparation and analysis
For collected specimens of O. pullus, 10–20% of section I contents was removed, and
representative samples of each of the five diet items above were isolated, gently washed in artificial
saline and blotted, before being placed in microcentrifuge tubes and immersed in liquid nitrogen.
Ingested material, alongside fresh material was then lyophilised and cryogenically ground using an
MM301 ball mill (Retsch). Approximately 4mg (plant material) or 1mg (animal material) was then
weighed into tin microcapsules before being analysed for δ13C and δ15N on a DeltaPlus continuous
flow, isotope ratio mass spectrometer (Thermo-Finnigan). Isotope analysis was carried out at the
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National Institute of Water and Atmospheric Research (NIWA) stable isotope laboratory,
Wellington.
Data Analysis
Carbon and nitrogen isotopes were analysed in each of the five dietary items. Analysis of variance
was used to compare variance attributable to the effect of consumption (ingested vs. fresh) with
variance attributable to the effect of region (onshore vs. offshore). Statistical tests were carried out
using Minitab v16.
3.2.2 – Analysis of fish white muscle tissue
Specimen Collection
A total of 110 specimens of O. pullus were collected for stable isotope analysis from sites within the
Hauraki Gulf (HG, Figure 3.1). Sampling took place on monthly field trips that ran from February
2006 until January 2008. Fish from D’Urville Island (DI, n = 40) were collected during
January/February 2007 and February 2008. Fish from Stewart Island (SI, n = 39) were collected
during December 2006 and December 2007. The size ranges of fish collected were as follows: 98–
497mm FL (HG); 82–543mm FL (DI); 120–545mm FL (SI). Sampling locations and methods of
collection followed those outlined in Chapter Two. Once fish were on the boat a small amount of
dorsal white muscle tissue was removed, placed in a microcentrifuge tube and frozen in liquid
nitrogen for transportation to the laboratory. In the laboratory samples were stored at -80˚C until
analysed.
Stable Isotope Analysis
Samples of white muscle tissue were lyophilised and cryogenically ground using an MM301 ball
mill (Retsch). Lipid extraction was based on the method introduced by Folch (1957): 10–20mg of
sample was placed in a glass vial, to which was added 500µl chloroform, 400µl water and 1000µl
methanol. Samples were vortexed and sonicated (40 kHz at 4˚C for 5 minutes), 500µl of chloroform
was added and samples were again sonicated, before being centrifuged (2000rcf for 5 minutes). The
chloroform layer was drawn off and discarded and the remaining solvent dried down in a speedvac
(Thermo Savant). Once dry, 0.3–0.5mg of lipid extracted material was weighed into tin capsules
and analysed for δ13C and δ15N at the NIWA stable isotope laboratory, Wellington.
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Figure 3.1: Sites where specimens
of O.pullus were sampled within the
Hauraki Gulf. Individual locations
are identified by symbols, with red
symbols denoting onshore sites and
blue denoting offshore sites.
Fairchild Reef was visited during
sampling of diet items (section
3.2.1) but not during sampling of
white muscle tissue (section 3.2.2).

Data analyses
In the Hauraki Gulf, δ15N and δ13C values of white muscle tissue were considered separately. Each
isotope was analysed with a single ANOVA model, that included region (onshore vs. offshore),
season, size, and sex as factors (Appendix B.1). Across locations, the effect of ontogeny and sex on
isotope ratios was considered using analysis of covariance, with size modelled as either a first or
second order polynomial. All statistical analysis was carried out using Minitab v16 and linear
models were visualised using GraphPad Prism v5. Unless presented in the text, tables of ANOVA
results and pairwise test results can be found in Appendix B.
Delta

15

N and δ13C values of fish white muscle tissue collected within the Hauraki Gulf were

compared with data for specimens collected at D’Urville Island and Stewart Island. Additionally,
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fish isotope values were compared with representative samples of dietary material from each
location. For D’Urville Island, this involved comparison with samples of Carpophyllum spp.
reproductives and E. radiata thallus taken from the foregut of (n = 5) fish. For Stewart Island,
replicate samples (n = 5) of C. maschalocarpum reproductives and M. pyrifera thallus were
collected during field work in December 2007. Data for dietary material collected in the Hauraki
Gulf was the same as that for fresh material presented above in Figure 3.3.

3.3 – Results
Isotope analysis within the Hauraki Gulf
A difference in background isotope concentrations between onshore and offshore regions of the
Hauraki Gulf was evident in the plant and animal tissues sampled for this study. The results of the
analysis of 110 samples of white muscle tissue collected from specimens of O. pullus are presented
in Figure 3.2, and analysis of variance found a significant difference between onshore and offshore
regions for δ15N (F1, 93 = 41.65, p < 0.001), but not for δ13C (F1, 93 = 3.07, p = 0.083, Appendix B.1).
12.0

11.5

Onshore

11.0

15
δ N

Offshore
10.5

10.0

9.5

9.0
-17

-16

-15

-14

-13

-12

-11

δ13C
Figure 3.2: Isotope plot of the δ13C and δ15N values of individual fish. The colour
and shape of symbols reflects the site at which each specimen was sampled, as
denoted in Figure 3.1.
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The trend of a decrease in δ15N value of O. pullus white muscle tissue between onshore and
offshore regions was also observed across all four types of algal tissue collected for analysis (Figure
3.3). For epiphytic invertebrates, an insufficient amount of material was found in the foreguts of
offshore fish, which prevented isotope analysis from being carried out. This, together with a lack of
homogeneity of variance in material collected onshore (Figure 3.3 E), led to this diet category being
excluded from subsequent statistical analysis. For each category of algal material, the effect of
consumption on isotope values was considered relative to the magnitude of the difference between
regions, using two-way crossed analysis of variance. ANOVA results and tests for homogeneity of
variance are also presented in Figure 3.3.
Both onshore and offshore samples of ingested C. maschalocarpum thallus were

15

N depleted

relative to fresh material (Figure 3.3 A), indicating that some enriched compound was lost from
thallae during the process of either ingestion or digestion. In contrast, the reproductive structures of
C. maschalocarpum showed no significant effect of consumption, and ingested material faithfully
reflected the difference between regions (Figure 3.3 B). Neither of the two C. maschalocarpum
structures analysed differed across treatments in terms of δ13C, however both δ15N and δ13C values
appeared to be different between thallus and reproductive tissues (Figure 3.3 A vs. B). Analysis of
epiphytic rhodophytes (Figure 3.3 C) showed that consumption and digestive processes did not have
a significant effect on measurements of δ15N, but had a large and variable effect on δ13C values.
E. radiata thallus δ15N or δ13C valies showed no significant consumption effects; yet both isotope
ratios varied significantly across regions (Figure 3.3 D). Of all the ingested material tested, only
C. maschalocarpum reproductives and E. radiata thallus appeared suitable for use as proxies for
fresh dietary material.
Analysis of white muscle tissue samples collected from within the Hauraki Gulf
In addition to region, the effect of season, size, and sex on the δ15N and δ13C values of white muscle
tissue was tested for specimens of O. pullus (n = 106) within the same analysis of variance tests
(Appendix B.1), in which Size was included as a categorical variable. Since male fish only occur at
sizes greater than size-at-sex-change, the ANOVA design was unbalanced, with sex being nested
within the largest size category. Analysis of δ15N revealed significant differences across size
categories (F2, 93 = 44.36, p < 0.001) and between sexes (F1, 93 = 11.82, p = 0.001). Analysis of δ13C
found significant differences only across size categories (F2, 93 = 10.06, p < 0.001). No significant
effect of season was detected for either δ15N or δ13C (p > 0.05). For subsequent comparisons with
D’Urville Island and Stewart Island, Hauraki Gulf data was pooled across season and across region.
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Comparing isotope signatures of diet and consumer tissues across locations
Values of δ15N were plotted against δ13C for data grouped into 100mm FL size categories (Figure
3.4). Considering size categories >200mm FL and comparing the δ15N of white muscle tissue to that
of dietary algal material: fish collected from the Hauraki Gulf displayed a Δ15N of between 2.58‰
( 0.21, S.E.) and 4.35‰ ( 0.22); fish from D’Urville Island displayed an Δ15N of between 1.34‰
( 0.13) and 2.63‰ ( 0.36); and fish from Stewart Island displayed an Δ15N of between 1.13‰
( 0.29) and 3.73‰ ( 0.27). Assuming that the diet items measured were representative of the
isotope signature of fish diets at each location, the discrimination observed at D’Urville Island and
Stewart Island was low relative to the commonly cited value of 3.4‰ (Post 2002).
In both Hauraki Gulf and D’Urville Island populations, small specimens (<200mm, FL) of O. pullus
displayed higher δ15N values than those seen in larger fish. Additionally, within the Hauraki Gulf
there was an observed discrimination of 2.98‰ ( 0.18) between the δ15N of fish and that of
epiphytic invertebrates. Both of these results were consistent with the ontogenetic shift in diet from
omnivory to herbivory observed in Chapter Two. Fish from Stewart Island showed a different trend
to that seen at the other two locations; whilst there was a decline in δ15N with size for intermediatesized individuals, small and large specimens displayed similar levels of N15 enrichment.
Size-based modelling of the white muscle isotope signature of female fish
Plots of muscle tissue isotope values against size were used to better illustrate ontogenetic changes
in δ15N and δ13C (Figure 3.5). The mean δX value of adult muscle tissue differed significantly
across populations for both isotopes (δ15N: df = 145, F = 40.07, p < 0.001, δ13C: df = 145, F =
27.48, p < 0.001), and the likelihood that this variation was attributable to abiotic environmental
gradients complicated direct comparison of the effect of ontogeny across populations. Previous
studies have advocated removing abiotic effects by standardising population isotope values relative
to producers or primary consumers (Behrens 2005, Post 2002), however, in the current study, the
variation across populations in the magnitude of discrimination between diet items and fish tissue
(Figure 3.4 D, E, F) meant that adjusting populations using algal material as an isotopic baseline
was considered unreliable. As an alternative the relationship between δ15N and size was modelled
using linear regression and data were standardised across locations using derived population
parameters.
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Figure 3.4: Upper figures are isotope plots showing δ13C and δ15N values for fish sampled from (A) the Hauraki Gulf, (B) D’Urville Island, and (C) Stewart Island. Data for female
fish ({) are grouped in 100mm size categories based on fork-length, with increasing circle size denoting larger size. The smallest size category (0-100mm FL) is only present at
D’Urville Island and the largest size category (500-600mm FL) is absent from the Hauraki Gulf. Male fish (U) within the Hauraki Gulf are shown as two separate size categories
(300-400mm, 400-500mm), at the other two locations male fish are shown as a single category. (Note different axes scales on upper figures.)
Lower figures (D, E, and F) show isotope data for diet items (red symbol) superimposed on the same plots for (D) the Hauraki Gulf, (E) D’Urville Island, and (F) Stewart Island.
Diet items are epiphytic invertebrates (T), E. radiata (), M. pyrifera (¡), C. maschalocarpum reproductives (´), and C. maschalocarpum thallus (). Small squares in Figure E
represent values for two samples of fresh E. radiata thallus collected from D’Urville Island in February 2008.
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Figure 3.5: The relationship between δ15N and δ13C and size (FL), for fish sampled from the Hauraki Gulf (A, B),
D’Urville Island (C, D) and Stewart Island (E, F). Plots show data for male (S) and female (z) fish. Lines represent
LOWESS plots based on data for female fish only.
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A second order polynomial function was fitted to data for female fish from each location
individually using least-squares regression (Table 3.1); inclusion of a 3rd-order term did not
significantly improve the model fit at any location (F-test, p > 0.05). Model formulae were
subsequently differentiated and basal estimates of δ15N were calculated for each population, data
were then adjusted on the basis of these estimates before ontogenetic trends were compared across
populations (Figure 3.6). Linear regression analysis was performed on adjusted data, including size
as a second order polynomial, and location as a categorical predictor. Results (Table 3.2) showed a
significant difference across locations in the relationship between δ15N and size, as captured by the
model (adjusted R2= 0.67), and pairwise comparisons indicated that the significance of this test was
driven by a difference between D’Urville and Stewart Islands (Figure 3.6).
A general increase in δ13C with size was observed at all three locations (Figure 3.5 B, D, F). Since
carbon is less affected by trophic fractionation than nitrogen, it is often used to infer differences in
geographic origin of dietary material (Peterson and Fry 1987). It was therefore possible that the
changes observed in δ13C with size reflected ontogenetic changes in habitat or diet. Since there was
no reason to assume that the relationship between δ13C and size is consistent across locations, no
attempt at a comparison was made.
Comparing sex and size across locations
Analysis of covariance was used in order to determine whether the difference between sexes
observed in the Hauraki Gulf was consistent across locations, considering δ15N and δ13C separately.
Data were again restricted to individuals > 359mm FL and variance was partitioned using sequential
(Type I) SS (Appendix B.2). Results of the analysis indicated that, when accounting first for the
effects of location and size, there was a significant difference in δ15N between male and female fish
(F1,

89

= 11.87, p = 0.001). There was also a significant relationship between size and both

δ15N (F1, 89 = 6.15, p = 0.015) and δ13C values (F1, 89 = 5.88, p = 0.017). However, when data for
each location were analysed individually (Appendix B.3) the relationship between δ15N value and
size was only significant for fish from the Stewart Island (F1, 17 = 5.52, p = 0.031).
Both first and second order modelling of the relationship between FL and δ15N value indicated that
δ15N value increased with size in large fish (Figures 3.5, 3.6). Since a small number of fish sampled
for the current study contributed to the results presented in Chapter Two, the possible cause of this
trend was investigated by comparing the relationship between δ15N and the proportion of animal
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material found in the diet, the relationship between size and animal material in the diet was also
considered (Figure 3.7). Fish from Stewart Island showed a significant relationship in both
regressions when male and female data were pooled (F1, 9 = 14.03, p = 0.005 and F1, 35 = 6.95, p =
0.012, respectively).

Table 3.1: Linear regressions of size vs. δ15N values for female fish from (A) the
Hauraki Gulf, (B) D’Urville Island, and (C) Stewart Island. Tables show the
significance of fits for first and second order polynomials. Tests for the non-normality
of regression residuals are shown using the Anderson-Darling (A2) statistic.

A

Source of variation
Size (S)
S*S
Residual

df
1
1
73

Seq. SS
24.070
4.5190
16.155

Seq. MS
24.070
4.5190
0.221

F
108.77
20.42

P
<0.001
<0.001

δ15N = 13.69 – 1.81 10-2S + 2.30 10-5S2
R2(adj.) = 0.63,
A2 = 0.268, p = 0.677
B

Source of variation
Size (S)
S*S
Residual

df
1
1
29

Seq. SS
20.761
9.432
5.669

Seq. MS
20.761
9.432
0.195

F
106.20
48.25

P
<0.001
<0.001

δ15N = 13.27 – 2.33 10-2S + 3.00 10-5S2
R2(adj.) = 0.83,
A2 = 0.704, p = 0.060
C

Source of variation
Size (S)
S*S
Residual

df
1
1
26

Seq. SS
0.2332
3.8081
8.7646

Seq. MS
0.2332
3.8081
0.3371

F
0.69
11.30

δ15N =12.35– 1.60 10-2S + 2.40 10-5S2
R2(adj.) = 0.26,
A2 = 0.260, p = 0.686
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Table 3.2: Comparison
C
of second
s
order polynomial
p
regrressions fitted to data from eaach location
after data hass been adjustedd to correct for background variation in envvironmental isootope ratios.
A test for non
n-homogeneityy of variance of regression reesiduals is show
wn using Bartleett’s (X2)
statistic.

Source off variation
Regression
n
Size (S)
S*S
Location (L
L)
S*L
S*S*L
Residual
Lack-of-Fiit
Pure Error

df
8
1
1
2
2
2
128
118
10

Adj. SS
69.151
23.820
16.303
2.005
0.641
0.262
30.589
28.295
2.294

Adj. MS
M
8.6444
23.8220
16.3003
1.0022
0.321
0.131
0.2399
0.2400
0.2299

F
36.171
99.673
68.220
4.194
1.342
0.547

P
<0.001
<0.001
<0.001
0.017
0.265
0.580

1.045

0.515

δ15N = 3.558 – 1.81 100-2S + 2.28 10-5S2
Hauraki Gulf:
G
δ15N = 4.553 – 2.33 100-2S + 2.95 10-5S2
D’Urvillee Island:
δ15N = 2.667 – 1.60 100-2S + 2.35 10-5S2
Stewart Island:
2
R (adj.) = 0.677
X2 = 2.87, p = 0.2239
H vs. DI
HG

F = 3.34, p = 0.0771
(n = 108)

D vs. SI
DI

F = 7.20, p = 0.0010
(n = 61)

δ15N

δ15N

HG vs. SI
S

F = 1.70, p = 0.195
(n = 105)

δ15N

Figure 3.6:
3 Compariso
on across popullations of the relationship
r
bettween size andd δ15N value. Foor each populaation
the shift in δ15N value with
w size is moodelled by a second order pollynomial after data has been adjusted
a
to corrrect
on in environm
mental isotope ratios.
r
Populatiions are: Hauraaki Gulf (blackk), D’Urville Issland
for backgground variatio
(blue), annd Stewart Islaand (green). Alll models show
w 95% confidennce intervals. F and p-values are for pairwisse
tests.
58

Chapter 3: Examination of Diet Using Stable Isotope Analysis

11.5

25

A)
R2 = 56.6%

% Animal material in diet

12.0

δ15N

11.0
10.5
10.0

20

B)
R2 = 14.2 %

15
10
5

9.5
0

9.0
0

5

10

15

20

25

% Animal material in diet

300

350

400

450

500

550

600

Size (mm)

Figure 3.7: A) The relationship between the amount of animal material in the diet and δ15N of white muscle
tissue for fish from Stewart Island over 300mm (FL). Data is for fish from the current study that also formed
part of Chapter 2. B) Relationship between fish size (FL) and the amount of animal material in the diet for fish
from Stewart Island over 300mm (data is taken from Chapter 2). Female (z) and male (S) fish are shown,
with R2 values representing regressions based on data from both sexes.

3.4 – Discussion
The reliability of using ingested material to infer isotope values of diet items
It has frequently been observed that the δ15N value of macroalgae increases with proximity to
landmass (Risk et al. 2009), a trend that has been linked to the increased availability of terrestrial
sources of nitrogen in coastal regions (Kendall et al. 2007). This effect is clearly visible in algae
collected from within the Hauraki Gulf, and it is also reflected in the δ15N of O. pullus white muscle
tissue. Although of interest per se, the predictable disparity in δ15N between onshore and offshore
plants provided an opportunity to test how faithfully the isotope signatures of fresh algal tissues are
preserved when measuring recently ingested material.
The results of this study demonstrated that it is possible to use ingested tissues as a proxy with
which to represent the isotope ratios of known dietary material. However the reliability of this
approach depends on the material in question, as is illustrated by the fact that only two of the five
diet items tested accurately retained both their δ15N and δ13C values after being ingested. The
thallus of E. radiata and the reproductive structures of C. maschalocarpum showed no significant
change in isotope ratios after ingestion, furthermore both still faithfully reflected the differences in
δ15N seen between onshore and offshore plants. These items therefore have the potential to be used
in ecological studies where fresh dietary material is not easily accessible or available. The
remaining three diet items tested were unsuitable, either because ingestion caused material to show

59

Chapter 3: Examination of Diet Using Stable Isotope Analysis

a consistent pattern of deviation in isotope ratios, or because it caused a significant increase in
variance in measured data.
Variability in the isotope values of fresh and ingested tissue not only precludes the use of dietary
material as a basis for determining Δ15N, it is also evidence of isotopic routing. Two algal diet items
failed to retain the isotope signature of fresh material: C. maschalocarpum thallus had significantly
lower δ15N values when ingested, whereas epiphytic rhodophytes were significantly higher in δ13C.
In both cases, the effect of ingestion was the same across regions (Figure 3.3 A, C), indicating that
digestion in the foregut was discriminating between isotopically enriched and depleted components
of the plant. Isotopic routing has been highlighted as a potential problem in ecological isotope
studies because it alters the perceived fractionation occurring between diet and consumer. Although
it is possible that discrimination between light and heavy isotopes may be redressed further down
the gut, these results demonstrate that isotopic routing during digestion needs to be considered in
studies that involve structurally complex diet items such as macroalgae.
In addition to specific effects of ingestion, significant differences in the variance of measured
isotope values were also observed for both C. maschalocarpum thallus and epiphytic rhodophytes.
Variance also clearly increased following ingestion in the case of epiphytic invertebrates. Such nonspecific variation may reflect the general susceptibility of diet items to digestion or trituration.
Material that is quickly and easily broken down would be unlikely to retain its isotope signature and
would therefore not be reliable as a proxy for the estimation of dietary stable isotope signatures.
The success of the current study is likely to reflect the fact that the diet of O. pullus is relatively
indigestible compared to the material ingested by many herbivorous fishes.
It is notable that isotope ratios of C. maschalocarpum thallus changed as a result of ingestion,
whereas those of C. maschalocarpum reproductives did not. Furthermore, the fresh reproductive
and thallae tissue used in this study were removed from the same plants and, in spite of this,
reproductives appeared to have lower δ15N values both onshore and offshore. This demonstrates that
isotope ratios may vary between different parts of the same plant. Whilst the reproductive and
thallus tissue of Carpophyllum spp. may be easily distinguishable, the same is not true for many
other species of macroalgae. Failure to notice selective targeting of somatic tissue may result in
errors when quantifying isotopic discrimination in studies of marine herbivory. In situations where
removal of material from the GI tract is appropriate this problem may be avoided.
In summary, the successful use of ingested material in isotope studies such as this necessitates an
understanding of the nutritional ecology of the organism in question. O. pullus is known to display
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strong temporal feeding patterns, and consumes the majority of its diet during the early morning
(Choat and Clements 1993). Although fish in this study were collected throughout the day, it can be
estimated that ingested material resided in the foregut for no more than a few hours. Such periodic
feeding activity is likely to make O. pullus more suitable for a study of this type than, say, a species
where ingestion is infrequent and unpredictable. Knowledge of the digestive physiology of a species
is also likely to be important. It has been shown that O. pullus relies on an extensive hind-gut flora
to aid the digestion of plant material (Clements 1991, Clements et al. 1994); partitioning of
digestive activity in this way is likely to have influenced the extent to which isotope ratios were
affected by ingestion. Since most vertebrate species possess stomachs with high protease activity, in
many cases ingested material may very quickly become unsuitable as a proxy for diet isotope ratios.
Based on the results of this part of the study, estimates of the isotope ratios of C. maschalocarpum
reproductives and E. radiata thallus at D’Urville Island were obtained by removing material from
the foregut. Whilst it may be desirable to have accurate measurements of isotope signatures of all
dietary species in order to determine their likely contribution to the diet, the use of only two was
sufficient to help estimate relative trophic position across the three populations of this study.
Seasonal variation in δ15N and δ13C signatures of white muscle tissue
This study provided no evidence for variation in δ15N or δ13C values of white muscle tissue across
seasons within the Hauraki Gulf. However, it is known that fish in this study vary their diet
throughout the year (Chapter Two), and this diet shift probably results in a change in isotope ratios
of ingested material (Figure 3.3). Previous studies of herbivorous fishes have also failed to detect
seasonal fluctuation in white muscle tissues (Mill et al. 2007), and it may be that the integration
period and turnover time of muscle isotopic signatures eclipses seasonal variation in diet. An
alternative explanation is that seasonal variation in growth results in the δ15N and δ13C values of
white muscle tissue are biased to reflect the times of year where somatic growth rates are high
(Perga and Gerdeaux 2005).
It is not known how the growth rate of adult O. pullus varies seasonally. However it is clear that
smaller individuals have higher growth rates (Trip 2010) and that juvenile fish (<200mm FL)
continue to growth throughout the year. As a result the muscle tissue of small fish is more likely to
reflect changes in diet that occur across season than the tissue of larger, slower growing individuals.
Analysis of variance (Appendix B.1) incorporated fish from the entire size range in this study and,
in addition to the non-significance of season, no significant interaction between size category and
season was detected. This result indicates that, even in fish that maintain a relatively high growth
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rate throughout the year, the rate of tissue turnover is not sufficient for white muscle tissue to reflect
predicted seasonal fluctuations in δ15N and δ13C of ingested material.
Inferring diet based on isotope discrimination estimates (Δ15N)
In order to use δ15N data to infer the contribution of various taxa to the diet of a consumer, it is
necessary to obtain a reliable estimate of the discrimination (Δ15N) that occurs between diet and
consumer tissues. In the absence of empirically derived estimates, the value of Δ15N used must be
taken from the literature. Whilst this approach is common in studies of marine trophic interactions,
it is becoming increasingly apparent that there is large variability in Δ15N observed across speciesdiet relationships (Vander Zanden and Rassmussen 2001, Mill et al. 2007, Caut et al. 2009, Wyatt et
al. 2010). As a result, caution is required when making assumptions about the magnitude of isotopic
discrimination in ecological studies.
Reviews of variation in Δ15N across taxa have found that discrimination is lower and more variable
for herbivores than for carnivores (Vander Zanden and Rasmussen 2001, McCutchen et al. 2003).
However, studies focussing specifically on marine herbivorous fish have reported Δ15N values in
excess of the 3.4‰ commonly cited for carnivores (Mill et al. 2007 and references therein). In the
current study, Δ15N between herbivorous individuals and known dietary algae ranged between 1.13
and 4.45‰, and discrimination was generally close to, or lower than, 3.4‰ (Figure 3.4). This result
contrasts with that of Mill et al. (2007), suggesting that Δ15N may vary across fish species as it does
with other herbivores. Newsome et al. (2011) demonstrated that, in addition to being derived
directly from the diet, N in fish white muscle tissue may also be of microbial origin. The
contribution of microbially derived N to tissues adds additional complexity to the processes
underlying fractionation, which may explain the variable results reported for herbivores. Variation
in ΔX values observed among herbivorous fishes may therefore reflect the diversity of digestive
strategies employed by this guild.
Overall there was little consistency across locations in the Δ15N observed between fish white muscle
tissue and those algal tissues that were measured (Figure 3.4). This may reflect the fact that
O. pullus is known to feed on a number of diet items that were not measured during this study.
Alternatively, digestive processes, such as microbial fermentation, may make a variable
contribution to N assimilation at different locations. Finally, the possibility that environmental
variables are influencing Δ15N must also be considered.
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Of particular importance to the current study is the fact that temperature has been reported to
influence Δ15N in two studies; one on Daphnia magna (Power et al. 2003), the other on sea bass,
Dicentrarchus labrax (Barnes et al. 2007). Barnes et al. (2007) observed lower Δ15N in juvenile sea
bass reared at 16°C than in individuals reared on an equivalent diet at 11°C. This study was carried
out over 597 days and overall growth rates were reported as higher at the elevated temperature. It
was also reported that diet was switched prior to starting the experiment. Assuming that growth
accounts for a large proportion of the observed assimilation of an isotope signature into muscle
tissue following a change in diet, it is possible that the results observed by Barnes et al. (2007) are
not due to an effect of temperature, and that they may instead be an artifact; reflecting the failure to
account for differences in growth rate between treatments. Barnes et al. (2007) is therefore of
limited use when interpreting the current study and, although the effect of temperature on Δ15N may
be genuine (Power et al. 2003), it is not possible to determine how temperature may have affected
the results under discussion. Other studies that do account for relative changes in body mass
(Witting et al. 2004) have found no effect of temperature on discrimination.
The limitations of using literature-derived estimates of Δ15N are particularly problematic in field
studies, where environmental conditions are variable and diet less tightly controlled. For this reason,
the current study took the novel approach of comparing of stable isotopes across populations on the
basis of the pattern of variation in δ15N with ontogeny.
Comparing ontogenetic changes in diet across populations on the basis of δ15N of white muscle
tissue
Following a change of diet, the rate at which an isotopic signal appears in a particular tissue
depends on the rate of tissue turnover which, as discussed in the introduction, has the potential to
vary across species. Questions surrounding the contribution of metabolism and growth to tissue
turnover under varying conditions continue to attract much interest, and it has frequently been
suggested that field studies involving isotopes would strongly benefit from further laboratory
research on turnover rates and fractionation (Gaines et al. 1997, Martínez del Rio et al. 2009).
The primary objective of the current study was not to investigate the rate of white muscle tissue
turnover and how it may vary across populations, but to use isotopes to compare the relative timing
of known ontogenetic changes in diet. In spite of this, it is necessary to consider the potential
effects of tissue turnover in order to reliably interpret isotope data, especially since it is known that
growth rates of individuals vary greatly across the populations in this study. The ontogeny of
O. pullus has not previously been considered through use of stable isotopes and as a result there is
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no direct reference by which to determine how fast diet switches may appear in muscle tissue, or
how this may vary across locations. In the absence of direct data, reference has been made to
studies that consider tissue turnover in other marine fishes (Bosely et al. 2002, Witting et al. 2004,
Suzuki et al. 2005, Buchheister and Latour 2010). Whilst the cited references consider growth in
terms of changes in relative body mass, the current study modelled changes in isotope signature
using size (FL) in order to allow easy comparison with the results of other chapters, as well as
previous work (Trip 2010).
Changes in δ15N with size were adequately modelled using a second order polynomial for all three
populations in this study (Table 3.3) and multiple regression analysis showed significant differences
across populations (Table 3.4). Such differences could either pertain to a difference in the
magnitude of the isotopic shifts observed within each population or to the relative size at which the
isotopic shifts occurred. Each of these possibilities has a different ecological interpretation.
Considering the magnitude of the isotopic shifts observed, the initial decline in δ15N with ontogeny
is consistent with the occurrence of an ontogenetic diet switch from omnivory to herbivory.
However, results indicated differences between populations and fish from Stewart Island, in
particular, showed a relatively small change in δ15N during early growth (Figure 3.6). These data
therefore suggest a greater similarity between the diets of juveniles and intermediate-sized adults at
Stewart Island than at the other two locations. It is not clear from Figure 3.6 whether intermediate
and large adult fish from Stewart Island consumed a larger proportion of 15N enriched material at
some time during the year, or whether juveniles consumed a smaller proportion of

15

N enriched

material as part of their omnivorous diet. Results of diet analysis in Chapter Two (Table 2.2)
showed that, of all three locations, animal material contributed the smallest proportion to the diet of
juveniles from Stewart Island. Furthermore, Figure 3.4 shows that, at Stewart Island, the difference
in δ15N between fish of 300–400mm FL and dietary algae was 2.65‰ (±0.20) and 1.13‰ (±0.29)
for C. maschalocarpum reproductives and M. pyrifera thallus respectively. The factors underlying
isotope discrimination in herbivorous fishes are complex and poorly understood (Newsome et al.
2011), and as a result the ΔX estimates obtained in this study should be interpreted with caution.
However, compared to the widely cited value of 3.4‰, the Δ15N values observed at Stewart Island
are low, indicating that any undetected dietary material consumed at this location is likely to be
δ15N depleted relative to the two diet items measured. Since animal material is typically enriched
relative to plant material, it is unlikely that intermediate sized adults at Stewart Island consume
greater amounts of animal material than fish from the other two locations. It is therefore likely that
juvenile fish from Stewart Island either consume a relatively small proportion of animal material, or
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some type of rhodophyte that is substantially

15

N depleted as part of their omnivorous diet.

Alternatively, differences across locations could be driven by pre-settlement isotope signatures that
are not related to juvenile diet choice.
Established models predict that the magnitude of an isotopic shift between two diets should not
affect the rate at which a new isotopic signature appears in consumer tissues (Eqn. 3.1). Instead the
size at which patterns characteristic of diet change appear in white muscle tissue will depend on the
size at which a diet shift occurs and the rate of tissue turnover. In the current study, sizes at which
δ15N values reached their population minimum (Table 3.3) provided no clear evidence for a
difference across populations. It is probable that the significant difference observed during multiple
regression was driven not by differences in the timing of ontogenetic diet shifts but solely by
differences in the magnitude of these shifts across populations.
Diet analysis (Chapter Two) indicated that specimens collected from within the Hauraki Gulf
consumed >70% phaeophyte material by the time they reached 150mm FL (Table 2.1). Although
data was limited for the two southern locations (Figure 2.4), results suggested that the majority of
the diet consisted of phaeophyte material by the time fish reached 200mm FL. At this size O. pullus
specimens weighed approximately 100g (gutted weight, GW), meaning that by the time they
reached the population minimums observed for δ15N they had experienced a 5–10 fold increase in
mass (Table 3.3). Previous studies that have considered muscle δ15N turnover in relation to size
have reported variable results. Suzuki et al. (2005) found that, following a diet switch, juvenile
Japanese temperate bass (Lateolabrax japonicas) reached isotopic equilibrium with their new diet
after a 3‒5 fold increase in mass. In contrast, Buchhiester and Latour (2010) found that summer
flounder (Paralichthys dentatus) achieved 95% of expected turnover after an approximately 20‒fold
increase in mass. Based on these precedents, the pattern of changing δ15N value with size observed
in the current study (Figure 3.6) is broadly consistent with the changes in diet with ontogeny
observed in Chapter Two
The paucity of studies on O. pullus, and herbivorous fishes in general, means that the degree to
which environmental effects have influenced the δ15N-size relationships shown in Figure 3.5 cannot
be accurately estimated. This study has made the assumption that the contribution of tissue turnover
to rates of isotope assimilation in white muscle tissue is relatively small, and therefore that use of
δ15N-size relationships is the best way to reflect the timing of ontogenetic changes in diet across
populations that have different growth rates. Whilst this assumption is supported by recent reviews
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(Martinez del Rio et al. 2009, Wolf et al. 2009), the possibility of metabolism affecting the rate at
which isotope signatures appear in muscle tissue still needs to be considered.
Table 3.3: Table showing estimated size at which δ15N values reach their population minimum.
Fork-length is calculated from the regression equations shown in Table 3.3, with upper and lower boundary
estimates (+/-) based on the standard error values of regression parameters. Approximate age is calculated
from population specific growth curves (Trip 2010) and approximate mass from the size-mass relationship
shown in Figure 3.8.

