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ABSTRACT

Context. Globally, intermittently closed and open lakes and lagoons (ICOLLs) can constitute highly
productive coastal environments that support a range of fisheries. With growing pressures on fish
communities, understanding the role of ICOLL management in population dynamics is increasingly
important for conservation. Aims. To determine whether the flood-driven management and
environmental degradation of New Zealand’s largest coastal lake, Te Waihora—Lake Ellesmere, has
created a conflict with the life history of diadromous Thanga, Galaxias maculatus Jenyns, potentially
limiting persistence of this species. Methods. The timing of post-larval migration of Tnanga was
assessed over 2 years (2021 and 2022) and compared with historic patterns of managed lake
openings. Immigrating Thanga individuals were tagged to assess subsequent development, before
potential reproductive output was quantified using artificial spawning substrates. Key results. Peak
migration periods were mismatched with the timing of most lake openings. After quickly transiting
into tributaries, Thanga seemingly died within a few months. No spawning was detected.
Conclusions and implications. The mismatch between lake opening management and the annual
life history of Tnanga prevents the reliable supply of post-larvae needed to sustain a persistent
population, with severe environmental degradation being likely to restrict subsequent survival
through summer conditions. This study has highlighted the need for management interventions
to be tuned to the life histories of at-risk species.

Keywords: diadromy, Galaxiidae, ICOLLs, life history, managed openings, match—mismatch
hypothesis, New Zealand, population persistence.

Introduction

Globally, coastal lakes and lagoons are biodiversity hotspots because of their shallow
morphology, elevated productivity, and position as a conduit between freshwater and
marine ecosystems (Basset et al. 2007; Kruk et al. 2009; Drake et al. 2011; Pérez-Ruzafa
et al. 2011). Their high biodiversity is typically supported by high diversity of habitats
created by the natural fluxes of these systems, with cyclical changes owing to the mixing
of coastal and land-derived processes leading to dynamic local conditions (Laugier et al.
1999; Chacén Abarca et al. 2021). However, this combination also makes coastal lakes
and lagoons susceptible to changes from land-based and marine-derived impacts, which
affect the functioning of these dynamic systems and potentially make management
problematic (Erostate et al. 2022). Therefore, effective management of these ecologically
valuable but vulnerable habitats is important for maintaining their role in supporting local
biodiversity.

When the seaward connections of coastal lakes and lagoons are ephemeral, creating
intermittently closed and open lakes and lagoons (ICOLLs), managed openings are often
used to curtail flooding risks to surrounding land and nearby infrastructure. However,
the timing and duration of such openings can have profound impacts on the ICOLL and
their biodiversity (e.g. Morris and Turner 2010; Schallenberg et al. 2010; Davies-Vollum
et al. 2019). For example, diadromous fishes require unimpeded access between marine
and freshwater environments to complete their life cycle, and migration barriers limit
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their persistence in blocked freshwater environments (Rolls
2011). Therefore, an understanding of the match or mismatch
between the timing of openings and peak migration periods is
anecessary baseline when determining the ecological value of
dynamic coastal lake environments for migratory fishes.

Diadromy is not obligatory for all diadromous fishes, with
many exhibiting facultative diadromy (e.g. Waters and Wallis
2001; Arai et al. 2006; Heim-Ballew et al. 2020) or displaying
some flexibility in the timing of key migrations (e.g. Tibblin
et al. 2016). This flexibility could allow individuals or
populations to respond to local environmental conditions,
thereby capitalising on those conditions to maximise beneficial
outcomes or minimise energetic costs (Delgado and Ruzzante
2020). Thus, when forced to migrate in suboptimal condition
because of ill-timed opening of intermittent migration
pathways, diadromous fishes may potentially extend transition
periods between marine and freshwater habitats to maximise
the benefits of resource-rich coastal lake environments
(Shrimpton 2012). More specifically, the elevated productivity
levels of coastal lakes may provide opportunities for under-
developed juvenile fishes to spend extended periods within
these environments to fuel further development (Sorensen
and Hobson 2005). This would be evident through juveniles
spending prolonged periods within the brackish environment
before entering a tributary, or repeatedly moving between the
brackish environment and tributaries to use resources across
both habitats (e.g. Murase and Iguchi 2019). Understanding
use of coastal lakes and lagoons by immigrating fishes for
further development is, therefore, important in the context
of migratory fishes responding to managed intermittent
migration pathways.

