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Abstract 

Dissolved oxygen concentrations have fluctuated naturally over geological history. In 

recent years, a decrease in estuarine oxygen levels has been directly related to the process 

of anthropogenic eutrophication. The condition of low dissolved oxygen brought on by 

eutrophication is called hypoxia and is generally considered undesirable in terms of 

environmental water quality. However, the incidence and impact of hypoxia on New 

Zealand's estuarine ecosystems is largely unknown. 

In order to identify the environmental risks posed by hypoxia and to assist in estuarine 

management, this thesis looked at the factors which influence hypoxia formation and 

persistence, and to investigate the temporal and spatial variability of dissolved oxygen 

concentrations in a New Zealand estuarine habitat. It also aimed to provide baseline 

information regarding hypoxic effects upon a dominant estuarine mysid species 

(Tenagomysis novae-zealandiae) and to experimentally determine the behaviour ofT. 

novae-zealandiae during depressed oxygen concentrations. 

Investigation of dissolved oxygen concentrations in the shallow Kaikorai Estuary 

revealed hypoxia to be a relatively common condition, with the lowest oxygen 

concentrations occurring just after dawn. During the study period there was a clear 

hypoxic event from mid March to early April2005, as a result of increased water 

temperatures during settled weather, respiration of aquatic vegetation and the lack of 

freshwater and tidal mixing. This would appear to be the first report of hypoxic and near 

anoxic conditions in a South Island estuarine habitat. 

T. novae-zealandiae abundance or distribution in the Kaikorai embayment was not 

related to severely depressed oxygen concentrations ( < 0.5 - 4.0 mg 0 2/L). T. novae

zealandiae densities were influenced more by abiotic and biotic combinations of strong 

light avoidance, close aquatic vegetation association, low flow rates and season. Peak 

abundances ofT. novae-zealandiae in the Kaikorai embayment were 3489 individuals per 
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m3
, which is higher than previously recorded for this species. The estuarine abundance of 

T. novae-zealandiae increased over the study period with a peak in late March 2005. 

Laboratory experiments demonstrated T. novae-zealandiae was tolerant of hypoxia ( 4.0 

0 2/L) and severe hypoxia (1.5 mg 0 2/L) but very sensitive to anoxia(< 0.5 mg 0 2/L). 

Complete mortality occurred within 22 min when oxygen levels dropped to 0.5 mg 0 2/L, 

but the LC so value for T. novae-zealandiae was found to be 1.1 1 mg/L 0 2• Clear 

changes in T. novae-zealandiae activity and behaviour occurred as dissolved oxygen 

levels decreased. Reduced metabolic output through inactivity appears to be a strategy of 

T. novae-zealandiae to tolerate hypoxia and severe hypoxia. However, this behaviour 

was unsuccessful during anoxia, as all test organisms demonstrated escape responses and 

erratic swimming behaviours immediately prior to any loss of equilibrium and mortality. 

The behavioural and physiological responses ofT. novae-zealandiae to hypoxia, suggest 

that this species is conditioned to tolerate and survive moderately-low dissolved oxygen 

levels in the range of 1.5 - 4.0 mg 0 2/L. Therefore, hypoxic conditions in the Kaikorai 

Estuary appear only to pose a moderate environmental risk toT. novae-zealandiae. 
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CHAPTER! 

General Introduction 

Picture of the lower Kaikorai Estuary, illustrating the open sand and mudflat dominated 

habitat adjacent to the Kaikorai embayment study sites. Photo: Greg Larkin 



1.1 The Eutrophication problem 

Estuaries are highly productive and variable ecosystems exhibiting an array of complex 

natural processes, such as rapid temperature and salinity changes from salt and freshwater 

flooding. Added to an already harsh natural environment, estuaries are often heavily 

impacted upon by human activities. The negative environmental impacts on estuaries are 

often a direct result of large worldwide coastal populations, which is expected to increase 

to a total of six billion by 2025 (Kennish, 200 I). Anthropogenic pollution is 

commonplace in estuarine habitats because of these high coastal populations. 

One significant negative estuarine modification is the change in dissolved oxygen 

concentrations. These have fluctuated over geological history, but in recent years severe 

decreases in estuarine oxygen budgets have been linked to the process of anthropogenic 

eutrophication (Capriulo, Smith, Troy, Wikfors, Pellet & Yarish 2002). Eutrophication is 

defined as "an increase in the rate of supply of organic matter to an aquatic ecosystem" 

(Nixon, 1995, p201). In estuarine ecosystems increased nutrient loads stimulate algal 

growth and microbial decomposition, consuming organic carbon and oxygen, which is 

needed as an oxidant. 

When compared to the atmosphere, the solubility of oxygen in water is low ( < I 0 mg 

0 2/L) but oxygen is still a vital parameter for homeostatic maintenance in aerobic 

organisms. Therefore, the oxygen-producing processes must continuously balance the 

oxygen-consuming processes or the water body becomes under-saturated and limited in 

oxygen. While oxygen-producing photosynthesis is often greatest during the afternoon 

when radiation from sunlight is likely to be at a maximum, aquatic respiration and 

decomposition consumes oxygen in the early morning which can lead to severely 

decreased oxygen levels (Miranda & Hodges, 2000). Consequently, estuarine oxygen 

levels can often exhibit a strong diurnal pattern, with rapidly fluctuating concentrations 

from 0- 20 mg 0 2/L, unlike most marine environments, which exhibit stable dissolved 

oxygen concentrations (7 -12 mg 0 2/L) (Frodge, 1990). 
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1.2 Eutrophication driven hypoxia 

The condition of low dissolved oxygen brought on by eutrophication is typically called 

hypoxia and occurs when oxygen concentrations fall below 4.0 mg 02/L (Breitburg, 

2002; Paerl, 2003). If the hypoxic event is severe or prolonged, anoxic conditions 

eventuate resulting in a total absence of oxygen (0.0 mg 0 2/L) from the water column 

(Kuo, Park & Moustafa, 1991; Summers, Weisberg, Holland, Kou, Engle, Breitburg & 

Diaz, 1997; Miranda & Hodges, 2000; Wannamaker & Rice, 2000; Diaz, 2001). Both 

conditions are considered unhealthy and undesirable with regard to water quality and 

estuarine health. Numerous estuarine researchers (Ritter & Montagna, 1999; Diaz, 2001; 

Wu, 2002) define hypoxia as corresponding to dissolved oxygen concentrations below 

2.0 mg 0 2/L, but estuarine organisms often show signs of metabolic and behavioural 

stress at far higher dissolved oxygen concentrations (Davis, 1975; Rosas, Martinez, 

Gaxiola, Brito, Diaz-Iglesia & Soto, 1998; Ocampo, Villareal, Portillo & Magallon, 

2000). For example, the summer flounder becomes stressed when exposed to dissolved 

oxygen concentrations below 5.1 mg 0 2/L (Davis, 1975). Similarly, the growth of the 

Atlantic cod Gadus morhus is reduced by 60 % when dissolved oxygen levels fall below 

3.0 mg 0 2/L (Wu, 2002). Therefore, the present study defines hypoxia as the condition 

when dissolved oxygen concentrations are below 4.0 mg 0 2/L, which is consistent with 

the studies of Kuo et al., (1991), D' Avanso & Kremer, (1994) and Breitburg (2002). 

Currently, there are over 140 known hypoxic areas worldwide, ranging in area from < I 

km2 to 70 000 km2 in habitats such as estuaries, oceans and coastal lakes (Diaz, 200 I). 

Some of these oxygen depleted situations are natural occurrences, such as oceanic up

wellings which stimulate phytoplankton growth to form an oxygen deficit zone at depth 

(Rosenberg, Arntz, Flores, Flores, Carbajal, Finger & Tarazona, 1983). However, there 

is also a strong correlation between persistent and seasonal estuarine hypoxia and 

increased human activities, such as increased fertiliser use within the estuary catchment 

and deforestation resulting in higher organic loading (Nixon, 1995; Diaz, 2001; Kennish, 

2001). 
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Estuaries are dynamic and often distinct ecosystems with rapid fluctuations in salinity, 

temperature, flow and turbidity, Hypoxia poses additional environmental stress to 

estuarine ecosystems along with high primary productivity, over-fishing, increased toxic 

containments and harmful algal blooms. Estuaries which are continually stressed by 

hypoxia are often threatened by a loss of species and habitats, direct mortality and non

native species invasion (Diaz, 200 l; Breitburg, 2002; Gray, Wu, & Or, 2002; Wu, 2002). 

All of these impacts can lead to decreased biodiversity with noticeable changes in the 

behaviour and survival of estuarine organisms. Long term estuarine community structure 

may also be affected through food web and energy flow alternations. For example, short 

lived organisms such as benthic macroalgal are often favoured over higher order or 

longer lived vegetation and estuarine organisms (Frodge 1990; Dodds, 2003). 

1.3 Estuarine susceptibility to hypoxia 

Although eutrophication can drive estuaries toward hypoxia, the extent an estuary 

exhibits this condition is a complex interaction between specific physical characteristics 

of an estuary, its hydrological inputs and geochemical conditions (Suthers & Gee, 1986; 

Pihl, Baden & Diaz, 1991; Diaz, 2001 ). Physical factors such as low flushing rates, 

stratification and stagnant conditions greatly enhance excessive nutrient loading which in 

turn favours microbial decomposition and oxygen depletion. 

For example, decreased mixing and flushing from riverine inputs can lead to the 

formation and persistence of salinity-density stratification. This situation occurs when 

freshwater flows seaward over denser saline water (Figure 1.1) to create an oxygen 

diffusion barrier, which separates the oxygen rich water exposed to the atmosphere from 

the oxygen depleted 'bottom water' (Breitburg, 1997, Diaz, 2001). Stratification is 

intensified in summer when settled weather (less mixing and flushing) combined with 

high water temperatures simultaneously decreases oxygen solubility while stimulating 

primary productivity in the bottom water. Consequently, hypoxia is often a seasonal 

condition which accompanies warmer air and water temperatures associated with late 

spring and summer (Nixon, 1995; Diaz, 2001; Hearn & Robson, 2001; Gray et al., 2002; 

Paerl, 2003 ). 

4 



Residential 
Runoff 

Figure 1.1 A conceptual diagram of eutrophication-dri ven hypoxia, indicati ng the 

linkage between anthropogenic nutrient inputs from urban areas, agriculture runoff and 

the formatio n of salinity-density stratifications and how these estuarine characteristics 

affect hypoxia dynamics (Source: Paerl, 2003, p47) 

Ritter & Montagna ( 1999) reported that an estuary with a long water residence time is 

more likely to develop hypoxia than an estuary with a similar nutrient load but with a 

shorter residence time. This suggests increased estuarine residence times are 

fundamental to eutrophication-driven hypoxia formation. However, not all nutrient 

enriched systems result in hypoxia. For example, San Francisco Bay receives higher 

levels of nutrients than Cheaspeake Bay, but has less oxygen depletion due to stronger 

tidal movement (Cioern, 200 I). Therefore, the incidence and persistence of hypoxia 

depends on both the physical and hydrological characteristics of the estuary and 

catchment. 
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1.4 New Zealand estuaries 

Estuaries are the convenient receiving waters for city, industry and farm wastes, and 

many New Zealand estuaries are considered to be at risk from these contaminants (Taylor 

et al., 1997). Problems facing estuaries in New Zealand include catchment deforestation, 

over-fishing, non-native species introduction, chemical and trace metal contamination, 

habitat loss and increased nutrient loading (Mosley, 1993; Taylor et al., 1997; Robertson, 

2002). For example, both Dunedin City's past and present landfill sites and sewage 

works are situated on the banks of the Kaikorai Estuary. 

New Zealand estuaries are generally characterized by large inter-tidal zones, which have 

high flushing rates and low residence times for organic material (Robertson et al., 2002). 

McLay et al., ( 1976) identified 78% of estuaries in New Zealand as either bar-built 

estuaries or lagoon environments. In most estuaries, the bar barrier does not restrict 

drainage to the sea. However, an exception is the Kaikorai Estuary in Otago, where the 

bar barrier creates a ponded lagoon which is very prone to high organic loads (Robertson, 

2002). As mixing rates are low in temporally closed estuarine systems, these shallow 

habitats are especially vulnerable to nutrient enrichment (D' A vanzo & Kremer, 1994 ). 

Worldwide, a considerable amount of research has been undertaken to investigate 

hypoxia formation, persistence and impact, but little attention has been given to hypoxia 

within New Zealand's coastal marine environments. The contribution of salinity-density 

stratification and microbial decomposition to the formation and persistence of hypoxia in 

deep estuaries (> 4 m) is well understood (Pihl et al., 1991; Ritter & Montagna, 1991; 

Bretiburg, 2002; Diaz, 2001). Although hypoxia in shallow aquatic habitats such as 

coastal embayments has been reported previously, the spatial and temporal extent of 

hypoxia in shallow estuaries is still largely unknown (Ritter & Montagna, 1999). 

Furthermore, it is believed that cool temperate climates are not conducive to hypoxic 

conditions, as salinity-density stratification will be weaker and oxygen solubility higher 

in the cooler water. 

6 



1.5 Research objectives and thesis structure 

At present, a large amount of uncertainty surrounds the incidence of hypoxia in New 

Zealand, as hypoxic events are presumed to be short lived and spatially limited in their 

extent. No hypoxic event has been previously recorded in the Kaikorai Estuary or any 

other Otago estuarine ecosystem. It is anticipated that hypoxia may develop in the 

Kaikorai Estuary because of the increased respiration from the benthic macroalgae 

community combined with the high residence time for water in the confined lower 

estuary (Robertson, 2002). This then raises the questions of what is the likelihood of 

estuarine hypoxia within a shallow estuarine habitat within New Zealand and what, if 

any, is the impact of hypoxia on the native biota? 

With the exemption of the General Discussion (Chapter 5), each of the three main 

chapters of this thesis (Chapter 2-4) were written as stand alone papers, with their own 

Introduction, Methods, Results and Discussion sections. This format has made some 

repetition unavoidable, particularly in the Introduction and Methods sections of each 

chapter. 

Chapter 2 aimed to identify the presence of hypoxia(< 4.0 mg 0 2/L) in an Otago 

estuarine habitat and to quantify the spatial and temporal variability of low dissolved 

oxygen levels. This was carried out by undertaking physicochemical measurements 

within the Kaikorai Estuary over 3 months from late summer to autumn. Specifically, 

this research was concerned with the causes and controls of hypoxia in a small shallow 

embayment in the lower Kaikorai Estuary, and how hypoxia dynamics were influenced 

by sampling times, habitat, depth and season. 

In Chapter 3 the role hypoxia has upon determining the distribution and abundance of the 

estuarine crustacean Tenagomysis novae-zealandiae was investigated. This chapter 

aimed to determine if low dissolved oxygen concentrations were influential in effecting 

the temporal and spatial ecology of the mysid T. novae-zealandiae by sampling T. novae

zealandiae at the same time as making physicochemical measurements described in 
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Chapter 2. These measurements also aimed to provide important information regarding 

other factors impacting upon the population ecology ofT. novae-zealandiae. 

Chapter 4 aimed to identify the hypoxia tolerance ofT. novae-zealandiae and the 

behavioural and physiological mechanisms which T. novae-zealandiae uses to respond to 

acute hypoxia. This was carried out experimentally by investigating the survival ofT. 

novae-zealandiae in hypoxic and anoxic conditions and identifying the specific oxygen 

levels which induce mortality and affect T. novae-zealandiae behaviour. 

Chapter 5 provides a general discussion and overall conclusions on seasonal hypoxia in 

the Kaikorai Estuary and the potential for further estuarine hypoxia in New Zealand. 
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CHAPTER2 

The temporal and spatial variability of low dissolved oxygen 

levels in the Kaikorai Estuary 

Kaikorai Embayment March 241
h 2005 during the hypoxic event, with black discoloured 

water and pungent odours. Photo: Greg Larkin 
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2.1 Introduction 

The level of dissolved oxygen is fundamental to all estuary inhabitants, although the 

response of individuals or species may differ considerably (Summers et al., 1997; 

Breitiburg, 2002). In most marine and coastal aquatic environments, dissolved oxygen 

concentrations are relatively constant at 7-12 mg 0 2/Lwhich corresponds to 70-100% 

saturation (Nixon, 1995). But in estuarine ecosystems, oxygen concentrations can 

fluctuate greatly in time and space ranging from saturation to oxygen-deprived habitats 

(< 4.0 mg 0 2/L) (Suthers & Gee, 1986; Summers et al., 1997; Hearn & Robson, 2001). 