Location

Fork length

-

+

(mm)

Approximate age

Approximate Mass

(years)

(g)

Hauraki Gulf

395

(271 586)

3.5

994

D'Urville Island

389

(304 499)

3.75

946

Stewart Island

334

(183 608)

5

578

Since the rate at which metabolism and growth alter with temperature may not be consistent, net
metabolic turnover per unit growth may vary across the populations encountered in this study. If
growth rate declined faster with temperature than metabolism, fish at higher latitudes, such as those
at Stewart Island, would require a greater metabolic turnover to reach a given size than fish at lower
latitudes. Under this scenario an ontogenetic diet shift could occur at the same body size at all three
populations; however, due to differences in λ attributable to tissue turnover, the resulting isotopic
signal would appear in the tissue of individuals from Stewart Island at a smaller body size. It is
notable that the δ15N value of fish from Stewart Island reached a population minimum at a smaller
body size than that seen at the other two locations (Figure 3.6, Table 3.3) in spite of results in
Chapter Two indicating that Stewart Island fish switch to an herbivorous diet at a larger body size.
This result may indicate a differing effect of metabolism on tissue turnover across a temperature
gradient that is only detectable when considering isotope shifts over a protracted time period.
Previous studies that have considered the relative contribution of tissue metabolic turnover versus
growth to rates of isotopic assimilation in fishes have been of relatively short duration, typically less
than 180 days (Bosley et al. 2002, Witting et al. 2004, Suzuki et al. 2005, Buchheister and Latour
2010). By contrast, in the current study, the population minimum for δ15N at Stewart Island was
reached at a size of 333mm FL, which corresponds to an age of approximately five years (Table
3.3).
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Using isotopes to provide a temporally integrated view of adult diets
Stable isotope signatures of tissues with slow turnover provide a temporally integrated record of
diet (Kurle 2009), meaning the results of this chapter complement those of Chapter Two by
providing information on the composition of diets over an extended period prior to the point at
which fish were sampled. Data presented provide no evidence to indicate that animal material
makes a significant contribution to the diet of adult O. pullus at any of the three locations
considered. As a result, this chapter further supports the conclusion of Chapter Two that this species
capable of herbivorous digestion across the majority of its natural range.
Whilst these data demonstrate that adult O. pullus are herbivorous for the period of time reflected
by the δ15N signature of their muscle tissue, it is not possible to use them as a basis upon which to
conclude that this species is herbivorous throughout the year at the two locations for which seasonal
diet data was not collected. Perga and Gerdeaux (2005) found that the isotope signature of diet
items consumed during winter was not incorporated into the muscle tissue of Whitefish (Coregonus
lavaretus); a result which they attributed to the fact that fish were not growing during the colder
months of the year. It is possible that adult O. pullus also demonstrate such seasonal patterns of
growth, either because of changes in environmental conditions, or because nutritional resources are
being redirected towards reproduction, rather than somatic growth, at particular times of the year. If
this is the case then there may be times of the year when the isotopic signature of fish diets are not
being included in the tissue measured as part of this study. As a result, whilst this chapter provides
no evidence for the consumption of animal material by O. pullus, the possibility that fish at southern
locations are consuming animal material during times of limited somatic growth cannot be entirely
ruled out.
Ultimately the extent to which stable isotope data reflect year-round diet depends first, on the extent
to which growth rates vary across seasons, and subsequently, upon the relative contribution of
metabolism versus growth to isotopic turnover in muscle tissues. The ability to accurately quantify
these factors was beyond the scope of the current study; however it would greatly improve the
usefulness of stable isotopes as a tool for considering seasonal variation in future diet studies.
Increasing δ15N with size in large fish tissues
When considering only adult fish larger than the minimum size-at-sex-change, a positive trend
existed between both δ15N and δ13C and body size, which supported the results of diet analysis
presented in Chapter Two. Enrichment in δ15N with size was more pronounced at Stewart Island
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than anywhere else (Figure 3.5), and there was some evidence to link this trend to the amount of
animal material ingested at this location (Figure 3.7). However, evidence that large fish at Stewart
Island ingest more animal material than intermediate-sized individuals is not evidence for a
temperature constraint on herbivorous digestion. Any temperature constraint on herbivory would be
expected to be more pronounced in smaller individuals, due to the combined effects of higher
growth rates and a smaller gut mass proportional to body size. It is instead more likely that the
changes in isotope signature observed reflect size-related changes in habitat use and therefore diet.
Of all the locations studied, the diversity of phaeophytes was greatest at Stewart Island (Figure 2.8),
it is possible that changes in behaviour associated with size could have a more pronounced effect on
δ15N of tissues at Stewart Island because at this location they result in increased contact with a
greater diversity of diet items.
An alternative hypothesis should also be considered for the increase in both δ15N and δ13C in large
fish observed during this study. Although it is generally assumed that the isotope ratios of
organisms on a fixed diet do not change over time, the possibility that heavy isotopes accumulate in
tissues as they age has been raised (Minagawa and Wada 1984, Wyatt et al. 2010). A mechanistic
basis for this change might be that as elements are broken down and recycled within cells, heavy
isotopes are preferentially retained and light isotopes excreted. Such a process would result in
gradual tissue enrichment even on a fixed diet. If this is the case, then ontogenetic shifts in δ15N and
δ13C with body size would be expected to be greater in fish growing at colder temperatures if, as
discussed earlier, they required a higher metabolic turnover to reach a certain body size. Whilst
such an effect may be undetectable in laboratory experiments, which are generally of short duration,
it may be apparent in field studies involving long-lived ectotherms, especially where growth rates
are low. Previous studies of wild caught fish have reported increases in δ15N with age that cannot be
attributed to larger individuals feeding higher up the food chain (Overmann and Parrish 2001). In
the current study, changes in isotope ratios with body size may reasonably be attributed to observed
changes in diet, however the possible influence of age on isotope ratios cannot be ruled out. Further
studies are required to establish the effect of age on isotope accumulation in long lived species.
Herbivorous fishes may represent an ideal subject for such work because larger body size is not
generally associated with feeding at higher trophic levels.
Conclusion
This study used stable isotopes to consider not only differences between diet and consumer tissues,
but also the relative change in consumer isotope signatures within populations. The relationship
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between δ15N of white muscle tissue and size (FL) was significantly different across populations,
which was attributed to differences in the magnitude of the isotopic shift that accompanied the
ontogenetic switch from omnivory to herbivory.
Other consistencies in the trends observed across populations suggested that similar nutritional
strategies were being adopted. In particular, there was no evidence that the ontogenetic diet switch
occurred at a larger size in fish from southern populations. The lack of an obvious increase in
fractionation between consumer tissues and known diet items with increasing latitude provided
further evidence to support the conclusion that adult O. pullus are capable of digesting plant
material at the southern extent of its species range.
This chapter also highlighted the fact that using isotopes to study ontogenetic changes in diet across
populations of ectothermic herbivores is complicated by several factors. Firstly, the rate at which an
isotopic signal indicative of a shift in diet is assimilated into tissues varies with temperature. This
problem is further confounded by the fact that assimilation is known to depend on both metabolism
and growth, and the rate at which these two factors change in response to temperature may be
different. Secondly, the discrimination between diet and consumer tissues is known to vary greatly
in studies that have looked at herbivores, and may also vary within species in response to changes in
environment. Finally, the isotope signature of plant material is known to be variable. The disparity
between the rates at which isotope signatures fluctuate within diet and consumer tissues means that
estimates of isotope fractionation obtained from field studies are likely to vary across the year. In
the current study accurate interpretation of the results necessitated accounting for these potentially
confounding factors by adopting novel approaches to the study of stable isotope signatures of
herbivorous ectotherms.
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Chapter 4: Methods of Quantifying Nutrients in Herbivorous Fish Diets
4.1 – Introduction
Plant macronutrients, particularly carbohydrate, have the potential to exist in a hugely disparate
array of biochemical structures (Stick 2001), which clearly influence their nutritional value (Prosky
1999). Studying nutrition in marine herbivores presents an additional challenge because the basal
divergence of macroalgae with respect to plant evolution is reflected in the disparity and complexity
of their biochemistry (Percival and McDowell 1967, Painter 1983). The lack of transferability of
many terrestrial methods to studies of marine herbivory has been recognised (Percival and
McDowell 1967, Crossman et al. 2000), and it is therefore essential to ensure that methods of
nutrient quantification used in the current study are both reliable and accurate.
The current chapter introduces methods for the quantification of nutrients in ingested algal material,
which form the basis of the work presented in subsequent chapters. It then goes on to apply these
methods in a study that considers the relative nutritional value of some of the dietary algal species
encountered in Chapter Two.
The biochemistry of rhodophyte and phaeophyte aglae
Diet analysis revealed that the diet of both juvenile and adult O. pullus was principally made up of
rhodophyte and phaeophyte algae. In order to understand the potential nutritional value of these
taxa it is necessary to consider their biochemistry.
Rhodophyte algae are characterised by cell walls that consist of a hemicellulose microfibrillar
network (Painter 1983), with associated layers of mucilaginous polysaccharide – principally agar
and carrageenan – that can contribute up to 70% of cell wall dry mass (Lee 2004). Agar consists of
two polysaccharides – agarose and agaropectin – which in turn have been shown to consist mainly
of glucose and galactose residues, but can also contain detectable amounts of pyruvic acid, uronic
acid, and xylose (Cragie and Leigh 1978, Akatsuka 1994). Carrageenan can exist in several forms,
all of which consist predominantly of sulphated galactose residues (Cragie and Leigh 1978, Lee
2004). In addition to agar and carrageenan, polysaccharides of other sugars, for example mannans
and xylans, have been extracted in significant quantities from some rhodophytes, where they have
been attributed a structural function (Percival and McDowell 1967, Painter 1983). The long term
storage polysaccharide in rhodophytes is floridean starch, which is predominantly made up of
α(1→4) linked glucose residues in the form of amylopectin (Viola et al. 2001). The main
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photosynthetic product of rhodophyte algae has been identified as α-D-galactopyranosyl-(1-2)-Lglycerol, commonly known as floridoside (Lee 2004).
Phaeophyte algae are phylogenetically and structurally distinct from rhodophytes. The
microfibrillar cellulose network of their cell walls is predominantly associated with alginic acid, a
polymer of β(1→4) linked mannuronic and guluronic acid residues, which can constitute up to 40%
of plant dry mass (Painter 1983). Certain phaeophyte taxa also contain fucoidan as a significant
structural component, which consists mainly of α(1→4) linked sulphated fucose residues, but has
been shown to contain variable amounts of galactose, xylose, and uronic acid (Percival and
McDowell 1967). The long term storage polysaccharide of phaeophytes is laminarin, a polymer of
β(1→4)linked glucose residues, and the principal photosynthetic product is the sugar-alcohol
mannitol (Lee 2004).
As a macronutrient, lipid makes up a relatively small proportion of the diet of herbivorous fishes
(Montgomery and Gerking 1980, Crossman et al. 2005). Research in the field of aquaculture has
demonstrated that the ingested balance of essential fatty acids can influence individual fitness
(Sargent et al. 2002), which implies that the lipid composition of algae may be of nutritional
interest. Since little is known about lipid requirements of O. pullus, a detailed examination of this
subject is beyond the scope of the current study.
The proportion of protein in macroalgae has been found to be variable both within and between
species. Studies looking at nitrogen across a variety of locations have reported differences between
phaeophyte and rhodophyte algae (Ruperez and Saura-Calixto 2001, Peters 2005, Gomez-Ordonez
et al. 2010), and demonstrate that rhodophytes frequently have a higher protein content. In contrast,
results from California (Montgomery and Gerking 1980) and Hong Kong (Kaehler and Kennish
1996) have both suggested that phaeophytes are comparable to rhodophytes in terms of protein
concentration. The protein data in these latter two studies may be called into question, however,
because they both rely on photometric assay methods that have been criticised (Crossman et al.
2000).
Quantification of nutrients in marine macroalgae
Reliable interpretation of the nutritional value of herbivorous fish diet requires the accurate
quantification of a variety of nutrients. Unfortunately, macroalgal research tends to be industrially
oriented, meaning established protocols for nutrient quantification typically require substantial
amounts of plant biomass and extensive extraction times (e.g. Percival et al. 1983, Zvyagintseva
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1999); neither of these characteristics make them suitable with respect to nutritional ecology, where
large sample sizes are a prerequisite. This contradiction has presented a considerable challenge to
previous studies of marine herbivory (e.g. Falshaw 2002). The foundation of research in nutritional
ecology must therefore be fast and reliable biochemical assays that can be applied to a broad variety
of dietary substrates. This, in turn, requires a working knowledge of available methodology.
Protein has traditionally been quantified in biological samples using an array of spectrophotometric
methods (Sapen et al. 1999). Successful use of these methods requires that compounds other than
protein do not interfere with dye binding and, in the case of algal samples, this assumption has been
shown to be flawed (Crossman et al. 2000, Barbarino and Lourenco 2005).

Extraction and

purification of protein prior to quantification has been considered, however, in addition to extending
handling time, it results in significantly reduced protein yield (Fleurence 1995, Barbarino and
Lourenco 2005). Whilst Kjeldahl determination of total nitrogen may be a robust and widely used
alternative to direct quantification of protein, it may not always provide accurate results due to the
presence of non-protein nitrogen (NPN). Comparative studies indicate that the most reliable method
for quantification of protein in complex algal samples is the analysis of hydrolysed amino acid
residues via high performance liquid chromatography ((HPLC), Fleurence 1995, Crossman et al.
2000, Barbarino and Lourenco 2005). Total hydrolysable amino acid (THAA) mass can then be
back-calculated based on the anhydrous molecular mass of individual amino acids. Whilst multiple
caveats affect the use of HPLC for protein quantification (Davidson 2002), it has been successfully
applied to the analysis of marine macroalgae without prior extraction of samples (Shang and Wang
1996, Sanchez Machado et al. 2003).
Analysis of lipids is made easy by the fact that, as a class of compounds, they are defined by their
relative solubility in organic solvents and insolubility in water (Williams 1973). In consequence,
extraction procedures have varied little since those outlined by Bligh and Dyer (1959, see also
Smedes 1996). Gravimetric quantification of small amounts of lipid has been successfully achieved
in studies of marine herbivory (Crossman et al. 2005). Whilst methods exist that enable the in-depth
study of different lipid classes in algal samples, they do not form a part of this thesis.
Attempts to quantify the carbohydrate constituents of marine algae have given rise to a broad
variety of analytical methods (Percival and McDowell 1967, Hellebust and Craigie 1973). Very few
of these provide a means of simultaneously measuring the multiplicitous forms known to exist
within algal tissues. The phenol sulphuric acid assay of Dubois (1956) has frequently been used to
measure carbohydrate content of marine plants (e.g. Kaehler and Kennish 1996, Peters et al. 2005),
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however, in addition to detecting only neutral sugars, different sugar residues are known to have
different extinction coefficients (Aspinall 1982). The application of this procedure to complex
carbohydrate mixtures is therefore likely to give poor results. Other assays developed for terrestrial
starch (Zemke-White and Clements 1999, Crossman et al. 2005), may be suitable for detecting
chlorophyte and rhodophyte starches, but their reaction in the presence of other algal
polysaccharides remains unknown and largely untested.
As with protein, the most effective method of quantifying algal carbohydrate may come from
combining hydrolysis of biomass with chromatographic techniques. Measurement of the alditol
acetate derivatives of hydrolysates has been introduced both by Stevenson and Furneaux (1991) and
Usov and Klochkova (1992). Subsequent work by Usov and colleagues (1995, 1998, 2001, 2005)
has done much to develop rapid and reliable methods for simultaneous detection of sugar residues
from a variety of phaeophyte and rhodophyte polysaccharides. This work provides a basis by which
to relate quantities of hydrolysable residues back to carbohydrate composition within the original
plant. Also of critical value when applying this analytical approach to studies of marine herbivory,
is the fact that the sugar-alcohol mannitol remains quantifiable following hydrolysis (Usov et al.
2001); although a drawback of alditol acetate derivatisation is that mannitol and mannose become
indistinguishable.
Whilst chromatographic methods of nutrient quantification may be technically demanding and
require extensive method development, they offer the possibility of a realistic compromise between
reliability and the high throughput necessary for the analysis of ecological data.
Chapter aims
The aim of the current chapter is to establish the reliability of assays used to measure the nutrient
content of material ingested by specimens of O. pullus collected from the three locations introduced
in Chapter Two. The accuracy and reproducibility of assays for protein (THAA), nitrogen, lipid,
neutral sugars, and ash were tested using replicate samples of ingested algal material. Subsequently
a small pilot study is presented that compares the nutrient content of common dietary material
collected from within the Hauraki Gulf and from Stewart Island.
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4.2 – Methods
4.2.1 Specimen collection
Fish
All field-based collection, sample processing, and storage took place as described in Chapter Two
(section 2.2.1).
Algae
During November 2009 replicate samples (n = 5) of E. radiata and C. maschalocarpum plants were
collected from a single site at Little Barrier Island, Hauraki Gulf (Figure 3.1). A quantity of thallus
tissue was dissected from E. radiata plants and immediately frozen in liquid nitrogen. Material from
C. maschalocarpum was separated into thallus tissue, reproductive tissue, and epiphytic
rhodophytes, all of which were frozen separately before being transported to the laboratory for
analysis. Additionally, during December 2007, replicate samples (n = 5) of C. maschalocarpum
thallus and reproductive tissues were collected in a similar manner from Port Adventure, Stewart
Island.
4.2.2 Sample preparation
Once in the laboratory, samples were freeze dried to a constant mass (<1% change) and
cryogenically ground using an MM301 Mixer Mill (Retsch), which resulted in a homogenized
sample with a ground particle size of <5µm (Retsch). Lyophilized, ground samples were stored
sealed under desiccant at -20°C until used for analysis.
4.2.3 Nutrient analysis
4.2.3.1 Measurement of amino acids
Hydrolysis
Protein hydrolysis used a method modified from Barbarino and Lourenco (2005). Samples
containing approximately 5.0mg of protein were placed in 1.0ml long-necked glass ampoules
together with 1ml 6N hydrochloric acid, which contained a norleucine internal standard (1mM).
Ampoules were repeatedly evacuated and flushed with nitrogen (BOC, analytical grade) using
a modified PICO·TAGTM workstation (Waters), before being sealed under vacuum using a
methylacetylene-propadiene gas flame. Samples were then placed at 110°C for 22 hours. Following
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hydrolysis, samples were dried using an unheated Savant SpeedVac concentrator (Thermo) before
being resuspended in 1.0ml ultrapure water and filtered using 0.45µm nylon spin filters (Sigma).
Derivatization
Pre-column derivatization was carried out with phenylisothiocyanate (PITC) using a method
modified from Bergeron and Jolivet (1991). Following hydrolysis, 20µl of sample was added to
10µl 3M lithium acetate, before being frozen in liquid nitrogen and lyophilised. The resulting
residue was mixed with 30µl methanol: 10% PITC in acetonitrile:triethylamine:water (7:1:1:1, v:v)
and left at room temperature for 20 minutes. Derivatisation was terminated by the addition of 150µl
water and 150µl heptane, and a measured portion of the lower phase was removed for analysis.
Chromatography
Samples were analysed using reversed phase high performance liquid chromatography (RP-HPLC)
on a Shimadzu high pressure binary system using a 5µm BDS Hypersil C18 column (Thermo).
Solvent A consisted of a 0.14M sodium acetate buffer, containing 60ml acetonitrile, 940ml water,
0.5ml triethylamine, and 1.0ml 10mM Na2EDTA. The buffer was pH-adjusted to 6.4 using acetic
acid prior to the addition of acetonitrile. Solvent B consisted of acetonitrile and water (4:1, v:v).
Eluting peaks were recorded with a UV dectector at 240nm.
A 38 minute gradient elution was found to give optimal resolution and identified peaks are shown in
Figure 4.1. It was assumed that tryptophan, cystine, and cysteine were completely destroyed during
hydrolysis, that methionine was partially destroyed, and that asparagine and glutamine were
converted to aspartic acid and glutamic acid, respectively (Fontaine 2003).
Data Analysis
Raw run files were exported and analysed using Chromeleon chromatography management
software v6.8 (Dionex). Peak and baseline detection on individual runs were checked by eye and
adjusted if necessary. Peak identification and quantification was done on the basis of a custom made
24 amino acid external standard (Figure 4.1, excluding citrulline).
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Figure 4.1: Chromatogram showing the optimum separation of PITC derivatives obtained from a 25 amino
acid standard solution (1mM). Peaks are: aspartic acid (Asp), glutamic acid (Glu), hydroxyproline (Hxp),
asparagines (Asn), glutamine (Gln), serine (Ser), histidine (His), glycine (Gly), citrulline (Cit), arginine
(Arg), taurine (Tau), threonine (Thr), alanine (Aln), proline (Pro), cystine (Cys-Cys), tyrosine (Tyr), valine
(Val), methionine (Met), cysteine (Cys), isoleucine (Ile), leucine (Leu), norleucine (Nle), phenylalanine
(Phe), ornithine (Orn), lysine (Lys).

4.2.3.2 Measurement of lipid
Extraction
Lipids were extracted following the method of Mann and Gallager (1985). Samples (~ 50mg) were
placed in solvent-washed, graduated glass vials, then mixed with 100µl water and 1.5ml
chloroform:methanol (1:2, v:v), before being vortexed and left to stand for 10 minutes at 4°C. This
was followed by centrifugation (1000g, 5 minutes) and the resulting supernatant was removed to a
separate glass vial. The remaining sample was re-extracted in the same manner, this time using
1.5ml chloroform:methanol (2:1, v:v), and the two supernatants were combined.

The pooled

supernatants were mixed with 950µl NaCl solution (0.7% w:v) and left to stand for 30 minutes at
4°C, before being centrifuged (1000g, 5 minutes) to separate the upper and lower phases.
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A sonication step was not included in extractions because preliminary analysis indicated that it did
not significantly improve lipid yield (t = 0.92, df = 3, p = 0.43).
For fish under 200mm FL there were generally insufficient amounts of sample available to allow
use of 50mg, in these cases between 10–20mg of sample was extracted.
Gravimetric Quantification
A measured portion of the lower phase of each extract was removed and placed in a pre-weighed
aluminium cap, which was then covered and left to dry overnight before being re-weighed. Cap
masses were determined to the nearest 1 x 10-3mg using a UMIX-5 microbalance (Mettler Toledo).
4.2.3.3 Measurement of neutral monosaccharides
Hydrolysis
Carbohydrate hydrolysis loosely followed the method of Usov et al. (1998). Samples (~ 20mg) were
placed in 1.5ml silanized glass vials together with 2M trifluoroacetic acid. Vials were flushed with
argon and immediately capped with PTFE lined septa before being placed at 100°C for 8 hours.
Hydrolysed samples were then filtered through 0.2µm PTFE filters into clean glass vials and diluted
(1 in 6) to a concentration suitable for analysis. A measured portion of diluted filtrate was then dried
using an unheated Savant SpeedVac concentrator (Thermo), before being sent to Plant and Food
Research Ltd., Ruakura, for analysis.
Chromatography
Samples were analysed using high performance anion exchange chromatography with pulsed
ampometric detection (HPAEC-PAD). HPLC was performed under contract by Plant and Food
Research, Ruakura.
Data Anlaysis
Raw run files supplied by Plant and Food Research were analysed using Chromeleon
chromatography management software v6.8 (Dionex). Peak and baseline detection on individual
runs were checked by eye and adjusted if necessary. Peak identification and quantification was
based on individually run sugar standards, no internal standard was used because a suitable
free-eluting standard could not be found.
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4.2.3.4 Measurement of nitrogen
Hydrolysis
Samples were hydrolysed using a micro-kjeldahl method optimised for use with plant material
(Temminghoff and Houba 2004). Approximately 50mg of sample was weighed into 75ml digestion
tubes, to which was added 2.5ml of dissolved selenium/sulphuric acid solution (3.5g/litre)
containing 7.2% salicylic acid (w/v). Samples were mixed and left to stand overnight before being
heated at 100°C for 2 hours in a block digestor. After cooling, oxidation was achieved by addition
of 1.0ml of 30% hydrogen peroxide followed by careful mixing. This step was repeated twice more,
after which samples were reheated to reach 330°C for 2 hours. After cooling, 50ml ultrapure water
was added in order to dilute samples to a concentration suitable for spectrophotometric analysis.
Spectrophotometric Determination of Ammonia
Ammonia content of hydrolysed samples was determined using a Primacs SC continuous flow
analyser (Skalar, ND), which automated a modified version of the Bertholet reaction (Krom, 1980).
Briefly, hydrolysed samples were dialysed and buffered using a tri-sodium citrate/potassium sodium
tartrate buffer (ph 5.2), before reaction with sodium dicholorisocyanurate, sodium hypochlorite, and
sodium nitroprusside.

The resulting dye was measured at 660nm and quantified using an

ammonium chloride external standard.
4.2.3.5 Measurement of ash
Ash was determined using a Primacs Total Carbon (TC) Analyser (Skalar, ND). A measured
amount of dried sample was weighed into a quartz crucible and combusted for 5 minutes at 1050°C
in the presence of a cobalt oxide catalyst. Crucibles were allowed to cool before being reweighed in
order to calculate the mass of the remaining incombustible fraction. This method was assumed to
result in the oxidation, and removal, of both organic and inorganic carbon from samples.
The inorganic carbon (IC) content of material was also investigated in a small number of samples
using the same machine. A measured amount of sample was placed in a test tube and inorganically
bound carbon was decomposed by addition of 85% phosphoric acid. Resulting CO2 content was
measured with an IR detector and quantified using a calcium carbonate standard. Preliminary results
showed the IC fraction of gut material to be below the detection settings of the machine.
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4.3 – Results
4.3.1 - Accuracy and reproducibility of assays
Total hydrolysable amino acids
The method described for separation of amino acids used reversed phase HPLC combined with
pre-column PITC derivatisation. Under these conditions it was possible to consistently resolve 24
amino acids (Figure 4.1), of which 18 were identifiable in hydrolysed samples. Full baseline
separation of early eluting peaks was never achieved and, in particular, glycine and citrulline were
found to co-elute with increased column use. Since it was not possible to separate these peaks in the
majority of runs, any peak eluting at this position was assumed to consist entirely of the proteogenic
amino acid glycine.
Reproducibility of estimates of THAA from HPLC data were tested by duplicating measurement of
80 randomly selected samples throughout the course of the study. For each sample, differences
between duplicates were expressed as a percentage of the mean of the two measurements. The mean
of differences measured across all 80 samples was then calculated as 9.22% (±1.37 S.E.); although
this value may underestimate true reproducibility because the distribution of values for the
difference between duplicates was found to be positively skewed (Figure 4.2). In addition to
reproducibility, the accuracy of HPLC in quantifying protein in hydrolysed samples was tested by
looking at the recovery of a protein standard (bovine serum albumin). Recovery was 98.86%
(±6.90 S.E.) when averaged across (n = 9) replicates.
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Figure 4.2: Histogram of deviation between THAA estimates derived from
duplicated amino acid runs. The differences between two repeated measurements
of THAA for 82 samples are shown, where deviation is expressed as a percentage
of the mean of the two values.
79

Chapter 4: Methods of Quantifying Nutrients in Herbivorous Fish Diets

For THAA analysis, estimation of reproducibility based on duplication of multiple samples was
used as an alternative to the more traditional approach of determining residual standard deviation
(RSD). In this case the analysis of multiple samples was undertaken in order to thoroughly test for
the potential effects of a severe system contamination event that occurred during lab work. For all
other assays reproducibility was assessed using RSD.
Total hydrolysable neutral sugars
Hydrolysis of sample biomass followed by separation of neutral monosaccharides using
HPLC-PAD resulted in consistent detection of seven sugars (Figure 4.3). Whilst other peaks were
occasionally present in sample runs, the inconsistency of their appearance and elution time
prevented definite identification. The possibility of peak co-elution was considered during method
development, and samples were therefore run using different concentrations of mobile phase (5mM
and 20mM NaOH). No improvement on the resolution shown in Figure 4.3 was ever achieved;
however it was clear that the myo-inositol peak showed slight variation in retention time between
runs. This, together with variable peak widths, indicated that two sugars may have been co-eluting
at this point. Since no co-eluting standards were found, the possible second peak was attributed to
either the presence of another inositol isomer, or a co-eluting polyol. As a result, any peak
appearing at this point in chromatograms was quantified as myo-inositol.
The high diversity of sugars meant that all attempts to find a freely eluting internal standard failed
and as a result quantification was carried out without internal correction. Early on during method
development an attempt to estimate assay reproducibility was made using (n =5) replicates of a
single sample. Without internal correction reproducibility values were 21.87%, 27.28%, 27.81%,
and 31.01%, for mannitol, fucose, galactose, and glucose, respectively. Such low reproducibility
was attributed to the effects of lab experience. In response to these values, the method of sample
dilution was altered and the first 100 samples hydrolysed and filtered were discarded without HPLC
analysis. The true reproducibility of this assay was assumed to be substantially higher than is
suggested by the reported values. The potential for Type II error was assumed to be limited by the
fact that samples were processed in random order.
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Figure 4.3: Chromatogram showing the optimum separation of neutral sugars achieved from a single
sample of hydrolysed gut contents using HPLC - PAD.

Ash and lipid
Reproducibility of the ash method was determined based on (n = 6) replicates of a single sample
and found to be 1.08% when using masses that were comparable the lowest value measured in this
study. Reproducibility for lipid was determined based on (n = 5) replicates and found to be 2.77%
(residual standard deviation, RSD).
Total hydrolysable amino acids vs. total nitrogen
In addition to amino acid analysis, total nitrogen was also considered as a method of quantifying
protein in gut contents. Both THAA and total nitrogen were measured in material taken from the
foregut (section I) of mature fish collected from the Hauraki Gulf (n =56), Stewart Island (n = 29),
and for a small number of samples collected from D’Urville Island (n = 7). Measurements were also
made for material collected from the hindgut (section V) of a similar number of specimens (HG: 59,
SI: 29, DI: 3).
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When regressions of THAA against total nitrogen were plotted for both gut sections I and V
(Figure 4.4 A), a positive intercept indicated an inconsistency between the two methods of protein
measurement. Such a result was suggestive of either overestimation of protein via HPLC, or
underestimation of total nitrogen. No clear cause could be established for this inconsistency; whilst
the high recovery of protein standards encountered may also have been indicative of overestimation
via HPLC, loss of nitrate is known to occur during Kjeldahl digestion (Persson 1995).
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For the two locations where sufficient data existed, nitrogen to protein ratios were compared across
locations and between gut sections in a two way crossed analysis of variance. There was no
significant difference between data from Stewart Island and the Hauraki Gulf (F1, 168 = 1.15, p =
0.29), however there was a significant difference between gut sections I and V (F1, 168 = 3.88, p =
0.05). Across all data the mean nitrogen to protein ratio for section I was 5.31 (±0.08 S.E.) and for
section V was 4.99 (±0.07 S.E.). Both these values were lower than the commonly cited conversion
factor of 6.25, but they were within the ranges cited for a variety of plant and algal material (Mosse
1990, Lourenco et al. 1998).
Whilst low nitrogen to protein conversion may be partially explained by the degradation of amino
acids during hydrolysis, ratios below 6.25 were taken to infer the presence of non-protein nitrogen
(NPN) in samples. Furthermore, significant variation between sections I and V indicated that the
amount of NPN was higher in the hindgut. Since the amino acid composition of proteins can
influence observed nitrogen to protein ratios (Solsulski and Imafidon 1990), expected nitrogen was
calculated for each sample on the basis of amino acid profiles, using amino acid-specific conversion
values (aspartic acid: 0.106, threonine: 0.118, serine: 0.013, glutamic acid 0.096, proline: 0.123,
glycine: 0.188, alanine: 0.158, valine: 0.120, methionine: 0.095, isoleucine: 0.108, leucine: 0.108,
tyrosine: 0.078, phenylalanine: 0.085, histidine: 0.271, lysine: 0.193, arginine: 0.322,
hydroxyproline: 0.107, taurine: 0.112, Lourenço et al. 1998). For both gut sections I and V, the
nitrogen content of samples was significantly higher than predicted by their amino acid content
(Figure 4.4, t = 15.70, df = 2, p = 0.004 and t = 13.58, df = 2, p = 0.005 for sections I and V,
respectively).
4.3.2 - Nutrient composition of commonly ingested algae
Analysis of a small number of algal samples collected from the Hauraki Gulf and Stewart Island
showed clear differences in the protein and carbohydrate composition of different algal taxa (Table
4.1). Statistical analysis was limited to a comparison of C. maschalocarpum tissue types across
locations (Appendix C.1). Reproductive tissue had a significantly higher protein concentration,
whereas thallus tissue had a higher mannitol concentration (Figure 4.5 B). Large differences in
glucose concentration were also observed between tissue types, although statistical comparison was
confounded by non-homogeneity of variance. Differences between locations were also apparent,
with thallus tissue collected from Stewart Island containing almost twice the amount of mannitol of
tissue collected from within the Hauraki Gulf.
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For the Hauraki Gulf, E. radiata thallus and epiphytic rhodophytes were measured in addition to
C. maschalocarpum (Figure 4.5 A). Rhodophyte material gave results that were consistent with the
presence of carrageenans (galactose) and agar (xylose), but showed a complete absence of
compounds associated with phaeophyte storage and structural carbohydrate, such as mannitol and
fucose. Protein was also higher in epiphytic rhodophytes than in any of the phaeophyte material
measured.
Analysis of the amino acid composition of protein in algal material showed clear separation
between algal taxa (Figure 4.6). Glutamic acid and alanine were present at high concentrations in all
samples, making up as much as 23% of detected protein (Tables 4.2 and 4.3). Large differences in
the glutamic acid concentration of C. maschalocarpum reproductive and thallus tissue were evident
in the Hauraki Gulf, but not at Stewart Island. The non-proteogenic amino acid taurine was present
at low concentrations in C. maschalocarpum reproductives from both locations; however it was
absent from all other material measured. Chromatograms of epiphytic rhodophyte material
consistently showed a novel peak that eluted between threonine and alanine and was absent from all
other samples. Since this peak remained unidentified it was not quantified and data are not
presented.
Histidine concentrations were extremely high in C. maschalocarpum reproductive tissue collected
from both locations (Table 4.1). A slight broadening of the histidine peak in a small number of
C. maschalocarpum samples indicated that the high concentrations recorded for reproductive tissue
might have been an artefact arising from the co-elution of another novel amino acid. Whilst this
possibility was considered, no clear evidence for a second peak was ever obtained from samples run
for this study and, as a result, these data are reported as histidine.
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Figure 4.5: The amounts of different nutrients in tissues of commonly ingested algae. A) Algal material collected from the Hauraki Gulf, showing
C. maschalocarpum thallus (black), C. maschalocarpum reproductives (grey), E. radiata thallus (speckled), epiphytic rhodophytes (white). B) Comparing
C. maschalocarpum tissue collected from the Hauraki Gulf with tissue from Stewart Island. Showing Hauraki Gulf tissue (as above) followed by SI thallus
(dark grey) and reproductive tissue (white). Data for lipid content of epiphytic rhodophytes was not collected due to a lack of available material. For a table of
mean and standard error estimates see Appendix C.2. Error bars show standard error.
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Figure 4.6: PCA plots showing differences in the amino acid composition of commonly
ingested algal material. A) PCA1 vs. PCA2, which account for 67.6% and 24.7% of total
variation, respectively. B) PCA3 vs. PCA4, which account for 4.7% and 2.0% of variation,
respectively. Open symbols are data collected from Stewart Island and closed symbols are data
collected from the Hauraki Gulf. Data are for C. maschalocarpum thallus ( ), C.
maschalocarpum reproductives (¡), E. radiata thallus (´), epiphytic rhodophytes (z).
Vector overlays display eigenvectors for individual variables, with distance to the circle
representing the proportion of total variation captured by the two axes.

86

Chapter 4: Methods of Quantifying Nutrients in Herbivorous Fish Diets

Table 4.1: (Continued on following page) The amino acid composition of common dietary algae.
A) C. maschalocarpum thallus and reproductives from the Hauraki Gulf, B) C. maschalocarpum
thallus and reproductives from Stewart Island, C) E. radiata and epiphytic rhodophytes from the
Hauraki Gulf. (Values in brackets show standard error)

A)

Hauraki Gulf:

C. maschalocarpum thallus
% Dry Mass

Glutamic acid
Alanine
Aspartic acid
Leucine
Valine
Lysine
Proline
Serine
Threonine
Phenylalanine
Arginine
Isoleucine
Tyrosine
Glycine
Histidine
Methionine
Hydroxyproline
Taurine

0.93
0.49
0.53
0.61
0.46
0.37
0.39
0.37
0.38
0.38
0.33
0.40
0.31
0.22
0.46
0.15
0.03
0

Total:

6.41

(0.06)
(0.04)
(0.03)
(0.04)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.01)
(0.01)
(0.01)
(<0.01)
-

%THAA

13.62
7.21
7.75
8.96
6.73
5.36
5.71
5.41
5.56
5.59
4.89
5.83
4.54
3.21
6.95
2.26
0.44
0

C. maschalocarpum reproductives
% Dry Mass

(0.16)
(0.18)
(0.31)
(0.08)
(0.04)
(0.07)
(0.02)
(0.10)
(0.05)
(0.03)
(0.08)
(0.04)
(0.09)
(0.03)
(0.31)
(0.04)
(0.04)
-

2.08
0.61
0.63
0.70
0.54
0.48
0.45
0.45
0.44
0.43
0.44
0.44
0.36
0.26
0.99
0.20
0.02
0.02
8.64
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(0.20)
(0.07)
(0.04)
(0.06)
(0.04)
(0.03)
(0.04)
(0.03)
(0.03)
(0.03)
(0.04)
(0.03)
(0.03)
(0.02)
(0.01)
(0.02)
(<0.01)
(0.01)

%THAA

21.98
6.35
6.63
7.34
5.60
5.03
4.66
4.68
4.63
4.46
4.60
4.57
3.78
2.69
10.50
2.06
0.24
0.21

(2.12)
(0.40)
(0.16)
(0.23)
(0.17)
(0.14)
(0.16)
(0.10)
(0.14)
(0.14)
(0.19)
(0.13)
(0.14)
(0.08)
(0.25)
(0.12)
(0.02)
(0.11)
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B)

Stewart Island:

C. maschalocarpum thallus
% Dry Mass

Glutamic acid
Alanine
Aspartic acid
Leucine
Valine
Lysine
Proline
Serine
Threonine
Phenylalanine
Arginine
Isoleucine
Tyrosine
Glycine
Histidine
Methionine
Hydroxyproline
Taurine

0.71
0.33
0.36
0.39
0.30
0.24
0.25
0.26
0.26
0.23
0.22
0.25
0.19
0.14
0.18
0.11
0.03
0

Total:

4.15

(0.08)
(0.03)
(0.03)
(0.04)
(0.03)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.02)
(0.01)
(0.04)
(0.01)
(<0.01)
-

%THAA

16.01
7.34
8.14
8.66
6.70
5.35
5.63
5.81
5.80
5.24
4.98
5.57
4.37
3.26
4.12
2.37
0.64
0

% Dry Mass

(0.30)
(0.12)
(0.28)
(0.14)
(0.10)
(0.07)
(0.12)
(0.10)
(0.10)
(0.10)
(0.04)
(0.08)
(0.08)
(0.03)
(0.80)
(0.02)
(0.05)
-

% Dry Mass

Total:

7.29

(0.08)
(0.01)
(0.02)
(0.01)
(0.01)
(0.01)
(0.01)
(0.01)
(0.01)
(0.01)
(<0.01)
(0.01)
(0.01)
(<0.01)
(0.17)
(<0.01)
(<0.01)
(0.01)

16.72
6.45
6.21
7.30
5.55
4.85
4.79
4.76
4.49
4.38
4.38
4.54
3.68
2.78
16.00
2.14
0.49
0.51

(0.56)
(0.30)
(0.16)
(0.19)
(0.14)
(0.15)
(0.12)
(0.11)
(0.22)
(0.10)
(0.18)
(0.10)
(0.08)
(0.11)
(1.65)
(0.08)
(0.02)
(0.16)

Epiphytic rhodophytes

E. radiata
1.21
0.73
0.68
0.59
0.48
0.43
0.42
0.40
0.39
0.36
0.36
0.35
0.28
0.24
0.18
0.18
0.01
0

1.27
0.48
0.47
0.55
0.42
0.36
0.36
0.36
0.34
0.33
0.33
0.34
0.28
0.21
1.23
0.16
0.04
0.04

%THAA

7.57

C)
Glutamic acid
Alanine
Aspartic acid
Leucine
Valine
Lysine
Proline
Serine
Threonine
Phenylalanine
Arginine
Isoleucine
Tyrosine
Glycine
Histidine
Methionine
Hydroxyproline
Taurine

C. maschalocarpum reproductives

(0.14)
(0.04)
(0.03)
(0.02)
(0.02)
(0.01)
(0.02)
(0.01)
(0.02)
(0.01)
(0.02)
(0.01)
(0.01)
(0.01)
(0.01)
(0.01)
(<0.01)
-

%THAA

16.59
9.98
9.4
8.11
6.53
5.84
5.81
5.42
5.37
4.97
4.87
4.83
3.91
3.28
2.47
2.47
0.16
0

% Dry Mass

(1.93)
(0.53)
(0.44)
(0.27)
(0.23)
(0.19)
(0.27)
(0.19)
(0.21)
(0.18)
(0.23)
(0.12)
(0.14)
(0.16)
(0.15)
(0.11)
(0.01)
-

2.03
1.24
1.06
1.44
1.11
1.07
0.90
0.72
0.84
0.82
1.23
0.95
1.08
0.51
0.39
0.38
0.01
0
15.80
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(0.09)
(0.02)
(0.06)
(0.01)
(0.01)
(0.01)
(<0.01)
(0.01)
(0.01)
(0.01)
(0.01)
(<0.01)
(0.02)
(<0.01)
(0.01)
(0.01)
(<0.01)
-

%THAA

12.88
7.84
6.74
9.15
7.01
6.76
5.72
4.58
5.35
5.21
7.78
6.00
6.85
3.21
2.45
2.43
0.05
0

(0.44)
(0.04)
(0.31)
(0.09)
(0.07)
(0.04)
(0.07)
(0.08)
(0.05)
(0.06)
(0.09)
(0.06)
(0.14)
(0.04)
(0.08)
(0.05)
(0.01)
-
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4.4 - Discussion
In studies of nutritional ecology the methods of analysis employed must be of sufficient accuracy to
enable meaningful interpretation of collected data. Whilst precision may be improved by carrying
out repeated measurements of each sample collected, such technical replication was not possible in
subsequent chapters due to the constraints of time and limited sample availability. As a result all
replication was carried out at the biological level and discussion of the accuracy of assays is limited
to data collected during method development and to comparison of the results of the pilot study
with those of previous research.
Carbohydrate
The analysis of carbohydrate through reductive hydrolysis of biomass, followed by measurement of
constituent sugars, has previously been used in studies of marine herbivory with limited success
(Falshaw 2002). The approach introduced in the current chapter significantly reduced sample
handling time and used HPLC-PAD as a detection method, rather than the more traditional analysis
of alditol acetate derivatives (Stevenson and Furneaux 1992, Usov and Klochka 1993, Melton
2001). The reproducibility of sugar quantification was low compared to other methods of nutrient
analysis presented in this chapter.