Inanga (Galaxias maculatus Jenyns) is an amphidromous
fish species, widely distributed across the southern hemisphere
(McDowall 2010), that can form non-diadromous populations
because of a flexible life history. There are several examples of
persistent non-diadromous inanga populations in Australia,
Chile, Argentina and New Zealand (Pollard 1971; Macchi
et al. 1999; Ling et al. 2001; Barriga et al. 2007; Rojo et al.
2020). These populations have forgone oceanic migration
and instead rely on larval development within lakes.
Consequently, owing to its underlying flexibility with migration
timing and overall life history, inanga is a model organism to
assess whether contemporary management of an ICOLL
conforms to the needs of the resident migratory fishes.

Inanga has an annual life history, so successful spawning
must occur every year for a population to replenish (Stevens
et al. 2016), although replenishment may be supported or
subsidised by other catchments if post-larvae are able to enter
from the sea (i.e. persist as a sink population). Spawning
generally occurs in brackish, tidally influenced lower reaches
of coastal waterways among vegetation inundated during
spring tide events (Hickford and Schiel 2013; Stevens et al.
2016). Tide-dependent spawning can become problematic in
ICOLLs because fluctuating water levels may not reflect the
tidal cycle, instead being driven by interactions between

river flows and the duration since the last opening of the
lake to the sea (Haines et al. 2006; Hinwood and McLean
2015). In extensive shallow waterbodies, large fluxes in water
displacement and associated localised changes in water depth
can occur during and after strong winds, potentially providing
fluctuating water levels that are needed for spawning. Inanga
spawning can also be triggered by changes in local water
levels as a result of rainfall-induced flooding (Pollard 1972;
Chapman et al. 2006; Orchard and Schiel 2022). Therefore, to
avoid inadvertently creating sink populations, conservation
management of migratory fishes in ICOLLs requires a clear
understanding of the capacity for self-sustainment through
local, as opposed to externally sourced, recruitment.

New Zealand’s largest coastal lake, Te Waihora-Lake
Ellesmere, is near New Zealand’s second-largest city,
Christchurch, but is situated in a predominantly agricultural
catchment. Although historically dominated by native
diadromous fishes, including 1nanga (see Glova and Sagar
2000; Jellyman and Smith 2008), this lake has undergone
significant change since the late 1960s (Gerbeaux and Ward
1991; Schallenberg et al. 2010), most notably severe
eutrophication, the loss of the once-dominant macrophyte
beds, and a shift to a consistently turbid condition (Gerbeaux
and Ward 1991). The impact of sediment inputs is exacerbated
by the shallowness of the lake (no more than 2.2 m), with
continual resuspension of lakebed sediments during strong
winds (Gerbeaux 1993; Hamilton and Mitchell 1996).
Phytoplankton productivity in Te Waihora is high owing to
nutrient inputs from surrounding land, but turbidity and
reduced light levels limit seasonal blooms (Gerbeaux and
Ward 1991; Mackenzie 2016). Water quality of this lake is
slow to respond (i.e. improve) when the lake is opened to the
sea (Schallenberg et al. 2010). As for many coastal ICOLLs,
therefore, the contemporary environmental conditions of Te
Waihora and the associated management interventions (e.g.
the managed opening regime) may have led to changes in its
capacity to support its former biodiversity and abundances
of species.

For this study, we used Te Waihora as the focal coastal
ecosystem to assess the following three key aspects of inanga
life history: (1) the alignment (match-mismatch) of historic
lake openings with peak periods of inward migration of
post-larval 1nanga, (2) the use of lake habitat by migrating
post-larval inanga before entering tributaries, and (3) the
location of inanga spawning sites within an ICOLL and its
tributaries. Specifically, for (1), we adapted the match-
mismatch hypothesis proposed by Cushing (1986), which
compares the timings of plankton production and hatching
of larval fish to infer recruitment success, to determine
whether misalignment between timings of lake openings
and migrations of post-larval inanga were responsible for
inanga abundance in Te Waihora and its tributaries. For
(2), we hypothesised that inanga could prolong migration
through the lake to capitalise on its high productivity, to
support initial growth and development before entering the
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tributaries. For (3), we hypothesised that inanga spawning
locations would be clustered around the lower reaches of
the tributaries, but potentially limited by suitable spawning
vegetation.

