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Abstract
In the highly dynamic environment of an estuary, environmental factors such as salinity,
temperature, light and hydrodynamics as well as biogenic factors such as predator/prey interactions
influence the population dynamics of estuarine species. The aim of my study was to explore the
potential for resource partitioning between four commonly co-existing estuarine mysid species,
Tenagomysis chiltoni, Tenagomysis novae-zealandiae, Tenagomysis macropsis, and Gastrosaccus
australis, by investigating their life histories, seasonalities and distributions within an estuary. Mysid
samples were collected along the shoreline (water depth: 0.5 – 0.6 m) of the Taieri Estuary (South
Island, New Zealand) using a sweep net and in the deeper water (water depth: 4 – 6 m) with a set of
3 drift nets.

A lateral segregation in the estuary was found between the two hyperbenthic species, T. chiltoni and
T. novae-zealandiae, and the two benthopelagic species, G. australis and T. macropsis with
hyperbenthic mysids mainly occurring in the shallow waters along the estuary shoreline and
benthopelagic species in deeper central-channel waters. The life cycle and breeding dynamics of all
four mysid species were similar to those described in the literature for other temperate estuarine
mysid species, although the breeding period in the study estuary was noticeably shorter than in
estuaries of lower latitudes in New Zealand and elsewhere. The observed seasonal migrations and
life-stage specific segregation between adults and juveniles may reduce competition, inter-specific
predation, and cannibalism by allowing different life stages to utilise the same habitats or food
sources, but at different times.

Water temperature seems to play a key role for the timing of the breeding season, abundance, and
reproductive effort, whereas salinity, total suspended solids and phytoplankton biomass (measured
as chlorophyll a) were associated with the distribution of the mysid species. Thus, the spatial
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distribution of these four mysid species within the Taieri Estuary reflects the complex linkages and
interactions between favourable temperature and salinity conditions, food availability and
reproduction.

As a consequence of confirming the lateral and longitudinal segregation of species and life history
stages within the estuary, the question arose of how relatively small aquatic organisms, such as
mysids, orient themselves in a large three-dimensional body of moving water. Therefore the role of
turbulence as an orientation aid was investigated in a flume tank experiment, using Gastrosaccus
australis as the test organism. The mysids actively tracked areas of shear, when turbulence was
present, but favoured reduced flow in the absence of turbulence. These different swimming
responses might be an adaptation of G. australis to its pelagic habitat. By moving to reduced flow
areas in an absence of mid-water turbulence, mysids could avoid seaward displacement.

Change in riverine management such as by water abstraction, damming for hydropower plants, or
extreme weather events associated with climate change will impact distribution, densities and
population dynamics of the resident mysid species in estuaries. These changes in abundance or, in
the worst case scenario, even the loss of mysid species could potentially have severe consequences
for estuarine food webs, which may result in decreased food availability and therefore impact the
nursery function of estuaries for commercial fish species.
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Chapter 1 – General introduction

In the highly dynamic environment of an estuary, many environmental and biogenic factors influence
the population dynamics of estuarine species. Estuaries are defined as “partially or fully enclosed
bodies of water, (a) which are open to the sea permanently or periodically, and (b) in which the
water level rises and falls as a result of the action of the tides whenever they are open to the sea”
(South African National Water Act; Elliott and McLusky 2002). In estuaries, environmental factors
such as salinity, temperature, turbidity, substrate type, hydrodynamics (including connectivity to the
ocean) and flow conditions vary spatially and temporally (diel, tidal and seasonal) in accordance with
tide, precipitation and riverine discharge (Jumars and Nowell 1984, Elliott and McLusky 2002, Baltz
and Jones 2003, Kibirige et al. 2003b, Naylor 2006, Lane et al. 2007, Marques et al. 2007, Díaz-Ochoa
and Quiñones 2008, Antonio et al. 2012, Lill et al. 2012). Marques et al. (2006) found that the main
structuring components for zooplankton in an estuary are salinity and temperature, while benthic
species are also often influenced by sediment composition and dynamics (Jumars and Nowell 1984,
Teske and Wooldridge 2003). Biological factors such as the timing of larval release, duration of larval
life, predator/prey interactions or food availability also control species distribution (Viherluoto 2001,
Naylor 2006, Kasten and Flores 2013).

1.1. Resource partitioning
Estuaries and coastal ecosystems are highly productive and important breeding, feeding and nursery
areas for many commercial fish and crustacean species (Marchand 1993, Baldó and Drake 2002,
Vinagre et al. 2005, Fernández-Delgado et al. 2007, Lill et al. 2011a, Barberá et al. 2013, Kopp et al.
2013). Juveniles of many marine fish species aggregate in high densities in estuaries to take
advantage of the good food and growth conditions, which can result in some degree of resource
partitioning (Vinagre et al. 2005, Kopp et al. 2013). Cabral et al. (2002) reported that food
partitioning is more important than habitat partitioning for co-existing fish species. Co-existence is
also common in mysid species, but often realised by habitat partitioning (Obrien 1988, Jones et al.
1989, Fenton 1992, Winkler and Greve 2004, Calliari et al. 2007). Many co-existing mysid species
either segregate along a salinity gradient or utilise different habitats (sand, seagrass meadow, rocks)
2
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within an estuary to avoid food competition (Obrien 1988, Wittmann and Ariani 1998, Calliari et al.
2007, Taylor 2008, Vilas et al. 2009, Lill et al. 2010, Rappé et al. 2011). Metillo et al. (2007) and
Rastorgueff (2011) also reported different food preferences and feeding habits for co-existing mysids
to avoid inter-specific competition. Resource partitioning is also realised within-species by life-stage
specific segregation within an estuary, which allows juveniles to stay in areas that provide favourable
conditions for rapid growth without competing with the adults of the same species for food
resources and avoiding intra-specific predation of adults on juveniles (Taylor 2008, Vilas et al. 2009,
Rastorgueff et al. 2011).

1.2. Mysids as a model organism
Mysids (Crustacea, Mysidacea) are widely distributed in aquatic ecosystems, from the polar regions
to the tropics (Mauchline and Murano 1977, Mauchline 1980, Allen 1984, Jocque and Blom 2009),
from freshwater lakes and rivers to estuaries, coastal waters, shelf, and deep sea. Over 1000 species
in 160 genera have been described, with more than 200 species in the past 30 years (Mauchline
1980, Meland 2014). Mysids occur in a huge variety of habitats (algal beds, corals, seagrass
meadows, sand, caves; Obrien 1988, Ohtsuka et al. 1995, Wittmann and Ariani 1998, San Vicente and
Monniot 2014), and their life styles vary between distinctly hyperbenthic and benthopelagic to
different degrees, to clearly pelagic (Clutter 1969, Mauchline 1980, Mees et al. 1993, MacquartMoulin and Maycas 1995, Roast et al. 1998b, Aguzzi et al. 2007). Hyperbenthic species occupy the
benthic boundary layer immediately above the sea bottom and depend on the proximity of the
bottom (Mees and Hamerlynck 1992, Mees and Jones 1997, Ligas et al. 2007). Benthopelagic species,
in contrast, are only associated with the bottom by day, but display distinct vertical migration up into
the water column at night (Wishner 1980, Macquart-Moulin and Maycas 1995, Takahashi and
Kawaguchi 1997, Kibirige et al. 2003b). Pelagic species, which are mainly marine, have lost all
connection to the bottom and spend their entire life cycle in the water column (Kuriyama and
Nishida 2006, Simão et al. 2014).
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Food and feeding habits
In estuaries, mysid species are abundant macroinvertebrates accounting for a large proportion of
total estuarine biomass (Allen 1984, Cattrijsse et al. 1994, Mees and Jones 1997, Drake et al. 2002,
Lill et al. 2011a), and an important group for the total secondary production of the system (Lill et al.
2011a, Barberá et al. 2013). Mysids are widely recognised as an important link in estuarine and
coastal food webs, transferring carbon from their food (detritus, algae, diatoms, Cladocera,
copepods, chironomids, and amphipods) to their predators such as other invertebrates (other mysid
species, decapods), fish, birds, and seals (Mauchline 1980, Morgan 1980, Grossnickle 1982, Kirk 1983,
Roast et al. 1998a, Fockedey and Mees 1999, Viherluoto 2001, Wilhelm et al. 2002, Haskell and
Stanford 2006, Yamada et al. 2007, Taylor 2008, Vilas et al. 2008, Brijs et al. 2009, Lill et al. 2010,
Schukat et al. 2013). Mysids are often reported as omnivores (Mauchline 1980, Grossnickle 1982,
Branstrator et al. 2000, Vilas et al. 2008). Animal food is more nutritious than phytoplankton and
detritus, and is required to support growth in mysids and other zooplankton species (Olson 1989,
Viherluoto 2001, Sommer and Sommer 2006). To obtain this highly nutritious food, mysids prey not
only on other zooplankton taxa but also on other mysids or their own off-spring (Clutter 1969,
Mauchline 1980, Wooldridge and Webb 1988, Wilhelm et al. 2002, Winkler and Greve 2004, Vilas et
al. 2008). Consequently, inter-specific predation and cannibalism can influence the distribution and
behaviour of mysids (Wooldridge and Webb 1988, Naesje et al. 2003, Lasenby and Shi 2004,
Boscarino et al. 2007, Vilas et al. 2008).

Endogenous swimming rhythm
The benthopelagic life style (see above) might be an adaptation to predation risks and foraging
success. By staying close to the bottom and feeding amongst bottom sediments by day (Bremer and
Vijverberg 1982, Sutherland and Closs 2001, Gibson 2003, Lasenby and Shi 2004, Ives et al. 2013),
mysids avoid visual predators (Haney 1988, Thetmeyer and Kils 1996, Viherluoto and Viitasalo 2001,
Granqvist and Mattila 2004), while being pelagic at night enables mysids to feed on highly nutritious
zooplankton with a reduced risk of exposure to visual predators (Kimmerer et al. 1998, Lasenby and
Shi 2004, Haskell and Stanford 2006, Boscarino et al. 2009, Ives et al. 2013). The ascent of mysids into
4
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the water column is induced by decreasing light intensities (negative phototaxis; Gal et al. 1999,
Taylor et al. 2005). Within an hour after sunset, when the light intensity was below a certain
threshold (< 0.1 lux for mysids; Gal et al. 1999, Boscarino et al. 2010), mysid species like Neomysis
americana rapidly emerged (~ 0.3 cm/sec) from the bottom and returned there before dawn (Abello
et al. 2005, Taylor et al. 2005). Emergence events are part of the endogenous activity rhythm of the
species, which are often synchronised with day/night (circadian), tidal (circatidal) or lunar cycles
(Cronin and Forward 1986, Akiyama 1997, Forward Jr et al. 2004, Aguzzi et al. 2007, Pacheco et al.
2014).

Seasonal migration
Emergence events can also be triggered by changes in salinity and turbulence (Forward et al. 2003,
Naylor 2006). For example, an increase in salinity and turbulence after slack water triggered
swimming in decapod larvae, while decreased salinity and turbulence inhibited swimming (Welch et
al. 1999, Welch and Forward 2001). Therefore, salinity and turbulence are considered as the main
factors in the selective tidal stream transport (Hough and Naylor 1992a, Macquart-Moulin and
Maycas 1995, Welch et al. 1999, Welch and Forward 2001, Tankersley et al. 2002). Many crustacean
species (amphipods, decapods, mysids) utilise tidal currents for seasonal migration within or in and
out of estuaries, and for seasonal inshore-offshore migration (Hough and Naylor 1992a, Takahashi
and Kawaguchi 1995, Forward et al. 2003, Modéran et al. 2011). In spring, species may migrate to
their spawning areas, often within estuaries (amphipods, mysids), to increase the chances of
favourable conditions (temperature, salinity, food availability) for juveniles after release from the
brood pouch (Schuchardt et al. 1989, Hough and Naylor 1992a, Takahashi and Kawaguchi 1997,
Hufnagl et al. 2014). After releasing their brood, the females either return to their adult habitat
(decapods; Forward et al. 2003) or die (mysids; Lill et al. 2010), so that a life-stage specific
segregation for these species can be found within estuaries (Greenwood et al. 1985, Takahashi and
Kawaguchi 1995). This allows juveniles to stay in areas that provide favourable conditions for rapid
growth without competing with the adults of the same species for food resources, and avoids intraspecific predation by adults on juveniles (Taylor 2008, Vilas et al. 2009)
5
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Breeding
Temperature has been identified as a major factor controlling the growth and brood size of mysids
(Cuzin-Roudy and Buchholz 1999, Wortham-Neal and Price 2002, Fockedey et al. 2005). Higher water
temperatures shorten maturation time, meaning that individuals mature earlier at a smaller size in
higher water temperatures than those in colder temperatures (Fockedey et al. 2005). Consequently,
the brood size is smaller in higher water temperatures than in cooler areas, because body length and
brood size are highly positively correlated (Jones et al. 1989, Mees et al. 1994, Lill et al. 2010, Rappé
et al. 2011). These findings would explain the geographical variation in the population dynamics of
mysids, especially breeding duration and peaks (Mauchline 1980). Mauchline (1980) reported
continuous breeding of mysids at low latitudes (< 40°), while mysids in temperate estuaries (>40°
latitude) only breed 2-3 times a year (Mauchline 1980, Jones et al. 1989, Vilas et al. 2009, Lill et al.
2010, Rappé et al. 2011). In sub-arctic regions and the deep sea, mysids breed only once in two or
more years (Mauchline 1980, Naesje et al. 2003, Richoux et al. 2004). Temperature also influences
the growth of juveniles, however the initial survival of the hatchlings from the brood pouch depends
on salinity (Fockedey et al. 2006). Fockedey et al. (2006) reported 14-17 as optimal salinity for larval
development of the euryhaline mysid Neomysis integer, with higher or lower salinity creating
suboptimal condition for juvenile recruitment.

1.3. Mysids as bioindicators
In the past, mysids have been used for environmental monitoring due to their high numbers, their
sensitivity to chemical pollutants, and their importance in the pelagic food web linking detrital food
resources with secondary consumers (Roast et al. 1998a, Rybarczyk and Elkaim 2003, Morgado et al.
2007, Winkler et al. 2007, Modéran et al. 2011). Since the beginning of the 1980s, mysids have been
used for acute and chronic toxicity tests and also for bioassays testing sub-lethal effects of pollutants
(Nipper and Williams 1997, Roast et al. 1998a, Kuhn et al. 2000, Roast et al. 2000, 2002). Mysids are
also good model organisms for behavioural studies or investigating resource partitioning as several
mysids can often co-exist within the same area (estuary, coastal waters) (Jones et al. 1989, Winkler et
6
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al. 2007, Yamada et al. 2007, Vilas et al. 2009, Rappé et al. 2011), displaying similar life styles
(hyperbenthic, benthopelagic, pelagic species) as other crustacean species (amphipods; Hough and
Naylor 1992a). Therefore, knowledge gained from the study of mysids can be generalised and
applied to other Crustacea with similar life styles.

1.4. Mysids in New Zealand
In New Zealand eleven endemic mysid species occur in coastal waters (Mauchline and Murano 1977,
Fukuoka and Bruce 2005), but only four species (Tenagomysis chiltoni, Tenagomysis novaezealandiae, Tenagomysis macropsis, Gastrosaccus australis) commonly appear in New Zealand’s
estuaries and lagoons (Kirk 1983, Roper et al. 1983, Jones et al. 1989, Sutherland and Closs 2001, Lill
et al. 2010). At times of low riverine discharge and increased salinity in the estuaries, Tenagomysis
robusta (Sutherland and Closs 2001) and Tenagomysis producta (the current study) have also been
recorded in the lower reaches of estuaries, close to the river mouth.

Tenagomysis novae-zealandiae, Tenagomysis chiltoni, and Tenagomysis macropsis are widespread
around New Zealand’s open and intermittently closed estuaries, whereas the occurrence of
Gastrosaccus australis is generally restricted to open estuaries (Lill et al. 2011b). Gastrosaccus
australis occasionally occurred in intermittent estuaries after opening events, but they did not persist
though (Lill et al. 2011b). Jones et al. (1989) and Lill et al. (2010) reported the maximum densities of
T. chiltoni from the fresher upper estuary (< 9.5 salinity; Jones et al. 1989), while the highest
numbers of T. macropsis occurred within a salinity range of 17 – 19 (Greenwood et al. 1985, Jones et
al. 1989). Tenagomysis novae-zealandiae and Gastrosaccus australis were found in the entire estuary
tolerating a wide salinity range with maximum densities in the lower and upper estuary, respectively
(Sutherland 1999, Lill et al. 2010). All four mysid species display a diurnal endogenous rhythm with a
maximum in activity and abundance in the water column at night (Sutherland and Closs 2001, Lill
2006). Sutherland and Closs (2001) found 8-12 times higher drift abundances of the three
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Tenagomysis species and up to 150 times higher drift abundance of G. australis (ebb tide) at night
than by day.

While nothing further is known about distribution and life history of Gastrosaccus australis to my
knowledge, distribution, seasonality and reproduction of three Tenagomysis species have been the
subject of a few studies (Greenwood et al. 1985, Jones et al. 1989, Brijs et al. 2009, Lill et al. 2010, Lill
et al. 2011a). In these studies, high abundance at times of breeding, inter-specific segregation along
salinity gradients between T. chiltoni and T. novae-zealandiae, and life-stage specific segregation for
T. macropsis within a semi-enclosed estuary have been documented (Greenwood et al. 1985, Brijs et
al. 2009, Lill et al. 2010). Additionally, Paul et al. (2013) and Paul and Closs (2014) noticed a higher
osmoregulatory capacity of T. chiltoni compared to T. novae-zealandiae at low temperature (5°C) and
a strong effect of food quality on the growth of T. novae-zealandiae. Larkin et al. (2007) reported
that T. novae-zealandiae could tolerant hypoxic conditions with oxygen contents as low as 0.5 mg
O2/l.

1.5. Estuaries under threat
Due to their high productivity and high abundance of crustaceans and fish, estuaries are highly
valuable systems for commercial and recreational fisheries, but also as navigable waterways, for
other recreational activities, and human settlements (Elliott et al. 1990, Gilabert 2001, de Jonge et al.
2002, Fernández-Delgado et al. 2007). Furthermore, estuaries provide essential ecosystem services
such as nutrient cycling and removal of pollutants (Lill 2010, Brito et al. 2012). However, industrial
and urban growth, development of waterways, catchment land-use intensification and also climate
change threaten ecosystem functioning in estuaries and their diverse communities (Bowen and
Valiela 2001, Gillanders et al. 2011, Condie et al. 2012, Fujii 2012, Jennerjahn and Mitchell 2013,
Pinto and Martins 2013). Changes in riverine discharge by water abstraction, damming for
hydropower plants, or extreme weather events impact the community structure and ecosystem
functioning of estuaries due to saltwater intrusion, shifts of the brackish water zones (especially the
8
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maximum turbidity zone), or flushing events (Fernández-Delgado et al. 2007, Condie et al. 2012,
Israel et al. 2012, James et al. 2013). Schallenberg et al. (2003) reported that even minor saline
intrusions into a coastal lake causes severe disturbances in the zooplankton community structure and
abundance. Also, higher water temperatures due to climate change could adversely affect
zooplankton communities and thereby food web connectivity in estuaries (Rice et al. 2014).

1.6. Study area
The current study was conducted in the Taieri Estuary, a permanently open estuary, located on the
South Island, New Zealand (46 01 28.80 S, 170 10 44.51 E; Figure 1.1). The Taieri River is 320km in
length, and is the fourth longest river in New Zealand, draining a 5650 km2, predominantly pastoral,
catchment (Pawitan et al. 2000, Wikipedia 2014). The discharge of the Taieri River and its tributaries
is affected by water abstraction for irrigation, urban water supply and hydro-electric power schemes
(Pawitan et al. 2000). The mean annual discharge of the Taieri River is 35.8 m3/sec (Pawitan et al.
2000), although the riverine discharge can increase to 2526m3/sec during flood events or decrease to
0.95 m3/sec during droughts (http://water.orc.govt.nz/WaterInfo; 20/03/2014). Before flowing into
the Pacific Ocean, 30 km south-west of Dunedin, New Zealand, the Taieri River joins the Waipori
River and flows through the coastal range forming the Lower Taieri Gorge (Figure 1.1). The tidal
influence extends more than 10km upstream into the Lake Waihola/Waipori-Wetland Complex,
which is located upstream of the confluence of the Lower Waipori River and Taieri River. The Taieri
Estuary is a 4 – 12.6 m deep and 95 – 270 m wide, salt-wedge estuary with a tidal range of 1.6 – 2.1
m (Bailey and Vennell 2009). The tidal water moves about 8.7km/tide, and salinity can vary by over
30 per tidal cycle in summer (Schallenberg and Krebsbach 2001, Bailey and Vennell 2009).
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Figure 1.1: The study site locations on the South Island, New Zealand (left), in the Taieri River catchment (middle) and
within the estuary (right). The sample sites are marked with black dots (deep water) and white dots (shoreline),
respectively; site numbers are increasing toward the ocean. The scales are 200km (left), 20km (middle) and 2km (right).

1.7. Aims of the study
The aims of my PhD research were 1) to explore the realisation of resource partitioning among the
four co-existing mysid species, Tenagomysis chiltoni, Tenagomysis novae-zealandiae, Tenagomysis
macropsis, and Gastrosaccus australis in a large open estuary. The inter- and intra-specific
segregation in intermittently closed and semi-enclosed estuaries (see above) already suggested that
environmental factors such as salinity would be a key factor in the realisation of habitat partitioning
in the Taieri Estuary (Figure 1.2). In Europe and South America, Calliari et al. (2007), Vilas et al.
(2009), and Rappé et al. (2011) reported that inter- and intra-specific haline affinities determine the
spatial distribution of mysids in temperate estuaries. In contrast, Metillo et al. (2007) and Rastorgueff
et al. (2011) found that different dietary preferences could reduce inter-specific competition and
hence promote coexistence of mysids. Therefore the spatial segregation of the four co-existing
mysids within the open estuary of the Taieri River and their association with environmental factors
were investigated in Chapter 2 and 3.
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Figure 1.2: Hypothesized segregation of the four co-existing mysid species in the Taieri Estuary based on their known haline
affinities. Dashed arrow indicates possible seasonal migration of Tenagomysis macropsis.

2) the effect of these environmental factors on the life history, especially the generation time, of the
four co-existing mysid species were assessed. Lill et al. (2010) proposed that warmer, more eutrophic
water of intermittently closed estuaries can lead to extended breeding seasons and higher fecundity
in intermittent systems compared to open systems. Therefore, in this thesis the number of
generations per years as well as timing of breeding of the four mysid species was compared between
intermittently closed and semi-enclosed estuaries, coastal lakes and the open Taieri estuary (Chapter
2 and 3). Detailed life history information on the species is presented first on the hyperbenthic
species (T. chiltoni, T. novae-zealandiae; Chapter 2) and then on the benthopelagic species (T.
macropsis, G. australis; Chapter 3).

Based on the benthopelagic life style of Gastrosaccus australis and Tenagomysis macropsis, the
question arose how these relatively small organisms orientate in a large bidirectional moving water
body without a fixed point such as the bottom for orientation. Thus, the potential role of mid-water
turbulence (velocity shear) in providing positional cues to G. australis was explored in an
experimental flume (Chapter 4). Mauchline (1980) supposed that mysids may sense hydrodynamic
11

Chapter 1 – General introduction

disturbances, such as shear zones, by sensilla on their antennae, mouthparts and thoracic legs and by
mechanoreceptors distributed all over their body integument.
In the general discussion (Chapter 5), I discuss the effects of environmental factors on distribution,
seasonal migration and breeding of the mysid species in the Taieri Estuary in comparison to other coexisting mysids worldwide and the consequences of climate change and anthropogenic activities in
estuaries for mysid species.

Thesis structure
My thesis consists of 3 data chapters and a general discussion:
Chapter 2 analyses seasonality, spatial distribution and reproductive biology of the two hyperbenthic
species, Tenagomysis chiltoni and Tenagomysis novae-zealandiae, in a large open estuary to
investigate the following hypotheses:
1) Life histories of mysid species are related to environmental variation, especially to salinity
and temperature. The generally low temperatures of the open Taieri Estuary could lengthen
generation times, and might even reduce the number of generations per year compared to
estuaries and coastal lakes with higher annual temperatures such as intermittently closed
estuaries (Lill et al. 2010) or estuaries at lower latitude (Jones et al. 1989). Lower
temperatures in the open estuary possibly lead to larger body length (see Fockedey et al.
2005 for effect of temperature on post-marsupial growth of mysids) and lower productivity
(Lill et al. 2011a).
2) The distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae is associated
with environmental factors, particularly salinity and temperature. Both species segregate
along the salinity gradients within the estuary with T. chiltoni further upstream and T. novaezealandiae downstream to avoid inter-specific competition as described for intermittently
closed estuaries (Lill et al. 2010).
3) Seasonal changes in the distribution of the mysid species is related to the seasonal variation
in environmental factors such as salinity and temperature (Greenwood et al. 1985, Cunha et
al. 1999, Lill et al. 2010, Gama et al. 2011). Due to summer low riverine discharge and
12
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therefore increasing salinity, the population of T. novae-zealandiae might move up the
estuary. In contrast, T. chiltoni might move downstream in winter due to the higher riverine
discharge and therefore lower salinity in the estuary.
4) In summer, juveniles and adults of each species spatially segregate within the estuary as
described by Greenwood et al.(1985), Hough and Naylor (1992b), Schlacher and Wooldridge
(1994), Baldó et al.(2001), Rappé et al. (2011) and others. Greenwood et al. (1985) assumed,
due to variations in their abundance, migrations of mature T. macropsis females and
juveniles into the upper estuary corresponded with an increase in water temperature. A lifestage species-specific segregation probably allows the juveniles to stay in areas providing
favourable conditions for rapid growth (more upstream in summer, more downstream in
winter to take advantage of relatively warmer temperature) without competing with the
adults of the same species for resources.

Chapter 3 investigates the seasonality, spatial distribution, and life history of the two benthopelagic
species, Gastrosaccus australis and Tenagomysis macropsis, in the Taieri Estuary to test the following
hypotheses:
1) Life histories of mysid species are related to environmental variation, especially to salinity
and temperature (Winkler and Greve 2002, Fockedey et al. 2005). Mauchline (1980), Mees et
al. (1994), Lill et al. (Lill et al. 2010), and Delgado et al. (2013) observed an increasing
generation length and decreasing number of generations per year with increasing latitude.
The generally lower temperature in the Taieri Estuary could lengthen the generation times
and might even reduce the number of generations per year compared to estuaries at lower
latitudes (Hodge 1963, Greenwood et al. 1985). Lower temperatures in the open estuary
could possibly lead to a larger body length (see Fockedey et al. 2005 for effect of
temperature on post-marsupial growth of mysids), lower productivity (Lill et al. 2011a), and
breeding peaks in spring and summer instead of autumn and winter as reported for T.
macropsis in the Avon-Heathcote estuary, New Zealand (Greenwood et al. 1985).
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2) Spatial distributions of Tenagomysis macropsis and Gastrosaccus australis are associated
with the seasonal variation in the environmental factors, especially with salinity,
temperature, and current velocity. Based on previous studies (Greenwood et al. 1985,
Sutherland 1999), G. australis and T. macropsis spatially segregate within the estuary with G.
australis further upstream than T. macropsis. Greenwood et al. (1985) reported maximum
densities of T. macropsis in a salinity of 19 in the Avon-Heathcote Estuary, New Zealand. In
contrast, Sutherland (1999) found G. australis in areas of low salinity (Sinclair Wetlands),
upstream of the current study area.
3) During breeding periods, at least gravid females of each species migrate up and down the
estuary (breeding migration) associated with higher water temperature in the upper estuary
in summer and in the lower estuary in winter (Greenwood et al. 1985). Greenwood et al.
(1985) observed seasonal movements of T. macropsis up-estuary in spring and downstream
towards the ocean in winter and assumed a broader inshore-offshore migration pattern as
described for several coastal mysid species (Mauchline 1980, Allen 1984, Takahashi and
Kawaguchi 1995, Baldó et al. 2001, Modéran et al. 2011)
4) In summer, juveniles and adults of each species spatially segregate within the estuary with
juveniles upstream and the adults more downstream in the estuary. Greenwood et al. (1985)
assumed that life-stage segregation between juvenile and adult Tenagomysis macropsis
would allow juveniles to stay in areas favourable for rapid growth without competing with
the adults of the same species for resources.

In chapter 4, the role of mid-water turbulence was assessed as an aid for orientation and its effects
on swimming behaviour of mysids. The flume study also explored the implications for the retention
of mysids in estuaries. By manipulating the flow conditions (laminar flow, turbulent flow, slack water)
I tested the following hypotheses:
1) Mid-water turbulence affects swimming direction and swimming behaviour of mysids.
Gastrosaccus australis orients into the current (positive rheotaxis), when present, similar to
Neomysis integer and Mysidium columbiae (Buskey 1998, Roast et al. 1998b).
14
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2) The swimming behaviour of G. australis differs between laminar flow, turbulent flow and
slack water. The mysids favour areas of shear when turbulent flow is present. In contrast, in
laminar flow they prefer positions close to the bottom to avoid displacement as described for
Neomysis integer (Hough and Naylor 1992b, Roast et al. 1998b, Lawrie et al. 1999). And in
slack water, G. australis does not show any strong directional preferences.
3) Hard surfaces, shear, and obstacles (physical objects) serve as cues for orientation in a threedimensional space. Buskey (1998) observed mysids to “use prop roots as visual cues to
maintain position in currents of changing speeds.” in mangrove systems

Chapter 5, the general discussion, discusses the life histories of mysids in the context of resource
partitioning and their adaptations to their life in estuaries. It also stresses the potential importance of
turbulence for the retention and orientation of estuarine species within the estuaries and identifies
directions for further study.

The data chapters 2 – 4 were designed as stand-alone chapters in preparation for their publication.
Therefore a certain degree of repetition, especially in the introduction and methods, was
unavoidable. The content of the three data chapter will be published in four papers as followed:
1) Life history and population structure of two hyperbenthic mysid species in an open estuary
(Chapter 2, in preparation) in the New Zealand Journal of Marine and Freshwater Research.
2)

Population dynamics and life history of benthopelagic mysid species in an open estuary
(Chapter 3, in preparation) in Estuaries and Coasts.