2.1.1 Hypoxia and anoxia 

The condition of low dissolved oxygen levels is called hypoxia and occurs when oxygen 

concentrations fall below 4.0 mg 0 2/L (Breitburg, 2002). If this low dissolved oxygen 

condition is severe or prolonged, anoxia can develop when dissolved oxygen is 

completely absent from the water column (0.0 mg 0 2/L) (Kuo et al., 1991; Summers et 

al., 1997; Miranda & Hodges, 2000; Wannamaker & Rice, 2000; Diaz, 2001). 

2.1.2 Influences upon the spatial and temporal variability of hypoxia 

The temporal and spatial variability of hypoxic conditions are a dynamic product of the 

abiotic and biotic environments. In estuarine environments, the lowest dissolved oxygen 

concentrations often occur in the early hours of the morning when the effect of respiring 

aquatic vegetation (biotic) is greatest (Burton & Liss, 1976; Miranda & Hodges, 2000). 

Conversely, the highest dissolved oxygen concentrations typically occur in the early

afternoon when photosynthetic rates are at a maximum as a result of high levels of 

sunlight (Burton & Liss, 1976). 

Physical (abiotic) parameters such as wind speed, turbidity, water residence times, marine 

or freshwater flooding and mixing rates can all greatly affect the dissolved oxygen 

concentration of an estuary (Dyers, 1997; Diaz, 2001). Reduced riverine and marine 
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flooding results in an estuarine water body with increased residence times for nutrient and 

organic loads, due to nutrient inputs exceeding the rate at which material is utilised by 

biota or physically removed (Breitburg, 2002). Therefore, estuarine residence times are a 

function of the flushing time required to replace the existing freshwater in the estuary 

(Burton & Liss, 1976). In general, estuarine circulation and mixing are driven by density 

differences and interactions between the freshwater (riverine) and saltwater (marine) 

inputs (Dyers, 1976). The density of seawater is in turn affected by both salinity and 

temperature, which is continually changing with each tidal cycle (Burton & Liss, 1976). 

2.1.3 Seasonal hypoxia 

Recent research has indicated that seasonal hypoxia formation in deep estuaries (depth > 

4 metres) relies on early spring salinities remaining below a critical threshold, which 

allows a salinity-density stratification to form and persist through the summer period 

(Hearn & Robson, 200 I). The oxygen-rich waters are then separated from the oxygen 

deficit zone by salinity density stratification. However, in shallow well-mixed estuaries, 

only weak stratification occurs and hypoxia formation is more dependent upon algal 

decomposition and respiration (Diaz, 2001; Breitburg, 2002). The decomposition of 

dissolved and particulate organic matter (DOM & POM, respectively) in the sediments 

together with primary productivity creates the oxygen deficit zone (Diaz, 200 I; Gray et 

al., 2002). 

This scenario is COJTelated with periods of warmer air and water temperatures and 

decreased river inputs, such as in late spring and throughout summer (Hearn & Robson, 

2001). During these periods, warm water temperature decreases oxygen solubility, while 

simultaneously increasing the metabolic demand of estuarine biota and enhancing 

primary productivity (Gray et al., 2002). Seasonal hypoxia formation and persistence 

therefore, requires both the influences of primary productivity combined with poor water 

exchange and stable climatic events (Hearn & Robson, 200 I; Gray et al., 2002). 
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2.1.4 Research objectives 

Within New Zealand, seasonal estuarine hypoxia has yet to be well documented or 

quantified and little is known about the affects of low dissolved oxygen levels on 

estuarine biota. The present research aimed to redress the paucity of data on this 

problem, with particular reference to an Otago estuarine environment (Kaikorai Estuary). 

However, it makes no attempt to measure or define the driving factors (natural or 

anthropogenic) behind eutrophication in the Kaikorai Estuary. Instead it aimed to just 

quantify the spatial and temporal variability of the resulting low dissolved oxygen in an 

Otago estuarine habitat during late summer and autumn. 

More specifically: 

I. Do hypoxic conditions corresponding with dissolved oxygen concentrations less than 

4.0 mg 0 2/L occur in a shallow temperate estuarine habitat in Otago (Kaikorai 

Estuary)? 

2. What factors influence the patterns of spatial and temporal variation of dissolved 

oxygen concentrations in the Kaikorai Estuary'' 

2.2 Materials and Methods 

The Kaikorai Estuary is a small (114 hectares), shallow (average depth 70 em mean low 

tide) estuary, located I 0 km to the southwest of Dunedin city (Figure 2.1 & 2.2). The 

estuary is fed by the Kaikorai Stream, which has a low mean annual tlow of 0.318 m3/s 

(Robertson et al., 2002). The Kaikorai Estuary is periodically cut off from the sea by a 

sand bar which increases sedimentation in the lower estuary. The high sedimentation rate 

has resulted in an elevated estuary bed, which is over 1 metre above sea level (Johnson, 

1990; Robertson et al., 2002). The elevated bed of the lower estuary reduces the tidal 

influence from the Pacific Ocean and therefore lower salinities in the range of 3-16 ppt 

have historically dominated in the estuary (Robertson et al., 2002). 
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2.2.1 Hypoxia field study planning 

Prior to the start of the field study, quantitative data available on low dissolved oxygen 

events in New Zealand estuarine habitats was limited. Although the Kaikorai Estuary has 

been studied extensively and has a history of environmental degradation (Johnson, 1990), 

no studies have been undertaken on dissolved oxygen levels or their impacts on native 

estuarine fauna. Therefore, a pilot survey in the lower Kaikorai Estuary (early February 

2005) was undertaken to ascertain the variation in the dissolved oxygen concentrations 

and the results indicated high between-site variability in this parameter. To reduce the 

between-site variance within the lower Kaikorai Estuary and accurately quantify the 

spatial and temporal variance of dissolved oxygen concentrations, the present 

investigation concentrated on sites within one side embayment (Figure 2.2 & 2.3). 

The Kaikorai embayment was selected for this study because it demonstrated an 

increased chance of observing hypoxia, ease of sampling and proximity to Dunedin City. 

The likelihood of a low oxygen event in the Kaikorai embayment was believed to be 

strongly influenced by the lack of estuarine water mixing and the high density of 

macrophytic algae in the embayment. The embayment study area was located in the 

south-east corner of the lower Kaikorai Estuary. The embayment was historically the 

main channel of the Kaikorai stream, but is now cut off by a sand bar (Figure 2.2 & 2.3). 
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2.2.2 Description of Sites 

Otogo P~nin1ul1 

Kaikorai Estuary and Catchment 

South Island 
and Dunedin 
City 

Figure 2.1 Map view of New Zealand and the Kai korai Estuary and Catchment. Adjacent 
areas to estuary are Dunedin City, Green Island and Waldronville suburbs. Kaikorai 
Embayment Grid Reference 170°24' E, 45°11 ' S. Source: Land Information New 
Zealand http://www.linz.govt.nz/ 

120m 

Figure 2.2 Aeri al view of the lower Kaikorai Estuary. The embayment sites (1 -8) are 
located in the crescent shaped main channel (blue area), which has its opening near site I 
and 8. Approximate location of the present channel is shown by green area. Source: 
Land Information New Zealand http://www.linz.govt.nz/, accessed on January 201

h 2006. 
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Figure 2.3 The Kaikorai embayment at dawn (March 241
h 2005). A. Downstream end of 

embayment (sites 4 & 7). B. Middle of embayment (sites 3, 5 , 6 & 7). 

The embayment was split into four sites where dense aquatic vegetation dominated (sites 

2, 4, 5 & 7), and four open sand areas (sites I, 3, 6 & 8), which were more than 4 m from 

any vegetation. The macrophytic algae species were dominated by species of the genera 

Monostroma, Ulva, Enteromorpha, Chaetomorpha 'Brillo pad algae', C ladophora and the 

macrophyte species Ruppia polycarpa (Horses mane weed) (Sarma, 1986). 

The depth within the embayment varied from 20 em near the downstream opening to over 

2 m further up the embayment. Halfway down the embayment near site 3, a shallow si ll 

had formed prior to commencement of the present study. The embayment depth at the 

sill was< 40 em and hindered water movement between the opening and the upstream 

sites. The estuary bar remained open for the duration of the current investigation, but the 

tidal influence in the embayme nt was minimal (< I m) (G. Larki n personal observation, 

2005). 

15 



2.2.3 Measurements 

To investigate the diurnal peaks in dissolved oxygen concentrations associated with 

respiration and photosynthesis (Miranda & Hodges, 2000), the level of dissolved oxygen 

(mg 0 2/L), temperature ("C) and salinity (ppt) were recorded with a Winkler-calibrated 

YSI 85 probe. Each site in the embayment was sampled from 04:00-09:00 and 13:00-

18:00 hr for 18 sampling days between February 22"d and April 21 ", 2005. These days 

were chosen when low flow rates allowed the greatest access to most of the sampling 

sites. However, due to transportation constraints and river flooding, not all the sites could 

be sampled on all the sampling days. 

To ascertain vertical profiles of dissolved oxygen concentrations with depth, the YSI 

probe was attached to a fishing rod and reel which enabled accurate measurement of its 

location within the water column. The approximate sample depth ranges were 0-l 0 em, 

10-40 em and greater than 40 em. However, as shallow depths predominated in the 

embayment the three depths ranges were grouped: depths 0-10 em and l 0-40 em were 

grouped in the shallow catergory and depths greater than 40 em were grouped in the deep 

catergory. The probe was carefully deployed at three random locales within each site to 

avoid any possible disturbance of subsequent oxygen measurements at adjacent sites and 

to minimise clogging and tangling of the probe in the macrophytic algal. 

2.2.4 Statistical Analysis 

A unbalanced general linear model was implemented using SPSS 11 software, to 

compare the mean values for the dissolved oxygen concentrations between sampling 

time, day, site and depth (Pallen!, 2003). Where a significant AN OVA result was 

indicated (p < 0.05), the differences between the means were detected using a Tukey's 

HSD test. Prior to analysis, the data was examined for normality and homoscedasticity. 

If the assumptions were not met, the data was log transformed to meet all the assumptions 

of ANOV A (Zar, 1999). 
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2.3 Results 

2.3.1 Environmental data 

The climate and weather events prior to and during the study period, were outside 

historical monthly averages for Dunedin City. For the month of February 2005, rainfall 

was 117 mm, which was 187 % above the average monthly rainfall 

(http://www.physics.otago.ac.nz, accessed January 19th 2006). Two storm events on 

February ih, 2005 and during the following week, greatly contributed to the total amount. 

The lower Kaikorai Estuary was flooded and the embayment sites were submerged 

during this event. The flood event of February 7th (Kaikorai stream peak flow 5989 Lis, 

http://www.kvc.school.nz/kaikoraistream, accessed on January 19th 2006) created an 

estuary mouth substantially wider and deeper than had been seen previously. Subsequent 

weather in March and April 2005 was exceptionally dry, with rainfall reduced by 50% of 

the average monthly total (NIW A, 2005). The large Kaikorai Stream spate event on 

March 26th 2005, (peak flow 7500-10000 Lis), did not inundate the study sites in the 

Kaikorai embayment. Sunshine hours were nearer to the average for February and March 

2005 , but were 148% above average for the month of April (NIWA, 2005). 

2.3.2 Temperature and salinity 

Mean daily values for water temperature and salinity data are given in Figure 2.4. Both 

temperature and salinity in the Kaikorai embayment showed a decline over the study 

period. Temperatures ranged from 19.05 oc during February 2005 to 11.06 °C at the end 

of April 2005. Salinity ranged from 31 ppt in February to 21 ppt in April 2005, with an 

average of 28.5 ppt (± 0.2). Slight salinity-depth stratification was apparent for sites 4, 5, 

6 and 7. These sites were located toward the end of the embayment (Figure 2.2 & 2.3) 

and receive less mixing compared to the sites toward the embayment opening (sites 1, 2, 

3 and 8). 
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The relationship between temperature and salinity was investigated using the Pearson

moment correlation coefficient method of statistical analysis. Correlation analyses 

revealed a moderate negative correlation between the two variables (r = -0.407, n = 398, 

p < 0.05). 
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Figure 2.4 Salinity and temperature profile throughout the study period for all study sites. 
Caution is advised in interpretation of April I 51 2005, due to incomplete sampl ing due to 
time constraints. Error bars are± SEM. 

Figure 2.4 indicates the close trend of salinity and temperature, as a result of tidal and 

freshwater inputs. During the small riverine flood event on March 91
h 2005, colder 

freshwater dominated and therefore both the temperature and salinity decreased during 

that time. Conversely, during settled weather (March ll th to March 31 51
) when mixing 

was reduced, water temperatures and salinities both increased, as marine waters 

dominated. The sudden reduction in both temperature and salinity around April I 51 2005, 

again reflects the influence of a freshwater rain event. 

2.3.3 Dissolved oxygen levels 

All the sites in the Kaikorai embayment experienced hypoxia on many occasions during 

the present study, with three sites (4, 5 and & 7) experiencing near anoxic oxygen 
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concentrations. Dissolved oxygen concentrations ( < 4.0 mg 0 2/L) were inversely related 

to macrophytic algae cover, depth and distance from the embayment opening. The 

macrophytic algae sites 4, 5 and 7 and the sand site 6 exhibited the lowest oxygen levels 

and spent the longest periods of time in hypoxia. The mean and lowest dissolved oxygen 

concentrations for each site and sampling times are presented in Table 2.1. Dissolved 

oxygen differed significantly between sites (df = 7, F = 25.671, p < 0.05) and time (df = 
1, F = 352.427, p < 0.05) and also between site and time (df = I, F = 21.484, p < 0.05). A 

post-hoc comparison, using Tukey's HSD test indicated that the mean oxygen 

concentration for sites 7 and 5 was significantly different from all other sites, and sites 3, 

4 and 6 were significantly different from sites 1 and 2. 

Table 2.1 Description of dissolved oxygen concentrations (mg 0 2/L) in the Kaikorai 
embayment between February 22"d 2005 and April 21" 2005. 

Site Habitat Time Mean 002 Min DO, %of time 
< 4.0 mg 

mg 0 2/l mg 0 2/L 0 2/L 
Open Sand Morning 5.19 2.32 23 

Afternoon 6.9 5.14 0 

2 Macrophyte Morning 4.87 1.58 36 
Afternoon 6.6 3.97 6 

3 Open Sand Morning 4.62 1.89 31 
Afternoon 6.26 4.26 0 

4 Macrophyte Morning 3.61 0.29 58 
Afternoon 5.74 0.39 20 

5 Macrophyte Morning 3.3 0.29 74 
Afternoon 6.71 3.29 8 

6 Open Sand Morning 4.36 1.15 42 
Afternoon 6.27 3.42 7 

7 Macrophyte Morning 3.26 0.22 60 
Afternoon 5.37 0.36 32 

8 Open Sand Morning 4.73 2.77 33 
Afternoon 6.2 2.14 6.0 
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Both the sandy and macrophyte sites revealed a similar trend toward fluctuations in 

dissolved oxygen levels throughout the study period. However, lower oxygen 

concentrations regularly occurred in macrophyte sites (mean 5.06 ± 0.13 mg 0 2/L), 

compared to the sandy sites (5.70 ± 0.14 mg 0 2/L). 