Materials and methods

Connections between lake openings and Thanga
life history

Data for historic lake openings, from c. 1920 to present were
provided by Environment Canterbury. Data for openings prior
to 1950 were excluded because of incomplete or inconsistent
data entries. A theorised distribution was created for the
phenology of Inanga migration in Canterbury by using previous
galaxiid migration work in New Zealand (McDowall 1968;
McDowall 1995), and calibrated using abundance data collected
by surveying each opening event between June 2021 and
October 2022.

For each opening event, nine double-winged fyke nets (3m
long x 0.5 m deep, with 3-m wings and 1-mm mesh) were
positioned along the western shore near the outlet channel to
sample migrating post-larval inanga (Fig. 1a, b). To minimise
the effects of any difference in tidal surges, sampling occurred
when lake height dropped below 0.9 m above sea level (using
the 1937 Lyttelton vertical datum); above this level, high tides
were observed to slow the flow of water through the lake
opening. Sampling also occurred in daylight hours and for
at least 3 h on the incoming tide, when the magnitude of
inanga migrations is typically greatest (see McDowall and
Eldon 1980). For each opening event, sampling was completed
over 3 calm days to minimise weather-related impacts on post-
larvae catch rates (e.g. differences in tidal surges through
the opening owing to strong winds). If the catch of inanga post-
larvae was inconsistent across the 3 days (i.e. daily catch was
either excessively high or low), sampling was repeated until an
apparent baseline for inanga abundance during each opening
could be identified. For each successful sampling day, the
individual catches of all nine nets were combined into a
cumulative catch to remove the large variability and inherent
interdependence of capture rates among the nine nets on the
basis of their positions in relation to the lake opening (Fig. 1b).

Lake opening data were grouped into weekly bins, where
an opening event was deemed to have included a week if it
was open for at least 1 day of that week (e.g. a week was
still included if the opening closed on Day 2). A histogram
was used to visualise any potential bias in the timing of lake-
opening events. The lake-opening histogram was compared
with a theorised distribution for the phenology of post-
larval 1nanga migration to identify any potential mismatch
between the distributions. Using the ‘me4’ R package
(ver. 1.1-33, see https://CRAN.R-project.org/package=Ime4;
Bates et al. 2015), a generalised linear mixed-effects model
with a Poisson distribution was used to compare differences

in relative Inanga abundance among lake openings, and a
linear mixed-effects model was used to identify changes in
bodyweight, as a proxy for body condition, with inanga size
and lake-opening timing. ‘Year’ was included as the random
effect to account for any potential annual variation.

To assess impacts of opening duration and timing on
population size, records for historic inanga abundance in
and around Te Waihora were collated from the New Zealand
Freshwater Fish Database (National Institute of Water and
Atmospheric Research 2022), with the focus on fish caught
between November and May, inclusive, using passive
sampling methods. These months were selected to cover the
entirety of time between expected migration into freshwater
(pre-November) and senescence following spawning (which
is likely to occur between March and May) for typical
inanga populations. A generalised linear model with a
quasi-Poisson distribution (to account for overdispersion)
was used to compare the mean number of inanga caught
per site in these historic lake surveys against the proportion
of time the lake was opened during the preceding peak
migration period (1 September to 31 October) for each year.