3) Spatial and temporal distribution of co-existing mysid species in an open estuary and its
association to environmental variables (Chapter 2+3, in preparation) in Estuaries and Coasts.
4) Turbulence acts as orientation aid for swimming Mysidae (Chapter 4, ready to submit) in
Marine and Freshwater Research.
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Tenagomysis chiltoni and Tenagomysis
novae-zealandiae

Tenagomysis chiltoni

Photos: Ken Miller

Tenagomysis novae-zealandiae
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2.1. Summary
In the highly variable environments of estuaries, coastal embayments and coastal lakes, the
distribution and population dynamics of estuarine species such as mysid species vary spatially and
temporally according to spatial and temporal variation in their environment (including salinity,
temperature, and flow). To study seasonality, spatial distribution and reproductive biology of
Tenagomysis chiltoni and Tenagomysis novae-zealandiae in a large open estuary, mysids were
sampled at night between February 2008 and April 2009. These two co-existing mysid species avoid
inter-specific resource competition by spatial segregation along a salinity and temperature gradient.
Due to its higher osmoregulatory capacity compared to T. novae-zealandiae, T. chiltoni inhabited the
upper Taieri Estuary with higher summer temperature and lower salinity, while Tenagomysis novaezealandiae dominated the lower estuary. The life cycle and breeding dynamics of T. chiltoni (bivoltine
life cycle) and T. novae-zealandiae (multivoltine life cycle) were similar to those described in
intermittently closed and semi-enclosed estuaries. In contrast, their breeding period (December to
April) was noticeably shorter and densities lower (T. chiltoni up to a maximum of 18 ind./m2 and T.
novae-zealandiae up to 32 ind./m2) than in intermittently closed estuaries. The maximum densities of
both populations remained stable in the upper estuary (T. chiltoni) and lower estuary (T. novaezealandiae), respectively. However, the populations of T. chiltoni and especially T. novae-zealandiae
seasonally extended and retracted within the estuary. These seasonal movements might enhance
growth and reproductive success by taking advantage of the warmer water temperatures upstream
in summer or downstream close to the ocean in winter. Life-stage specific segregation in summer in
both mysid species likely reduced intra-specific resource competition between adult and juvenile
mysids, enhancing growth conditions for juveniles.

17

Chapter 2 – Life history and distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae

2.2. Introduction
Estuaries, coastal embayments and coastal lakes are highly productive and very dynamic ecosystems
(Baldó and Drake 2002, Marques et al. 2007, Lill et al. 2010). These ecosystems are characterised by
spatial and temporal (diel, tidal and seasonal) variation in salinity, temperature, turbidity, substrate
types, hydrodynamics (including connectivity to the ocean), and exposure to wind, waves, and
human impacts (e.g. sewage flow, hydro-peaking, urban run-off) (Jumars and Nowell 1984, Costanza
et al. 1998, Roy et al. 2001, Baltz and Jones 2003, Walsh et al. 2005, Naylor 2006, Marques et al.
2007). Marques et al. (2006) found that the main structuring components for zooplankton in an
estuary are salinity and temperature, while benthic species are also often influenced by sediment
composition and dynamics (Jumars and Nowell 1984, Teske and Wooldridge 2003). Naylor (2006)
pointed out that biological factors such as the timing of larval release, duration of larval life, and
predator/prey interactions control species distribution. For example, juveniles of many marine fish
species tend to concentrate in estuarine and coastal environments due to rich food resources and
low predator abundance (Vinagre et al. 2005).

As result of the highly variable environment in estuaries, community composition and the
distribution and populations of estuarine species change spatially and temporally (Cunha et al. 1999,
Beyst et al. 2001, Vinagre et al. 2005, Marques et al. 2006, Naylor 2006). Drake et al. (2002) found a
clear seasonal pattern (minimum densities in winter and maximum in spring-summer) for abundance
and biomass of estuarine macrofauna and significant spatial variation in the macrofaunal
communities along the salinity gradient. Moreover, food preferences, food availability and flow
condition influence species distribution (Cunha et al. 1999, Beyst et al. 2001, Vilas et al. 2008, Ueda
et al. 2010). For example, amphipods are found to dominate estuarine areas with stable food sources
(Cunha et al. 1999). By feeding on different resources (detritus, phytoplankton, zooplankton), food
niche partitioning has been realised by some zooplankton species (mysid species, Winkler et al. 2007,
Vilas et al. 2008). To forage and also to avoid displacement, estuarine zooplankton and hyperbenthic
species migrate both vertically into the water column and horizontally into intertidal areas following
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the leading edge of the flood tide (Roast et al. 1998b, Lawrie et al. 1999, Jumars 2006, Ueda et al.
2010). In many zooplankton species, foraging in the water mainly takes place at night to avoid visual
predation (Haney 1988, Taylor et al. 2003) resulting in higher zooplankton densities in the water
column by night than during day time (Sutherland 1999, Morgado et al. 2003). Light, salinity, and
water movement are known to cue these ‘emerging’ events, when zooplankton enter the water
column to forage or utilise tidal currents for seasonal migration or to return to favoured habitats
(Welch and Forward 2001, Forward et al. 2003, Gibson 2003, Abello et al. 2005, Kelly and Klimley
2011).

In New Zealand’s estuaries, lagoons and coastal lakes, two hyperbenthic mysid species (Tenagomysis
chiltoni, Tenagomysis novae-zealandiae) and two benthopelagic mysid species (Tenagomysis
macropsis, Gastrosaccus australis, see Chapter 3) commonly occur (Kirk 1983, Roper et al. 1983,
Jones et al. 1989, Sutherland and Closs 2001, Lill et al. 2010), of which only T. chiltoni occurs in
coastal lakes (Waite 1981, Kirk 1983, Wilhelm et al. 2002, Brijs et al. 2009). The hyperbenthic mysid
species spatially segregate along the salinity gradient in intermittently closed and semi-enclosed
estuaries (Jones et al. 1989, Lill et al. 2010), with T. chiltoni located mainly in the upper estuary and T.
novae-zealandiae dominating the lower estuary. At times of the breeding peaks, these hyperbenthic
species can reach a high abundance in estuaries (Brijs et al. 2009, Lill et al. 2010) affecting the
composition and biomass of zooplankton which mysids prey on, as well as the estuarine fish
communities which prey on mysid shrimps (Waite 1981, Kirk 1983, Wooldridge and Webb 1988,
Chapman and Thomas 1998, Vinagre et al. 2005, Brijs et al. 2009).

The aim of the present study was to describe seasonality, spatial distribution and reproductive
biology of Tenagomysis chiltoni and Tenagomysis novae-zealandiae in a large open estuary. Their life
history features such as densities, body lengths and their seasonal variation as well as breeding
dynamics (numbers and time of occurrence of breeding peaks), were compared to their life histories
in intermittently closed and semi-enclosed estuaries or coastal lakes (Kirk 1983, Lill 2006, Brijs et al.
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2009). Based on previous studies (Jones et al. 1989, Lill et al. 2010, Paul et al. 2013), I hypothesized
that:
1) Life histories of mysid species are related to environmental variation, especially to salinity
and temperature. The generally low temperatures of the open Taieri Estuary could lengthen
generation times, and might even reduce the number of generations per year compared to
estuaries and coastal lakes with higher annual temperatures such as intermittently closed
estuaries (Lill et al. 2010) or estuaries at lower latitude (Jones et al. 1989). Lower
temperatures in the open estuary possibly lead to larger body length (see Fockedey et al.
2005 for effect of temperature on post-marsupial growth of mysids) and lower productivity
(Lill et al. 2011a).
2) The distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae is associated
with environmental factors, especially salinity and temperature. Both species segregate along
the salinity gradients within the estuary with T. chiltoni further upstream and T. novaezealandiae downstream to avoid inter-specific competition as described for intermittently
closed estuaries (Lill et al. 2010).
3) Seasonal changes in the distribution of the mysid species is related to the seasonal variation
in environmental factors such as salinity and temperature (Greenwood et al. 1985, Cunha et
al. 1999, Lill et al. 2010, Gama et al. 2011). Due to low summer riverine discharge and
therefore increasing salinity, the population of T. novae-zealandiae might move up the
estuary. In contrast, T. chiltoni might move downstream in winter due to the higher riverine
discharge and therefore lower salinity in the estuary.
4) In summer, juveniles and adults of each species spatially segregate within the estuary as
described by Greenwood et al.(1985), Hough and Naylor (1992b), Schlacher and Wooldridge
(1994), Baldó et al.(2001), Rappé et al. (2011) and others. Greenwood et al. (1985) assumed,
due to variation in their abundance, migrations of mature T. macropsis females and juveniles
into the upper estuary corresponded with an increase in water temperature. A life-stage
species-specific segregation probably allows the juveniles to stay in areas providing
favourable conditions for rapid growth (more upstream in summer, more downstream in
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winter to take advantage of relatively warmer temperature) without competing with the
adults of the same species for resources.

2.3. Methods
Study site
The study sites were located along the Taieri Estuary (Figure 2.1, Table 2.1) from the Lower Waipori
River (Site 1; just above the confluence) to Taieri Mouth (Site 8), spanning the gap between the
sampling sites of an earlier study of mysid distribution in the Taieri River (Sutherland 1999). Site eight
was placed as close to the river mouth as the strong current across the sand bar at the river mouth
permitted. Originally, the sample sites were chosen as pairs of sites of higher /lower current velocity.
However an initial analysis did not show any effect of current velocity on the density of Tenagomysis
chiltoni and Tenagomysis novae-zealandiae, therefore this criterion was dropped and the sites were
treated as equivalent sites. No sampling site was placed in the Taieri River upstream of the
confluence with the Waipori River as a previous study had shown that mysids only occur sporadically
and at very low abundances further upstream in the Taieri River (Sutherland 1999).

Figure 2.1: The study site locations in South Island, New Zealand (left), in the Taieri River catchment (middle) and within the
estuary (right). The sample sites are marked with white dots. The scales are 200km (left), 20km (middle) and 2km (right).
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Table 2.1: Coordinates, distance to the ocean, surface substrate, and current velocity range of the sampling sites 1 to 8. Site
numbers are increasing toward the ocean.

Site
1
2
3
4
5
6
7
8

Coordinates
45 59 39.51 S
45 59 32.93 S
46 00 51.46 S
46 01 23.84 S
46 02 04.21 S
46 02 27.13 S
46 02 49.92 S
46 03 01.93 S

170 08 17.77 E
170 09 02.40 E
170 10 21.02 E
170 10 47.31 E
170 10 18.18 E
170 11 01.55 E
170 11 18.27 E
170 11 34.49 E

Distance to ocean
[km]
11.86
11.07
7.92
6.77
5.20
3.75
2.94
2.49

Substrate
gravel, detritus
sandy
sandy
sandy, detritus
muddy
muddy
muddy
sandy

Current velocity
[cm/sec]
0.01 – 0.32
0.00 – 0.22
0.05 – 0.28
0.20 – 0.53
0.03 – 0.54
0.01 – 0.17
0.12 – 0.26
0.15 – 0.39

Field sampling
Monthly sampling was conducted between January 2008 and April 2009 (January to March 2008
even bimonthly samples were taken) during outgoing spring tides following the lunar cycle and was
completed within four hours after high tide. Unfortunately, processing the samples was more time
consuming than expected (about 6 hours per sample with high numbers of mysids). Therefore only
every second month (except July 2008) was processed. A short qualitative check of the unprocessed
samples of the intervening months did not reveal any obvious changes in the community
composition of the mysid species.

Sampling took place at night due to the higher nocturnal abundance of mysids (Clutter 1969,
Sutherland 1999, Taylor 2008), close to full moon. The light of the full moon might have had an
adverse effect on mysid densities (Abello et al. 2005), but assisted with safe boat navigation along
the river as all sites (excepting Sites 2, 7, and 8) were only accessible by boat. At each site three
sweep net samples (500 µm mesh size) were taken by walking three times along a 20 m stretch in 50
- 60 cm deep water along the shore, covering an estimated area of 3 x 4 m2 per site. By walking
different paths overlapping samples were avoided. Mysid samples were preserved with 95 % ethanol
on site and all samples were transported to the lab on the same night.

22

Chapter 2 – Life history and distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae

Sample processing
In the laboratory, the mysid samples were sorted, and those with a high abundance were subsampled. For sub-sampling, the samples were carefully but thoroughly swirled, then spread out in a
white tray with a grid on the bottom (80 squares at 1.8 cm x 1.9 cm) and as many squares as
necessary were examined to obtain a subset containing a minimum of 100 individuals combined for
all species. The mysids then were identified under a stereo microscope (Olympus SZ51, magnification
8–40×, Olympus Corp., Tokyo, Japan) using identification keys of Chapman and Lewis (1976),
Mauchline (1980), and Fukuoka and Bruce (2005).

Sex, maturity, and body length of all identified mysids were recorded to examine possible size or lifestage specific segregation within the estuary. Sex and maturity stages were determined according to
Gorokhova and Hansson (2000) and Lill et al. (2010): “(1) juveniles - no discernible secondary sex
characteristics; (2) immature males - enlarged penes not reaching the last abdominal segment; (3)
immature females - brood pouches formed but not laterally visible; (4) adult males - enlarged penes
reaching the last abdominal segment; (5) adult females - brood pouches visible from lateral view; and
(6) gravid females - eggs or larvae present in brood pouch, (7) post-gravid females - large, but empty
brood pouch” (see Gorokhova and Hansson 2000, Lill et al. 2010).

Juveniles of T. chiltoni and T. novae-zealandiae with a body length less than 2 mm could not be
distinguished reliably. The form of the feeding plates and the cleft in the telson of these juveniles did
not have the characteristic shape used for identification by Chapman and Lewis (1976). Juveniles less
than 2mm have straight feeding plates and a straight telson with a triangular cleft instead of the
characteristic deep clefted telson and bowed feeding plates (T. chiltoni) and the rounded, slightly
clefted telson and slightly inward bowed feeding plates (T. novae-zealandiae), respectively. Due to
overlapping populations in the Taieri Estuary, the small juveniles could not be assigned to either of
the of the two mysid species. Therefore juveniles < 2mm were grouped and not included in further
analyses (except density and environmental range) The exclusion of the small individuals did not
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affect the analysis as the new recruits grew fast and showed up in the analysis as soon as they were
larger than 2 mm.

The body length of the mysids was defined as “the distance from the tip of the rostrum to the
posterior end of the sixth abdominal somite” (Lill 2006), and was measured to the nearest 0.5 mm
using graph paper under the microscope. Some authors (Greenwood et al. 1985, Mees et al. 1994,
Delgado et al. 1997) used the length of the carapace, but always included an equation how to
calculate the total body length from their measurements. Therefore the total body length is a good
measure to compare the body length between species. The effect of “telescoping” of the segments is
not as pronounced in mysids as it is in amphipods. When mysids die, they only bend once in the
middle of their body unlike amphipods. In trials, measuring the total body length of the straightened
mysids was more accurate and efficient then measuring abdomen and carapace separately and then
summing the two measurements to the total body length.

The gut contents of a subset of a total of 78 mature Tenagomysis chiltoni and 61 mature
Tenagomysis novae-zealandiae, collected from samples in June 2008, October 2008, December 2008,
February 2009 and April 2009, were separately analysed to explore 1) possible seasonal food
preferences of each species and 2) the potential of food preferences as segregating factors for the
two mysids species within the Taieri Estuary. The guts were dissected and spread out on microscope
slides. Because the microscope slides dried out quickly, first the photos of the gut contents were
taken and then these photos were used to identify the food items. The food items were separated
into the following groups: algae (phytoplankton), plant material (pieces of larger plants), diatoms,
amorphous detritus (material macerated beyond recognition), inorganic particles, unidentified
invertebrates (remains of invertebrates, mainly arthropods, which could not be reliably identified to
group level), rotifers, crustaceans (often amphipods, copepods), and insects (among others
chironomids).
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Environmental parameters
To investigate the influence of environmental factors on the mysid distributions in the Taieri Estuary,
surface salinity (at 10 to 20 cm depth), temperature (°C), oxygen saturation [%], and velocity (cm/sec)
were recorded on site, using a YSI 85 (Yellow Springs, Ohio, USA) and a Marsh-McBirney Flo-Mate
(Model 2000, Frederick, MD, USA), respectively. A 5L water sample was taken at each site to measure
chlorophyll a, total suspended solids, particle organic matter (POM) and nutrient concentrations
(total phosphorus (TP), total nitrogen (TN), dissolved reactive phosphorus (DRP), ammoniacal-N
(NH3+), nitrate-N (NO3–), nitrite-N (NO2–), dissolved organic carbon (DOC)) as well as water colour and
turbidity in the water column. In a salt-wedge estuary such as the Taieri Estuary, water was
reasonable well-mixed at small spatial scales (Bailey and Vennell 2009) so taking multiple water
samples over a short time frame at a single location would be unlikely to exhibit any meaningful
variation. Nutrient concentrations were measured as a control for unexplainable variation in
chlorophyll a, total suspended solids, and particular organic matter (M. Schallenberg, pers.
comment).

The water samples were stored in cool and dark conditions until processing within 24 hours,
following the protocols of Schallenberg and Burns (1997, 2001, 2004). After filtering through GF/Ffilters, the chlorophyll a content was extracted in 90 % aqueous acetone in the dark, at room
temperature for >16 h (Wetzel and Likens 1991, Schallenberg and Burns 2004). The chlorophyll a
content of the extracts was determined fluorometrically using a Turner Model 450 fluorometer,
calibrated with coproporphyrin (Sigma Chemical, Inc.) standard solutions before use (Schallenberg
and Burns 2001). Chlorophyll a values were corrected for phaeophytin fluorescence after
acidification with 4N HCl (Schallenberg and Burns 2003).

Nutrient concentrations, namely those of total nitrogen (TN), nitrite-N (NO2–), nitrate-N (NO3–),
ammoniacal-N (NH3+), total phosphorus (TP), and dissolved organic carbon (DOC) were all measured
on a a SANPlus segmented flow autoanalyzer (SkalarAnalytical B.V., Breda, The Netherlands)
following the methods summarised in Schallenberg and Burns (1997). The total nutrients were
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determined on persulphate digests of whole water samples, whereas the filterable water samples
were measured on water samples filtered through acid-washed microfilter (GF/F, Whatman Inc.,
Clinton, New Jersey, USA; pore size 0.7 lm).

Total suspended solids (TSS) were measured gravimetrically after filtration of water samples onto
pre-rinsed, pre-dried and pre-combusted GF/C glass fibre filters (Whatman Inc., Clinton, New Jersey,
USA; pore size 1.2µm) (Schallenberg and Burns 1997). Filters were then dried at 60°C for at least 24
h, cooled to room temperature under desiccation, and weighed (Schallenberg and Burns 1997).
Afterwards filters were combusted at 550°C for 12 hours, cooled to room temperature under
desiccation, and weighed again to determine the particular organic matter content. Turbidity was
determined using a Hach 2100A turbidimeter (Hach, Loveland, CO, U.S.A.) (Schallenberg and Burns
2004). Water colour was measured spectrophotometrically as absorbence at 440 nm on water
samples filtered through pre-washed filters (GF/C, Whatman Inc., Clinton, New Jersey, USA, pore size
0.2 µm) (Schallenberg and Burns 2003).

Data analyses
The numbers of individuals per species were first calculated per square meter and then averaged
across the three sweep net samples for analyses. To identify breeding season, breeding timing,
annual population and life history patterns, population densities and length–frequency distributions
were plotted over time for each mysid species. In the length-frequency diagrams, the proportions of
juveniles, immatures, adult females and adult males, were identified to investigate seasonal shifts of
maturity stages along the estuary due to breeding or environmental factors (temperature or salinity).
Furthermore, mean and mode of the body length of the different maturity stages and percentage of
the different maturity stages were calculated.

To investigate possible seasonal differences in the food preferences of each species as well as
differences in the food preferences of the two species, first the percentage of occurrences of each
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food item in all used specimen per species was calculated and then an analysis of co-variance
(ANCOVA, R version 3.0.1) was conducted with sampling months as the covariate.

To characterise the distributions of the two species along different gradients within the estuary,
abundance-weighted averages for each gradient and each mysid species were calculated according
to ter Braak and Verdonschot (1995). Standard tolerance limits along the gradients (ter Braak and
Verdonschot 1995) could not be calculated because the distributions of Tenagomysis chiltoni and
Tenagomysis novae-zealandiae were asymmetrical, namely positively skewed with highest densities
at either end of the different gradients and many zero values in winter. Neither log-transformation
nor square-root transformation consistently improved normality and homogeneity of variances.
Therefore, the range of each gradient which corresponded to the zone where mysid densities
exceeded 5 % of their maximum density in the estuary on the sampling occasion was deemed the
tolerance range for each gradient. From this, mysid distribution limits along various gradients could
be estimated.

To investigate the association of environmental parameters and mysid density, a constrained
correspondence analysis (CCA; R version 3.0.1, vegan-package 2.0-8) was conducted for each species
separately. Based on studies of Azeiteiro and Marques (1999), Viherluoto (2001), Taylor (2008),
Boscarino et al. (2009) and others, which identified temperature, salinity, and food as key factors for
distribution of mysids, densities of each mysid species, salinity, temperature, chlorophyll a (as a
proxy for phytoplankton biomass in the water column; Bayer 2013) and TSS content were included as
factors in the CCA. Exploratory analyses showed a significant separation between the sampling sites
in the upper (Sites 1 – 5), dominated by Tenagomysis chiltoni, and in the lower estuary (Sites 6 – 8),
where Tenagomysis novae-zealandiae was the most abundant species (ANOSIM statistic R: 0.2596 (T.
chiltoni) and 0.2761 (T. novae-zealandiae), respectively; p= 0.001 (for both species); R version 3.0.1,
vegan-package 2.0-8). Consequently, these sites were combined into upper and lower estuary
sections, respectively, to reduce the complexity of the data. According to the new grouping into
upper and lower estuary, mysid densities, salinity, temperature, chlorophyll a and TSS content were
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re-calculated for upper and lower estuary by averaging the values over the five (upper estuary) and
three sites (lower estuary), respectively. Using the re-calculated data set, another CCA was run to
explore potential associations of the five included factors (see above). Afterwards, an analysis of
similarities (ANOSIM; R version 3.0.1) was also run on the same dataset to examine the statistical
significance of CCA results.

2.4. Results
Density
Tenagomysis chiltoni were more abundant in the upper estuary (Sites 1-5) than in the lower estuary
(Sites 6-8; Figure 2.2), while Tenagomysis novae-zealandiae dominated the lower estuary (Sites 6-8).
The density of T. chiltoni peaked in August 2008 after a flood, in December 2008 (Site 2 and 4) and in
April 2009 (Site 3 and 5) in the upper estuary and in February in the lower estuary. In April 2008 the
numbers of T. chiltoni dropped drastically (<0.5 individuals/m2) in the entire estuary and stayed low
until August 2008. For T. novae-zealandiae, density peaks occurred in February 2008 and 2009 at all
sites except Site 3, where the highest density of T. novae-zealandiae was recorded in April 2009. In
autumn 2008, the density of T. novae-zealandiae decreased in the lower estuary to low numbers in
winter and did not rise until December 2008. In the upper estuary, however, T. novae-zealandiae
were only caught sporadically (Site 4) between winter 2008 (July 2008) and early summer 2008 (until
December 2008). The density of the very small juvenile Tenagomysis spp. showed similar patterns to
the density distribution of T. novae-zealandiae at most of the sites (except Site 4).

The densities of both species and the small juveniles varied both seasonally and annually. In February
2008, the highest recorded density of Tenagomysis chiltoni was < 4 individuals/m2, while in February
2009 up to 8 individuals/m2 were caught. Similarly, the density of Tenagomysis novae-zealandiae
increased in the lower estuary by 60 % in 2009 compared to 2008, but stayed within the same range
in the upper estuary. The number of small juvenile Tenagomysis spp. was 7 times (upper estuary) and
9 times (lower estuary) higher in February 2009 than in February 2008.
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Figure 2.2: Density distribution of a) Tenagomysis chiltoni, b) Tenagomysis novae-zealandiae and c) Tenagomysis spp.
juveniles at eight sites (Sites 1 to 8; site numbers increasing toward the ocean) along the Taieri Estuary over the sampling
period (2008-2009).
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Populations dynamics
Tenagomysis chiltoni exhibited a bivoltine life cycle with breeding peaks in December 2008 and
February 2009, marked by the occurrence of very small juveniles (< 2.5 mm) in these months (Figure
2.3). Following reproduction, the winter generation died before December 2008, which was reflected
in a marked drop in the proportion of males and gravid females (Table 2.2) and their mean body
length (Table 2.3). In December 2008 most of the individuals were smaller than 11 mm with the
smallest individuals at the most upstream site (Site 1) and larger individuals further downstream (Site
3 to 5). This spatial segregation between smaller individuals upstream and larger mature individuals
downstream was still detectable in February 2009. The die-off of the summer generation occurred
between February and April of both years, unveiled by the decreased proportion of mature adults in
April of both years (Table 2.2). No breeding of Tenagomysis chiltoni was detected between April 2008
and October 2008 and from February 2009 onwards until the end of the sampling period. Between
April 2008 and July 2008 neither gravid nor post-gravid females of T. chiltoni were found (Table 2.2,
Table 2.3). The juveniles of the winter generation grew slowly and matured over winter (April 2008 to
October 2008; Figure 2.3). The winter generation was characterised by larger maximum body length
than the summer generation (Table 2.3).

Table 2.2: Proportion of the different maturity stage of Tenagomysis chiltoni in the Taieri Estuary over the sampling period
(2008-2009); T. spp. juveniles have not been included because these could not reliably be allocated to Tenagomysis chiltoni
or Tenagomysis novae-zealandiae (see methods); n = number of individuals caught per sampling date, Feb08 = February
2008, Apr08 = April 2008, Jun08 = June 2008, Jul08 = 2008, Aug08 = August 2008, Oct08 = October 2008, Dec08 = December
2008, Feb09 = February 2009, Apr09 = April 2009.
maturity stages

Feb08

Apr08

Jun08

Jul08

Aug08

Oct08

Dec08

Feb09

Apr09

n

435

85

76

101

590

139

693

642

661

juveniles

71.72

62.35

44.74

41.58

10.85

8.63

20.49

24.77

75.79

immature males

2.07

7.06

26.32

7.92

12.37

0.00

16.31

9.35

9.68

adult males

8.97

3.53

9.21

25.74

29.15

60.43

18.04

9.97

0.76

immature females

4.60

25.88

15.79

13.86

25.08

0.72

33.91

32.55

12.56

adult females

7.82

0.00

3.95

3.96

19.83

8.63

6.93

19.00

1.21

gravid females

3.91

0.00

0.00

0.00

1.19

17.27

4.18

4.36

0.00

post-gravid females

0.92

1.18

0.00

6.93

1.53

4.32

0.14

0.00

0.00
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Figure 2.3: Relative length frequency for Tenagomysis chiltoni for each sampling date (2008-2009, horizontal) at the Sites 1 to 5 along the Taieri Estuary (vertical); Sites 6 to 8 were not shown,
because T. chiltoni only sporadically occurred there. Site numbers increased from freshwater towards the ocean; n = numbers of animals; in cases where the bar exceeds the scale, the number
next to the particular bar provides the actual percentage.
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10/04/2009

14/02/2009

17/12/2008

20/10/2008

21/08/2008

21/07/2008

21/06/2008

20/04/2008

28/02/2008

date

mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n

3.5 / 3.0 (± 1.0)
2.0 – 6.5
312
4.5 / 4.5 (± 0.9)
3.0 – 6.5
54
4.9 / 4.0 (± 0.9)
3.5 – 6.5
34
5.8 / 5.5 (± 1.0)
4.0 – 8.0
42
5.4 / 5.5 (± 0.7)
4.0 – 6.5
64
3.1 / 3.0 (± 0.2)
3.0 – 3.5
10
5.1 / 5.5 (± 0.8)
3.0 – 6.5
142
4.9 / 5.0 (± 0.8)
3.0 – 6.0
139
4.2 /3 (± 1.0)
3.0 -7.0
501

juveniles

immature
male
5.8 / 5.5 (± 0.4)
5.5 – 6.5
6
6.4 / 6.0 (± 0.7)
5.5 – 7.5
6
7.5 / 8.0 (± 1.2)
5.0 – 9.0
20
8.1 / 8.5 (± 0.8)
6.5 – 9.0
8
7.0 / 7.0 (± 0.8)
5.5 – 8.5
73
N/A
N/A
0
6.2 / 6.0 (±0.6)
5.0 – 7.5
113
6.0 / 6.0 (± 0.4)
5.0 – 6.5
60
6.1 / 6.5 (± 0.9)
4.5 – 8.0
64
7.3 / 8.0 (± 0.7)
6.0 – 8.5
39
8.3 / N/A (± 1.0)
7.5 -9.5
3
8.9 / 10.0 (± 0.9)
7.5 – 10.0
7
9.2 /9.0 (± 0.7)
7.5 – 10.0
26
9.5 / 10.0 (± 0.8)
7.0 – 11.5
172
10.2 / 10.0 (± 0.6)
8.5 -12.0
84
7.6 / 7.0 (± 0.9)
6.0 – 11.0
125
7.0 / 7.0 (± 0.7)
6.0 – 9.0
64
8.1 / 8.0 (± 0.5)
7.5 – 9.0
5

adult male

immature
female
6.8 /7.5 (± 1.1)
4.5 – 8.0
23
6.7 / 6.0 (± 1.2)
4.5 – 9.5
22
8.0 /8.0 (± 1.6)
5.0 – 11.0
12
8.7 / 8.5 (± 0.6)
8.0 – 10.0
14
8.6 / 7.5 (± 1.4)
5.5 – 12.0
148
9.0
N/A
1
7.2 / 7.0 (± 0.8)
5.5 – 9.5
235
6.8 / 7.0 (± 0.6)
5.5 – 8.0
209
6.9 / 7.0 (± 1.0)
5.0 -9.0
83
8.0 / 8.0 (± 0.5)
7.0 – 9.5
26
N/A
N/A
0
11.8 / 12.0 (± 0.3)
11.5 – 12.0
3
9.9 / 10.0 (± 0.6)
9.0 – 10.5
4
11.3 / 11.5 (± 0.6)
9.0 -10.5
117
12.1 / 12.0 (±1.1)
10.0 -13.5
12
8.8 /8.5 (± 0.6)
7.5 -10.0
48
8.1 / 8.0 (± 0.5)
7.0 – 9.0
122
9.5 / 9.0 (± 1.1)
8.0 – 11.0
8

adult female

gravid
female
8.9 / 8.5 (± 0.7)
7.5 – 11.0
25
N/A
N/A
0
N/A
N/A
0
N/A
N/A
0
12.2 / 12.0 (± 0.8)
11.0 – 13.5
7
11.5 / 11.0 (± 0.8)
10.0 – 12.5
24
9.8 / 9.0 (± 0.9)
9.0 – 12.5
29
9.3 / 9.0 (± 0.7)
8.0 – 11.0
31
N/A
N/A
0
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9.9 / 10 (0.3)
9.5 – 10.0
4
9.0
N/A
1
N/A
N/A
0
10.9 / 11.0 (± 0.7)
10.0 – 12.0
7
11.9 / 12.0 (± 0.6)
11.0 – 13.0
9
11.7 / 11.5 (± 0.6)
11.0 – 12.5
5
9.5
N/A
1
N/A
N/A
0
N/A
N/A
0

post-gravid female

Table 2.3: Mean and mode of the body length (± SE) of the life stages of Tenagomysis chiltoni (in mm), collected along the Taieri Estuary (2008-2009). SD = standard deviation, n = number of
individuals.
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Tenagomysis novae-zealandiae displayed a multivoltine life cycle (winter, spring and summer
generations) with breeding in late October 2008, December 2008 and February 2009 (Figure 2.4,
Table 2.5). The small juveniles appeared in December 2008 in the lower estuary probably indicating
the occurrence of the summer generation of T. novae-zealandiae. However, to fully verify this, the
mysid samples from January 2009 would have been helpful, which could not be processed due to
time constraints. After breeding, the mature individuals of the winter generation died before
December 2008 and those of the summer generation between February and April of both years,
which was reflected in a marked drop in the proportion of males and gravid females (Table 2.4) and
their mean body length (Table 2.5). In April 2008 and 2009 mainly juveniles and immature T. novaezealandiae of the over-winter generation were caught (Figure 2.4). Juveniles and immatures slowly
matured, as indicated by their decreasing percentage within the population (Figure 2.4,Table 2.4),
while the body length of all life stages, except juvenile T. novae-zealandiae, gradually increased until
October 2008 (Table 2.5). The body length of juveniles (Table 2.5) decreased in August 2008, most
likely indicating a brood release of T. novae-zealandiae.