Severely depressed oxygen concentrations were generally present during the morning 

sampling period. All sites at this time had a minimum oxygen concentration below the 

4.0 mg 0 2/L hypoxic threshold on at least several occasions (Table 2.1 ). The macrophyte 

sites 4, 5 and 7 had the lowest minimum concentrations (0.22 to 0.29 mg 0 2/L 

respectively). Sites 4, 5 and 7 also exhibited the greatest percentage of time below 4.0 

mg 0 2/L. The mean oxygen concentration for all sites during the morning sampling 

period was 4.15 (95 CI% + 4.28,- 4.03) mg 0 2/L, while the mean afternoon 

concentration was 6.20 (95 % CI + 6.31, - 6.1 0) mg 0 2/L). 

Only two sites (1 and 3) did not experience afternoon hypoxic concentrations. There was 

a statistically significant difference in dissolved oxygen concentration between sites in 

the afternoon sampling time (df = 7, F = 2.580, p = 0.014). The macrophyte sites 4, 5 and 

7 had the lowest afternoon oxygen concentrations, with sites 4 and 7 having minimum 

oxygen concentrations of 0.39 and 0.36 mg 0 2/L. 

2.3.4 Depth 

Unexpectedly for a shallow well-mixed estuary (Robertson et al., 2002), dissolved 

oxygen did vary vertically down the water column. A statistical significant difference 

between the two depths was apparent (df = I, F = 53.706, p < 0.05), where lower 

dissolved oxygen concentrations occurred at greater depths in the morning. Conversely, 

in the afternoon higher oxygen concentrations were found at greater depths. This pattern 

occurred in both the sand and macrophyte sites. However, it was more pronounced in the 

macrophyte sites 4, 5 and 7. During the morning, the oxygen concentration variance at 

these sites often ranged from 6.0 mg 0 2/L at shallow depths to below 1.0 mg 0 2/L at 

greater depth. The mean dissolved oxygen concentration for shallow depths was 5.60 mg 
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0 2/L (95% CI- 5.49, + 5.70) compared to a mean oxygen concentration in greater depths 

of 5.04 mg 0 2/L (95% CI- 4.91, + 5.16). 

2.3.5 Seasonal effects 

The results indicated a trend of increasing dissolved oxygen concentrations over the study 

period, interrupted by a distinct low dissolved oxygen event. The hypoxic event began 

on day 7 (March 16'h) and continued for 17 calendar days until day 13 (April I" 2005). 

Not surprisingly, there was a statistically significant affect of dissolved oxygen (df = 17, 

F = 57 .II 0, p <0.05), between the 18 sampling days. A Tukey' s post-hoc test indicated 

the mean scores for sampling days 1-6 and days 14-18 were significantly different to 

sampling days 7 - 13. The accumulated mean oxygen concentrations for all sites are 

shown in figure 2.5 
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Figure 2.5 Trend in mean dissolved oxygen concentrations over the sampling period, 
showing the hypoxic event beginning after March 12'h, with oxygen concentrations 
remaining low(< 4.5 mg 0 2/L) until early April2005. 
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Average oxygen concentrations dropped from 5.96 mg 0 2/L to 3.64 mg 0 2/L within three 

calendar days and over the next 6 sampling days (8-13). though average oxygen 

concentrations never reached values above 4.5 mg 0 2/L. More importantly the lowest 

measured concentrations of dissolved oxygen were well below 4.0 mg 0 2/L for 6 of the 8 

sites (Figure 2.6a & b). Site 7 experienced close to anoxic (0.00 mg 0 2/L) conditions for 

7 sampling days ( 18 days). Following sampling day 13 (April I'' 2005). dissolved 

oxygen concentrations rose as a result of a flood event and normoxia was restored. 

Subsequent average dissolved oxygen concentrations never fell below 4.0 mg 0 2/L. for 

the remainder of the sampling period (Figure 2.5). However. the lowest measured 

concentration of dissolved oxygen continued to be below 4.0 mg 0 2/L. This occurred 

predominantly at the macrophyte sites 4. 5 and 7. with site 7 regularly having oxygen 

concentrations below 1.0 mg 0 2/L (Figure 2.6 b). 
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Figure 2.6 (a) The lower limit of dissolved oxygen concentrations (mg 0 2/L) for the 
macrophyte sites in the Kaikorai embayment (b) The lower limit of dissolved oxygen 
concentrations (mg 0 2/L) for the sand sites in the Kaikorai embayment. 
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2.3.6 Macrophyte cover 

Macrophyte density, bio-film development and sediment algal biomass were not 

measured in the present study but an observed increase in vegetation loss was noted. 

Breakdown of macrophyte detritus was also accompanied by black discoloured water and 

pungent odours, with an increased amount of epiphytic algae in the macrophyte bed. 

These events coincided with the period of low dissolved oxygen concentrations from 

March 16'h to April l" 2005. 

2.4 Discussion 

This investigation has demonstrated that hypoxic conditions below 4.0 mg 0 2/L exist 

periodically in an Otago estuarine habitat. All of the sites tested in the present study 

experienced some level of hypoxia with the severity inversely related to vegetation cover, 

depth and proximity to the embayment opening. Subsequently, the lowest mean and 

minimum oxygen concentrations and highest percentage of time spent below 4.0 mg 

0 2/L, occurred during the morning in the macrophyte/macroalgae sites 4, 5 and 7 and the 

sand site 6. These four sites were located at the end of the embayment, where depth was 

greatest and mixing and turbulence of the water column was negligible. The general 

trend was for gradually increasing dissolved oxygen concentrations from late summer, 

through autumn as the water temperatures cooled and riverine inputs increased. 

However, there was a clear hypoxic event beginning in mid March 2005 and continuing 

to the start of April 2005. 

2.4.1 Temporal effects 

The results indicate time, site and sampling day all significantly influenced the variability 

in levels of dissolved oxygen concentrations in the Kaikorai embayment. Estuaries are 

ecosystems which generally do not exhibit any steady state equilibrium, with rapid 

temporal changes in physicochemical characteristics, such as salinity and dissolved 

oxygen concentrations (Burton & Liss, 1976; Suthers & Gee, 1986). Past studies have 
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suggested the die! peaks in photosynthesis and respiration rates are a major contributing 

factor to the temporal fluctuations in dissolved oxygen levels (Miranda & Hodges, 2000; 

Breitburg, 2002). Whilst at night, high rates of respiring aquatic vegetation can lead to 

diminished oxygen levels, photosynthesis can re-oxygenate the water column during 

daylight. Therefore, hypoxia often only occurs for part of the day and it is not 

uncommon to see oxygen levels vary by as much as 0-20 mg 0 2/L over a die! cycle 

(Frodge, Thomas & Pauley, 1990). 

The results from the Kaikorai embayment are consistent with a noticeable die! pattern. 

However, the daily dissolved oxygen variance was usually between 6- 8 mg 0 2/L. 

Consequently, all sites sampled experienced hypoxia around dawn. Sites 2, 3, 4, 5 and 6 

also experienced severe hypoxia and site 7 was close to anoxia. Oxygen levels generally 

increased over the day but the rate of oxygen replenishment was highly variable, with the 

macrophyte sites recovering faster than the sand sites. 

2.4.2 Spatial effects 

Dissolved oxygen concentrations decreased down the embayment from the opening, and 

thus were inversely related to vegetation and flushing. This is consistent with other 

investigators who have reported similar reductions of dissolved oxygen concentrations 

associated with aquatic vegetation cover and decreased mixing rates (Suthers & Gee, 

1986; Frodge et al, 1990; Miranda & Hodges, 2000; Breitburg, 2002). The consequence 

of decreased mixing away from the embayment opening is two fold. Decreased flushing 

and mixing at the end of the embayment (sites 4, 5, 6 & 7), allows for longer residence 

times for nutrient and organic material (Gray et al., 2002). The increased particulate 

(POM) and dissolved organic matter (DOM) would then aid algal decomposition, which 

increases the sediment oxygen demand and further removes oxygen from the water 

column (Wu, 2002). The bacterial breakdown of this material releases nitrogen and 

phosphorous into the water column, further stimulating primary productivity (Caprillo et 

al., 2002; Dodds, 2003). The likely supply of this material in the lower Kaikorai estuary 

arises from the high sedimentation rates in the catchment (Robertson et al., 2002) and any 
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onsite decaying vegetation in the end of the embayment (G. Larkin, personal observation, 

2005). 

The end of the embayment which had the highest densities of macroalgal vegetation 

could be considered a 'production zone' of depressed oxygen concentrations. When 

combined with a lack of flushing and mixing, the replenishment in oxygen concentrations 

during photosynthesis would be minimal and the possibility of reoxygenation by 

advection from another water parcel unlikely. Furthermore, wind and turbulence, which 

increases re-oxygenation through flushing and mixing (Dyers, 1997) was inhibited. 

Small floating mats of macroalgae in sites 4, 5 and 7, provided better shelter from the 

wind, thus reducing turbulence and mixing. Inhibited mixing is known to decrease 

oxygen diffusion from the atmosphere (Hearn & Robson, 200 I), whereas the dense 

macroalgal beds would restrict light penetration, which in turn hinders photosynthesis 

and oxygen production (Sand-Jensen, 1989). Not surprisingly, the sites which exhibited 

the most frequent and prolonged periods of hypoxia ( 4, 5 & 7) were also those most 

sheltered from the predominant north-easterly wind. These sites were also deepest and 

had the greatest areas of aquatic vegetation. 

Identifying the factors leading to hypoxia in the sandy sites (I, 3, 6 & 8) is more 

problematic. The role of epiphyton and periphyton in remineralisation of phosphorus and 

oxygen consumption through decomposition has been reported before (Dodds, 2003). 

However, in the present study, no bioflim, algal biomass or nutrient analysis was 

undertaken, and the observed pungent odours and vegetation loss only occurred in the 

macroalgal beds. Therefore, the amount of primary or secondary productivity and 

sediment oxygen demand in the bare sand sites is unknown. Conversely, hypoxia in sand 

sites could have been due to the horizontal advection of the hypoxic water down the 

embayment toward the opening during ebb tides. However, without flow rate and tide 

gauge measurements, the rate of horizontal advection is uncertain. 
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There was a gradual increase in dissolved oxygen concentrations from late summer 

through autumn. However, the results indicated a hypoxic event in the Kaikorai 

embayment, which occurred across the whole study area for approximately 17 days, from 

mid March to early April 2005. During this period, average oxygen concentrations fell 

below the 4.0 mg 0 2/L hypoxia threshold. For the macroalgal sites 4, 5 and 7, near 

anoxic oxygen concentrations were measured at the onset of this event and site 7 

continued to have minimum oxygen levels approaching anoxia for another 18 days. 

Summer et al., (1997) concluded in their study that the use of average dissolved oxygen 

values may be misleading, as they may mask unacceptable oxygen concentrations which 

could be present at other times. Ecologically the minimum dissolved oxygen 

concentrations are more useful as they determine the short term lethal limits too which 

estuarine biota would be exposed (Summers et al., 1997). Within the Kaikorai 

embayment, particularly at site 7, average dissolved oxygen concentrations showed a 

recovery but minimum oxygen values remained at a severe hypoxic and near anoxic state. 

Therefore, careful consideration is required, if average oxygen concentrations are used as 

the basis for prediction of hypoxia-induced impacts on estuarine biota. 

2.4.3 Hypoxia formation and persistence 

The measured hypoxic event coincided with a period of settled weather, with low rainfall 

and warmer air temperatures (NIW A, 2005). Prior to this event, water temperatures and 

salinities peaked in the Kaikorai embayment. These results support the conclusions from 

other studies of estuarine hypoxia, where hypoxic formation tends to be more likely when 

water temperatures and salinities increase (Hearn & Robson, 2001; Rowe, 2001; 

Breitburg, 2002; Gray et al., 2002). Breitburg (2002) strongly emphasised the affect 

these two abiotic factors (temperature and salinity) can have on oxygen concentrations 

when combined, as they decrease the oxygen solubility and increase the likelihood of 

salinity-density stratification. However, shallow well mixed estuary/lagoons, such as the 

Kaikorai Estuary, often do not exhibit strong density-salinity stratification (Hearn & 

Robson, 2001 ). Therefore, the observed, statistically-significant difference in salinity 

with depth should be treated with caution. Some evidence does exist for a slight salinity-

27 



density stratification at sites 4, 5, & 7, but the range (3- 5 ppt) between the two depths is 

small. Although salinities measured in this investigation are higher than other researchers 

have previously reported for the Kaikorai Estuary (Robertson et a!., 2002), it is 

questionable whether such a weak stratification would create an oxygen deficit bottom 

layer in such a shallow habitat ( < 2 m deep). 

The propensity of a shallow estuary like the Kaikorai embayment to become hypoxic is 

likely to be more influenced by biotic effects, such as the respiring aquatic vegetation and 

primary productivity, rather than the abiotic effects of salinity-density stratification. 

Hypoxia persistence, however, requires the abiotic influences of reduced wind 

turbulence, mixing and flushing, which are all factors apparent at the deeper sites toward 

the end of the Kaikorai embayment (Miranda & Hodges, 2000; Breitburg, 2002). 

Estuarine topography can also be influential in aiding hypoxia formation and persistence, 

through the supply of nutrients and organic material (Nixon, 1995; Kennish, 2002). In 

the present study, hypoxia appears to be also associated with increased residence times of 

water in the lower estuary and the lack of freshwater flushing from decreased rainfall in 

the Kaikorai catchment (Robertson eta!., 2002). The mosaic pattern of low and high 

oxygen concentrations measured in the Kaikorai embayment during the present study 

occurred in a season when the estuary bar remained open. Therefore, it is equally 

important to consider the development of hypoxic conditions following bar closure, when 

salinities are lower and even less flushing occurs. 

In term of predictability and persistence of seasonal hypoxia in the Kaikorai Estuary, the 

present investigation has described the conditions associated with a low oxygen event. 

To define accurately the background causes of the eutrophication in the Kaikorai 

embayment would be beyond the scope and time frame of this study. However, a 

common theme is apparent where poor water exchange in the lower Kaikorai Estuary, 

combined with climate-triggered decomposition and aquatic respiration allowed the 

formation and persistence of hypoxic conditions. Consistent with previous studies of 

hypoxia, the present Kaikorai embayment study has shown that extreme low dissolved 
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oxygen events do occur, but are rarely uniform throughout the whole water column and 

show high variance in time and space (Kuo eta!., 1991; Diaz, 2001; Hearn & Robson, 

200 I; Breitburg, 2002; Gray eta!., 2002; Wu, 2002). However, a significant difference 

in the present study is that there was no strong salinity-density stratification which has 

been found to be influential in hypoxia formation in previous studies (Hearn & Robson, 

2001; Breitburg, 2002). 

2.5 Conclusion 

This investigation has been successful in identifying the existence of dissolved oxygen 

concentrations below 4.0 mg 0 2/L (hypoxia) in an embayment of the Kaikorai Estuary 

and is the first such study to quantify a seasonal hypoxic event in an Otago estuarine 

ecosystem. 

Dissolved oxygen concentrations in the Kaikorai embayment study exhibited a high 

temporal and spatial heterogeneity. All the sites in the Kaikorai embayment experienced 

some level of hypoxia throughout the study period, but the severity of hypoxia was 

related to the distance from the embayment opening, increasing water depth and 

vegetation cover. Typically, the lowest dissolved oxygen concentrations were found in 

deep macroalgal habitats during the morning, whereas the highest concentrations of 

oxygen were found in the afternoon at the same macroalgal habitats. This correlated well 

to peaks in respiration and photosynthesis (Miranda & Hodges, 2002). The macroalgal 

sites also exhibited the greatest die! fluctuations of dissolved oxygen levels. 

A distinct hypoxic event occurred in mid-March 2005 and continued to the beginning of 

April2005. During this period, dissolved oxygen concentrations were regularly below 

the 4.0 mg 0 2/L hypoxic threshold and often below 1.5 mg 0 2/L. It appears this event 

was triggered by increased water temperatures, salinities and decreased mixing and 

turbulence in later summer. 
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The factors in the Kaikorai embayment which contributed to the observed hypoxic event 

include: 

• Increased residence times in the lower estuary for nutrients and organic material 

from the partial closure of the sand bar, 

• Reduced tidal flushing and presence of a elevated estuary bed; 

• Reduced wind mixing and turbulence from the predominant north-easterly wind; 

• The presence of a shallow sill in the Kaikorai embayment hindering water 

movement; 

• Increased air and water temperatures and salinities following settled weather in 

summer; 

• Respiring macrophytic algal and vegetation. 