Use of Te Waihora by migrating post-larvae

In September 2021, following the detection of large shoals of
inanga post-larvae entering Te Waihora through the lake
opening, all tributaries were surveyed for Inanga twice
weekly with double-winged (see above) and larger single-
winged fyke nets (5 m long x 0.7 m deep, with 5-m wing and
4-mm mesh). To prevent larger fishes, such as eels, from
entering the fyke nets and causing intra-net predation, a
20-mm-mesh exclusion grid was fitted across the entrance of
the nets. As much as practical, the wing of each fyke net was
positioned to intercept all water flow within a tributary, with
the cod-end in deeper or shaded sections of the tributary to
minimise potential mortality from excessive temperature on
warmer days. Fyke nets were left in situ for 24 h, with all
captured Inanga being released after measurements were
taken. The two tributaries where the largest shoals of inanga
post-larvae were caught (i.e. LII River and Kaituna River;
Fig. 1a) were resurveyed longitudinally at least monthly
until March, with five sites along the LII River and 10 sites
along the Kaituna River. Lengths and weights of 50 inanga
individuals from each tributary were recorded in each sampling
round. Captured 1nanga individuals were anaesthetised with
Aqui-S (at 20 mg of Aqui-S per litre of water), and total length
and weight were recorded to the nearest 1 mm and 0.1 g. Fish
were then placed into a container of stream water to recover
and released once equilibrium was maintained. For sampling
rounds with successful inanga catches, potential differences in
fish condition were analysed with a mixed-effects model, with
tributary included as a random factor. However, because of
the large variation in catch sizes, all abundances were
fourth-root-transformed and compared among dates with a
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Fig. 1. (a) Map of Te Waihora—Lake Ellesmere, showing the position of the lake outlet during artificial
openings, the post-larvae sampling area (blue mark near lake outlet) and the placement sites for straw
bales (red markers). (b) Area near lake outlet (striped area), showing the positioning of the nine nets
used to survey influxes of post-larval Thanga. (c¢) Map of nearby Banks Peninsula to highlight the relative
proximity of the two spawning comparison sites (Peraki Bay Stream and Barrys Bay Stream). Inset
shows the location of Te Waihora within New Zealand.

one-way ANOVA (‘stream’ was removed because it was not a
significant predictor).

To assess how quickly immigrating post-larvae moved
from the lake outlet into the tributaries, a tag and recapture
program was initiated in August 2022. Over 2 days, all
post-larval 1nanga caught at the lake outlet were tagged
(stained) by placing them into solutions of either neutral red
(Day 1) or bismarck brown (Day 2). By using methods adapted
from Allibone (2012), the stains were mixed on site by using
pre-weighed portions to achieve 0.15 g L™! of bismarck brown
or 0.05 g L ! of neutral red; both stain solutions were buffered

with sodium bicarbonate (1 g L7!). Post-larvae were
immersed for 10 min in a stain solution and then released
at the place of capture, with a subset of 20 from each day
being returned to the laboratory to assess stain longevity
and mortality. A control group of 20 unstained individuals
was also retained to eliminate potential lethal and sublethal
effects that arose from capture and retention in the laboratory
(i.e. were not a result of staining). All retained post-larvae
were kept in 20-L buckets of aerated lake water. The buckets
were housed in a chilled laboratory room (~14°C air
temperature) and post-larvae were fed approximately every
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12 h with TetraMin Tropical Flakes. Prior to feeding, any
deceased individuals were removed, measured, weighed,
and tallied. After 96 h, when all traces of the stains were
gone (Supplementary Fig. S1), all surviving post-larvae
were euthanised in a solution of Aqui-S (at 200 mg of Aqui-S
per litre of water). Total length and weight were measured to
the nearest 0.01 mm and 0.01 g, and ANCOVA was used to
compare the length-weight relationships of post-larvae
between the two stains and the control group.

On the basis of the approximate rates at which post-larval
inanga entered major tributaries following the lake opening
on 21 September 2021, the transit time of stained post-
larval inanga within Te Waihora was estimated by sampling
the four nearest tributaries (i.e. Waikékewai Creek, Harts
Creek, Drain Road Stream and Boggy Creek; Fig. 1a) for
3 days following staining. Again, double-winged (1-mm
mesh) and single-winged (4-mm mesh) fyke nets were used
to effectively cover all potential passages of fish travelling
upstream, with the nets left in situ over 4 days but checked
every 24 h. Captured post-larval inanga individuals were
placed into a white container to identify stained individuals.
Stained post-larvae, and up to 30 unstained individuals, were
measured and weighed to assess potential sublethal effects of
staining under field conditions. ANCOVA was used to compare
the length-weight relationships of post-larvae between stained
and unstained groups from these four tributaries.