Over winter, Tenagomysis novae-zealandiae progressively retreated from the upper estuary (Sites 15) until October 2008, when the population started to extend back into the upper estuary again
(mainly adults). Simultaneously, the first small juveniles of the summer generation occurred at Sites 7
and 8 (Figure 2.4). In February 2008/2009 a spatial segregation became apparent with larger
individuals of Tenagomysis novae-zealandiae upstream (Sites 3 and 4) and smaller individuals (mainly
juveniles) further downstream (Sites 5-8).
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Table 2.4: Proportion of the different maturity stage of Tenagomysis novae-zealandiae in the Taieri Estuary over the
sampling period (2008-2009); T. spp. juveniles have not been included because these could not reliably be allocated to
Tenagomysis chiltoni or Tenagomysis novae-zealandiae (see methods); n = number of individuals caught per sampling date,
Feb08 = February 2008, Apr08 = April 2008, Jun08 = June 2008, Jul08 = 2008, Aug08 = August 2008, Oct08 = October 2008,
Dec08 = December 2008, Feb09 = February 2009, Apr09 = April 2009.
maturity stages

Feb08

Apr08

Jun08

Jul08

Aug08

Oct08

Dec08

Feb09

Apr09

n

710

1350

374

486

458

151

535

833

620

juveniles

50.85

25.48

16.58

26.13

2.84

5.96

24.11

20.77

34.35

immature males

6.06

23.70

26.20

12.14

19.00

1.32

12.15

14.17

23.23

adult males

12.25

7.48

14.71

25.31

32.75

37.09

21.12

14.05

3.71

immature females

6.34

35.56

38.77

23.25

32.10

0.00

11.03

18.37

25.00

adult females

5.63

3.56

3.21

9.88

12.23

7.95

10.28

9.00

8.55

gravid females

16.76

3.56

0.27

0.21

0.87

33.77

19.07

22.21

5.16

post-gravid females

2.11

0.67

0.27

3.09

0.22

13.91

2.24

1.44

0.00
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Figure 2.4: Relative length frequency for Tenagomysis novae-zealandiae for each sampling date (2008-2009, horizontal) at the Sites 1 to 8 along the Taieri Estuary (vertical). Site numbers
increased from freshwater towards the ocean. n = numbers of animals; in case where the bar exceeds the scale, the number next to the particular bar provides the actual percentage.
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7-8

10/04/2009

14/02/2009

17/12/2008

20/10/2008

21/08/2008

21/07/2008

21/06/2008

20/04/2008

28/02/2008

date

mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± sd)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n

juveniles
< 2mm
2.3 / 2.5 (± 0.4)
1.5 – 3.0
90
2.3 / 2.0 (± 0.5)
1.5 – 4.5
135
2.5
N/A
1
N/A
N/A
0
N/A
N/A
0
2.3 / 2.5 (± 0.4)
1.0 – 4.0
153
2.2 / 2.0 (± 0.4)
1.0 – 4.0
450
2.1 / 2.0 (± 0.4)
1.0 – 4.0
676
2.3 / 2.5 (± 0.4)
1.5 – 4.0
548
3.0 / 2.5 (± 0.7)
1.0 – 5.5
361
3.4 / 3.5 (± 0.6)
2.0 – 5.5
344
3.8 / 4.0 (± 0.5)
3.0 – 5.5
62
4.8 / 5.0 (± 0.8)
3.0 – 6.5
127
3.7 / 3.5 (± 0.5)
3.0 – 5.0
13
3.4 / 3.0 (± 0.6)
3.0 – 4.5
9
3.3 / 3.0 (± 0.4)
3.0 – 5.0
129
3.2 / 3.0 (± 0.4)
2.0 – 4.0
173
3.4 / 3.5 (± 0.4)
2.5 – 4.5
213

juveniles

immature
male
4.0 / 4.0 (± 0.4)
3.5 – 4.5
43
4.7 / 4.5 (± 0.4)
3.5 – 6.0
320
4.9 / 5.0 (± 0.5)
4.0 – 6.5
98
5.1 / 5.0 (± 0.4)
4.5 – 6.0
8
4.8 / 5.0 (± 0.4)
4.0 – 5.5
59
6.3 / N/A(± 0.4)
6.0 – 6.5
2
3.8 / 3.5 (± 0.4)
3.0 – 4.5
65
3.6 / 3.5 (± 0.4)
3.0 – 4.5
118
4.3 / 4.0 (± 0.4)
3.5 – 5.5
144
4.6 / 4.5 (± 0.4)
3.5 – 6.0
87
5.3 / 5.5 (± 0.4)
4.5 – 6.0
101
5.7 / 5.5 (± 0.4)
5.0 – 6.5
55
6.0 /6.0 (± 0.5)
4.5 – 7.5
123
5.8 / 6.0 (± 0.4)
5.0 – 6.5
150
6.2 / 6.0 (± 0.4)
5.5 – 7.0
56
5.1 / 5.0 (± 0.6)
4.0 – 7.0
113
4.7 / 4.5 (± 0.5)
4.0 – 6.0
117
5.1 / 5.0 (± 0.5)
4.5 – 7.0
23

adult male

immature
female
4.5 / 4.5 (± 0.6)
3.5 – 6.0
45
4.7 / 4.5 (± 0.5)
3.5 – 6.0
480
5.3 / 5.5 (± 0.6)
4.0 – 6.5
145
6.1 / 6.0 (± 0.5)
5.0 – 8.0
113
5.5 / 5.5 (± 0.6)
4.0 – 7.0
147
N/A
N/A
0
4.2 / 4.0 (± 0.4)
3.5 – 5.5
59
4.0 / 4.0 (± 0.6)
3.0 – 5.0
154
4.4 / 4.5 (± 0.50
3.5 – 6.0
155
5.3 / 5.0 (± 0.8)
4.5 – 7.5
40
5.8 / 6.0 (± 0.4)
5.0 – 6.5
48
6.2 / 6.0 (± 0.5)
5.5 – 7.0
12
6.6 / 6.5 (± 0.6)
5.5 – 8.0
48
6.4 / 6.5 (± 0.5)
5.0 – 7.5
56
6.9 / 7.0 (± 0.5)
6.0 – 7.5
12
5.2 / 5.0 (± 0.4)
4.0 – 6.0
55
5.1 / 5.0 (± 0.4)
4.5 – 6.0
75
5.9 / 5.5 (± 0.5)
5.5 – 7.5
53

adult female

gravid
female
5.4 / 5.5 (± 0.40
5.5 – 6.5
119
6.0 / 6.0 (±0.4)
5.0 – 7.0
50
7.0
N/A
1
6.0
N/A
1
6.5 / 6.5 (± 0.0)
6.5 – 6.5
3
6.9 / 7.0 (± 0.4)
6.0 – 8.0
51
6.3 / 6.0 (± 0.5)
5.5 – 7.0
102
5.7 / 5.5 (± 0.4)
5.0 – 7.0
185
6.0 / 6.0 (± 0.5)
5.5 – 7.5
32

38

post-gravid
female
5.5 / 5.5 (± 0.3)
5.0 – 6.5
15
6.2 / 6.0 (± 0.7)
5.5 – 6.5
9
6.5
N/A
1
6.9 / 7.0 (± 0.4)
6.5 – 8.0
15
7
N/A
1
7.0 / 7.0 (± 0.5)
6.0 – 8.0
21
6.3 / 6.0 (± 0.5)
5.0 – 7.0
12
5.8 / 5.5 (± 0.3)
5.5 – 6.0
12
N/A
N/A
0

Table 2.5: Mean and mode of the body length of the life stages of Tenagomysis novae-zealandiae and the small juveniles of both species (juv. Tenagomysis spp.), that were too small to be
clearly assigned to one of these two species. Samples were collected along the Taieri Estuary (2008-2009). SD = standard deviation, n= number of individuals.
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Environmental parameters
Salinity fluctuated along the Taieri Estuary according to the diurnal tide, but was also subject to
seasonal changes (Table 2.6). At Site 1, the most upstream site, the salinity ranged from 0.2 (August
2008) to 10.5 (December 2008) and at Site 8, the most downstream site, from 4.0 (August 2008) to
28.1 (December 2008). The water temperature in the estuary was mainly influenced by season (Table
2.6) and varied along the estuary. The seasonal differences in water temperature between river and
ocean caused a longitudinal temperature gradient (2°C in December 2008; 3.7°C in June 2008) with
rising water temperature towards the ocean in winter (June, July 2008) and upstream in early
summer (December 2008), respectively.

Chlorophyll a and total suspended solids (TSS) showed no clear spatial trend (Table 2.6). Some
seasonal and annual variation was recorded for chlorophyll a content with low concentrations in
winter (June 2008) and high concentration of chlorophyll a after the flood in August 2008 and in late
summer (February 2009). In late summer 2009 the recorded chlorophyll a concentration was twice as
high as in late summer 2008. For averaged total suspended solid content, neither seasonal nor
annual trends were recorded. In February 2008, December 2008, and April 2009, the highest
concentrations of total suspended solids (68 – 135 mg/L) were measured, whereas in the other
months, the amount of total suspended solids ranged between 0 mg/L and 52mg/L (Table 2.6).
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+

10/04/2009

14/02/2009

17/12/2008

20/10/2008

21/08/2008

21/07/2008

21/06/2008

20/04/2008

28/02/2008

date

mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range

11.93 (± 8.56)
0.10 – 21.60
6.60 (± 4.47)
1.70 – 12.10
14.30 (± 9.90)
1.30 – 25.70
8.16 (± 6.40)
0.50 – 15.80
2.69 (± 2.89)
0.20 – 6.80
11.15 (± 7.98)
1.00 – 21.10
21.85 (± 7.60)
10.50 – 29.40
14.56 (± 5.89)
7.00 – 21.60
17.01 (± 10.74)
3.60 – 30.00

salinity

velocity
[m/sec]
0.11 (± 0.11)
0.01 – 0.31
0.23 (± 0.10)
0.11 – 0.40
0.13 (± 0.13)
0.01 – 0.34
0.21 (± 0.16)
0.01 – 0.42
0.25 (± 0.13)
0.07 – 0.46
0.21 (± 0.20)
0.00 – 0.53
0.18 (± 0.14)
0.00 – 0.40
0.17 (± 0.09)
0.08 – 0.33
0.24 (± 0.16)
0.06 – 0.54

temperature
[°C]
17.50 (± 0.39)
17.00 – 18.10
10.98 (± 0.46)
10.50 – 11.60
7.54 (± 1.38)
5.50 – 9.20
6.65 (± 1.14)
5.00 – 8.10
5.99 (± 0.32)
5.60 – 6.40
13.29 (± 0.39)
12.70 – 13.80
16.05 (± 0.80)
15.20 – 17.20
16.74 (± 0.18)
16.50 – 17.00
12.58 (± 0.44)
11.90 – 13.10

chlorophyll a
[mg/l]
0.62 (± 0.46)
0.24 – 1.65
0.81 (± 0.32)
0.45 – 1.24
0.34 (± 0.11)
0.20 – 0.53
0.84 (± 0.51)
0.42 – 1.97
1.46 (± 0.45)
0.83 – 2.13
0.73 (± 0.37)
0.49 – 1.60
1.54 (± 0.72)
0.66 – 2.40
2.45 (± 0.90)
1.38 – 3.70
0.80 (± 0.29)
0.52 – 1.43

TSS
[mg/l]
28.17 (± 21.84)
7.02 – 68.47
13.02 (± 8.68)
5.52 – 27.73
19.69 (± 14.13)
0.00 – 42.33
16.55 (± 15.21)
4.37 – 51.77
24.97 (± 18.72)
1.98 – 47.47
13.66 (± 7.97)
6.47 – 26.60
57.24 (± 42.83)
12.13 – 135.45
16.84 (± 17.43)
0.00 – 48.30
30.71 (± 25.53)
7.83 – 78.77

NH3
[µg/l]
114.80 (± 64.91)
15.56 – 210.80
48.42 (± 30.25)
24.62 – 102.45
123.70 (± 83.98)
30.71 – 231.91
38.42 (± 17.62)
12.25 – 66.18
35.22 (± 12.07)
14.36 – 51.74
161.37 (± 102.24)
25.97 – 280.97
406.56 (± 191.62)
114.64 – 627.21
383.28 (± 170.27)
133.49 – 597.22
433.92 (± 281.96)
87.70 – 742.46

+
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Table 2.6: Physicochemical characteristics of the Taieri Estuary. Samples were collected along the Taieri Estuary (2008-2009). TSS = Total suspended solids, NH3 = Ammonia, SD = standard
deviation.
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Environmental factors and mysid distribution
The zone of maximum density of both species remained stable in the upper (Tenagomysis chiltoni),
and lower estuary (Tenagomysis novae-zealandiae). Even in winter, when incoming ocean water was
warmer than the riverine water, the population of T. chiltoni remained upstream, about 8 km to 10
km away from the ocean (Figure 2.5), and did not move downstream to take advantage of the
warmer temperatures related to marine inputs. The distribution of T. chiltoni was mainly limited
downstream, except for June 2008 and October 2008 (when the salinity was low; Table 2.6), when
also an upstream limitation occurred. In contrast, the distribution of T. novae-zealandiae was limited
upstream, especially in winter. At times, when the riverine discharge was low and salinity and
temperature increased in the upper estuary, the distribution limits moved further upstream.
Simultaneously, the maximum density zone shifted slightly upstream in summer (from 3 km to 5 km
away from the ocean). In December 2008 and April 2009, T. novae-zealandiae was found throughout
the entire estuary, whereas in winter (July 2008) T. novae-zealandiae retracted closer to the ocean
(Figure 2.5b).

The maximum density zone of Tenagomysis chiltoni was located in areas with a salinity ranging from
0.4 to 11 (except December 2008: 19.5) and 5.6°C to 17.8°C water temperature (Figure 2.5, Table
2.7). In contrast, the maximum densities of Tenagomysis novae-zealandiae were found within a
salinity range of 9.6 – 25.4 (except after the flood in August 2008) and a water temperature range of
6.2°C - 17.1°C.

Table 2.7: Range of salinity, temperature, and current velocity, where at least of one mysid was caught (total range) and
where the abundance-weighted population centroids (max. density) for the population of Tenagomysis chiltoni and
Tenagomysis novae-zealandiae occurred.
species

salinity range
total range
max. density
0.1 – 30.0*
0.4 – 19.5
0.3 – 30.0
9.6 – 25.4

temperature range [°C]
total range
max. density
5.0 – 18.1 *
5.6 – 17.6
5.5 – 18.1
6.2 - 17.1

Tenagomysis chiltoni
Tenagomysis novaezealandiae
T. spp juveniles
0.4 – 30.0
0.4 – 28.1
8.2 – 18.1
* consistent with the total range for these environmental factors.

8.2 – 17.0

current velocity range [m/sec]
total range
max. density
0.00 – 0.65 *
0.30 – 0.53
0.00 – 0.65 *
0.11 – 0.26
0.00 – 0.65 *

0.12 – 0.36
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Figure 2.5: Abundance-weighted population centroids and distribution limits (individual numbers < 5 % of the maximum
density) for the populations of Tenagomysis chiltoni and Tenagomysis novae-zealandiae in relation to distance to ocean in
kilometres (0 = ocean; a, b), salinity (c, d), and temperature (e, f) over the sampling period 2008/2009. T. chiltoni occurred
in the upper estuary (a) with its distribution limited downstream (black dashed line). Only twice its distribution was also
limited upstream (marked with a black *). T. novae-zealandiae mainly appeared in the lower estuary with limited
distribution upstream (grey dashed line). In December 2008 and April distribution limits for T. novae-zealandiae were
upstream of the sampling area. The dotted lines indicate the boundary of the sampling area (a, b) as well as the recorded
range of salinity (c, d) and, temperature (e, f) in the estuary at the different sampling dates.
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Corresponding to the distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae within
the estuary, exploratory analyses showed a significant separation between the sampling sites in the
upper estuary (Sites 1 – 5) with Tenagomysis chiltoni as dominant species and in the lower estuary
(Sites 6 – 8), where Tenagomysis novae-zealandiae dominated (ANOSIM statistic: R = 0.2596 (T.
chiltoni) and 0.2761 (T. novae-zealandiae), respectively, p= 0.001 for both species; R version 3.0.1,
vegan-package 2.0-8). Consequently, these sites were combined into upper and lower estuary
sections, respectively, to reduce the complexity of the data when conducting the subsequent CCA
analysis (see data analysis).

In the CCA model (Figure 2.6), chlorophyll a and salinity were associated with the first axis, which
explained 53 % of the variance in the data, while temperature and total suspended solids loaded on
the second axis explaining another 28% of the variance in the data (Table 2.8a). Tenagomysis chiltoni
was negatively associated with salinity, but positively correlated with chlorophyll a in summer and
autumn. Here, the density of T. chiltoni was higher in areas with higher chlorophyll a concentration
and lower salinity. In winter, the densities of T. chiltoni were closely associated with high total
suspended solids. In the CCA plot, the upper and lower estuary segregated significantly along a
chlorophyll a – salinity (ANOSIM statistic: R = 0.274, p= 0.007).

Figure 2.6: Constrained correspondence analyses (CCA) based on the mean density per sampling date and reach (reach = upper and
lower estuary) of Tenagomysis chiltoni (black arrow), salinity, temperature, chlorophyll a concentration, and total suspended solids
(blue arrows). Arrow lengths are proportional to the correlation between ordination and environmental variables. The first axis
explained 53 % of the variance in the data, while 81 % was explained by both axes. In the CCA plot, the upper and lower estuary
significantly segregated along a chlorophyll a – salinity (ANOSIM statistic: R = 0.274, p= 0.007).
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Table 2.8: Eigenvalues, explained proportion, and axes loading of CCA axes for the 5 factors (mean densities of Tenagomysis
chiltoni (a) and Tenagomysis novae-zealandiae (b), salinity, temperature, chlorophyll a, and total suspended solids), which
were included in the CCA model, as well as correlation coefficients between the mysid species and the environmental
factors.
a)
CA1
CA2
CA3
CA4
correlation
coefficient
Eigenvalue
0.09
0.05
0.02
0.01
proportion explained
0.53
0.28
0.15
0.04
cumulative proportion
0.53
0.81
0.96
1.00
T. chiltoni
0.999
-0.789
0.732
-0.079
1.000
salinity
0.423
0.001
0.140
0.015
-0.186
temperature
0.039
-0.268
-0.193
-0.042
0.272
chlorophyll a
-0.331
-0.344
-0.121
0.516
0.386
total suspended solids
-0.192
0.178
-0.009
-0.005
0.275
b)
CA1
CA2
CA3
CA4
correlation
coefficient
Eigenvalue
0.12
0.06
0.04
0.01
proportion explained
0.55
0.26
0.16
0.03
cumulative proportion
0.55
0.81
0.97
1.00
T. novae-zealandiae
1.11
0.44
0.14
0.01
1.000
salinity
0.17
-0.38
0.09
0.02
0.373
temperature
0.04
0.00
-0.33
0.02
0.396
chlorophyll a
-0.20
0.24
-0.43
0.54
-0.005
total suspended solids
-0.26
0.13
0.11
0.01
0.010

In the CCA model (Figure 2.7), temperature and total suspended solids were associated with the first
axis explaining 55% of the variance in the data, while salinity and chlorophyll a loaded on the second
axis, which explained another 26% of the variance. The distribution of T. novae-zealandiae was
positively associated with salinity and temperature, but negatively correlated with total suspended
solids and chlorophyll a. In summer and autumn, the distribution of Tenagomysis novae-zealandiae,
which dominated the lower estuary, was closely associated with temperature in summer and autumn
and with increasing salinity in winter. In the exploratory analyses, T. novae-zealandiae was
moderately correlated with temperature (0.40; Table 2.8) and salinity (0.37). In the CCA plot, the
upper and lower estuary significantly segregated along a chlorophyll a – salinity gradient and also
along a temperature gradient (ANOSIM statistic: R = 0.262, p = 0.01).
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Figure 2.7: Constrained correspondence analyses (CCA) based on the mean density per sampling date and reach (reach =
upper and lower estuary) of T. novae-zealandiae (black arrow), salinity, temperature, chlorophyll a concentration, and total
suspended solids (blue arrows). Arrow lengths are proportional to the correlation between ordination and environmental
variables. The first axis explained 55 % of the variance in the data, while 81 % was explained by both axes. In the CCA plot,
the upper and lower estuary significantly segregated along a chlorophyll a – salinity gradient and also along a temperature
gradient (ANOSIM statistic: R = 0.262, p = 0.01).

Feeding habits
The diet of Tenagomysis chiltoni and Tenagomysis novae-zealandiae consisted of algae, plant
material, diatoms, amorphous detritus, inorganic particles, and unidentified invertebrates in
different proportions (Table 2.9). The dietary preferences varied significantly between the two
species (df = 36, R-squared = 0.95, F-statistic = 38.73, p-value < 0.001). The diet of Tenagomysis
chiltoni included a higher proportion of algae (3 - 19 %; Table 2.9), plant (17 - 25 %) and unidentified
invertebrates (0 - 10 %) than that of T. novae-zealandiae (4 - 5 %, 0 - 19 % and 0 - 5 %, respectively).
Also rotifers and insects were part of T. chiltoni’s diet, although these groups did not occur in the gut
contents of T. novae-zealandiae, which mainly consisted of amorphous detritus and inorganic
particles (together 77.6 %). In the diet of T. chiltoni, only the proportion of algae varied seasonally (df
= 67, R-squared = 0.38, F-statistic = 4.56, p-value < 0.001), whereas the dietary preferences of T.
novae-zealandiae did not change at all over the year (df = 48, R-squared = 0.12, F-statistic = 0.91, pvalue = 0.5096).

45

Chapter 2 – Life history and distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae
Table 2.9: Observed proportion of food items [%] found in the stomach content of mature Tenagomysis chiltoni and
Tenagomysis novae-zealandiae, collected along the Taieri Estuary from June 2008 to April 2009; n = number of individuals
per month, Jun08 = June 2008, Aug08 = August 2008, Oct08 = October 2008, Dec08 = December 2008, Feb09 = February
2009, Apr09 = April 2009.
food items
month
n

Tenagomysis chiltoni

Tenagomysis novae-zealandiae

Jun08

Aug08

Oct08

Dec08

Feb09

Apr09

Jun08

Aug08

Oct08

Dec08

Feb09

Apr09

14

20

11

12

12

8

8

10

10

12

11

10

algae

0

0

0

3

19

14

0

5

0

0

4

4

plant material

24

18

17

19

23

25

14

0

19

18

15

12

diatoms

0

0

7

6

5

11

5

0

13

0

0

4

38

39

38

33

28

29

38

48

32

43

42

40

38

29

31

33

16

21

38

48

26

39

38

40

0

10

3

3

2

0

5

0

0

0

0

0

rotifers

0

0

3

0

2

0

0

0

0

0

0

0

crustacean

0

4

0

3

2

0

0

0

3

0

0

0

insects

0

0

0

0

2

0

0

0

0

0

0

0

amorphous
detritus
inorganic
particles
unidentified
invertebrates

2.5. Discussion
Density
The densities of Tenagomysis chiltoni and Tenagomysis novae-zealandiae varied seasonally and interannually with lower numbers during winter (< 0.1 ind./m2) and higher numbers in summer. Similar
seasonal variation in density has been described for several temperate estuarine mysid species
(Mauchline 1980, Wooldridge 1986, Mees et al. 1994, Richoux et al. 2004, Rappé et al. 2011). The
densities of Tenagomysis spp. recorded in the current study (T. chiltoni up to a maximum of 18
ind./m2 and T. novae-zealandiae up to 32 ind./m2) were higher than the densities reported by Jones
et al. (1989) from the Avon-Heathcote estuary, New Zealand (Table 2.10) for these species. But they
were relatively low compared to the densities recorded in the intermittently closed Kaikorai Estuary,
located 25 km north of the Taieri Estuary (Lill 2006), or the coastal lakes (Lake Waahi, Whangape,
Waikere) in the Waikato area, New Zealand (Brijs et al. 2009). Also, compared to most of the
densities of other mysid species observed elsewhere (Table 2.10), the densities recorded in the
current study were relatively low. These results partly support the second part of my first hypothesis
that the productivity in open estuaries was less than in intermittently closed estuaries. Whitfield
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(1980) and Kibirige and Perissinotto (2003a) concluded that the higher stability of the system
supported higher productivity in the intermittently closed estuary. In contrast, Lill et al. (2010)
proposed that the warmer, more eutrophic water of intermittently closed estuaries, and probably
also coastal lakes in the North Island, New Zealand, can lead to extended breeding seasons, shorter
intermoult and maturation periods, and higher fecundity and therefore higher densities (Whitfield
1980, Wittmann 1981, Winkler and Greve 2002, Fockedey et al. 2005, Fockedey et al. 2006). The
breeding cycles of T. chiltoni and T. novae-zealandiae appear to support these authors and the first
part of my first hypothesis that the generally low temperatures of the open Taieri Estuary (see Table
2.11) could lengthen generation times, and might even reduce the number of generations per year
compared to estuaries and coastal lakes with higher annual temperatures such as intermittently
closed estuaries (Lill et al. 2010) or estuaries at lower latitude (Jones et al. 1989). In the coastal lakes
on the North Island of New Zealand, T. chiltoni bred continuously throughout the year with at least
two, but possibly three or more generations per year (Kirk 1983, Thomas 1991), whereas in the South
Island, New Zealand, the breeding of T. chiltoni ceased over winter (Jones et al. 1989, Lill et al. 2010,
and this study). Jones et al. (1989) noted the first breeding peak of T. chiltoni in September, Lill et al.
(2010) in October, and in this study the first breeding peaks were detected in December. Fockedey et
al. (2005) found that the life cycle of Neomysis integer, a species which is similar in body shape and
size to T. chiltoni and T. novae-zealandiae, was accelerated at higher temperatures (>20°C), in other
words, individuals reached adulthood faster and died earlier than at lower temperatures.

The inter-annual variation in the densities of Tenagomysis chiltoni and Tenagomysis novaezealandiae, might be a consequence of the different water temperatures in spring 2007 / 2008 and in
summer/autumn 2008/2009, respectively. Due to the strong La Niña condition in 2008 (Goodwin and
Cornelisen 2012), the water temperature of the lower Taieri River at Outram (just upstream of the
Taieri Estuary) was 2° - 4°C warmer in spring 2008 than in spring 2007 (Figure 2.8; temperature data:
Otago regional Council), whereas the autumn 2009 the water temperature at Outram was 1.4° 3.5°C cooler compared to autumn 2008. The higher temperatures in spring 2008 may have shortened
the maturity time, while cooler conditions in autumn 2008 may have prolonged the life span of the
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mysids (Winkler and Greve 2002, Fockedey et al. 2005), both probably resulting in higher densities in
2009 than in 2008. These differences in density might also result from higher food availability in the
autumn 2009. Gorokhova (2002) found that food availability was more important than temperature
for moult cycle duration of Neomysis integer. In summer 2009, the amount of the chlorophyll a and

water temperature [°C]

maximum amount of total suspended solids was twice as high as in the previous summer.