Though potentially problematic, presented estimates of

reproducibility were taken to be conservative since they were obtained early during method
development.
The resolution and reproducibility of the patterns observed in the current chapter (Figure 4.4)
indicate that reductive hydrolysis followed by HPLC-PAD is a viable method for examination of
the carbohydrate consumed by herbivorous fishes. One limitation of this method is its failure to
detect alginic acid and cellulose, neither of which is susceptible to TFA hydrolysis (Melton 2001).
Overall, however, this approach is likely to be an improvement on non-discriminatory carbohydrate
assays (e.g. Crossman et al. 2005, Peters et al. 2005), which are unable to evaluate diets on the basis
of carbohydrate composition. Since different carbohydrates have different relative digestibility
(Zemke White and Clements 1999, Moran and Clements 2002, Skea et al. 2005) they are clearly an
important consideration in studies that seek to consider nutrition in terms of a balance of multiple
nutrients.
Patterns of carbohydrate distribution measured within algae conformed to expectations (Table 4.1,
Figure 4.4). Fucose was taken to indicate the presence of fucoidan (Usov et al. 2005), and was
completely absent from epiphytic rhodophytes, as was mannitol. In contrast, galactose was assumed
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to originate mainly from carageenans and was present in greater abundance in epiphytic
rhodophytes than any of the phaeophyte material measured. Detected glucose may have originated
from laminarin, floridean starch, or floridoside. As a result the origin of this sugar may not be
discernable in the diets of herbivorous fish consuming multiple algal taxa.
Protein
Amino acid analysis followed by determination of THAA has been used as a reliable method of
quantifying protein in the diet of marine herbivores (Crossman et al. 2000, Crossman et al. 2005).
Unlike previous studies, the method used in the current chapter did not incorporate protein
extraction or purification prior to hydrolysis since these steps have been shown to have an effect on
protein yields (Fleurence et al. 1995). It is possible that the failure to extract or purify protein
reduced the reliability of amino acid derivatisation, although, that said, results obtained were
comparable in terms of reproducibility to previous amino acid studies of marine algae (Aitken et al.
1991).
Algal THAA and amino acid concentrations were also in the range of previous estimates based on
crude protein (Table 4.2, see also Mateus et al. 1972, Rossell et al. 1985, Felicini and Perrone
1994). Analysis of Macrocystis pyrifera (Mateus et al. 1972, Rossell et al. 1985) found that total
hydrolysable amino acids (THAA) constitute between 6.1-14.2% of dry mass, and these data gave
nitrogen to protein conversion ratios from 5.3 to 6.5. In both studies alanine (aln), aspartic acid
(asp), and glutamic acid (glu) were the major residues resulting from hydrolysis. Mateus (1972)
also found very high levels of ornithine (14.6% of total protein). Newell et al. (1980) analysed
hydrolysate of the mucilaginous secretion of Ecklonia maxima and found that, together, aln, asp,
and glu made up 68% of detectable amino acids.
The comparison of THAA estimates of protein with calculations of total nitrogen provides an
opportunity to compare the accuracy of these two methods. Unconstrained estimates of the
relationship between the two measures are shown in Figure 4.3 and suggest that the nitrogen to
protein ratio of ingested material is below the value of 6.25 typically used to calculate crude protein
(Jones 1967). The ratio of 5.31 obtained for section I material is within the range of values
measured for microalgae (Lourenco et al. 1998), macroalgae (Mateus et al. 1972, Rossell et al.
1985) and terrestrial plants (Mosse 1990). These results therefore provide further support for the
accuracy of the THAA method employed.
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Table 4.2: Summary of the nutrient content of the principle phaeophyte algae found in the diet of O. pullus determined from previous studies. Only studies where protein was
inferred from total nitrogen measurement are shown. Where necessary nitrogen has been back calculated from crude protein values reported in the text using a conversion factor
of 6.25. In studies that measured separate parts of the plant data shown are for blade/thallus tissue. All values are expressed as percent dry mass.
† Data range represents the maximum and minimum values measured across seasons.
‡ Data range represents maximum and minimum values measured across seasons and across a depth range of 4.5-9m.
* Data range represents maximum and minimum values samples across two locations.
** Data are for individuals 6-12 inches long (see Taylor and Schiel 2009).

Alginate

Laminarin Fucoidin

Mannitol

†

17.0-24.5

1.0-9.8

‡

23.1-40.0

0-5.9

0.4-1.3

*

Location

Reference

S. Australia
New Zealand
Japan

Higgins and Mackey 1987
Stewart 1961
Smith et al. 2010
Asakawa 1988

1.5
1.1-2.5

1.8
0.5-2.8

22.1
23.4-37.2

2.1
2.3

0.3

36.6

S. Chile
W. Canada
New Zealand

Gomez and Westermeier 1995
Mateus et al. 1972
McKee et al. 1992

3.1

3.3

26.6

New Zealand

Smith et al. 2010

8.0

1.9

0.2

34.9

S. Chile

Gomez and Westermeier 1995

8.0
9.1

1.3
1.6
1.2
1.2

0.5
1.2

24.4
29.8
22.7
28.9

New Zealand
S. Chile
New Zealand
S. Australia

Moss and Naylor 1953
Gomez and Westermeier 1995
Smith et al. 2010
Madgwick and Ralph 1972

4.6-21.4

24.7-26.3

Undaria pinnatifida
Lessonia nigrescens

D.potatorum

Ash

8.5-16.6

12.8

Macrocystis pyrifera

Durvillea antarctica

Lipid

0.7-1.7

Ecklonia radiata

E. cava

Nitrogen

**

38.6
35.2

1.8

3.2
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The observation of a significant decrease in nitrogen to protein ratios between the foregut and
hindgut of O. pullus has important implications for the use of crude protein estimates in studies of
marine herbivory. An increased presence of NPN in the hindgut is likely to have resulted from
selective assimilation of protein-based nitrogen. The resulting difference between gut sections
indicates that reliance on crude protein will result in an underestimation of the magnitude of the
shift in amino acid concentration along the gut. On the basis of these results estimates of protein
digestion and assimilation in the current study (Chapters Six and Seven) are subsequently made on
the basis of THAA alone.
Variation in the nutrient content of dietary algae
In addition to providing a means of assessing the validity of analytical methods, the quantification
of nutrients in samples of macroalgae provides an indication of how different diet items vary in
terms of their nutrient content. Both the carbohydrate content (Stewart 1967, Asakawa 1988), and
protein content (Abdell Fattah et al. 1973, Aitken et al. 1991), of algae are known to be variable and
the limited scope of the current data means that it can only be used for basic inference. Nonetheless
there were clear differences in the nutrient concentrations of the dietary material measured.
Most notable was that epiphytic rhodophytes collected from C. maschalocarpum plants contained
almost twice the protein content of the phaeophyte material measured (Table 4.1). This result is in
accordance with previous studies that have compared the two taxa (Ruperez and Saura-Calixto
2001, Peters 2005, Gomez-Ordonez et al. 2010). Juvenile O. pullus may therefore selectively target
this epiphytic material (Chapter Two) in order to meet the demand for protein at a time of high
growth rate. Adult fish were also found to consume rhodophyte material, including the epilithic
species Pterocladia lucida. Crude protein in a related species (P. capillacea) was found to vary
seasonally between 11‒35% of dry mass (Abdel Fattah et al. 1973). Since all fishes are generally
assumed to have a high demand for protein relative to other vertebrates (Bowen 1987, Wilson 2002)
high protein content might explain the presence of rhodophytes in both juvenile and adult diets.
The failure of adult fish to consume a greater proportion of rhodophyte material could be explained
either by its low relative availability, or because adult fish do not selectively feed on the basis of
protein content alone.
Algal nutrient content may vary greatly within species across both seasons and locations (e.g. Iwao
et al. 2008). In the current study, C. maschalocarpum tissue was collected from two locations at
different times of the year (November vs. December). The repetition of the comparison between
thallus and reproductive tissues therefore provides support for the consistency of patterns observed.
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Within tissue types, the clear difference in mannitol and glucose concentrations across locations
indicates that carbohydrates associated with storage and photosynthesis may be particularly
susceptible to variation. In spite of such variability it was clear that, relative to thallus, reproductive
tissue had high protein, high laminarin, and low mannitol concentrations. Previous studies have
suggested that seasonal targeting of C. maschalocarpum reproductive tissue by O. pullus in the
Hauraki Gulf may reflect its high nutritional value (Clements and Choat 1993). In adult fish this
behaviour coincides with seasonal spawning activity and in juveniles it coincides with a shift to
consumption of phaeophytes (Chapter Two). Results presented in the current chapter indicate that
reproductive tissue has a high protein content relative to thallus tissue; however both contain
substantially less protein than rhodophytes epiphytic on the same plants, which may also be
seasonally available. It is therefore possible that the selective targeting of reproductive tissue again
needs to be considered in terms of a balance of nutrients. For example, mannitol has been shown to
be utilised extensively by herbivorous fishes (White et al. 2010), and reproductive tissue may
therefore present a favourable balance of protein and mannitol. The balance of nutrients that
constitutes an optimal diet for O. pullus is the subject of subsequent chapters.
The selective targeting of certain algae may also be driven by nutritional demand that cannot be
explained in terms of macronutrients. Whilst there is a paucity of studies that consider essential
amino acids in marine herbivorous fishes, arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine are known to be essential for many
fish species (Wilson 2002). Multivariate analysis of amino acid composition shows clear
differences between algal taxa (Figure 4.6) and the relative availability of histidine in particular
may influence the nutritional value of C. maschalocarpum reproductives. Taurine was notably
absent from all tissue apart from C. maschalocarpum reproductives. Whilst little is known about the
importance of this amino acid to fishes, it is considered essential in the diet of some fish species
(Takagi et al. 2008).
Conclusion
This chapter has demonstrated the utility of chromatography-based methods of quantifying nutrients
in marine macroalgae. In doing so it has provided some evidence that the composition of nutrients
varies within algae commonly consumed by O. pullus. The methods introduced are used in
subsequent chapters to determine the extent to which the nutrient composition of ingested diets
varies with environment and life history (Chapter Five), and the extent to which ingested nutrients
are utilised (Chapters Six and Seven).
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Chapter 5: Variation in Nutrient Intake across Season and Latitude
5.1 – Introduction
The preceding chapters have demonstrated that O. pullus is an herbivore throughout the majority
of its natural species range. They have also demonstrated that the composition of its diet varies
across seasons, with ontogeny, and across the locations considered in this study. From a nutritional
perspective, the ability to understand the significance of this variation depends on the quantification
of relevant nutritional components in ingested algal material.
Previous studies of herbivorous fish nutrition
Nutrient intake has been used to interpret diet choice in numerous studies of herbivorous fishes
(e.g. Montogmery and Gerking 1980, Horn et al. 1986, Neighbours and Horn 1984, Crossman et al.
2005, Prado et al. 2010), generally based on the assumption that optimising nutrient gain will
maximize individual fitness (Stephens and Krebs 1986, Sibly and Callow 1986). Energy and protein
have traditionally been the indices of diet quality used to explain observed foraging behaviour
(Schoener 1971); however it is widely recognised that an optimal diet depends on the ingestion of
an optimal balance of nutrients (Bowen 1984, Lobel and Ogden 1985, Pennings et al. 1993, Caceres
et al. 1994). Diet quality is therefore likely to be best explained on the basis of a simultaneous
consideration of the balance of multiple nutrients (Simpson and Raubenheimer 2001, Vivas et al.
2006, Fortes-Silva et al. 2011).
Whilst several studies have successfully interpreted ecological observations on the basis of nutrient
intake (e.g. Neighbours and Horn 1984, Crossman et al. 2005), many more have pointed out
discrepancies between diets that are considered optimal and those that are selected by wild or
captive fish (Montgomery and Gerking 1980, Lobel and Ogden 1985, Neighbours and Horn 1991,
Ojeda and Munoz 1999, Van Alstyne et al. 2001, Pillans et al. 2004). Such observations have led to
suggestions that diet choice may be influenced by other factors such as secondary metabolites
(Targett and Targett 1990, Pennings et al. 1993), algal toughness (Ojeda and Munoz 1999, Munoz
and Ojeda 2000), or the relative availability of dietary species (Horn et al. 1986, Caceres et al.
1994). It has also been shown that the digestibility of individual nutrients may vary between diet
items (Pillans et al. 2004), and, in particular, that different algal polysaccharides can vary greatly in
their susceptibility to enzymatic degradation (Zemke White and Clements 1999).
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On the basis of previous studies it seems likely that there are several reasons why nutrient intake
may often fail to explain the diet choices of herbivorous fishes. Firstly, other algal properties such
as toughness or chemical content may reduce palatability and digestibility (Horn 1989, Hay et al.
1994). Secondly, studies may have failed to consider diet in terms of an optimal balance of nutrients
rather than the intake of a single nutrient. Finally, studies may not have considered algal chemical
composition at sufficient resolution, thereby failing to distinguish diet items on the basis of
important qualitative differences such as the relative digestibility of different algal carbohydrates.
The latter problem may be further confounded by the limitations of frequently used biochemical
assays, as discussed in Chapter Four.
The current chapter considers the biochemical composition of the diet of O. pullus in order to
explain patterns arising from data presented in Chapters Two and Three. In doing so it seeks to
avoid the problems faced by previous studies by describing nutrient content only on the basis of
material that has already been selectively ingested by fish. Furthermore, it employs the methods of
nutrient quantification introduced in the previous chapter and considers nutrient intake using the
geometric framework (GF) approach of Raubenheimer and Simpson (1997, see also Raubenheimer
2011).
The assumption underlying the use of GF in nutrient studies is that an optimal diet is one that
supplies all relevant nutrients at the desired ratio, such that no one nutrient need be over, or under
consumed (Simpson et al. 2004). As changes in nutrient ratio cannot be deduced from figures that
display only individual nutrient concentrations, approaches that visualise diet as a balance of
multiple nutrients have the potential to provide additional insight when considering diet quality (e.g.
Bowen et al. 1995, Raubenheimer and Simpson 1997). This chapter therefore includes multivariate
plots of nutrient data in conjunction with univariate analysis of individual nutrients. Further, it goes
on to make use of a novel approach that enables multivariate statistical analysis of nutrient balance
(see section 5.2.2 below).
Interpreting the diet choices of O. pullus on the basis of nutrient intake
A shift from omnivory to herbivory during development is common to many herbivorous fish
species (e.g. Bellwood 1988, Clements and Choat 1993, Chen 2002), and has been associated with
the inability of an algal diet to meet nutritional demand at a time of high growth rate (White 1985).
The unfavourable ratio of gut length to body size in small fishes is thought to contribute to this
problem (Foley and Cork 1992, Benavides et al. 1994), which may also reflect the limited extent to
which small fishes are able to rely on microbial fermentation to aid digestion. Results presented in
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Chapter Two demonstrated that O. pullus undergoes a diet shift at all the locations considered in
this study. The current chapter considers the change in nutrient intake associated with this shift. It
attempts to determine whether the changes observed coincide with the move away from a diet that
is likely to meet the demands associated with high growth rate, such as high protein content. It also
searches for an increase in the ingestion of nutrients that are likely to be utilised via microbially
mediated digestive processes. Finally, it compares the nutrition of the ontogenetic diet shift across
locations in an attempt to establish whether there are any differences in nutrient intake that could be
linked to the effects of environment on the development of digestive physiology.
In Chapter Two it was concluded that seasonal changes in diet observed within the Hauraki Gulf
were unlikely to reflect a constraint on exogenous mechanisms of digestion, since fish at Stewart
Island consumed an herbivorous diet at temperatures below those encountered at the former
location. It is therefore likely that the seasonal diet shift was due to changes in nutrient demand
and/or seasonal variation in nutrient availability. A study by Fishelson et al. (1987) observed
seasonal changes in diet of surgeon fish, Acanthurus nigrofuscus, and hypothesised that they were
driven by the need to meet changes in nutritional demand associated with spawning activity
(Fishelson et al. 1987). This chapter seeks to determine whether the seasonal diet shifts observed in
Chapter Two result in changes in nutrient intake that can be related to changes in nutritional
demand as a consequence of spawning, or alternatively whether they represent attempts to maintain
a particular nutrient balance in the face of changes in environment and algal nutrient content.
Whilst O. pullus was found to be herbivorous across the range of locations considered in this study,
fish from different locations varied in terms of the algal composition of their diet. From a nutritional
perspective such variation may still reflect the presence of a temperature constraint on herbivorous
mechanisms of digestion, such as microbial fermentation. For example, fish at higher latitudes
could display increased ingestion of protein and lipid relative to carbohydrate, enabling alternative
sources of dietary energy to be utilised in place of carbohydrates that are difficult to digest at low
temperatures. Alternatively fish at higher latitudes could ingest a balance of carbohydrates that are
more amenable to digestion via endogenous means. Both of these scenarios could be achieved
through selective feeding on macroalgae. The current chapter therefore attempts to determine
whether there is any change in the nutrient balance of diets across locations that could be a response
to changes in environment; in particular it searches for evidence of a temperature constraint on
herbivory.
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Chapter aims
This chapter examines the nutrient content of the ingested diet (gut section I) of specimens of
O. pullus collected from the three locations introduced in Chapter Two. At all locations collected
specimens covered as large a size range as possible in order to help establish the relationship
between diet and ontogeny. Within the Hauraki Gulf, fish were collected throughout the year in
order to determine how nutrient intake varied across the seasons. At the two southern locations, fish
were collected only during the New Zealand summer (December – February). In accordance with
the aims of this project this chapter addresses three specific hypotheses: i) that the ontogenetic
changes in diet observed in Chapter Two result in an increase in the proportion of algal
carbohydrates ingested relative to protein and lipid at all locations; ii) that the seasonal variation in
diet observed in the Hauraki Gulf (Chapter Two) results in a change in ingested nutrient balance
that reflects increased protein intake during periods of spawning activity and reproductive tissue
growth (July – September); and iii) that a temperature constraint at higher latitudes results in
changes in nutrient intake, reflecting movement away from nutritional substrates that are difficult to
digest at low temperatures.

5.2 – Methods
5.2.1 – Specimen collection and nutrient analysis
All field-based collection, sample processing, and storage took place as described in Chapter 2
(Section 2.2.1). All nutrient analysis took place as described in Chapter Four (Section 4.2). The
content of gut section I is the focus of the current chapter, where it has been used to determine
nutritional intake.
Pooling of small samples
Section I contents of the smallest fish collected during the study did not provide a sufficient amount
of material for all the subsequently described analyses to be carried out. The majority of fish below
c.a. 150mm fork-length (FL) fell into this category. For samples where this was a problem, material
from several fish was pooled in order to enable measurement of a minimum number of necessary
nutrients within a single sample. Within the Hauraki Gulf, material was pooled within the seasonal
categories described in Chapter Two (January – March, April – June, July – September, October –
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December). When it was necessary to combine material, fish were pooled with individuals of a
similar size wherever possible.
5.2.2 – Data analysis
During field work in the Hauraki Gulf fish were sampled throughout the year, whereas fish from
Stewart Island and D’Urville Island were sampled during December and February, respectively. For
this reason the year-round Hauraki Gulf data were considered first and subsequently a subset of the
Hauraki Gulf data – those fish collected between December and February – were compared with
data for the other two locations. On all occasions, fish of both sexes were sampled across as large a
size range as possible, allowing the effect of ontogeny to be tested alongside the effects of season
and location. Collected data were stored and manipulated using Microsoft Access 2007, after which
analysis based on resemblance measures was carried out using Primer (v6.1.12), with the
Permanova+ (v1.2) add-on, whilst all other statistical analysis was carried out using Minitab (v16).
The protogynous life history of O. pullus means that the occurrence of male fish is naturally nested
in the upper size range of the species. As a result, statistical comparisons between sexes were
complicated by the fact that male and female data covered different size ranges. Rather than
modelling size as a continuous variable it was instead included in analyses as a categorical variable
based on the size-at-maturity and size-at-sex-change estimates of Trip (2010), who showed that
these two life history variables did not vary significantly across the locations in the current study.
Data were blocked into three different size categories (Table 5.1), with male data only appearing in
the largest category. Sex was then treated as a fixed, nested factor in all analysis of variance models.
In spite of the intrinsic lack of balance in this approach, preliminary investigation demonstrated that
it produced meaningful mean-square (MS) values. Calculation of MSSex(Size Category) only incorporated
data from the largest 'Size Category', and hence reflected a difference between 'Male' and 'Large
Female' fish. Calculation of MSSize Category ignored nesting within 'Size Category' levels, and hence
was not affected by the inclusion of 'Sex' as a nested factor. The use of fixed factors meant that the
MSResidual was the denominator for all F-ratio calculations.
On the basis of this approach, it was assumed that tests of 'Sex(Size Category)' provided statistical
comparison only of 'Male' and 'Large Female' fish, whereas tests of 'Size Category' compared
differences between 'Juvenile', 'Intermediate', and 'Large' fish in which data for both 'Males' and
'Females' were present in the 'Large' factor level.
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Table 5.1: Structure of ANOVA models used to test data: A) Across seasons within the Hauraki Gulf, B) Across
locations. Adult fish were classified as either intermediate or large depending on their size. Male fish were present
only in the large size category.

A)

Factor
Season
Size Category
Sex(Size Category)

Levels
January -March, April-June, July-September, October-December
Juvenile (<200mm FL), Intermediate (200-359mm FL), Large (>359mm FL)
Male, Female

Location
Size Category
Sex(Size Category)

Hauraki Gulf, D’Urville Island, Stewart Island
Juvenile (<200mm FL), Intermediate (200-359mm FL), Large (>359mm FL)
Male, Female

B)

In addition to reflecting the natural structure of the data, this approach had other advantages. Firstly,
it made no assumptions about the linearity of the relationship between diet and size. Secondly, it
enabled comparison between biologically meaningful categories based on existing knowledge of
life history stages. Whilst it would have been desirable to closely consider changes in nutrient
intake around the size at which ontogenetic changes in diet are known to occur (see Chapter Two),
limited sample sizes ‒ due to the necessity of pooling gut contents ‒ limited the scope of this part of
the study. As a result, statistical comparisons of ontogeny were restricted to comparisons between
size categories and changes in the nutrient intake of fish under 200mm FL were described, but not
subject to statistical analysis.
Analysis of multi-dimensional nutritional balance
Central to the use of the geometric framework (GF) has been the understanding that both the
nutritional quality of food and nutritional state of an organism can be represented as points within a
p-dimensional nutrient space, in which each nutrient represents a single axis. A two dimensional
example is given in Figure 5.1. Within this space, a food item containing a fixed mixture of
nutrients can be represented as a nutrient rail (sensu Raubenheimer and Simpson 1997), radiating
from the origin (0, 0). Animals confined to a single food item are constrained to moving along its
respective rail; their position along the rail will reflect the amounts of each nutrient consumed, but
the ratio of nutrients consumed will always remain fixed.
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Figure 5.1: Orloci’s chord distance in nutrient space (adapted from Orloci 1967). Multivariate nutrient data
can be represented in the form of an n x p matrix, whereby the position of an individual value in nutrient
space is given by a p-dimensional column vector (V). In two dimensions, the values n1 and n2 are separated by
an absolute distance D. The difference between the nutrient rails occupied by two individuals can be usefully
represented by superimposing their positions onto the surface of a unitary sphere. This is achieved through
standardisation of their position vectors. The distance between superimposed values is then measured as the
chord distance D’.

As a visual method of representing and exploring nutrient balance, GF approaches have been used
to consider the nutritional state of individuals in terms of up to 4 nutrients (Raubenheimer 2011).
However the concept can be extended to consider the relative positioning of individuals in truly
multidimensional space using simple matrix algebra. A sample of n individuals for which data is
collected for p nutrients can be represented as a p x n matrix (Figure 5.1). Each column within this
matrix represents a vector defining the position of a single sample within a p-dimensional nutrient
space. A single column vector containing the row averages for all p nutrients gives the position
of the centroid of the n samples considered.
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Returning to a two dimensional example, the position of two individuals (n1 and n2) with respect
to two nutrients (A and B) is shown in Figure (5.1). The shortest (Euclidean) distance between the
two can be calculated as:

,

,

,

Such a distance value is dependent on the absolute amount of nutrients in the measured samples, as
represented by the length of the vectors (V1 and V2) defining the position of n1 and n2. Since nutrient
rails are, in effect, scale-less vectors within nutrient space, useful information about the balance of
nutrients within samples can be extracted by standardising the length of individual vectors before
taking the distance measure. This approach is analogous to the separation of size and shape data
common in geometric morphometrics (see Rohlf 2007). In two dimensions it can be achieved by
superimposing the position of points in nutrient space onto the surface of a unitary circle so that
they represent the point of inflection of their respective nutrient rails. Differences in nutrient ratios
can subsequently be measured as either the great circle distance between two points, or as the
shortest, or ‘chord’, distance between them (D’). Under either of these metrics, any two samples on
the same nutrient rail will have a distance measure of 0 and maximum separation between samples
will be achieved when they have no nutrients in common (representing a separation of 90° between
rails). The scale-less nature of the measures means that they give equal weight to all axes,
regardless of differences in mean relative abundance of individual nutrients.
The chord distance measure was first introduced for multivariate data by Orloci (1967), and it can
be calculated directly from un-standardised data, following Legendre and Legendre (1983):
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Representation of the balance of multiple nutrients as a single distance measure is useful because it
allows data to be subject to Q-mode analysis (see Legendre and Legendre 1983 pp 23-25), whereby
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the relationship between individuals within a dataset can be represented in the form of a
resemblance matrix. Of particular value to the current study, are methods for the ordination of nonEuclidean data using principal coordinate analysis (Gower 1966) and the permutational methods for
the statistical analysis of such data introduced by Anderson (2001).
Using Orloci’s chord distance as a measure of resemblance, the relative proportion of all measured
nutrients were compared across seasons and across locations using PERMANOVA tests, following
the model structure outlined previously (Table 5.1). Statistically significant results were then
explored visually using ordination plots in conjunction with data for individual nutrient
concentrations. Finally, explicit relationships between macronutrients were visualised using the
right angled mixture triangle (RMT) approach introduced by Raubenheimer (2011).

5.3 – Results
Protein (THAA), total nitrogen, lipid, and neutral sugars were measured in gut section I of fish
collected throughout the year from within the Hauraki Gulf, and fish collected between December
and February from D’Urville Island and Stewart Island. Due to the amount of data collected,
individual nutrient concentrations are summarised in Appendix D (D.5 and D.8) and only data for
nutrients of interest are presented below. The number of replicates carried out across season and
location and size categories are also summarised in the Appendix.
5.3.1 – Juvenile nutrient intake within the Hauraki Gulf
A significant increase in size through the year was observed for fish under 200mm FL sampled
within the Hauraki Gulf (linear regression, F = 24.0, df = 2, p < 0.001, Figure 5.2). This was
identical to the trend observed during diet analysis (Figure 2.3), allowing comparison between
changes in diet observed in Chapter Two and nutrient intake. The small size of juvenile fish meant
that it was necessary to combine several guts in order to get sufficient material for biochemical
analysis. The decision to pool samples of equivalent size within season meant that it was not
possible to present nutrient data in relation to size. Henceforth all juvenile data has been presented
for samples blocked by season. Low sample replication meant that juvenile fish were excluded from
statistical testing and results were instead considered on the basis of graphical trends.
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A) 200

Figure 5.2: Seasonal variation in the nutrient intake of juvenile
O. pullus collected from the Hauraki Gulf. A) Variation in size
of all juvenile fish sampled across seasons (for the sample sizes
used in individual nutrient assays see Appendix B.5). B)
Variation in the concentration of individual nutrients in gut
section I of fish sampled across seasons. With the exception of
mannitol, nutrient values represent back-transformed estimates
of mean and standard error derived from log transformed data.
Nutrient data were not subjected to pair-wise analysis between
seasons due to limited sample sizes. (Note different axes)
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Analysis of diet (Chapter Two) showed that juvenile fish moved away from a diet dominated by
animal material by the time they were approximately 125mm FL, which corresponds to a seasonal
change in behaviour occurring between January – June. In the current chapter evidence for changes
in the ingested concentration of both protein and lipid was limited due to small sample sizes;
however a slight decrease in ingested concentrations was evident between January – March and
April – June (Figure 5.2). Although this decline was apparent in both macronutrients, by April –
June the lipid level of juvenile diets was comparable to those seen in the adult diet. In contrast,
juveniles maintained a higher overall protein concentration throughout the year.
Intake of neutral sugars also reflected seasonal and ontogenetic changes in juvenile diet
(Figure 5.2). The dominant sugars at the start of the year were galactose and glucose, both of which
appeared to decrease in concentration from July onwards. Sugars associated with phaeophytes, such
as mannitol and fucose (Chapter Four), increased steadily in the diet throughout the year.
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Figure 5.3: Right angled mixture triangle showing changes in the
balance of macronutrients in gut section I of juvenile fish across
seasons. Carbohydrate is plotted on the implicit axis. Data are
pooled by season and are as follows: 1, January – March; 2,
April – June; 3, July – September; 4, October – December. Symbols
represent year-round averages for adult fish and are: intermediate
females ({); large females ({); and males (U).
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Juvenile macronutrient balance
Change in the balance of macronutrients was considered by plotting protein, lipid, and crude
carbohydrate (100% - %ash + %protein +%lipid) across seasons using the RMT approach
of Raubenheimer (2011, Figure 5.3). Results indicated that the early decline in protein and lipid
concentrations observed in Figure 5.2 was being met by an increase in the proportion of crude
carbohydrate ingested, but that from April onwards macronutrient balance varied little. It was also
clear that the year-round juvenile diet was substantially different from the year-round diet of adult
fish.
5.3.2 – Adult nutrient intake within the Hauraki Gulf
Protein (THAA) in the diet of intermediate female, large female, and male fish was analysed
together across seasons using ANOVA (Appendix D.1), and initial results revealed no significance
differences across season, size, or sex. Based on the observation that seasonal changes in both diet
(Figure 2.5) and reproductive activity (Figure 2.6, Trip et al. 2011) were most distinct in
comparisons between the first and second half of the year, data were subsequently blocked by yearhalf (January – June, July – December) and reanalysed. When all data were included in this second
analysis, no significant difference in dietary protein across year-half was observed, however there
was a significant difference between intermediate and large size categories (F1, 73 = 5.51, p = 0.022).
There was also a significant interaction term (year-half*sex (size category); F1, 73 = 6.95, p = 0.01),
suggesting that differences between sexes weren’t consistent throughout the year. When data for
males were removed from the model, differences across size categories ceased to be significant and
a strong difference across year halves was observed (F1,

53

= 8.08, p = 0.006). It was clear that

female fish showed an increase in protein concentration of ingested material during the second half
of the year, whereas no significant trend was observed for males (Figure 5.4 A).
Analysis of seasonal nitrogen data gave similar results to those obtained for protein (Appendix D.2),
except that it was not necessary to block data by year-half. With male data included in ANOVA
models, no significant difference was found across factor levels and, when male data were excluded
from the analysis, there was a significant difference across season (F3, 45 = 3.86, p = 0.015). The
trend of increased nitrogen in the diet during the second half of the year was seen for all female fish
over 200mm (FL), but not for male fish (Figure 5.4 B).
Analysis of lipid data for large fish resulted in no statistically significant differences across levels of
any factor (Figure 5.4 C).
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Figure 5.4: Seasonal variation in the protein and lipid concentration in gut section I of adult male and
female fish from the Hauraki Gulf: A) Protein (THAA) B) Total nitrogen C) Lipid. Values represent back
transformed estimations of mean and standard error derived from log transformed data. Symbols
demonstrate significant differences in post-hoc pair-wise tests following Bonferroni correction.
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Individual sugars were analysed in separate statistical tests because it was considered likely that the
concentration of different carbohydrates might vary independently within the same plant. Results of
analysis of variance tests are summarised in Table 5.2 A. Significant differences between the diets
of intermediate and large fish were seen for fucose, xylose, and mannose, which were taken to
indicate a change in nutrient intake with ontogeny. When male data were excluded from ANOVA
models, all size differences and interaction terms were non-significant (Table 5.2 B). Differences in
concentration across seasons were seen for glucose, xylose, and inositol. Furthermore, in the
absence of male data a significant difference across seasons was also observed for mannitol.
Throughout the year the most consistently abundant sugars were mannitol, glucose, galactose, and
fucose. Variation in glucose and mannitol concentration throughout the year is shown for both sexes
in Figure 5.5; data for other sugars are summarised in Appendix D.5
Table 5.2: Summary of ANOVA tests comparing the concentration of sugars in gut section I across adult
specimens of O. pullus collected within the Hauraki Gulf. A) Considering the effect of size sex and season
B) considering the effect of size and season after male data has been removed from the model. With the
exception of mannitol data was log transformed prior to analysis. (For full test results see Appendix D.4)
† Data for mannose did not meet normality assumptions and was therefore analysed using PERMANOVA.
(* p < 0.05, ** p < 0.01, ***p < 0.001)

A)

Sugar
Mannitol
Fucose
Galactose
Glucose
Xylose
Mannose†
Myo-inositol

B)

Sugar
Mannitol
Fucose
Galactose
Glucose
Xylose
Mannose†
Myo-inositol

Season Size category

Sex(Size category)

Sn

Sc

Sx(Sc)

***
*
*

*
**
*
-

**
-

Season Size category Sn*Sc
Sn

Sc

*
***
-

-

-
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Figure 5.5: Seasonal variation in the mannitol and glucose concentration in gut section I of adult male
and female fish from the Hauraki Gulf: A) mannitol B) glucose. Values represent back transformed
estimations of mean and standard error derived from log transformed data. Symbols demonstrate
significant differences in post-hoc pair-wise tests following Bonferroni correction.

Adult nutrient balance
Macronutrient data were plotted using a RMT, which enabled simultaneous visualisation of
multiple nutrients in the diets of male and female fish (Figure 5.6). The seasonal decline in mannitol
and glucose concentrations observed for female fish was accompanied by a decrease in the
proportion of crude carbohydrate consumed, and during July‒September this shift was balanced by
increasing intake of protein over lipid. In contrast to females, male fish appeared to ingest a
relatively fixed ratio of protein to lipid, but adopted a diet high in crude carbohydrate during
July‒September.
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Figure 5.6: Right angled mixture triangle showing changes in the
balance of macronutrients in gut section I of adult male and female
fish across seasons. Carbohydrate is plotted on the implicit axis. Data
are pooled by season and are as follows: 1, January – March; 2, April
– June; 3, July – September; 4, October – December. Female data
(red), male data (black).

Differences in nutrient balance between individuals were subsequently represented in terms of the
balance of protein, lipid, and all seven sugars using a single resemblance measure based on Orloci’s
chord distance. The results of a PERMANOVA test comparing season, size, and sex are shown in
Table 5.3. With both male and female data included in the analysis, a significant difference was
observed across seasons. Additionally, a significant interaction term indicated seasonal variation in
the difference between size categories. When only female data were analysed, differences across
seasons remained significant and the effect of size category was non-significant.
The significant difference across seasons seen in female data (Table 5.3 B) was visualised using
canonical analysis of principal coordinates (CAP, Figure 5.7). The distribution of data as captured
by the ordination was then correlated with concentration of individual nutrients, and the resulting
correlations overlaid as vectors on the plot.
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Table 5.3: Results of PERMANOVA comparing nutrient balance of gut section I across adult
specimens of O. pullus collected from within the Hauraki Gulf. A) Considering the effect of size, sex,
and season. B) Considering the effect of season and size after male data has been removed from the
model. Comparison between individuals was made on the basis of Orloci’s chord distance, with all
data square root transformed prior to analysis.