All sampling procedures were approved by the University
of Canterbury Animal Ethics Committee (permit number
2021/19R), with the collection of post-larval inanga for research
purposes permitted by the Department of Conservation.

Assessment of Tnanga spawning in Te Waihora

Waikeékéwai Creek contained the only confirmed historic
inanga spawning site in the tributaries of Te Waihora,
although spawning has not been confirmed there since the
removal of critical riparian spawning habitat in May 1990
(see Taylor et al. 1992). We specifically targeted this site on
Waikeékewai Creek alongside equivalent sites (i.e. less than
4 km from the lake) on the other seven tributaries.

To identify any movements or aggregations of inanga
potentially linked to spawning, the lowest section of all
tributaries of Te Waihora were surveyed monthly using
single-winged fyke nets set along the river margins in 2021
and 2022. This was undertaken from August until March,
when survey frequency then increased to fortnightly to
maximise the likelihood of detecting a inanga spawning
aggregation. For all surveys, there was an intention to survey
more intensively along any tributaries where potential
spawning-driven Inanga aggregations were detected.

By March 2021, no spawning aggregations had been
detected, with only seven inanga individuals being caught
(between January and March) across three tributaries.
Subsequently, the artificial spawning habitats developed by
Hickford and Schiel (2013) to attract egg deposition were

adopted, with two sets of three straw bales being deployed at
each identified site. The bales were positioned side-by-side
and secured by two steel fence posts connected by fencing
wire, with the front face of the bales positioned ~20 cm
into the water to allow for spawning that is not necessarily
associated with increases in water level (Supplementary
Fig. S2). Twelve sets of artificial spawning habitats were
situated along tributaries (two sets at one site on each of six
tributaries), where local water levels were affected by any
change in overall lake levels (Fig. 1a). Two additional sets
of artificial spawning habitats were positioned along the
western shores of the lake itself, near Harts Creek, in the
area of high mnanga densities identified by Glova and Sagar
(2000). All artificial spawning habitats were checked fortnightly
alongside ongoing fish surveys to detect potential spawning
aggregations, providing an alternative way to detect the pres-
ence of Inanga if eggs were deposited between fishing surveys.

In 2022, two potential spawning aggregations of adult
inanga were caught in early March in Boggy Creek and
Waikéekéwai Creek (12 and 8 fish respectively; Fig. 1a). No
other inanga individuals were caught in the other six
tributaries. Eight sets of artificial spawning habitats were
deployed along these two tributaries and checked fortnightly
during fish surveys. Note that the fortnightly fish surveys were
also completed in the other four tributaries where artificial
spawning habitats were not deployed. As comparison sites,
two streams on Banks Peninsula (Peraki Bay Stream and
Barrys Bay Stream; Fig. 1c) were selected on the basis of
their similar agriculture-dominated catchments, with eight
sets of artificial spawning habitats being placed along each.
Again, the presence of eggs would indicate that inanga was
present within the tributary, but potentially missed by
fortnightly surveys. All data analyses were run in R (ver.
4.3.1, R Foundation for Statistical Computing, Vienna,
Austria, see https://www.r-project.org/), using the R-Studio
interface (ver. 2023.6.0.421, Posit Software, PBC, Boston,
MA, USA, see https://posit.co/products/open-source/rstudio/).