25
20
15
10
5
0

time
Outram 2007-2009
Taieri Estuary 2008-2009
Figure 2.8: Water temperature of the Taieri River at Outram (blue rhombus; data provided by the Otago Regional Council)
and of the Taieri Estuary (black dots, mean with standard error). Blue bar illustrated the sampling period of the current
study. The red circles highlighted the different water temperature in spring 2007 and 2008 and autumn 2008 and 2009.
Black line = 20°C.
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Neomysis integer
Gastrosaccus psammodytes
Haplostylus dakini
Rhopalophthalmus egregious
Doxomysis australiensis
Archaeomysis kokuboi
Archaeomysis grebnitzkii
Iiella ohshmai
Mysis relicta
Siriella clausii
Hemimysis speluncola
Acanthomysis thailandica
Archaeomysis articulata
Mesopodopsis orientalis
Mysis relicta

brackish lake
beach
river

beach

freshwater lakes
coast
Submerged cave
Open estuary
coastal bay
beach

freshwater lakes

Lake Ferring
(DK)
Hickling Broad (UK)
Algoa Bay (ZA)
Tweed River (AUS)

Koshirahama Beach (Otsuchi Bay, JP)

Lake Breiter Luzin (D)
El campello coast (SP)
Medes Islands (F)
Matang Estuary (MY)
Ishikari Bay (Hokkaido, JP)
Teluk Kumbar
(Penang Island, MY)
Donner Lake (USA)
Fallen Leaf Lake (USA)
Emerald Bay (Lake Tahoe, USA)

brackish lake

Neomysis integer
Neomysis awatschensis
Neomysis mirabilis
Neomysis integer

species
Tenagomysis chiltoni
Tenagomysis. novae-zealandiae
Tenagomysis chiltoni
Tenagomysis. novae-zealandiae
Tenagomysis chiltoni
Tenagomysis. novae-zealandiae
Tenagomysis chiltoni

open estuary
open estuary

Lake Waikere (NZ)
Lake Whangape (NZ)
Lake Waahi (NZ)
Westerschelde Estuary (NL)
Akkeshi-ko Estuary (JP)

coastal lakes

intermittent closed
estuary
semi-enclosed estuary

Kaikorai Estuary (NZ)

Avon Heathcote Estuary (NZ)

type
open estuary

River/lake/bay
Taieri River (NZ)

249 ind./m2 ** (autumn)
238 ind./m2 ** (summer)
455 ind./m2 ** (summer)

1600 ind./ m2 (spring)
16 ind./m2*
36 ind./m2 ** (late summer)
225 ind./m2 ** (late summer)
49 ind./m2 ** (summer)
5105 ind./m2 ** (summer)
521 ind./m2 ** (autumn)
11 ind./m2 ** (summer)
239 ind./m2 ** (autumn)
48 ind./m2 ** (summer)
16.00 ind./m2 ** (spring)
800 ind./m2 **(spring)
8751 ind./m2 (autumn)
8656 ind./m2 (autumn)

Max. density
18 ind./m2 (early summer)
32 ind./ m2 (late summer)
475 ind./m2 (early spring)
2250 ind./m2 (late summer)
8 ind./m3 (spring)
5 ind./m3 (late summer)
555 ind./ m2 (spring)
411 ind./ m2 (spring)
1923 ind./ m2 (spring)
128 ind./ m2 (early summer)
3351 ind./ m2 (summer)
3467 ind./ m2 (summer)
3351 ind./ m2 (summer)

Vertical towed net at night

Vertical towed net at night
Hand net towed by a diver at daytime
Plankton net towed by a diver
Horizontal towed sledge at daytime
Horizontal towed hand net at daytime
Hand-held dip net at daytime

Horizontal towed sledge net at night

Vertical hauled net at daytime
Horizontal towed sledge at daytime
Horizontal towed sledge at daytime and
night

Vertical hauled net at daytime

Hyperbenthic sledge at daytime
Horizontal towed sledge net at daytime

Vertical hauled net at daytime

Horizontal towed net at daytime

Sweep net at night

Sampling methods
Sweep net at night
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(Morgan and Threlkeld 1982)

(Scharf and Koschel 2004)
(Barberá et al. 2013)
(Ribes et al. 1996)
(Ramarn et al. 2012)
(Hanamura 1999)
(Hanamura et al. 2009)

(Takahashi and Kawaguchi
1995)

(Irvine et al. 1995)
(Wooldridge 1989)
(Taylor 2008)

(Aaser et al. 1995)

(Mees et al. 1994)
(Yamada et al. 2007)

(Brijs et al. 2009)

(Jones et al. 1989)

(Lill 2006)

Reference
this study

Table 2.10: Maximum densities of mysid species in coastal waters (estuary/lake/bay) with season in bracket, when the maximum density occurred (see also Lill et al. 2011a). * no seasonal data
available (not sampled over an entire year), ** average density.
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Population dynamics
Although the breeding period was shorter in the Taieri Estuary (December 2008 to April 2008) by up
to four months (Tenagomysis novae-zealandiae) than in the Kaikorai Estuary (Lill 2006), the breeding
dynamics of Tenagomysis chiltoni and T. novae-zealandiae were similar to those reported from the
Kaikorai Estuary (Lill et al. 2010). This finding partly confirmed and partly contradicted the first
hypothesis that the generally low temperatures of the open Taieri Estuary could lengthen generation
times. Lill et al. (2010) reported a breeding period from October to March for T. chiltoni and from
August to April for T. novae-zealandiae with breeding peaks in October/November and
February/March (T. chiltoni) and in October, December and February/March (T. novae-zealandiae).
In my study, similar, but delayed, breeding peaks were identified for T. chiltoni (December 2008 and
February 2009) and T. novae-zealandiae (October 2008, December 2008 and February 2009). In both
estuaries, T. chiltoni displayed a bivoltine life cycle and T. novae-zealandiae a multivoltine life cycle
(winter, spring and summer generation) with the winter generation having a larger body length than
the summer generation (T. chiltoni) and spring and summer generation (T. novae-zealandiae),
respectively. Also growth and maturation of mysids are dependent on temperature (Winkler and
Greve 2002, Fockedey et al. 2005). Fockedey et al. (2005) reported that mysids mature faster, i.e., at
a smaller size, with increasing temperatures. Accordingly, the winter generation of most mysid
species including T. chiltoni and T. novae-zealandiae grows for a longer period, needing more moults
to mature and is therefore larger in body length than the fast growing summer generation (T.
chiltoni) and spring and summer generation (T. novae-zealandiae), respectively (Jones et al. 1989,
Mees et al. 1994, Delgado et al. 1997, Lill 2006, Yamada et al. 2007).

The winter generations of Tenagomysis chiltoni and Tenagomysis novae-zealandiae matured at a
smaller body length (up to 1 mm smaller), but not earlier in the Taieri Estuary than the winter
generations of these species in the Kaikorai Estuary (Lill 2006). These results confirmed the influence
of temperature on the body length of mysids in different estuary types, but contradicted the first
hypothesis that lower temperatures in the open estuary possibly lead to larger body length. In the
Taieri Estuary, both species, T. chiltoni and T. novae-zealandiae, may have benefited from the slightly
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higher warmer ocean entering the estuary (Table 2.11). However, their growth and/or maturation
time must be also influenced by other factors like food quality and availability (Paul and Closs 2014),
or salinity (see below). Viherluoto (2001) suggested that mysids feeding on pelagic food and
zooplankton grew more rapidly than benthic feeders and phytoplankton grazers. However, T. chiltoni
as well as T. novae-zealandiae were found to be omnivorous, feeding on plant and animal material
and detritus (Waite 1981, Kirk 1983, Chapman and Thomas 1998, and present study). Therefore
potential lower wintry densities of food organisms such as crustaceans or insects might have
negatively affected the growth of the mysid species in the Taieri Estuary (see Gorokhova 2002 for
impact of food supply on growth). Whitfield (1980), Kibirige and Perissinotto (2003a), and Lill et al.
(2011a) described intermittently closed estuaries as more productive than open estuaries indicating
that even in winter more food might be available for mysids in intermittently closed estuaries like the
Kaikorai Estuary than in open estuaries like the Taieri Estuary. In summer the body lengths of T.
chiltoni and T. novae-zealandiae were similar in the Kaikorai Estuary and Taieri Estuary. Only the
female T. novae-zealandiae were slightly larger in the Taieri Estuary compared to the Kaikorai
Estuary, probably due to the negative influence of the cold ocean on the water temperature (Table
2.11) in the lower Taieri Estuary, which in turn supported the first hypothesis that lower
temperatures in the open estuary possibly lead to larger body length.

Table 2.11: Minimum and maximum water temperature of Pacific ocean (Taieri Mouth), Taieri Estuary, Taieri River
(Outram), and Lake Waihola (part of the Waipori/Waihola Lake-wetland complex).
Water temperature
min
max
8°C
15°C

Reference

Pacific ocean
http://www.surf-forecast.com/breaks/Taieri-Mouth/seatemp; 12/03/2014
(Taieri Mouth)
Taieri Estuary
5°C
21°C
this study
Taieri River
2°C
22°C
http://water.orc.govt.nz/WaterInfo/SubSitePopup.aspx?s=OutramWaterTemp;
(Outram)
29/01/2008, 04/05/2008, 20/09/2008, 17/04/2009
Lake Waihola*
4°C
23°C
Hall and Burns (2002), Schallenberg and Burns (2003)
* as part of the Waipori/Waihola lake-wetland complex

Environmental factors and mysid distribution
The spatial distribution of Tenagomysis chiltoni and Tenagomysis novae-zealandiae was also affected
by the salinity gradient within the Taieri Estuary. Tenagomysis chiltoni and T. novae-zealandiae were
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spatially segregated along the Taieri Estuary with T. chiltoni dominating the upper estuary and T.
novae-zealandiae dominating the lower estuary. These distributions and patterns of dominance were
consistent with those described by Chapman and Lewis (1976), Jones et al. (1989), and Lill et al.
(2010) and consistent with my second hypothesis that T. chiltoni and T. novae-zealandiae segregate
along the salinity gradient within the estuary. Jones et al. (1989) and Lill et al. (2010) found T. chiltoni
in the upper Avon-Heathcote and Kaikorai estuaries with low to moderate salinity, whereas T. novaezealandiae dominated the lower estuaries with moderate to high salinity. Waite (1981) reported that
T. chiltoni retreated towards the freshwater inflow of Lake Ellesmere (a coastal lake in Canterbury
region, South Island, New Zealand), when sea water encroached on the lake through an artificial
outlet channel dug for water level regulation. However, T. chiltoni and T. novae-zealandiae occurred
only sporadically and in low numbers in the freshwater reach further up the Taieri River, whereas
these species were found quite regularly in the Waipori River and the adjunct wetlands in summer
(Sutherland 1999)

Seasonal migrations into areas of warmer water, i.e. towards the ocean or upstream in the river, to
avoid colder water could be beneficial especially for the individuals of the winter generation to
mature and breed at smaller size, which may result in higher fecundity and higher total offspring per
individual (Lill et al. 2010). In the current study, no real seasonal migration, but seasonal extension
and retraction of the distribution limits of the two mysid population was observed. These
observations partly contradicted the third hypothesis that the population of T. novae-zealandiae
might move up the estuary, while T. chiltoni might move downstream in winter. In the beginning of
the breeding season (October 2008) the distribution limits (individual numbers < 5 % of the
maximum density) of Tenagomysis chiltoni retracted and Tenagomysis novae-zealandiae extended
upstream towards the higher water temperatures with favourable conditions for faster growth and
maturation, and in winter the population of T. novae-zealandiae retracted towards the warmer
ocean. Fockedey et al. (2005) found that both, temperature and salinity, significantly affected the
growth and maturation time of Neomysis integer, which matured earlier in higher salinity and lower
temperature. Also, survival of embryos and larvae in the brood pouch (intra-marsupial survival) and
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of the juvenile mysids right after hatching from the brood pouch (hatching success) was impacted by
salinity and decreased in unfavourable salinity conditions (higher or lower salinity than the optimum,
Fockedey et al. 2006). By seasonally migrating even a short distance within the Taieri Estuary, T.
chiltoni and T. novae-zealandiae could stay within preferred salinity and temperature ranges to
optimise breeding success. Greenwood et al. (1985) assumed that improving the breeding success
was the reason for seasonal migration, but also for the life-stage specific segregation of the pelagic
mysid Tenagomysis macropsis in the Avon-Heathcote estuary, South Island, New Zealand.

Life-stage specific segregation
Life-stage specific spatial segregation of juveniles and adults occurred in Tenagomysis chiltoni and
Tenagomysis novae-zealandiae, which was consistent with my fourth hypothesis that juveniles and
adult of each species spatially segregate within the estuary. In summer, the numbers of juvenile T.
chiltoni were higher at the most upstream sites (Site 1 and 2), while further downstream more adults
were caught (Site 3 and 4). A similar pattern with juveniles further upstream than adults was
reported for Gastrosaccus spinifer (Rappé et al. 2011), Tenagomysis macropsis (Greenwood et al.
1985), and Neomysis integer (Baldó et al. 2001). Surprisingly, the life-stage specific spatial
segregation of T. novae-zealandiae was the opposite of that of T. chiltoni, with the adults more
upstream and juveniles closer to the ocean, supporting the work of Paul et al. (2013) indicating that
higher salinity enhances the survival of juvenile T. novae-zealandiae. Salinity-related segregation of
life stages has only been reported for Rhopalophthalmus mediterraneus so far (Baldó et al. 2001). To
understand the reasoning for the previously undescribed life-stage specific spatial segregation of T.
chiltoni and T. novae-zealandiae, further research is needed. Based on the laboratory based research
of Paul et al. (2013), a combination of salinity and temperature is likely to influence the distribution
and growth of both species. Ribes et al. (1996), Winkler and Greve (2004), and Vilas et al. (2009) also
reported inter- and intra-specific predation influencing age structure and distribution of mysids.
Winkler and Greve (2004) found that juvenile mysids, which were just released from the marsupium,
were most vulnerable to predation by adults of their own species or other mysid species (Wooldridge
and Webb 1988). Remains of unidentifiable invertebrates were found in the diet of T. chiltoni and T.
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novae-zealandiae in the current study. However, it was not evident whether T. chiltoni and T. novaezealandiae were actively preying on other mysids or if they were only feeding on carcases of
crustaceans (mysids, copepods, amphipods, observed in holding tanks) or other insects (chironomids;
Waite 1981, Kirk 1983, Chapman and Thomas 1998).

2.6. Conclusion
The current study contributes to an understanding of the distribution and life history of two coexisting species, Tenagomysis chiltoni and Tenagomysis novae-zealandiae, in a large open estuary.
Avoidance of inter-specific and intra-specific resource competition is indicated by spatial segregation.
Due to its higher osmoregulatory capacity compared to T. novae-zealandiae, T. chiltoni inhabit the
upper Taieri Estuary with higher summer temperatures and lower salinities, supporting faster growth
and higher reproduction in summer, while in winter low riverine water temperatures impact growth
and increase maturation time. In contrast, T. novae-zealandiae dominates the lower estuary with
higher salinity and lower temperature in summer, positively influencing the reproduction success,
but slowing growth rate. The spatial distribution of T. chiltoni and T. novae-zealandiae within the
Taieri Estuary reflects the complex linkage between favourable temperature and salinity conditions,
and reproduction. The life cycle and breeding dynamics of these mysids were similar to those
described in the literature for temperate estuarine mysid species, although the breeding period was
noticeably shorter than in estuaries of lower latitudes in New Zealand and elsewhere. The breeding
cycles of T. novae-zealandiae and seasonal re-distribution of its population might be an adaptation to
its living conditions by taking advantage of the warmer water temperature upstream in summer or
close to the ocean in winter, where it grows faster and matures earlier compared to T. chiltoni. The
life-stage specific segregation of both species in summer allows maximum growth rates, short
maturation time and less inter- and intra-specific competition for the juveniles in order to reproduce
before winter commences.
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This chapter dealt with the distribution and life histories of the two hyperbenthic species of mysids in
the Taieri Estuary, while the next chapter will consider the same aspects of the two co-existing
benthopelagic species, in order to gain a better understanding of how these four species might best
utilise the resources of the Taieri Estuary.
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3. Life history and distribution of
Gastrosaccus australis and Tenagomysis
macropsis in a large open estuary

Gastrosaccus australis

Tenagomysis macropsis
male

female

Photos: Ken Miller (Gastrosaccus australis),

Adrian Lill (Tenagomysis macropsis, male),
Beate Bierschenk (Tenagomysis macropsis, female)
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3.1.

Summary

Habitat conditions in estuaries and coastal embayments are highly dynamic with tidal and seasonal
changes in salinity, temperature and current velocities affecting distribution and population
dynamics of estuarine species like mysids. To study seasonality, spatial distribution and reproductive
biology of two benthopelagic mysid species, Gastrosaccus australis and Tenagomysis macropsis, in a
large open estuary, the mysids were sampled at night between February 2008 and April 2009. The
densities and distributions of both species varied between 2008 and 2009 and were associated with
salinity and total suspended solids in the current study. Both mysid species displayed a bivoltine life
cycle with distinct seasonal breeding migrations within (G. australis) and in and out of the estuary (T.
macropsis) as well as life-stage specific segregation of adults and juveniles of each species. By interand intra-specific spatial segregation and different food preferences, Gastrosaccus australis and T.
macropsis likely avoid resource competition and provided optimal growth conditions for their
juveniles. The breeding period of both mysid species was similar to those of other mysid species
inhabiting temperate estuaries. However, the breeding period of Tenagomysis macropsis varied
considerably from that reported from a semi-closed estuary at lower latitude in New Zealand.
Comparison of life history and distribution of Gastrosaccinae within estuaries was difficult because
only two other studies worldwide investigated either life history or distribution of Gastrosaccinae in
estuaries.
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3.2. Introduction
Habitat conditions in estuaries and coastal embayments are highly dynamic and subject to spatial
and temporal change. While salinity in an estuary fluctuates often over a tidal cycle from brackish to
almost marine salinity (Schallenberg and Krebsbach 2001), temperature, turbidity, flow conditions,
and position of the brackish water zone often vary temporally, impacted by riverine discharge,
season (air temperature), and human activities (e.g. sewage flow, power plant discharge, hydropeaking) (Costanza et al. 1998, Roy et al. 2001, Drake et al. 2002, Fernández-Delgado et al. 2007,
Israel et al. 2012). For example, as a result of elevated riverine discharge, either natural (flood) or
human regulated (hydro-peaking), shore habitats can be flooded, current velocities increase, water
temperature decreases and the mixing zone of salt and freshwater displaced downstream or into the
ocean and vice versa (Drake et al. 2002, Fernández-Delgado et al. 2007, Lane et al. 2007).

These highly variable habitat conditions contribute to the seasonal and spatial variation in
distribution and abundance of estuarine species. However, food availability and prey/predator
densities can also influence the abundance and distribution of estuarine species (Drake et al. 2002,
Vinagre et al. 2005, Marques et al. 2006, Boscarino et al. 2007, Amaral et al. 2009). To forage, and
also to avoid displacement, estuarine zooplankton and hyperbenthic species migrate both vertically
into the water column and horizontally into intertidal areas following the leading edge of the flood
tide (Roast et al. 1998b, Lawrie et al. 1999, Jumars 2006, Ueda et al. 2010).

Diel or tidal vertical migration to forage in the water column often takes place only by night to avoid
visual predators (Haney 1988, Taylor et al. 2003) resulting in higher zooplankton densities in the
water column at night (Takahashi and Kawaguchi 1997, Sutherland 1999, Morgado et al. 2003). Light
intensity, salinity, and water movement (especially turbulences) are known to cue ascent into the
water column (emerging) and descent to the bottom (Forward et al. 2003, Naylor 2006, Kelly and
Klimley 2011). Abello et al. (2005) and Taylor et al. (2005) found that within an hour after sunset,
when the light intensity was below a certain threshold (<0.1lux for mysids; Gal et al. 1999, Boscarino
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et al. 2010), benthopelagic species ascend rapidly (~ 0.3 cm/sec) into the water column to forage,
returning to the bottom in the second half of the night. Also, an increase in salinity and turbulence
can trigger emergence events (Forward et al. 2003). Welch et al. (1999) and Welch and Forward
(2001) reported that the swimming of decapod larvae was stimulated by an increase in turbulence
and inhibited by decreasing salinity and turbulence.

Circa-tidal or circadian swimming activities are also influenced by the endogenous rhythms of the
different zooplankton species. For example, Eurytemora affinis displayed an endogenous circatidal
swimming rhythm, which was phased after the time of expected high tide in the Conwy Estuary, UK,
(Hough and Naylor 1992c), while the activity peak in Crangon crangon in the German Bight
corresponded with ebb tide allowing them to migrate against the dominant current from eastern
nurseries to more westerly located spawning areas (Hufnagl et al. 2014). However, the phasing of
peak endogenous activities can vary with the semilunar cycle (neap–spring tide, E. affinis), seasonally
(breeding period, Gammarus zaddachi) and with position along an estuary (Hough and Naylor 1992a,
Hough and Naylor 1992c).

Many crustacean species (amphipods, decapods, mysids) utilise tidal currents for seasonal migration
within or in and out of the estuary, and for seasonal inshore-offshore migration (Hough and Naylor
1992a, Takahashi and Kawaguchi 1995, Forward et al. 2003, Modéran et al. 2011). In spring, species
may migrate to their spawning areas, often within estuaries (amphipods, mysids), to increase the
chances of favourable conditions (temperature, salinity, food availability) for the juveniles after
release from the brood pouch (Schuchardt et al. 1989, Hough and Naylor 1992a, Takahashi and
Kawaguchi 1997, Hufnagl et al. 2014). After releasing their brood, the females either return to their
adult habitat (decapods; Forward et al. 2003) or die (mysids; Lill et al. 2010), so that a life-stage
specific segregation for these species can be found within estuaries (Greenwood et al. 1985,
Takahashi and Kawaguchi 1995), allowing juveniles to stay in areas that provide favourable
conditions for rapid growth without competing with the adults of the same species for food
resources and avoiding intra-specific predation of adults on juveniles (Taylor 2008, Vilas et al. 2009)
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In New Zealand, only four mysid species (Tenagomysis chiltoni, Tenagomysis novae-zealandiae,
Tenagomysis macropsis, Gastrosaccus australis) commonly appear in estuaries (Jones et al. 1989,
Sutherland and Closs 2001, Lill et al. 2010), of which G. australis is restricted to open estuaries (Lill et
al. 2011b). Gastrosaccus australis and T. macropsis are benthopelagic species with a benthic phase
during the day and a pelagic phase at night, with both species breeding within estuaries (Greenwood
et al. 1985, Sutherland 1999, Sutherland and Closs 2001). Nothing further is known about distribution
and life history of G. australis to my knowledge and only two other studies worldwide investigated
life history and distribution of Gastrosaccinae in estuary (Hodge 1963, Rappé et al. 2011). In contrast,
distribution, seasonality and reproduction of T. macropsis were described once in a semi-enclosed
estuary (Greenwood et al. 1985), where T. macropsis displayed seasonal migration and life-stage
specific segregation (Greenwood et al. 1985). Additionally, T. macropsis were also found in open
estuaries (Lill et al. 2011b) and in coastal waters (off Farewell Spit, Foveaux Strait; Bary 1956, Foster
and Battaerd 1985).

The aim of the present study was to describe seasonality, spatial distribution and reproductive
biology of Gastrosaccus australis and Tenagomysis macropsis in a large open estuary. Based on
previous studies (Hodge 1963, Greenwood et al. 1985, Sutherland 1999, Lill et al. 2011b), I
hypothesized that:
1) Life histories of mysid species are related to environmental variation, especially to salinity
and temperature (Winkler and Greve 2002, Fockedey et al. 2005). Mauchline (1980), Mees et
al. (1994), Lill et al. (Lill et al. 2010), and Delgado et al. (2013) observed an increasing
generation length and decreasing number of generations per year with increasing latitude.
The generally lower temperature in the Taieri Estuary could lengthen the generation times
and might even reduce the number of generations per year compared to estuaries at lower
latitudes (Hodge 1963, Greenwood et al. 1985). Lower temperatures in the open estuary
could possibly lead to a larger body length (see Fockedey et al. 2005 for effect of
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temperature on post-marsupial growth of mysids), lower productivity (Lill et al. 2011a), and
breeding peaks in spring and summer instead of autumn and winter as reported for T.
macropsis in the Avon-Heathcote estuary, New Zealand (Greenwood et al. 1985).
2) Spatial distributions of Tenagomysis macropsis and Gastrosaccus australis are associated
with the seasonal variation in the environmental factors, especially with salinity,
temperature, and current velocity. Based on previous studies (Greenwood et al. 1985,
Sutherland 1999), G. australis and T. macropsis spatially segregate within the estuary with G.
australis further upstream than T. macropsis. Greenwood et al. (1985) reported maximum
densities of T. macropsis in a salinity of 19 in the Avon-Heathcote Estuary, New Zealand. In
contrast, Sutherland (1999) found G. australis in areas of low salinity (Sinclair Wetlands),
upstream of the current study area.
3) During breeding periods, the gravid females of each species migrate up and down the
estuary (breeding migration) associated with higher water temperature in the upper estuary
in summer and in the lower estuary in winter (Greenwood et al. 1985). Greenwood et al.
(1985) observed seasonal movements of T. macropsis up-estuary in spring and downstream
towards the ocean in winter and assumed a broader inshore-offshore migration pattern as
described for several coastal mysid species (Mauchline 1980, Allen 1984, Takahashi and
Kawaguchi 1995, Baldó et al. 2001, Modéran et al. 2011)
4) In summer, juveniles and adult of each species spatially segregate within the estuary with
juveniles upstream and the adults more downstream in the estuary. Greenwood et al. (1985)
assumed that life-stage segregation between juvenile and adult Tenagomysis macropsis
would allow juveniles to stay in areas favourable for rapid growth without competing with
the adults of the same species for resources.
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3.3. Methods
Study site
The study sites were located in subtidal areas (>4m to 6m water depth at high tide) with moderate
current velocities (Table 3.1) along the Taieri Estuary (see general introduction for further
information), spanning a distance of ten kilometres from Henley’s Bridge (Site 1; Figure 3.1) to Taieri
Mouth (Site 4). Site four was placed upstream of Taieri Mouth Bridge to avoid the adverse effects of
the street lights on the bridge (see e.g. Abello et al. 2005, Boscarino et al. 2009 for effect of lights on
mysid distribution) and risk of displacement of the drift nets into the Pacific Ocean.

Sampling was carried out every month between January 2008 and April 2009 (January to March 2008
even bimonthly samples were taken) at night due to the higher nocturnal abundance of mysids
(Clutter 1969, Sutherland 1999, Taylor 2008). The sampling took place during outgoing spring tide
(close to full moon) following the lunar cycle and was completed within four hours after high tide.
Nights with full moon were chosen to ensure safe boat navigation along the river, even though the
moon light might have had a negative effect on observed mysid densities (Abello et al. 2005).

Figure 3.1: The study site locations on the South Island, New Zealand (left), in the Taieri River catchment (middle) and
within the estuary (right). The sample sites are marked with black dots; site numbers increase toward the ocean. The scales
are 200km (left), 20km (middle) and 2km (right).
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Table 3.1: Coordinates, distance to the ocean, and current velocity range of the sampling sites one to four. Site numbers
increase toward the ocean.
Site
1
2
3
4

Coordinates
45 59 32.72 S
46 01 28.80 S
46 02 33.23 S
46 02 57.40 S

170 09 09.90 E
170 10 44.51 E
170 11 00.28 E
170 11 24.93 E

Distance to ocean
[km]
2.66
3.53
6.65
10.80

Current velocity
[m/sec]
0.15 – 0.65
0.06 – 0.52
0.09 – 0.50
0.03 – 0.37

Field sampling
At each site a set of three drift nets (500 µm mesh size, 25 cm diameter) was deployed by boat in ~6
m water depth (at high tide) close to the main channel, avoiding areas of the strongest tidal current
(> 1 m/sec). Starting at the most downstream site (Site 4), the drift nets were deployed from
downstream to upstream and later retrieved in reverse order, commencing after the most upstream
nets had been in the water for at least an hour. When deploying and retrieving the nets, water
velocities were measured to correct for the different exposure times of the nets when calculating
mysid abundance per cubic meter of filtered water. The amount of filtered water was calculated
following Hansen and Closs (2007) by multiplying the mean velocity with the mouth area and the
exposure time. This design was the only practical way to sample multiple sites within an out-going
tide (about 4 hours).

The drift nets were mounted to an ~ 8m rope with an anchor on the bottom end and floats to
suspend the line of nets in the water. The three drift nets were placed 0.67m, 2.05m, and 3.54m
below the floats to sample the entire water column, but avoiding contact with the substrate (Figure
3.2). Mysid samples were preserved with 95 % ethanol on site and all samples were transported to
the lab on the same night.

63

Chapter 3 – Life history and distribution of Gastrosaccus australis and Tenagomysis macropsis

a)

b)

Figure 3.2: a) diagram of a deployed set of drift nets, b) deploying the set of drift nets (photo: L. Kücholl). Red reflections of
the flashing light in the photo are caused by the long exposure time.

Sample processing
After a short qualitative check of the samples for any obvious changes in the community composition
of the mysid species, first every second month (except July 2008) was processed. Unfortunately,
processing the samples was more time consuming than expected (about 6 hours per sample with
high numbers of mysids) so that the unprocessed samples of the intervening months could not be
processed.

In the laboratory, 30 out of 108 mysid samples were totally processed, while 78 samples were subsampled due to a high abundance of mysids. For sub-sampling, a white tray with a grid on the
bottom (80 squares at 1.8 cm x 1.9 cm) was used, in which the samples were poured after they were
carefully but thoroughly swirled. Then a sufficient number of squares were processed to obtain a
subset of a minimum of 100 individuals combined for all species. Under a stereo microscope
(Olympus SZ51, magnification 8–40×, Olympus Corp., Tokyo, Japan), first the mysid species was
identified, and then sex, maturity, and body length of all identified mysids were determined to also
assess possible size or life-stage specific segregation within the estuary. For identification, the keys of
Chapman and Lewis (1976), Mauchline (1980), and Fukuoka and Bruce (2005) were used.
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The body length of the mysids was defined as “the distance from the tip of the rostrum to the
posterior end of the sixth abdominal somite” (Lill 2006) and was measured to the nearest 0.5 mm
using graph paper under the microscope. The effect of “telescoping” of the segments is more
pronounced in amphipods than in mysids, which only bend once in the middle of their body unlike
amphipods, when mysids die. Trials showed that measuring abdomen and carapace of the mysids
separately and then summing the two measurements to the total body length was less accurate and
efficient then measuring the total body length of the straightened mysids.