A) Source
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory) Sx(Sc)
Sn*Sc
Sn*Sx(SizeCategory)
Residual

df
3
1
1
3
3
59

SS
0.434
0.045
0.025
0.257
0.166
2.248

MS
0.145
0.045
0.025
0.086
0.055
0.038

Pseudo-F
3.801
1.187
0.643
2.245
1.453

P(perm) Unique perms
<0.001
9925
0.302
9959
0.620
9944
0.018
9926
0.152
9914

B) Source
Season (Sn)
SizeCategory (Sc)
Sn*Sc
Residual

df
3
1
3
43

SS
0.465
0.043
0.187
1.645

MS
0.155
0.043
0.062
0.038

Pseudo-F
4.055
1.137
1.630

P(perm) Unique perms
<0.001
9915
0.322
9954
0.094
9931

Transform: Square root
Resemblance: D3 chord distance
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Figure 5.7: Canonical analysis of principal coordinates, showing changes in the balance of nutrients (protein,
lipid, mannitol, glucose, galactose, mannose, myo-inositol, fucose) across seasons. Data are for adult female fish
collected from January – March (S), April – June (U), July – September (T), and October – December (V).
Vector overlays display the correlation between individual nutrient concentrations and the distribution of the data
as they appear on the ordination. A vector touching the circle indicates a Pearson correlation of ρ = 1.
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Vectors indicated that differences across seasons correlated most strongly with the inverse
relationship seen between the concentrations of mannitol/glucose versus protein/lipid.
5.3.3 – Juvenile nutrient intake across locations
The mean FL of juveniles sampled between December and February was as follows: 143mm (n=25)
for the Hauraki Gulf (HG); 172mm (n = 8) for D’Urville Island (DI); and 147mm (n = 13) for
Stewart Island (SI). Pairwise comparison of size between locations revealed a significant difference
between fish from D’Urville Island and the Hauraki Gulf (t = 3.72, df = 18, p = 0.002) and a
significant difference between fish from D’Urville Island and Stewart Island (t = 2.66, df = 18, p =
0.016). The need to pool samples in order to obtain sufficient material for analysis meant that the
number of analytical replicates was limited (n = 4, 8, 8, for HG, DI, SI, respectively), nonetheless,
where possible, juvenile and adult data were analysed together.
The concentration of protein in juvenile diets was considered alongside adult data using ANOVA
(Appendix D.6). Statistically significant differences observed across locations (F2, 105 = 6.31, p =
0.003) and size categories (F2, 105 = 18.63, p < 0.001) were driven by juvenile data and a significant
interaction term (location*size category; F4, 105 = 3.04, p = 0.02) indicated that differences between
juveniles and adults were not consistent across locations. Pairwise comparison of juvenile data
across locations revealed significant differences between D’Urville Island and the Hauraki Gulf (t =
-5.32, df = 9, p < 0.001) and D’Urville Island and Stewart Island (t = -3.06, df = 13, p = 0.009).
Differences between juvenile data at each location were therefore the inverse of those observed for
size (Figure 5.8). Lipid concentration in juvenile diets showed the same trend as that observed for
protein (Figure 5.8) and pairwise comparisons were similarly significant (DI vs. HG: t = -3.43, df =
10, p = 0.006; DI vs. SI: t = -2.50, df = 14, p = 0.025). There was, however, significant difference in
the lipid content of juvenile and adult diets. Data for sugar concentrations in adult and juvenile diets
had significantly different variance (Levene’s test, p < 0.05 for all sugars), and juvenile data were
therefore considered separately. Differences across locations were non-significant with the
exception of Myo-inositol (F2, 19 = 6.53, p = 0.008), for which fish from the Hauraki Gulf ingested a
significantly higher concentration than fish from D’Urville Island (t = 9.35, df = 8, p < 0.001). At
Stewart Island and D’Urville Island mannitol was the most abundant sugar measured, whereas fish
in the Hauraki Gulf consumed a higher proportion of galactose (Figure 5.8, Appendix D.8).
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Figure 5.8: Latitudinal variation in juvenile data collected
across locations. A) Variation in size of juvenile fish
sampled across locations. B) Variation in the concentration
of individual nutrients in gut section I of fish sampled
across locations. With the exception of mannitol nutrient
values represent back transformed estimations mean and
standard error derived from log transformed data. Symbols
demonstrate significant differences in post-hoc pair-wise
tests following Bonferroni correction. (Note different axes)
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5.3.4 – Adult nutrient intake across locations
When juvenile data were removed from the analysis of protein, no significant difference was
observed across locations, size categories, or between sexes (Figure 5.9). Amino acid composition
of the diet of adult fish was found to vary significantly across locations (Wilks’ W = 0.20, F36, 140 =
4.74, p <0.001) and a difference between intermediate and large size classes was also observed
(Wilks’ W = 0.67, F18, 70 = 1.94, p = 0.026). Pairwise comparisons revealed significant differences
between all locations and principal component analysis (PCA) ordinations were used to visualise
differences (Figure 5.10). Data for the amino acid composition of adult diets can be found in
Appendix D.9.
Concentrations of ingested lipid showed broadly similar patterns to those seen for protein
(Figure 5.9). Differences across locations were still significant when considering adult data alone
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12
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% Protein

(F2, 105 = 3.25, p = 0.043), however pairwise tests between locations were non-significant.
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Figure 5.9: Variation in the protein and lipid concentration in gut section I of all adult fish across locations:
A) Protein (THAA) B) Lipid. Values represent back transformed estimations of mean and standard error
derived from log transformed data. Differences in post-hoc pair-wise tests were non-significant following
Bonferroni correction. (Note different axes)
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Figure 5.10: Principal component analysis
(PCA) plots showing differences in the amino
acid composition of section I material collected
from the three locations in this study. A) PCA1
vs PCA2, which together account for 74.7% of
total variation. B) PC3 vs PC4, which account for
16.1% of variation. Data are for the Hauraki Gulf
(S), D’Urville Island (), and Stewart Island
(T). Vector overlays display eigenvectors for
individual variables, with distance to the circle
representing the proportion of total variation
captured by the two axes.
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Analysis of sugar data for adult fish are summarised in Table 5.4. Significant differences across
locations were observed for mannitol, fucose, and glucose. The ingested concentration of several
sugars also appeared to vary with ontogeny; however all differences associated with size were nonsignificant when data for male fish were excluded from ANOVA tests. Mannitol was the most
abundant sugar in ingested material at all locations and concentrations were significantly higher in
the diets of fish collected from Stewart Island than fish from either of the other two locations
(Figure 5.11). Glucose, in contrast, was present in low relative concentrations at Stewart Island and
there was some evidence that concentrations varied between sexes, particularly at D’Urville Island
(Figure 5.12). Ingested galactose concentrations did not vary significantly across locations.
Table 5.4: Summary of ANOVA tests comparing the concentration sugars in gut section I of adult
specimens of O. pullus collected across locations. In the absence of male data differences associated with
size were non-significant. ‡With the exception of mannitol, data were log transformed prior to analysis.
(For full test results see Appendix D.10)
† Data for mannose did not meet normality assumptions and was therefore analysed using
PERMANOVA. (* p < 0.05, ** p < 0.01, ***p < 0.001)

Sugar

Location

Size category

Sex(Size category)

L

Sc

Sx(Sc)

**
**
***
-

**
**
***
-

*
**
-

Mannitol‡
Fucose
Galactose
Glucose
Xylose
Mannose†
Myo-inositol

% Mannitol

12
10
8
6
4

A)

A

A

2.5

B

**
-

-

B)

2.0

% Galactose

14

L*Sc L*Sx(Sc)

1.5
1.0
0.5

2
0

0.0

HG
DI
SI
HG
DI
SI
Figure 5.11: Variation in the mannitol and galactose concentration in gut section I of all adult fish across
locations: A) mannitol B) galactose. Values for galactose represent back transformed estimations of mean
and standard error derived from log transformed data. Symbols demonstrate significant differences in
post-hoc pair-wise tests following Bonferroni correction. (Note different axes)
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Figure 5.12: Variation in the fucose and glucose concentration in gut section I of adult male and female fish
across locations: A) fucose B) glucose. Values for galactose represent back transformed estimations of mean
and standard error derived from log transformed data. Symbols demonstrate significant differences in posthoc pair-wise tests following Bonferroni correction. (Note different axes)

Adult nutrient balance
The balance of macronutrients was considered using RMT plots for all adult fish (Figure 5.13).
It was clear that the ratio of protein to lipid ingested did not vary across locations, but that there
were considerable differences in the ratio of protein and lipid versus carbohydrate consumed. This
was in spite of non-significant differences in overall protein concentration across locations (Figure
5.9). No clear separation of intermediate and large individuals was evident on RMT plots for any
location (Data not shown).
The balance of protein, lipid, and neutral sugars was considered statistically using Orloci’s chord
distance as a basis for measuring similarity between individuals. PERMANOVA tests showed a
significant difference across locations and a significant interaction term indicating that differences
between sexes were not consistent across locations (Table 5.5). When differences between sexes
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were tested for each location individually, differences in the diets of male and female fish at Stewart
Island were found to be significant (t = 2.47, df = 14, P(perm) = 0.005, unique perms = 5682).
Differences between intermediate and large females were also found to be significant at this
location (t = 1.78, df = 18, P(perm) = 0.020, unique perms = 9387).
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Figure 5.13: Right angled mixture triangle showing changes in the
balance of macronutrients in gut section I of adult and juvenile fish
across seasons. Carbohydrate is plotted on the implicit axis. Data are
as follows: Hauraki Gulf (U), D’Urville Island ( ), Stewart Island
(V). Juvenile data (red), adult data (black).

The nutrient balance of adult fish (both males and females) was visualised using two-dimensional
CAP ordination (Figure 5.14), which showed clear separation between locations. As with seasonal
data collected within the Hauraki Gulf, differences across populations correlated most strongly with
dietary mannitol concentrations. The majority of fish from Stewart Island were distinguished by
having a relatively high proportion of mannitol in the diet. Variation along the second CAP axis
correlated best with the ingested concentrations of lipid, protein, glucose, and galactose, which
distinguished fish from the Hauraki Gulf from those at D’Urville Island. When considering the
variation captured by the plot, it was noticeable that the distribution of the data was comparable
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across all three locations (Permdisp, P(perm) > 0.05). This was in spite of fish from Stewart Island
having significantly greater variation in the types of dietary material ingested (Figures 2.7, 2.8).
Table 5.5: Results of PERMANOVA comparing nutrient balance of gut section I across adult specimens of O. pullus
collected between December and February from the three locations in this study. Comparison between individuals was
made on the basis of Orloci’s chord distance. All data were square root transformed prior to analysis.

Source
Location (L)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
L*Sc
L*Sx(Sc)
Residual

df
2
1
1
2
2
63

SS
0.4923
1.28E-02
4.35E-02
8.50E-02
0.14738
2.0593

MS
0.24615
1.28E-02
4.35E-02
4.25E-02
0.073689
3.27E-02

Pseudo-F
7.5305
0.3919
1.3302
1.3002
2.2544

P(perm)
0.0001
0.8237
0.2515
0.226
0.0298

Unique perms
9926
9946
9956
9934
9934

Transform: Square root
Resemblance: D3 chord distance
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Figure 5.14: CAP ordination showing changes in the balance of nutrients (protein, lipid, mannitol, glucose,
galactose, mannose, myo-inositol, fucose) across locations. Data are for all adult fish. Symbols are for the Hauraki
Gulf (S), D’Urville Island (), and Stewart Island (T). Vector overlays display the correlation between individual
nutrient concentrations and the distribution of the data as they appear on the ordination.
A vector touching the circle indicates a Pearson correlation of ρ = 1.
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5.4 – Discussion
5.4.1 – Nutrient intake during early ontogeny
Reports of ontogenetic changes in diet during the early life history of herbivorous fishes are
widespread (Bellwood 1988, Clements and Choat 1993, Benavides et al. 1994, Chen 2002). Whilst
many studies have reported a change from omnivory to herbivory in young fish, few have
simultaneously considered associated changes in nutrient intake.
In Chapter Two the diet of juvenile O. pullus was examined in detail across seasons within the
Hauraki Gulf and a clear shift from the consumption of animal and rhodophyte material to the
consumption of phaeophyte material was observed. The current chapter measured nutrient intake
associated with this change. As expected, small fish (<125mm FL) ingested material with high
protein content and a high protein to carbohydrate ratio, they also showed an intake of sugars
associated with rhodophyte algae. From April onwards juvenile fish in the Hauraki Gulf consumed
a diet that contained only a small proportion of animal material (Table 2.1), however it is clear that
they were still able to ingest a high protein to carbohydrate ratio relative to adults. Evidence of a
protracted ontogenetic change in diet that persisted long after the onset of herbivory was also seen
in stable isotope data (Figure 3.6). Results of the current chapter and Chapter Three therefore
suggest that either Hauraki Gulf fish were deriving a greater proportion of their nutrition from
animal material than was evident from diet analysis, or that they were capable of maintaining a high
protein intake through selectively feeding on phaeophyte macroalgae such as the reproductive
structures of C. maschalocarpum.
Mannitol was the most abundant carbohydrate detected in the diets of adult fish. Its value as a
dietary substrate is thought to depend on microbially-mediated digestion in the hindgut (White et al.
2010). A lack of development of the GI tract and microbial digestion is therefore one explanation
for the observation that juvenile fishes avoid plant based diets. It is not therefore clear whether the
diet choices of very young fish observed in the current study were dictated by a high proportional
protein requirement or the need to ingest sources of energy that were accessible via endogenous
digestive mechanisms. The extent to which small fish were able to utilise the small amount
of phaeophyte carbohydrate they ingested will be addressed in Chapter Six.
A trend of decreasing sugar concentration during the second half of the year was observed for
glucose, galactose, xylose, and mannose. Since both galactose and xylose are assumed to have
originated mainly from rhodophyte structural polysaccharides (Chapter Four), their decline can
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most parsimoniously be explained by the switch to a phaeophyte diet. Changes in the concentration
of sugars associated with algal storage polysaccharides may also have been caused by seasonal
variation in the composition of algae. In Ecklonia spp. laminarin concentration has been shown to
decrease during winter, when photosynthetic activity is restricted by day length (Stewart 1961,
Knutsen and Grasdalen 1987, Iwao et al. 2008). Ingested mannitol concentrations generally
increased across the year; however there was some evidence for a secondary decline during July –
September (Figure 5.2), which mirrored the pattern observed in adult female fish (Figure 5.5).
It is therefore likely that ontogenetic changes in juvenile diet are strongly affected by seasonal
variation in algae as well as changes in diet.
In Chapter Two it was noted that the shift to herbivory within the Hauraki Gulf coincided with
seasonal availability of C. maschalocarpum reproductive structures; the relatively high protein
content of this tissue may have enabled an early onset of herbivory at this location. Data presented
in the current chapter support this hypothesis since juvenile fish were able to maintain a high
protein algal diet relative to adults. Since all dietary algae were likely to contain a low proportion of
storage polysaccharides during winter, seasonal variation in algal nutrient content may be another
reason why juvenile fish are capable of maintaining a high protein diet immediately after they
switch diets.
The ability to interpret variation in juvenile diets associated with the effects of location was limited
because of the disparity in the size of juvenile fish that were captured during sampling. Protein
content varied as would be expected if all three locations were following the ontogenetic trend
observed within the Hauraki Gulf. Fish collected from D’Urville Island had a mean size of 180mm
FL and appeared to have an equivalent protein intake to that observed for adult fish across all three
locations (Appendix D.8). The balance of macronutrients in diets also followed the pattern
predicted by the relative size of the fish sampled (Figure 5.13).
In spite of differences in variance, the mannitol and fucose concentrations ingested at Stewart and
D’Urville Island were not markedly different from those ingested by adult fish. Lack of substantial
differences in nutritional intake between juvenile and adult fish at these locations therefore suggests
that at the two southern locations fish do not appear to be under a constraint that causes them to
delay the onset of ingestion of nutrients associated with phaeophyte algae beyond the size ranges
measured. The extent to which these fish are able to use these nutrients will be established in the
next chapter.
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5.4.2 – Nutrient intake of adult fish
When considering only adult data, a significant difference between intermediate and large fish was
observed for several nutrients. These results therefore demonstrated ontogenetic differences in
nutrient intake that may have been attributable to either size or sex. When male data were removed
from ANOVA models, significant differences relating to size almost always disappeared, indicating
that male data were largely responsible for driving the significance of differences between
intermediate and large individuals. For this reason all female data were pooled in the figures
presented in this chapter. It was, however, recognised that non-significance in tests of intermediate
and large females did not necessarily imply that differences observed were being driven by
behaviour associated with sex, rather than size, because reduced sample sizes in ANOVA models
that excluded male data inevitably resulted in an increased risk of type II error.
Ultimately, the nesting of sex within size meant that it was not possible to explain differences
across adult size categories on the basis of either size or sex alone. Any significance associated with
size was therefore cautiously interpreted as evidence of changing diet with ontogeny. Since sex was
nested within size category in the original ANOVA design (Table 5.1), the same problem was not
encountered for comparisons of sex.
Within the Hauraki Gulf
The contribution of phaeophyte algae to the nutrition of adult fish within the Hauraki Gulf was
clear: mannitol and glucose were consistently the most abundant carbohydrate detected in the diets
of both male and female fish. The levels of fucose detected also indicated that fucoidan was being
ingested, particularly during July – September (Appendix D.5). Rhodophyte algae were found to
make up only ~10% of the female diet, and substantially less of the male diet (Table 2.3).
Nonetheless their nutritional contribution was evident from the consistent presence of galactose in
the diet of both sexes throughout the year.
Ingested protein concentrations were comparable to those measured in fresh algae (Appendix C)
indicating that these fish were not deriving nutrition from any source undetected during diet
analysis. Year-round adult protein intake was therefore well below the commonly cited requirement
for numerous fish species (Wilson 2002).
Seasonal variation in the contribution of several nutrients was statistically significant and there was
evidence that patterns of variation were not consistent between sexes. Female fish were observed to
increase the concentration of ingested protein during the second half of the year. As with juveniles,
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this change could be attributed to the selective ingestion of protein rich material such as
C. maschalocarpum reproductives, or to variation in the nutrient composition of commonly ingested
dietary algal species. The fact that protein, mannitol, and glucose showed different seasonal patterns
of variation in male and female fish supports the conclusion that female fish were feeding
selectively to alter their nutrient intake.
Given the strong variation in diet observed in Chapter Two, it is likely that females were feeding to
increase the proportion of protein in their diet to coincide with seasonal spawning activity. In the
current chapter a shift in female diets from July - December appeared to correlate with ingested
concentrations of mannitol, glucose, and protein (Figures 5.4, 5.5). A substantial physiological
investment of female fish in spawning during this time of year was also demonstrated in Chapter
Two (Figure 2.6). Nutrient intake and optimal diets are often usefully considered in terms of the
balance of protein and energy ingested (Bowen 1897, Bowen 1995, Choat and Clements 1998) and,
assuming that both mannitol and glucose can be utilised as an energy source, the observed diet shift
would enable females to meet an increased demand for protein associated with the growth of
reproductive tissue.
At times when nutrient intake is unbalanced, it is easier for organisms to temporarily store energy
substrates, such as glycogen and lipid, than growth substrates, such as protein (Sterner and Hessen
1994). Previous studies of herbivorous fishes have linked seasonal variation in fat reserves to
availability of algal nutrients (Horn et al. 1986, Fishelson et al. 1987). At a time of high protein to
carbohydrate intake (July – December) one possible source of energy available to female fish was
fat accumulated around the gut mesentery tissue and in Chapter Two it was demonstrated that these
reserves were substantially reduced during the second half of the year (Figure 2.6). One
parsimonious explanation for the patterns observed would be that during summer high ingested
concentrations of digestible carbohydrate were stored as fat around the gut, which was then
depleted during winter spawning. Conversely, the high relative protein intake during winter is likely
to have contributed directly to the growth of reproductive tissue. It therefore seems likely that
female fish were using different strategies to capitalise on seasonal availability and demand for
different nutrients.
Male fish showed no significant variation in protein intake across the year, which may have been a
consequence of limited sample sizes (Figure 5.4). Furthermore, mannitol and glucose intake did not
vary across the year (Figure 5.5). Together these results support observations that male fish
maintained a more consistent year-round intake of dietary algae (Figure 2.5). Since male investment
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in reproductive tissue during spawning would be small relative to females, seasonal variation in
nutrient demand may be correspondingly small. However, it is also possible that differences in both
diet and nutrient intake between sexes were being driven by seasonal changes in behaviour
associated with spawning activity. Meekan (1985) frequently encountered male fish at greater
depths than females in the Hauraki Gulf. Laminarian algae are also known to reach peak abundance
at greater depths than fucalian algae at this location (Choat and Schiel 1982).
Across locations
Across the locations considered in the current study a change in diet in response to environment
could be expected to result in a change in the balance of ingested nutrients. As discussed in the
introduction to this chapter, a constraint on the ability to digest plant material at low temperature
could result in an increase in the proportion of protein ingested, or it could result in a shift in the
balance of ingested sugars to reflect the relative digestibility of different forms of carbohydrate.
Results presented in this chapter demonstrate that there was no increase in protein intake with
increasing latitude, thereby supporting the conclusion of Chapters Two and Three that adult
O. pullus are able to ingest an herbivorous diet across their natural species range. Furthermore the
balance of carbohydrates ingested showed a pattern that was the inverse of that which would be
expected if fish at higher latitude were unable to rely on exogenous (microbial) digestive
mechanisms.
Across locations mannitol and glucose were the most abundant sugars detected in the diet. Mannitol
concentration was highest in the foregut of fish collected from Stewart Island, and this was also
reflected in the balance of mannitol to protein ingested (Figure 5.14). Glucose concentration was
highest in the diets of fish from the Hauraki Gulf, and the nutrient balance of fish from both the
Hauraki Gulf and D’Urville Island appeared to be characterised by a high relative proportion of this
sugar. Herbivorous fishes are capable of digesting laminarin using endogenously produced enzymes
(Skea et al. 2005); however, mannitol is thought to be inaccessible to vertebrates (Nasrallah and
Iber 1969, Saunders and Wiggins 1981), and its nutritional value must therefore depend on a
functioning hindgut microflora (White et al. 2010).
Mannitol has been shown to disappear along the gut of O. pullus collected from within the Hauraki
Gulf (White et al. 2010); however it is possible that this nutrient is not utilised by fish at higher
latitudes. If this is the case, then its abundance relative to the other hydrolysable sugars detected
would only serve to reduce the nutrient value of the ingested diet by diluting the concentration of
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target nutrients. The relative efficiency with which mannitol and other ingested carbohydrates are
assimilated at each location will be addressed in subsequent chapters.
Other sugars of high relative concentration could also indicate differences in the nutritional value of
the ingested diet. Galactose was present in the diet at all locations and, although it appeared in
marginally higher concentration in the diets of fish from the Hauraki Gulf (Figure 5.11), differences
were non-significant. Ingested galactose concentration did, however, appear to distinguish fish from
the two northern locations when considering nutrient balance (Figure 5.14). Considering diet in
terms of the balance of energy and protein, the mannitol to protein ratio was higher in the diet of
fish from Stewart Island. It is possible that fish from the other two locations make up for a deficit in
this ratio by utilising the increased relative proportion of other sugars in the diet as an alternative
energy source. The extent to which this is the case depends on the relative efficiency with which
different nutrients are utilised across locations.
It is difficult to assess the extent to which the nutrient balance observed at each location is a
reflection of differences in diet selection as opposed to intraspecific variation in nutrient
composition of algal taxa. High fucose levels in the diet of fish from D’Urville Island appear to
correlate with the observation that fish from this location consumed a greater proportion of fucoid
algae (Table 2.5). However, galactose concentrations did not appear to reflect the trends observed
during diet analysis.
As was observed in the Hauraki Gulf, the ingested nutrient balance at D’Urville and Stewart Island
could vary significantly across seasons. For example, high mannitol concentration in E. radiata is
closely linked to photosynthesis (Iwao et al. 2008), and therefore day length. At the time of
sampling day length was greatest at Stewart Island, which may have affected relative levels of
insolation and thus photosynthetic activity. The response of fish at the two Southern locations to
seasonal variation in nutrient availability cannot be determined from the current study, although the
results of Chapter Three indicate that such variation is unlikely to cause a switch from herbivory to
omnivory.
Results in Chapter Two demonstrated differences across locations in the algae consumed that were,
in part, attributed to differences in habitat availability. It was clear that the diet of adult O. pullus
from Stewart Island was more variable in terms of algal composition than that of fish from the other
two locations (Figures 2.7, 2.8). Differences in diet were also observed with ontogeny in adult fish
(Tables 2.7, 2.8). In the current chapter evidence of change in ingested nutrient balance with
ontogeny was found only for fish sampled at Stewart Island, although individual concentrations of
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several nutrients did also appear to vary with size/sex. These results therefore suggest that the
interaction between ontogeny and habitat structure can influence nutrition. For example plants of
the genus Carpophyllum dominate the first 5m of the subtidal throughout New Zealand (Choat and
Schiel 1982, Schiel and Hickford 2001); however, due to their relative size, mature M. pyrifera are
likely to occur only in deeper waters. Since M. pyrifera was largely absent from the two Northern
locations, its presence at Stewart Island may have resulted in greater habitat fractionation at this
location.
In spite of observed differences in the relationship between nutrient balance and ontogeny across
locations, it was apparent that, whilst fish at Stewart Island had significantly greater variability in
terms of their diet, variability in their nutrient intake was comparable to that seen at D’Urville
Island and in the Hauraki Gulf (Figure 5.14). Variation in diet did not therefore result in variation in
nutrient intake, possibly as a consequence of selective feeding to maintain nutrient balance.
Finally, although this discussion has focussed on those nutrients that appeared to drive observed
differences in nutrient balance, it could also be the case that diet quality was affected by
components of the diet not hitherto considered. Amino acid content of algal protein appeared to
vary across locations as a consequence of the relative abundance of hydroxyproline, taurine, and to
a lesser extent aspartic acid and histidine (Figure 5.10). Variation in the ingested balance of
hydroxyproline may reflect the amount of Carpophyllum spp. consumed (Chapter Four). However,
of the diet items considered in the previous chapter, only C. maschalocarpum reproductive
structures contained taurine. Given the relatively low abundance of C. maschalocarpum
reproductive structures in the diets of fish, particularly at Stewart Island (Table 2.5), the high
concentrations of taurine detected in this chapter are incongruous. Since taurine is a major
constituent of bile (Takagi et al. 2008), it is possible that the high levels measured reflected
endogenous secretion into the GI tract during digestion. Alternatively, the possibility that fish
selectively targeting essential amino acids cannot be ruled out. Other nutrients ingested in low
concentrations may also be significant; for example, myo-inositol is known to be an essential
component in the diet of some vertebrates (Holub 1986). Information on the relative value of such
minor dietary components stands to be gained from study of the efficiency with which they are
assimilated.
Conclusion
This chapter has demonstrated that the ontogenetic diet switch observed for juvenile fish in Chapter
Two was accompanied by a decrease in ingested concentrations of protein and lipid, as well as a
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decrease in ingested concentrations of sugars associated with rhodophyte polysaccharides. Both
mannitol and sugars associated with phaeophyte polysaccharides increased following the change in
diet, as did the proportion of crude carbohydrate ingested. It was, however, notable that following
the onset of herbivory, juveniles in the Hauraki Gulf continued to ingest a higher protein
concentration than adult fish, presumably as a result of selective feeding on macroalgae.
Within the Hauraki Gulf, seasonal variation in the diet of adult fish was accompanied by a
significant change in ingested nutrient balance for females, but not for males. Female fish ingested a
high protein to mannitol ratio during the time of year when peak spawning activity is known to
occur in this region. Across locations, mannitol was ingested in greater concentrations than any
other constituent sugar measured. Ingested mannitol concentrations were significantly higher at
Stewart Island than at either the Hauraki Gulf or D’Urville Island. Since ingested protein
concentration was not significantly different across locations, the ingested mannitol to protein ratio
was also highest at Stewart Island. Variation in nutrient intake with ontogeny, season, and latitude
will be considered in the context of digestion and nutrient assimilation in subsequent chapters.
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6.1 – Introduction
In addition to foraging and consumption, an organism’s ability to meet its nutritional demands relies
upon the effective processing of its ingested diet. One feature of herbivorous diets is that ingested
material typically contains a very different balance of nutrients to that found in the tissues of the
consumer (Sterner and Hessen 1994). Another is that material is of low digestibility and that much
of it can only be broken down by exogenous mechanisms (Choat and Clements 1998). Together
these characteristics mean that digestive physiology is likely to be very important in determining
how herbivorous fish nutrition varies in response to changes in life history and environment.
In the preceding chapters it was demonstrated that the diet of O. pullus varies with ontogeny,
season, and across locations. Differences in diet were reflected in the composition of material taken
from the foregut, which varied in terms of the concentration of individual nutrients as well as
overall nutrient balance. The current chapter considers the assimilation of these nutrients with the
aim of establishing which are being utilised and how patterns of utilisation vary across individuals.
In accordance with the broader aims of this study it attempts to establish whether differences in
nutrient assimilation can be explained in the context of a temperature constraint on physiological
mechanisms of digestion associated with herbivory.
Digestive physiology of O. pullus
As discussed in Chapter One, O. pullus has been shown to utilise exogenous mechanisms of
digestion. Hindgut flora may make a significant contribution to nutrition by fermenting otherwise
indigestible dietary substrates and producing short-chain fatty acids (SCFA, Clements 1991,
Mountfort et al. 2002), which can be readily assimilated and utilised as an energy source (Clements
et al. 1994). Since endogenous carbohydrate digestion is also active in this species (Skea et al.
2005), it is clear that O. pullus obtains nutrition from multiple digestive processes.
The sugar-alcohol mannitol was found to make up a significant proportion of the dry mass in the
foreguts of adult fish (Chapter Four). Variation in mannitol concentration was also associated with
changes in the nutrient balance of diets observed across seasons and locations. Whilst it is unlikely
that mannitol can be assimilated directly by vertebrates (Nasrallah and Iber 1969, Saunders and
Wiggins 1981), its presence in diets has been shown to correlate with increased SCFA production in
the colon of rats (Morishita et al. 1994), and there is strong evidence that it is utilised as an energy
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source via microbially mediated fermentation (Seeto et al. 1996, Hongo et al. 2010). Mannitol has
also been shown to disappear along the gut of several herbivorous fish species, including O. pullus
(White et al. 2010). It is therefore likely that mannitol is a key substrate that is used to meet the
nutritional demands of this species, but that, as a dietary resource, its use relies on exogenous
digestion.
Other dietary carbohydrates are also worthy of consideration. Studies of O. pullus have identified; i)
endogenous enzyme activity capable of degrading starch and laminarin, and ii) exogenous enzyme
activity capable of degrading starch, laminarin, and alginic acid (Moran and Clements 2002, Skea et
al. 2005). The capacity of herbivorous fishes to digest rhodophyte polysaccharides via endogenous
and exogenous means has also been demonstrated (Skea et al. 2005, Skea et al. 2007). O. pullus
therefore has the potential to utilise many of the sugars identified in the previous chapter.
The recognition that protein is likely to be a limiting nutrient in the diet of herbivores (Mattson
1980, Sterner and Hessen 1994), suggests that optimising peptide and amino acid assimilation may
be a priority in the digestive strategy of O. pullus. Protease activity is common to all vertebrate
species (Karasov and Martinez del Rio 2007), and has been demonstrated in herbivorous fishes
(German et al. 2004). However, it is also clear that gut microflora make a contribution to amino
acid nutrition in some species, which is an issue that has yet to be fully understood (Clements et al.
2009, Kelly et al. 2010, Newsome et al. 2011). Assessment of protein utilisation is complicated by
the fact that a significant proportion of the protein measured in the faeces may not have originated
directly from the diet. Studies of terrestrial vertebrates (Schwarm et al. 2009) have indicated that 60
– 90% of faecal nitrogen may be attributable to microbes present in the GI tract. Estimations of
protein assimilation efficiencies must necessarily account for this. In terrestrial systems different
herbivorous digestive strategies have previously been characterised on the basis of levels of faecal
nitrogen (Schwarm et al. 2009); therefore, in studies of herbivorous fishes it is possible that a shift
in the balance of endogenous and exogenous digestion may result in observable differences in levels
of faecal protein.
Changes in environment and life history may alter the extent to which different digestive strategies
are relied upon and are known to have a large effect on the assimilation efficiency of individual
nutrients (Horn 1989). Previous chapters have identified a change in diet (Chapter Two) and a
change in nutrient balance (Chapter Five) with ontogeny, both of which were hypothesised to
reflect either nutritional demand associated with high growth rate, or an inability of small fish to
effectively digest plant material. The high protein content in the diet of juvenile fish (Figures 5.3,
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5.13) might be accompanied by high protein assimilation efficiencies, as individuals seek to
optimise digestion of a nutrient that is in high demand. Alternatively, low assimilation efficiencies
for phaeophyte carbohydrates would indicate the limited ability of fish of this size to digest algal
diets. The relative extent to which different nutrients are digested and assimilated by juvenile fish
may help to explain the ontogenetic diet shift observed in this species.
The ingested diet of adult fish was also shown to vary with season and location. Changes in
ingested nutrient balance observed in the previous chapter could potentially reflect differences in
the extent to which individual nutrients are being targeted and digested. Alternatively, these
changes could result in variation in the relative utilisation efficiencies of different nutrients as
individuals attempt to mitigate the ingestion of a sub-optimal nutrient balance during digestion.
Finally, a temperature constraint on microbial fermentation could cause a shift in assimilation
efficiencies reflecting a decrease in the utilisation of substrates, such as mannitol. Such a change
could be expected to appear in individuals exposed to low temperatures as a consequence of season
or latitude. The current chapter aims to consider all these possibilities by looking at assimilation of
nutrients in fish of various sizes, and across seasons, and at different locations.
Limitations of studying digestive physiology in wild fish
Field studies of post-ingestive nutrient utilisation in herbivores are generally limited in their scope
due to the challenges inherent in the collection of dietary and faecal material, and subsequent
quantification of intake and throughput time (Sibly 1984, Horn 1989). The current chapter is thus
restricted to a consideration of the changes in concentration of nutrients along the gut, using
material from gut sections I and V as proxies for ingested and faecal material, respectively.
Comparison of food and faeces are confounded by the fact that unutilised nutrients increase in
concentration as they pass along the gut. Correction of faecal nutrient concentration through use of
an un-assimilable marker has long been used as a solution to this problem, with ash commonly
employed as the marker (Montgomery and Gerking 1980, Horn 1989). This approach has been
criticised because it relies on the assumption that the inorganic component of the diet is not
assimilated, and this is not the case (Bjorndal 1985, Galetto and Bellwood 1994). Furthermore, it
makes the assumption that: i) the ash portion of the diet is consistent between meals (see
Raubenheimer 2011 for a discussion of why this is often unlikely to be the case); ii) that the
retention time for ash is the same as that of nutrients of interest; and iii) that inorganic material does
not enter the gut during digestion. Whilst none of these assumptions may be entirely valid, the ashmarker method has been successfully used in previous studies of marine herbivorous fishes (e.g.
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Crossman et al. 2005), and it has been employed in the current chapter in conjunction with
alternative approaches.
One alternative to the use of an un-assimilable marker for calculation of nutrient assimilation is to
compare the relative assimilation of two or more nutrients of interest (e.g. Abril and Bucher 2002,
German 2009), and this type of approach has recently been reviewed in the context of the geometric
framework (GF, Raubenheimer 2011). Briefly, if two compounds are present in the diet and
assimilated in equal proportions then their balance (i.e. ratio) will not change between food and
faeces. However, if one is assimilated to a greater extent than the other, then this will be reflected in
a change in nutrient balance between food and faeces. In studies where absolute assimilation is not
quantifiable, knowledge of the extent to which different nutrients of interest are utilised may still be
informative (Raubenheimer 2011). An implicit advantage of this approach is that it does not rely on
the presence of an un-assimilable marker in the diet. Consideration of assimilation from the
perspective of nutrient balance is not common in studies of marine herbivory. In the current chapter,
this approach has been combined with the methods of statistical analysis introduced in Chapter Five
to complement the use of the more traditional ash-marker method.
Chapter aims
The aim of this chapter is to determine nutrient concentration, and thereby assimilation efficiencies,
in the fore and hindgut of specimens of O. pullus collected from the three locations introduced in
Chapter Two. Variation in assimilation was compared across size, season, and locations in order to
search for ontogenetic and temperature related changes in nutrient utilisation that could be related to
the changes in diet and nutrient intake observed in previous chapters. Specific hypotheses tested
were: i) that small fish (i.e. juveniles) display limited assimilation efficiency of algal carbohydrates
relative to adults, reflecting an inability to digest plant material at small sizes; ii) that at low
temperatures (either seasonal or latitudinal), efficiency of assimilation of specific algal
carbohydrates decreases, reflecting a change in their digestibility as a result of a temperature
constraint on the digestion of plant material.
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6.2 – Methods
6.2.1 – Specimen collection, sample preparation and analysis
Specimen collection, sample processing, and storage took place as described in Chapter Two
(section 2.2.1) and, once in the laboratory, biochemical analysis followed the methods outlined in
Chapter Four (sections 4.2.2 and 4.2.3). For each collected specimen, material was analysed from
gut sections I and V in order to establish how nutrient concentrations changed along the gut. Where
they are presented, data for gut section I are the same as those in Chapter Four.
Nutrients and ash were measured in the foregut (section I) and hindgut (section V) of fish collected
throughout the year from the Hauraki Gulf, and fish collected between December – February from
D’Urville Island and Stewart Island. All nutrients (THAA, lipid, neutral sugars, ash) were measured
in 77 samples from the Hauraki Gulf, of which 27 were collected between December and February.
All nutrients were measured in 23 samples from D’Urville Island and 31 from Stewart Island.
The exact number of samples for which individual nutrients were measured varied because the mass
of material in each sample was limited, meaning that it was not possible to perform all analyses on
all samples. The numbers given therefore represent the minimum number of samples available for
statistical analysis.
As with previous chapters data were first considered seasonally within the Hauraki Gulf and
subsequently fish collected between December – February were compared across the three locations
in this study.
6.2.2 – Data analysis
Calculating assimilation efficiency
Assimilation efficiencies were calculated using the ash marker method following Montgomery and
Gerking (1980). Organic matter (OM) assimilation efficiency was calculated as:
OM assimilation efficiency %

1

% ash in section I
% ash in section V

100

Subsequently, assimilation efficiencies were calculated for individual nutrients, after first using ash
to correct for increasing concentration along the gut:
Corrected section V concentration %

% ash in section I
% ash in section V
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Followed by:
Nutrient assimilation efficiency %

1

Corrected section V conc.
% nutrient in section I

100

Ability to analyse nutrient assimilation statistically was limited because data for individual nutrients
had distributions that were, without exception, negatively skewed. Furthermore, the lowest
assimilation value was negative for all components except mannitol. Prior to parametric analysis
data were therefore made positive by adjusting the lowest assimilation value to zero and all other
data points by the same absolute value. Data were then reflected – by subtracting all values from a
constant (largest value + 1) – before being transformed. After transformation, data were again
reflected using a second constant (largest transformed value) prior to statistical testing.
Whilst it was possible to obtain normal distribution of data by transformation, meaningful estimates
of mean assimilation values could not then be obtained via back-transformation. Assimilation data
were therefore tested statistically on the basis of transformed data using the ANOVA approach
outlined in the previous chapter (Table 5.1). Significant differences observed across factor levels in
ANOVA tests were then retested using non-parametric tests of median values (Kruskal-Wallis) and
all results are presented as median values.
The transformation necessary to achieve normal distribution varied between components. For
analysis of seasonal variation within the Hauraki Gulf, glucose data were loge transformed, myoinositol data were 4th root transformed, and data for all other nutrients were square root transformed.
For analysis of variation across locations, glucose and myo-inositol data were loge transformed,
mannose and lipid data were 4th root transformed and data for all other nutrients were square root
transformed. In both seasonal and cross-location datasets mannitol proved impossible to transform
since calculated assimilation was frequently 100%. Data for this compound were therefore not
subjected to parametric statistical analysis.
Nutrient balance
In Chapter Five seasonal and latitudinal variation in ingested nutrient composition was found to
correlate most strongly with four compounds in the diets of female fish: protein, mannitol,
galactose, and glucose. The relative utilisation of these nutrients was therefore investigated further
by considering them in pairs and looking at changes in their ratios across gut sections. Galactose
was compared with glucose and mannitol was compared with protein using two-dimensional
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nutrient plots. Shifts in nutrient balance observed across seasons (Hauraki Gulf) and locations were
tested statistically with PERMANOVA using Orloci’s chord distance as a resemblance measure.
The principle underlying the use of Orloci’s chord distance as a measure of changing nutrient
balance is outlined using hypothetical data in Figure 6.1. A two-dimensional nutrient space is
depicted where replicate measures of gut section I (closed circles) are clustered around a single
nutrient rail. As they are assimilated along the gut the concentration of the two nutrients decreases
from section I to section V. If both nutrients are assimilated equally the ratio of their concentrations
will not change and samples will cluster about the same nutrient rail in section V (V1) as in section
I. Alternatively, if, for example, nutrient A is assimilated in preference to nutrient B, the ratio of the
two nutrients will change such that samples occupy a different nutrient rail in section V (V2).
The magnitude of the shift in ratio between gut sections I and V will be represented quantitatively
by Orloci’s chord distance (D’, Figure 5.1), which is unaffected by the overall concentration,
or dilution, affecting both nutrients.
Nutrient
B

V2

I

V1

Nutrient
A

Figure 6.1: Using Orloci’s chord distance to detect shifts in nutrient balance
across the gut. Each data point represents a theoretical measurement of nutrients
in section I (z) and section V ({). V1 represents section V data for which
assimilation has not altered nutrient balance. V2 represents section V data for
which differential assimilation of nutrients A and B has altered nutrient balance.
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Comparisons of changing nutrient balance across the gut of adult female fish from the Hauraki Gulf
were tested using a repeated measures design in which individual fish were treated as un-replicated
levels of a factor (Specimen) nested within season (Anderson 2008 pp. 64-65). Specimen, season,
and gut section were then considered together in a 3-way PERMANOVA that also tested for a
significant interaction between season and gut section. Under this test design, variation across
seasons was expected since the four nutrients were selected because they correlated with the
significant dietary differences observed in Chapter Four. Differences between gut sections were
taken to indicate that one nutrient was assimilated in preference to the other, and differences in the
season*gut section interaction term were taken to indicate that the magnitude of the shift in balance
between nutrients varied across seasons. Changes in nutrient balance across the gut of all adult fish
were compared across locations using a similar test, in which season was replaced by location.
Variation in gut mass
The dry mass of the contents of both section I and the hindgut (section IV + section V) was
measured and compared across both seasons and locations. Preliminary data exploration revealed an
isometric relationship between body mass (gutted mass) and viscera (gut + liver) wet mass. The
relationship between body mass and individual gut regions was therefore assumed to be broadly
isometric; however, the best linear relationship was obtained when data for regions were loge
transformed. Transformed data were therefore tested across season and location using ANCOVA
tests that incorporated body mass as a linear covariate. In order to avoid the risk of residual size
related variation confounding differences between sexes, data for male and female fish were
considered independently.