Results

Connections between lake openings and ihanga
life history

The phenology of inanga post-larval migrations into Te
Waihora matched those identified by McDowall (1968), with
a peak in inward migration during September and October.
Greater catches of post-larval inanga occurred during
September openings (~450 post-larvae per 3 h; Fig. 2a) than
in June (40 post-larvae), July (60 post-larvae) and August
(240 post-larvae; 4> = 1706.2, df. = 3, P < 0.001).
Furthermore, the September 2022 opening also yielded the
largest catch across both years, with almost 15000 inanga
post-larvae caught over 3 h on 29 September 2022. The size
of this migration event was ~33 times larger than numbers
caught on days either side during this same opening event.
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Fig. 2. Temporal variability in (a) the mean (+s.e.) number (per 3-h sampling) of Tnanga post-
larvae entering Te Waihora during the incoming tide and (b) how this typically has not aligned with
historic lake openings (1950-2022). Sampling was undertaken across 3 days during any opening
events in 2021 (closed circles) and 2022 (open circles). In (b), lake openings (bars) are presented
as proportions of total years. A line of best fit was created by fitting a normal distribution in
migration magnitude that matched the relative abundance of Thanga post-larvae. This line assumes
that migration rates peak in late September but are high throughout September and October, as
supported by McDowall (1968, 1995). Note that the assumed decline in migration rates (dashed
line) was unable to be validated with empirical data but was formed by inversing the observed
increase from July to September. This line is presented in both panels, with catch values from
(a) converted to likelihood values in (b) by using the upper standard error value for September

2022 as the 100% baseline.

However, lake openings have historically been more common
in July and August (Fig. 2b) to reduce lake levels following
flood events. The lake was open during these months 40-50%
of previous years compared with 20-30% for September—
October.

Post-larvae entering the lake during the June opening were
significantly shorter than those caught in later months
(F3,558.5 = 106.2, P < 0.001). For body condition, there was
a significant interaction between body length and the
timing of the opening, with the largest post-larvae caught in
September being in best condition overall (F3s5284 = 6.7,
P < 0.001; Fig. 3). It is likely that this change in post-larvae
condition underpinned the historic connections between
population size of adult inanga and the duration and timing
of a lake opening, where longer openings during the peak
migration period (September and October) correlated with

an increased Inanga abundance in tributaries over the
following months (Fy 12 = 7.9, P = 0.017; Fig. 4).

Use of Te Waihora by migrating post-larvae

Within 2 weeks of the lake opening on 21 September 2021,
inanga post-larvae were caught entering all surveyed
tributaries of Te Waihora. The time taken for post-larvae to
appear in the tributaries ranged from 3 to 14 days after the
opening (Supplementary Table S1). Abundance (F5 45 = 5.1,
P = 0.003; Fig. 5a) and overall length-dependent condition
(F3,247.47 = 27.8, P < 0.001; Fig. 5b) of inanga in LII River
and Kaituna River initially increased and then declined over
the following months, with no fish being caught after 8 December.

Stained inanga post-larvae were caught in the closest
tributary (Waikekewai Creek; Fig. 1a) within 24 h of release
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at the outlet. Stained post-larvae were found in all four
surveyed tributaries within 3 days (Supplementary Table S2).
The type of stain had no effect on the length-weight
regressions for laboratory-housed post-larvae (Fy49 = 0.9,
P = 0.40; Supplementary Fig. S3a) or field-caught post-
larvae (F5134 = 0.7, P = 0.50; Fig. S3b). However, there
was a potential difference in mortality after 96 h, with the
deceased proportion for neutral red and bismarck brown at
25 and 10% respectively, compared with zero deaths in the
control (Table S3).

Assessment of ihanga spawning in Te Waihora

In 2021, following the deployment of straw bales in the eight
road-accessible tributaries, no inanga individuals were caught
in the fortnightly surveys. No evidence of spawning was
observed in the artificial spawning habitats before the bales
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Fig. 5. (a) Mean (+s.e.) Tnanga post-larvae abundance, and (b) mixed-
effects model fits and 95% confidence interval for length—weight
relationship for Kaituna River and LIl River, following a lake opening
in September 2021. Note that first sampling (4 October) reflects the
last day for quantifying shoals of Tnanga post-larvae moving through
the lower reaches of eight tributaries (see Table SI); so, only two
sites were surveyed in each river on that day. Importantly, no Tnanga
individuals were found in either river after 8 December.

were degraded during flooding following a significant rainfall
event from 29 to 31 May 2021.