Diaz (200 I) suggests that no other environmental variable of such ecological importance 

to estuarine ecosystems has changed so drastically in the last 25 years as dissolved 

oxygen. Therefore, the identification in the present study of a seasonal hypoxic event and 

its variability, formation and persistence in an Otago estuary is significant. From the 

perspective of other estuarine areas in New Zealand, the present study provides a baseline 

from which to continue behavioural and physiological research to predict the effects of 

low dissolved oxygen on estuarine biota. 
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CHAPTER3 

The affects of low dissolved oxygen on Tenagomysis novae

zealandiae in the Lower Kaikorai Estuary 

Picture of sample tray on March 23rd 2005 at site 4 (08:05 am). Photo: Greg Larkin 

31 



3.1 Introduction 

To increase the knowledge base for effective management of New Zealand's estuaries 

requires an understanding of the impact of low dissolved oxygen. The present 

investigation provides baseline data on the effect that low dissolved oxygen levels have 

on the distribution and abundance of the native mysid shrimp Tenagomysis novae

zealandiae Thomson 1900. 

3.1.1 Hypoxia influences 

Low dissolved oxygen has been described as the most important variable currently 

affecting global estuarine ecosystems (Diaz, 2001). For semi-enclosed water bodies, 

such as estuarine embayments or coastal lagoons which have poor water exchange and 

high primary productivity, dissolved oxygen can become a fundamental limiting factor 

(Pihl et a!., 1991; Hearn & Robson, 200 I). When combined with increased water 

temperatures, algal decomposition and high rates of organic loading, hypoxia can occur 

when oxygen concentrations fall below 4.0 mg 0 2/L (Nixon, 1995; Breitburg, 2002; Gray 

eta!., 2002). If a low oxygen event is severe or prolonged, anoxic conditions can develop 

where there is effectively no measurable oxygen in the water column (Kuo et al., 1991; 

Summers et al., 1997; Miranda & Hodges, 2000; Wannamaker & Rice, 2000; Diaz, 

2001 ). 

It is rare for hypoxia to be temporally and spatially consistent across a whole water body 

(Kuo et a!., 1991 ). The non-uniformity of dissolved oxygen creates a mosaic of high and 

low oxygen concentrations, which differs in proximity to vegetation, depth and the level 

of primary production (Frodge et al., 1991; Miranda & Hodges, 2000; Gray et al., 2002). 

Dissolved oxygen is influenced by the diurnal fluctuations from aquatic respiration and 

photosynthesis (Miranda & Hodges, 2000), large salinity-density gradients (Hearn & 

Robson, 2001) and low flushing rates (Breitburg, Loher, Pacey & Gerstein, 1997). 

Estuarine dissolved oxygen concentrations can vary from severely depressed levels ( < 2.0 
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mg 0 2/L) to complete saturation (> I 0 mg 0 2/L) in a matter of hours and across 

horizontal locations within the water column (Kuo et al., 1991 ). 

3.1.2 Hypoxia tolerance 

In aquatic systems which are exposed to hypoxia, biota must avoid the areas with low 

oxygen levels or possess behavioural or physiological adaptations to tolerate them. 

Avoidance and migration are the most prominent hypoxic-induced affects upon mobile 

estuarine organisms (Renaud, 1986; Pihl et al., 1991; Breitburg et al., 1997; Diaz, 2001; 

Gray et al., 2002; Wu, 2002). For example, Wu (2002) reported that the penaeid shrimp 

Metapenaeus ens is detected and avoided oxygen concentrations below 2 mg 0 2/L. 

Similarly, the white shrimp Penaeus setiferus avoided concentrations below 1.5 mg 0 2/L 

(Renaud, 1986; Rosas, et al., 1998). However, if migration is not feasible or escape 

responses fail, mortality often results (Diaz, 2001). Survival in most shrimp species 

dramatically decreases when oxygen concentrations are reduced below 1.0 mg 0 2/L 

(Hagermann & Szaniawska, 1986; Renaud, 1986; Rosas, et al., 1998; Pihl et al., 1991; 

Alphin & Posey, 1999; Dean & Richardson, 1999; Roast, Widdows & Jones, 2002; 

Landman, et al., 2005). 

Hypoxic responses vary considerably in estuarine species, depending on acute or 

progressive exposure (Breitburg et al, 1997). Research data suggests that crustaceans are 

generally sensitive to severe hypoxia, while estuarine and brackish crustacea are believed 

to be the most tolerant of hypoxia as the likelihood of exposure is higher (Renaud, 1986; 

Pihl et al., 1991; Rosenberg et al., 1991; Gray et al., 2002; Roast et al., 2002). Only 

slight decreases in dissolved oxygen concentrations are required to be the difference 

between no effect on estuarine organisms and large scale shifts in community structure 

(Breitburg, 2002). Consequently, crustacean species suffer homeostasis disruption at far 

higher oxygen concentrations than that which induces mortality or avoidance behaviours 

(Gray et al., 2002). For example, Ocampo et al., (2000) reported that the growth of 

juvenile penaeid shrimp Faifantepeaneus californiensis was impaired at oxygen levels 

below 2.6 mg 0 2/L and the white shrimp Penaeus setiferus had a decreased energy 
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balance for growth and reproduction below 4.0 mg 0 2/L (Rosas et al., 1998). However, 

neither of these species experienced significant mortality until oxygen levels decreased 

below 1.0 mg 0 2/L (Rosas et al., 1998; Ocampo et al., 2000). 

3.1.3 Hypoxia-induced responses 

Hypoxia-induced behavioural changes in crustaceans include hyperactivity and decreased 

activity to reduce metabolic output (Hutchenson et al., 1985; Hagermann & Szaniawska, 

1986; Renaud, 1986; Eriksson & Baden, 1997; Rosas et al., 1998; Ocampo et al., 2000). 

The use of aquatic surface respiration and vertical migration up the water column are 

other behavioural responses, which allow aquatic organisms to access higher dissolved 

oxygen concentrations in the oxygen-rich surface layer (Kramer & McClure, 1982). 

However, for an intolerant benthic species which has a close association with aquatic 

vegetation or a substrate, these behavioural changes can increase the predation risk, while 

decreasing the energy available for feeding, growth and reproduction (Fenton, 1992; 

Breitburg et al., 1997; Miranda & Hodges, 2000). 

The indirect or sub-lethal affects of hypoxia are often subtle changes in predator-prey 

interactions, energy shifts within the ecosystem and food web alterations (Brei burg, 2002; 

Gray et al., 2002; Robbs & Abrahams, 2002). However, often hypoxia-tolerant prey 

species can benefit from areas of low dissolved oxygen, through decreased interactions 

with a predator intolerant to hypoxia (Pihl et al., 1991; Robb & Abrahams, 2002). 

Chapman et al., ( 1996) reported the predatory Nile perch Lates niloticus was less 

abundant in areas of low dissolved oxygen, which enabled prey species to exploit inshore 

habitats without suffering the adverse affects of low dissolved oxygen. Therefore, if a 

habitat experiences moderate hypoxia it can create a temporary predator refuge by 

excluding predators and hence the habitat value for a prey species may not be reduced by 

hypoxia (Pihl et al., 1991, Robb & Abrahams, 2002). 
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3.1.4 Mysids (Malacostraca, Peracarida, Mysidacea) 

Worldwide, over 800 mysid species have been identified from 120 genera (Mauchline, 

1980). Mysids are common crustaceans which inhabit numerous aquatic environments, 

including oceans, estuaries, coastal lagoons and freshwater lakes (Tattersall, 1923; Webb, 

1973; Chapman & Lewis, 1976; Mauchline, 1980; Greenwood et al.. 1985; Jones et al., 

1989; Sutherland & Closs, 2001 ). Mysids are an abundant and an important link between 

detritus, the primary and secondary producers and carnivores (fish) (Mauchline, 1980; 

Viherluoto, 2001). Mysids are also highly mobile omnivorous feeders, which consume a 

variety of food sources ranging from benthic detritus, rotifers, phytoplankton to 

zooplankton (Chapman & Lewis, 1976; Mauchline, 1980; Viherluoto, 2001 ). Mysids, in 

turn are a prey source for many predators including fish, invertebrates, birds and seals 

(Webb, 1973; Chapman & Lewis, 1976; Mauchline, 1980). In New Zealand estuarine 

habitats, mysids are a prey source of the common bully Gobiomorphus cotidianus and are 

probably important in the diet of other common estuarine fish predators, such as the 

kahawai Arripis trutta and yellow eyed mullet Aldrichettaforsteri (Webb, 1973). 

The adaptative ability of mysids allows them to invade new areas and habitats over a 

range of environmental conditions (Mauchline, 1980; Ketelars, Lambregts-van de 

Clundert, Carpentier, Wagenvoort & Hoogenboezem, 1999). These conditions are 

largely regulated by light, salinity, depth and temperature (Fulton, 1982; Allen, 1984; 

William & Collins, 1984; Greenwood, Jones & Greenwood, 1985; De Lisle & Roberts, 

1986; Jones, Greenwood & Greenwood, 1989; Roast, Widdows & Jones, 1999; 

Viherluoto, 200 I). 

3.1.5 Tenagomysis novae-zealandiae 

Within coastal New Zealand, Tenagomysis is the dominant genus consisting of 8 

described species (Tattersall, 1923). The small (8 mm) transparent mysid shrimp 

Tenagomysis novae-zealandiae is a common feature of the hyper-benthos in estuarine 

habitats throughout New Zealand. T. novae-zealandiae is found in patchy but high 
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abundances, with the greatest populations occurring in late summer and early autumn 

(Lill, 2005). It has a multivoltine lifecycle with reproductive peaks occurring in October, 

December and February to March in Otago (Lill, 2005). The number of eggs per brood 

varies between l 0- 40 eggs, depending on food availability, the size of the female and 

season (Chapman & Lewis, 1976; Nipper & Williams, 1997; Lill, 2005). An ecological 

separation occurs between the species of Tenagomysis, based on a salinity gradient. The 

smaller T. novae-zealandiae is more commonly found in the middle or lower reaches of 

estuaries or lagoons (Lill, 2005), whereas the larger T. chi/toni species inhabits the upper 

less saline areas of open estuaries and coastal freshwater lakes (Jones et al., 1989; 

Sutherland & Closs, 200 I; Lill, 2005). 

3.1.6 Mysids and Hypoxia 

Only limited studies exist concerning estuarine mysid distribution and abundance in 

relation to low oxygen concentrations (Alphin & Posey, 1999; USEPA, 2001; Miller, 

Poucher & Coiro, 2002; Roast et al., 2002). Roast et al., (2002) reported the estuarine 

mysid Neomysis integer, suffered significant mortality at dissolved oxygen levels of 2.0 I 

mg 02/L, whereas the mysid Americanmysis bahia had a LC 50 value of 1.2 mg 02/L 

(Miller et al., 2002). Therefore, mysids appear to be sensitive to low dissolved oxygen 

concentrations, particularly under 2.0 mg OiL. 

Due to the paucity of data concerning mysids and hypoxia, the present study compares 

similar shrimp species to determine the likely behavioural and physiological effects of 

low oxygen levels upon T. novae-zealandiae. These species include the white shrimp 

Penaeus setilerus (Renaud, 1986; Rosas, et al., 1998), the brackish-water shrimp 

Crangon crangon (Hagermann & Szaniawska, 1986), the grass shrimp Palaemonetes 

pugio (Hutcheson eta!., 1985), the penaeid shrimps Metapenaeus ens is & 

Fwjantepeaneus californiensis (Ocampo et al., 2000; Wu, 2002) and the New Zealand 

freshwater shrimp Parataya curvirostris (Dean & Richardson, 1999; Richardson, 

Williams & Hickey, 200 I; Landman, et al., 2005). 
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3.1.7 Research objectives 

Limited research has been undertaken on how New Zealand estuarine organisms detect, 

avoid or respond to low dissolved oxygen levels. Therefore, this research will investigate 

responses of the mysid T. novae-zealandiae to environmental low dissolved oxygen 

levels. This will be undertaken by comparing T. novae-zealandiae abundance with 

estuarine physicochemical parameters during a 2 month field survey in the lower 

Kaikorai Estuary. In particular this study's objectives are: 

I. Determine if dissolved oxygen concentrations below 4.0 mg 0 2/L (hypoxia) 

decrease T. novae-zealandiae abundance in an Otago estuarine habitat 

2. Is T. novae-zealandiae present or absent at dissolved oxygen levels below 0.5 mg 

Oz/L? 

3. Identify other influential factors which impact upon the spatial and temporal 

ecology ofT. novae-zealandiae 

3.2 Materials and Methods 

3.2.1 Kaikorai embayment sites 

The likelihood of hypoxia ( < 4.0 mg 0 2/L) occurring in the Kaikorai estuary was 

believed to be strongly influenced by the periodic closure of the estuary mouth, combined 

with areas of macroalgal vegetation. Closure of the estuary mouth resulted in low 

flushing and increased sedimentation in the lower Kaikorai Estuary (Robertson et al., 

2002). To accurately quantify the spatial and temporal variability of dissolved oxygen 

and allow T. novae-zealandiae sampling at all tides, a side embayment was chosen as the 

study area (Figure 2.2 & 2.3). The embayment study area (195m long and 10m wide at 

low tide) was located in the south-east corner of the lower Kaikorai estuary. The depth 

within the embayment varied from 20 em near the opening to more than 2 m further up 

the embayment. The embayment was divided into four sites where dense submerged 

macrophyte beds dominated (sites 2, 4, 5 & 7) and four open sand sites (site I, 3, 6 & 8), 
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which were more than 4 metres from any aquatic vegetation. The macrophytic algae 

species were dominated by species of the genera Monostroma. Ulva. Enteromorpha. 

Chaetomorpha 'Brillo pad algae', Cladophora and the macrophyte species Ruppia 

polycarpa (Horses mane weed) (Sarma, 1986). 

3.2.2 Measurements 

To investigate the impact of low dissolved oxygen levels on T. novae-zealandiae 

abundance, dissolved oxygen concentrations (mg 0 2/L), temperature (°C), salinity (ppt), 

depth (em) were measured at the same time as T. novae-zealandiae was sampled (see 

Chapter 2.2. Materials & Methods for sampling times and sites). T. novae-zealandiae 

were collected with a sweep net (0.5 11m mesh), at three randomly assigned locales at 

each site. The area of sweep was approximately I m3 at each locale and was conducted 

for a single depth at each point (shallow or deep) to avoid disturbance to adjacent mysid 

samples or subsequent dissolved oxygen measurement. However, as shallow depths 

predominated, depth range 2 (> 40 em) accounted for approximately 29 % of the 

sampling population. No sex or lifecycle differentiation was undertaken, due to the 

possibility of inaccurate field identification at night. The collected T. novae-zealandiae 

were transferred into a water-filled grid tray to allow photographing and counting, using a 

Canon G2 camera on a low flash setting. As sampling time in the estuary was a critical 

factor, direct counting from digital images in the laboratory enabled accurate estimation 

of the number ofT. novae-zealandiae. This method was favoured over conventional 

visual scanning and analogue photography (Pecha et al., 2004). A counting bias test was 

then undertaken and the results were within I 0 % of the other researcher's direct counts. 

3.2.3 Statistical Analysis 

A multiple linear regression using SPSS 13 software was undertaken to determine the 

best predictor ofT. novae-zealandiae abundance (Pallent, 2002). Prior to the analysis the 

data was examined for normality and homoscedasticity. Preliminary analysis revealed 

the T. novae-zealandiae data violated the assumptions of normality, linearity and 
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homoscedasticity, and hence was log transformed (Zar, 1999). Heterogeneity of variance 

occurred due to significant differences in the number ofT. novae-zealandiae collected, as 

often no mysids were collected in the afternoon sandy sites, whereas high numbers were 

sampled in the morning in macrophyte sites. Therefore, two regression analysis were 

undertaken; the first (Analysis I) was undertaken with the outliers present and the second 

(Analysis 2) with the skewed data removed (Sheskin, 2000; Tabachnick & Fidell, 2001). 