6.3 – Results
6.3.1 – Seasonal variation in Hauraki Gulf samples
Assimilation efficiency
With Hauraki Gulf samples it was necessary to pool juvenile specimens within season in order to
obtain sufficient material for analysis. As a result the number of samples measured in this size
category was limited and data were extremely variable. Juvenile data were therefore excluded from
statistical analysis and considered only in terms of OM assimilation efficiency, which appeared to
increase throughout the year (Figure 6.2 A). When considering all adult fish, OM assimilation did
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not vary significantly across sizes (intermediate vs. large), across seasons, or between sexes
(Figure 6.2 B).

Assimilation (%)
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Figure 6.2: Median estimates of seasonal variation in organic matter assimilation efficiency for individuals collected
from within the Hauraki Gulf. A) Juveniles (< 200mm FL). B) Adults (> 200mm FL). Error bars show 25th and 75th
percentiles. Percentiles are not shown for individuals under 200mm collected during October – December due to low
sample size.

Individual nutrient assimilation efficiencies for all adult fish were calculated, transformed and
analysed using univariate ANOVA (Appendix E.1). Mannitol was excluded from parametric
statistical analysis for reasons discussed in section 6.2. No significant differences were observed
across seasons, or sex, for any nutrient. Differences across size categories were significant for
fucose (F1, 58 = 4.96, p = 0.030), mannose (F1, 58 = 14.82, p <0.001). When size differences were
retested on the basis of median values no significant differences were observed between size
categories, however a significant difference was observed between sexes for mannose (H = 5.40, df
= 1, p = 0.027). Median assimilation for male fish was 10.0% whereas for large females it was
26.9%.
Non-parametric tests of mannitol assimilation across seasons were significantly different for female
fish (H = 18.22, df = 3, p < 0.001), but not for males (H = 2.21, df = 3, p = 0.530). Figure 6.3
indicates that assimilation efficiency was lower during the first half of the year.
Year-round assimilation estimates for all nutrients are shown in Table 6.1. Highest assimilation was
observed for the sugar alcohols, particularly mannitol, which was often entirely absent from section
V. Of the other sugars measured, mannose had relatively high assimilation, however; glucose,
galactose and xylose all showed median assimilation efficiencies below 30%, and fucose
assimilation was negligible (<10%).
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Figure 6.3: Median estimates of seasonal variation in mannitol
assimilation efficiency in the diets of adult fish collected from within the
Hauraki Gulf. Significant differences between seasons (Mann-Whitney
tests) following Bonferroni correction are depicted by different letters. ).
Error bars show 25th and 75th percentiles.
Table 6.1: Estimates of nutrient assimilation efficiency for
adult fish collected from within the Hauraki Gulf. Data have
been pooled across seasons.
† Significant differences across seasons (see figure 6.3).
‡ Significant variation with ontogeny (see text).

Percentile:

Assimilation
Median
25th 75th

Organic Matter

26.89

12.92

34.83

Mannitol†

98.64

92.63

99.77

Myo-inositol

71.94

38.18

87.30

Lipid

49.47

22.30

64.19

Protein

34.98

19.22

55.04

Mannose‡

33.83

3.43

55.34

Xylose

22.58

-26.77

47.67

Galactose

20.87

-16.06

42.08

Glucose

19.15

-79.54

56.16

Fucose

6.19

-40.90

28.18
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Nutrient balance
Seasonal variation in the balance of glucose vs. galactose and mannitol vs. protein was considered
for adult females and, for simplicity, Intermediate and Large size categories were pooled for
statistical analysis. Figure 6.4 A shows the balance of glucose vs. galactose in gut sections I and V
across seasons. With the exception of January – March, the concentration of both sugars appeared
to increase in the hindgut. During July – September the proportion of both sugars remained almost
exactly the same across gut sections, while throughout the rest of the year it appeared that the
concentration of galactose increased less than the concentration of glucose.

When apparent

differences in nutrient balance across gut sections were tested using PERMANOVA they were
found to be non-significant (Appendix E.2).
Comparison of THAA vs. mannitol revealed a clear and consistent disparity in the assimilation
of these two components across all seasons (Figure 6.4 B). In statistical tests differences in nutrient
balance across gut sections were clearly significant (F1,

44

= 225.79, P(perm) < 0.001), however

there was no significant interaction term, indicating that the shift in nutrient balance across gut
sections did not vary with season. Assumptions of homogeneity of variance across factor levels
were not met in this test (Permdisp: F1, 88 = 4.12, P(perm) = 0.004).
Gut mass
The dry mass of gut section I varied significantly across seasons for female fish
(F3, 72 = 11.57 p < 0.001, Appendix E.3), but not for males. Post-hoc pairwise tests of female data
showed gut contents mass to be significantly lower during April – June than during either October –
December or Janurary – March (Figure 6.5). Although the observed variation in mass of ingested
material did not appear to correlate well with patterns of nutrient intake, it did appear to be
inversely related to seasonal variation in OM assimilation efficiency (Figure 6.2 B), although the
latter was non-significant. No significant variation was observed in the hindgut dry mass of either
males or females.
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Figure 6.4: Seasonal variation in the balance of nutrients across the gut of female fish
>200mm FL collected from within the Hauraki Gulf. A) The relationship between the
concentration of glucose and galactose in gut sections I and V. B) The relationship
between the concentration of protein (THAA) and mannitol in gut sections I and V. Data
are for section I (closed symbols) and section V (open symbols). Seasons are: January –
March (US), April – June ( ), July – September ({z), October – December (¡).
Lines represent the nutrient rails of ingested diets. Error bars show standard error.
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Figure 6.5: Seasonal variation in the relative dry mass of gut
section I contents of adult female fish. Values for section I mass
have been expressed as a proportion of fish gutted mass.
Significant differences between seasons (ANCOVA) following
Bonferroni correction are depicted by different letters. Error bars
show standard error.

6.3.2 – Across locations
Assimilation efficiency
Data for juvenile fish collected across locations appeared highly variable, which was again
attributed to the need to pool material from multiple samples.

Juvenile data were therefore

excluded from statistical analysis; however median estimates of assimilation efficiency are
presented alongside adult data in Table 6.2 and data for OM assimilation are presented in Figure
6.6. Organic matter assimilation in adult fish (Figure 6.6 B) did not vary significantly with size, sex,
or across locations in parametric tests, however median assimilation efficiency was significantly
different across locations (H = 6.71, df = 2, p = 0.035, Appendix E.4).
Parametric tests of transformed data were carried out for all nutrients except mannitol (Appendix
E.5). There was no evidence that protein assimilation efficiency varied across locations, size, or sex
for adult fish. There did, however, appear to be differences in the median protein assimilation
efficiency of juveniles and adults (Table 6.2), which were significant in non-parametric tests
(Mann-Whitney test: W =2462, n = 84, p = 0.049), indicating that juvenile fish had higher protein
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assimilation efficiency. Tests of juvenile data across locations were non-significant (KruskalWallis, p > 0.05).
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Figure 6.6: Median estimates of variation in organic matter assimilation efficiency across locations.
A) Juveniles (< 200mm FL). B) Adults (> 200mm FL). Where appropriate, significant differences
between locations (Mann-Whitney) following Bonferroni correction are depicted by different letters. ).
Error bars show 25th and 75th percentiles.
Table 6.2: Estimates of nutrient assimilation efficiency for juvenile and adult fish, showing
median, 25th, and 75th percentiles. Data have been pooled across all three locations.
‡ Significant differences across locations (see figures 6.6, 6.7)
** Significant difference between sexes (see text).
† Significant difference between juvenile and adult fish (see text).

Percentile:

Juvenile Assimilation
Median
25th 75th

Adult Assimilation
Median
25th 75th

Organic Matter‡

21.75

-3.17

38.70

22.71

5.08

34.27

Mannitol‡

98.29

94.88

99.45

99.50

98.04

99.88

Myo-inositol**

72.69

28.96

84.10

77.11

50.10

85.66

Lipid

58.71

-7.02

77.90

42.36

16.01

63.94

Protein†

53.91

27.07

68.26

29.45

14.57

52.13

Mannose

21.62

-69.10

63.05

18.57

-6.90

51.20

Xylose

16.41

-30.66

34.88

3.05

-35.75

40.07

Fucose

1.12

-125.91

33.60

-16.17

-53.73

24.09

Galactose‡

-15.43

-112.22

33.55

5.54

-45.92

29.98

Glucose‡

-25.11

-154.60

53.17

-11.38

-137.06

48.95
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Considering other compounds, significant differences across locations were observed for glucose
(F2, 77 = 4.17, p = 0.019) and galactose (F2, 77 =3.47, p = 0.036), which were also supported by nonparametric tests of medians (H = 7.58, df = 2, p = 0.023 and H = 6.32, df = 2, p = 0.043,
respectively, Figure 6.7). Myo-inositol appeared to be assimilated more efficiently by males than
females (median assimilation values were 83.7% and 66.71% for males and females, respectively,
H = 6.48, df = 1 p = 0.025). Ontogenetic differences in mannose assimilation observed within the
Hauraki Gulf were not supported across locations.
Non-parametric tests of variation in mannitol assimilation efficiency across locations revealed
significant differences when testing data for all adult fish (H = 14.42, df = 2, p < 0.001). Figure 6.7
C indicates that mannitol assimilation in the Hauraki Gulf was approximately 1.5% lower than at
either of the two Southern locations.
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Figure 6.7: Median estimates of variation in nutrient assimilation efficiency of adult fish across locations.
A) Glucose B) Galactose C) Mannitol. Significant differences between locations (Mann-Whitney) following
Bonferroni correction are depicted by different letters. Locations are: Hauraki Gulf (HG), D'Urville Island (DI),
Stewart Island (SI). Error bars show 25th and 75th percentiles.
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Nutrient balance
In the previous chapter differences in the composition of adult diets were seen across locations and
were attributed to the relative concentrations of protein, mannitol, and glucose in ingested material
(Figure 5.14). Changes in the balance of these nutrients in the current chapter were therefore
considered, alongside galactose, for all adult data.
The relationship between glucose and galactose concentration in different gut sections is shown in
Figure 6.8 A and the results of a PERMANOVA test of the balance of these two nutrients are
shown in Table 6.3 A. The significant interaction between location and gut section provides
statistical support for the different shifts in nutrient balance observed at each location. At D’Urville
Island the concentration of galactose increased from section I to section V, whereas the
concentration of glucose remained relatively constant. In contrast, in the Hauraki Gulf the
concentration of glucose increased from section I to section V and the concentration of galactose
remained constant. At Stewart Island both sugars increased in concentration along the gut, with the
relative increase being marginally higher for glucose. These data were therefore taken to indicate
differences in the degree to which these two sugars were utilised by fish from each location.
Patterns of utilisation were also supported by observed differences in assimilation efficiency
(Figure 6.7).

Table 6.3: Results of PERMANOVA tests comparing the relative assimilation of A) galactose and glucose
and B) mannitol and protein by adult fish across locations.

A)

Source of variation
Location (L)
GutSection (Gs)
Specimen(Location)
LxGs
Residual

B)

Source of variation
Location (L)
GutSection (Gs)
Specimen(Location)
LxGs
Residual

df
2
1
76
2
76
df
2
1
76
2
76

SS
0.73804
6.67E-04
3.8103
0.50182
2.2074
SS
0.0434
12.404
1.7409
0.2433
1.5814

MS
0.369
6.67E-04
5.01E-02
0.25091
0.029
MS
0.0217
12.404
2.29E-02
0.12167
0.0208
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Pseudo-F
7.361
0.023
1.726
8.639

Pseudo-F
0.94747
596.1
1.1009
5.8473

P(perm)
<0.001
0.9323
0.0087
<0.001

P(perm)
0.3972
<0.001
0.3151
0.004

Unique perms
9944
9911
9858
9949

Unique perms
9960
9896
9858
9948
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Figure 6.8: Variation in the balance of nutrients across the gut of fish >200mm
FL collected from all three locations. A) The relationship between the
concentration of glucose and galactose in gut sections I and V. B) The
relationship between the concentration of protein (THAA) and mannitol in gut
sections I and V. Data are for section I (closed symbols) and section V (open
symbols). Locations are: Hauraki Gulf (US), D’Urville Island ( ), Stewart
Island (VT). Lines represent the nutrient rails of ingested diets. ). Error bars
show standard error.
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The relationship between protein and mannitol concentration in different gut sections is shown in
Figure 6.8 B and PERMANOVA test results are shown in Table 6.3 B. Significant differences
between gut sections reflected the clear disparity in the efficiency of utilisation of these two
nutrients and, once again, a significant interaction term was taken to indicate differences in the
magnitude of the shift in nutrient balance across locations. Figure 6.8 B illustrates that, whilst
mannitol was almost entirely absent from section V, its concentration in section I differed across
locations.
Gut Mass
The dry mass of gut section I contents differed significantly across locations in ANCOVA
(Appendix E.6) that incorporated gutted mass as a linear covariate. Variation was significant for
both males (F2, 36 = 6.34, p = 0.004) and adult females (F2, 106 = 20.7, p < 0.001). Data for both sexes
were pooled in post-hoc pairwise comparison of locations, in which fish from Stewart Island were
found to have significantly lower section I mass than either fish from the Hauraki Gulf or D’Urville
Island (Figure 6.9). As for seasonal data, variation in the dry mass of ingested material appeared to
correlate inversely with the OM assimilation efficiencies observed at each location (Figure 6.6).
Variation in the dry mass of hindgut contents across locations was tested using pooled data and
found to be non-significant.
A

A

B

Hauraki Gulf

D'Urville Island

Stewart Island

Relative Section I Mass

0.003

0.002

0.001

0.000
Figure 6.9: Variation in the relative dry mass of gut section I contents of
adult fish across locations. Values for section I mass have been expressed
as a proportion of fish gutted mass. Significant differences between
locations (ANCOVA) are depicted by different letters. Error bars show
standard error.
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6.4 – Discussion
This chapter considered nutrient assimilation within the gut of juvenile and adult O. pullus.
The uptake of individual nutrients was quantified based on their changing concentration relative to
the concentration of an inorganic dietary fraction (ash) that was assumed to be inert. Subsequently,
the relative assimilation of several nutrients identified a priori as being of interest was considered in
detail.
Limitations of methods of estimating nutrient assimilation efficiency
Results presented demonstrate the limitations of using the (uncorrected) ash content of the diet as a
marker to account for increasing nutrient concentrations along the gut. This approach has been
criticised in previous studies (Bjorndal 1985, Horn 1989, Galetto and Bellwood 1994), and in the
current data it resulted in assimilation estimates that were negatively skewed, with many negative
values. The low estimates obtained could reflect the fact that a proportion of the ash fraction was
assimilated along the gut, or that ash was being preferentially excreted relative to the nutrients of
interest. Alternatively, if material in the foregut and hindgut represented separate feeding events,
then there could also have been stochastic variation in the ash content between meals, particularly if
feeding were complementary. This latter scenario could also have resulted in erroneously high
assimilation estimates, which would be constrained to a maximum value of 100% (Section 6.2.2).
Since it is more commonly assumed that ash is being lost along the gut (Bjorndal 1985, Horn 1989),
data in the current study were transformed in a manner that reduced the influence of low
assimilation values, and figures were presented on basis of median estimates rather than
transformed means.
Estimates of protein assimilation efficiency in the current chapter were in the range of those
obtained from some studies (Pillans et al. 2004, Crossman et al. 2005), but low when compared to
others (Montgomery and Gerking 1980, Edwards and Horn 1982, Bruggeman et al. 1994). It is
likely that protein assimilation efficiency varies between species, for example, Crossman et al.
(2005) found that algivorous fishes on coral reefs displayed low protein assimilation efficiency
compared to other nominally herbivorous groups. Given that nitrogen is generally assumed to be a
limiting nutrient for herbivorous fishes (Neighbours and Horn 1991, Fris and Horn 1993, Munoz
and Ojeda 2000) the disparity in the efficiency of utilisation of dietary protein compared to other
substrates, such as mannitol, appears paradoxical. So too does the general observation that low
protein diets correlate with lower protein assimilation efficiency (Crossman et al. 2005).
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The low protein assimilation efficiencies observed in this and other studies may be explained by the
confounding effect of measuring microbial protein in gut digesta. As O. pullus is known to rely on
microbial fermentation in the hindgut (Mountfort et al. 2002) calculations of protein assimilation in
the current chapter would have been affected by the presence of large amounts of microbial protein
in gut section V. Selective retention of microbes is a digestive strategy employed by some
herbivores (Schwarm et al. 2009), and it has been demonstrated that microbes may be highly mobile
within fish guts (Fishelson et al. 1985). If O. pullus were selectively retaining microbes, then true
faecal protein concentrations would have been lower than the concentrations measured in gut
section V. Consequentially, true protein assimilation values would have been higher than those
measured.
Estimation of true protein assimilation in O. pullus was further complicated by the fact that, in
addition to being derived from dietary sources, protein in the hindgut may have originated from
microbes that are able to fix nitrogen (Clements et al. 2009). If nitrogen fixation was occurring, then
the presence of a large microbial community in the hindgut represents a nutritional source not
accounted for in this thesis, which confounds estimates of both protein intake and assimilation. The
extent to which microbes are able to fix nitrogen within the GI tract of herbivorous fishes is
unknown, and represents an important area of future study (Clements et al. 2009).
Finally, it is possible that the protein being ingested and assimilated was not only meeting
nutritional demands relating to growth, but also energetic demands. Ingested amino acids may have
been utilised as an energy source via gluconeogenesis, in which case deaminated nitrogen would
likely have been excreted via the gills rather than the GI tract. The assimilation efficiency estimates
presented in the current chapter did not provide an insight into how fish utilised ingested protein,
and therefore nitrogen. If gluconeogenesis were significant in the nutrition of either juvenile or
adult O. pullus then it would inevitably affect conclusions regarding the protein to energy balance
required by this species. Whilst the utilisation of amino acids as an energy source remains a
possibility, neither ingested protein concentration (Chapter Five), nor carbohydrate assimilation
efficiency (this chapter) appeared to be affected by changes in temperature associated with latitude.
On the basis of these results it is unlikely that O. pullus at higher latitudes increase their reliance on
gluconeogenesis in response to a temperature constraint on the digestion of plant carbohydrates.
The issues discussed reflect the overall complexity of the digestive mechanisms employed by O.
pullus and inevitably limit the interpretation of the results presented in the current chapter.
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Nonetheless, clear and significant changes in nutrient assimilation were observable, which provide
insight into how digestion alters with environmental temperature.
Nutrient assimilation in juvenile fish
Juvenile data appeared particularly variable when compared to adults. This was attributed to the fact
that material was pooled from several specimens prior to biochemical analysis. Since the amount
of material from each specimen that contributed to section I and section V was variable, it could not
be assumed that there was a consistent relationship between the ash content of the two sections. It
may also have been the case that juvenile fish fed more frequently and on a more varied diet than
adults, further undermining the assumption of continuity between gut sections.
High variability together with small sample sizes meant that inference based on juvenile data was
limited. Nonetheless there was no evidence that the OM assimilation efficiency of juvenile diets
was any lower than that of adults when comparing data collected across locations (Table 6.2).
Mannitol assimilation efficiency was also comparable, indicating that small individuals were
equally capable of utilising this important dietary substrate. Since mannitol was present in the diet
at relatively high concentrations at the two Southern locations (Figure 5.8), juveniles of the size
range measured did not appear limited in their ability to digest algal material.
One clear difference between juvenile and adult diets was the efficiency of protein assimilation.
Juveniles not only ingested a higher protein concentration at two out of the three locations studied
(Appendix D.8), they also appeared to be assimilating it more efficiently. Whilst this difference
may indicate that digestion in juvenile fish was optimised for the attainment of protein, it could also
reflect the relative abundance of microbes in the gut of small versus large fish. In terrestrial
vertebrates a substantial amount of faecal nitrogen is attributed to the presence of microbes, which
confounds estimates of assimilation efficiency (Schwarm et al. 2008). Results of the current study
could reflect the fact that adult fish possessed a more extensive hindgut flora, and the true
assimilation efficiency of both adults and juveniles could actually have been higher than that
inferred from the data.
Many of the juvenile fish sampled for the current chapter were above the size range at which an
ontogenetic diet switch was observed to occur (Chapter Two), which limits the ability to make
conclusions about this behaviour. Given the available data, the comparable mannitol assimilation
efficiencies, together with high protein intake and assimilation suggest that juvenile fish were
capable of digesting plant material but acquired more protein than adult fish as a consequence of
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selective feeding on macroalgae. A recent study of the herbivorous fish Hyporhamphus regularis
ardelio demonstrated that juveniles had comparable carbohydrase activity to adults but lower
protease activity (Day et al. 2011), leading authors to conclude that fish were not constrained by
digestive processes, but lack the mechanical wherewithal to consume an algal diet. Day et al. (2011)
did not quantify protein intake, which limits comparison with the current study. However, both
studies provide evidence that juvenile diets are not constrained by the biochemical capability to
efficiently utilise dietary carbohydrate.
Adult nutrient assimilation within the Hauraki Gulf
Of the nutrients quantified in the current study, the sugar alcohols mannitol and myo-inositol
showed the highest assimilation efficiency. Since mannitol was present in the diet at high
concentrations throughout the year it is likely to be the principal form of carbohydrate utilised by
this fish species. Other sugars that were detected in the diet at relatively high concentrations were
glucose and galactose, both of which displayed low assimilation efficiencies that were closer to
those observed for total organic matter (Table 6.1). Both laminarin, and carrageenan can be digested
by herbivorous fishes (Moran and Clements 2002, Skea et al. 2005, 2007). The extent to which each
was utilised by O. pullus may therefore have depended on their relative nutritional value, the form
in which they were present, and their consistency and availability in the diet.
Models of optimal digestion make the assumption that the extent to which individual dietary
substrates are digested and assimilated is a function of the time that they remain in the gut (Sibley
and Callow 1986). Assuming that material in the hindgut is a valid approximation of faeces,
O. pullus voided its gut at a point in digestion where mannitol assimilation efficiency was high, but
at which the efficiency of digestion of available glucose and galactose was low. This therefore
reflects the fact that the nutrient transfer functions (sensu Raubenheimer and Simpson 1998)
describing the assimilation of these compounds were very different. Mannitol is both a monomer
and highly soluble, meaning that it is likely to be more accessible in the gut than other sugars.
In contrast, digestion of polysaccharide residues is likely to require enzymatic hydrolysis and to be
heavily influenced by ingested particle size. Gut passage rates in this species are therefore likely to
have been determined both by substrate availability and by the relative ease with which different
carbohydrates could be digested.
Variation in ingested nutrient balance of female fish across the year was observed in the previous
chapter (Figure 5.7), and was attributed to both selective feeding and seasonal variation in the
nutrient composition of brown algae. Changing diets resulted in a low availability of glucose and
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mannitol relative to lipid, protein and galactose during July - December (Appendix D.5). Since
algal diets contain a high balance of carbohydrates relative to protein, increased throughput times
during the second half of the year could have resulted in increased digestive efficiency of
carbohydrates, enabling fish to maintain balanced nutrient assimilation; this possibility was
considered in the current chapter.
The assimilation efficiencies of glucose and galactose did not vary significantly across the year.
There was also no evidence that galactose assimilation efficiency changed relative to glucose
(Figure 6.4 A), which would have indicated increased reliance on a resource present in greater
relative abundance. Mannitol assimilation efficiency did however increase from July – December
(Figure 6.3), and in consequence assimilation was higher at a time when ingested mannitol
concentration was low.
It is not known how gut throughput times varied across seasons and hence it is not possible to
establish whether increased mannitol assimilation efficiency was a result of increasing the amount
of time that material remained in the gut. As ingested mannitol concentrations were lower during
the second half of the year, an equivalent throughput time may have resulted in the greater
efficiencies observed. Alternatively, previous herbivorous fish studies have found that retention
time increased with an increase in diet quality (Fris and Horn 1993), and extended throughput times
may therefore have resulted due to an increase in ingested protein concentrations (Figure 5.4).
Regardless of the digestive mechanism employed, higher mannitol assimilation efficiency will have
reduced the effect of the seasonal shift in nutrient balance observed in the previous chapter.
Adult nutrient assimilation across locations
Comparison of adult fish across locations revealed that protein assimilation efficiencies were
similar, but that mannitol assimilation efficiencies were slightly higher at the two southern
locations. The previous chapter demonstrated that fish from Stewart Island ingested material that
contained a significantly higher mannitol concentration, and that fish from the Hauraki Gulf
ingested material with a significantly higher ratio of protein to crude carbohydrate. The results of
this study therefore provide no evidence that fish at higher latitudes were unable to efficiently digest
algal material. Instead they demonstrate that fish from Stewart Island not only ingested a diet that
was high in carbohydrate, but also displayed high digestive efficiency for a compound that can only
be digested by microbes (Saunders and Wiggins 1981, Morishita 1994).
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As discussed previously, the efficiency with which substrates of microbial fermentation, such as
mannitol, are utilised is likely to depend on the amount of time that they remain in the gut. Any
adverse effect of temperature on rates of fermentation would therefore result in the need to increase
gut throughput times in order to maintain maximum assimilation efficiency at low temperature. In
the current study variation in mannitol assimilation efficiency was slight, but significant, and
appeared to correlate better with environmental temperature than ingested concentration. As the
extent to which throughput time varied with season and location is not known, it is possible that fish
at low temperatures were retaining material in the gut for extended periods specifically in order to
achieve the high mannitol assimilation efficiencies observed. However, it is also possible that the
changes in digestive activity observed were not the result of an effect of temperature on microbial
fermentation, but instead reflect the effect of temperature on some other aspect of digestion.
The relationship between protein digestion and temperature has been investigated in stomachless
fishes (Cyprinidae) by looking at trypsin binding affinity (Hofer 1975), as well as overall protease
activity (Hofer 1979). Trypsin binding affinities were found to be almost independent of
environmental temperature across a range of 15-30˚C (Hofer 1975). However, Hofer (1979) showed
that, for roach (Rutilus rutilus) fed on algae (Chara sp.), protease activity (measured at 25˚C)
increased proportional to the temperature at which fish were initially acclimatised (either 12, 16, 20,
or 24˚C). Whilst this result may reflect the fact that proteases are optimised to the temperature at
which fish are acclimatised, it also highlights the possibility that rates of endogenous digestion of
algal proteins scale with environmental temperature. If O. pullus at low temperatures were to
extend gut throughput times due to low rates of protein digestion, then the increased mannitol
assimilation efficiencies observed in the current study may simply be an indirect consequence of the
effect of environmental temperature on endogenous digestion.
In herbivorous fishes, digestive responses to changes in temperature are likely to involve a complex
interaction between both endogenous and exogenous processes. O. pullus is known to rely on an
extensive hindgut microbial community to digest substrates such as mannitol (Clements 1991,
White et al. 2010). It is therefore an ideal species with which to investigate potential constraints of
temperature on plant digestion that are hypothesised to relate to microbial activity (e.g. Floeter et al.
2005). However, existing knowledge of how this species responds to gradients of temperature
would benefit from future studies that look at the effect of temperature on endogenous mechanisms
of digestion.
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Whilst protein assimilation efficiency alone did not vary across locations, the fact that the protein to
mannitol ratio (both ingested and assimilated) was higher for fish collected from Stewart Island than
fish from either of the other two locations may be of nutritional significance. An optimal diet for O.
pullus is likely to depend on the assimilation of an optimal balance of protein and energy (Bowen
1987, Bowen et al. 1995, Choat and Clements 1998), it is possible that the disparity in mannitol
assimilation observed was mitigated by the fact that fish from the Hauraki Gulf and D’Urville
Island were assimilating other carbohydrates with greater efficiency (Figure 6.7). Fish from
D’Urville Island had high assimilation efficiency for glucose, whereas fish from the Hauraki Gulf
had a higher assimilation efficiency for galactose (Figure 6.8 A). Unlike mannitol, both of these
sugars are capable of being assimilated directly by vertebrates (Stevens and Hume 1995), and yet
they may also have been acting as substrates for microbial fermentation. The patterns of utilisation
of glucose and galactose at different locations correlated with observed differences in their relative
abundance within the diet (Figures 5.1, 5.12). The extent to which these different sugars are
interchangeable as dietary substrates has yet to be ascertained; however it may be that in the
absence of mannitol O. pullus is capable of adapting to utilise other forms of dietary carbohydrate.
Conclusion
Acknowledging the difficulties inherent in the quantification of nutrients in the hindguts of
herbivorous fishes, this chapter was able to demonstrate that O. pullus is capable of digesting plant
material at all the locations considered in this study. Data presented for juvenile fish provided no
evidence to support the hypothesis that the digestion of plant material is constrained by limited gut
length. Data presented for adult fish demonstrated that mannitol was the principal form of dietary
carbohydrate utilized all locations and, therefore, that microbially mediated digestion persists in
spite of environmental gradients in temperature. The subsequent chapter builds on these results,
using both nutrient analysis and metabolite profiling to compare hindgut microbial activity across
locations.
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7.1 – Introduction
Marine herbivorous fishes have evolved extensive morphological and physiological adaptations that
enable the digestion of algal material (Horn 1989). Several vertebrate species, including fishes, have
demonstrated a developmental plasticity that allows them to alter their gut morphology and
digestive processes in response to changes in diet quality and nutritional demand (Dykstra and
Karasov 1992, Xie et al. 2000, German et al. 2010). The microbial ecology of the gut may also be
susceptible to such changes (Gratz et al. 2009, Muegge et al. 2011). Herbivorous fishes may
therefore be able respond to their environment by modulating the physiology and microbial ecology
of the GI tract in a way that enables them to continue to meet their nutrient requirements in the face
of changes in diet and temperature.
This thesis has demonstrated that O. pullus consumes an herbivorous diet at locations that span a
broad latitudinal and temperature gradient within New Zealand. It has identified multiple dietary
constituents, the extent to which they are utilised, and differences in utilisation across locations. The
current chapter considers digestion and microbial activity in the GI tract of adult fish collected from
the three locations introduced in Chapter Two. It compares patterns of nutrient utilisation along the
gut in terms of changes in nutrient concentration from gut sections I to V. It also characterises and
compares microbial activity by identifying and quantifying primary metabolites extracted from the
hindgut.
Inferring digestive physiology from patterns of nutrient assimilation
The gut morphology and physiology of O. pullus has previously been introduced in Chapter One.
Of particular relevance to the current chapter is that the histology and ultrastructure of the gut
displays distinct axial variation (Johnson 2010). Also that the majority of bacteria are located within
the distal portion of the gut (Clements 1991, Johnson 2010), where high concentrations of SCFAs
(Clements et al. 1994), and rates of fermentation (Mountfort et al. 2002), have been measured. This
chapter makes the assumption that specialisation within different regions of the GI tract is likely to
determine the point at which different dietary components, such as protein or lipid, are removed.
Distinct patterns of mannitol removal have already been demonstrated by White et al. (2010), and it
is likely that other dietary compounds will show equivalent patterns depending on where and how
they are digested and assimilated.
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Large differences have been found between the gut flora of O. pullus and closely related taxa
(Clements 1991), indicating that there is potential for endosymbiotic communities to vary greatly
within species in response to changes in diet or environment. Studies of terrestrial vertebrates have
shown large shifts in bacterial diversity in response to small changes in diet (Muegge et al. 2011);
however the extent to which the microbial diversity of herbivorous fishes alters in response to
changes in diet and temperature remains unknown.
Data presented in Chapter Six gave no evidence to suggest that O. pullus is unable to digest and
assimilate algal nutrients at latitudes equivalent to that of Stewart Island (47°S). Failure to detect a
latitudinal constraint could mean either that one does not exist, or that fish have the capacity to alter
their gut physiology in order to effectively digest material under a range of environmental
conditions. Such physiological plasticity could either result from changes in the morphology of the
gut, its endosymbiotic community, or both. For example, a temperature effect on the rate of
microbial fermentation could be mitigated by increasing the relative size of the hindgut region in
which microbes are active. Alternatively an increased reliance on endogenous digestion could result
in reduced hindgut activity and a greater proportion of nutrient assimilation occurring in the foregut.
It is also possible that differences across locations could occur, not as a result of a temperature
constraint, but in response to differences in diet observed at each location.
Metabolomics as a tool for studies of digestive physiology
The term metabolite refers to low molecular mass compounds that are either intermediates, or end
products in cellular metabolic processes (Kell et al. 2005). The term metabolome was first
introduced as a means of referring to the suite of metabolites synthesised by a single organism
(Oliver 1998), and it has subsequently given rise to the field of metabolomics.
As a research field, metabolomics is based on the simultaneous detection of large numbers of
metabolites within biological samples using analytical methods such as mass spectrometry and
nuclear magnetic resonance. The ability to rapidly generate large amounts of data relating to
samples of interest has lead to the popularity of this approach in disease diagnosis (Dunn et al.
2007), environmental monitoring (Jones 2008), and functional genomics (Oliver et al. 1998).
Unfortunately rapid expansion of the field has lead to confusion over terminology (Villas-Bôas et
al. 2005). As a result the metabolomics approach used in the current study will henceforth be
referred to as metabolite profiling. Villas-Bôas et al. (2005) define a metabolite profile as ‘the set of
all metabolites or derivative products (identified or unknown) detected by analyzing a sample using
a particular analytical technique’.
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There are very few examples of metabolomics being incorporated into studies of marine ecology
(Viant 2007), yet the potential of metabolite profiling as a method of characterizing metabolic
processes involved in digestion is great. In terrestrial systems, metabolomics is recognized as a
valuable tool in studies of GI microbial ecology (Tuohy et al. 2009), where it has been used to
describe the activity of bacteria under controlled conditions (e.g. Furano et al. 2009, Sulek et al.
2011). The lack of studies relating to marine herbivory is not prohibitive because, unlike genes,
metabolites are conserved across species and systems (Kell et al. 2005, Viant 2007). As a result the
current study can benefit directly from the substantial knowledge accrued from studies of terrestrial
systems.
In the current chapter the use of metabolite profiling differs substantially from that of preceding
studies since it involves extracting metabolites from homogenised samples of gut digesta taken
from wild fish. As a result, the validity of this type of analytical approach has yet to be established
and several challenges exist that could potentially have an impact on the reliability of the results
obtained. Firstly, the role of metabolites as intermediates in cellular processes mean that many of
them are inherently unstable and samples are highly sensitive to methods of handling; this problem
is likely to be exacerbated in field studies. Secondly, the diversity of metabolic compounds means
that no single method of analysis is able to detect all metabolites within a sample (Viant 2007).
Since a variety of bioanalytical techniques are available, the metabolite profile obtained in a
particular study will depend on the chosen method of sample derivatisation and analysis. Finally,
one of the biggest bottlenecks in the field of metabolomics at the moment is the limited ability to
analyse and extract information from complex multivariate datasets (Vilas-Bôas et al. 2007). As a
result, studies are often limited in the amount of information they can derive from the data they
produce and this problem is not helped by the fact that analytical software is often prohibitively
expensive. Within the context of the current study it is therefore necessary to establish both the
viability of sampling and the ability of analytical methods to produce useful data.
Chapter aims
The initial aim of this chapter is to establish the usefulness of metabolite profiling as a means of
characterising digestive activity within the GI tract of O. pullus. This was achieved by comparing
digestive activity of omnivorous juvenile and herbivorous adult fish collected from a single location
(D’Urville Island). The hypotheses tested were: i) that metabolite profiles are capable of
distinguishing between gut sections in a manner that was consistent with existing knowledge of the
digestive physiology of O. pullus; ii) that metabolite profiles are capable of distinguishing between
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the digestive activity of omnivorous juvenile and herbivorous adult fish; and iii) that differences
observed between omnivorous juvenile and herbivorous adult fish reflect variation in levels of
microbial anaerobic respiration.
Subsequently, metabolite profiles were measured in the hindgut of herbivorous adult fish collected
from the three locations introduced in Chapter Two. Metabolite profiles and individual metabolites
were compared across locations in order to test the hypotheses: i) that a constraint on microbial
fermentation at low temperatures results in a change in the metabolite profiles of fish living at
higher latitudes; and ii) that these changes are reflected in the relative abundance of metabolites
previously identified as being associated with microbial anaerobic respiration.
Finally, the dietary components quantified in previous chapters were measured in all five gut
sections of fish collected from the three locations. Patterns of nutrient assimilation were compared
across locations in order to test the hypothesis that a change in digestive mechanisms results in a
change in the manner in which nutrients are removed along the gut.