Sex and maturity stages were determined according to Gorokhova and Hansson (2000) and Lill et al.
(2010): “(1) juveniles – no discernible secondary sex characteristics; (2) immature males – enlarged
penes not reaching the last abdominal segment; (3) immature females – brood pouches formed but
not laterally visible; (4) adult males – enlarged penes reaching the last abdominal segment; (5) adult
females – brood pouches visible from lateral view; and (6) gravid females – eggs or larvae present in
brood pouch, (7) post-gravid females – large, but empty brood pouch” (see Gorokhova and Hansson
2000, Lill et al. 2010).

The gut contents of a subset of a total of 56 mature Gastrosaccus australis and 21 mature
Tenagomysis macropsis, collected from samples in June 2008, October 2008, December 2008,
February 2009 and April 2009, were analysed to investigate the potential of food preferences as
segregating factors for the two mysids species within the Taieri Estuary. The guts were first dissected,
spread out on microscope slides, and then photos of the gut contents were taken, because the
microscope slides dried out quickly. The photo images then were used to identify the food items
contained in the gut of each mysid. The food items were separated into the following groups: algae
(phytoplankton), plant material (pieces of larger plants), diatoms, amorphous detritus (material
macerated beyond recognition), inorganic particles, unidentified invertebrates (remains of
invertebrates, mainly arthropods, which could not be reliably identified to group level), rotifers,
crustaceans (often amphipods, copepods), and insects (among others chironomids).
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Environmental parameters
To investigate the influence of environmental factors on mysid distribution in the Taieri Estuary,
surface salinity (at -10 to -20 cm depth), temperature [°C], oxygen saturation [%], and velocity
[m/sec] were recorded on site when deploying and retrieving the drift nets, using a YSI 85 (Yellow
Springs, Ohio, USA) and a Marsh-McBirney Flo-Mate (Model 2000, Frederick, MD, USA), respectively.
Additionally, a 5L water sample was taken at each site (on retrieval of the nets) to measure
chlorophyll a, total suspended solid (TSS), particle organic matter (POM) and nutrient concentrations
(total phosphorus (TP), total nitrogen (TN), dissolved reactive phosphorus (DRP), ammoniacal-N
(NH3+), nitrate-N (NO3–), nitrite-N (NO2–), dissolved organic carbon (DOC)), water colour, and turbidity
in the water column. In a salt-wedge estuary such as the Taieri Estuary, water was reasonable wellmixed at small spatial scales (Bailey and Vennell 2009) so taking multiple water samples over a short
time frame at a single location would be very unlikely to exhibit any meaningful variation. Nutrient
concentrations were measured as a control for unexplainable variation in chlorophyll a, total
suspended solids, and particular organic matter (M. Schallenberg, pers. comment). Because the
water samples were spot measurements at the end of the placements of the nets, the environmental
variables may have varied over the tidal cycle. However, monitoring the environmental variables for
the entire exposure period was not feasible.

The water samples were stored in a cool and dark location until processing within the 24 hours of
collection, following the protocols of Schallenberg and Burns (1997, 2001, 2003, 2004). Total
suspended solids (TSS) were measured gravimetrically after filtration of water samples onto prerinsed, pre-dried and pre-combusted GF/C glass fibre filters (Whatman Inc., Clinton, New Jersey,
USA; pore size 1.2µm) (Schallenberg and Burns 1997). Filters were then dried at 60°C for at least 24
h, cooled to room temperature under desiccation, and weighed (Schallenberg and Burns 1997).
Afterwards filters were combusted at 550°C for 12 hours, cooled to room temperature under
desiccation, and weighed again to determine the particular organic matter content.
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Samples for chlorophyll a content were filtered through GF/F-filters and extracted in 90 % aqueous
acetone in the dark, at room temperature for >16 h (Wetzel and Likens 1991, Schallenberg and Burns
2004). The chlorophyll a content of the extracts were determined fluorometrically using a Turner
Model 450 fluorometer, calibrated with coproporphyrin (Sigma Chemical, Inc.) standard solutions
before use (Schallenberg and Burns 2001). Chlorophyll a values were corrected for phaeophytin
fluorescence after acidification with 4N HCl (Schallenberg and Burns 2003).

Total phosphorus (TP), total nitrogen (TN), nitrite-N (NO2–), nitrate-N (NO3–), ammoniacal-N (NH3+),
and dissolved organic carbon (DOC) were all measured on a a SANPlus segmented flow autoanalyzer
(SkalarAnalytical B.V., Breda, The Netherlands) following the methods summarised in Schallenberg
and Burns (1997). The filterable water samples were measured on water samples filtered through
acid-washed microfilter (GF/F, Whatman Inc., Clinton, New Jersey, USA; pore size 0.7 lm), whereas
the total nutrients were determined on persulphate digests of whole water samples. Water colour
was measured spectrophotometrically as absorbence at 440 nm on water samples filtered through
pre-washed filters (GF/C, Whatman Inc., Clinton, New Jersey, USA, pore size 0.2 µm) (Schallenberg
and Burns 2003). Turbidity was determined using a Hach 2100A turbidimeter (Hach, Loveland, CO,
U.S.A.) (Schallenberg and Burns 2004).

Data analyses
The numbers of individuals per species were first calculated per cubic meter of water filtered and
then averaged over the three drift net samples, after exploratory analyses did not show any
difference in density between the three drift nets. To identify breeding season, breeding timing,
annual population and life history patterns as well as seasonal shifts of maturity stages along the
estuary due to breeding or environmental factors (e.g. temperature or salinity), population densities
and length–frequency distributions displaying the proportion of juveniles, immatures, adult females
and adult males were plotted over time for each mysid species. Furthermore, mean and mode of the
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body length of the different maturity stages and percentage of the different maturity stages were
calculated.

To assess possible differences in their diet, the percentage of occurrences of each food item in all
used specimen per species was determined. Afterwards an analysis of co-variance (ANCOVA, R
version 3.0.1) was conducted with sampling months as covariate to investigate differences in the
food preferences of the two species as well as seasonal differences in the food preference of each
species.

To characterise the distributions of the various species along gradients within the estuary,
abundance-weighted averages for each gradient and each mysid species were calculated according
to ter Braak and Verdonschot (1995). Standard tolerance limits along the gradients (ter Braak and
Verdonschot 1995) could not be calculated because the distributions of Gastrosaccus australis and
Tenagomysis macropsis were asymmetrical, namely positively skewed with highest densities at either
end of the different gradients and many zero vales in winter. Neither log-transformation nor squareroot transformation consistently improved normality and homogeneity of variances. Therefore, the
range of each gradient which corresponded to mysid densities > 5 % of the maximum mysid density
in the estuary at the time was deemed the tolerance range. From this, distribution limits along
gradients could be calculated.

To investigate the association of environmental parameters and mysid density, a constrained
correspondence analysis (CCA; R version 3.0.1, vegan-package 2.0–8) was conducted for each mysid
species separately. Abundances of each mysid species, salinity, chlorophyll a (as a proxy for
phytoplankton biomass in the water column; Bayer 2013) and TSS content were included as factors in
the CCA. These variables were selected based on studies of Azeiteiro and Marques (1999), Viherluoto
(2001), Taylor (2008), Boscarino et al. (2009) and others, which identified salinity and food as key
factors for distribution of mysid species. Exploratory analyses showed a significant grouping between
the sampling sites in the upper (Sites 1 + 2) and in the lower estuary (Sites 3 + 4) along a salinity –
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total suspended solids gradient (ANOSIM statistic R: 0.3671 (G. australis) and 0.3191 (T. macropsis),
respectively; p= 0.001 (for both species); R version 3.0.1, vegan-package 2.0–8). Therefore these sites
were combined into upper and lower estuary, respectively, to reduce the complexity of the data in
order to investigate potential underlying patterns. Based on the new grouping, mysid densities,
salinity, chlorophyll a and TSS content were re-calculated for the upper and lower estuary by
averaging the corresponding values over the two sites. Using the re-calculated data set, a CCA was
run to explore potential associations of the four included factors (see above), followed by an ANOSIM
to examine the statistical significance of CCA results.

3.4. Results
Density
The densities of Gastrosaccus australis and Tenagomysis macropsis varied seasonally and interannually (Figure 3.3) with density minima in winter and spring (G. australis < 0.4 ind./m3; T.
macropsis < 0.08 ind./m3) and a summer maxima (G. australis 1.3 ind./m3 (2008), 9.3 ind./m3 (2009);
T. macropsis 7.5 ind./m3 (2008), 239.9 ind./m3 (2009)). The density peaks of both species moved
seasonally within estuary with clear evidence of seasonal migration. In autumn/winter, the density
peaks of Gastrosaccus australis moved slowly downstream towards the ocean (Site 4, June 2008;
Figure 3.3), while the numbers decreased to a very low level (>0.01 ind./m3) in the upper estuary.
From July onwards, G. australis migrated upstream with highest densities at the most freshwater site
(Site 1), except in August 2008, when the density peak of G. australis shifted downstream, probably
as consequence of a moderate flood (390 m3/sec). The low numbers at all sites in October 2008 could
possibly have been a result of the flood displacing the smaller individuals of G. australis from the
estuary (Figure 3.4 and Table 3.3). In December 2008, the density increased first at the most
freshwater site (Site 1) and then at the sites further downstream, peaking at all sites in February
2009, before decreasing towards winter. In contrast to G. australis, T. macropsis stayed further
downstream in the estuary with highest densities at Site 2 (up to 240 ind./m3, February 2009; Figure
3.3). In autumn/winter 2008, numbers of T. macropsis decreased first upstream (June 2008), then
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also downstream (July 2008) and in August 2008 no T. macropsis were not collected in the entire
estuary. In spring, T. macropsis migrated into and up the estuary to the most freshwater site (Site 1,
December 2008).

3

density [ind./m ]

a)

3

density [ind./m ]

b)

Figure 3.3: Density distribution of a) Gastrosaccus australis and b) T. macropsis at four sampling sites (Sites 1 to 4; numbers
increase toward the ocean) along the Taieri Estuary over the sampling period (2008/2009).

Population dynamics
Gastrosaccus australis exhibited a bivoltine life cycle with breeding peaks in December 2008 and
February/April 2009, marked by the high proportion of small juveniles (<3 mm) at Site 1 (Figure 3.4,
Table 3.2). Between April and October, the proportion of juveniles decreased and no further small
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juveniles and consequently no breeding of G. australis were detected. In winter (July 2008) a few
gravid females were caught (Table 3.2), although they did not appear to release their brood before
October, as no drop in the body length of juveniles was observed indicating brood release as seen in
spring (October/December 2008; Table 3.3). After reproduction, the winter generation died before
December 2008, which was reflected in a change in the age structure of population (Figure 3.4, Table
3.2) and marked decrease in mean body length (Table 3.3). In October 2008, large adults dominated
the entire estuary, while in December 2008, the population mainly consisted of juveniles, with body
length increasing towards the ocean (Figure 3.4). This life-stage specific segregation with larger, more
mature individuals in the lower estuary was also detected in February 2009, when another breeding
peak occurred (Figure 3.4). The die-off of the summer generation after reproduction occurred
between February and April, which was indicated by a change in age structure and a drop in density
in the upper estuary (Figure 3.3, Table 3.2). In late summer (February 2008) and early autumn (April
2009) the juveniles of the summer generation migrated downstream into the lower estuary, while
the adults stayed in the upper estuary moving slightly further downstream (to Site 2) in June 2008.
This spatial segregation between smaller individuals downstream and larger mature individuals
upstream remained the same until July, when the grown juveniles were again observed in the upper
estuary. The flood in August 2008 probably displaced the juveniles further downstream, and
potentially out of the estuary (Table 3.2). In October only larger individuals were caught anywhere in
the estuary (Figure 3.4). During the entire sampling period, the male / female ratio was slightly to
moderate skewed towards the females, except in December 2008, when more males than females
were caught (Table 3.2).
Table 3.2: Proportion of the different maturity stage of Gastrosaccus australis in the Taieri Estuary over the sampling period
(2008-2009); n = number of individuals caught per sampling date, Feb08 = February 2008, Apr08 = April 2008, Jun08 = June
2008, Jul08 = 2008, Aug08 = August 2008, Oct08 = October 2008, Dec08 = December 2008, Feb09 = February 2009, Apr09 =
April 2009.
maturity stages
n
juveniles
immature males
adult males
immature females
adult females
gravid females
post-gravid females

Feb08
332
84.34
6.93
0.00
1.81
4.52
2.41
0.00

Apr08
865
51.45
11.21
7.63
18.27
10.52
0.12
0.81

Jun08
396
57.58
17.42
3.54
16.92
4.55
0.00
0.00

Jul08
329
51.98
13.07
9.12
12.16
13.37
0.30
0.00

Aug08
755
40.79
12.85
5.30
28.08
12.98
0.00
0.00

Oct08
671
6.11
27.27
14.90
13.26
32.19
6.11
0.15

Dec08
961
68.78
15.82
3.64
9.37
2.29
0.00
0.10

Feb09
647
45.13
17.00
3.40
17.16
16.23
1.08
0.00

Apr09
1051
75.36
9.32
1.71
10.18
2.85
0.57
0.00
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Figure 3.4: Relative length frequency for Gastrosaccus australis for each sampling date (2008–2009, horizontal) at the Sites 1 to 4 along the Taieri Estuary (vertical). Site numbers increased
from freshwater towards the ocean. n = numbers of animals.
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10/04/2009

14/02/2009

17/12/2008

20/10/2008

21/08/2008

21/07/2008

21/06/2008

20/04/2008

28/02/2008

date

mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n

3.3 / 2.5 (± 1.0)
2.0 – 6.5
280
3.9 / 3.5 (± 0.8)
2.0 – 7.0
445
4.7 / 5.0 (± 0.5)
3.0 – 6.0
228
5.0 / 5.0 (± 0.7)
3.0 – 7.0
171
4.7 / 4.5 (± 0.4)
3.5 – 6.0
208
6.2 / 6.0 (± 0.5)
5.0 – 8.0
41
3.4 / 2.5 (± 0.8)
2.0 – 5.5
661
3.8 / 2.5 (± 1.0)
2.0 – 6.0
292
3.3 / 2.5 (± 0.9)
2.0 – 6.5
792

juveniles

immature
male
6.4 / 7.0 (± 0.6)
5.5 – 7.0
23
7.1 / 5.5 (± 1.6)
4.0 – 10.0
97
6.9 / 7.0 (± 1.1)
5.5 – 10.5
69
7.3 / 7.0 (± 0.7)
6.0 – 9.5
43
6.7 / 6.0 (± 0.9)
5.5 – 8.5
97
7.7 / 7.0 (± 0.7)
6.0 – 10.0
183
5.9 / 5.5 (± 0.7)
4.5 – 7.5
152
6.4 / 6.0 (± 0.8)
5.0 – 8.5
110
6.4 / 6.0 (± 0.9)
5.0 – 8.5
98
N/A
N/A
0
10.5 / 10.5 (± 0.8)
9.0 – 12.0
66
9.8 / 10.5 (± 0.8)
8.0 – 10.5
14
10.3 / 8.5 (± 1.5)
8.5 – 13.5
30
8.9 / 10.0 (± 1.1)
8.0 – 13.0
40
10.1 / 10.0 (± 1.2)
8.0 – 13.5
100
9.3 / 7.5 (± 2.1)
7.0 – 13.0
35
9.6 / 10.0 (± 1.0)
7.5 – 12.0
22
10.1 / 10.5 (± 1.0)
8.0 – 12.0
18

adult male

immature
female
6.4 / 5.0 (± 1.2)
5.0 – 7.5
6
6.1 / 6.0 (± 1.0)
4.0 – 10.0
148
6.2 / 6.0 (± 0.7)
5.0 – 8.0
67
7.0 / 7.0 (± 0.9)
6.0 – 9.5
40
6.6 / 6.0 (± 0.9)
5.0 – 9.0
212
7.7 / 8.0 (± 0.6)
6.5 – 9.5
89
5.8 / 6.0 (± 0.6)
4.5 – 7.5
90
5.9 / 6.0 (± 0.6)
4.5 – 7.5
111
5.8 / 5.5 (± 0.7)
4.0 – 8.5
107
8.3 / 8.5 (± 1.0)
7.0 – 11.5
15
9.6 / 10.0 (± 0.9)
7.0 – 11.5
91
8.9 / 9.0 (± 0.9)
7.5 – 10.0
18
9.0 / 9.0 (± 1.1)
6.0 – 11.5
44
9.3 / 10.0 (± 0.9)
7.0 – 11.5
98
9.3 / 9.0 (± 0.7)
7.0 – 11.5
216
8.9 / 7.5 (± 1.9)
6.5 – 13.0
22
7.5 / 7.5 (± 0.6)
6.5 – 9.0
105
8.8 / 9.5 (± 1.0)
7.0 – 10.5
30

adult female

Table 3.3: Mean and mode body length (± SE) of the life stages of Gastrosaccus australis, collected along the Taieri Estuary (2008–2009).
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gravid
female
8.3 / 8.5 (± 0.8)
7.0 – 9.5
8
9.5
N/A
1
N/A
N/A
0
8.5
N/A
1
N/A
N/A
0
10.4 / 10.0 (± 0.8)
9.0 – 13.0
41
N/A
N/A
0
8.8 / 9.0 (± 0.8)
8.0 – 9.5
7
9.6 / 9.0 (± 0.6)
9.0 – 10.5
6

N/A
N/A
0
9.6 / 9.0 (± 0.8)
9.0 – 11.0
7
N/A
N/A
0
N/A
N/A
0
N/A
N/A
0
11.0
N/A
1
9.5
N/A
1
N/A
N/A
0
N/A
N/A
0
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The brood size and therefore the reproductive effort of Gastrosaccus australis (defined as the
number of eggs per mm body length) varied seasonally and annually (brood size: R2 = 0.71, F-statistic
= 42.31, p < 0.001). The larger gravid females of the over-wintering generation (Table 3.4) carried
between 20 and 42 eggs (with one exception), i.e., 2.9 eggs/mm body length in their brood pouch. In
contrast, the smaller gravid females of the summer generation had only between 9 and 30 eggs, i.e.,
2.0 eggs/ mm body length (February 2009) and between 5 and 8 eggs, i.e., 0.9 eggs/ mm body length
(February 2008) in their brood pouch, respectively. Despite these different reproductive efforts of G.
australis, the numbers of eggs per brood pouch were highly correlated with body length (Figure 3.5).
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Figure 3.5: Scatter plot of brood size versus body length of gravid Gastrosaccus australis. The brood size between summer
2
and winter generations varied significantly (ANCOVA: R = 0.71, F-statistic = 42.31, p < 0.001). rs = Pearson’s correlation
coefficient, p = probability, n = number of individuals. The three gravid females from February 2008 were not included in
the analysis of the relationship between body length and brood size nor in the ANCOVA, the latter due to the violation of
the homogeneity assumption.

Table 3.4: Comparison of body length for the winter and summer generation of Gastrosaccus australis; number in brackets
= range of mean body length (left) and standard deviation (middle and right column), respectively. Mean number of brood
per mm body length = reproductive effort (Lill 2010).
generation
winter
summer

mean body length (range) of
gravid females [mm]
10.7 (9.5 – 12.5)
8.8 (7.5 – 11.5)

mean number of eggs / embryos
per gravid female
30.59 (± 9.60) / 30.92 (± 5.38)
16.58 (± 7.56) / 16.83 (± 5.65)

mean number of brood
per mm body length
2.86 (± 0.71)
1.85 (± 0.55) (2009)
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Tenagomysis macropsis also displayed a bivoltine life cycle with breeding peaks in December 2008
and February 2009 (Figure 3.6), although gravid and post-gravid females were caught in low numbers
throughout the summer (Table 3.5). Similarly, small juveniles were found in the upper estuary
throughout the summer (Figure 3.6) with higher densities (breeding peak) being observed only in
December 2008 and February/April 2009. A few small juveniles (<3 mm) were also caught in the
lower estuary in summer (Figure 3.6). However, in autumn the proportion of juveniles increased in
the lower estuary, before in June and July 2008 only larger maturing individuals were recorded from
this area. After the flood in August 2008, no T. macropsis was collected from the estuary until spring
(October 2008). In spring, adult and a few juvenile T. macropsis were present in the estuary and
migrated upstream to spawn in the upper estuary. After breeding, the large individuals of the winter
generation died before December 2008 and those of the summer generation between February and
April 2009, which was accompanied by the marked drop in proportion of adult males and gravid
females (Table 3.5) and in overall body length (December 2008, Table 3.6) and abundance (April
2008/2009). A life-stage specific segregation between juveniles upstream and adults downstream
was observed in summer with increasing body length towards the ocean (Figure 3.6). In spring an
opposing segregation was observed with juveniles in the lower estuary and adults further upstream.
During the entire sampling period, the male / female ratio was moderate to heavily skewed towards
the females, except in October and December 2008, when more males than females were caught
(Table 3.5).

Table 3.5: Proportion of the different maturity stage of Tenagomysis macropsis in the Taieri Estuary over the sampling
period (2008-2009); n = number of individuals caught per sampling date, Feb08 = February 2008, Apr08 = April 2008, Jun08
= June 2008, Jul08 = 2008, Aug08 = August 2008, Oct08 = October 2008, Dec08 = December 2008, Feb09 = February 2009,
Apr09 = April 2009.
maturity stages
n
juveniles
immature males
adult males
immature females
adult females
gravid females
post-gravid females

Feb08
1258
59.54
0.79
10.17
12.88
8.51
5.80
2.31

Apr08
1015
81.67
4.14
0.49
11.63
1.48
0.49
0.10

Jun08
776
17.01
27.71
10.05
32.47
12.76
0.00
0.00

Jul08
419
11.69
3.58
33.17
13.84
33.65
3.10
0.95

Aug08
0
-

Oct08
91
18.68
2.20
41.76
1.10
4.40
30.77
1.10

Dec08
311
64.31
5.14
14.15
5.14
4.82
5.47
0.96

Feb09
785
61.78
1.66
8.66
16.31
4.59
5.99
1.02

Apr09
837
74.55
4.78
4.78
8.72
5.50
1.67
0.00
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Figure 3.6: Relative length frequency for Tenagomysis macropsis for each sampling date (2008–2009, horizontal) at the Sites 1 to 4 along the Taieri Estuary (vertical). Site numbers increased
from freshwater towards the ocean. n = numbers of animals; in case, when the bar exceeded the scale, the number next to particular bar provides the actual percentage.
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10/04/2009

14/02/2009

17/12/2008

20/10/2008

21/08/2008

21/07/2008

21/06/2008

20/04/2008

28/02/2008

date

mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n
mean / mode (± SD)
range
n

3.9 / 4.0 (± 1.1)
1.5 – 6.5
749
4.7 / 5.0 (± 0.9)
2.0 – 6.5
829
5.3 / 5.5 (± 0.7)
3.5 – 7.0
132
6.0 / 5.5 (±0.7)
4.5 – 7.5
49
N/A
N/A
0
4.1 / 5.0 (± 1.3)
1.5 – 6.0
17
3.8 / 3.0 (± 1.2)
1.5 – 7.0
200
3.0 / 2.5 (± 1.0)
1.0 – 6.0
485
4.2 / 2.5 (± 1.0)
1.5 – 7.5
624

juveniles

immature
male
5.8 / 6.0 (± 0.4)
5.0 – 6.5
10
5.8 / 5.5 (± 0.7)
4.5 – 7.0
42
6.9 / 7.0 (± 0.5)
5.5 – 8.5
215
6.7 / 6.5 (± 0.6)
6.0 – 8.0
15
N/A
N/A
0
5.3 / N/A (± 0.4)
5.0 – 5.5
2
5.4 / 5.5 (±0.5)
4.5 – 6.0
16
5.8 / 6.0 (± 0.6)
5.0 – 7.0
13
6.9 / 7.0 (± 0.4)
6.0 – 7.5
40
6.7 / 7.0 (± 0.5)
5.5 – 7.5
128
6.6 / 7.0 (± 0.8)
5.5 – 7.5
5
7.5 / 7.5 ( ± 0.7)
5.0 – 12.5
78
7.4 / 7.0 (± 0.4)
6.5 -9.0
141
N/A
N/A
0
8.1 / 8.0 (± 0.5)
7.0 – 9.0
38
7.0 / 7.5 (± 0.9)
4.5 - 9.0
44
6.9 / 6.5 (± 0.5)
6.0 – 8.5
68
7.1 / 7.0 (± 0.5)
6.0 – 8.0
40

adult male

immature
female
6.4 / 6.5 (± 0.5)
5.0 – 7.5
162
6.1 / 5.5 (± 0.6)
4.5 – 7.5
118
7.1 /7.0 (± 0.5)
6.0 – 8.5
252
7.4 / 7.5 (± 0.4)
6.5 – 8.0
58
N/A
N/A
0
6
N/A
1
5.7 / 6.0 (± 0.8)
4.5 – 7.5
16
6.3 / 6.5 (± 0.5)
5.0 – 7.5
128
6.7 / 6.5 (± 0.6)
5.5 – 8.0
73
7.3 / 7.5 (± 0.6)
6.0 – 8.5
107
6.8 / 0.5 (± 0.7)
6.0 – 8.0
15
7.9 / 8.0 (± 0.4)
7.0 – 9.0
99
7.8 / 8.0 (± 0.4)
6.5 – 9.0
141
N/A
N/A
0
7.8 / 7.5 (±0.5)
7.5 - 8.5
4
7.0 / 6.5 (± 1.0)
5.5 – 9.0
15
7.2 / 7.0 (± 0.7)
5.5 – 9.5
36
7.9 / 8.0 (± 0.5)
6.5 – 9.0
46

adult female

gravid
female
7.6 / 7.5 (± 0.6)
6.5 – 9.0
73
7.8 / 7.0 (± 0.9)
7.0 – 9.0
5
N/A
N/A
0
8.5 / 8.0 (± 0.5)
8.0 – 9.5
12
N/A
N/A
0
9.7 / 10.0 (± 0.6)
8.5 – 11.0
28
7.8 / 7.5 (± 0.7)
7.0 – 9.5
17
8.0 / 7.5 (± 0.8)
6.5 – 10.5
47
7.9 / 8.0 (± 0.5)
7.0 – 9.0
14

N/A
N/A
0
10.0
N/A
1
8.5 / 8.5 (± 1.3)
7.5 – 10.0
3
8.0 / 7.5 (± 1.0)
7.0 – 10.0
3
N/A
N/A
0

7.6 / 7.5 (± 0.4)
7.0 – 8.5
29
8.0
N/A
1
N/A
N/A
0
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post-gravid female

Table 3.6: Mean and mode of the body length of the life stages of Tenagomysis macropsis. Samples were collected along the Taieri Estuary (2008-2009). SD = standard deviation, n= number of
individuals.
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Environmental parameters
Salinity fluctuated along the Taieri Estuary according to the diurnal tide, but was also subject to
seasonal changes (Table 3.7). At Site 1, the most upstream site, the salinity ranged from 0.2 (August
2008) to 9.5 (December 2008) and at Site 4, the most downstream site, from 8.5 (August 2008) to
29.9 (December 2008). The water temperature in the estuary was mainly influenced by season (Table
3.7) and varied within the estuary. The seasonal differences in water temperature between river and
ocean caused a longitudinal temperature gradient (2.9°C in October 2008; 4.2°C in June 2008; Table
3.7) with rising water temperature towards the ocean in winter (June, July 2008) and upstream in
spring and early summer (October, December 2008), respectively.

Chlorophyll a and total suspended solids (TSS) showed no clear spatial trend (Table 3.7). Some
seasonal and annual variation was recorded for chlorophyll a content with low concentrations in
winter (June 2008) and high concentration of chlorophyll a after the flood in August 2008 and in late
summer (February 2008/2009). In late summer 2009 the recorded chlorophyll a concentration was
three times higher than in late summer 2008. For the averaged total suspended solid content,
neither seasonal nor annual trends were recorded. However, the maximum amount of total
suspended solid concentration increased slightly in autumn and winter and was up to twice as high
as in autumn 2009 than in autumn 2008 (Table 3.7).
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Table 3.7: Physicochemical characteristics of the Taieri Estuary. Samples were collected along the Taieri Estuary (20082009). TSS = Total suspended solids, SD = standard deviation.
Date
28/02/2008
20/04/2008
21/06/2008
21/07/2008
21/08/2008
20/10/2008
17/12/2008
14/02/2009
10/04/2009

salinity
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range
mean (± SD)
range

13.00 (± 11.55)
1.05 – 28.75
12.26 (± 9.77)
1.90 – 20.80
17.55 (± 11.06)
2.50 – 27.10
15.59 (± 10.61)
1.05 – 25.75
5.04 (± 5.05)
0.20 – 10.25
16.49 (± 11.33)
1.70 – 25.95
23.14 (± 9.56)
9.35 – 29.90
19.78 (± 8.71)
7.40 – 25.95
20.71 (± 12.15)
3.40 – 29.80

velocity
[m/sec]
0.25 (± 0.14)
0.14 – 0.45
0.42 (± 0.07)
0.34 – 0.50
0.25 (± 0.15)
0.04 – 0.36
0.24 (± 0.15)
0.03 – 0.39
0.39 (± 0.08)
0.34 – 0.51
0.37 (± 0.04)
0.31 – 0.41
0.32 (± 0.11)
0.21 – 0.48
0.15 (± 0.10)
0.06 – 0.27
0.51 (± 0.12)
0.36 – 0.65

temperature
[°C]
17.46 (± 0.21)
16.65 – 18.00
11.63 (± 0.97)
10.60 – 12.50
8.29 (± 1.87)
5.70 – 9.85
7.75 (± 1.74)
5.45 – 9.40
6.45 (± 0.61)
5.90 – 7.00
13.60 (± 1.21)
12.40 – 15.25
15.88 (± 1.01)
15.10 – 17.30
16.64 (± 0.32)
16.25 – 16.95
12.84 (± 0.61)
11.95 – 13.25

chlorophyll a
[mg/l]
0.51 (± 0.21)
0.31 – 0.70
0.82 (± 0.36)
0.47 – 1.24
0.34 (± 0.14)
0.20 – 0.53
0.94 (± 0.70)
0.42 – 1.97
1.40 (± 0.51)
0.83 – 2.00
0.60 (± 0.13)
0.49 – 0.79
1.29 (± 0.78)
0.66 – 2.31
2.68 (± 1.17)
1.63 – 3.70
0.72 (± 0.18)
0.52 – 0.91

TSS
[mg/l]
22.91 (± 10.66)
9.05 – 33.44
18.48 (± 9.70)
5.52 – 27.73
21.44 (± 14.85)
7.38 – 42.33
22.26 (± 21.06)
4.37 – 51.77
25.06 (± 16.32)
8.57 – 47.47
12.79 (± 9.30)
6.57 – 26.60
49.20 (± 38.36)
15.97 – 100.13
29.07 (± 16.92)
11.53 – 48.30
27.00 (± 23.12)
10.30 – 59.43

Environmental factors and mysid distribution
The zone of maximum density of Gastrosaccus australis moved seasonally within the estuary (Figure
3.7). In late summer/ autumn of both years, the mysid population shifted downstream reaching the
ocean in winter (June 2008). Already in July 2008 the population moved upstream again. After the
flood in August 2008 (late winter), the maximum density was further downstream into the Lower
Taieri Gorge, and the distribution of Gastrosaccus australis was slightly limited upstream.