Consequently, the results from both statistical tests should be treated with caution. 

Pearsons-product moment correlation analysis were also undertaken to investigate the 

relationship between T. novae-zealandiae abundance, dissolved oxygen concentrations, 

sampling time and site. 
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3.3 Results 

3.1 Environmental data and T. novae-zealandiae abundance 
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Figure 3.1(a) Weekly salinity and temperature profile over the study period (b) Kaikorai 
Stream flow rate (U s), data from http://www. kvc.school.nz/kaikoraistream, accessed 
January 191

h 2006. Equipment malfunction at the end of week 2 and week 8 (c) Mean 
(grouped) T. novae-zealandiae abundance (ind per m3

) and Mean Disso lved oxygen (mg 
0 2/L) over the study period February 22"d (Week I) to April21 51 (Week 9) 2005. 
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Mean weekly values for temperature and salinity are shown in Figure 3.1 a. Both 

temperature and salinity in the Kaikorai embayment showed a seasonal decline over the 

study period. Temperatures ranged from 19.05 oc in February to 11.06 °C during mid

late April2005. Salinity ranged from 31 ppt in February to 21 ppt in April 2005, with an 

average of 28.5 (±0.2) ppt. 

Tenagomysis novae-zealandiae abundance steadily increased throughout the study period 

through late summer and into early autumn 2005. Average abundances increased from 

approximately 80 ind per m3 in late February 2005 to 300 ind per m3 in mid-March to 

early April2005 (Figure 3.lc). T. novae-zealandiae abundances significantly fluctuated 

between sampling weeks. For example, T. novae-zealandiae abundances in week 3 

(March II th & 12'h) were low ( < 25 ind perm\ however, by the next week (March 16'h) 

T. novae-zealandiae numbers had increased to 338 ind per m3
• 

Fluctuations in T. novae-zealandiae abundance corresponded well to freshwater flood 

events from the Kaikorai stream (Figure 3.1 b). Three main storm events in weeks 1, 3 

and the end of week 5 were associated with a decrease in T. novae-zealandiae abundance, 

with simultaneous effects to dissolved oxygen concentrations, salinity and temperature 

(Figure 3.1 a, b & C). Over the whole study period, the greatest numbers ofT. novae

zealandiae were collected when climatic events and freshwater inputs were stable. T. 

novae-zealandiae numbers rapidly increased at the end of week 3 and remained high until 

the freshwater spate event in week 5. Following this event, numbers recovered and again 

decreased, but due to equipment malfunction, no Kaikorai Stream flow data was available 

for week 8 (April 11th- 14'h, 2005). At the end of the study period (week 9), the average 

T. novae-zealandiae abundance had increased to 300 ind per m3 

3.2 Hypoxia tolerance by T. novae-zealandiae 

Tenagomysis novae-zealandiae abundance in the Kaikorai embayment did not decrease in 

areas of low dissolved oxygen ( < 4.0 mg 0 2/L) and on 6 occasions T. novae-zealandiae 

was sampled in oxygen concentrations below 0.5 mg 0 2/L (Figure 3.2). 
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Figure 3.2 Scatterplot of mean T. novae-zealandiae abundance (ind per m3
) and 

dissolved oxygen concentrations at all sites, showing the presence of mysids below 0.5 
mg Oz/L. 

Considerable heterogeneity of variance in mysid abundance occurred in the Kaikorai 

Estuary leading to heavily skewed data. The results from a Pearsons-product correlation 

analysis indicated T. novae-zealandiae abundances were negatively correlated to 

dissolved oxygen (r = -0.407, n = 207, p < 0.005). However, this should be treated with 

caution as dissolved oxygen was strongly correlated with time (r = 0.513, n = 398, p < 

0,005) and weakly co-related to site (r = -0.162, n = 398, p < 0.005). Therefore, the 

highest dissolved oxygen concentrations were found in the sandy sites during the 

afternoon sampling period, where the likelihood of finding T. novae-zealandiae was 

greatly decreased due to un-favourable habitats (Figure 3.3 a & b). 

Tenagomysis novae-zealandiae numbers were highly variable between sampling times 

and site (Figure 3.3). The highest densities ofT. novae-zealandiae were collected during 

the morning in the macrophytic algal sites. Sites 2, 4, 5 and 7 had the greatest 
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abundances, while the lowest numbers ofT. novae-zealandiae collected were in the sandy 

sites ( I, 3, 6 & 8) during the afternoon. The abundance ofT. novae-zealandiae in the 

morning was approximately 4 times greater than T. novae-zealandiae abundance in the 

afternoon. 
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Figure 3.3(a) Mean morning mysid abundance and di ssolved oxygen (mg 02/L) 
concentrations moving upstream from opening adjacent to site I. Error bars represent± 
SEM 
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The results from the morning macroalgal sites 4, 5 and 7, indicated low disso lved oxygen 

concentrations below 4.0 mg 0 2/L did not decrease T. novae-zealandiae abundance 

(Figure 3.3.a). These three sites (4, 5 & 7) had the lowest dissolved oxygen 

concentrations and spent the greatest periods of time in hypoxia of all the sites but 

resulted in the largest T. novae-zealandiae abundances (Table 2: I, Chapter 2). For 

example, on day 7 (March 161
h 2005) at site 5, over II 00 mysids were collected in the 

morning when dissolved oxygen levels averaged 0.35 mg 0 2/L. However, the near 

anoxic conditions did not persist for more than 12 hours, as s light reoxygenation of water 

column occurred due to photosynthesis. 

Tenagomysis novae-zealandiae abundance decreased at a ll sites in the Kaikorai 

embayment during the afternoons. T. novae-zealandiae again strongly favoured the 
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macrophytic algal sites toward the end of the embayment (Figure 3.3 b). Sites 4, 5 and 7 

which exhibited the greatest percentage of time in afternoon hypoxia ( 19 % to 32 %) 

recorded the highest abundances. The sites which had the lowest abundances were the 

open sand sites 1 (4 ind per m3
) and 8 (2 ind per m3

) and the macrophytic algal site 2 (9 

ind perm\ The two open sandy sites (3 & 6) located halfway along the embayment had 

slightly more T. novae-zealandiae (33 and 44 ind per m3
). Site 6 spent 7.7 %of the 

afternoon sampling time in hypoxia, whereas site 3 experienced no afternoon hypoxia. 

Analysis I indicated only the dissolved oxygen levels significantly influenced T. novae

zealandiae abundance. However, this multiple linear regression (r = 0.201, df = 7,206, F 

= 7.161, p < 0.05) contained heavily skewed data. The second multiple regression 

analysis (Analysis 2) was undertaken on the log transformed data, with the skewed data 

omitted and was significant (r-squared = 0.278, df = 7, 146, F = 7 .654, p < 0.05). The 

second analysis indicated T. novae-zealandiae abundance was influenced by differences 

in sampling times (beta= -0.334, t = 3.408, p < 0.05), vegetation cover (beta= 0.25, t = 

3.405, p < 0.05), and sampling day (beta= 0.197, t = 2.079, p < 0.05), but not dissolved 

oxygen concentrations. 

3.4 Discussion 

Within the Kaikorai embayment, T. novae-zealandiae was exposed to environmental 

hypoxia ( < 4.0 mg 0 2/L) for prolonged periods of time (> 24 hr) but no avoidance was 

indicated by decreased abundances. Even when dissolved oxygen concentrations 

dropped below 0.5 mg 0 2/L in the Kaikorai embayment, T. novae-zealandiae was still 

present. Therefore, it appears T. novae-zealandiae is conditioned to tolerate and survive 

dissolved oxygen levels well below 4.0 mg 0 2/L for extended periods of time and oxygen 

concentrations below 0.5 mg 0 2/L for short periods of time. This finding is consistent 

with Hagerman & Szaniawaska (1986), Sandberg-Kilpi et al., (1999) and Roast eta!., 

(2002), in suggesting crustaceans are generally insensitive to mild hypoxia. However, the 

presence ofT. novae-zealandiae in dissolved oxygen below 0.5 mg 0 2/L is unexpected, 

as crustaceans are believed to be sensitive of oxygen concentrations below 1.0 mg 0 2/L 
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(Hagermann & Szaniawska, 1986; Eriksson & Baden, 1997; Wannamaker & Rice, 2000; 

Diaz, 200 I; Gray eta!., 2002, Landman eta!., 2005). 

3.4.1 Spatial and temporal ecology ofT. novae-zealandiae 

Hypoxia is a well documented factor in determining the structure of aquatic ecosystems, 

and in particular, the functioning of a species within an estuarine habitat (Pihl eta!., 

1991; Diaz, 2001 ). However, hypoxia did not explain changes in mysid abundance or 

determine the temporal or spatial ecology ofT. novae-zealandiae in the Kaikorai 

embayment. Instead, the present results indicate that T. novae-zealandiae in the Kaikorai 

embayment was influenced more by a combination of physical abiotic and biotic factors, 

than low dissolved oxygen levels alone. Freshwater flood events, the distance from the 

channel opening, habitat availability and light avoidance were important factors 

determining T. novae-zealandiae distribution and abundance. 

The abundance ofT. novae-zealandiae in the Kaikorai embayment was heavily 

influenced by spate events from the Kaikorai Stream. Populations ofT. novae-zealandiae 

experienced rapid decline in abundance following the three spate events in the lower 

Kaikorai Estuary. In all likelihood, partial removal of the population by high flow rates, 

and not salinity and temperature changes, accounted for the observed decreases in T. 

novae-zealandiae abundance. Single disturbance events such as large floods have been 

reported to remove populations of mysids from estuaries (Drake eta!., 2002). Within 

several days re-colonisation of the embayment sites occurred and regained pre-flood 

abundances. Lill (2005) reported sustained high densities ofT. novae-zealandiae (mean 

annual density of 594 ind per m3
) in the Kaikorai Estuary. This suggests migration back 

into the embayment from another population in the lower estuary, which may have not 

been affected by the flooding. A reproductive response from the depleted population in 

the Kaikorai Embayment was unlikely, as the time interval was too short to allow such a 

sudden increase in T. novae-zealandiae numbers. 
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In the present study, the highest abundances ofT. novae-zealandiae occurred in periods 

of settled weather, which resulted in constant salinities, low freshwater inputs and low 

turbidity (G. Larkin, personal observation, 2005). During this period, salinities remained 

below 22 ppt, which is consistent with Jones et al., ( 1989) who reported the highest 

abundances ofT. novae-zealandiae in salinities close to 19 ppt. The experimental 

observations of Nipper and Williams ( 1997) indicated that T. novae-zealandiae survival 

is increased in salinities between 15 and 25 ppt. Therefore, this suggests stable 

hydrological and physicochemical conditions are fundamental to the recorded large 

population ofT. novae-zealandiae in the lower Kaikorai Estuary. 

Habitat selection and light avoidance also combine to determine the spatial ecology of 

T. novae-zealandiae in the Kaikorai embayment. Densities ofT. novae-zealandiae 

indicated a clear diurnal pattern in activity and abundance, with abundances in the 

morning averaging 300 -900 ind per m3 between sites, compared to 50 - 300 ind per m3 in 

the afternoon. This result is consistent with that of previous researchers of diurnal mysid 

abundances (Mauchline, 1980; Viherluoto, 200 I) and nocturnal T. novae-zealandiae 

distribution (Sutherland & Closs, 2001, Lill, 2005). 

The impact of light on mysid behaviour is well documented, where low light intensities 

are favoured and high light intensities avoided (Mauch line, 1980; Fenton, 1992 

Viherluoto, 200 I). Mauchline ( 1980) reported a diurnal vertical migration down the 

water column in pelagic mysids as a behavioural adaptation to avoid strong light. In 

shallow estuarine habitats, where vertical migration is not possible, mysids hide within 

aquatic vegetation for protection from predators and to avoid strong light (Viherluoto, 

2001 ). Fenton (1992) observed a similar behaviour in the coastal mysids Tenagomysis 

tasmaniae and Paramesopodopsis rufa, which exhibited a close diurnal benthic 

macroalgae association. Therefore, in the Kaikorai embayment the high abundances 

observed in the macrophytic algal sites during the morning and afternoon are probably 

attributed to decreased light intensities and possibly lower risk from fish and bird 

predators (Heck & Thoman, 1981; Viherluoto, 200 I). 
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Over the study period T. novae-zealandiae numbers increased with a population peak in 

mid-March to early April 2005. This result is consistent with that of Lill (2005) who also 

recorded a population peak in late summer/early autumn before a sharp decline in 

numbers towards winter. Peak densities ofT. novae-zealandiae (3481 ind per m3 on 

March 23'd 2005) reported in the present study are slightly higher than previously 

reported for T. novae-zealandiae (Lill, 2005). However, the abundance results from the 

Kaikorai embayment are similar to the maximum recorded abundances of the estuarine 

mysids Tenagomysis tasminae, Mysidopsis bigelowi and Neomysis americana (Allen, 

1984; Fenton, 1992; Alphin & Posey, 1999). 

3.4.2 T. novae-zealandiae presence in anoxia 

The presence ofT. novae-zealandiae in water with dissolved oxygen concentrations 

below 0.5 mg 0 2/L is surprising given mysids and crustaceans are generally very 

sensitive to oxygen concentrations below 1.0 mg 0 2/L (Hagermann & Szaniawska, 1986; 

Eriksson & Baden, 1997; Wannamaker & Rice, 2000; Diaz, 2001 ). For example, the 

New Zealand shrimp species Paratya curvirostris, recorded increased mortality below 

1.0 mg 0 2/L (Dean & Richardson, 1999; Richardson et al., 200 I; Landman et al., 2005), 

whereas the temperate estuarine mysids Neomysis integer (Roast et al., 2002) and 

Americanmysis bahia had significantly increased mortalities at 2.01 mg 0 2/L and 1.2 mg 

0 2/L, respectively (USEPA, 2000; Miller et al., 2002). Therefore, the presence ofT. 

novae-zealandiae at concentrations below 0.5 mg 0 2/L is interesting as the mysids 

sampled must be close to their physiological lethal limit and the impetus of such 

behaviour requires further investigation. 

It is not known whether the T. novae-zealandiae sampled during severe hypoxia and 

anoxia conditions were active, or whether the observed high numbers were from inactive 

T. novae-zealandiae being swept from the substrate by the sampling net. Crustacean 

inactivity has been reported as a mechanism for hypoxia tolerance, but the ecological 

consequences of decreased activity are potentially severe (Roast et al., 2002). While 

decreased activity may result in a lower metabolic output and short term hypoxia 
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tolerance, it may increase the predation risk from slower movement, reduced predator 

recognition and escape responses (Roast et al., 2002; Robb & Abrahams, 2002). 

Therefore, although T. novae-zealandiae were able to tolerate and survive environmental 

hypoxia in the Kaikorai, the impact upon their feeding, growth, reproduction and 

behaviour from low dissolved oxygen is uncertain and requires investigation. 

Conversely, the predation risk toT. novae-zealandiae in the Kaikorai embayment may 

have decreased, as hypoxia intolerant predators were excluded from the hypoxic 

embayment (Robb & Abraham, 2002). Within New Zealand estuarine ecosystems, 

mysids are a prey species of the common bully Gobiomorphus cotidianus (Webb, 1973). 

This species suffers 100% mortality after 4 hours, when dissolved oxygen concentrations 

fall below 1.0 mg 0 2/L, a level of dissolved oxygen which regularly occurred in the 

Kaikorai embayment during diurnal oxygen fluctuations (Deans & Richardson, 1999; 

Landman, et al., 2005). Therefore, during the recorded hypoxic event from mid-March to 

early April 2005, the Kaikorai embayment may have been a predator-free refuge forT. 

novae-zealandiae. 