In 2022, following the deployment of artificial spawning
habitats in the four streams (two for Te Waihora tributaries
and two on Banks Peninsula), no inanga shoals were detected
in the Te Waihora tributaries, although small shoals (50-100
individuals) were seen in both Banks Peninsula streams in
early April. Despite the lack of prominent aggregations
typically associated with spawning, four gravid female inanga
individuals (95-110 mm long) were caught in Boggy Creek in
April 2022. When revisiting the site 2 weeks later, two gravid
inanga individuals were found, of size similar to that of the
individuals found in early April. However, neither individual
appeared able to swim freely, with significant fungal growths
that encased most of their gut cavity. Again, in 2022, the straw
bales were degraded beyond a useable state by flooding from
significant rainfall event between 17 and 19 July. No inanga
eggs were found in the two tributaries of Te Waihora, but eggs
were identified in both Banks Peninsula streams in mid-April.

Discussion

Coastal lakes and lagoons constitute important biodiversity
hotspots, but anthropogenic degradation and mismanagement
are likely to have diminished their capacity to support historic
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levels of biodiversity. For Te Waihora, there are many reasons
why Inanga does not or cannot form a persistent population
throughout the network of tributaries. This includes the
mismatch in openings to the sea relative to major influxes of
post-larvae, and the severe degradation of available habitat.
It was clear from the intensive sampling that when large
numbers of 1nanga enter the lake in spring, they use it only
as a transitory pathway to access the network of tributaries;
however, even then, only a few individuals remained after
3-4 months. Consequently, there was no sign of any mature
adults successfully spawning the following autumn. Because
inanga is an annual species, there is a need for recruitment
from internal (i.e. from spawning within the bounds of the
lake) or external sources of post-larval recruits (i.e. timely
lake openings to coincide with major influxes of post-larvae).
Nonetheless, this replenishment through the annual influx of
post-larval recruits also means that each year presents a new
and potentially different scenario for this lake-tributary
system where improvements to the available adult habitat
would be likely to lead to immediate responses by the local
inanga population.

The temporal trends in post-larval inanga influxes are
consistent with those reported in earlier work by McDowall
(1968, 1995), with a peak in September—October; however,
this is the first time this has been specifically quantified for Te
Waihora. When considering diadromous populations, these
post-larvae are vital for population persistence, particularly
for annual species such as Inanga, where the removal or
reduction of the post-larval influx for just 1 year could
immediately lead to a smaller resident population (Watson
et al. 2021). Nonetheless, in congruence with previous New
Zealand-wide assertions by McDowall (1995), inanga post-
larvae were still immigrating into freshwater habitats outside
of peak periods in diminished numbers and physical condi-
tion, likely reducing the likelihood of successfully reaching
maturity (see Sogard 1997). Therefore, the mismatch
between openings and peak inward migration is in direct
conflict with achieving ongoing persistence of diadromous
fishes in ICOLLs, as well as coastal habitats, in general.

However, successful immigration of post-larvae into the
coastal lake environment did not immediately lead to a
persistent population, with individuals transiting quickly
into the tributaries, largely disappearing by austral summer.
The high productivity within shallow coastal lake habitats
(see Drake et al. 2011) is likely to have supported the
initial post-migration growth of inanga. However, inanga
subsequently declined in both condition and abundance by
the onset of summer, with larger inanga individuals exhibiting
the biggest reduction in weights. Summer conditions driving
environmental changes in both riverine and shallow-lake
habitats, such as reduced water levels and increased algal
blooms (Mosley 2015), are likely to have contributed to the
eventual decline of larger inanga individuals. The loss
of these larger individuals would directly affect ongoing
population viability because of reduced reproductive output.

Importantly, this coastal lake habitat is experiencing decades
of ongoing environmental degradation, including increased
habitat homogeneity (i.e. loss of macrophyte beds), turbidity
from suspended sediment and excessive algal growth (see
Gerbeaux and Ward 1991; Gerbeaux 1993; Schallenberg
et al. 2010). This raises the question of whether any refugia
were present for developing inanga to survive the summer
dry. Therefore, the lack of individuals surviving to spawning
age highlights a key bottleneck on this population, with this
coastal lake habitat being likely to form a sink habitat in its
current state.