During the entire sampling period (with one exception), the zone of maximum density of
Gastrosaccus australis was located in areas with a salinity ranging from 3.1 to 15.6 and a
temperature range of 5.9°C – 18.0°C (Figure 3.7, Table 3.8). Noticeably, in autumn (April 2008/2009),
the zone of maximum density occurred within similar salinity (15.2 and 15.6, respectively) and
temperature range (11.93°C and 11.95°C, respectively), but different velocities (0.39 m/sec and 0.56
m/sec). For most of the sample period 2008/2009, the zone of maximum density were found in areas
with a current velocity >0.25 m/sec, except June 2008 (0.04 m /sec), when the zone of maximum
density was located close to the ocean.
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Figure 3.7: Abundance-weighted population centroids and distribution limits (individual numbers < 5 % of the maximum
density; dashed lines) for the populations of Gastrosaccus australis and Tenagomysis macropsis in relation to distance to
ocean in kilometres (0 = ocean) (a, b), salinity (c, d) temperature (e, f) and current velocity (g, h) over the sampling period
2008/2009. The dotted lines indicate the boundary of the sampling area (a, b) as well as the recorded range of salinity,
temperature, and current velocity (c-h) in the estuary at the different sampling dates. 5 % max = upper limit of the
distribution, 5 % min = lower limit of the distribution. In August 2008, no Tenagomysis macropsis were caught.
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Table 3.8: Range of salinity, temperature, and current velocity, where at least of one mysid was caught (total range) and
where the abundance-weighted population centroids (max. density) for the population of Gastrosaccus australis and
Tenagomysis macropsis occurred.
species
Gastrosaccus australis
Tenagomysis macropsis

salinity range
total range
0.1 – 30.0*
3.4 – 30.0

max. density
3.1 – 26.6
7.0 – 23.4

temperature range [°C]
total range
max. density
5.0 – 18.1 *
5.9 – 17.5
7.4 – 17.7
7.7 – 17.5

current velocity range [m/sec]
total range
max. density
0.00 – 0.65 *
0.05 – 0.56
0.01 – 0.65
0.06 – 0.62

* consistent with the total range for these environmental factors.

Exploratory analyses showed a significant grouping between the sampling sites in the upper (Sites 1 +
2) and in the lower estuary (Sites 3 + 4) along a salinity – total suspended solids gradient (ANOSIM
statistic R: 0.3671, p= 0.001), therefore these sites were grouped into upper and lower estuary,
respectively, to reduce the complexity of the data in order to investigate underlying patterns using a
CCA (see 3.3 Methods, data analyses).

In the CCA model (Figure 3.8), salinity and total suspended solids loaded on the first axis, while
chlorophyll a was associated with the second axis (Table 3.9). The distribution of G. australis within
the estuary was associated with salinity – total suspended solids gradient separating lower
(associated with salinity) and upper estuary (related with total suspended solids). The grouping
between upper and lower estuary was statistically significant (ANOSIM statistic R: 0.715; p= 0.001).
The first axis explained 91 % of the variance in the data, while 98 % was explained by both axes
(Table 3.9a). Gastrosaccus australis was moderately to strongly correlated to the amount of total
suspended solids and chlorophyll a (Table 3.9). In spring (October 2008), the distribution of G.
australis was apparently influenced by another, unmeasured factor. A noticeable seasonal separation
was not found.
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Figure 3.8: Constrained correspondence analysis (CCA) based on mysid densities of Gastrosaccus australis (black arrow),
salinity, chlorophyll a concentration, and total suspended solids (blue arrows). Arrow lengths are proportional to the
correlation between ordination and environmental variable. The first axis explained 91 % of the variance in the data, while
98 % was explained by both axes. The upper and lower estuary significantly segregated along a total suspended solids –
salinity gradient (ANOSIM statistic R: 0.715; p= 0.001).

The zone of maximum density of Tenagomysis macropsis also moved seasonally within the estuary,
but did not show such a clear pattern as that of Gastrosaccus australis (Figure 3.7). In summer and
autumn 2008, T. macropsis were found in the lower estuary, while at the same time in 2009 they
were caught in the upper estuary. After the flood in August 2008, T. macropsis were not detected in
the entire estuary until spring (October 2008). Noticeably, the maximum density zone of T. macropsis
was always located in areas with a salinity > 7.1, water temperature >7.7°C and >0.3m/sec current
velocity (except of February 2009, when the population consisted a large proportion of juveniles). In
autumn of both years, the zone of maximum density was found in similar salinity conditions (7.05 and
7.51, respectively; Figure 3.7).

In the CCA model (Figure 3.9), the distribution of T. macropsis was also associated with salinity – total
suspended solids gradient separating the lower estuary (related with salinity) from the upper estuary
(associated with total suspended solids). In spring and early summer, the distribution in the upper
estuary was also associated with the chlorophyll a content in the water column, whereas in late
summer and autumn, breeding might be the main influencing factor indicated by the density of T.
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macropsis. At that time, the maximum density zone, mainly consisting of juveniles, moved
downstream into an area of lower current velocity (Figure 3.7h). However, in the exploratory
analyses, only a weak association of T. macropsis with temperature was found (correlation coefficient
= 0.22), T. macropsis was moderately correlated with chlorophyll a (0.53; Table 3.9). Overall, 86 % of
the variance in the data in the CCA model was explained by the first axis, while 95 % was explained by
both axes (Table 3.9b). The separation between sites was statistically significant (ANOSIM statistic R:
0.716; p= 0.001).

Table 3.9: Eigenvalues, explained proportion of CCA axes, axes loading and correlation coefficient of the mean densities of
Gastrosaccus australis (a) and Tenagomysis macropsis (b), respectively, with salinity, chlorophyll a, and total suspended
solids, which were included in the CCA model.

a) Gastrosaccus australis
Eigenvalue
proportion explained
cumulative proportion
Gastrosaccus australis
salinity
chlorophyll a
total suspended solids

CA1

CA2

CA3

0.17
0.91
0.91
0.13
-0.54
0.16
0.33

0.01
0.07
0.98
0.13
-0.03
0.71
-0.03

0.00
0.02
1.00
0.41
-0.00
-0.07
-0.01

CA1

CA2

CA3

0.17
0.86
0.86
0.19
-0.54
0.15
0.33

0.02
0.09
0.95
0.72
0.00
-0.53
-0.01

0.01
0.05
1.00
-0.38
0.01
-0.50
0.03

correlation
coefficient

1.00
-0.12
0.74
0.43

b) Tenagomysis macropsis
Eigenvalue
proportion explained
cumulative proportion
Tenagomysis macropsis
salinity
chlorophyll a
total suspended solids

correlation
coefficient

1.00
0.01
0.53
-0.03
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Figure 3.9: Constrained correspondence analysis (CCA) based on mysid densities of Tenagomysis macropsis (black arrow),
salinity, chlorophyll a concentration, and total suspended solids (blue arrows). Arrow lengths are proportional to the
correlation between ordination and environmental variable. 86 % of the variance was explained by the first axis, while 95 %
was explained by both axes. The upper and lower estuary significantly segregated along a total suspended solids – salinity
gradient, while in spring chlorophyll a concentration became important in the upper estuary (ANOSIM statistic R: 0.716; p=
0.001).

Feeding habits
The proportion of the different food items did not vary over the year (df = 52, R-squared = 0.01368,
F-statistic = 0.2404, p-value = 0.8677), but vary between the two species (df = 1, R-squared = 0.3592,
F-statistic = 14.012, p-value = < 0.001). The diet of Gastrosaccus australis consisted of plant material,
amorphous detritus, inorganic particles, and unidentified invertebrates (Table 3.10), whereas in the
stomach of Tenagomysis macropsis only amorphous detritus and inorganic particles were found. The
high content of amorphous detritus and inorganic particles in the diet of both species indicated filter
feeding.
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Table 3.10: Observed proportion of food items [%] found in the stomach content of mature Gastrosaccus australis and
Tenagomysis macropsis, collected along the Taieri Estuary from June 2008 to April 2009; n = number of individuals per
month, Jun08 = June 2008, Aug08 = August 2008, Oct08 = October 2008, Dec08 = December 2008, Feb09 = February 2009,
Apr09 = April 2009.
food items
month

Gastrosaccus australis

Tenagomysis macropsis

Jun08

Aug08

Oct08

Dec08

Feb09

Apr09

Jun08

Aug08

Oct08

Dec08

Feb09

Apr09

n

2

17

9

8

10

10

6

0

0

0

5

10

algae

0

0

0

3

19

14

0

-

-

-

0

0

plant material

0

8

13

10

10

0

0

-

-

-

0

0

Diatoms

0

0

0

0

0

0

0

-

-

-

0

0

25

40

38

33

31

42

57

-

-

-

100

50

0

33

38

10

24

29

43

-

-

-

0

50

0

8

4

14

7

8

0

-

-

-

0

0

rotifers

0

5

4

0

0

0

0

-

-

-

0

0

crustacean

50

5

4

33

17

21

0

-

-

-

0

0

insects

25

3

0

0

10

0

0

-

-

-

0

0

amorphous
detritus
inorganic
particles
unidentified
invertebrates

3.5. Discussion
Density
The densities of Gastrosaccus australis and Tenagomysis macropsis varied seasonally and interannually within the estuary with density maxima in late summer (G. australis only in the summer
2008/2009). In the first autumn covered by this study, the density of G. australis did not decrease
towards winter, but remained within the same magnitude (0.8 – 2.1 Ind./m3), while its maximum
density shifted progressively downstream to Site 4 in June 2008. In the next breeding season,
however, the densities of both, G. australis and T. macropsis increased over spring/summer and
decreased towards winter with a density maximum in late summer. These patterns were similar to
those seen in other temperate mysid species (Mauchline 1980, Wooldridge 1986, Baldó et al. 2001,
Lill et al. 2010).

The large inter-annual variation in their density, similar to those reported for other mysid species by
Hanamura (1999) and Ramarn et al. (2012) in Japan and Malaysia, respectively, might be caused by
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the different water temperatures in spring of the respective years. In spring 2007, the water
temperature of the lower Taieri River at Outram (just upstream of the Taieri Estuary) was 2° - 4°C
cooler than in spring 2008 (Figure 3.10; temperature data: Otago Regional Council), whereas in
autumn 2008 the water temperature at Outram was 1.4° - 3.5°C warmer compared to autumn 2009.
The cooler conditions in spring 2007 may have prolonged the maturity time, while the higher
temperature in autumn 2008 may have shortened the life span of the mysids (Winkler and Greve
2002, Fockedey et al. 2005), both resulting in lower densities in 2008 than in 2009. These differences
in density might also result from higher food availability in the autumn 2009. At that time, a 5-fold
increase in the chlorophyll a concentration were measured and maximum amount of total
suspended solids increased by a factor of two, compared to autumn 2008. Gorokhova (2002) found
that food availability was more important than temperature for moult cycle duration of Neomysis
integer.

water temperature [°C]

25
20
15
10
5
0

Outram 2007-2009

time
Outram 1998-1999

Taieri Estuary 2008-2009

Figure 3.10: Water temperature of the Taieri River at Outram (blue rhombus; data provided by the Otago Regional Council)
and of the Taieri Estuary (black dots, mean with standard error). Blue bar illustrated the sampling period of the current
study. The red circles highlighted the different water temperature in spring 2007 and 2008 and autumn 2008 and 2009. For
comparison, the monthly water temperature was added for the time period (10/1998 – 06/1999, pink squares), within
which Sutherland (1999) conducted his study (study period indicated by pink bar). Black line = 20°C.

The maximum densities of Gastrosaccus australis (9 ind./m3) and Tenagomysis macropsis (240
ind./m3) recorded in the current study were quite different to the maximum densities reported by
Sutherland (1999) and Sutherland and Closs (2001) (G. australis: 150 ind./m3, T. macropsis: 13
ind./m3; Table 3.11), indicating high annual variability in mysid densities in the Taieri Estuary, most
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likely due to changes in environmental factors such as riverine discharge. In 1999, when Sutherland
(1999) investigated the mysid drift fauna of the lower Taieri River system, the lowest ever recorded
discharge of the Taieri River (0.95 m3/sec; http://water.orc.govt.nz, 28.04.2014) resulted in the
intrusion of saline water into Lake Waihola (Schallenberg and Krebsbach 2001), and higher than
average water temperatures in late summer (January to March 1999; Figure 3.10; Otago Regional
Council; unpublished data). The high water temperature of that summer could have enhanced
fecundity and consequently increased densities of the resident mysid species by extending the
breeding season, and decreasing intermoult and maturation periods (Wittmann 1981, Winkler and
Greve 2002, Fockedey et al. 2005, Fockedey et al. 2006). Indeed, in the warm estuaries and coastal
waters of South Africa, Australia and Japan, mysid densities are up to an order of magnitude greater
than the mysid densities recorded in my study (Table 3.11). However, high water temperatures
beyond the optimum (21°C for Neomysis integer) during breeding can adversely affect survival of
newly hatched juveniles (Fockedey et al. 2006) and consequently reduce maximum densities in the
following breeding period. Accordingly, the differences in densities of T. macropsis between the
current study and those densities reported by Greenwood et al. (1985) and Sutherland (1999) (Table
3.11) might be caused by the different water temperatures in the respective years. In the studies of
Greenwood et al. (1985) and Sutherland (1999) the water temperatures exceeded 21°C (temperature
data for Taieri River: Otago Regional Council), while in my study the temperature stayed below 20°C
during the sampling period. That suggests a threshold for good breeding conditions of 20°C for T.
macropsis. To verify this and to clarify the key factors driving population densities in open estuarine
systems, further research is needed.
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open estuary

open estuary

semi-enclosed
estuary
open estuary
open estuary
coastal bay

semi-lagoon

open estuary
open estuary

intermittently
closed estuary
open estuary
fjord-like bay
open estuary,
coastal bay

Taieri River (NZ)

Taieri Estuary(NZ)

Avon Heathcote Estuary (NZ)

Gulf of Fos (F)

Sundays River (ZA)
Mondego River (P)

Kasouga Estuary (ZA)

Guadalquivir Estuary (SP)
Conception Bay (CA)
Charente estuary and
Marennes-Oléron Bay (F)

Gamtoos Estuary (ZA)
Westerschelde Estuary (NL)
One Tree Point Bay (AUS)

type

River/lake/bay

Mesopodopsis wooldridgei
Rhopalophthalmus terranatalis
Rhopalophthalmus mediterraneus
Mysis mixta
Mesopodopsis slabberi
Neomysis integer

Gastrosaccus brevifissura
Neomysis integer
Tenagomysis tasmaniae
Anisomysis mixta australis
Purumesopodopsis rufa
Gastrosaccus spinifer
Gastrosaccus sanctus
Rhopalophthalmus terranatalis
Mesopodopsis slabberi

Tenagomysis macropsis

Gastrosaccus australis
Tenagomysis. macropsis
Gastrosaccus australis
Tenagomysis. macropsis

species
drift net at night

9 ind./m3 (late summer)
240 ind./m3 (late summer)
150 ind./m3 (summer)
13 ind./m3 (late summer)

169 ind./m3*
18 ind./m3 *
37 ind./m3 (summer)
30 ind./m3 (autumn)
2400 ind./m3 (summer)
1548 ind./m3 (summer)

Horizontal towed net at night
Hyperbenthic sledge at daytime
Sweep net (operated by a diver) at
daytime

160 ind./m3 (spring)
128 ind./m3 (early summer)
6000 ind./m3 (spring)
1287 ind./m3 (late summer)
736 ind./m3 (spring)
2 ind./m3 (late summer)
0.1 ind./m3 (late summer)
4100 ind./m3 (late summer)
35 ind./m3(autumn)

Passive haul at night
Horizontal towed sledge at daytime
Horizontal towed net at daytime

Horizontal towed plankton net at
night
Horizontal towed net at night
Hyper benthic sledge at daytime,
horizontal towed plankton net at
sunset
Horizontal towed net at night

Horizontal towed net at daytime

12 ind./m3 (early spring)

drift net at night

Sampling methods

Max. density

(Baldó et al. 2001)
(Richoux et al. 2004)
(Modéran et al. 2011)

(Froneman 2004)

(Wooldridge 1986)
(Azeiteiro et al. 1999)
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(Macquart-Moulin and Maycas 1995)

(Schlacher and Wooldridge 1994)
(Mees et al. 1994)
(Fenton 1996)
(Fenton 1992)

(Greenwood et al. 1985)

(Sutherland 1999, Sutherland and
Closs 2001)

this study

Reference

Table 3.11: Maximum densities of mysid species in coastal waters (estuary/bay/beach) with season in bracket, when the maximum density occurred (see also Lill et al. 2011a); * = mean
density.
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Population dynamics
Breeding periods of Gastrosaccus australis and Tenagomysis macropsis were similar to those of the
hyperbenthic mysid species Tenagomysis chiltoni and Tenagomysis novae-zealandiae in the Taieri
Estuary (chapter 2), but shorter compared to breeding periods of mysid species at lower latitudes
(Hodge 1963, Fenton 1992). Hodge (1963) reported a breeding period from October to April for the
estuarine species Gastrosaccus dakini in the Brisbane River, Australia, with breeding peaks in spring
(October to December) and autumn (April). In the coastal waters of Tasmania, the breeding periods
for three co-existing mysids lasted from November to July with a pause in late summer/autumn
(February to April) for two of these species (Fenton 1992). A similar breeding pattern, with breeding
peaks in spring (September) and autumn (May), was reported for T. macropsis in the semi-enclosed
Avon-Heathcote estuary (Greenwood et al. 1985) contrasting with the findings of this study. In the
Taieri Estuary, breeding peaks for both benthopelagic species, G. australis and T. macropsis, were
identified in December 2008 and February 2008/2009 (only 2009 for G. australis), supporting my first
hypothesis. The differences in breeding period and occurrence of breeding peaks of T. macropsis
between Taieri Estuary and Avon-Heathcote estuary might be an adaptation to higher water
temperatures in the semi-enclosed, shallow Avon-Heathcote estuary, probably to ensure maximal
survival of the released brood. Fockedey et al. (2005) noted markedly lower survival of Neomysis
integer over the entire lifespan at temperatures over 20°C.

Mean body length varied seasonally between summer and winter generations in accordance with the
different seasonal temperatures (see Mauchline 1980, Lill 2006, Delgado et al. 2013), but not interannually (Gastrosaccus australis, in 1999 and 2008/2009) or between open and semi-enclosed
estuaries (Tenagomysis macropsis). That was in contrast to my first hypothesis that lower
temperatures in the open estuary possibly lead to larger body length compared to estuary lower
latitude. The body length of winter and summer generations of G. australis was similar to the
previous study of Sutherland (1999) and to other conspecies (Gastrosaccus brevifissura, up to 10mm
body length; Marshall et al. 2003). The mean body length of T. macropsis did not vary between Taieri
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Estuary and Avon-Heathcote estuary in contrast to the individuals of T. macropsis caught in Fiordland
(unpublished data). These individuals were larger than in the open and semi-enclosed estuaries,
probably due to the low temperatures and consequently the longer growth and maturation period
(13°C to 15°C in late summer; Wing et al. 2003, Fockedey et al. 2005, Goodwin and Cornelisen 2012).

The brood size of Gastrosaccus australis was strongly positively related with body length, as
described for many other mysid species, e.g. Tenagomysis chiltoni (Kaikorai estuary, NZ), Neomysis
integer, Gastrosaccus spinifer, and Mesopodopsis slabberi (all three: Westerschelde estuary, NL) (Lill
et al. 2010, Rappé et al. 2011). The reproductive effort (defined by Lill et al. (2010) as numbers of
eggs/embryos per mm body length of gravid females) varied inter-annually and between summer and
winter generations. Similar to G. spinifer and Archaeomysis articulata (also family Gastrosaccinae) in
the northern hemisphere (Hanamura 1999, Rappé et al. 2011), the brood size of the summer
generation of G. australis was smaller than the one of the winter generation according to body
length. However, the inter-annual variation in brood size of the summer generation has not been
reported before. The differences of brood size in individuals of similar length (2008: 7mm body length
with 5 eggs, 2009: 7.5 mm with 10 eggs) might result from different food availability such as
phytoplankton biomass; Cuzin-Roudy and Buchholz (1999) reported a positive influence of food
availability on egg production in Northern krill.

Seasonal migration and food
Gastrosaccus australis and Tenagomysis macropsis exhibited a seasonal breeding migration within
the Taieri Estuary, a pattern also seen in the Avon-Heathcote estuary (Greenwood et al. 1985). This
observed pattern is in accord with my third hypothesis that at least gravid females of each species
migrate up and down the estuary (breeding migration) according to seasonal temperature/salinity
changes. Similar breeding migrations have been observed in several marine and estuarine mysids in
estuaries and coastal waters in Europe (Schuchardt et al. 1989, Macquart-Moulin and Maycas 1995,
Delgado et al. 1997, Modéran et al. 2011), America (Allen 1984), Japan (Takahashi and Kawaguchi
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1995), and Tasmania (Fenton 1992). Greenwood et al. (1985) and Takahashi et al. (1995) assumed
that the seasonal migration of mysids to favourable habitats for faster growth and maturation (high
water temperature, high food availability) improved their breeding success. These conditions were
often found in the upper reach of an estuary, compared to the lower estuary or the ocean. Warmer
riverine water (Table 3.12), higher phytoplankton biomass and total suspended solid concentration,
and accumulation of detritus in the upper estuary (pers. observation) as well as the trapping of
riverine zooplankton upstream of the estuarine turbidity zone (Roman et al. 2001) likely provided
optimal conditions for rapid growth and short maturation time (Viherluoto 2001, Gorokhova 2002,
Fockedey et al. 2005). G. australis fed on a variety of food items (detritus, plant and animal material
including copepods), while T. macropsis only consumed amorphous detritus. Fockedey and Mees
(1999) found that amorphous detritus mainly consisted of flocculated particles (clay minerals,
bacteria, fungi, phytoplankton) generated in the maximum turbidity zone within the estuary. This
difference in food preferences of G. australis and T. macropsis might explain the slight spatial
segregation within the Taieri Estuary, which was hypothesised based on their haline affinities
(hypothesis 2). The maximum turbidity zone occurs either at the moving edge of a salt wedge
(Roman et al. 2001) or in a low saline area, where the riverine and marine zooplankton die off
(Fockedey and Mees 1999), and its position moves within or even out of the estuary depending on
riverine discharge. This might explain the recorded movements of the maximum density zone of T.
macropsis in the study period, especially as salinity and the amount of total suspended solids were
identified in the CCA model as main factors associated with the distribution of this species in the
upper and lower estuary.

Table 3.12: Minimum and maximum water temperature of Pacific ocean (Taieri Mouth), Taieri Estuary, Taieri River
(Outram), and Lake Waihola (part of the Waipori/Waihola Lake-wetland complex).
location

Water temperature
min
max
8°C
15°C

Reference

Pacific ocean
http://www.surf-forecast.com/breaks/Taieri-Mouth/seatemp; 12/03/2014
(Taieri Mouth)
Taieri Estuary
5°C
21°C
this study
Taieri River
2°C
22°C
http://water.orc.govt.nz/WaterInfo/SubSitePopup.aspx?s=OutramWaterTemp;
(Outram)
29/01/2008, 04/05/2008, 20/09/2008, 17/04/2009
Lake Waihola*
4°C
23°C
Hall and Burns (2002), Schallenberg and Burns (2003)
* as part of the Waipori/Waihola lake-wetland complex
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Environmental factors and mysid distribution
Besides phytoplankton biomass, total suspended solid concentrations, and temperature, salinity and
current velocity were also associated with the spatial and, to a certain extent, the temporal
distribution of mysid species. During the sampling period, Gastrosaccus australis stayed within a
salinity range between 4.3 and 15.6 (except June, when they migrated close to the ocean), which was
similar to the salinity range (2–17) of Gastrosaccus dakini in the Brisbane River, Australia (Hodge
1963). Tenagomysis macropsis, in contrast, was never found in salinities below 7.1 or above 23.4 in
the Taieri Estuary, while Greenwood et al. (1985) reported a salinity optimum of 20 for T. macropsis
in the Avon-Heathcote estuary. These slightly different, observed salinity ranges of G. australis and T.
macropsis supported my second hypothesis, that G. australis and T. macropsis would spatially
segregate within the estuary with G. australis further upstream than T. macropsis. However, to stay
within these salinity ranges, these mysid species need to move within the estuary, because isohaline
areas get shifted within estuaries by natural or human induced fluctuation of the riverine discharge
(Lane et al. 2007). During the elevated discharge in August 2008, when the salinity dropped down to
10 at Site 4, the T. macropsis totally disappeared from the estuary, probably to avoid unfavourable
conditions. Indeed, Paul et al. (2013) reported that a combination of low salinity and low
temperature increases the mortality of estuarine mysids. However, salinity also influences survival
for larval and just released juvenile mysids (Fockedey et al. 2006). This association between salinity,
temperature and distribution of both mysid species became really obvious in April of both years,
when their maximum density zone occurred in the area with distinct salinities and temperatures. The
maximum density zone of G. australis occurred at a salinity of 15.2 (2008) and 15.6 (2009) and a
temperature of 12.5 (2008) and 12.6 (2009), while that of T. macropsis appeared in a salinity of 7.1
(April 2008) and 7.5 (April 2009), respectively, and 10.6°C (April 2008) and 12°C (April 2009) water
temperature. This observation was in accord with my third hypothesis that at least gravid females of
each species migrate up and down the estuary (breeding migration) according to seasonal
temperature/salinity changes.
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Mysids seemed to seek or avoid current velocity depending on their position in the estuary (upper
estuary, lower estuary), season, preferred habitats and life style (hyperbenthos or benthopelagic
species) (Macquart-Moulin and Maycas 1995, Roast et al. 1998b, Lawrie et al. 1999). As a
benthopelagic species, Gastrosaccus australis and Tenagomysis macropsis occurred mainly in deeper
waters with high current velocities (>0.25m/sec, G. australis; >0.30m/sec, T. macropsis) with two
exceptions. G. australis avoided the high current velocity and moved towards shallow river edge
when close to the ocean (June 2008, figure 1.1 in general introduction). Indeed, several studies
(Hough and Naylor 1992a, Schlacher and Wooldridge 1994, Forward et al. 2003) have shown that
depending on their positions within the estuaries, different crustaceans (amphipods, decapods,
mysids) may utilise either flood or ebb tides to return to their favoured habitat or for seasonal
migration. T. macropsis moved into areas of low current velocities during the breeding period in late
summer, possibly to avoid displacement of the newly released juveniles by the cyclically high tidal
current velocities of up to ~ 1m/sec in the Taieri Estuary. Sutherland and Closs (2001) reported a loss
of high numbers of mysid individuals, especially G. australis, from the Taieri Estuary during a flood
tide at night. The drift data of the current study suggested that mainly juveniles, which could not
withstand the intermittently strong tidal current velocities, were likely to have been washed out of
the estuary. These individuals might survive in the coastal waters along the shore (which have not
been sampled for mysids to my knowledge) providing an excellent source for dispersal into
neighbouring estuaries, especially for intermittently closed estuaries, along the coast. Lill (2006)
showed that G. australis and T. macropsis occasionally colonise temporarily open systems following
berm breaches.

Life-stage specific segregation
Life-stage specific spatial segregation between juveniles and adults was observed in Gastrosaccus
australis and Tenagomysis macropsis, and was consistent with my fourth hypothesis that a spatial
segregation between juveniles and adult of each species would occur with juveniles upstream and
the adults further downstream. In contrast to my fourth hypothesis, the spatial segregation between
juveniles and adults of G. australis was present throughout the sampling period with adults further
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upstream than juveniles from late summer to early spring and vice versa in early summer (December
2008). The juveniles and adults of T. macropsis similarly segregated with juveniles further upstream
than the adults, but only in spring (Greenwood et al. 1985) and late summer (my study). Takahashi
and Kawaguchi (1995), Baldó and Drake (2001) and Rappé et al. (2011) reported similar life-stage
segregation of mysids, especially in summer, for Gastrosaccus spinifer, Neomysis integer,
Archaeomysis kokuboi, Archaeomysis grebnitzkii and Iiella ohshimai. By seasonal migration within the
estuary, the juveniles could take advantage of the warmer water temperatures upstream in summer
(see Table 3.12)and closeness to the ocean in winter, most likely promoting faster growth (Fockedey
et al. 2005). Furthermore, they would avoid exposure to cold hyposaline water in winter, which
triggered a high juvenile mortality of Tenagomysis spp. in the study of Paul et al. (2013). However,
the increased salinity close to the ocean might prolong maturation time (Fockedey et al. 2005,
Fockedey et al. 2006) prompting the immature females and males of G. australis to migrate upstream
in winter. Also, higher phytoplankton biomass and total suspended solid concentration in the upper
estuary might have caused the observed upstream migration in winter. Takahashi and Kawaguchi
(1995) assumed the higher food availability, less predation and warmer temperature in the nursery
habitat of the juveniles, promoting their growth and maturation, were reasons for the life-stage
segregation. Winkler and Greve (2004) noted that juvenile mysids, which were just released from the
brood pouch, were most vulnerable to predation by adults of their own species or other mysid
species (Wooldridge and Webb 1988). Several studies (Ribes et al. 1996, Winkler and Greve 2004,
Vilas et al. 2009) have documented that inter- and intra-specific predation from adult mysids on
juveniles influenced age structure and distribution of mysids.