3.4.3 Sampling limitations. 

Although a clear disparity in abundance between sampling times and sites is evident, 

sampling errors may have existed, where T. novae-zealandiae were settled deep within 

the macrophytic algal bed during the afternoon and thus could not be accurately 

quantified by the sampling technique used. If the macrophytic bed had been 

mechanically disturbed the adjacent dissolved oxygen measurement and T. novae

zealandiae sample would have been biased. Similarly, sites of moderately dense aquatic 

vegetation (Site 5) could be sampled easily, compared to sites with very dense vegetation, 

such as sites 4 and 7 (G. Larkin, personal observation, 2005). This could account for 

some of the substantial variance in the population ofT. novae-zealandiae collected 

between these sites. But this is inconclusive without further investigation into the role 

aquatic vegetation has on intra-specific mysid competition, habitat selection and food 

availability. 
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In periods of settled weather when the water turbidity was low, the sweep net collection 

method may have accurately sampled the macroalgal/macrophyte sites. Conversely, 

when turbidity was high and researcher vision was impaired, T. novae-zealandiae 

abundance may have been underestimated. Net avoidance behaviours including rapid 

movement, shoaling and escape responses, may contribute to differences in abundance. 

These avoidance behaviours have been documented to be greater during the daytime 

(Fleminger & Clutter, 1965), and thus possibly further skewing the Kaikorai embayment 

results. 

3.5 Conclusion 

In summary, the results of the present study indicate that low dissolved oxygen 

concentrations below 4.0 mg 0 2/L did not decrease T. novae-zealandiae abundance in the 

Kaikorai embayment. It appears T. novae-zealandiae is conditioned to survive moderate 

hypoxia for extended periods of time and even severe hypoxia for short time periods. 

This finding is consistent with the research of Hagerman & Szaniawaska ( 1986), 

Rosenberg et al., ( 1991 ), Breitburg et al., ( 1997), Sandberg-Kilpi et al., ( 1999) and Roast 

et al., (2002), as crustaceans are generally considered insensitive to moderate hypoxia. 

Low levels of dissolved oxygen are a reported factor in stmcturing estuarine crustacean 

populations and their distribution (Pihl et al., 1991; Diaz, 200 I; Breitburg, 2002). 

However, in the Kaikorai embayment dissolved oxygen levels did not appear to 

determine or influence T. novae-zea!andiae abundance or distribution. The interactions 

of freshwater inputs, season, vegetation association and avoidance of strong light 

intensities all affected 7: novae-zealandiae abundances within the Kaikorai embayment. 

These factors can be considered more influential than low dissolved oxygen levels in the 

population ecology ofT. novae-zealandiae. This leads to the questions; what is the 

minimum dissolved oxygen concentration which T. novae-zea!andiae can tolerate and 

what, if any, are the behavioural and physiological adaptations that enable T. novae

zea!andiae to live in hypoxia? The answers to these questions are the focus of Chapter 4, 
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CHAPTER4 

Tolerance and behaviour of Tenagomysis novae-zealandiae to 

low dissolved oxygen levels 

Picture of the estuarine mysid Neomysis kadiakensis Ortmann, 1908 

Photo: Cali fornia Academy of Animals, http://www.calacademy.org/, accessed January 

19th 2006 
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4.1 Introduction 

Hypoxia caused by eutrophication is arguably the most serious threat to coastal marine 

and estuarine ecosystems worldwide (Diaz, 200 I; Wu, 2002). Research indicates that the 

incidence and severity of hypoxia is increasing due to coastal population pressure, 

increasing demand for human food, and anthropogenic pollution (D'Avanzo & Kremer, 

1994; Nixon, 1995; Kennish, 2002). The hypoxia-induced effects on the community 

structure and function of estuarine ecosystems have been well documented (Breitburg et 

al., 1997; Gray et al., 2002; Wu, 2002). Hypoxia places acute and chronic demands on 

estuarine organisms, which affects not only survival, but can also influence growth, 

feeding and reproduction (Breitburg et al., 1997; Gray et al., 2002; Wu, 2002). The 

impact of hypoxia has been recorded for many estuarine fish and crustacean species 

worldwide (Hervant, Mathieu & Culver, 1999; Diaz, 2001; Breitburg, 2002; Kennish, 

2002; Gray et al., 2002). By comparison, little research appears to have been undertaken 

within New Zealand on predicting the onset of hypoxia or determining hypoxic-impacts 

upon native estuarine biota. For many native fish and crustacean species, New Zealand 

estuaries play a vital role in all or parts of their lifecycle (Webb, 1973; McDowall, 1976; 

Jones et al., 1989; Robertson et al., 2002). Therefore, understanding the impacts of low 

dissolved oxygen levels is important for prediction of estuarine water quality and its 

affect on the behaviour of native species. 

4.1.1 Hypoxia tolerance and adaptation 

The survival and function of estuarine crustaceans in hypoxic-conditions is dependent 

upon the individual species behavioural responses and physiological adaptations (Gray et 

al., 2002). Physiological tolerance in crustacea enables persistence in hypoxic-areas due 

to metabolic and respiratory adaptations (Hagerman & Oksama, 1985; Hervant et al., 

1999; Racotta et al., 2002). Often these adaptations involve increasing ventilation rates 

to ensure higher oxygen loading of haemocyania, switching to anaerobic respiration and 

exhibiting higher tolerances to lactate accumulation (Hagerman & Oksama, 1985; 

Hagerman & Vismann, 1993; Spicer, 1993; Sandberg-Kilpi et al., 1999). 
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Physiological hypoxia tolerance in crustaceans is also correlated to activity levels, 

metabolic output and temperature (Stickle, Kapper, Li-Lian, Gnaiger & Wang, 1989; 

Hervant et al., 1999). A decrease in activity reduces crustacean metabolic output, which 

maintains the organism's ability to consume what little oxygen remains (Hagerman & 

Szaniawska, 1986). For example, Roast et al., (2002) reported that as the level of 

dissolved oxygen decreased the swimming activity of the mysid Neomysis integer was 

reduced, and most of the mysids could only maintain their position in the test aquaria, 

neither actively swimming forward or backward. In a natural environment, reduced 

activity would greatly decrease the foraging efficiency and reduce the energy available 

for homeostasis, whilst increasing the risk of predation due to slower movement (Roast et 

al., 2002). Therefore, decreases in activity are a good indicator of hypoxic-stress in 

crustacea, as a critical oxygen threshold is exceeded for movement as a means to tolerate 

hypoxia (Hutcheson et al., 1985; Pihl et al., 1991). 

Changes in water temperature affect the physiological tolerance of crustacea by 

increasing the metabolic stress at higher temperatures, while still requiring homeostatic 

maintenance and regulation of oxygen consumption in an oxygen-deprived environment 

(De Lisle & Roberts, 1987; Rosas et al., 1998; Roast et al., 1999). It is therefore 

plausible that during the summer months, when the likelihood of hypoxia is increased, 

hypoxia tolerance in crustacea may be reduced under conditions of higher water 

temperatures (Roast et al., 1999). 

A common behavioural adaptation for mobile crustacean species is hypoxia avoidance 

and migration to well oxygenated habitats (Pihl et al., 1991; Gray et al., 2002). Wu 

(2002) reported that the penaeid shrimp, Metapenaues ensis, when exposed to an 

experimental oxygen gradient strongly favoured the oxygenated end of the test chamber. 

Similarly, most shrimp species are able to detect and avoid depressed oxygen 

concentrations (Hagermann & Szaniawska, 1986; Renaud, 1986; Pihl et al., 1991; Gray et 

al., 2002). Therefore, strong avoidance responses may enhance survival by allowing 

detection and avoidance of potentially lethal oxygen concentrations. 
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When depressed oxygen concentrations approach the critical limit for survival, aquatic 

organisms often exhibit escape responses or terminal avoidance behaviours, such as 

erratic swimming, sudden and increased activity and a vertical migration up the water 

column (Hutchenson et al., 1985; Hagermann & Szaniawska, 1986; Renaud, 1986; 

Eriksson & Baden, 1997; Rosas et al., 1998; Ocampo, eta!., 2000; Roast et al., 2002). 

The movement of the organism toward the surface is a common response in aquatic 

organisms when exposed to hypoxia and in fish it is often followed by Aquatic Surface 

Respiration (ASR) (Wolf & Kramer, 1987; Dean & Richardson, 1999). ASR allows the 

organism to access higher dissolved oxygen concentrations present near the atmosphere

water interface (Kramer & McClure, 1982). For crustacean species which lack the 

physiological adaptations to persist in hypoxic-areas, behavioural changes such as 

vertical migration greatly increase the predation risk from fish and birds (Breitburg et al., 

1997; Diaz, 2001; Gray et al., 2002). 

4.1.2 Research objectives 

The majority of previous studies investigating the tolerances of New Zealand native 

crustacea to hypoxia have focused on the freshwater shrimp species Parat>·a curvirostris 

(Deans and Richardson, 1999; Richardson et al., 200 I; Landman et a!., 2005) and the 

freshwater crayfish (Landman et al., 2005). There is a distinct lack of reported research 

on estuarine crustacea native to New Zealand. The objective of the present chapter is to 

investigate the tolerance and behaviour that a prominent estuarine mysid species T. 

novae-zealandiae exhibits to hypoxia. This will be determined experimentally by 

observing changes in survival, vertical distribution, activity and behavioural adaptations. 

In particular: 

I. To determine if T. novae-zealandiae survival decreases as dissolved oxygen 

levels decline. and 

2. To quantify changes in the vertical distribution and activity ofT. novae

zealandiae, and record any other behavioural changes. 
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4.2 Materials and Methods 

4.2.1 Collection and Rearing. 

In August 2005, a population of 900 T. novae-zealandiae was collected with a dip net in 

the Kaikorai embayment (Figure 2.2 & 2.3 ). There organisms were placed in a 50 L ice 

chest containing estuary water, and transferred to the laboratory. The taxonomy of the 

laboratory population was confirmed to be T. novae-zealandiae as per Chapman and 

Lewis ( 1976). 

In the laboratory, T. novae-zealandiae were sorted into two groups of 450 individuals and 

placed in 30 L plastic containers (Tank I & Tank 2), with stocking rates of 15 individuals 

per L (Nipper & Williams, 1997). This stocking rate was sufficient to compensate for 

population losses from mortality and cannibalism (Lussier et al., 1988). Twenty 

individuals from each tank were exchanged every week to stimulate reproduction and 

ensure genetic similarity (Ward, 1984). 

Salinity (ppt), temperature (°C) and dissolved oxygen (mg 0 2/L) levels were monitored 

daily with a YSI 85 oxygen probe. Higher survival ofT. novae-zealandiae has been 

reported for salinities between 15 ppt and 25 ppt (Nipper & Williams, 1997). The salinity 

of the laboratory system in the present study was maintained at 20 ppt. However, the 

initial collection salinity was 27.2 ppt, and thus the salinity in the samples was decreased 

at 3 ppt per day to the desired 20 ppt. The temperature was maintained at 20 oc in a 

constant-temperature room. After collection, tank temperatures were slowly increased 

from 9.8 to 20.0 oc, with an aquarium tank heater. These conditions were recommended 

by Nipper & Williams ( 1997) as desirable for survival and reproduction ofT. novae

zealandiae. Dissolved oxygen concentrations were maintained above 6.30 mg 0 2/L and 

the pH never dropped below a value of 8.2 as recommended for mysid culturing (Ward, 

1984; Lussier, Kuhn, Chammas & Sewall, 1988; Langdon, Harmon, Vance, Kreeger, 

Kreeger & Chapman, 1996). Dissolved oxygen concentrations were maintained using an 

air stone and bubbler, resulting in gentle aeration and water movement. A low tlow rate 
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and decreased water movement was also recommended for mysid feeding and 

reproduction (Lussier et a!., 1988). 

Natural seawater is generally a better culture medium for mysids than synthetic seawater 

mixes (Lussier et a!., 1988), and the mysids were therefore cultured in a premixed 

solution of filtered non-treated UV seawater (0.5 [tm) and freshwater. A semi-static 

water system was maintained, with 20 L of water renewed weekly (Nipper & Williams, 

1997 ). The walls of the aquarium were scraped clean of all excess food and waste 

metabolites every day. Extreme care was taken during this procedure to minimise 

disturbance and injury toT. novae-zealandiae swarming near the tank edge. 

The daily light cycle was provided by overhead white fluorescent bulbs on an I I hr dark, 

13 hr light photoperiod, with a I hr and 2 hr period mimicking dawn and dusk 

respectively. Strong light intensities were avoided in the laboratory and a small radio was 

placed near the culture tanks to reduce the possibility of researcher disturbance due to 

sudden noise. 

T .novae-zealandiae were initially fed 'ad libitum' brine shrimp Artemia salina pellets, 

until a brine shrimp hatchery was constructed. Artemia were obtained commercially, and 

then hatched in two I L aerated beakers at 23 oc. After a 24 hr hatching period, Artemia 

were separated from the egg remains and un-hatched cysts, cleaned with freshwater water 

and then transferred to the two aquariums. The T. novae-zealandiae populations were fed 

between 12:00 and 16:00 hr daily. 

4.2.2 Experimental Setup 

Experiment I involved T. novae-zealandiae survival and tolerance testing, whereas 

experiment 2 involved assessing T. novae-zealandiae behavioural changes with decreases 

in the level of dissolved oxygen. Both experiments ran simultaneously and were 

conducted in a glass fish tank (60 x 40, 40 em) enclosed in black plastic except for the 

front viewing face. T. novae-zealandiae behaviour was observed from behind large 
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curtains positioned in front of the tank to prevent outside movement and shadows from 

influencing shrimp behaviour. 

Dissolved oxygen treatments were 6.3 mg 0 2/L (normoxia), 4.0 mg 0 2/L (hypoxia), 1.5 

mg 0 2/L (severe hypoxia) and< 0.5 mg 0 2/L (anoxia) with 3 replicates per 

concentration. These concentrations represented conditions which T. novae-;cealandiae 

might encounter in the Kaikorai embayment. After 13 days of acclimation to tank 

conditions, experimental T. novae-zealandiae were selected randomly and then 

transferred from the culture aquarium to the experimental tank. For behaviour and 

tolerance experiments, 30 T. novae-zealandiae were selected for each dissolved oxygen 

treatment. No T. novae-zealandiae were fed during the tolerance or behavioural 

experiments. All experiments were conducted at a salinity of 20 ±I ppt and a 

temperature of 20 ± I "C. 

Tank water was aerated through air stones and monitored continuously, with a Winkler 

calibrated Yellow Spring Instrument 85 oxygen probe to ensure oxygen concentrations 

were within± 0.2 mg 0 2/L of the target level. Adjustments were made using nitrogen 

bubbles (N2) to reduce dissolved oxygen to the desired level. This procedure for 

removing oxygen from water has been used extensively in studies for other shrimp 

species, and produced no effect on pH over 8 hours (Renaud, 1986; Eriksson & Baden, 

1997; Deans & Richardson, 1999; Roast eta!., 2002). To generate oxygen concentrations 

below 1.0 mg 0 2/L, small amounts of Na2SO" were added. The effect this chemical has 

on experimental organisms is believed to be no different than that of nitrogen (Kramer, 

1983a). The experimental tank had no lid so as to prevent nitrogen gas buildLtp in the 

confined experimental area. 

Water inside the chamber was continuously agitated with a magnetic stirrer to ensure 

thorough mixing. Prior to nitrogen introduction, the test organisms were exposed to a 30 

minute acclimation period in saturated water. Tests began at 09:00 hrs and continued for 

8 hrs, with 2 hrs of gradual decline in the level of oxygen consistent with previous studies 

of hypoxia on native crustaceans (Dean & Richardson, 1999; Landman eta!., 2005). 
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All experimental organisms were euthanized in 95 '7o formalin (CH20) and preserved in 

ethanol (C2H50H), which maintains the tissue and biomass of the specimen (Leuven, 

Brock & van Druten, 1985). Each specimen was identified to the species level as per 

Chapman and Lewis ( 1973 ). 