7.2 – Methods
7.2.1 – Specimen collection
Ten female fish between 300–400mm fork-length (FL) were collected from the Hauraki Gulf (301–
381mm FL), D’Urville Island (320–388mm FL), and Stewart Island (305–394mm FL) for
nutritional analysis. All fish were collected during the New Zealand summer (December –
February). Field trips, sample processing, and storage took place as described in Chapter Two
(section 2.2.1), and contents of all five gut sections were kept for analysis.
In order to investigate the change in metabolite profiles along the gut, 13 fish were collected from
D’Urville Island during field trips that took place in February 2007 and February 2008. Seven adult
females (280–450mm, FL) and six juvenile females (125–172mm FL) were collected: the former –
henceforth referred to as herbivores – were assumed to be herbivorous and to feed on a diet
dominated by phaeophytes; while the latter – henceforth referred to as omnivores – were assumed
to be omnivorous and to feed on a diet consisting of epiphytic invertebrates and rhodophytes.
Sample processing and storage took place as described in Chapter Two, and contents of all five gut
sections were kept for analysis. As a follow up to the initial study, the metabolite profile of gut
section IV from ten adult female fish from each location (HG, 309‒385mm FL; DI, 309‒380mm
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FL; SI, 308‒394mm FL) was obtained from specimens collected as part of the studies described in
Chapters 4 and 5.
7.2.2 – Metabolite profiling
Metabolite extraction
Methods of metabolite extraction were developed for this study. Prior to extraction frozen samples
were cryogenically ground using an MM301 mixer mill (Retsch). Approximately 150mg of frozen
powdered material was then weighed into pre-frozen 15ml centrifuge tubes and 2.5ml
methanol:water (1:1 v/v) added. Samples were vortexed for 60 seconds then centrifuged (2500g, 60
seconds) in pre-frozen cradles. The supernatant was removed and the remaining sample re-extracted
in the same manner, this time using 2.5ml methanol. The two supernatants were combined before
being mixed with 16ml ultrapure water (4°C) and immediately frozen on dry ice. Samples were
subsequently lyophilised and stored at -80°C prior to derivatization. The material remaining
following extraction was also lyophilised before being weighed to the nearest 0.1mg.
Derivatisation
Conversion of metabolites into chloroformate derivatives was based on the method developed by
Villas-Bôas et al. (2003). Extracted samples were re-suspended in 200µl sodium hydroxide (1M)
before being transferred to a silanized reaction tube, to which d4-alanine was added as an internal
standard. Samples were mixed with 167µl methanol and 34µl pyridine before the addition of 20µl
methyl chloroformate. This was immediately followed by 30 seconds of mixing, the addition of
another 20µl methyl choloroformate, and another 30 seconds mixing. The derivatization reaction
was then terminated by the addition of 400µl chloroform followed by 10 seconds mixing and the
addition of 400µl sodium hydrogen carbonate (50mM). The upper aqueous phase and inter-phase
residue was removed and the lower phase dehydrated by the addition of a small amount of
anhydrous sodium disulphate. Finally, the lower phase was then removed to a silanized GC vial and
tightly capped before being analysed on a GC-MS within 24 hours.
Chromatography
GC-MS analysis was performed using an Agilent 7890A gas chromatograph coupled to an Agilent
5975C inert MSD quadruple mass-spectrometer operated at 70eV. The column used was a Zebron
ZB-1701 capillary GC column (Phenomenex) 30m x 250µm i.d. x 0.15µm film thickness.
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Data Mining
Data extraction followed the protocol outlined by Smart et al. (2010). Briefly, deconvolution of raw
mass-spectral traces was performed using AMDIS v2.65 (NIST). The minimum match factor for
target identification was set at 75 and compound identification was achieved with reference to an
in-house library provided by the Silas-Bôas laboratory, University of Auckland. Since AMDIS
reportedly does not provide accurate peak quantification, integration of ion peaks in raw massspectral traces was performed using Chemstation V (Agilent). Peak intensities within AMDIS files
were corrected based on data output from Chemstation using an R script (http://www.r-project.org)
written by Raphael Aggio (see Smart et al. 2010). Metabolite quantification was based on peak ion
height of individual spectra.
Following cleanup, data were corrected on the basis of the d4-alanine internal standard and
standardised using the dry masses obtained from the extracted samples.
Data analysis
Only metabolites that could be positively identified based on comparison with libraries of methyl
chloroformate (MCF) derivatives were considered during analysis, and undetected compounds were
assumed to be absent from samples. All data were 4th root transformed to down-weight the most
abundant metabolites, and the multivariate distance between samples was expressed using
Euclidean distance based resemblance matrices. Changes in metabolite profile across gut sections,
diet types, and across locations were considered using analysis of similarities (ANOSIM) tests in
Primer v6.1.12. When analysing differences across gut sections, data from individual fish were
treated as repeated measures, and analysed in a two-way crossed ANOSIM with individual fish
treated as an un-replicated factor. Following Clarke et al. (2001), significance for ANOSIM tests
were expressed in percentages rather than traditional p values. Data were visualised from
resemblance matrices using non-metric multidimensional scaling (MDS) plots.
Following statistical analysis, differences between factor levels were further elucidated by
considering the change in the mean value of individual metabolites. Since no attempt was made to
quantify data on the basis of external standards, mean abundance values for individual metabolites
were expressed as a proportion of the maximum value encountered for that variable.
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7.2.3 – Nutrient analysis
Samples were analysed for protein (THAA), lipid, ash, and neutral sugars (THNS) following the
protocols described in Chapter Four.
Data Analysis
Differences across locations in the pattern of abundance of individual nutrients along the gut were
analysed using a PERMANOVA repeated measures design in Permanova+ v.1.02. Individual fish
were included as un-replicated levels of a single factor (Specimen) in which data for gut sections
was nested. Location was considered as a third, un-nested factor, and a location*gutsection
interaction term was also included to test for non-additive effects.
Changes in the balance of multiple nutrients along the gut were compared across locations by
expressing the difference between individual samples as Orloci’s chord distance (see Chapter Five).
Values for lipid and xylose were discarded from the analysis on the basis that they correlated
strongly with protein and mannose, respectively. Data were analysed using a repeated measures
multivariate PERMANOVA design similar to that outlined for individual nutrients above.
Following statistical analysis, the balance of nutrients considered to be of nutritional relevance were
further explored using principal co-ordinate analysis (PCO) ordinations.

7.3 Results
7.3.1 Metabolite profiling
Changes in metabolite profile along the gut
A total of 68 metabolites were identified in at least one gut section of either omnivorous or
herbivorous fish from D’Urville Island (Appendix F.1). Of the six omnivorous fish in the study, one
did not have sufficient material in section IV to allow for accurate measurement. Since ANOSIM
tests are robust to the problem of unbalanced designs, this sample was treated as absent in
subsequent statistical analyses.
Multivariate analysis of metabolite profiles was carried out using resemblance matrices based on
Euclidean distance. Tests included only those metabolites that were present in >30% samples for at
least one gut section (Appendix F.1). Separate ANOSIM tests were carried out for omnivores and
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herbivores. The metabolite profile of omnivorous fish was significantly different across gut sections
(ρ = 0.263, p = 1.20%), there was also a significant difference between the six fish tested (ρ =
0.279, p = 1.70%). The metabolite profile of herbivorous fish was also significantly different across
gut sections (ρ = 0.341, p = 0.05%), however there was no significant difference between the seven
fish tested (p > 5%).
Non-metric MDS plots demonstrated a gradient of change along the gut for omnivorous and
herbivorous fish (Figure 7.1 A and B). In both cases, a strong separation was evident between gut
sections I–III and sections IV and V, indicating that the hindgut was distinct for both diet types.
When the metabolite profile of gut section IV was compared between the two groups a significant
difference was found (R = 0.578, p = 0.40%, permutations = 792, Figure 7.1 C).
The biological relevance of differences across gut sections and diet categories was further
investigated by looking at changes in the detected quantities of specific metabolites. Free amino
acids showed a general decline in abundance along the gut of both omnivorous and herbivorous
individuals (data not shown). Non-proteogenic organic acids that displayed an obvious trend along
the gut are shown in Figures 7.2 and 7.3. Since metabolite data were not quantified by external
standard, the mean for each metabolite has been expressed as proportion of its maximum detected
value. Clear differentiation of the hindgut was observed in herbivorous fish, with caproic, caprylic,
succinic, lactic, and malonic acid all appearing at high relative concentrations in sections IV and V.
The same trend was observed for the non-proteogenic amino acid norvaline, which was present in a
small proportion of the samples measured. Patterns along the gut appeared similar for both
omnivorous and herbivorous fishes; however the majority of metabolites showing an increase in
sections IV and V were present at a greater relative abundance in the guts of herbivores. Since
metabolites were selected on the basis that they showed a trend along the gut, further statistical
testing between gut regions was not appropriate.
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Figure 7.1: Non metric multi-dimensional scaling plots showing differences in metabolite
profiles across gut sections. A) Juvenile fish (omnivores) B) Adult fish (herbivores)
C) Difference between gut section IV of juvenile () and adult (¡) fish.
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Figure 7.3: Mean values for individual metabolites that showed a clear trend along the gut.
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The multivariate pattern in metabolites that distinguished the hindgut of herbivorous fish was
interpreted as reflecting the microbial activity known to occur in this region of the gut. On the basis
of preliminary results it was concluded that metabolite profiles could be used to reflect and to some
extent characterise digestive activity within the gut. The second part of this study went on to search
for differences in activity within the hindgut of fish collected from the three locations considered in
this thesis.
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Changes in the metabolite profile of the hindgut across locations
A total of 59 metabolites were identified as present in gut section IV of fish from the Hauraki Gulf,
D’Urville Island, and Stewart Island and of these, 47 were present in more than 30% of samples
from at least one location (Appendix F.2). Multivariate data were again analysed on the basis of
Euclidean distance resemblance matrices using ANOSIM tests. Samples for this part of the study
were run on the GC-MS in three separate batches (with samples from all three locations represented
in each batch). Data was accordingly blocked in a two-way crossed design that accounted for the
possibility of a batch-effect. The metabolite profile of gut section IV from each location was
significantly different (R = 0.130, p = 2.10%, perms = 9999), and a significant difference was also
found between batches (R = 0.579, p = 0.02%, perms = 9999). Pairwise comparisons between
locations showed a significant difference between the hindgut profile of fish from the Hauraki Gulf
and D’Urville Island. Differences between fish from D’Urville Island and Stewart Island were only
just non-significant at p = 6.40% (Table 7.1)
Those metabolites that gave clear visual representation of the differences between the foregut and
hindgut of fish at D’Urville Island were compared across all three locations in Figure 7.4, where
means for individual metabolites have again been expressed as a proportion of their maximum
value. Parametric ANOVA of loge transformed data showed significant differences across locations
in the relative concentration of succinic acid (F = 4.42, p = 0.021, Figure 7.4 D) while variation in
all other metabolites shown was non-significant.

Table 7.1: Results of pairwise ANOSIM tests comparing the metabolite profile of gut section IV between
locations. Results are considered statistically significant at <5%.

Pairwise test
HG vs. DI
HG vs. SI
DI vs. SI

R Statistic
0.185
0.03
0.146

Significance (%)
0.9
33.3
6.4
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Permutations
9999
9999
9999

No. >/= observed
90
3326
643
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7.3.2 – Nutrient analysis
This study looked at protein, lipid, and neutral sugars in the gut contents of all five gut sections of
ten female fish between 300–399mm FL collected from each of the three locations introduced in
Chapter Two. Fish were selected to cover the same size range as specimens used for metabolite
profiling; however different individuals were used for the two parts of this study because of
different sample processing requirements. During HPLC analysis of protein content, seven samples
were lost due to a machine malfunction and were not replaced; furthermore two samples were
unable to be measured for lipid content due to a lack of material. In total therefore, protein
concentration was measured in 143 samples, lipid concentration measured in 148 samples, and
mannitol, fucose, galactose, glucose, xylose, mannose, and myo-inositol concentrations were
measured in 150 samples.
Fish missing data for one or more gut sections were excluded from analyses that compared
individual nutrient concentrations across locations. In multivariate analysis of nutrient balance
missing data were estimated using an expectation maximum likelihood algorithm run over 1000
iterations in Primer. (See Appendix F.4 for tables accompanying significant results below.)
Protein and Lipid
Both protein and lipid showed significant variation across gut sections in repeated measures
PERMANOVA tests (F4, 102 = 19.85, p(perm) < 0.001, unique perms = 9950; F4, 106 = 17.81, p(perm)
< 0.001, unique perms = 9949, respectively). No differences across locations were observed;
however, in the case of protein there was a significant interaction between location and gut section
(F8,

102

= 4.05, p(perm) <0.001, unique perms = 9950). Whilst both compounds decreased in

concentration along the guts of fish from the Hauraki Gulf and D’Urville Island, they showed a
secondary increase in concentration in gut sections IV and V of fish from Stewart Island (Figure
7.5). When data for all gut sections were pooled, there was strong correlation between the protein
and lipid concentration of samples (Pearson’s r = 0.760, p <0.001).
Neutral Sugars
Of the neutral sugars quantified, fucose, glucose, mannose, myo-inositol, and mannitol all showed
significant variation in concentration between gut sections (p(perm) < 0.05). Concentrations of both
glucose and myo-inositol were significantly different across locations (F2, 108 = 16.40, p(perm) <
0.001, unique perms = 9968; F2, 108 = 9.77, p(perm) < 0.001, unique perms = 9957, respectively).
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Figure 7.5: Change in the concentration of A) protein and B) lipid along the gut of fish from the
three locations in this study. Data are for the Hauraki Gulf (S), D’Urville Island (), Stewart Island (T).
Error bars show estimates of standard error.

Following sequential Bonferroni correction, post-hoc pairwise tests revealed that concentrations of
both sugars were significantly higher in the guts of fish from the Hauraki Gulf than the in the guts
of fish from the other two locations (Figure 7.6 C, D). Overall the concentration of mannitol did not
differ across locations; however a significant interaction term between location and gut section was
detected (F2, 108 = 2.04, p(perm) < 0.048, uniqe perms = 9932). The concentration of mannitol in gut
section I appeared highest at Stewart Island (Figure 7.6 A), where it subsequently declined from gut
section II onwards. In contrast, at the two northern locations a lower initial concentration of
mannitol was evident and no obvious decline in concentration was apparent until gut section IV.
Data for galactose was confounded by the presence of a single outlier in the Hauraki Gulf (Figure
7.6 E). When this fish was removed (Figure 7.6 F) a slight decline in concentration was observed
along the gut of fish from the Hauraki Gulf, whereas at the other two locations galactose
concentrations increased in the hindgut; however these differences were non-significant.
The changing concentration of individual amino acids along the gut were plotted (Figure 7.7) and
for the most part showed patterns that were consistent with those observed for protein. Two
exceptions were hydroxyproline and taurine. The detected concentrations of hydroxyproline were
extremely low; however it did appear at a greater relative concentration in the guts of fish from
D’Urville Island. Taurine showed a similar trend at all three locations and relative to the other
amino acids its concentration consistently declined in the hindgut.
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Figure 7.7: (Above and preceding page) Change in the concentration of
amino acids along the gut of fish from the three locations in this study. Data
are for the Hauraki Gulf (S), D’Urville Island (), Stewart Island (T). Error
bars show estimates of standard error. (Glu, Glutamic acid; Val, Valine; Ile,
Isoleucine; Lys, Lysine; Asp, Aspartic acid; Ser, Serine; His, Histidine; Gly,
Glycine; Arg, Arginine; Tau, Taurine; Thr, Threonine, Aln, Alanine; Pro,
Proline; Tyr, Tyrosine; Leu, Leucine; Phe, Phenylalanine; Met, Methionine;
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Nutrient balance
The balance of nutrients along the gut was considered using Orloci’s chord distance, following the
approach introduced in Chapter Five. Prior to analysis data were examined using draftsman plots
and both lipid and xylose were excluded from multivariate tests because they displayed strong
correlations with protein and mannose, respectively.
Individual ordination plots of nutrient balance (Figure 7.9) showed a similar trend for the three
locations. A separation in the balance of nutrients between the foregut and hindgut was evident on
PCO 1, which accounted for approximately 60-80% of total variation and correlated best with the
concentration of mannitol. This axis appeared to distinguish most strongly between gut sections IIII and IV-V. Considering only gut sections I-III, separation along PCO 1 was most evident at
Stewart Island, where section III showed some degree of separation from sections I and II. PCO 2
accounted for around 8-20% of total variation and separation along this axis appeared to correlate
best with glucose concentration at Stewart Island and D’Urville Island, and galactose concentration
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in the Hauraki Gulf. Whilst sugar correlations with this axis were strong, they did not clearly
explain any of the separation observed between gut sections.
Data were analysed statistically using a multivariate analogue of the tests used for individual
compounds. A significant difference was observed across locations (F2, 108 = 3.48, p(perm) = 0.005,
unique perms = 9951) and across gut sections (F4, 108 = 48.91, p(perm) < 0.001, unique perms =
9945). A significant interaction between location and gut section was also observed (F8, 108 = 2.21,
p(perm) = 0.003, unique perms = 9913). For each individual gut section the results of pairwise tests
between locations are shown in Table 7.2.

Table 7.2: Results of pairwise PERMANOVA tests comparing the
difference in the nutrient balance of individual gut sections between
locations. For F statistics see Appendix F.5
(* p(perm) < 0.05; ** p (perm) < 0.01; *** p(perm) < 0.001)

Comparison
HG vs. DI
HG vs. SI
DI vs. SI

I
***
**

II
*
*

III
**
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V
**
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7.4 – Discussion
Previous chapters have demonstrated that O. pullus is capable of ingesting and efficiently digesting
a diet that consists predominantly of phaeophyte algae. The current chapter considered the
possibility that O. pullus varies its digestive processes in response to changes in diet composition
(Chapter Two), diet quality (Chapter Five), or in response to changes in environment associated
with latitude. This objective was achieved first, by using metabolite profiling to examine metabolic
processes in the hindgut and second, by using the methods introduced in Chapters Four and Five to
look at patterns of nutrient assimilation along the gut.
Metabolite profiling
The activity of hindgut microorganisms in herbivorous fishes has previously been characterised on
the basis of the relative abundance of SCFAs, and differences between species have been shown to
reflect differences in foraging strategy and digestion (Choat and Clements 1998). Whilst
measurement of the end products of fermentation such as acetate and butyrate was a possibility in
the current study, knowledge of individual SCFA concentrations would have been of limited use
without knowledge of rates of SCFA production and assimilation. The use of metabolite profiling
provided a means of characterising the hindgut on the basis of a large number of primary
metabolites that are known intermediaries in cellular metabolic processes. By considering the
relative abundance of multiple compounds at a single point in time, the goal of the current study
was to provide a snap-shot of metabolic activity in the GI tract. Observed variation across gut
sections and locations could then be used to indicate differences in digestive processes.
The fact that this approach has never before been applied in the manner described meant that it was
necessary to demonstrate its effectiveness prior to drawing conclusions about differences observed
across locations. In both omnivorous and herbivorous fishes clear differences in metabolite profiles
were observed along the gut (Figure 7.1). Differences in hindgut activity were also observed
between the two diet types. Since metabolites were extracted from homogenised samples of gut
digesta, detected compounds could have originated either from ingested algal material, from the fish
itself, or from endosymbiotic microbes. Whilst it may have been informative to separate these
sources prior to metabolite profiling, changes in all three were of interest when characterising
digestive activity.
Adult herbivorous O. pullus are known to possess a high concentration of microbes in gut section
IV and V (Clements 1991) and to employ hindgut fermentation as a digestive strategy (Clements et
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al. 1994). It therefore seems likely that many of the primary metabolites present in the hindgut
reflected metabolic activity related to SCFA production. This particularly applies to compounds that
were present in greater relative abundance in the gut of herbivores than the gut of omnivores.
Many of the compounds detected in the current study showed patterns of abundance that were
consistent with existing knowledge of O. pullus digestive physiology. Compounds such as malonic,
succinic, and lactic acid are known intermediaries in pathways associated with anaerobic respiration
(www.genome.jp/kegg/pathway). Other saturated fatty acids such as caprylic and caproic acid also
indicated that specific metabolic pathways were active in the hindgut. The non-proteogenic amino
acid norvaline was highly unlikely to have been synthesised by either plant or animal tissues;
however it is known to be a product of the fermentation of isoleucine by some bacterium (Kisumi et
al. 1976). The trends seen for these compounds therefore strongly suggest that multivariate
differences in metabolite profiles observed were at least in part driven by differences in microbial
activity across gut sections.
Differences in metabolite profile across locations did not correlate with latitude, nor did they reflect
the ingested concentration of known substrates of microbial fermentation such as mannitol. It was
apparent from statistical tests (Table 7.1) that fish from D’Urville Island were outliers with respect
to metabolic activity in gut section IV. Without knowledge of the function of individual
metabolites, it is difficult to establish exactly how metabolic activity in the hindgut varied between
locations. Previous chapters demonstrated that fish from D’Urville Island ingested a higher
proportion of fucalian algae (Chapter Two), and that they also had a higher relative intake of
glucose (Chapter Five). Differences observed in the current chapter could therefore reflect
differences in the composition of ingested material, or alternatively they could reflect a change in
microbiota community structure arising from differences in diet. In spite of multivariate differences,
compounds that characterised hindgut metabolite profiles at D’Urville Island showed only minor
variation when compared across locations (Figure 7.4). Metabolite profiling therefore provided no
evidence to suggest lower overall levels of microbial activity at any location.
This study provides the first example of the application of metabolite profiling to studies of
digestive physiology in a free-living ecothermic herbivore. As such there are many aspects that
could be improved if the full potential of this approach is to be realised. Previous field studies of
O. pullus have sampled the gut wall, gut fluid, and gut microbes separately (e.g. Skea et al. 2005).
A similar approach prior to metabolite profiling would help to limit the confounding effect of
multiple sources contributing to the profiles observed. This, in turn, would allow greater
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interpretation as to the origin and function of specific metabolites. A wide variety of biochemical
and statistical methods of analysis are currently employed in the field of metabolomics (Villas-Bôas
et al. 2005). The current study met the need for advanced statistical methodology by using software
developed for the analysis of complex ecological datasets. The utility of this approach has been
demonstrated by the results obtained, and it seems that ecological methods of multivariate analysis
(Clarke and Warwick 2001) could be broadly applicable as a tool for metabolomics. Finally, as
methods of metabolomics analysis become increasingly sophisticated, they will provide a greater
ability to characterise and describe metabolic activity within the GI tract of hebivorous fishes. The
number of metabolites identified in the current study relied on the size of the reference library that
was used for compound identification. It was therefore inevitable that a large number of metabolites
remained unidentified. Recently developed methodology (Aggio et al. in press) will enable analysis
of the profile of both identified and unidentified metabolites for future studies.
Patterns of nutrient utilisation along the gut
Axial changes in the morphology and ultrastructure of the GI tract have recently been studied in
detail for O. pullus collected from the Hauraki Gulf (Johnson 2010). The possibility that
physiological separation observed in fish from the Hauraki Gulf varied across locations was
considered in the current study by determining where along the gut individual compounds were
being assimilated. Results obtained support the conclusion of Chapter Six that mannitol is the
principal carbohydrate digested by this species, and patterns of mannitol utilisation similar to those
seen by White et al. (2010) were observed at all three locations. In spite of overall similarities, one
noticeable difference in the guts of fish from Stewart Island was that mannitol concentrations began
to decrease in section III; this was evident in both changing mannitol concentration (Figure 7.6 A)
and multivariate nutrient balance (Figure 7.9). Since mannitol is a substrate for microbial
fermentation, this difference must mean that microbes were active in gut section III at this location.
This result could indicate that fish at Stewart Island dedicated a greater proportion of their GI tract
to microbial fermentation.

If rates of microbial fermentation decreased relative to nutritional

demand at higher latitude, one possible physiological response would be to increase the
fermentation capacity of the hindgut. It is therefore possible that fish from Stewart Island were
responding to changes in environment by expanding their hindgut capacity relative to the foregut.
Another possible explanation is that the observed differences in mannitol utilisation between
locations are due to differences in the movement of microbes along the gut. Fishelson et al. (1985)
demonstrated that the abundance of microbes in different regions of the gut varied with time of day
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in the herbivorous surgeonfish Acanthurus nigrofuscus (Acanthuridae). Whilst sampling at all three
locations was carried out throughout the day, it is possible that bacteria in the guts of fish from
Stewart Island were behaving differently at the time fish were collected.
Another pattern that distinguished fish from Stewart Island was the change in concentration of
protein, and to a lesser extent lipid, along the gut. Whilst all three locations showed a decline in
protein concentration from gut sections I–III (Figure 7.5), at Stewart Island the concentration
subsequently increased in sections IV and V. Results of Chapter Six indicated that protein
assimilation efficiency was comparable across locations and it is therefore unlikely that this
difference was due to a greatly reduced protein assimilation efficiency at Stewart Island. The
pattern observed in this chapter could instead reflect the extent to which other compounds, such as
mannitol, are being removed from the hindgut. Alternatively it could indicate differences in levels
of microbial protein arising from hindgut endosymbionts.
Large densities of microbial endosymbionts in the hindgut provides another possible way in which
low rates of exogenous digestion at low temperatures could be mitigated, since a high net rate of
SCFA production could be maintained, even if the activity of individual microbes were reduced. A
more parsimonious explanation would be that a greater density of microbes in the hindgut of fish
from Stewart Island reflects the fact that mannitol concentrations were higher in the diet of fish
from this location. Previous studies of rats have demonstrated an increase in caecal microflora that
was positively correlated with the concentration of mannitol in the diet (Morishita 1994), suggesting
that microbial densities may fluctuate depending on the availability of fermentable substrates.
The difficulty of distinguishing between microbial and non-microbial protein in the hindgut was
discussed in the previous chapter. One possible way of overcoming this problem is to look at the
assimilation patterns of individual amino acids (Figure 7.7). The change in concentration of the
majority of amino acids followed patterns of protein assimilation; however differences were
observed for the non-proteogenic amino acids hydroxyproline and taurine. It is unlikely that either
of these amino acids were being utilised by microbes for anything other than metabolism. Their
pattern of removal may therefore be a useful representation of the fate of dietary protein, provided
that they were not preferentially assimilated by the fish (Stevens and Hume 1995).
Taurine concentrations in the foregut were far higher than the levels measured in dietary material in
Chapter Four. This was previously attributed to the likelihood that this amino acid was secreted into
the GI tract during digestion (Chapter Five). Regardless of its origin, its disappearance along the gut
indicates that taurine is either being metabolised by microbes or assimilated by the fish in the
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hindgut. Unless it is being specifically targeted for metabolism by microbes, the magnitude of its
change in concentration suggests that overall protein assimilation may be higher than was estimated
in the previous chapter. The fact that taurine was assumed not have originated from dietary material
means that the manner in which it was digested and assimilated may not directly reflect the fate of
all dietary protein. Nonetheless the pattern observed in this study demonstrates the potential value
of looking at individual amino acids to overcome the confounding effect of microbial protein in the
hindgut.
Conclusion
This chapter has demonstrated that detecting changes in the relative abundance of low molecular
weight organic acids shows promise as a method of characterising digestive activity in the hindgut
of a marine herbivorous fish. The approach taken enabled digestive activity to be compared first, on
the basis of multivariate metabolite profiles and second, on the basis of individual metabolites that
were likely intermediaries in metabolic pathways associated with anaerobic respiration. Using these
approaches, comparisons of hindgut digestive activity across locations revealed no differences that
indicated digestion, and microbial fermentation in particular, was significantly affected by low
temperatures.
Comparison of the manner in which individual dietary compounds were removed from the gut also
indicated that digestive processes were broadly similar across locations and therefore unaffected by
temperature. In accordance with the results of the previous chapter, mannitol was again found to be
the primary source of dietary carbohydrate utilised by fish at all three study locations. The pattern
of mannitol removal indicated that it was used as a substrate for microbial activity in the hindgut in
a manner similar to that demonstrated by White et al. (2010). Differences across locations in the
changing protein concentration along the gut indicated that fish at Stewart Island may possess
greater densities of hindgut microflora than fish from the other two locations considered. While the
observed differences could reflect a response to slower rates of fermentation at low temperatures,
they could also have been a reflection of differences in diet.
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Chapter 8: General Discussion
This thesis addressed the fundamental issue of whether there is any evidence for a temperature
constraint on digestion in an ectothermic herbivore foraging at high latitudes. In doing so it also
sought to contribute to the understanding of the role of herbivorous fishes in temperate reefs, and to
the understanding of how temperature and diet may interact to influence life history and
demography in an herbivorous ectotherm. Chapters Two and Three examined diet choice of
O. pullus through the analysis of foregut contents and the stable isotope signatures (δ15N and δ13C)
of white muscle tissue. Chapters Four and Five examined the nutrient composition of dietary
material and, in the case of Chapter Five, considered diet in terms of individual nutrient
concentration as well as nutrient balance. Chapter Six quantified digestive efficiency in order to
determine the extent to which different dietary components were being utilised across a latitudinal
gradient. Chapter Seven considered the digestive processes that were occurring within the GI tract
and how these varied with latitude. The principal aim of these chapters was: i) to establish if at any
point in its life history O. pullus altered its diet at low temperature (either seasonal or latitudinal) in
response to a possible constraint on herbivorous mechanisms of digestion (Ch. 2 and 3); ii) to
establish the nutritional basis for observed variation in diet choice, and determine whether there was
any evidence of a change in nutrient intake in response to low temperature (Ch. 5); iii) to establish
whether the digestive efficiency of different dietary compounds altered in response to temperature
(Ch. 6); and iv) to establish whether digestive processes varied across locations in a manner that
might reflect a change in digestive mechanisms at low temperature (Ch. 7).
The current chapter draws together the principal findings of previous chapters in order to consider
three aspects of the nutritional ecology of O. pullus. First, it discusses changes in nutritional
ecology in relation to ontogeny. Second, it discusses patterns of seasonal variation observed for
adult O. pullus collected from the Hauraki Gulf. Third, it compares the nutritional ecology of the
species across the three locations introduced in Chapter One. The discussion is then broadened to
place these conclusions in the context of a nutritional constraint on ectothermic herbivory at high
latitude.

177

Chapter 8: General Discussion

Ontogenetic changes in the nutritional ecology of O. pullus
Seasonal sampling of juvenile fish (<200mm FL) from the Hauraki Gulf indicated that a change in
diet from omnivory to herbivory occurred within the size range of 125–150mm FL (Ch. 2). This
result was consistent with previous studies of O. pullus (Clements and Choat 1993), and studies of
other species with comparable adult diets (Moran and Clements 2002). The timing of the
ontogenetic diet shift correlated with a decrease in ingested protein and lipid concentration and an
increase in the ingested concentration of carbohydrates, including mannitol and fucose, which are
characteristic of phaeophyte algae (Ch. 5). Results also indicated that epiphytic rhodophytes are
important in the diet of juvenile fish at all locations, and biochemical analysis of fresh algae
indicated that this is likely to be due to the high protein content of these algae (Ch. 4).
The diet of juvenile O. pullus did not vary significantly across locations; however there was some
evidence that fish at Stewart Island began consuming phaeophyte material at a larger size than fish
from the Hauraki Gulf (Ch. 2). It was concluded that this behaviour was more likely driven by
variation in the distribution and abundance of dietary algal species than a constraint on the
efficiency of digestion of plant material at higher latitude. Following the onset of herbivory,
juvenile fish in the Hauraki Gulf consumed the reproductive structures of Carpophyllum spp. (Ch.
2), which were shown to be high in both glucose and protein (Ch. 4). Reproductives of
Carpophyllum spp. were not important in the diet of juvenile fish from Stewart Island, which
instead maintained a relatively high intake of epiphytic rhodophytes. Variation in the nutrient
balance of juvenile fish provided no evidence to suggest that changes in nutrient intake with size
differed across locations (Ch. 5). It is therefore likely that juvenile fish from different locations
selectively target different dietary algae in order to maintain a high ratio of ingested protein to
carbohydrate during a period of high growth.
Chapter Six considered the digestive efficiency of juvenile fish (~120–180mm FL), and
demonstrated that they were capable of utilising mannitol in spite of their small size. Notably,
juvenile fish from Stewart Island ingested a higher protein to carbohydrate ratio than adults (Ch. 5),
but displayed comparable mannitol utilisation efficiency (Ch. 6). Whilst juvenile fish were therefore
capable of hindgut fermentation, compared to adult fish they consumed more protein, less
fermentable carbohydrate (Ch. 5), and had lower levels of hindgut microbial activity (Ch. 7). The
hypothesis that small fish are physiologically constrained in the digestion of plant material at small
sizes has recently been questioned (Day et al. 2011). The current study indicates that the
development of herbivorous digestive mechanisms in O. pullus is likely to be gradual. Juvenile fish
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may therefore have the physiological capacity to digest adult (i.e. phaeophyte) diets at sizes where
they continue to ingest a high protein to carbohydrate diet due to the nutrient demands associated
with high growth rates.
Adult O. pullus also varied their diet with size. Both stable isotope analysis (Ch. 3) and diet analysis
(Ch. 2) indicated that growing fish continued to change their diet long after the initial ontogenetic
switch from omnivory to herbivory. Diet analysis showed that while adult fish generally consumed
a very high proportion of phaeophyte algae, individual fish at all locations also occasionally
ingested large amounts of animal or rhodophyte material. Such stochastic variability may have been
the result of occasional complementary feeding on these high protein diet items in order to maintain
a balanced diet. If the frequency of this behaviour varied with size it may provide an explanation for
the relationship between δ15N and size observed in adult fish. An alternative explanation is that the
observed changes in diet were due to size-related changes in habitat use. Since fucalian and
laminarian algae have peak abundances at different depths (Schiel 1990), ontogenetic changes in
habitat depth on rocky reefs could have resulted in variation in the availability of different diet
items.
Seasonal variation in the nutritional ecology of O. pullus in the Hauraki Gulf
Analysis of adult diet in the Hauraki Gulf (Ch. 2) supported previous results (Clements and Choat
1993), and in particular that strong seasonal dietary variation indicated selective feeding on the
reproductive

structures

of

Carpophyllum

spp.