3.6. Conclusion
The current study contributes to an understanding of the distribution and life history of two coexisting species Gastrosaccus australis and Tenagomysis macropsis in a large open estuary.
Gastrosaccus australis and T. macropsis are benthopelagic mysid species and occurred mainly in
deeper waters with high current velocities (>0.25m/sec, G. australis; >0.30m/sec, T. macropsis),
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except during breeding time in late summer (T. macropsis), probably to avoid displacement of the
newly hatched juveniles. Both mysid species displayed distinct seasonal migrations within (G.
australis) and in and out of the estuary (T. macropsis) as well as life-stage specific segregations
between adults and juveniles of each species. Life-stage specific segregation allowed the juveniles to
stay in areas likely to provide favourable conditions for rapid growth (high phytoplankton biomass,
total suspended solid concentration, warm water temperature) without competing with the adults of
the same species for food resources and consequently reducing intra-specific predation.
Gastrosaccus australis and T. macropsis avoided inter-specific resource competition by different food
preferences and spatial segregation within the estuary. Breeding periods of G. australis and T.
macropsis were similar to those of the hyperbenthic mysid species Tenagomysis chiltoni and
Tenagomysis novae-zealandiae in the Taieri Estuary (chapter 2), but shorter than breeding periods of
mysid species at lower latitudes. Water temperature seems to play a key role in timing the breeding
season, abundance, and reproduction effort, whereas salinity and total suspended solids were
associated with the distribution of G. australis and T. macropsis.

The discovery of the lateral segregation between hyperbenthic and benthopelagic species led me to
examine in chapter 4 how these relatively small organisms orientate in a large water body that is
moving down- or upstream without obvious positional cues.
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Flume tank

Photos: Beate Bierschenk

swimming Gastrosaccus australis

Chapter 4 – Shear flow as an orientation aid

4.1. Summary
Turbulence is known to structure components of aquatic food webs by increasing prey-encounter
rates and foraging success. It is also a key factor for selective tidal stream transport utilised by many
crustaceans (decapods, amphipods, isopods, and mysids). To assess whether turbulence serves as a
possible cue for orientation in a three-dimensional space, a simple flume study was conducted using
the benthopelagic mysid, Gastrosaccus australis, as a test organism. The mysids displayed positive
rheotaxis and favoured areas of shear in the presence of turbulence and reduced flow, when
turbulence was absent, respectively. In slack water, the mysids displayed directional swimming
movements, which appeared to be systematic, probably to explore the observation area and its
limits. These different swimming responses might be an adaptation of G. australis to its pelagic
habitat. Actively tracking shear could either serve as an orientation aid, facilitate foraging due to the
increased prey-encounter rates, or reduce sinking rates. By moving to reduced flow areas in an
absence of turbulence, mysids could avoid seaward displacement.
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4.2. Introduction
Turbulent water motion is a common hydrodynamic feature in aquatic systems (Costello et al. 1990).
It is characterized by random and chaotic vorticity (cfd-online, 2014); i.e., rapid fluctuations in the
velocity and direction of water over small spatial and temporal scales (Fischer et al. 1979).
Turbulence can be generated by wind, wave action, stratification of water masses (turbulence along
pycnoclines; Gallager et al. 2004, Clay and Grünbaum 2010, Iversen et al. 2010), or by flow across
subtidal channels and around boulders (Bouckaert and Davis 1998, Ralston and Stacey 2006). The
difference in velocity and direction over a short distance is called shear, similar to the wind shear in
the atmosphere (Cushman-Roisin 2012, Jurisa 2013).

Turbulence is a structuring component in otherwise featureless water bodies, influencing
zooplankton aggregations (Ritz et al. 2001, Catton et al. 2011) by increasing prey-encounter rates and
foraging success (Costello et al. 1990, Kiørboe and Saiz 1995). Moreover, it affects settlement of
planktonic larvae (Tankersley et al. 2002, Fuchs et al. 2004) and is known to be an important key
factor for selective tidal stream transport (Welch et al. 1999, Forward et al. 2003) used by decapods
(Welch and Forward 2001, Forward et al. 2003, Anger 2006), amphipods (Dennert et al. 1969, Hough
and Naylor 1992a), isopods (McLachlan et al. 1979), and mysids (Wooldridge and Erasmus 1980,
Schuchardt et al. 1989). These crustaceans selectively utilise tidal currents to return to their favoured
habitats, if displaced, and/or for seasonal migration up or down the estuary (Neomysis integer,
Schuchardt et al. 1989). They ascend into the water column during flood tide in response to
increasing turbulence and salinity, remain swimming as long as the turbulence is present, and then
descend to the bottom as turbulence declines towards slack water (Lawrie and Raffaelli 1998, Roast
et al. 1998a). Additionally, crustaceans like Neomysis integer and Mesopodopsis slabberi can also
minimize seaward displacement by staying close to the bottom and avoiding the current during the
ebb tide (Wooldridge and Erasmus 1980, Hough and Naylor 1992b, Roast et al. 1998b). Jumars (2006)
reported in his review that mysids shelter behind flow obstructions, where the turbulence
intensities are the highest (Bouckaert and Davis 1998), and in the bottom boundary layer. The small98
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scale shear of the bottom boundary layer in a Norwegian fjord prompted krill (Euphausia pacifica) to
actively swim downward and aggregate (Ianson et al. 2011), while surface waves or sudden changes
in flow direction were found to trigger invertebrate drift (Schnauder et al. 2010).

The adaptation of swimming patterns to the alternating tidal flow in estuaries raises the question,
how do these relatively small organisms orient themselves without obvious positional cues in a large
water body that is flowing down- or up-stream? Little is known about how small aquatic organisms
orientate in water. Possible cues for their position include salinity, light, flow direction, turbulence,
surfaces, etc. (Abello et al. 2005, Naylor 2006, Souissi et al. 2010, Michalec et al. 2012, Blanckaert et
al. 2013, Criales et al. 2013); however, to use these cues, a crustacean requires reference points to
detect changes in position. Mauchline (1980) supposed that mysids may sense hydrodynamic
disturbances, such as shear zones, by sensilla on their antennae, mouthparts and thoracic legs and by
mechanoreceptors distributed all over their body integument. Dahl (1973) suggested that the
terminal hair groups on both pairs of antennae of amphipods may play an important role in
orientation, because the amphipods were continually probing the ground with the tips of their
antennae when walking.

To determine whether flow conditions (laminar flow, turbulent flow, slack water) and hard surfaces
are possible cues for orientation of mysids in a three-dimensional space, I conducted a flume tank
study using the mysid Gastrosaccus australis (Crustacea: Mysidae) as the test organism. Gastrosaccus
australis is dominant in large open estuaries in New Zealand (Sutherland and Closs 2001, Lill 2006)
with a benthic phase during daylight and a pelagic phase at night (Sutherland 1999, Sutherland and
Closs 2001). By manipulating the flow conditions (laminar flow, turbulent flow, slack water) I tested
the following hypotheses:
1) Mid-water turbulence affects swimming direction and swimming behaviour of mysids.
Gastrosaccus australis orients into the current (positive rheotaxis), when present, similar to
Neomysis integer and Mysidium columbiae (Buskey 1998, Roast et al. 1998b).
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2) The swimming behaviour of G. australis differs between laminar flow, turbulent flow and
slack water. The mysids favour areas of shear when turbulent flow is present. In contrast, in
laminar flow they prefer positions close to the bottom to avoid displacement as described for
Neomysis integer (Hough and Naylor 1992b, Roast et al. 1998b, Lawrie et al. 1999). And in
slack water, G. australis does not show any strong directional preferences.
3) Hard surfaces, shear, and obstacles (physical objects) serve as cues for orientation in a threedimensional space. Buskey (1998) observed mysids to “use prop roots as visual cues to
maintain position in currents of changing speeds” in mangrove systems.

4.3. Methods
Mysid collection and maintenance
Gastrosaccus australis were collected in the upper Taieri Estuary around high tide (± 1 hour) at night,
when the density of mysids was highest (pers. observation). For collection, a set of three drift nets
(25cm diameter, 0.5mm mesh size) was deployed in the upper half of the water column from the
Henley Road Bridge for 2 hours. The catch was sorted, and any by-catch such as small fish was
released on site. The mysid shrimps were transported to the laboratory in river water collected on
site and placed in a well aerated 200L holding tank (salinity: 12; temperature: 15±1°C). A daily light
cycle was provided by overhead white fluorescent bulbs operating on a 12:12h light:dark
photoperiod. A semi-static water renewal system was maintained by exchange of 50% of the water
volume three times a week using filtered sea-water and fresh water obtained from the University of
Otago’s ‘Speights’ spring water supply. The shrimps were fed ad libitum with fine grain fish food
(Reliance Stock Feed, 22 Jutland Street, Dunedin 9016, New Zealand).

Experimental design
The experiment was conducted in a 800L flume tank with circular flow created by a drive located
downstream of the observation area (Figure 4.1, see also Crow et al. 2010). The observation area was
500mm long x 400mm deep and 300mm high (water level) with enclosure meshes (0.5mm mesh size)
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at each end, which were mounted in 50mm metal frames with 5mm foam on the outer edges of the
frame to tightly seal the observation area.

Figure 4.1: Scale diagram of the unidirectional flow tank viewed from the side (Crow et al. 2010, adapted).

In order to create mid-water turbulence and shear zones, a wooden board (hereafter, called the
obstruction) was placed upstream of the observation area in front of the enclosure mesh. The motor
drive at the downstream end (see above) was set to 7.5 rpm, creating a current velocity from about
four to six cm/sec at the upstream end of the observation area, which decreased to 0.5 – 1.5 cm/sec
at the downstream end (Figure 4.2). The highest current velocities were measured just behind the
upstream-enclosure mesh close to the bottom (15cm/sec in laminar and 40cm/sec in turbulent flow),
which was probably caused by a small leak between enclosure mesh and bottom of the flume tank
that accelerated the water velocity. The area of turbulence gradually thickened from its point of
origin (top of the obstruction) towards the end of the observation area covering almost the entire
water body at the end of the enclosure and caused reversed flow in some places. The current
velocity was measured every 5 cm in three dimensions (length, depth, height) using a MarshMcBirney Flo-Mate (Model 2000, Frederick, MD, USA). To illustrate the current velocity dynamics in
the observation area, the three-dimensional measurements were reduced to two dimensions by
summarising the measurements of the depth at the same height and length into two categories,
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homogeneous current and heterogeneous current. Homogeneous current means that the current
velocities through the water column (depth) were fairly similar (± 0.5 cm/sec), whereas
heterogeneous current means that the current velocities in the depth were variable or the flow
direction was reversed. The current direction and shear were also documented using a camera
footage and dye to record and visualise the water turbulence (shear and vorticities; not shown).

direction of current velocity

Figure 4.2: Flow directions in the observation area in laminar and turbulent flow, see text for explanation of
homogeneous and heterogeneous current; current ran from right to left.

A fluorescent lamp (Philips Master TL-D Super 80, 58W, 4000K, 5240 Lm, Koninklijke Philips N.V.,
Eindhoven,The Netherlands; with red light filter (LEE Filters, number 026, Colour Temperature 6774K,
700nm wavelength, LEE Filters, Hampshire, UK) wrapped around the bulb) was placed 100mm above
the water surface to illuminate the flume tank and enable night observation. The flume tank was
filled with sea water and filtered fresh water (salinity 12, temperature 12.8°C) and aerated for at
least 12h during day time to maintain good oxygen saturation. The air stones were removed from the
flume tank for the duration of the behavioural experiments because bubble curtains discharged
through the air stones created turbulence in the water which mysids actively tracked (pers.
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observation). The flume tank was enclosed by a tent-like black plastic cover that allowed enough
space for observation but excluded all outside light.

The experiment was conducted at night when the benthopelagic mysid Gastrosaccus australis is
more active (Sutherland and Closs 2001, Lill 2006 ), between 30 May 2011 and 4 June 2011 with 12
replicates of each of the four different flow conditions. On average, 54 individuals (0.9 individuals per
litre) were used per replicate with (on average) 5.4% juveniles (4.5 mm), 54.2 % adult females
(6.9mm) and 40.4% adult males(7.0 mm), which represents the natural life-stage composition in the
Taieri Estuary (see chapter 3). The mysids were transferred to the flume tank 24 hours prior to the
experiment to allow them time to recover from the transfer and acclimate to the new conditions.
They were fed ad libitum prior to the experiment and allowed 30 min acclimation time (Larkin et al.
2007) to adjust to the four different flow conditions: 1) laminar current, 2) turbulent current, 3) slack
water (no water movement; hence called control 1), 4) slack water with obstruction (control for
effects of the presence of the obstruction; hence called control 2). Each mysid was used for one set
of replicates (laminar flow, turbulent flow, control 1, control 2) and were afterwards preserved in
95% ethanol to later determine size, sex, and maturity of each mysid used.

To counter potential influences of endogenous circa-tidal swimming rhythms (Hough and Naylor
1992b, Naylor 2006, Hufnagl et al. 2014), a randomized block design was used so that the variation in
swimming behaviour could be assumed to be similar to the natural variation. During each replicate
(15 minutes), position in the observation area, swimming direction (up- or down-stream), and
swimming angle of each visible mysids were recorded on a sheet of paper about the size of the
observation area every minute by the observer. Different symbols were used to indicate a number of
activity patterns. Afterwards the number of mysids actively swimming and their swimming angle
relative to the water surface (converted into degrees for analysis using the compass rose for
reference with north = water surface = 0°) were determined to assess the swimming behaviour in the
different flow conditions. As a back up all observations were also video recorded. Out of the
averaged 54 individuals per replicate, the movements of only 20 to 22 individuals (on average), which
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were visible during the recording period, were recorded. The data from the 15 x 1min observations
per treatment were summed (= observed swimming movements) to increase the number of
observations and treated as one replicate (resulting in 12 replicates per treatment, see above) for
data analyses.

Data analysis
Circular statistics [Oriana software 4.00 (KCS 2011)], were used to compare the mean swimming
directions (swimming angles) in the different flow conditions. Mean swimming direction, standard
error and Rayleigh’s coefficient (r) were calculated. Rayleigh’s coefficient (r) is a measure of the
concentration of the swimming angles around the mean angle (for detailed description see Zar 2010,
Kelly and Klimley 2011). To compare the mean swimming directions between treatments, nonparametric Mardia-Watson-Wheeler-Tests (W) were performed. Differences in the swimming angles
in the compared flow conditions will lead to a large W test statistic and rejection of the null
hypothesis (KCS 2011). Because it was only possible to work with two-dimensional swimming angles,
the three-dimensional ‘diagonal’- swimming movements (see below) were not included in the
circular statistical analyses.

Chi-square tests were conducted to assess whether the mysids were uniformly distributed in the
observation area. For this assessment, the observation area was divided into four quadrants (Figure
4.3), the frequencies of mysids in the four quadrants were calculated and the observed and expected
frequencies were compared pairwise and over all four flow conditions (Zar 2010).

direction of current velocity
top

quadrant 4

quadrant 1

quadrant 3

quadrant 2

obstruction
bottom
Figure 4.3: Scale diagram of quadrants used for assessing distribution of mysids
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Based on swimming direction and angle, movements were categorised into eight swimming
behaviours. Simple swimming behaviours like swimming ‘horizontally’, ‘vertically’, ‘diagonally’ or
‘angled’ (swimming in an angle through the water column using the water surface as reference with
north = water surface = 0°) were seen. Also more complex swimming behaviours like ‘zigzagging’ (see
below), ‘hovering’ (two different types), and ‘displaced’ occurred. When ‘zigzagging’, mysids were
swimming forward (gaining distance) while moving up and down through the shear zone or moving
back and forth between water surface and bottom and other hard surfaces like the sides of the flume
tank or the enclosure meshes. ‘Zigzagging’ was directional movement and should not be confused
with the swimming up and down (in relation to the water column) at one spot in order to maintain
the position. Gastrosaccus australis maintained its position in the water column and close to the
enclosure mesh by hovering in the water column, which meant that they swam against the current
without moving up and down.

In order to compare the swimming behaviours between the different flow conditions, first the
relative frequencies of the swimming behaviours were calculated and plotted against the flow
treatments using R-version 3.0.0 (R Development Core Team, 2013). Next, the swimming behaviours
were used as explaining variables in linear models to determine the model that best explained the
swimming behaviours in the different flow treatments. The explaining variables were centred by
subtracting the sample mean from each value and scaled to allow the use of regression estimates as
effect sizes (see Lange et al. 2014) by using the standardize-function within the arm-package (Gelman
et al. 2013). In the case of the current treatments (laminar and turbulent) the full model sets
included all eight swimming behaviours. The full model sets of the two controls (slack water and
slack water with obstruction) only contained five swimming behaviours because the swimming
behaviours ‘hovering’, ‘hovering in front and behind the enclosure mesh’ and ‘displaced’ were only
possible in the presence of current and therefore irrelevant for the models of the controls. Full model
sets were generated by using the dredge-function of the MuMIn-package (Barton 2013). After an a
priori investigation, those explaining variables with least impact on the response were removed from
the full model sets and the analyses re-run (Grueber et al. 2011). The model sets for each flow
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condition were ranked by their AICc values (Akaike Information Criterion for small sample sizes,
Burnham and Anderson 2002). When the Akaike weights w were less than 0.90, all models within
AICc ≤ 2 of the highest ranked model were selected and model averaging was performed using the
‘natural average’-method (Grueber et al. 2011) to obtain the final model for each flow treatment.
When selecting the models for model averaging, the ‘nesting rule’ (Richards et al. 2011) was applied
which states that only those models which are less complex (i.e. models with fewer explanatory
variables than the highest ranked model) can be included in the model averaging.

4.4. Results
Swimming direction and distribution
In the presence of both laminar and turbulent current (Figure 4.4), mysids orientated directly into the
current, while in slack water (control 1 and control 2) the mysids did not show any strong
preferences relative to the horizontal direction of the water current. In laminar flow, the mean
swimming direction only diverged by +1.5° from the general flow direction (from 90° to 270°)
compared to -3.4° in turbulent flow. The swimming directions of the mysids in laminar and turbulent
current and slack water, respectively, differed significantly from each other (W=146.087, p<0.001).
Notably, in control 2, mysids avoided swimming in direction of 140° to 180°, the direction of the
obstruction.

The distribution of Gastrosaccus australis in the observation area was significantly different for all
four flow treatments (p<0.001, Chi-square = 35.78512, df = 9). In laminar flow, mysids preferred
areas of reduced current velocity (upper quadrants, Table 4.1, Figure 4.2), whereas in turbulent flow
they preferred areas of shear and the reversed flow (downstream quadrants). Under slack water
conditions mysids were more evenly spread over the entire observation area. Only in the second
quadrant (slack water; control 1) and in the first quadrant (slack water with obstruction; control 2),
respectively, the numbers were slightly lower than in the rest of the observation area. In a pairwise
comparison using Chi-square tests, the distribution of mysids differed significantly only between the
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current treatments and between the controls (laminar-turbulent: p<0.001, Chi-square = 18.81, df = 3;
slack water (control1)-slack water with obstruction (control 2): p>0.01, Chi-square = 11.97, df = 3),
but not between laminar flow and its control (p>0.10, Chi-square = 4.98, df = 3) and turbulent flow
and its control (p>0.10, Chi-square = 5.75, df = 3).

direction of current velocity

Figure 4.4: Circular histograms illustrating the swimming direction of the different current treatments and the
mean vector (black arrow). The length of the mean vector indicates the concentration of the data around the
mean angle, i.e. if the angles are uniformly distributed around the circle (KCS 2011). The current ran from 90°
to 270° (degrees = large numbers at the end of the axis), 0° was top, 180° was bottom; n = number of observed
swimming movements per treatment, mean° = mean angle, se = standard error of mean, and r = length of
mean vector, small numbers at the vertical axes = numbers of swimming movements in this direction.
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Table 4.1: Relative frequency of mysids in the different quadrants; quadrants numbered clockwise starting in
the upper right corner (Figure 4.3); shading emphasizes where the highest and the lowest number of mysids
were observed; current ran from right to left.
direction of current velocity

laminar current
30.0%
20.2%

28.5%
21.4%

turbulent current
27.9%
32.8%

20.5%
18.9%

slack water
(control 1)
25.0%
28.9%
25.8%
20.4%

slack water with
obstruction (control 2)
24.5%
19.6%
30.5%
25.3%

Swimming behaviour
A total of 1870 swimming movements were recorded in a total of 650 mysids. The number of
swimming movements per replicate varied between the treatments as well as between the replicates
(n = 12). The counts ranged from 1 to 279 swimming movements per replicate (both in slack water
(control 1)), although most frequently the mysids swam in the presence of turbulence and least
frequently in laminar flow (Figure 4.5). In slack water, the mysids swam less in the presence of the
obstruction (control 2).

Figure 4.5: Swimming movements per replicate in the different flow treatments; laminar flow, turbulent
st
flow, slack water (control 1), and slack water with obstruction (control 2). Box plots displays minimum, 1
rd
and 3 quartiles, median and maximum, outlier are marked with circles.
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The relative frequencies of the different swimming movements varied between the four different
flow treatments (Figure 4.6). ‘Angled’ (swimming at an angle through the observation area) was the
most frequently observed swimming type in all treatments, followed by swimming in the horizontal
plain (‘horizontal). Both these swimming types as well as swimming diagonally through the
observation area (‘diagonal’ = from the back to the front of the observation area or vice versa at the
same height) were observed more frequently in slack water (control 1 and 2) than in presence of
current velocity. Zigzag swimming movements were more pronounced in the presence of current
velocity and occurred more frequently in turbulent flow than in all other flow treatments (Figure
4.6). The zigzag movements were sometimes only within a few centimetres, although sometimes
Gastrosaccus australis zigzagged through the water column from the bottom to the surface and back
or back and forth between the two enclosure meshes. The frequencies of the two current dependent
swimming types, ‘hovering’ and ‘hovering in front and behind the enclosure mesh’, differed between
laminar and turbulent flow, with hovering more frequent in turbulent flow and ‘hovering in front or
behind the enclosure mesh’ in laminar flow. Also noteworthy, in slack water the mysids often swam
through the observation area with their antennae touching the walls or water surface and with their
tails touching the surface.
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Figure 4.6: Relative frequencies of the different swimming types observed in laminar and turbulent current, in
st
rd
slack water (control 1) and in slack water with obstruction (control 2). Box plots displays minimum, 1 and 3
quartiles, median and maximum, outlier are marked with circles.

Using AICc models (Table 4.2), ‘displaced’ and ‘hovering in front and behind the enclosure meshes’
could be identified as distinctive swimming behaviours for laminar flow. In turbulent flow ‘hovering’,
‘vertical’ swimming movements, ‘zigzagging’, and ‘hovering in front and behind the enclosure mesh’
dominated the swimming behaviour of Gastrosaccus australis. In slack water (control 1) ‘diagonal’
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swimming movements were the only explanatory variables in the top model, while in slack water
with obstruction (control 2) no significant model could be identified. Because two models fulfil the
criteria for being top models (see methods), model averaging was performed for turbulent flow.

Table 4.2: Top models describing the swimming behaviour of Gastrosaccus australis in the different flow
conditions. In turbulent flow two top models were retained and averaged. K = number of explanatory variables,
" Aic = Differences to highest ranked model, w = AIC weights (in cases of model averaging (*) weights were rescaled so that they sum up to 1 for the set of top models).
2

Flow condition

Model

R

p-value

AICc

K

Laminar

Ds, HG

0.5569

<0.0001

25.7

2

0.00

0.963

Ho, Ve, Zz, HG

0.41

0.0001

44.6

4

0.00

0.62*

Ho, Ve

0.3301

0.0001

45.6

2

0.98

0.38*

turbulent

AICc

w

slack water (control 1)
Da
0.1712
0.0035
53.4
1
0.00
0.967
slack water with
No model was obtained
obstruction (control 2)
Da = ‘diagonal’, Ds = ‘displaced’, Ho = ‘hovering’, HG = ‘hovering in front or behind the enclosure mesh’, Ve =
‘vertical’, Zz = ‘zigzagging’

4.5. Discussion
The swimming behaviour of Gastrosaccus australis differed between the four flow conditions
(turbulent flow, laminar flow, slack water with/without obstruction). When encountering flow, G.
australis displayed positive rheotactic swimming behaviour. They faced and swam into the current as
described for other mysids by Hough and Naylor (1992b) and Buskey (2000) as stated in the first
hypothesis. The cue for orientation for G. australis seems to be turbulence, potentially even microturbulences caused by the enclosure meshes, walls or the air/water surface interface (Mullineaux
and Butman 1990, Gallager et al. 2004). Catton et al. (2011) reported that individuals in a swarm
could sense the small-scale hydrodynamic disturbance of their neighbours and can utilise this smallscale shear for orientation to maintain constant distance from each other.

Gastrosaccus australis seemed to selectively move into the areas of shear in turbulent flow, or into
areas of reduced flow in the laminar flow treatment as stated in hypothesis 2. These preferences of
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shear flow and reduced flow under different flow conditions might be an adaptation to its pelagic life
style. By actively seeking areas of turbulence, G. australis could take advantage of the increased
prey-encounter-rates for foraging (Costello et al. 1990, Kiørboe and Saiz 1995, Jumars et al. 2009) or
use the turbulence to reduce their sinking rates (Ritz et al. 2001, Catton et al. 2011). In contrast, in
laminar flow they could avoid displacement by staying in areas of reduced flows. In both flow
treatments, these areas of reduced flow were located in the upper half of the observation area due
to a small gap between the upstream enclosure mesh and bottom of the flume tank, which resulted
in an accelerated water velocity close to the bottom. Accordingly, the mysids stayed in the upper
part, the area of reduced flow, to avoid displacement. This finding partially supports, but also
partially contradicts the hypothesis 2 and previous studies (Wooldridge and Erasmus 1980, Hough
and Naylor 1992b, Roast et al. 1998b, Lawrie et al. 1999), which suggested that mysids would prefer
staying close to the bottom to avoid displacement. The mysids did stay in areas of reduced flow to
avoid displacement, which are not necessarily at the bottom. By staying close to the bottom, mysids
would benefit from the micro-turbulence of the bottom boundary layer and all connected
advantages (see above). Nevertheless, it also would provide an orientation point for their position in
the estuary. In a flume study by Roast et al (1998b), 83% of the observed swimming movements of
Neomysis integer occurred within 5cm of the substratum. Because orientation aids, like turbulences,
were reduced or missing in laminar flow, the highest number of displaced mysids (up to 1%,
compared to 2% in Roast et al. 1998b) were recorded in the laminar flow treatment.

In slack water, however, the mysids were more evenly spread over the observation area without any
directional preferences supporting the second hypothesis. They only avoided swimming in the
direction of the obstruction (140° to 160°), if present (control 2). This suggested that visual cues such
as obstacles or bottom structures (Buskey 1998, Ianson et al. 2011) could also be important for
spatial orientation. This finding was supported by observations during the experiment; when
Gastrosaccus australis was swimming along the walls and just below the surface, they often touched
the walls or the water surface with their antennae or tails (only when touching the surface) to
orientate. These observations and results are in accordance with my third hypothesis.
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The presence of current velocity and turbulence also influence the swimming behaviour of mysids.
While recent studies have shown that turbulence can trigger directional swimming in different
zooplankton species (Clay and Grünbaum 2010, DiBacco et al. 2011, Ianson et al. 2011), in my study
Gastrosaccus australis also displayed different characteristic swimming behaviours in laminar and
turbulent flow as well as in slack water as stated in hypothesis 1. In laminar and turbulent flow, the
swimming behaviour of G. australis was characterised by ‘hovering’, ‘zigzagging’, ‘hovering in front
and behind the enclosure mesh’ and ‘displaced’, while the slack water treatments were dominated
by directional swimming movements (‘diagonal’, ‘angled’, and ‘horizontal’). These directional
swimming movements did not appear to be random, but systematic. The mysids repeatedly swam
back and forth in the horizontal plane between the two enclosure meshes, at angles down to the
bottom or up to the surface, and in long directed movements up and down between water surface
and bottom (‘zigzagging’ in slack water treatments). These zigzag swimming movements through the
water probably enabled mysids not only to detect turbulences and velocity shear (change in water
velocity over a short distance), but also to orientate in space. In contrast to other studies
(Wooldridge and Erasmus 1980, Buskey 1998, Lawrie et al. 1999), G. australis did not use zigzag
swimming movements for position maintenance. This mysid species hovered in the water column by
utilising turbulence, either mid-water or micro-turbulence generated by the enclosure meshes,
bottom roughness or at the air/water surface-interface (Mullineaux and Butman 1990, Jumars et al.
2009). Indeed, Welch et al. (1999) found no difference in the reactions of decapod post-larvae to
turbulence whether the turbulent kinetic energy was generated by variations in current velocity or
bottom roughness.

Until now, turbulence was seen only as a stimulus inducing and sustaining swimming in the context
of selective tidal stream transport (Roast et al. 1998b, Welch and Forward 2001, Forward et al. 2003),
but it serves multiple purposes for mysids in an estuary. On the one hand it increases prey-encounter
rates and foraging success (discussed above), on the other hand it also enhances retention of mysids
in estuaries by providing a cue for orientation. In the Taieri Estuary, the flow condition changes from
turbulent (within the gorge) to more or less laminar flow (within the bottom reaches) due to the
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straight shape, which possibly prompt mysids to move into areas of reduced flow and consequently
to maintain within the estuary. The abundance of G. australis increased in the shallow water, close to
the estuary mouth, while their abundance decreased in the deeper waters in this bottom reach (see
Figure 5.1, General discussion).

4.6. Conclusion
The presence of turbulence and obstacles influenced the swimming behaviour, swimming direction
and distribution of Gastrosaccus australis in a simple flume system. The mysids used shear as a cue
for orientation in an otherwise featureless water body, and hard surfaces and visual cues were also
important for their orientation. To understand the complexity of the orientation mechanisms used by
mysids in a large water body, further research is needed. Until now, turbulence was seen only as a
stimulus inducing and sustaining swimming in the context of selective tidal stream transport, but it
has not been considered as a component in mysid orientation. Future studies should focus on the
combined effects of exogenous cues (such as salinity, temperature, current velocity, and turbulence)
and endogenous rhythms on swimming, swarming and orientation behaviour of mysids.