4.2.3 Measurements 

(a) Survival and tolerance 

Dissolved oxygen (mg 0 2/L), salinity (ppt), temperature (°C) and T. novae-;zealandiae 

mortality were recorded every 30 minutes for 480 minutes. T. novae-:cealandiae were 

exposed to hypoxic concentrations to determine the lethal concentrations where 50 '7o of 

the test population suffered mortality. The LC 50 was determined with the Spearman

Kraber Method (Hamilton, Russo & Thurston, 1977) and 95 % confidence intervals 

calculated. Under anoxia(< 0.5 mg 0 2/L), T. novae-zealandiae stopped swimming and 

sank to the bottom of the test chamber where they lay motionless. However, the mysids 

were not dead and once removed into an oxygenated solution they quickly revived and 

continued swimming. Therefore. mortality was taken as the time when the loss of 

equilibrium occurred in each individual. This is essentially an ecological mortality, or the 

effect time where the mysid can no longer swim or perform escape responses (Roast et 

al., 2002). The point in time when 50% of the experimental population could not 

maintain their position and sank to the bottom of the test aquaria was determined as the 

effect time (ET so). 

(b) Behaviour 

The experimental chamber was divided vertically into three 6 em sections. After 

mortality was determined, the number of individuals in the bottom, middle and top third 

of the tank was measured. During trials, rapid tail flexion was noted for oxygen 

concentrations below 0.5 mg 0 2/L and just prior to loss of equilibrium. Similar 

behaviours have been observed in the mysid Neomysis integer and may be an escape 
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response (Roast et al., 2002). Other noted behaviours were individuals hanging in an 

upright position at the surface and quickly skimming the water/air interface, during the 

1.5 mg 0 2/L oxygen treatment. 

4.2.4 Statistical Analysis 

An ANOVA using SPSS 13 software was undertaken on the survival data to test if T. 

novae-zealandiae survival decreased as dissolved oxygen (mg 0 2/L) levels were reduced 

(Pallent, 2002). Due to obvious heterogeneity of variance, the data was arcsine 

transformed to meet the assumptions of ANOVA (Zar, 1999). A post-hoc Tukey's 

pairwise comparison was undertaken to identify which of the four dissolved oxygen 

treatments significantly differed. 

To determine the odds ratio of finding T .novae-zealandiae in any one of the 3 vertical 

strata in the test aquaria, a multi-nominal logistic regression using SPSS 13 software was 

undertaken (Pallent, 2002). The logistic regression (p < 0.05) was undertaken using the 

forced-entry method, with the top third of the test aquaria used as the reference catergory 

(Tabachnick & Fidel!, 200 I). 
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4.3 Results 

4.3.1 Mortality 

T. novae-zealandiae showed a clear increase in mortality with decreases in dissolved 

oxygen concentrations (Figure 4.1 & Table 4.1 ). There was 96% survival in the 6.3 and 

4.0 mg 0 2/L treatments and 86 %survival at 1.5 mg 0 2/L. All individuals exposed to 0.5 

mg 0 2/L suffered I 00 % mortality. The 8 hr LC 50 for dissolved oxygen was estimated to 

be 1.11 mg 0 2/L (95 %confidence limits: 1.01-1.21 mg 0 2/L). 
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Figure 4.1 Mean percent mortality after 8 hours at dissolved oxygen concentrations of 
0.5, 1.5, 4.0 and 6.3 mg 0 2 /L. Error bars are± I SEM. 

The results from a one way ANOV A (p < 0.05) revealed T. llO\'(te<ealandiae survival at 

0.5 mg 0 2/L was significantly different to the three other higher dissolved oxygen 

treatments. It is therefore, no surprise that the ET 50 during the 0.5 mg 0 2/L bioassay was 

very low (Table 4.1 ). 
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Table 4.1 Summary data for the 8 hr dissolved oxygen (D02) exposures. The number of 
replicates indicates the number of times LC 50 bioassays repeated forT. novae
zealandiae, where n is the total number of animals. Note, for D02 levels of 0.5 mg 0 2/L 
and 6.3 mg 0 2/L, I and 3 individuals are missing respectively, this is most likely due to 
cannibalism during the bioassay. Data are presented as means± SEM. 

Nominal No. of 
D02Ievel Actual D02 replicates n Effect time 

(me 0 0/L) (mco 0 0/L) (hr) 

0.5 0.36±0.02 3 89 00:22±00:09 

!.5 1.60±0.01 3 90 >08:00 

4 4.05±0.01 3 90 >08:00 

6.3 6.30±0.02 3 87 >08:00 

4.3.2 Behavioural responses to dissolved oxygen 

The vertical distribution and activity ofT .novae-zealandiae was highly dependent upon 

dissolved oxygen levels. During normoxia (6.3 mg 0 2/L), mysids were actively 

swimming and distributed evenly throughout the experimental chamber. As the hypoxia 

increased from 4.0 to 1.5 mg 0 2/L, T. novae-zealandiae strongly favoured the bottom 

third of the test aquaria, where the majority of individuals were inactive. This result was 

more pronounced at 1.5 mg 0 2/L (Figure 4.2), but the time taken before 50% of 

individuals exhibited this behaviour was similar (43 mins) at 4.0 mg 0 2/L, as it was at 1.5 

mg 02/L. 

All 1: novae-zealandiae exhibited active swimming during anoxia, with the majority of 

individuals (88 %) present in the upper third of the experimental chamber (Figure 4.2). 

This behaviour began before the test commenced and continued until the test was ceased 

due to mass loss of equilibrium and mortality. Those individuals in the bottom two-thirds 

of the aquaria were visibly distressed, and demonstrated erratic swimming movements 

prior to loss of equilibrium. 
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Figure 4.2 Vertical distribution ofT. novae-zealandiae in dissolved oxygen (mg 0 2/L). 

Error bars are± SEM. 

An odds likelihood ratio calculated from a multi-nominal logistic regression, (r = 0.373, 

df = 0 (6), chi -square= 47.627, p-value < 0.05) indicated the chance of finding no 

T. novae-zealandiae in the bottom third of the aquaria was 13.5 times more li kely during 

anoxia(< 0.5 mg 0 2/L), than at any other dissolved oxygen concentration. 

4.3.3 Other behavioural aspects 

Although not evident at dissolved oxygen levels of 1.5, 4 .0 and 6.3 mg 0 2/L, I 00 % of 

the test organism exhibited tai l flexions and erratic swimming movements in 0.5 mg 0 2/L 

oxygen concentrations. This behaviour immediately preceded sinking and loss of 

equilibrium in T. novae-zealandiae. Following 4 - 5 rapid tai l fl exions, exhausted mysids 

then lay on the aquaria floor, where no other behavioural activity was observed. 

A new behavioural response not seen at any dissolved oxygen treatment other than 1.5 

mg 0 2/L, involved several T. novae-zealandiae ' hanging' in a upright position in the top 

third of the tank. However, as this behaviour was absent in pilot tria ls and was 

unexpected, it was not quantified. 
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4.4 Discussion 

4.4.1 Tolerance ofT. novae-zealandiae to hypoxia 

In this study, T. novae-zealandiae proved to be tolerant of moderate and severe hypoxia, 

indicated by low mortality at oxygen levels of 4.0 and 1.5 mg 0 2/L. However, T. novae

zealandiae was sensitive to anoxia and suffered I 00% mortality when exposed to 

dissolved oxygen concentrations below 0.5 mg 0 2/L. This result is consistent with other 

hypoxia research on mysid and shrimp species, where lethal oxygen levels have been 

recorded between 0.3 and 1.0 mg 0 2/L (Dean & Richardson, 1999; Hervant et a!., 1999; 

Roast eta!., 2002; Wu, 2002). In addition, the 8 hr LC 50 at 20 oc was 1.11 mg 0 2/L, as 

determined by the Spearman-Kraber method (Table 4.2) (Hamilton eta!., 1977). By 

comparison, American bahia and Neomysis integer have been repoted to have 8 hr LC 50 

values of 1.20 mg 0 2/L and 2.02 mg 0 2/L, respectively (Alphin & Posey, 1999; Roast et 

a!., 2002), while the New Zealand freshwater shrimp species Paratava curviostris 

exhibited a higher tolerance with an LC 50 of 0.82 mg 0 2/L (Landman eta!., 2005). 

These findings suggest T. novae-zealandiae has a high tolerance to moderate hypoxic 

conditions compared to other mysid species but is more sensitive to anoxia than other 

New Zealand native freshwater crustacea (Table 4.2). 

4.4.2 Ecological effect time 

Only the median effect time (ET 50) for a dissolved oxygen level of 0.5 mg 0 2/L could be 

determined forT. novae-zealandiae, as near complete survival rates were indicated for 

the other dissolved oxygen treatments. At 22 minutes, the ET 50 forT. novae-zealandiae 

was far higher than the value of 4 min reported for the mysid Neomysis integer (Roast et 

al., 2002). By comparison, the shrimp Crangon crangon exhibited a lethal median time 

of 30 hours, when the dissolved oxygen concentrations decreased below 0.5 mg 0 2/L 

(Hagermann & Vismann, 1995). The ecological significance of a low ET50 is high, as it 

represents the short term time span during which T. novae-zealandiae quickly suffers 

mortality. In the natural environment, T. novae-zealandiae would not be confined by the 
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test aquaria and thus a avoidance and migration response is likely, as previously reported 

for other mobile crustacea (Renaud, 1986; Pihl et al., 1992; Gray et al., 2002; Roast et al., 

2002). However, if T. novae-zealandiae detection and avoidance behaviours were 

impaired by hypoxia and escape responses unsuccessful, mortality is highly likely within 

a very short time. For example, Bretiburg (2002) reported trapped fish and crustacean 

dying when hypoxic-bottom water was advected toward the surface by wind and internal 

tidal movements. In a habitat with rapidly fluctuating dissolved oxygen concentrations, 

such as the Kaikorai Estuary, T. novae-zea/andiae may be less able to initiate successful 

escape responses without simultaneously being exposed to lethal concentrations of 

oxygen and higher predation risk. Therefore, during anoxia, survival ofT. novae

zealandiae in semi-enclosed estuarine embayments could be compromised by such a 

short effect time. 

Table 4.2 T. novae-zealandiae tolerance to dissolved oxygen levels compared to other 
mysids and shrimp species. This is the first study to examine the sensitivities of a New 
Zealand native estuarine crustacean species to low dissolved oxygen levels, using the 
median lethal concentration (LC 50) as the endpoint affect. 

Mysid Species LC 50 Mean 9(} LT50/ETso Source 
(mg 0 2/L) mortality 

Tenagomysis no vue- 1.11 00:22 mins Present study 
::.ea!andiae 
Neomysis integer 2.02 00:04 mins Roast ct a!., 2002 

. ---· - -·-·- -- - -- - -- - -- ------ ----·---------·- --- -·-·------

Americwnysis bahia 1.20 Alphin & Posey. 1999 

A hahia 24 hr at 1.27 USEPA. 20tJI 

Shrimp Species 

Parataya cu1Tirostris 0.~2 Landman ct a!.. 2005 

P. cwTirosrris 27 7r after Deans & Richardson. 1999 
48hr at l.Omg 
o,tL 

Metapenaeus ensis 2Yk at 0.30 , """'"" ct al. 1995 

mg 02/L 
M. ensis 0.77 6.5 hr at 0.5 Wu. 2002 

..... ''"' '""''""''"""'''"'"'"""'""'"''"'""""''""'-''''"'" 
..... [11~_()2/L .. - -· ·-·----··--·-"---"·-- . "'""'"'-···-· 

Crangon crangon 30 hr at 0.45 Hagcrmann & Vis mann. 
mg 02/ L 1995 

65 



4.4.3 T. novae-zealandiae behavioural responses 

Changes in T. novae-zealandiae behaviour and activity were clearly observed as 

dissolved oxygen concentrations decreased. The vertical shift in distribution and 

decrease in T. novae-zealandiae activity is consistent with results reported for other 

crustacean species (eg Hervant eta!., 1999; Wu, 2002). For example, Erikkson & Baden 

( 1997) recorded inactivity in the Norwegian lobster Nephrops norvegicus when exposed 

to moderate hypoxia. Similarly, the grass shrimp Palaemonetes pugio had significantly 

suppressed locomotory activity below 2.8 mg 0 2/L (Hutcheson eta!., 1985). The 

con·elation between a reduction in metabolic output and low activity levels in crustaceans 

is well understood (Stickle eta!., 1989; Hervant eta!., 1999; Racotta, Palacios & Mendez, 

2002). In the present study, the marked reduction in activity at 4.0 mg 0 2/L, suggests a 

critical oxygen limit forT. novae-zeaiandiae activity exists between 6.3 and 4.0 mg 0 2/L. 

Physiologically, T. novae-zealandiae could not maintain a high metabolic output under 

increasing oxygen stress. resulting in reduced inactivity. This behavioural response was 

more prominent at 1.5 mg 0 2/L, as over 60% ofT. novae-zea/andiae were located on the 

bottom of the test aquaria. Therefore, the low activity levels and low metabolic output of 

T. novae-zeaiwzdiae may be considered a successful strategy to survive and tolerate 

moderate and severe hypoxia. 

It is of interest that several T. novae-zealandiae were active in the surface layer at 1.5 mg 

0,/L, which were observed 'hanging' in an upright position with rapidly beating 

pleoplods. A plausible explanation for this behaviour may involve increasing the water 

!low across the respiration membranes to enhance oxygen uptake. Roast eta!. (2002), 

noted a similar behaviour in Neomvsis integer, but the respiratory benefit of this latter 

response is largely unknown. The fact that the present response occurred in the top of the 

tank at moderate hypoxia, suggests some T. novae-zealandiae were undertaking vertical 

migration up the water column to gain access to the air-water interface, where oxygen 

concentrations are likely to be higher (Dean & Richardson, 1999). 
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Aquatic surface respiration (ASR) is a behavioural response to environmental hypoxia 

used by many aquatic organisms to augment oxygen uptake in the oxygen-rich surface 

layer (Kramer & McClure, 1982). Although ASR was not quantified in the present study, 

T. novae-zealandiae were routinely observed in surface layer of the tank at all oxygen 

concentrations. Compensatory responses such as ASR and vertical migration may reduce 

direct mortality from hypoxia and enhance survival, but the efficiency or success of these 

behaviours requires further investigation (Kramer & McClure, 1982; Petersen & 

Petersen, 1990; Breitburg et a!., 1997). This is because vertical migration ofT. novae

zealandiae into the surface layer of the water column would greatly increase the 

predation risk from birds and fish, particularly in a shallow estuarine habitat, such as the 

Kaikorai Estuary. 

The sudden hyperactivity ofT. novae-zealandiae and the behavioural response of erratic 

swimming near the surface at dissolved oxygen levels of 0.5 mg 0 2/L, suggests a 

terminal avoidance threshold had been passed. The successful reduction in metabolic 

output from decreased activity during hypoxia (4.0 mg 0 2/L) and severe hypoxia (1.5 mg 

0 2/L) could no longer sustain T. novae-zealandiae respiration at far lower oxygen 

concentrations. In all likelihood this behaviour was initiated as an escape mechanism to 

find more oxygenated water and not a longer term hypoxic behavioural adaptation. This 

is supported by the short ET 50 of 22 minutes observed at 0.5 mg 0 2/L. If this resulted in 

a higher ET50 value, this behavioural response could be considered more successful as a 

behavioural strategy for anoxia survival and tolerance. 

During the experiments with a dissolved oxygen level of 0.5 mg 0 2/L, 88 % of the 

surviving T. novae-zealandiae were active in the surface layer and observed skimming in 

the surface layer immediately before loss of equilibrium. This is consistent with the 

results of Roast eta!., (2002) who recorded a similar increase in activity in Neomysis 

integer prior to the loss of position in the experimental aquaria. Immediately preceding 

loss of equilibrium, numerous T. novae-zealandiae were observed swimming erratically 

and undertaking tail flexion. Exhaustion quickly followed the 4 or 5 tail contractions, but 
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the fact that tail flexion was only evident at oxygen levels of 0.5 mg 0 2/L, suggests it was 

a final escape response before loss of position and mortality. 