Biochemical

analysis

showed

that

C. maschalocarpum reproductives were likely to have been targeted for their nutrient content since
they contained higher levels of protein and glucose than other abundant diet items (e.g.
C. maschalocarpum and E. radiata thallus). Recent studies on captive O. pullus in Wellington
found that fish selectively consumed U. pinnatifida and M. pyrifera in preference to either
C. maschalocarpum or E. radiata (Baker 2011). Baker (2011) did not record the reproductive state
of Carpophyllum plants, but did demonstrate that the preferred algal species had higher total N
content. Macrocystis pyrifera does not occur in the Hauraki Gulf and, while the invasive
U. pinnatifida has been reported in this region, it was not encountered in O. pullus habitats during
sampling.
Nutrient intake was found to vary seasonally in a manner predicted by patterns of diet choice
(Ch. 5). Differences between sexes were evident during the second half of the year, indicating that
changes in diet were due to selective feeding rather than seasonal variation in algal nutrient content.
Mannitol was consistently the most abundant carbohydrate ingested (Ch. 5), and assimilation
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efficiencies remained high throughout the year (Ch. 6), providing no evidence for reduced
efficiency of hindgut fermentation at low seasonal temperatures. Overall, seasonal variation in
nutrient intake of female fish was best represented as a change in the ingested balance of mannitol
vs. protein, which was interpreted as representing the energy to protein balance of the diet.
As with previous studies that have considered seasonal variation in herbivorous fish diets
(e.g. Fishelson et al. 1985, Horn et al. 1986), changes in diet choice and nutrient intake in O. pullus
correlated well with spawning activity and variation in lipid reserves. Results indicated that female
fish were able to store energy across the year in order to take advantage of seasonally available
sources of protein during a time of high reproductive tissue growth. Whilst this pattern appeared
strong in the Hauraki Gulf, it remains to be established how diet choice is influenced by spawning
activity at locations where algae such as M. pyrifera or D. antarctica are present. Diet choice in
relation to seasonal changes in nutrient demand may be very different at other locations throughout
the country and it seems likely that the ecological impact of O. pullus on temperate reefs across
New Zealand will vary depending on the relative nutritional value of available dietary algal species.
Variation in the nutritional ecology of O. pullus at sites spanning a latitudinal gradient
Comparison of the nutritional ecology of O. pullus across locations that span a broad latitudinal
gradient provided the best opportunity to test the hypothesis of a temperature constraint on
herbivorous mechanisms of digestion. At the locations sampled, the mean annual sea surface
temperature ranged from 12.4°C (Stewart Island) to 17.0°C (Hauraki Gulf). At Stewart Island the
lowest annual sea surface temperature was 10.4°C (Trip 2010); any constraint on digestion could
therefore have been expected to manifest at this location.
There was no evidence that fish from Stewart Island consumed a greater proportion of animal
material at the time of sampling than at the other study locations (Ch. 2). Analysis of stable isotopes
also gave no indication that fish at this location consumed an increased proportion of animal
material at any other time of the year (Ch. 3). Together these results strongly indicate that O. pullus
did not shift its feeding behaviour to become omnivorous at low temperatures. Differences in the
algal composition of the diet across locations were observed for large fish, with individuals from
Stewart Island consuming the greatest diversity of both laminarian and fucalian algae. This
difference was attributed to the higher diversity of algae available at this location and, together with
previous studies (Choat and Clements 1992, Taylor and Schiel 2010), suggests that O. pullus is
capable of adapting to consume a wide variety of phaeophyte algae throughout New Zealand.
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In spite of variation in algal nutrient composition of the diet, protein intake remained constant
across locations (Ch. 5). This result indicated that protein intake is likely to have been regulated
and, furthermore, provided no evidence that protein was being metabolised in place of carbohydrate
at higher latitudes. Assimilation estimates for protein (Ch. 6) were lower than those obtained by
studies that used comparable methods on other herbivorous fish species (e.g. Crossman et al. 2005),
which could represent either the fact that phaeophyte algae are difficult to digest, or that O. pullus
has high levels of microbial protein in the hindgut compared to other herbivorous fishes.
Mannitol was identified as the principal dietary carbohydrate utilised at all three locations (Ch. 5
and 6). Since mannitol is unlikely to be directly assimilated by fish via endogenous mechanisms
(White et al. 2010), this result provided strong evidence that hindgut fermentation was important at
all locations. Patterns of changing nutrient concentration along the gut provided support for this
conclusion (Ch. 7). Metabolite profiles also indicated that the stoichiometry of hindgut fermentation
was not substantially altered by effects of latitude (Ch. 7). Cellular metabolites and metabolic
pathways do not vary across different systems (Viant 2007), and this study did not therefore
determine whether there were differences in the composition of the microflora at the level of either
the genome or proteome. The extent to which gut microflora vary across habitats remains an
interesting research question and the fact that differences were observed in the metabolite profiles
of fish from D’Urville Island suggested that some degree of specialisation may be occurring. In
summary, the patterns of nutrient ingestion and digestion observed in the present study indicate that
the digestive mechanisms of O. pullus remained similar across the majority of its natural species
range, and that they are therefore unaffected by temperature.
When multiple nutrients were considered simultaneously, the balance of adult diets was shown to
vary significantly across locations. At the time of sampling, the highest ratio of ingested mannitol to
protein was seen in fish from Stewart Island. In contrast, fish from D’Urville Island ingested a high
proportion of glucose, and fish from the Hauraki Gulf a high proportion of galactose (Ch. 5).
Assimilation efficiencies of different dietary carbohydrates also reflected their prevalence in the diet
(Ch. 6). Fish from Stewart Island appeared to assimilate little of the glucose or galactose they
ingested, whereas fish from D’Urville Island preferentially assimilated glucose and fish from the
Hauraki Gulf preferentially assimilated galactose. Results therefore demonstrated that the extent to
which fish utilise available carbohydrates can vary across populations. The nutritional value of a
particular carbohydrate is likely to depend not just on the form in which it is present in the diet, but
also on the relative availability of other carbohydrates. For example, at times O. pullus may
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selectively consume diet items with high mannitol content, yet when available mannitol content
is low, other carbohydrates may become of increasing nutritional relevance.
Evidence for a temperature constraint on ectothermic herbivory at high latitude
This study provided no evidence that temperature influences the diet or digestive mechanisms of
O. pullus. Changes in diet with ontogeny provided no substantial evidence for a delay in the onset
of herbivory, and adult diets remained exclusively herbivorous across locations. Intake and
utilisation of known fermentation substrates actually increased at southern locations and indirect
examination of gut physiology suggested that hindgut fermentation was the main mechanism of
carbohydrate digestion throughout the species range.
Whilst this study has shown that efficient digestion of plant material can, and does, occur at
latitudes above those for which a temperature-mediated constraint has been hypothesized (Harmelin
Vivien 2002, Floeter et al. 2005, Behrens and Lafferty 2007), it took no account of the rate at which
nutrients were being digested and assimilated. The species examined was found to rely on hindgut
fermentation at all three study locations, and it is likely that fermentation rates in ectothermic
herbivores are negatively correlated with temperature (Bjorndal 1997). Furthermore, intake rates
and gut passage rates of herbivorous fishes are also known to decrease with temperature (Horn and
Gibson 1990, Smith 2008). It is therefore likely that hindgut fermentation rates did decline with
latitude in the current study, and that the high mannitol utilisation efficiencies observed at southern
locations were due to increased gut throughput times. Since growth rates and metabolic rates are
also negatively correlated with temperature in ectotherms (Kingsolver and Huey 2008), a nutritional
constraint at higher latitude would be expected to arise in this species if temperature had a greater
effect on fermentation rates than on metabolism and growth (Floeter et al. 2005).
The life history and demography of O. pullus was examined in detail in a companion study in which
sampling was carried out alongside the work presented in this thesis (Trip 2010). Trip (2010)
demonstrated that, not only did fish grow more slowly at high latitudes, but they also achieved a
larger mean maximum size whilst maintaining the same size-at-maturity and size-at-sex-change.
Beregan and Charnov (1994) predicted that a nutritional constraint on ectotherm life history would
be expected to result in slower growth, smaller mean maximum size and smaller size-at-maturity.
The demographic trends observed by Trip (2010) therefore led her to conclude that there was no
evidence for a nutritional constraint on the growth and development of O. pullus at higher latitudes.
Together these two studies demonstrate that not only is O. pullus capable of efficient digestion at
higher latitudes, but that rates of digestion do not act as a constraint in relation to rates of
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metabolism and growth. In fact, these studies indicate there is no reason why this species may not
be better able to meet its nutritional requirements in colder waters.
The demonstrated performance of O. pullus at low temperatures leads to the question of why
ectothermic herbivory is not more common in temperate environments. It could be that this species
is a rare example of the evolution of herbivory at higher latitudes, as suggested by Floeter et al.
(2005). The Odacini are a depauperate clade within the Labridae and are unique within this family
in their predominant consumption of phaeophyte algae (Clements et al. 2004, Westneat et al. 2005).
In contrast, the majority of herbivorous fishes have evolved on coral reefs (Choat 1992), where
phaeophyte algae are usually of relatively low biomass (Lubchenco and Gaines 1982). The success
of O. pullus could therefore lie in the fact that it has evolved the ability to digest phaeophyte algae,
which are generally considered to be refractory and of low nutritional value (Montgomery and
Gerking 1980). Another possibility is that successful piscine herbivory at high latitudes is more
common than is frequently cited (Clements et al. 2009). If this is the case, then the differences
between marine and terrestrial environments may be critical in understanding how marine
herbivorous fishes circumvent a temperature constraint on digestion (Choat and Clements 1998,
Clements et al. 2009).
General conclusions
This thesis considered digestion in a single species of marine herbivorous fish; however,
its conclusions can be extrapolated to contribute to the understanding of herbivory in ectothermic
vertebrates in general. What follows is a discussion of how this thesis has extended knowledge of
the nutritional ecology of vertebrate ectothermic herbivores, with particular reference to how
species in marine and terrestrial systems may differ in their ability to respond to declining
temperature.
In Chapters Four, Five, and Six the nutrient composition of marine algae was examined in
unprecedented detail and diet quality was considered not only in terms of macronutrient
composition but also at the level of constituent amino acids and sugars. The high dimensionality of
the data generated meant that it was necessary to use methods of multivariate analysis that enabled
data to be explored in a manner consistent with the goals of this project (i.e. in terms of a balanced
nutrient intake). Orloci’s chord distance was selected as a single metric that quantified differences
in the balance of multiple dietary components independently of their concentrations.
The advantages of this approach were twofold: first, it enabled two-dimensional ordination plots to
be generated that revealed important dietary trends in a manner consistent with the geometric
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framework; and second, it enabled differences in nutrient balance to be tested using permutationbased methods of statistical analysis. The combination of high dimensional nutrient data with novel
methods of analysis and presentation provided insight into the nutritional ecology of O. pullus that
would not have been achieved through a consideration of macronutrients alone.
One conclusion that arises from this thesis is that it is important to consider the form in which algal
carbohydrate is present in fish diets. Carbohydrate assimilation efficiency has been reported as low
in field studies of herbivorous fish digestion (e.g. Montgomery and Gerking 1980, Crossman et al.
2005). However, the results of this study demonstrate that not only can the assimilation efficiency
of certain types of carbohydrate be extremely high, but the relative extent to which different types
of carbohydrate are utilised can vary within species. Studies of the nutrient content of marine algae
that fail to account for carbohydrate diversity (e.g. Peters et al. 2005, Smith et al. 2010) are
therefore likely to be limited in their ability to draw conclusions about nutritional value. This may
be one reason why observed diet choices frequently fail to concur with predictions in studies of
marine herbivory (e.g. Van Alstyne et al. 2001, Pillans et al. 2004). The high biochemical diversity
of the dominant plants in marine versus terrestrial environments may mean that this problem is only
encountered in studies of marine systems. Whilst terrestrial plants may be usefully considered in
terms of available starch and cellulose (Van Soest 1994), marine herbivores encounter a broader
variety of macroalgal carbohydrates, and these can vary greatly in their digestibility and nutritional
value.
Another conclusion of this thesis is that aspects of nutritional quality such as the digestibility of
dietary carbohydrate, or the carbohydrate to protein ratio, are likely to influence not only the
behaviour but also the digestive physiology of the consumer. In the current study, fish demonstrated
a plasticity that enabled them to utilise a variety of types of carbohydrate as fermentation substrates,
possibly as a result of acclimation of the hindgut microflora. Terrestrial ectotherms have similarly
been shown to alter their digestive strategy in the face of changes in diet quality (Bjorndal 1989).
However, the scope for such responses may be more restricted in terrestrial systems due to the
lower biochemical diversity of diet items available to them. Together the availability of a variety of
different forms of algal carbohydrate and the ability of fishes to alter their digestive physiology in
order make use of them may result in a greater inherent flexibility within marine systems than is
observed on land. It follows that the ability of O. pullus to exploit a wide variety of diets may be
one reason why it is more successful across gradients of latitude than many terrestrial vertebrate
ectotherms.
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The sugar-alcohol mannitol was clearly a very important component in the diet of O. pullus and is
an example of a fermentation substrate that is not widely available to terrestrial herbivores. As a
monomer, mannitol is likely to be fermented faster than polysaccharides, such as laminarin,
carageenan, or cellulose. The ingestion of significant amounts of mannitol may therefore enable
high digestive efficiencies to be achieved without the need for the extended gut throughput times
typically associated with herbivory (Karasov and Martínez del Rio 2007). Whilst it is possible that
the rate of fermentation of polysaccharides becomes a limiting factor for digestion at low
temperatures, reliance on monomer substrates may provide one digestive strategy that allows this
problem to be avoided.
As discussed in the general introduction, an optimal diet for an herbivorous ectotherm may usefully
be considered in terms of the balance of ingested protein to energy. Many diet studies have assumed
that fish have a high demand for protein and that, therefore, protein is the limiting nutrient in fish
diets; however a consideration of herbivorous fish nutrition from the perspective of optimal
digestion of both energy and protein suggests that this may not be the case (Bowen 1987). Rates of
digestion for different macronutrients are assumed to decrease in the following order; protein to
carbohydrate to lipid (Karasov and Martínez del Rio 2007), based on the number of steps involved
in pathways of digestion and assimilation. As a result, ingestion of mannitol may allow
comparatively high rates of fermentation. This would allow low gut throughput times without
compromising digestive efficiency and, in consequence, may also enable fish to increase their net
protein intake. Given this, in herbivorous fishes that rely on microbial fermentation as a principal
mechanism of digestion, gut passage rates may well be limited by exogenous carbohydrate
digestion, rather than rates of endogenous protein digestion. Consequentially, net protein intake
may actually be limited by the need to obtain sufficient energy from a diet of refractory
carbohydrate. An optimal diet for herbivores may therefore be better considered as one that allows
high rates of carbohydrate digestion relative to protein digestion, rather than one that involves
ingestion of high protein concentrations per se.
According to this hypothesis, the effect of temperature on ectothermic herbivory needs to be
understood in terms of: i) the relative rates at which protein and energy can be digested and
assimilated on a given diet; ii) how these rates correlate with temperature; and iii) how nutrient
demand varies with temperature as a result of changes in rates of growth and metabolism.
Understanding the manner in which these factors interact across gradients of temperature would
provide a basis for understanding when and how a nutritional constraint is likely to arise.
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Suggestions for future research
The detailed understanding of the nutrition and digestive physiology of O. pullus provided by this
and other studies makes the species an ideal subject for further investigation into the nutritional
ecology of ectothermic herbivory. To date, only one study has carried out research on captive O.
pullus (Baker 2011), and there is great potential for similar controlled studies to answer the
questions arising from this thesis. Three experiments are proposed below that may help to address
point (i) (above), and thereby establish whether a protein to energy balance is critical in determining
diet quality for this and other species.
Rates of organic acid production have previously been measured in vitro using micro-scale batch
cultures of material removed from the intestine of rainbow trout (Oncorhynchus mykiss) and
incubated at different temperatures with a variety of different fermentation substrates (Kihara and
Sakata 2001). A similar approach applied to the intestinal contents of O. pullus could be used to test
the hypothesis that fermentation rates are higher for incubations with monomer substrates, such as
mannitol, than for incubations with polysaccharides such as laminarin or carrageenan.
Following in vitro studies, observations on the rates of fermentation of different algal carbohydrates
could be verified by direct observation of the gut throughput times and assimilation efficiencies of
captive fish fed on controlled diets. If throughput times depend on the time taken to ferment dietary
carbohydrate, they would be expected to decrease on diets that contained carbohydrates shown to
result in higher in vitro rates of fermentation. The hypothesis that rates of endogenous protein
digestion are not limiting relative to rates of carbohydrate fermentation could also be tested by
varying the protein to carbohydrate ratio of diets. If rates of protein digestion were not limiting, then
throughput times could be expected to depend more on the carbohydrate composition of the diet
than on any variation in protein content. Finally, the optimal ratio of carbohydrate to protein in the
ingested diet of captive fish could be established by allowing fish to feed freely on two diets that
were complementary with respect to these two macronutrients and quantifying their intake.
Together, these three experiments would enable an understanding of the factors that influence
throughput times and therefore net rates of nutrient acquisition in this species. Based on the results
it would be possible to establish whether, for fish feeding on natural diets, protein intake is
constrained by the need to have extended throughput times in order to digest dietary carbohydrate.
A second research area that promises to be particularly rewarding is the application of
metabolomics and genomics to the study of microbial activity in the GI tract of herbivorous
ectotherms. The term ‘systems biology’ has been used to describe research that aims to integrate
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information at the level of the genome, proteome, and metabolome (Palsson 2006), and the
applicability of this approach to studies of digestive physiology has been demonstrated (Martins dos
Santos et al. 2010). Meta-genomic sequencing has previously been used to determine the extent to
which microbial communities vary across the GI tracts of different species (e.g. Muegge et al.
2011), and a similar approach could be used to establish how such communities vary within species
in response to changes in environment, such as decreasing temperature. The functional significance
of changes at the level of the genome could then be ascertained by examining the metabolite
profiles of gut fluid and extracted microbes. As tools for the analysis of metabolomics data become
more powerful it will become possible to relate changes in metabolite profiles to changes in the
activity of identified metabolic pathways. The significance of observed changes can then be
assessed in terms of their effect on the nutrition of the host organism. Used in this way, the
approaches that underpin systems biology may also become valuable tools within the field of
nutritional ecology.
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A.1 – ImageJ macro script (Java)
//This script opens all the images in a specified directory
//first it converts them to binary using the ‘make binary’ function in imagej
//it then calculates the area of each binary image using the ‘analyze particles’ function.
//the binary image is saved to the directory under the file name with the suffix “Mask.tif”
//the area data are saved to the directory under the file name with the suffix “Area.txt”
macro "ImageAnalyse"{
dir = getDirectory("Choose a Directory ");
list = getFileList(dir);
setBatchMode(true);
for (i=0; i<list.length; i++) {
path = dir+list[i];
open(path);
run("Make Binary");
run("Analyze Particles...", "size=3000-Infinity circularity=0.00-1.00 show=Masks
display exclude clear");
dotIndex = lastIndexOf(path, ".");
if (dotIndex!=-1)
path = substring(path, 0, dotIndex); // remove extension
save(path+"Mask.tif");
saveAs("Measurements", path+"Area.txt");
close;
close;
}
}

A.2 – Perl script
(Written by Dr Howard Ross, University of Auckland)
#!/usr/bin/perl -w
#
#
#
#
#

This script reads through all of the files in the current directory
and selects those ending in 'area.txt' (case INSENSITIVE).
Each selected file is opened and the numbers in the second TAB-delimited
column are summed.
The sum is written to the output file against the name of the input file.

use strict;
my $line;
my $infile;
my $outfile = "totals.txt";
open OUTFILE, ">$outfile" or die "Couldn't open output file ($outfile): $!";

foreach $infile (glob '*') {
next if ($infile !~ /area\.txt$/i);
open INFILE, "$infile" or die "Couldn't open input file ($infile): $!";
my $total=0;
while ($line = <INFILE>) {
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my @items = split /\s+/, $line;
next if ($items[1] !~ /\d+/);
$total += $items[1];
}
my
my
my
my

($prefix) = ($infile =~ /(.+)area\.txt$/i);
($fishno) = ($infile =~ /(\w\d{3}).+area\.txt$/i);
($imageno) = ($infile =~ /\w\d{3}\S(\d\d).{0,}area\.txt$/i);
($algalid) = ($infile =~ /(\w\d{3}\S\d{2}).{0,}area\.txt$/i);

print OUTFILE "$fishno\t$algalid\t$imageno\t$prefix\t$total\n";
close INFILE;
}
close OUTFILE;

A.3 – Results of binary logistic regression of fish size (FL) against the switch from omnivory
to herbivory
Models compare fish from the Hauraki Gulf with fish from Stewart Island. A) the size at which fish
consume > 50% phaeophyte algae, and B) the size at which fish consume < 50% rhodophyte algae +
animal material.
A)

95% CI
Lower Upper

Predictor

Coef.

S.E. Coef.

Z

p

Odds ratio

Constant
Size
Location
Stewart Island

-1.799
0.013

0.634
0.002

-2.84
5.71

0.005
0

1.01

1.01

1.02

-1.628

0.501

-3.25

0.001

0.2

0.07

0.52

Test that all slopes are zero: G = 55.119, df = 2, p < 0.001

B) Predictor
Constant
Size
Location
Stewart Island

95% CI
Lower Upper

Coef.

S.E. Coef.

Z

p

Odds ratio

2.09
-0.015

0.683
0.003

3.06
-5.64

0.002
0

0.99

0.98

0.99

1.039

0.537

1.93

0.053

2.83

0.99

8.10

Test that all slopes are zero: G = 52.605, df = 2, p < 0.001
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A.4 – Results of pair-wise comparisons (PERMANOVA) of adult female diet between different size
categories (Hauraki Gulf)
Pair-wise comparison
200-299 vs. 300-399
200-299 vs. 400-499
300-399 vs. 400-499

t
1.157
2.374
2.114

p(perm)

Unique perms

0.257
0.004
0.007

9952
9951
9959

(Data are pooled across seasons)

A.5 – Results of pair-wise comparisons (PERMANOVA) of adult diet between seasons
(Hauraki Gulf)
Adult female fish:

Male fish:

Pair-wise comparison
Jan-Mar vs. Apr-Jun
Jan-Mar vs. Jul-Sept
Oct-Dec vs. Jan-Mar
Oct-Dec vs. Apr-Jun
Apr-Jun vs. Jul-Sept
Oct-Dec vs. Jul-Sept

t
1.773
3.035
1.783
2.740
4.200
2.270

p(perm)

Unique
perms

Pair-wise comparison

0.0153
0.0001
0.0172
0.0002
0.0001
0.0065

9949
9965
9952
9949
9948
9951

Jan-Mar vs. Apr-Jun
Jan-Mar vs. Jul-Sept
Jan-Mar vs. Oct-Dec
Apr-Jun vs. Jul-Sept
Apr-Jun vs. Oct-Dec
Oct-Dec vs. Jul-Sept

t
0.944
1.666
1.166
2.558
1.930
1.006

p(perm)

Unique
perms

0.4926
0.0801
0.2586
0.0055
0.0142
0.3591

8899
8198
4985
9427
8939
8191

A.6 – Analysis of covariance comparing the dry mass of section I contents across seasons
Data are for female fish (>200mm FL) collected from the Hauraki Gulf. Data for section I contents mass
are log transformed and log-size (FL) is included as a linear covariate.
Source of
variation
Season
logSize
Residual

df
3
1
72

Adj. SS
0.362
1.936
2.282

Adj. MS
0.121
1.936
0.032
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3.81
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p
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A.7 – Results of pair-wise comparisons (PERMANOVA) of diet between locations, within size
category

Size Category level

D'Urville Island vs.
Hauraki Gulf
D'Urville Island vs.
Stewart Island
Hauraki Gulf vs.
Stewart Island

<200mm

200-299mm

t

P(perm)

Unique
perms

t

P(perm)

Unique
perms

t

P(perm)

Unique
perms

0.642

0.697

5073

0.806

0.573

5710

1.76

0.014

9947

1.272

0.208

8168

1.464

0.079

9403

2.975

<0.001

9909

1.407

0.147

6616

1.04

0.388

5686

2.638

<0.001

9949

400-499mm

D'Urville Island vs.
Hauraki Gulf
D'Urville Island vs.
Stewart Island
Hauraki Gulf vs.
Stewart Island

300-399mm

500-599mm

t

P(perm)

Unique
perms

1.092

0.351

8913

3.708

<0.001

9888

3.152

<0.001

9583

t

P(perm)

Unique
perms

2.243

0.102

10
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B.1 – Results of ANOVA test of variation in A) δ15N and B) δ13C with size (category), sex, region
(onshore vs. offshore) and season
Data are for white muscle tissue of fish collected from within the Hauraki Gulf (Figure 3.1). Fish have
been blocked into one of three size categories roughly based on their reproductive state (see Chapter One,
Figure 1.1).
A) Source of variation
Region (R)
Reproductive Size Category (Cr)
Sex(Reproductive Size Category)
Season (S)
R*S
R*Cr
Cr*S
R*Cr*S
Residual

B) Source of variation
Region (R)
Reproductive Size Category (Cr)
Sex(Reproductive Size Category)
Season (S)
R*S
R*Cr
Cr*S
R*Cr*S
Residual

df

Adj. SS

Adj. MS

F

1
2
1
1
1
2
2
2
93

6.988
14.884
1.984
0.046
0.133
0.896
0.606
0.450
15.601

6.988
7.442
1.984
0.046
0.133
0.448
0.303
0.225
0.168

41.65
44.36
11.82
0.28
0.79
2.67
1.81
1.34

<0.001
<0.001
0.001
0.601
0.375
0.075
0.170
0.267

df

Adj. SS

Adj. MS

F

p

1
2
1
1
1
2
2
2
93

1.885
12.352
0.583
0.037
0.595
2.813
0.987
0.155
57.071

1.885
6.176
0.583
0.037
0.595
1.406
0.494
0.078
0.614

3.07
10.06
0.95
0.06
0.97
2.29
0.80
0.13

0.083
<0.001
0.332
0.807
0.328
0.107
0.450
0.881
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B.2 – Results of ANCOVA test of variation in A) δ15N and B) δ13C of large adult fish (>359mm FL)
across locations
Size was included in tests as a linear covariate (untransformed), and variance was partitioned using Type I
sums of squares, with factors considered in the order in which they appear. The ordering of the interaction
terms did not affect their significance at α = 0.05.

A) Source of variation
Location (L)
Size (Sz)
Sex (Sx)
Sx*Sz
L*Sz
L*Sx
L*Sx*Sz
Residual

B) Source of variation
Location (L)
Size (Sz)
Sex (Sx)
Sx*Sz
L*Sz
L*Sx
L*Sx*Sz
Residual

df
2
1
1
1
2
2
2
89

Seq. SS
15.514
1.754
3.385
2.727
1.606
0.115
0.104
25.383

Seq. MS

F

P

7.757
1.754
3.385
2.727
0.803
0.058
0.052
0.285

27.20
6.15
11.87
9.56
2.82
0.20
0.18

<0.001
0.015
0.001
0.003
0.065
0.818
0.834

P

df

Seq SS

Seq MS

F

2
1
1
1
2
2
2
89

26.354
4.464
0.173
0.577
3.460
0.636
1.077
67.596

13.177
4.464
0.173
0.577
1.730
0.318
0.539
0.760

17.35
5.88
0.23
0.76
2.28
0.42
0.71
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0.659
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B.3 – Results of ANCOVA tests of variation in δ15N with size and sex, considering each location
individually
Data were treated as above (B.3).

Hauraki Gulf:
Source of variation

df

Seq. SS

Seq. MS

F

Size (S)
Sex (Sx)
S*Sx
Residual

1
1
1
59

0.399
1.475
1.294
14.128

0.399
1.475
1.294
0.240

1.67
6.16
5.41

Source of variation

df

Seq. SS

Seq. MS

F

Size (S)
Sex (Sx)
S*Sx
Residual

1
1
1
13

0.258
1.490
0.651
6.7175

0.258
1.490
0.651
0.517

0.50
2.88
1.26

Source of variation

df

Seq. SS

Seq. MS

F

Size (S)
Sex (Sx)
S*Sx
Residual

1
1
1
17

1.474
1.525
1.124
4.538

1.474
1.525
1.124
0.267

5.52
5.71
4.21

p
0.202
0.016
0.024

D’Urville Island:
p
0.492
0.113
0.282

Stewart Island:
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C.1 – Results of two-way statistical tests comparing nutrient concentration of C. maschalocarpum
across tissue types (thallus vs. reproductives) and across locations (Hauraki Gulf vs. Stewart Island)

Tests are for untransformed data. Assumptions of homoscedasticity were not met for mannitol and
glucose (Levene’s test: 4.11, p = 0.023; 4.72, p = 0.014, respectively). Assumptions of normality were not
met for galactose and fucose (A2: 0.859, p = 0.023; 1.14, p <0.005, respectively).

Protein:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
15

22.460
40.496
0.169
12.791

22.460
40.496
0.169
0.853

26.34
47.49
0.20

<0.001
<0.001
0.662

Myo-inositol:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
17

0.006
0.091
0.003
0.025

0.006
0.091
0.003
0.001

3.93
63.11
1.75

0.064
<0.001
0.203

Mannose:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
17

0.002
0.243
0.0001
0.690

0.002
0.243
0.0002
0.041

0.05
5.99
<0.001

0.833
0.026
0.948

Mannitol:

Lipid:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
16

0.159
0.123
4.030
19.998

0.159
0.123
4.030
1.250

0.13
0.1
3.22

0.726
0.757
0.091

Xylose:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
17

0.003
0.0006
0.003
0.531

0.003
0.0006
0.003
0.031

0.10
0.02
0.09

0.76
0.894
0.768

Fucose:
Source of
Variation

df

Adj SS

Adj MS

F

p

Location (L)
Tissue (T)
L*T
Residual

1
1
1
17

0.515
7.603
0.662
15.404

0.515
7.603
0.662
0.906

0.57
8.39
0.73

0.461
0.01
0.405

N

Median

Av. Rank

Z

HG repr.
HG thallus
SI repr.
SI thallus

5
4
6
6

6.364
0.161
2.455
0.155

16.0
8.8
12.0
7.3

2.06
-0.8
0.47
-1.7

H = 6.02

df = 3

Glucose:
N

Median

Av. Rank

Z

HG repr.
HG thallus
SI repr.
SI thallus

5
4
6
6

4.036
6.543
3.732
11.916

7.0
14.0
5.2
18.2

-1.65
1.07
-2.72
3.35

H = 16.32

df = 3

p = 0.001
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C.2 - Concentrations of macronutrients in tissues of commonly ingested algae from the Hauraki Gulf (HG) and Stewart Island (SI)

All values are expressed as percent dry mass. Figures in brackets represent standard error.

Protein

Lipid

C. maschalocarpum
HG:
thallus SI:

6.51 (0.37)
4.38 (0.43)

4.02 (0.20)
3.33 (0.26)

0.19 (0.01)
0.13 (0.01)

6.45 (0.51)
12.41 (1.82)

C. maschalocarpum
HG:
reproductives SI:

8.81 (0.52)
7.56 (0.33)

3.00 (0.75)
4.07 (0.61)

0.30 (0.02)
0.29 (0.02)

E. radiata

HG:

7.30 (0.11)

3.37 (0.19)

Epiphytic rhodophytes

HG:

15.78 (0.18)

-

Myo-inositol

Mannitol

Galactose

Glucose

Xylose

Mannose

1.61 (0.05)
1.57 (0.11)

1.06 (0.05)
0.96 (0.10)

0.16 (0.01)
0.17 (0.02)

0.78 (0.05)
0.73 (0.04)

0.79 (0.06)
0.81 (0.06)

4.23 (0.19)
3.99 (0.32)

2.47 (0.70)
3.15 (0.42)

1.29 (0.18)
1.32 (0.14)

6.48 (2.06)
2.07 (0.67)

0.75 (0.11)
0.75 (0.08)

0.58 (0.06)
0.59 (0.13)

0.42 (0.05)

9.99 (2.14)

1.43 (0.21)

0.59 (0.06)

3.02 (1.74)

0.21 (0.03)

0.5 (0.08)

0.21 (0.01)

0.01 (0.01)

0.02 (0.02)

13.07 (0.60)

2.28 (0.32)

1.61 (0.07)

0.91 (0.04)
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D.1 – Results of ANOVA comparing the concentration of protein in gut section I across adult
specimens of O. pullus from the Hauraki Gulf
Considering: A) the effect of year half, size and sex; and B) the effect of year half and size after male data
has been removed from the model. Data were loge transformed prior to analysis.
A) Source of variation
YearHalf (Yh)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Yh*Sc
Yh*Sx(Sc)
Residual

df
1
1
1
1
1
73

B) Source of variation

df

YearHalf
SizeCategory
Yh*Sc
Residual

1
1
1
53

Adj. SS

Adj. MS

0.301
0.576
0.147
0.058
0.727
7.641

Adj. SS

0.301
0.576
0.148
0.058
0.727
0.105

Adj. MS

0.877
0.202
0.064
5.754

0.877
0.202
0.064
0.109

F

p

2.88
5.51
1.41
0.56
6.95

0.094
0.022
0.239
0.458
0.010

F

p

8.08
1.86
0.59

0.006
0.179
0.447

D.2 – Results of ANOVA comparing the concentration of nitrogen in gut section I across adult
specimens of O. pullus from the Hauraki Gulf
Considering: A) the effect of year half, size and sex; and B) the effect of year half and size after male data
has been removed from the model. Data were loge transformed prior to analysis.
A) Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual

B) Source of variation
Season (Sn)
SizeCategory (Sc)
Sn*Sc
Residual

df

Adj. SS

Adj. MS

F

p

3
1
1
3
3
70

0.723
0.083
0.165
0.465
0.756
7.096

0.241
0.083
0.165
0.155
0.252
0.101

2.38
0.81
1.63
1.53
2.49

0.077
0.370
0.206
0.215
0.068

df

Adj. SS

Adj. MS

F

p

3
1
3
45

1.200
0.001
0.311
4.663

0.400
0.001
0.104
0.104

3.86
0.01
1.00

0.015
0.930
0.402
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D.3 – The amino acid composition of material taken from gut section I of adult fish collected across seasons within the Hauraki Gulf

January - March
% Dry mass
% THAA
Glutamic acid
1.44 (0.10)
12.15
Leucine
0.97 (0.08)
8.16
Lysine
0.86 (0.08)
7.07
Alanine
0.77 (0.05)
6.59
Valine
0.77 (0.06)
6.50
Serine
0.77 (0.06)
6.47
Proline
0.75 (0.05)
6.35
Arginine
0.69 (0.06)
5.70
Threonine
0.67 (0.05)
5.71
Aspartic acid
0.65 (0.05)
5.59
Taurine
0.65 (0.04)
5.65
Isoleucine
0.63 (0.05)
5.25
Phenyalanine
0.59 (0.04)
5.04
Tyrosine
0.47 (0.05)
3.83
Histidine
0.47 (0.05)
3.81
Glycine
0.41 (0.03)
3.48
Methionine
0.27 (0.03)
2.20
Hydroxyproline
0.05 (0.01)
0.45
11.88

(0.25)
(0.13)
(0.20)
(0.12)
(0.07)
(0.14)
(0.16)
(0.11)
(0.10)
(0.32)
(0.29)
(0.05)
(0.14)
(0.19)
(0.22)
(0.13)
(0.07)
(0.09)

April - June
% Dry mass
% THAA
1.61 (0.13)
13.21
1.02 (0.09)
8.26
0.88 (0.09)
7.07
0.77 (0.05)
6.48
0.77 (0.06)
6.39
0.82 (0.07)
6.74
0.71 (0.05)
5.98
0.62 (0.05)
5.08
0.69 (0.05)
5.78
0.78 (0.06)
6.52
0.54 (0.03)
4.79
0.66 (0.06)
5.36
0.56 (0.04)
4.62
0.49 (0.05)
3.98
0.50 (0.05)
4.03
0.37 (0.02)
3.12
0.29 (0.03)
2.28
0.03 (0.01)
0.32

(0.31)
(0.13)
(0.16)
(0.13)
(0.07)
(0.10)
(0.13)
(0.10)
(0.07)
(0.24)
(0.33)
(0.07)
(0.13)
(0.18)
(0.15)
(0.08)
(0.07)
(0.06)

12.12

July - September
% Dry mass
% THAA
1.69 (0.15)
11.96 (0.29)
1.16 (0.11)
8.24 (0.20)
1.03 (0.12)
7.03 (0.21)
0.88 (0.08)
6.24 (0.10)
0.90 (0.08)
6.38 (0.06)
0.96 (0.10)
6.73 (0.14)
0.83 (0.07)
5.89 (0.11)
0.79 (0.09)
5.41 (0.18)
0.80 (0.07)
5.71 (0.09)
0.84 (0.07)
6.20 (0.31)
0.70 (0.04)
5.42 (0.42)
0.77 (0.07)
5.49 (0.14)
0.65 (0.06)
4.58 (0.16)
0.61 (0.08)
4.19 (0.19)
0.73 (0.11)
4.95 (0.31)
0.44 (0.04)
3.12 (0.08)
0.32 (0.04)
2.20 (0.09)
0.04 (0.01)
0.27 (0.06)
14.14
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October - December
% Dry mass
% THAA
1.66 (0.15)
12.33 (0.31)
1.14 (0.11)
8.30 (0.14)
0.99 (0.11)
7.09 (0.18)
0.87 (0.06)
6.59 (0.14)
0.88 (0.08)
6.49 (0.08)
0.88 (0.08)
6.45 (0.13)
0.83 (0.07)
6.17 (0.10)
0.78 (0.07)
5.70 (0.14)
0.77 (0.07)
5.71 (0.12)
0.75 (0.07)
5.59 (0.21)
0.65 (0.05)
5.07 (0.44)
0.73 (0.07)
5.39 (0.09)
0.67 (0.06)
4.91 (0.15)
0.57 (0.06)
4.08 (0.17)
0.56 (0.06)
4.07 (0.21)
0.44 (0.03)
3.36 (0.09)
0.32 (0.04)
2.29 (0.08)
0.04 (0.01)
0.39 (0.06)
13.54
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D.3 (Cont.) – Results of MANOVA comparing the amino acid composition of protein in gut section
I across adult specimens of O. pullus from the Hauraki Gulf
Data were loge transformed prior to analysis.

MANOVA

Wilks'

Approx F

Season
SizeCategory (Sc)
Sex(SizeCategory)
Season*SizeCategory
Season*Sex(SizeCategory)

0.267
0.677
0.611
0.304
0.322

1.518
1.297
1.734
1.335
1.258

df
Numerator
Denominator
54
18
18
54
54

146
49
49
146
146

P
0.026
0.231
0.065
0.090
0.143

D.4 – Results of ANOVAs comparing the concentration of individual sugars in gut section I across
adult specimens of O. pullus from the Hauraki Gulf (See Table 5.1)
Data were transformed as stated in Appendix D.5
Mannitol:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual

df
3
1

Adj. SS
62.866
11.485

Adj.
MS
20.955
11.485

1
3
3
69

1.123
60.895
50.192
531.197

1.123
20.298
16.731
7.699

DF
3
1

Adj SS
1.023
1.081

Adj
MS
0.341
1.081

1
3
3
70

0.483
0.472
0.881
17.37

0.483
0.157
0.294
0.248

df
3
1

Adj. SS
1.495
0.762

Adj.
MS
0.498
0.762

1
3
3
69

0.965
0.927
0.655
22.350

0.965
0.309
0.218
0.324

F
2.72
1.49

p
0.051
0.226

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
80.010
5.612

Adj.
MS
26.67
5.612

0.15
2.64
2.17

0.704
0.056
0.099

Sn*Sc
Residual

3
53

27.693
389.121

9.231
7.342

F
1.37
4.36

p
0.258
0.040

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
0.511
0.269

Adj.
MS
0.171
0.269

1.95
0.63
1.18

0.167
0.596
0.322

Sn*Sc
Residual

3
53

0.132
7.931

0.044
0.150

F
1.54
2.35

p
0.212
0.130

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
1.009
0.048

Adj.
MS
0.336
0.048

2.98
0.95
0.67

0.089
0.419
0.571

Sn*Sc
Residual

3
52

1.713
18.763

0.571
0.361

F
3.63
0.76

p
0.019
0.386

1.26

0.298

F
1.14
1.80

p
0.342
0.185

0.29

0.83

F
0.93
0.13

p
0.432
0.717

1.58

0.205

Fucose:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual
Galactose:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual
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Glucose:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual

df
3
1

Adj. SS
19.851
0.364

Adj.
MS
6.617
0.364

1
3
3
70

0.902
4.078
5.256
39.117

0.902
1.359
1.752
0.559

df
3
1

Adj. SS
2.618
2.528

Adj.
MS
0.873
2.528

1
3
3
70

0.840
0.495
1.0780
18.064

0.840
0.165
0.359
0.258

F
11.84
0.65

p
0
0.422

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
24.259
1.109

Adj.
MS
8.086
1.109

1.61
2.43
3.13

0.208
0.072
0.031

Sn*Sc
Residual

3
53

2.099
29.037

0.700
0.548

F
3.38
9.80

p
0.023
0.003

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
0.663
0.766

Adj.
MS
0.221
0.766

3.26
0.64
1.39

0.075
0.593
0.252

Sn*Sc
Residual

3
53

0.665
14.142

0.222
0.267

F
3.07
2.00

p
0.033
0.161

Source of variation
Season (Sn)
SizeCategory (Sc)

df
3
1

Adj. SS
1.741
0.403

Adj.
MS
0.580
0.403

0.06
1.19
0.37

0.811
0.320
0.774

Sn*Sc
Residual

3
53

1.453
16.466

0.484
0.311

F
14.76
2.02

p
0
0.161

1.28

0.292

F
0.83
2.87

p
0.484
0.096

0.83

0.483

F
1.87
1.30

p
0.146
0.26

1.56

0.21

Xylose:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual
Myo-inositol:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Sn*Sc
Sn*Sx(Sc)
Residual

df
3
1

Adj. SS
3.080
0.669

Adj.
MS
1.027
0.669

1
3
3
70

0.019
1.194
0.372
23.388

0.019
0.398
0.124
0.334

Mannose:
Sourceof variation
Sn
Sc
Sx(Sc)
Sn*Sc
Sn*Sx(Sc)
Residual

df
3
1
1
3
3
70

SS
0.242
0.643
0.851
1.441
0.141
8.206

Source of variation

df

SS

Sn*Sc
Sc
Sn*Sc
Residual

3
1
3
53

5.46E-02
3.45E-02
0.786
6.187

MS
8.05E-02
0.643
0.85078
0.480
4.69E-02
0.117

Pseudo-F
0.687
5.487
7.257
4.097
0.400

p(perm)
0.570
0.021
0.010
0.009
0.748

Unique perms
9958
9851
9819
9956
9969

MS

Pseudo-F

p(perm)

Unique perms

1.82E-02
3.45E-02
0.262
0.117

0.156
0.296
2.244

0.923
0.604
0.089

9970
9834
9954
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D.5 – Summary of the concentration of individual nutrients in gut section I of fish from the
Hauraki Gulf
Tables presented show data for juveniles, adult females, and males. Where appropriate, values have been
back transformed, with values in brackets indicating upper and lower estimates of standard error. Values
below mean and error estimates show sample sizes.