114

5. General discussion

Taieri Estuary, looking downstream towards the Lower Taieri Gorge, winter 2009

Photo: Leonie Kücholl
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In estuaries, life history and distribution of mysid species are highly influenced by the spatial and
temporal dynamics of environmental factors, such as salinity and temperature (Marques et al. 2006,
Naylor 2006, Díaz-Ochoa and Quiñones 2008), and biogenic factors such as predator/prey
interactions or food availability (Viherluoto 2001, Naylor 2006, Kasten and Flores 2013). The central
goal of this thesis was to provide insights into the life history and distribution of four co-existing
mysid species in an open estuary and explore potential reasons for the observed patterns (feeding
habits, effect of water temperature on growth, maturation time and breeding cycle, and salinity
preferences). This knowledge, gained from the field survey (chapters 2 and 3), contributes to the
understanding of resource partitioning of co-existing mysid species (discussed below) and provided
the motivation for the flume tank experiment to answer the question of how relatively small
organisms such as mysids orientate in a large moving water body without obvious positional cues in
an estuary (chapter 4)? When drifting in a moving water body in an estuary, fixed points for
orientation such as the substrate are lacking, but (micro-) turbulence is always present in a moving
water body. The changes in current velocity (velocity shear) can be recognised by mysids (Mauchline
1980) and therefore assist with orientation in an estuary, and potentially enhance retention of
estuarine mysids within the estuaries.

5.1. Methodology
For sampling mysids, a wide variety of different sampling gear (hand net, dip net, plankton net,
hyperbenthic sledge, mud sledge; all with different mesh sizes) and methods (vertical hauls,
horizontal hauls; towed by hand, boat or diver; day or night sampling) are described in the literature
(Allen 1984, Baldó et al. 2001, Brijs et al. 2009, Hanamura et al. 2009, Lill et al. 2011a). Often the
methods were adapted to local conditions and available gear. For example, in estuaries, rivers and
coastal areas horizontal haul of nets or sledges were used to sample mysids (see tables in the
discussion of chapter 2 and 3), whereas in lakes mysids were collected by vertical hauls of nets
(Waikato Lakes, NZ; Brijs et al. 2009). In the Taieri Estuary, no hyperbenthic sledge could be used due
to tree trunks and other debris on the bottom. Here, the mysid sampling was conducted using both a
116

Chapter 5 – General discussion

sweep net in the shallow areas along the shore and drift net in the deeper waters at the same time.
This sampling design allowed simultaneous sampling of two different habitats with only a small crew
and contained two novelties: 1) in all studies up to now (to my knowledge) only one sampling
method was used (either net or sledge) and 2) a stationary drift net was never used.

Stationary drift nets enabled sampling of the water column and drifting/migrating mysids over a
longer period of time compared to the snapshot sampling of towed plankton nets. The latter method
is probably more susceptible to patchy distributions (mysid swarms or schools) over- or
underestimating the densities of mysid species in the sample area than was sampling over a longer
time. Unfortunately, stationary drift net did not overcome the issue of the vibrations of the holding
line in current velocity, which almost always occur when towing a net or a sledge. According to
Clutter (1969) and O’Brien (1988), mysids can sense the vibration such as that of the holding line,
which influence the swarming structure of their study organisms. Whether Gastrosaccus australis
forms swarms is not known and therefore the influence of the vibration on the swimming behaviour
is unknown.

Using stationary drift nets posed a challenge to ensure maintenance of net position and boat safety.
To anchor the drift net set-up, the usage of anchors was required. Anchors can withstand current
velocities to 1 m / sec in the Taieri Estuary, before they start to fail and the nets are moved by the
current. For boats’ safety, reflection tap and a red light were attached to the buoys to make these
more noticeable to the boats. The attached red light did probably not affect the mysids distribution,
because red light is imperceptible by mysids (Jokela-Määttä et al. 2005, Boscarino et al. 2007),
although this was not tested.

Previously, most mysid sampling has been conducted by day (Jones et al. 1989, Wooldridge 1989,
Mees et al. 1994, Yamada et al. 2007, Taylor 2008), although Mauchline (1980) recommended night
sampling because of the higher abundance of mysids in the water column at night. Due to the
negative photo-tactic reaction of mysids (Abello et al. 2005), their densities could be also
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underestimated when sampling in daytime. Furthermore, some species burrow into the sand during
the day (Moran 1972, Nel et al. 1999, Kibirige et al. 2003b) and could be easily missed during daytime
sampling (see Jones et al. 1989 for an example). However, sampling at night is not always possible
due to health and safety regulations or local conditions, which restricts sampling to daytime. For
example in East Canada, boats for sampling needed to be helmed by professional captains paid by
the university, who only work by day (G. Winkler, pers. com.), greatly limiting the scope for effective
sampling of these organisms.

In the current study, the sampling was conducted at night due to the proven higher abundance of
mysids at night (Sutherland and Closs 2001), but close to full moon. The moonlight assisted with safe
boat navigation in the complex Taieri River estuary, although it might have influenced the density of
the mysid species in the estuary due to the negative photo-tactic reaction of mysids to light (Abello
et al. 2005). Using other measures for safe boat navigation such as GPS waypoints or spot light were
not totally reliable for safe navigation in the Taieri Estuary. Imprecision in the locating of waypoints,
meant they could not be solely relied on for navigation. Another safety issue was drifting tree trunks
or other floating objects in the water, which were hard to detect when navigating by spotlight alone
on dark nights. These objects were more visible by the moonlight, reducing the risk of collisions.

The current study suffered from some constraints common to studies investigating large systems
(Kibirige and Perissinotto 2003a, Rappé et al. 2011, Antonio et al. 2012). Similar to these studies, the
current study was confined to one system due to the challenge of getting effective sampling
coverage at the large scale of the sampling area (10 km). Sampling more than one estuary would
have required a reduction in the level of detail (namely fewer sample sites and sampling dates)
within the one system and reduced ability to assess within-system variation. Finding accessible and
suitable sampling sites was another constraint of the current study. In most areas of the Taieri
Estuary, the bank slopes were steep as is characteristic for a lowland river. Only at a few places the
shore of the Taieri River was wadeable with overhanging terrestrial vegetation (only Sites 1-3), where
mysids were expected to occur. Therefore the sampling sites could not be placed equidistant to each
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other along the estuary. The duration of the current study from February 2008 to April 2009 (14
months) was comparable to many other studies. In April 2009, the sampling was ended as not much
additional information would have been gathered in the second winter, and due to budget
constraints.

To investigate the niche partitioning of four co-existing mysids in the Taieri Estuary, several ways
were explored, although only those associated with the distribution of mysids were included in the
thesis (salinity, temperature, current velocity, chlorophyll a and total suspended solid concentration).
Additionally, sediment samples were taken and processed to assess potential preferences for
different substrate types. Unfortunately, the sediment data got lost due to a computer error. On site,
oxygen saturation and content were also measured and amount of particle organic matter, turbidity,
pH as well as nutrient content (TN, TP, DIN, DRP) were determined for each site at all 19 sample
dates. Unfortunately, investigating the influence of potential predators on the distribution of the
mysids in the Taieri Estuary was beyond the scope of this study, because the workload of including
potential predator would have been too much to be managed within 4 years of PhD. However, in
international studies fish is widely recognised as important predator for mysids. In Germany, it is
known that the hatching of fish larvae occurs at the same time, when the mysid swarms migrate
upstream.

5.2. Resource partitioning
Co-existence is a common feature in mysid species and is often realised by habitat partitioning
(Obrien 1988, Jones et al. 1989, Fenton 1992, Calliari et al. 2007, Rastorgueff et al. 2011). In the
Taieri Estuary, habitat partitioning was found between all four co-existing species, Tenagomysis
chiltoni, Tenagomysis novae-zealandiae, Tenagomysis macropsis, and Gastrosaccus australis, and
between different life stages of each species. The two hyperbenthic mysid species, Tenagomysis
chiltoni and T. novae-zealandiae, laterally segregated from the two benthopelagic species, T.
macropsis and G. australis, in the Taieri Estuary (Figure 5.1). The hyperbenthic species dominated the
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mysid fauna in the shallow areas along the shoreline (Figure 5.2a), whilst the benthopelagic species
were most abundant in the deeper moving water at night (Figure 5.2b). This kind of lateral
segregation between hyperbenthic species in shallow areas and benthopelagic mysid species in the
deeper, moving water has not been reported before. However, habitat partitioning along the
river/sea bed, sometimes with increasing depth, and in submerged marine caves has been described
for some co-existing mysids in the coastal waters of Tasmania and Japan, an Australian estuary, and
marine caves in the Mediterranean Sea (Obrien 1988, Fenton 1992, Takahashi and Kawaguchi 1995,
Ribes et al. 1996, Taylor 2008, Rastorgueff et al. 2011).

Figure 5.1: Lateral distribution of the four co-existing mysid species in the Taieri Estuary. The arrows in the graph are
indicating the distribution range within the estuary (for longitudinal distribution see Figure 5.3).
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Figure 5.2: a) Mean density of the four common mysid species, Tenagomysis novae-zealandiae, Tenagomysis chiltoni,
Tenagomysis macropsis, and Gastrosaccus australis at the shore and b) in the deep water, caught in the Taieri Estuary
during the sampling period 2008-2009. Site numbers increased towards the ocean.

Inter-specific competition can also be avoided by spatial segregation along a salinity gradient (Hodge
1963, Calliari et al. 2007, Vilas et al. 2009, Lill et al. 2010, Rappé et al. 2011). This kind of habitat
partitioning was observed for the two hyperbenthic species in the Taieri Estuary, with Tenagomysis
chiltoni in the upper estuary and Tenagomysis novae-zealandiae in the lower estuary (chapter 2).
Similar patterns of distribution of these two species were reported by Jones et al. (1989) and Lill et al.
(2010) in semi-enclosed and intermittently closed estuaries in the South Island, New Zealand.
However, the observed distribution of the co-existing species differed markedly from the
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hypothesized distribution in the Taieri Estuary (see Chapter 1 and Figure 5.3), which was based on
their known haline affinities. The populations of Tenagomysis chiltoni (Chapter 2) and Gastrosaccus
australis (Chapter 3) extended further downstream than hypothesized, while Tenagomysis macropsis
(Chapter 3) seasonally migrated further upstream than expected. Tenagomysis novae-zealandiae
(Chapter 2), known as euryhaline mysid species, only occurred seasonally in the upper estuary, while
its main population remained consistently in the lower estuary. The seasonal components of their
distribution and the distributions of T. chiltoni and G. australis were unknown until now. Seasonal
migration has been described so far only for T. macropsis (Greenwood et al. 1985).

a)

b)

c)

Figure 5.3: a) Hypothesized segregation of the four co-existing mysid species in the Taieri Estuary based on their known
haline affinities. b) observed distribution of the hyperbenthic species, c) observed distribution of the benthopelagic species.
Arrows indicate were indicating the distribution range within the estuary, while the dots (b) indicating the main area of
occurrence of these two species.

Spatial segregation of co-existing mysid species along a salinity gradient were also reported from
estuaries in Europe and Uruguay (Calliari et al. 2007, Vilas et al. 2009, Rappé et al. 2011) with some
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species (e.g. Neomysis integer) more upstream and other species (e.g. Gastrosaccus spinifer or
Mesopodopsis slabberi) further downstream in more saline waters. Likewise, resource partitioning
can be realised within-species by life-stage specific segregation within an estuary or in coastal waters
(e.g. in sublittoral or cave). Within-species segregation has been reported for some species of the
subfamilies Gastrosaccinae, Leptomysinae, Rhopalophthalminae, and Mysinae in estuaries and
coastal waters (Takahashi and Kawaguchi 1995, Taylor 2008, Vilas et al. 2009, Rappé et al. 2011,
Rastorgueff et al. 2011). In the Taieri Estuary, within-species segregation was observed for all four coexisting species, although the life-stage segregation of Tenagomysis chiltoni and T. novae-zealandiae
was not as pronounced as of the benthopelagic species, Gastrosaccus australis and T. macropsis. Lifestage specific segregation between juveniles and adults allows juveniles to stay in areas that provide
favourable conditions for rapid growth without competing with the adults of the same species for
food resources and avoiding intra-specific predation of adults on juveniles (Wooldridge and Webb
1988, Viherluoto 2001, Winkler and Greve 2004, Vilas et al. 2009).

Food partitioning is another way to avoid inter-specific competition. Metillo et al. (2007) and
Rastorgueff (2011) also reported different food preferences and feeding habits of four co-existing
mysid species in an estuary and in a marine submerged cave, respectively. In my study, the food
preferences were pronounced between the benthopelagic species (Gastrosaccus australis and
Tenagomysis macropsis), while the proportions of the different food items varied only slightly
between the hyperbenthic species (Tenagomysis chiltoni and Tenagomysis novae-zealandiae).
Interestingly, the two larger mysid species (G. australis, T. chiltoni) consumed a larger proportion of
animal material (G. australis: 18 %, T. chiltoni: 7 %) than their co-existing species (T. novaezealandiae: 1 %, T. macropsis: 0 %). Animal food is more nutritious than phytoplankton and detritus,
and may be required to support growth in mysids and other zooplankton species (Olson 1989,
Viherluoto 2001, Sommer and Sommer 2006). Furthermore, the larger amount of highly nutritious
animal food consumed might enhance the osmoregulatory capacities of the larger mysids, giving
them access to greater amounts of energy and enabling them to tolerate lower salinities (<5 to
almost freshwater) than their co-existing species (>5). Indeed, Paul et al. (2013) reported a higher
123

Chapter 5 – General discussion

osmoregulatory capacity of T. chiltoni than T. novae-zealandiae in their laboratory study, which
supported the observed resource partitioning patterns seen along the salinity gradient in the Taieri
Estuary.

5.3. Seasonal migration
Salinity, temperature, phytoplankton biomass (chlorophyll a used as proxy; Bayer 2013), and amount
of total suspended solids were found to be the main structuring components influencing the
distribution of estuarine species in this study and in the literature (Roast et al. 1998b, Viherluoto
2001, Marques et al. 2006, Naylor 2006, Vilas et al. 2009, Lill et al. 2010). In the Taieri Estuary,
salinity, temperature, phytoplankton biomass, and amount of total suspended solids explain 81 %
(Tenagomysis chiltoni, Tenagomysis novae-zealandiae; chapter 2) to 98 % (Gastrosaccus australis;
chapter 3) of the variances in the species distribution and might be the reason for seasonal migration
(G. australis, Tenagomysis macropsis) and seasonal extension/retraction of the mysid populations (T.
chiltoni, T. novae-zealandiae). Greenwood et al. (1985) and Takahashi and Kawaguchi (1995)
assumed that seasonal migration of mysids, particularly gravid females, would increase recruitment
success by releasing the juveniles in favourable conditions (temperature, salinity, food availability)
for growth (Schuchardt et al. 1989, Hough and Naylor 1992a, Takahashi and Kawaguchi 1997,
Hufnagl et al. 2014), reducing inter- and intra-specific competition for food resource, and avoid intraspecific predation of adults on juveniles due to life-stage specific segregation (Taylor 2008, Vilas et al.
2009).

The downstream migration of Gastrosaccus australis and Tenagomysis macropsis, particularly
juveniles, in autumn was probably also associated with enhancing their growth. In autumn/winter,
the water temperature was higher in the lower estuary and ocean relative to the river and upper
estuary in autumn (Greenwood et al. 1985 and this study), potentially allowing for faster growth than
the colder temperatures upstream. Paul et al. (2013) reported higher mortality of Tenagomysis
chiltoni and Tenagomysis novae-zealandiae in cold freshwater suggesting limitations to their ability
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to osmoregulate in cold conditions. Similarly, Fockedey et al. (2005) found that low water
temperature combined with high salinity impaired growth of Neomysis integer, contrasting the
results of Paul and Closs (2014), who reported increasing growth rates for T. chiltoni and T. novaezealandiae with decreasing salinities. These results revealed that salinity and probably phytoplankton
biomass and amount of suspended solids (indicated by the CCA model) might be the key factors for
the distribution of T. chiltoni, while temperature and salinity play a key role in the distribution of T.
macropsis and T. novae-zealandiae. Indeed, Kirk (1983) reported constantly higher densities of T.
chiltoni in the more eutrophic Lake Waahi (5.3 x 105 phytoplankton cells/ml) than in the near-by Lake
Waikare (5.3 x 104 phytoplankton cells), North Island, New Zealand. In the Taieri Estuary, the
phytoplankton biomass and amount of total suspended solids was almost consistently higher in the
upper estuary than in the lower estuary during the sampling period (except August and October
2008). Phytoplankton biomass and total suspended solids, but also temperature (during breeding
season in spring/summer) and salinity (winter) seem to play key roles in the distribution of G.
australis. The unexpected upstream migration of G. australis into the colder water to the upper
estuary in winter might have been due to higher food availability in the upper estuary. However, it
may also have been an attempt to reduce the oxygen consumption. Marshall et al. (2003) found
increasing oxygen consumption with body length and temperature, therefore the oxygen
consumption of the two large mysid species (G. australis and T. chiltoni) would be higher in the
warmer ocean water than in the colder upper estuary.

The distribution of Gastrosaccus australis in the Taieri Estuary was also possibly influenced by the
presence of turbulence, which may have increased the prey-encounter rates for foraging (Costello et
al. 1990, Kiørboe and Saiz 1995, Jumars et al. 2009), reduced their sinking rates and therefore
conserving energy (Takahashi and Kawaguchi 1995, Ritz et al. 2001, Catton et al. 2011) and provided
orientation aids for the positioning within the estuary. In the bottom reach of the Taieri Estuary, the
flow conditions changed from turbulent (within the gorge) to more or less laminar (close to the
estuary mouth) due to the straight shape, while simultaneously the abundance of G. australis
increased in the shallow water close to the estuary mouth in parallel with decreasing abundance in
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the deeper waters. Studies on the position maintenance behaviour of Neomysis integer (Hough and
Naylor 1992b, Roast et al. 1998b, Lawrie et al. 1999) and Gastrosaccus brevifissura (Schlacher and
Wooldridge 1994) described aggregation in low flow areas (lee of rocks or close to the bottom)
during ebb-tides, endogenous swimming rhythms, flood tide transport upstream as measure to avoid
seaward displacement (Hough and Naylor 1992b, Schlacher and Wooldridge 1994, Roast et al. 1998b,
Lawrie et al. 1999). Indeed, hyperbenthic species such as N. integer not only avoid displacement by
staying close to the bottom or in wake of rocks, but also possibly benefit from the increased
turbulence and consequently from the increased prey-encounter rates in these areas (bottom
boundary layer, wake of rocks) as benthopelagic species do in their pelagic habitats at night.

5.4. Breeding
Although their life styles (hyperbenthic, benthopelagic) differed considerably, Tenagomysis chiltoni,
Tenagomysis macropsis, and Gastrosaccus australis displayed similar breeding periods (December to
February) and bivoltine life cycles in the Taieri Estuary, with breeding peaks in December and
February. Only the smallest species, Tenagomysis novae-zealandiae, exhibited a multivoltine life
cycle with breeding peaks in October, December and February. The duration of breeding periods of
all four mysid species was shorter and the breeding peaks were similar, but delayed in comparison to
previous studies (Greenwood et al. 1985, Jones et al. 1989, Lill et al. 2010). Lill et al. (2010) reported
longer breeding periods for T. chiltoni (October to March, with 2 breeding peaks) and T. novaezealandiae (August to April, with 3 breeding peaks) in a near-by intermittently closed estuary. The
number of breeding peaks and the duration of the breeding period tends to increase with declining
latitude (Mauchline 1980, Mees and Hamerlynck 1992, Lill 2006). In a coastal lake in Canterbury,
South Island, New Zealand, T. chiltoni bred three times a year (Waite 1981), whereas in coastal lakes
in the North Island, New Zealand, 3 – 4 generations/year and continuous breeding throughout the
year, respectively, were observed (Kirk 1983, Thomas 1991, Brijs et al. 2009). These findings are
consistent with Mauchline (1980) and Mees et al. (1994) predictions that mysids at lower latitude (<
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40°) breed more often (3 generations/year) or continuously than the same species or conspecifics at
higher latitude (>40°; 2 generations/year).

The differences in breeding period and breeding peaks could be associated with differences in water
temperature across latitudes (Mauchline 1980, Delgado et al. 1997, Baldó et al. 2001, Lill 2006).
Indeed, Cuzin-Roudy and Buchholz (1999), Winkler and Greve (2002), and Fockedey et al. (2005)
reported that mysids grow and mature faster, in other word at a smaller size, with increasing
temperatures due to shorter intermoult periods. However, high water temperatures beyond the
optimum during breeding can adversely affect the survival of newly hatched juveniles (Fockedey et
al. 2006). Furthermore, Fockedey et al. (2005) noted markedly lower survival of Neomysis integer
over the entire lifespan at temperatures over 20°C. Therefore pauses in breeding during
unfavourable conditions (high temperature or high salinity; Waite 1981, Greenwood et al. 1985,
Fenton 1992) would ensure the survival of the mysid species in estuaries and coastal lakes until
conditions improved. For example, Fockedey et al. (2005) reported survival and growth of Neomysis
integer across a wide range of temperatures (8-25°C) and salinities (5-30), but sexual maturation only
in the range of 15-25°C and 5-15.

5.5. Consequences of climate change and anthropogenic activities
The strong association between temperature, salinity, chlorophyll a, total suspend solid
concentration, and distribution, life cycle, growth and maturation time has implications for the future
use and management of estuaries. Changes in riverine discharge by water abstraction, damming for
hydropower plants, or extreme weather events, will impact distribution, densities and population
dynamics of the resident mysid species in estuaries due to shifts of the brackish water zones
(especially the maximum turbidity zone) and flushing events (Fernández-Delgado et al. 2007, Condie
et al. 2012, Israel et al. 2012, James et al. 2013). Flood events cause a downstream shift of the
brackish water zone into the lower estuary (as seen in August 2008) and displace many invertebrate
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species, including mysids, seaward and consequently reduce the abundance of these species until the
next breeding season (Gastrosaccus australis in chapter 3).

Low riverine discharge due to water abstraction or drought conditions result in upstream shifts of
brackish water and subsequently also of the mysid species in the Taieri Estuary, with potentially
severe consequences for Tenagomysis chiltoni. This mysid species may lose part, or in the worst case
all, suitable habitats in the estuary and Lake Waihola/Waipori wetland-complex. Low riverine
discharge in summer is often accompanied by an increase in water temperature, adversely affecting
another mysid species in the Taieri Estuary, Tenagomysis macropsis. Water temperatures above 20°C
may impair its breeding success and therefore reduce its abundance in the Taieri Estuary, with severe
consequences for the estuarine food web (see below). Higher water temperatures in summer may
also change the life-stage specific distribution of at least the benthopelagic species in an estuary.
During drought conditions in late summer 1999 (mean discharge: 8.8 m3/sec), Sutherland (1999)
reported smaller sized individuals close to the estuary mouth, while in my study (mean discharge:
24.9m3/sec, 2009) the smaller sized individuals were caught in the upper estuary within the same
time frame. Similarly, a shift in body size of copepods towards smaller-sized individuals due to higher
water temperature was observed by Rice et al. (2014) in coastal waters off Long Island, USA. Rice et
al. (2014) concluded that the reduced body size of copepods would reduce the efficiency of trophic
transfer from primary producer to secondary consumer, adversely affecting food web connectivity in
estuaries.

Changes in riverine discharge (water abstraction, water pulses, droughts or floods) also influenced
nutrient concentration and the potential food sources such as phytoplankton biomass (measured as
chlorophyll a concentration) and the amount of total suspended solids in the water column in an
estuary (Lane et al. 2007). Elevated as well as low riverine discharge could result in decreased
chlorophyll a due to reduced residence time and/or lack of nutrients, respectively, or increasing the
amount of total suspended solids due to high fine sediment loads and accumulation, respectively
(Modéran et al. 2011, Sutula 2011, Chaalali et al. 2013). In South African intermittently closed
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estuaries, freshwater inflow was found to stimulate phytoplankton production by addition of
nutrients to the estuarine system, which was followed by an increase in copepod and mysid densities
(Scharler and Baird 2003). However, parallel to phytoplankton production, the oxygen demands of
the microbial decomposition of the algal blooms and deposited organic material increased,
eventually resulting in hypoxic conditions (Devlin et al. 2007, Champalbert et al. 2014). According to
Larkin et al. (2007) and Froehlich et al. (2014), hypoxia avoidance could cause distributional shifts of
species altering predation risk (in case of vertical migration) or impacting growth (when moving into
areas of sub-optimal growth conditions). The most affected areas would possibly be the areas of
highest phytoplankton biomass, typically the upper and middle reaches of an estuary (Scharler and
Baird 2003), which represents the nursery area of three of the four co-existing mysid species in the
Taieri Estuary.

Loss of some food web components, such as mysid species (in the Taieri Estuary possibly
Tenagomysis chiltoni and Tenagomysis macropsis), or changes in abundance and species composition
could have severe and unpredictable consequences for estuarine food webs (Schallenberg et al.
2003, Lill 2006, Fernández-Delgado et al. 2007). Changes in food webs may result in decreased food
availability and therefore impact the nursery function of estuaries (Roessig et al. 2004, FernándezDelgado et al. 2007, Gillanders et al. 2011). Additionally, altered hydrodynamics, habitat loss (due to
sea level rise) and higher water temperature (due to climate change) would alter the habitat
conditions in estuaries, adversely affecting species composition and eventually suitability of estuaries
as nursery areas for different fish species (Madeira et al. 2012, James et al. 2013). Indeed, James et
al. (2013) predicted as consequence of the global warming waters a change in species composition of
fish species from temperate-warm species to subtropical species in their estuaries. Additionally,
Madeira et al. (2012) reported that demersal fish with preferences for low temperatures are more
threatened and likely to diminish than intertidal species as consequence of global warming. Likewise
in the Taieri Estuary, the mysid species T. chiltoni and T. macropsis appear more threatened by
anthropogenic activities and climate change than Gastrosaccus australis and Tenagomysis novae-
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zealandiae, of which the latter may even benefit from slightly warmer, more saline conditions in the
lower estuary.

5.6. Future research
This thesis contributed to the growing knowledge how life history and distribution of co-existing
estuarine mysid species are influenced by environmental factors, especially by temperature, salinity,
and turbulence. Turbulence seems to be essential for orientation and potentially retention within
estuaries, but up to now, turbulence has been described as stimulus for entering the tidal current for
transport (selective tidal stream transport; Welch and Forward 2001, Forward et al. 2003). The role
of turbulence as orientation aid needs to be investigated further, especially the interaction with
endogenous swimming rhythm and position in the estuary. Crustaceans have been observed to
utilise different tidal current (ebb/flood tide) to return to favourable habitats depending on their
position in the estuary or coastal waters and season (Hough and Naylor 1992a, Schlacher and
Wooldridge 1994, Akiyama 1997, Tankersley et al. 2002, Forward et al. 2003, Naylor 2006, Hufnagl et
al. 2014), and New Zealand mysids may be using similar mechanisms to maintain position in the
dynamic estuarine environment.

Furthermore, the role of visual and tactile orientation aids such as hard surfaces, barriers, and light in
general should be investigated. Mysids were found to avoid bright light (negative phototaxis), but be
attracted by low levels of light (Mauchline 1980, Tankersley et al. 1995, Gal et al. 1999, Viherluoto
2001, Abello et al. 2005, Boscarino et al. 2009). Observations in holding tanks suggested that mysids
react to sudden changes in light condition at night (from dark to light) by aggregating on the bottom.
The question is, do gradually increasing light conditions, such as road lights on bridges, ports or even
entire cities at the estuary mouth, have the same effect on mysids in situ, altering their activity and
patterns of migration along estuarine corridors?
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Further research is also needed on the previously undescribed life-stage specific spatial segregation
of Tenagomysis chiltoni and Tenagomysis novae-zealandiae (see Chapter 2), temperature thresholds
of breeding of mysids (see Chapter 3), and the lateral distribution of mysids. Up to now, no study (to
my knowledge) has simultaneously used sweep and drift nets to investigate the lateral distribution,
whereas longitudinal distributions of different mysid species have well been studied in estuaries
(Hodge 1963, Mauchline 1980, Vilas et al. 2009, Rappé et al. 2011) and coastal waters (Fenton 1992,
Takahashi and Kawaguchi 1995). The question as to whether mysids move with the tide to remain
within isohaline conditions needs to be further investigated. Results of Schlacher and Wooldridge
(1994) and Sutherland and Closs (2001) suggested such tidal movements of benthopelagic species
(e.g. Gastrosaccus brevifissura, Tenagomysis macropsis) may be occurring. The role of dispersal of
mysids along the coast has also not been investigated. Lill (2006) assumed that the mysid populations
of especially benthopelagic species, in intermittently closed estuaries recruit during their opening
phase from the population of these species in permanently open estuaries.

5.7. Conclusion
The thesis contributes to an understanding of the distribution and life history of four co-existing
species, Tenagomysis chiltoni, Tenagomysis novae-zealandiae, Tenagomysis macropsis and
Gastrosaccus australis, in a large open estuary. The life cycle and breeding dynamics of these mysids
were similar to those described in the literature for temperate estuarine mysid species, although the
breeding period was noticeably shorter than in estuaries of lower latitudes in New Zealand and
elsewhere. Their spatial distribution within the Taieri Estuary reflects the complex linkage between
favourable temperature and salinity conditions, reproduction, and resource partitioning. Up to now,
lateral segregation between hyperbenthic and benthopelagic species has not been described nor the
influences of turbulence and visual obstacles on the swimming behaviour of mysids. Gastrosaccus
australis actively tracked turbulences and used obstacles and hard surfaces as cue for orientation. In
an absence of mid-water turbulence, the mysids move to reduced flow areas, probably in order to
avoid downstream displacement. To understand the complexity of the orientation mechanisms used
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by mysids in a large water body, further research is needed. Until now, turbulence was seen only as a
stimulus inducing and sustaining swimming in the context of selective tidal stream transport, but it
has not been considered as a component in mysid orientation. Future studies should focus on the
combined effects of exogenous cues (such as salinity, temperature, current velocity, turbulence) and
endogenous rhythms on swimming, swarming and orientation behaviour of mysids.
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