ForT. novae-zealandiae activity, a critical limit was indicated at dissolved oxygen levels 

between 6.3 and 4.0 mg 0 2/L, but the critical survival threshold was more problematic to 

determine. Survival in I .5 mg 0 2/L conditions was very high, whereas survival at 0.5 mg 

0 2/L was non-existent after 22 minutes. Therefore, the next phase of this research would 

be to accurately determine this critical point, as the threshold values determined in this 

study may differ if T. novae-zealandiae were allowed to acclimate to decreasing 

dissolved oxygen levels, as might happen in a natural environment. 

4.5 Conclusion 

In summary, the present study indicates T. novae-zealandiae is sensitive to anoxia(< 0.5 

mg 0 2/L), as shown by total mortality and a short effect time of 22 minutes. However, T. 

novae-zealandiae was tolerant of moderate and severe hypoxia with high survivorship in 

dissolved oxygen concentrations of 1.5 and 4.0 mg 0 2/L. There was a clear change in T. 

novae-zealandiae behaviour with decreasing dissolved oxygen concentrations. The link 

between reduced crustacean activity resulting in low metabolic output during hypoxia, is 

supported by the present results. The shift in T. novae-zealandiae distribution and 

activity can be used as an indicator of oxygen stress and is simi Jar to that reported for 

other crustacean species (Hutcheson et al., 1985; Stickle et al., 1989; Hervant et al., 1999; 

Racotta et al., 2002; Roast et al., 2002; Wu, 2002). 

The ability to tolerate moderate and severe hypoxia (4.0 mg 0 2/L and 1.5 mg 0 2/L) has 

obvious advantages forT. novae-zealandiae survival, but the benefit of such behavioural 

changes requires further investigation. It is entirely plausible that the overall mortality of 

T. novae-zealandiae could be increased as predation could be higher due to increased 

increased proximity to the surface, slower movement and unsuccessful escape responses. 

68 



CHAPTERS 

General discussion 

Picture of the lower Kaikorai Estuary at dusk, showing the Kaikorai embayment. Source: 

http://www .deviantart.com, accessed on January 19th 2006. 
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5.1 General Discussion 

Limited research exists in New Zealand on estuarine hypoxia and crustacean tolerance to 

low dissolved oxygen levels. Although estimates of hypoxia tolerance have been made 

for some native freshwater species (Dean & Richardson, 1999; Richardson et al., 200 I; 

Landman et al., 2005), this is the first study to measure hypoxia formation in an Otago 

estuarine habitat and to determine the potential impacts upon a native estuarine 

crustacean species, Tenagomysis novae-zealandiae. 

Hypoxia in deep estuaries is often associated with strong salinity-density stratification 

(Ritter & Montagna, 1999; Hearn & Robson, 200 I), whereas in shallow well-mixed 

estuaries, hypoxia is not expected to occur (D' Avanzo & Kremer, 1994 ). However, this 

thesis has documented hypoxia in a shallow estuarine habitat, which is the first such 

study in Otago, if not in New Zealand. The relatively common occurrence of die! 

hypoxia in the Kaikorai embayment thus raises several questions: 

I) What were the causal factors and triggers to hypoxia, and die! fluctuations of dissolved 

oxygen levels in the Kaikorai embayment') 

2) What affect does low dissolved oxygen levels have on native crustacea abundance and 

distribution'' 

3) What is the significance of this research in terms of estuarine eutrophication in New 

Zealand and the potential for more hypoxic events 7 

5.2 Transient anoxia versus periodic hypoxia: causes and triggers in the Kaikorai 

The formation and persistence of hypoxia in the Kaikorai embayment was determined by 

the increased presence of macroalgae, greater distance from the embayment opening 

resulting in less flushing and mixing, increasing water depth and a lack of wind during 

settled weather. Chapter 2 results suggest the weak salinity-density stratification 

observed would not create an oxygen deficit bottom zone. It is more probable the greater 

residence times for decomposition of organic material associated with decreased flushing 
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(Robertson et al., 2002), combined with respiring aquatic vegetation were the influential 

factors in hypoxia formation and persistence in the Kaikorai embayment. An estuary 

with a history of long residence times, high productivity and presence of macroalgae is 

more likely to produce hypoxic oxygen concentrations, than an estuary which lacks these 

characteristics (Gray et al., 2000; Wannamaker & Rice, 2000; Hearn & Robson, 2001 ). 

The results from the dissolved oxygen field survey (Chapter 2) are consistent with this 

research. 

The relatively common occmTence of hypoxia in the Kaikorai embayment was not 

surprising given the hydrological and climatic conditions, but the observed die! anoxia in 

late summer was unexpected. The extent to which shallow, well-mixed estuaries exhibit 

anoxic conditions makes it harder to quantify, because anoxic conditions are often 

spatially and temporally limited by greater turbulence and mixing in shallow habitats 

(D' Avanzo & Kremer, 1994; Hearn & Robson, 2001). D' Avanzo & Kremer ( 1994) 

suggest that shallow stratified estuaries drive hypoxia toward anoxia as the total mass of 

oxygen in the bottom water is smaller compared to deep estuaries. Therefore, the 

remaining oxygen will be more quickly depleted by the benthic macroalgae community. 

Although the water mass may be de-stratified by violent wind mixing, it changes from 

hypoxic oxygen concentrations to anoxia faster than a deeper, larger, more oxygenated 

water body (D' Avanzo & Kremer, 1994). 

This phenomenon is further compounded by increased water temperature associated with 

summertime and is often preceded by cloudy skies which inhibites photosynthetic 

reoxygenation from anoxic back to hypoxic-conditions (Kuo et al., 1991; Pihl et al., 

1991; D' Avanzo & Kremer, 1994; Ritter & Montagna, 1999; Rowe, 2001). The next 

phase of this research should then investigate if a relationship exists between light 

intensity and water temperature in the days preceding the transition from periodic 

hypoxia to transient anoxic conditions. Conversely, in the sheltered Kaikorai embayment 

where stratification was not strong, the lack of mixing in the 'hypoxic production zone' 

could be the primary factor which drives hypoxia towards anoxia. 
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5.3 Spatial and temporal ecology of T. novae-zealandiae in the Kaikorai embayment 

The large die! variance in dissolved oxygen levels from complete saturation (> I 0 mg 

0 2/L) to anoxic conditions ( < 0.5 mg 0 2/L) did not decrease T. novae-zealandiae 

abundance or determine mysid distribution in the embayment. T. novae-zealandiae was 

exposed to environmental hypoxia well below 4.0 mg 0 2/L but indicated no avoidance by 

decreased abundances even at dissolved oxygen concentrations approaching anoxia. 

However, the present research (Chapter 3) adds some support to the previous suggestions 

made by Mauch line, ( 1980), Fenton, (1982), Sutherland & Closs, (1999), Viherluoto, 

(2000) and Lill, (2005) that low flow rates, benthic macrophyte association, light 

avoidance, settled weather and season are the influential factors controlling mysid 

population ecology. 

The possibility still exists that short term hypoxia in the Kaikorai embayment may be 

beneficial for T. novae-zealandiae. In estuaries, mysids are an important link between 

consumers and producers in the food web and responsible for the remineralization of 

detritus (Mauchline, 1980; Jones et al., 1989; Roast et al., 1998). The possible exclusion 

ofT. novae-zealandiae 's predators requires further investigation, particularly the impact 

hypoxia intolerant fish predators have on mysid population dynamics. 

5.4 T. novae-zealandiae tolerance and behaviour to low dissolved oxygen levels 

Tenagomysis novae-zealandiae survival, behaviour and activity showed clear changes as 

dissolved oxygen levels decreased (Chapter 4). T. novae-zealandiae was tolerant of 

moderate and severe hypoxia, but very sensitive to anoxic conditions, as demonstrated by 

total mortality at 0.5 mg 0 2/L. A critical threshold forT. novae-zealandiae activity exists 

between 6.3 mg 0 2/L and 4.0 mg 0 2/L, where decreases in metabolic output from 

inactivity appears to be a strategy for survival in hypoxic oxygen concentrations. Strong 

behavioural responses were observed with decreased oxygen concentrations. These 

included inactivity during moderate (4.0 mg 0 2/L) and severe hypoxia ( 1.5 mg Oz/L), 

vertical migration up the water column under anoxia, followed quickly by terminal 
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avoidance responses of hyperactivity and erratic swimming movements. Similar 

relationships between anoxic concentrations and distinct behavioural changes have been 

observed in the mysid Neomysis integer (Roast et a!., 2002), the Norwegian lobster 

Nehrops norvegicus (Eriksson & Baden, 1997) and the shrimp Parataya curvirostris 

(Deans & Richardson, 1999). 

5.5 The significance of hypoxia tolerance in T. novae-zealandiae 

Tenagomysis novae-zealandiae hypoxia tolerance is important in understanding the effect 

low dissolved oxygen levels are likely to have in structuring Otago and New Zealand 

estuarine communities. Although experimental results can only be applied to natural 

habitats with caution, these results suggest unless oxygen concentrations fall below 1.11 

mg 0 2/L, T. novae-zealandiae survival in Otago estuarine communities would not be 

significantly compromised. Nevertheless, the long term consequences ofT. novae

zealandiae behavioural responses; inactivity, vertical migration and the success of escape 

responses, requires more investigation. It is likely such behavioural changes influence 

the predation risk ofT. novae-zealandiae from fish and birds (Breitburg eta!., 1997; 

Diaz, 2001; Wu, 2002). Furthermore, the energy available for feeding, growth and 

reproduction will be reduced, as a result of decreased foraging during hypoxic inactivity 

(Breitburg, 2002). There is also a need for defining the oxygen consumption rate ofT. 

novae-zealandiae under decreasing oxygen concentrations and how this would affect the 

energy balance ofT. novae-zealandiae. However, the present research has provided a 

baseline, from which to continue the ecological investigation of the physiological and 

behavioural impacts of hypoxia on a dominant native estuarine species. 

This leads to the question "Do the results from the Kaikorai field survey (Chapter 3) 

mirror the results from the hypoxia tolerance experiments ofT. novae-zealandiae 

(Chapter 4 )?" The answer is partly no. Although T. novae-zealandiae was tolerant of 

mild and severe hypoxia, the present study provides evidence that complete mortality 

occurred after 22 minutes in all experimental subjects in oxygen concentrations below 0.5 

mg 0 2/L. In the Kaikorai embayment T. novae-zealandiae was sampled several times at 
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sites 4, 5, 7 despite oxygen concentrations being well below this critical limit. Roast et 

al., (2002), reported the estuarine mysid Neomysis integer was intolerant of 

concentrations below 3.02 mg 0 2/L, but did not avoid areas below 1.13 mg 0 2/L and 

frequently migrated into lethal concentrations of oxygen. T. novae-zealandiae sampled at 

these concentrations were therefore likely to be close to, or beyond, their critical oxygen 

limit for survival. The impetus for such behaviour needs further investigation, but the 

strength of mysid migratory responses has been illustrated, where metabolically 

unfavorable habitats are possibly utilised to increase predatory avoidance by close 

macroalgae habitat association. 

Conversely, the large spatial variance of dissolved oxygen levels in the Kaikorai 

embayment (Chapter 2) illustrates how small movements up or across the water column 

can be the difference between anoxic and normoxic oxygen concentrations. It is possible 

that the large numbers ofT. novae-zealandiae sampled in anoxic conditions were located 

in slightly higher oxygen concentrations than those sampled with the oxygen probe. 

Because of the action of the sweep net, this difference could not be accurately quantified. 

Slight increases in dissolved oxygen levels can be the difference between mortality and 

adequate homeostasis (Breitburg, 2002), hence mysids may have only needed to migrate 

small distances to maintain respiratory function and position. The notion of a 'micro 

migration' is further supported by the high survivorship rates ofT. novae-zealandiae in 

hypoxia (4.0 mg 0 2/L) and severe hypoxia ( 1.5 mg 0 2/L) as seen in Chapter 4. 

5.6 Kaikorai Estuary hypoxia implications and conclusions 

The three aspects of low dissolved oxygen studied in this thesis were: the temporal and 

spatial variation of hypoxia, hypoxic-impacts upon T. novae-zealandiae abundance and 

the experimental tolerance and behaviour ofT. novae-zealandiae in low dissolved oxygen 

levels. These aspects are all interrelated where the behavioural and physiological 

responses of estuarine species (T. novae-zealandiae) to hypoxia are good indicators of the 

severity of oxygen stress. In turn this can be used as an early warning system to changes 

in the estuarine environmental quality, brought on by eutrophication. Therefore, the 
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present study has helped establish the link between eutrophication, estuarine water 

quality in the Kaikorai estuary and the possible effects to native macro-invertebrate 

communities from hypoxia. 

Within New Zealand, estuarine habitats are typified by large inter-tidal mudflats and 

shallow embayments, which consistently have high primary productivity and organic 

loading (McClay, 1976; Robertson et al., 2002). When combined with low mixing and 

flushing, the possibility of eutrophication driven hypoxia is greatly enhanced. The lower 

Kaikorai Estuary would therefore be considered very vulnerable to further eutrophication 

driven hypoxia. The use of mechanical intervention on a regular basis would aid in water 

movement and decrease residence times in the lower Kaikorai Estuary. However, 

uncertainty exists regarding how increased flow rates would impact upon the population 

ofT. novae-zealandiae and other native estuarine crustaceans in the lower estuary. 

If the persistence of eutrophication in the lower Kaikorai catchment continues to result in 

seasonal hypoxia, the potential for the ecosystem to become modified and continually 

stressed is high. Extensive evidence exists that the incidences of hypoxia and anoxia 

from eutrophication throughout the world is rapidly increasing (Nixon, 1995; Diaz, 2001; 

Kennish, 2002). The susceptibility of estuarine ecosystems, such as the Kaikorai Estuary 

to eutrophication, is compounded by its close proximity to human population, high 

fertilizer use within the Kaikorai Stream catchment, possible landfill leachate, and global 

increases in water temperature (Breitburg, 2002; Gray et al., 2002; Robertson et al., 

2002). 

The effects of hypoxia on estuarine food webs in New Zealand are complex and still 

largely unknown. In terms of native crustacea, the environmental effects are further 

complicated by the lack of data on species population ecology and biology. It is probable 

that the ecological responses to hypoxia in the Kaikorai embayment would not occur in 

isolation from other anthropogenic stressors within the already degraded Kaikorai 

Estuary. In all likelihood additional environmental stressors will increase, as hypoxia 

driven by eutrophication increases. These compounding stressors may include harmful 
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algal blooms, decreased water clarity, changes in the zooplankton assemblages, heavy 

metal toxicity and large scale aquatic vegetation loss (Breitburg, 2002; Wu, 2002). The 

potential for combined stressors to lead to further environmental degradation in the 

Kaikorai Estuary is then very high. 

In summary, the main conclusions drawn from this thesis are: 

I). Hypoxic oxygen concentrations below 4.0 mg 0 2/L have been identified and 

quantified in an Otago estuarine habitat. 

2) Hypoxia formation and persistence in the Kaikorai Estuary was dependent on settled 

weather and hydrographic conditions, respiration from aquatic vegetation. and not strong 

salinity-density stratification. 

3) Habitats in the Kaikorai embayment with dissolved oxygen concentrations< 4.0 mg 

0 2/L did not significantly decrease T. novae-zea/andiae abundance, and T. novae

zea/andiae were found to be present in oxygen concentrations< 0.5 mg 0 2/L. 

4) Multiple combinations of abiotic and biotic factors influence T. novae-zealandiae 

abundance in the Kaikorai estuary; these include avoidance of strong light intensities, 

proximity to favourable habitats, season, and hydrological events in the lower Kaikorai 

Estuary. 

5) Experimentally, T. novae<ealandiae was tolerant of moderate and severe hypoxic 

conditions but sensitive to anoxic conditions. 

6) T. novae-zealandiae indicated a clear shift in vertical distribution, activity and 

behaviour under conditions of decreasing dissolved oxygen concentrations. 
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