Juveniles

Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myo-inositol
(Log e)

Jan - Mar

Apr - Jun

Jul - Sept

Oct - Dec

24.53 (26.49, 22.72)
4
7.73 (8.59, 6.96)
4
21.17 (23.08, 19.26)
4
0.93 (1.41, 0.45)
4
0.15 (0.42, 0.05)
4
7.24 (13.29, 3.95)
4
4.24 (7.3, 2.46)
4
1.25 (1.48, 1.06)
4
1.75 (2.07, 1.48)
4
1.39 (1.44, 1.35)
4

17.24 (21.86, 13.6)
5
5.33 (6.5, 4.38)
7
22 (25.18, 18.83)
7
4.59 (6.49, 2.68)
7
1.07 (1.55, 0.74)
7
10.62 (14.24, 7.91)
7
5.53 (8.07, 3.79)
7
1.54 (2.05, 1.15)
7
1.96 (2.58, 1.49)
7
0.76 (0.95, 0.61)
7

19.67 (23.05, 16.79)
3
5.32 (6.31, 4.48)
3
16.68 (17.17, 16.19)
3
3.6 (4.61, 2.59)
3
2.31 (3.67, 1.45)
3
3.94 (6.17, 2.52)
3
1.76 (2.99, 1.03)
3
0.85 (1.45, 0.5)
3
0.96 (1.5, 0.61)
3
0.5 (0.84, 0.3)
3

20.1 (22.79, 17.74)
3
6.79 (6.99, 6.59)
2
18.95 (22.39, 15.51)
3
6.08 (8.18, 3.98)
3
2.01 (3.52, 1.14)
3
3.86 (6.53, 2.28)
3
3.77 (7.04, 2.02)
3
1.05 (1.61, 0.69)
3
1.02 (1.63, 0.64)
3
0.47 (0.79, 0.28)
3
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Adult5females

Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myo-inositol
(Log e)

Jan - Mar

Apr - Jun

Jul - Sept

11.33 (12.19, 10.52)
15
5.23 (5.62, 4.86)
16
18.66 (19.64, 17.68)
17
8.47 (9.36, 7.58)
16
1.94 (2.16, 1.74)
16
2.12 (2.55, 1.76)
16
3.51 (4.18, 2.95)
16
0.62 (0.72, 0.54)
16
0.87 (0.95, 0.80)
16
0.28 (0.32, 0.25)
16

11.21 (12.23, 10.27)
17
5.16 (5.67, 4.69)
17
16.9 (18.13, 15.67)
18
8.78 (9.37, 8.18)
17
1.95 (2.09, 1.81)
17
1.72 (1.93, 1.53)
17
4.81 (5.7, 4.06)
17
0.55 (0.6, 0.5)
17
0.89 (0.94, 0.83)
17
0.33 (0.37, 0.29)
17

15.28 (16.8, 13.89)
12
5.56 (6.39, 4.83)
13
17.42 (18.49, 16.35)
15
5.47 (6.16, 4.78)
13
2.23 (2.48, 2.01)
13
2.25 (2.56, 1.98)
12
0.96 (1.15, 0.8)
13
0.8 (0.88, 0.72)
13
0.87 (0.97, 0.78)
13
0.23 (0.27, 0.19)
13

Oct - Dec
14.14 (15.66,
12.77)
13
5.63 (6.37, 4.97)
14
18.96 (20.32, 17.6)
16
6.63 (7.17, 6.1)
15
1.7 (1.89, 1.52)
15
2.35 (2.80, 1.98)
15
1.77 (2.24, 1.39)
15
0.64 (0.77, 0.54)
15
0.84 (0.94, 0.76)
15
0.22 (0.26, 0.18)
15

Males
Jan - Mar
Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myo-inositol
(Log e)

11.57 (14.01, 9.56)
4
5.26 (6.44, 4.30)
4
18.67 (20.77, 16.57)
8
5.99 (6.67, 5.30)
5
1.2 (1.44, 1.00)
5
1.63 (2.18, 1.22)
5
2.1 (2.57, 1.72)
5
0.37 (0.47, 0.29)
5
0.54 (0.58, 0.49)
5
0.27 (0.38, 0.20)
5

Apr - Jun
11.99 (13.74, 10.46)
6
5.19 (7.23, 3.72)
6
20.71 (24.04, 17.38)
8
7.99 (10.38, 5.61)
6
1.8 (2.03, 1.60)
5
1.23 (1.31, 1.15)
6
2.99 (4.98, 1.80)
6
0.3 (0.36, 0.25)
6
0.59 (0.73, 0.47)
6
0.27 (0.38, 0.20)
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Jul - Sept

Oct - Dec

9.31 (10.53, 8.23)
5
4.32 (4.78, 3.90)
5
16.89 (17.65, 16.12)
9
9.86 (11.06, 8.66)
5
2.35 (2.47, 2.24)
5
1.74 (1.88, 1.62)
5
2.68 (3.39, 2.11)
5
0.8 (1, 0.63)
5
0.97 (1.09, 0.87)
5
0.23 (0.28, 0.19)
5

10.34 (11.6, 9.23)
7
5.71 (6.76, 4.82)
5
21.26 (22.22, 20.29)
8
6.88 (7.52, 6.24)
5
1.56 (1.86, 1.30)
5
1.50 (2.00, 1.12)
5
2.96 (3.38, 2.58)
5
0.4 (0.47, 0.34)
5
0.61 (0.67, 0.55)
5
0.18 (0.22, 0.14)
5
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D.6 – Results of ANOVA comparing the concentration of protein in gut section I across all
specimens of O. pullus collected between December and February from the three locations in this
study
Data were log transformed prior to analysis. In the absence of juvenile data differences across all factor
levels were non-significant.
Source of variation
Location
SizeCategory
Sex(SizeCategory)
Location*SizeCategory
Location*Sex(SizeCategory)
Error

df

Adj. SS

Adj. MS

F

p

2
2
1
4
2
105

1.151
3.398
0.155
1.109
0.074
9.578

0.575
1.699
0.155
0.277
0.037
0.091

6.31
18.63
1.70
3.04
0.41

0.003
<0.001
0.195
0.020
0.666

D.7 – Results of ANOVA comparing the concentration of lipid in gut section I across all specimens
of O. pullus collected between December and February from the three locations in this study
Data were log transformed prior to analysis. In the absence of juvenile data differences between locations
remained significant.

Source of variation
Location (L)
SizeCategory (Sc)
Sex(SizeCategory) Sx(Sc)
L*Sc
L*Sx(Sc)
Residual

df

Adj. SS

Adj. MS

F

p

2
2
1
4
2
115

1.762
0.288
0.026
1.530
0.239
16.308

0.881
0.144
0.026
0.382
0.120
0.142

6.21
1.02
0.18
2.70
0.84

0.003
0.365
0.670
0.034
0.433
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D.8 – Summary of the concentration of individual nutrients in gut section I of fish from the three
locations in this study
Tables presented show data for juveniles, adult females, and males. Where appropriate, values have been
back transformed, with values in brackets indicating upper and lower estimates of standard error. Values
below mean and error estimates show sample sizes.

Juveniles
Hauraki Gulf
Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myo-inositol
(Log e)

24.53 (26.49, 22.72)
4
7.73 (8.59, 6.96)
4
21.17 (23.08, 19.26)
4
0.93 (1.41, 0.45)
4
0.15 (0.42, 0.05)
4
6.16 (10.13, 3.74)
4
4.24 (7.30, 2.46)
4
1.25 (1.48, 1.06)
4
1.75 (2.07, 1.48)
4
1.39 (1.44, 1.35)
4

D'Urville Island
12.69 (13.98, 11.51)
8
4.06 (4.74, 3.48)
9
25.6 (28.47, 22.74)
8
6.03 (7.82, 4.24)
8
1.48 (2.02, 1.09)
8
3.37 (4.6, 2.47)
8
2.72 (4.18, 1.78)
8
0.9 (1.07, 0.76)
8
0.8 (1.02, 0.63)
8
0.31 (0.39, 0.24)
8
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Stewart Island
20.22 (22.72, 17.99)
8
6.68 (7.56, 5.90)
8
21.8 (24.79, 18.81)
8
4.97 (6.42, 3.52)
8
1.78 (2.83, 1.12)
8
3.12 (4.32, 2.25)
7
2.54 (3.50, 1.84)
8
1.2 (1.85, 0.78)
8
0.73 (0.98, 0.54)
8
0.66 (0.89, 0.49)
8
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Adult females
Hauraki Gulf
Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myoinositol
(Log e)

D'Urville Island

Stewart Island

13.05 (14.06, 12.11)
23
5.85 (6.30, 5.43)
24
17.77 (18.61, 16.94)
25
7.91 (8.56, 7.27)
24
1.8 (1.96, 1.65)
24
2.1 (2.45, 1.80)
24
3.28 (3.80, 2.83)
24
0.6 (0.69, 0.53)
24
0.86 (0.93, 0.79)
24

11.17 (11.9, 10.48)
23
4.7 (5.02, 4.40)
31
22.72 (23.60, 21.83)
22
7.84 (8.37, 7.30)
31
2.04 (2.14, 1.93)
31
1.49 (1.58, 1.41)
31
1.62 (1.94, 1.35)
31
0.57 (0.61, 0.53)
31
0.74 (0.77, 0.71)
31

11.67 (12.25, 11.13)
31
4.91 (5.22, 4.62)
29
20.93 (21.87, 19.98)
32
10.3 (11.12, 9.48)
32
1.58 (1.69, 1.47)
32
1.57 (1.74, 1.43)
32
1.1 (1.31, 0.92)
32
0.67 (0.74, 0.61)
32
0.78 (0.83, 0.72)
32

0.3 (0.33, 0.27)
24

0.23 (0.25, 0.20)
31

0.22 (0.24, 0.20)
32

Males

Protein
(Log e)
Lipid
(Log e)
Ash
(None)
Mannitol
(None)
Fucose
(Log e)
Galactose
(Log e)
Glucose
(Log e)
Xylose
(Log e)
Mannose
(Log e)
Myo-inositol
(Log e)

Hauraki Gulf

D'Urville Island

10.56 (12, 9.3)
8
5.81 (6.83, 4.95)
6
19.17 (20.59, 17.75)
12
5.93 (6.41, 5.45)
7
1.17 (1.34, 1.03)
7
1.63 (2.12, 1.25)
7
2.35 (2.79, 1.98)
7
0.35 (0.42, 0.29)
7
0.54 (0.57, 0.5)
7
0.27 (0.34, 0.22)
7

10.7 (11.64, 9.83)
4
5.83 (6.91, 4.92)
8
17.56 (19.04, 16.08)
11
9.32 (10.07, 8.57)
8
2.05 (2.26, 1.86)
8
1.57 (1.81, 1.36)
8
3.51 (4.33, 2.85)
8
0.51 (0.62, 0.43)
8
0.74 (0.79, 0.70)
8
0.28 (0.35, 0.22)
205
8

Stewart Island
10.37 (11.30, 9.52)
8
4.39 (5.08, 3.80)
8
21.71 (23.12, 20.3)
10
12.1 (14.54, 9.66)
8
1.38 (1.55, 1.22)
8
1.19 (1.35, 1.04)
8
0.53 (0.64, 0.44)
8
0.42 (0.50, 0.35)
8
0.53 (0.57, 0.48)
8
0.23 (0.31, 0.17)
8
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D.9 – The amino acid composition of material taken from gut section I of adult fish from the three locations in this study

Glutamic acid
Leucine
Lysine
Valine
Alanine
Serine
Proline
Arginine
Threonine
Aspartic acid
Isoleucine
Phenylalanine
Taurine
Tyrosine
Histidine
Glycine
Methionine
Hydroxyproline

Hauraki Gulf
% Dry mass
% THAA
1.62 (0.11)
12.35 (0.21)
1.11 (0.08)
8.31 (0.11)
0.98 (0.08)
7.21 (0.15)
0.86 (0.06)
6.54 (0.06)
0.85 (0.05)
6.63 (0.11)
0.85 (0.06)
6.42 (0.1)
0.82 (0.05)
6.26 (0.11)
0.76 (0.06)
5.67 (0.10)
0.76 (0.05)
5.79 (0.09)
0.72 (0.05)
5.54 (0.22)
0.71 (0.05)
5.33 (0.06)
0.66 (0.05)
5.06 (0.11)
0.64 (0.04)
5.08 (0.30)
0.53 (0.05)
3.87 (0.14)
0.52 (0.05)
3.83 (0.16)
0.44 (0.03)
3.43 (0.09)
0.31 (0.03)
2.27 (0.06)
0.05 (0.01)
0.42 (0.07)

D'Urville Island
% Dry mass
% THAA
1.42 (0.09)
12.20 (0.22)
0.94 (0.07)
7.97 (0.14)
0.78 (0.06)
6.63 (0.15)
0.72 (0.05)
6.21 (0.05)
0.74 (0.05)
6.46 (0.09)
0.79 (0.05)
6.90 (0.16)
0.68 (0.04)
5.88 (0.08)
0.62 (0.05)
5.30 (0.11)
0.64 (0.04)
5.55 (0.08)
0.71 (0.03)
6.33 (0.20)
0.61 (0.04)
5.27 (0.07)
0.52 (0.04)
4.42 (0.11)
0.55 (0.02)
5.02 (0.24)
0.54 (0.04)
4.58 (0.12)
0.53 (0.05)
4.47 (0.2)
0.42 (0.03)
3.61 (0.11)
0.28 (0.02)
2.32 (0.05)
0.10 (0.02)
0.88 (0.13)

Stewart Island
% Dry mass
% THAA
1.32 (0.07)
11.14 (0.19)
0.96 (0.05)
7.93 (0.23)
0.83 (0.05)
6.72 (0.21)
0.77 (0.03)
6.41 (0.18)
0.76 (0.03)
6.31 (0.19)
0.81 (0.04)
6.86 (0.13)
0.75 (0.03)
6.28 (0.20)
0.64 (0.03)
5.47 (0.11)
0.67 (0.03)
5.56 (0.16)
0.67 (0.04)
5.75 (0.25)
0.64 (0.03)
5.26 (0.15)
0.58 (0.03)
4.81 (0.16)
0.77 (0.04)
6.65 (0.23)
0.48 (0.03)
3.91 (0.16)
0.46 (0.03)
3.91 (0.12)
0.39 (0.02)
3.41 (0.08)
0.26 (0.02)
2.14 (0.07)
0.04 (>0.01)
0.32 (0.03)

13.19

11.59

11.80
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D.9 (Cont.) – Results of MANOVA comparing the amino acid composition of protein in gut section
I of adult fish from the three locations in this study
Data were loge transformed prior to analysis.
df
Numerator Denominator

MANOVA

Wilks'

F

Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Ln*Sc
Ln*Sx(Sc)

0.203
0.671

4.743
1.940

36
18

140
70

<0.001
0.026

0.764
0.652
0.663

1.203
0.926
0.888

18
36
36

70
140
140

0.283
0.593
0.652

Comparison
HG vs. DI
HG vs. SI
DI vs. SI

Wilks'

F

0.262
0.397
0.243

5.332
3.888
7.427

df
Numerator Denominator
18
18
18

34
46
43

p

p
<0.001
<0.001
<0.001

D.10 – Results of ANOVAs comparing the concentration of individual sugars in gut section I across
adult specimens of O. pullus from the three locations in this study (See Table 5.3)
Assumptions of homogeneity of variance were not met for mannitol (Levene’s test p > 0.05). However
differences were still significant in Kruskal-Wallis tests (H = 10.32, df = 2, p = 0.006). Data treated as for
D.8.

Mannitol:
Source of
variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual
Fucose:
Source of
variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual
Galactose:
Source of
variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory)
(Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual

df
2
1

Adj. SS
264.18
8.73

Adj.
MS
132.09
8.73

1
2
2
101

14.87
29.45
74.97
1445.28

14.87
14.72
37.48
14.31

df
2
1

Adj. SS
1.481
1.032

Adj.
MS
0.741
1.032

1
2
2
101

0.196
0.305
0.411
12.771

0.196
0.153
0.206
0.126

df
2
1

Adj. SS
1.807
0.650

Adj.
MS
0.903
0.650

1
2
2
101

0.197
0.173
0.385
30.529

0.197
0.087
0.193
0.302

F
9.23
0.61
1.04
1.03
2.62

F
5.86
8.16
1.55
1.21
1.63

F
2.99
2.15
0.65
0.29
0.64

Glucose:
Source of
p
variation
<0.001
Location (Ln)
0.437
SizeCategory (Sc)
Sex(SizeCategory)
0.31
(Sx(Sc))
0.361
Ln*Sc
0.078
Ln*Sx(Sc)
Residual
Xylose:
Source of
p
variation
0.004
Location (Ln)
0.005
SizeCategory (Sc)
Sex(SizeCategory)
0.216
(Sx(Sc))
0.303
Ln*Sc
0.202
Ln*Sx(Sc)
Residual
Myo-inositol:
Source of
p
variation
0.055
Location (Ln)
0.146
SizeCategory (Sc)
Sex(SizeCategory)
0.421
(Sx(Sc))
0.752
Ln*Sc
0.531
Ln*Sx(Sc)
207 Residual

df
2
1

Adj. SS
20.909
0.113

Adj.
MS
10.455
0.113

1
2
2
101

0.070
8.164
3.924
76.183

0.070
4.082
1.962
0.754

df
2
1

Adj. SS
0.269
2.552

Adj.
MS
0.135
2.552

1
2
2
101

1.288
0.126
0.600
28.071

1.288
0.063
0.300
0.278

df
2
1

Adj. SS
1.991
0.220

Adj.
MS
0.995
0.220

1
2
2
101

0.233
1.159
0.005
37.867

0.233
0.580
0.002
0.375

F
13.86
0.15

p
<0.001
0.699

0.09
5.41
2.60

0.762
0.006
0.079

F
0.48
9.18

p
0.618
0.003

4.63
0.23
1.08

0.034
0.798
0.344

F
2.65
0.59

p
0.075
0.446

0.62
1.55
0.01

0.432
0.218
0.994
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E.1 – Results of parametric and non-parametric tests comparing assimilation efficiency
of individual nutrients across seasons and size and sex
Data are for adult fish collected from the Hauraki Gulf. Results are shown only for parametric
and non-parametric tests (see section 6.2.2) where significant results were obtained.
Fucose:
Source of variation
Season (Sn)
SizeCategory (Sc)
Sex(SizeCategory) Sx(Sc)
Sn*Sc
Sn*Sx(Sc)
Residual

SizeCategory
>200
>359
Overall

N
26
27
53

Median
17.718
6.187
27

df
3
1
1
3
3
58

Adj. SS
43.799
43.667
11.956
2.493
68.433
510.805

Av. Rank
29.7
24.4

Adj. MS
14.6
43.667
11.956
0.831
22.811
8.807

Z
1.23
-1.23

F
1.66
4.96
1.36
0.09
2.59

p
0.186
0.030
0.249
0.963
0.061

Sex
F
M
Overall

H = 1.51, df = 1, p = 0.220

N
27
20
47

Median
6.187
-15.23
24

Av. Rank
26.3
20.9

Z
1.31
-1.31

H = 1.72, df = 1, p = 0.180

Mannose:
Source of variation
Season
SizeCategory
Sex(SizeCategory)
Season*SizeCategory
Season*Sex(SizeCategory)
Residual

SizeCategory
>200
>359
Overall

N
26
27
53

Median
48.99
26.89
27

df
3
1
1
3
3
58

Adj. SS
33.306
93.121
20.816
8.756
48.331
364.456

Av. Rank
30.6
23.5

Adj. MS
11.102
93.121
20.816
2.919
16.11
6.284

Z
1.67
-1.67

F
1.77
14.82
3.31
0.46
2.56

Sex
F
M
Overall

H = 2.80, df = 1, p = 0.094

p
0.164
0
0.074
0.708
0.063

N
27
20
47

Median
26.89
10.01
24

Av. Rank
28
18.6

H = 5.40, df = 1, p = 0.020
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2.32
-2.32
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Mannitol:
Females
Season
Apr-Jun
Jan-Mar
Jul-Sept
Oct-Dec
Overall

N
15
12
11
15
53

Median
89.88
95.05
99.94
99.62
27

Males
Av. Rank
18.1
19.7
41
31.5

Z
-2.65
-1.87
3.38
1.34

Season
Apr-Jun
Jan-Mar
Jul-Sept
Oct-Dec
Overall

H = 19.06, df = 3, p < 0.001

N
6
5
4
5
20

Median
97.05
97.30
98.32
99.64
10.5

Av. Rank
8.0
10.4
10.9
13.3

Z
-1.24
-0.04
0.14
1.22

H = 2.21, df = 3, p = 0.530

E.2 – Results of PERMANOVA tests comparing the relative extent to which A) glucose versus
galactose and B) mannitol versus protein were assimilated across seasons for adult female fish from
the Hauraki Gulf
A) Source of variation

df

Season (Sn)
Gut Section (Gs)
Specimen(Season)
SnxGs
Residual

3
1
44
3
44

Source of variation

df

Season (Sn)
Gut Section (Gs)
Specimen(Season)
SnxGs
Residual

3
1
44
3
44

B)

SS
1.933
9.90E-03
2.4595
3.17E-02
1.942

MS

Pseudo-F

p(perm)

Unique perms

11.529
0.224
1.266
0.239

0.0001
0.6533
0.2056
0.8839

9957
9929
9900
9944

MS

Pseudo-F

p(perm)

Unique perms

0.27795
4.8742
2.00E-02
1.91E-02
2.16E-02

13.899
225.790
0.926
0.886

0.0001
0.0001
0.6024
0.4573

9951
9889
9909
9947

0.644
9.90E-03
5.59E-02
1.06E-02
4.41E-02

SS
0.834
4.874
0.880
5.74E-02
0.950

E.3 – Results of ANCOVA tests comparing the dry mass of the contents of gut section I of A) adult
female and B) male fish from the Hauraki Gulf across seasons
Data for mass of gut section I were loge transformed prior to analysis.
A) Source of variation
Gutted weight (GW)
Season
Residual

B) Source of variation
Gutted weight (GW)
Season
Residual

df

Adj. SS

Adj. MS

F

p

1
3
72

27.269
3.547
7.360

27.269
1.182
0.102

266.77
11.57

<0.001
<0.001

df

Adj. SS

Adj. MS

F

p

1
3
30

1.124
0.728
3.801

1.125
0.243
0.127

8.87
1.92

0.006
0.148
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E.4 – Results of Kruskall-Wallis test comparing median organic matter assimilation of all adult fish
across locations
Location
D'Urville Island
Hauraki Gulf
Stewart Island
Overall

N
26
35
40
101

Median
6.000
22.708
30.564
51

Av. Rank
39.6
50.6
58.7

Z
-2.3
-0.09
2.15

H = 6.71, df = 2, p = 0.035

E.5 – Results of parametric and non-parametric tests comparing assimilation efficiency of
individual nutrients across locations and size and sex

Data are for adult fish collected from the three locations in this study. Results are shown only for
parametric and non-parametric tests (see section 6.2.2) where significant results were obtained.
Glucose:
Source of variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual

Location
D'Urville Island
Hauraki Gulf
Stewart Island
Overall

N
25
27
34
86

df
2
1
1
2
2
77

Median
35.868
-5.774
-80.268
43.5

Adj. SS
16.565
0.072
0.041
4.536
4.935
153.072

Adj. MS
8.283
0.072
0.041
2.268
2.467
1.988

Av. Rank
54
43.4
35.9

Z
2.49
-0.01
-2.3

H = 7.58, df = 2, p = 0.023

Mannitol:
Location
D'Urville Island
Hauraki Gulf
Stewart Island
Overall

N
25
27
34
86

Median
99.34
98.22
99.86
43.50

Av. Rank
43.8
29.6
54.3

Z
0.07
-3.49
3.25

H = 14.77, df = 2, p = 0.001
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F
4.17
0.04
0.02
1.14
1.24

p
0.019
0.85
0.886
0.325
0.295
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Galactose:
Source of variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual

Location
D'Urville Island
Hauraki Gulf
Stewart Island
Overall

N
25
27
34
86

df
2
1
1
2
2
77

Median
-14.335
18.935
-2.150
43.500

Adj. SS
2.047
0.284
0.024
0.592
0.865
22.740

Adj. MS
1.024
0.284
0.023
0.296
0.433
0.295

Av. Rank
36.1
53.0
41.4

Z
-1.76
2.38
-0.62

F
3.47
0.96
0.08
1.00
1.46

p
0.036
0.33
0.777
0.372
0.238

H = 6.32, df = 2, p = 0.043

Myo-inositol:
Source of variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual

df
2
1
1
2
2
77

Sex
F
M
Overall

Av. Rank
25.8
36.1

N
37
21
58

Median
66.17
83.70
29.50

Adj. SS
2.991
1.172
6.245
3.619
1.173
64.318

Adj. MS
1.496
1.172
6.245
1.809
0.587
0.835

F
1.79
1.40
7.48
2.17
0.70

p
0.174
0.240
0.008
0.122
0.499

F
0.23
1.27
1.41
0.84
3.65

p
0.794
0.264
0.239
0.436
0.03

Z
-2.24
2.24

H = 5.02, df = 1, p=0.025

Mannose:
Source of variation
Location (Ln)
SizeCategory (Sc)
Sex(SizeCategory) (Sx(Sc))
Ln*Sc
Ln*Sx(Sc)
Residual

df
2
1
1
2
2
77

Adj. SS
0.093
0.253
0.281
0.336
1.463
15.416

Adj. MS
0.046
0.253
0.281
0.168
0.732
0.200
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E.6 – Results of ANCOVA tests comparing the dry mass of the contents of gut section I of A) adult
female and B) male fish across the three locations in this study.

Data for mass of gut section I were loge transformed prior to analysis.
A) Source of variation

df

Adj. SS

Adj. MS

F

P

Gutted Weight
Location
Residuals

1
2
106

51.291
13.988
35.821

51.291
6.994
0.338

151.78
20.7

<0.001
<0.001

B) Source of variation

df

Adj. SS

Adj. MS

F

p

Gutted Weight
Location
Residuals

1
2
36

1.691
2.189
6.213

1.691
1.094
0.173

9.8
6.34

0.003
0.004
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Appendix to Chapter 7
F.1 – Table of metabolites detected in the gut of juvenile (omnivorous) and adult (herbivorous) fish collected from D’Urville Island.
Asterisk denotes that metabolite was present in gut section.
† Metabolite was excluded from statistical analysis because it was present in less than 30% of samples for all gut sections.

Caproic acid
Aspartic acid
10,13‐Dimethyltetradecanoic acid
Citric acid
Alanine
Myristic acid
Succinic acid
Glutamic acid
Stearic acid
Lactic acid
Proline
Oleic acid
Malonic acid
Valine
Leucine
Isoleucine
10,12‐Octadecadienoic acid
Glycine
Pentadecanoic acid
Eichosanoic acid
Phenylalanine
Caprylic acid
Isocitric acid
Lysine
cis‐Aconitic acid
Methionine
Tyrosine
Threonine
2‐Aminobutyric acid
Fumaric acid
Norvaline †
Docosanoic acid
Creatinine
Caprinic acid

I
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

Herbivorous
II III IV
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
*
*
* *
*
* *
*
* *
*

V
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

I
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

Omnivorous
II III IV
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
* *
*
*
* *
*
* *
*
*
*

V
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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Benzoic acid
Itaconic acid
Cabamic acid
NADP/NADPH †
Glyoxylic acid †
3‐Hydroxyoctanoic acid †
Adipic acid
Glyceric acid
Tert‐Leucine †
4‐Aminobutyric acid
Oxaloacetic acid †
Norleucine
Serine
Pyroglutamic acid
Asparagine
L‐2‐Amino‐adipic acid †
Hydroxybenzoic acid
N‐acetyl‐L‐glutamic acid †
D‐2‐Aminoadipic acid
Cysteine
14‐Methylpentadecanoic acid
Ornithine
Glutamine †
Dehydroabietic acid †
Triptophan
Cystathionine
3‐Methyl‐2‐oxopentanoic acid
Malic acid
2‐Methylsulfanylpropanoic acid
2‐Hydroxybutyric acid
Nicotinic acid
Levulinic acid †
Citramalic acid †
Glutaric acid

I
*
*
*
*

Herbivorous
II III IV
* *
*
* *
*
* *
*
* *

V
*
*
*

I
*
*
*

Omnivorous
II III IV
* *
*
* *
*
* *
*

V
*
*
*

*
*
*
*

*
*

*
*

*

*

*

*
*
*
*

*
*
*
*

*
*
*
*

*

*

*

*

*
*
*
*

*
*

*
*

*
*
*
*

*
*
*

*
*
*
*

*
*
*
*

*

*
*

*

*

*
*
*
*

*
*
*

*
*
*
*

*
*
*

*
*
*

*

*

*
*
*

*

*

*

*

*

*

*

*
*
*
*
*

*
*
*
*
*

*
*
*
*

*
*
*
*
*
*

*
*
*
*
*

*
*
*
*
*

*
*
*
*

*

*

*
*

*

*

*

*

*

*

*

*

*

*
*
*
*

†
*
*
*
*

*

*

*

*
*
*
*
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F.2 – Table of metabolites detected in gut section IV of fish from each of the three locations in this study.
Asterisk denotes that metabolite was present in more than 30% of samples.
Hauraki
Gulf

D'Urville
Island

Stewart
Island

Hauraki
Gulf

D'Urville
Island
*

Stewart
Island

Caproic acid

*

*

*

cis-Aconitic acid

*

Aspartic acid

*

*

*

Methionine

*

*

10,13-Dimethyltetradecanoic acid

*

*

*

Tyrosine

*

*

*

Citric acid

*

*

*

Threonine

*

*

*

*

Alanine

*

*

*

2-Aminobutyric acid

*

*

*

Myristic acid

*

*

*

Fumaric acid

*

*

*

Succinic acid

*

*

*

Norvaline

*

*

*

Glutamic acid

*

*

*

Docosanoic acid

*

*

*

Stearic acid

*

*

*

Creatinine

*

*

*

Lactic acid

*

*

*

Caprinic acid

*

*

*

Proline

*

*

*

Benzoic acid

*

*

*

Oleic acid

*

*

*

Itaconic acid

*

*

*

*

Malonic acid

*

*

*

Cabamic acid

Valine

*

*

*

Oxaloacetic acid

Leucine

*

*

*

Serine

*

Isoleucine

*

*

*

Pyroglutamic acid

*

10,12-Octadecadienoic acid

*

*

*

Asparagine

*

Glycine

*

*

*

L-2-Amino-adipic acid

*

Pentadecanoic acid

*

*

*

N-acetyl-L-glutamic acid

*

Eichosanoic acid

*

*

*

Cysteine

Phenylalanine

*

*

*

14-Methylpentadecanoic acid

Caprylic acid

*

*

*

Triptophan

*

Isocitric acid
Lysine

*
*

*
*

*
*

Nicotinic acid

*
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F.3 – Results of ANOVA test comparing the relative concentration of succinic acid in gut section IV
across locations.
Source of variation

df

Adj. SS

Adj. MS

F

p

Location
AssayDate
Residual

2
2
29

4.918
4.574
16.137

2.459
2.287
0.557

4.42
4.11

0.021
0.027

F.4 – Results of PERMANOVA tests comparing the concentration of individual nutrients across gut
sections and across locations.
Results are shown for compounds where significant differences were observed
Protein:
Source of variation
Location (Ln)
GutSection (Gs)
Specimen(Location)
LnxGs
Residual

df
2
4
27
8
102

SS
86.844
243.280
455.910
99.199
312.570

MS
43.422
60.819
16.885
12.400
3.064

Pseudo-F
2.602
19.847
5.510
4.046

p(perm)
0.0879
0.0001
0.0001
0.0007

Unique perms
9958
9950
9906
9950

Lipid:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
106

SS
15.926
102.750
101.200
17.246
158.470

MS
7.963
25.687
3.7483
2.156
1.495

Pseudo-F
2.129
17.182
2.507
1.442

p(perm)
0.1365
0.0001
0.0009
0.1849

Unique perms
9960
9949
9905
9943

Fucose:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
108

SS
5.190
12.540
28.420
4.946
42.977

MS
2.595
3.136
1.053
0.6182
0.3979

Pseudo-F
2.465
7.880
2.645
1.554

p(perm)
0.1056
0.0002
0.0005
0.1472

Unique perms
9947
9958
9896
9953

Glucose:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
108

SS
366.99
49.964
302.19
15.522
470.61

MS
183.49
12.491
11.192
1.940
4.358

Pseudo-F
16.395
2.867
2.569
0.445

p(perm)
0.0002
0.0234
0.0005
0.8914

Unique perms
9968
9948
9905
9938

Mannose:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
108

SS
0.270
0.7124
6.330
0.490
7.908

MS
0.13525
0.1781
0.23445
6.13E-02
7.32E-02

Pseudo-F
0.577
2.432
3.202
0.837

p(perm)
0.6643
0.0497
0.0002
0.5766

Unique perms
9945
9951
9892
9941
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Myo-inositol:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
108

SS
0.536
0.996
0.740
0.151
1.107

MS
Pseudo-F
0.26783
9.769
0.24889
24.281
2.74E-02
2.675
1.89E-02
1.848
1.03E-02

Mannitol:
Source of variation
Location
GutSection
Specimen(Location)
LocationxGutSection
Residual

df
2
4
27
8
108

SS
104.8
1987.2
1052.4
155.72
1032.3

MS
52.40
496.81
38.979
19.465
9.5583

Pseudo-F
1.344
51.977
4.078
2.037

p(perm)
0.0008
0.0001
0.0003
0.0769

p(perm)
0.2832
0.0001
0.0001
0.0475

Unique perms
9957
9945
9898
9938

Unique perms
9949
9947
9918
9932

F.5 – Results of pair-wise comparisons of nutrient balance in individual gut sections (See table 7.2)

Within level 'I' of factor 'Gut Section':
Groups
HG vs SI
HG vs DI
SI vs DI

t

p(perm)

Unique perms

2.877
1.321
2.220

0.0004
0.1242
0.0052

9407
9392
9423

Average Distance between/within groups
Hauraki Gulf
Stewart Island
Hauraki Gulf
0.229
Stewart Island
0.331
0.249
D'Urville Island
0.262
0.297

D'Urville Island

0.257

Within level 'II' of factor 'Gut Section':
Groups
HG vs SI
HG vs DI
SI vs DI

t

p(perm)

Unique perms

1.711
1.578
1.120

0.0321
0.0497
0.2698

9450
9439
9417

Average Distance between/within groups
Hauraki Gulf
Stewart Island
Hauraki Gulf
0.255
Stewart Island
0.320
0.322
D'Urville Island
0.256
0.278

D'Urville Island

0.215
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Within level 'III' of factor 'Gut Section':
Groups
HG vs SI
HG vs DI
SI vs DI

t

p(perm)

Unique perms

1.148
2.210
1.054

0.2672
0.0015
0.3545

9433
9429
9421

Average Distance between/within groups
Hauraki Gulf
Stewart Island
Hauraki Gulf
0.237
Stewart Island
0.303
0.352
D'Urville Island
0.283
0.303

D'Urville Island

0.239

Within level 'IV' of factor 'Gut Section':
Groups
HG vs SI
HG vs DI
SI vs DI

t

p(perm)

Unique perms

1.499
1.392
0.368

0.0897
0.1308
0.9833

9460
9436
9449

Average Distance between/within groups
Hauraki Gulf
Stewart Island
Hauraki Gulf
0.294
Stewart Island
0.385
0.405
D'Urville Island
0.331
0.359

D'Urville Island

0.338

Within level 'V' of factor 'Gut Section':
Groups
HG vs SI
HG vs DI
SI vs DI

t

p(perm)

Unique perms

2.186
2.622
1.159

0.0060
0.0044
0.2268

9431
9430
9426

Average Distance between/within groups
Hauraki Gulf
Stewart Island
Hauraki Gulf
0.249
Stewart Island
0.268
0.211
D'Urville Island
0.295
0.229
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