The lack of survival through the summer may explain the
lack of spawning detected over two consecutive summers.
Despite its typical spawning strategy linked to the tidal cycle
and no spawning being detected in this non-tidal coastal
system, Inanga can spawn in non-tidal environments. For
example, riverine populations spawn in response to fluctua-
tions in water level (Orchard and Schiel 2022), whereas for
landlocked lacustrine populations, spawning is linked to the
floodwater inundation of riparian vegetation along the
lower reaches of tributaries and lakeside margins (Pollard
1971; Chapman et al. 2006; Laurenson et al. 2012). Although
these scenarios occur within the tributaries of Te Waihora, the
deployment of artificial spawning habitats, a proven
substitute for natural vegetation (Hickford and Schiel 2013),
did not produce successful spawning. We conclude that, with
declining numbers and body condition by onset of summer,
inanga was already diminished to such an extent that the
aggregations of mature individuals needed for spawning
were unable to be attained.

Confirmed non-diadromous populations of 1nanga persist
across much of their distribution, in New Zealand and
overseas. In northern New Zealand, a small number of lakes
support populations of non-diadromous inanga, namely the
Kai Iwi and Poutu lakes (Ling et al. 2001). In Australia,
several lowland lakes support non-diadromous inanga, such
as Moates Lake, Lake Bullen Merri and Lake Corangamite
(Chapman et al. 2006; Laurenson et al. 2012). In South
America, non-diadromous inanga is found across many
freshwater habitats, from Lake Gutiérrez and the Piedra del
Aguila Reservoir in Argentina (Barriga et al. 2002, 2007) to
Laguna Negra, Colico Lake and Llanquihue Lake in Chile
(Rojo et al. 2020; Astorga et al. 2022; Ramirez-Alvarez et al.
2022). Although these lakes cover an expansive range in size
and productivity, from the deep lakes in Patagonia to
the shallow coastal lakes in northern New Zealand (e.g. the
860-km? Llanquihue Lake in Chile, compared with the
0.44-km? euthrophic Lake Kaiiwi in northern New Zealand),
none is close to the supertrophic nature of Te Waihora and the
harsh summertime conditions that may develop, which may
explain the lack of non-diadromous inanga in this lake.
Potential causes for absence of a persistent inanga population
include changes to food availability, poor habitat conditions
(e.g. low dissolved oxygen and high temperatures), and
interactions with other fishes. However, determining the
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exact cause is outside the bounds of this study and requires
further investigation.

Ongoing population persistence is further complicated by
the short-lived, high-turnover annual life history of inanga,
where any disruption or disturbance to its life cycle would
have immediate effects on population size and the likelihood
of persistence. Within New Zealand, three other migratory
galaxiids (banded kokopu, G. fasciatus Gray; giant kokopu,
G. argenteus Gmelin, and kdaro, G. brevipinnis Giinther)
form non-diadromous populations supported by lake-based
larval development and subsequent recruitment (Augspurger
etal. 2017; Hicks et al. 2017; David et al. 2019). These species
are all longer-lived, perennial species, where population
persistence is not as intrinsically linked to annual recruitment
as observed with inanga. These longer-lived species typically
require considerably smaller populations to withstand
stochastic disturbances than do their short-lived counterparts
(Vélez-Espino and Koops 2012), owing to their ability to
buffer against variability in larval survival and the resulting
recruitment success, avoiding the boom-bust cycle of short-
lived species (Goodwin et al. 2006). Thus, to ensure population
persistence when managing fish habitat with anthropogenic
motives, such as flooding control, there is a need to understand
and incorporate the underlying life histories of local fishes into
the decision-making process.

Overall, this study has highlighted two key factors, the
mismatched lake openings and environmental degradation,
leading to this dynamic ICOLL having diminished capacity
to support short-lived diadromous fish. However, arguably
the most important factor is the annual life history of inanga,
preventing the accumulation of adults over several years and
leaving any potential population vulnerable to stochastic
disturbance. However, therein also lies the opportunity for
change, with short-lived species able to recover quickly
following targeted restoration effort or general environmental
improvements (Hockendorff et al. 2017; van Treeck et al.
2020). Therefore, although it is unlikely that a persistent,
resident population of inanga will establish under current
conditions, corrective action that links anthropogenic
management of this dynamic coastal lake to the annual life
history of target species, such as aligning opening regimes
and improving survival over summer, should lead to rapid
and profound responses within the resident population.

Supplementary material

Supplementary material is available online.
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