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Abstract Clupeiformes are the most important
food fish in the world, and provide a key trophic
link in marine food chains. Here we describe broad
scale patterns of clupeiform demographic charac-
teristics of the delicate round herring sprat Spratel-
loides delicatulus on the Great Barrier Reef (GBR).
Sampling was conducted over 10° of latitude and two
seasons at multiple distances across the GBR shelf.
The oldest S. delicatulus sampled was 152 days and
the maximum standard length was 74 mm. Age and
length maxima increased with latitude conforming
with ‘counter gradient theory’ and these patterns
were consistent between years. von Bertalanffy rela-
tionships showed that growth rates were highest at
Northern GBR sites; growth coefficients ranged from
2-6 K year_l, and were lowest on southern reefs,
i.e. ‘tropical gradient of growth’. Daily survivorship
ranged from 91-97% day~! at all sites. Hatching
dates estimated from counts of daily otolith incre-
ments indicated a prolonged spawning season of at
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least 9 months. Reproductive development indicated
a size-based relationship. Males and females matured
at similar sizes ranging from 36-38 mm, but fish from
southern sites were 30—40 days older. Tropical clupei-
forms live fast and die young, and patterns of abun-
dance, composition and demography followed strong
environmental gradients which conformed to some
existing models.
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Introduction

Temperate clupeiforms such as sardines, menha-
den and herring provide some of the most abundant
and valuable fisheries in the world (Gulland 1971).
While tropical clupeiforms are not as valuable in
large-scale fisheries, they sustain important artisa-
nal fisheries along the equatorial Pacific and play
an equally important role in the oceanic food chain.
Clupeiforms worldwide provide a critical link in
food webs, maintaining the connection between the
plankton and larger nekton. ‘Bait balls’ of schooling
clupeiforms attract commercially important preda-
tory fishes, oceanic birds and fishers alike (Cappo
and Kelley 2001). It is well known that mortality
rates of early life history stages of marine fishes
are extremely high (Bailey and Houde 1989). For
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tropical clupeiforms, however, a high mortality
rate can extend throughout an individual’s life. The
available data suggests that tropical baitfish seldom
live for more than 5 months and become reproduc-
tively viable at an early stage (Milton et al. 1991,
1993).

The Great Barrier Reef spans~2000 km along the
east coast of Australia and consists of a diverse range
of habitats including thousands of individual coral
reefs that extend over 14° of latitude. Tropical fishes
of the Order Clupeiformes are common baitfishes
associated with reefs. Existing studies on the demog-
raphy of these fishes are relatively rare and cover
either small spatial scales or very broad spatial scales
that do not consider environmental variation at spa-
tial scales of less than tens to thousands of kilometres
(Milton et al. 1991; Hatakeyama et al. 2005; Meekan
et al. 2006; Durieux et al. 2009). Furthermore, tropi-
cal age-based demographic studies are few compared
to those in temperate regions (Green et al. 2009) and,
therefore, form a weak basis for a tropical paradigm.

Patterns of fish growth, and how they vary with
latitude, have been described and a number of casual
models have been proposed. Inverse relationships
between temperature and growth rate (i.e. ‘tropi-
cal gradient’ of growth) have been described for reef
fishes (Choat and Robertson 2002; Meekan et al.
2003; Robertson et al. 2005) and fish larvae (Houde
1989; Wilson and Meekan 2002). The opposite pat-
tern of growth rate increasing with temperature (i.e.
‘counter gradient’) has been described for other
fishes by some authors. For example, contrasting pat-
terns for two species of Sebastes were observed; one
of which showed a counter gradient in growth with
latitude and the other showed no difference in growth
with latitude (Boehlert and Kappenman 1980). Coun-
ter gradient trends in growth of Morone saxatalis
have been demonstrated experimentally (Conover
et al. 1997). Furthermore, the genetic capacity for
growth in this study was inversely related to length
of the growing season and there was a strong positive
correlation with growth and latitude of origin. Lon-
gevity may also vary with latitude. In a review, it was
concluded that life span varies with temperature in a
wide range of ectotherms, and there is also no pattern
with latitude if the effect of temperature is removed
(Munch and Salinas 2009). A thorough understanding
of these types of patterns has taken on new relevance
with changing temperature regimes brought about by
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climate change (Walther et al. 2002; Perry et al. 2005;
Munday et al. 2008).

Differences in the growth characteristics of fishes
are influenced by temperature, food availability,
predator and prey abundance (Jones 1986; Meekan
et al. 2003). Strong biological patterns and variation
in physical factors both with latitude and across the
GBR exist. Potential physical factors of influence
include freshwater input, turbidity, temperature, abun-
dance of planktonic food and upwelling (Wolanski
2001; Fabricius et al. 2005; Udy et al. 2005). These
factors can influence the demography of a species
among mesopopulations within a metapopulation.
Abundance and growth of many fishes are known to
vary across the GBR shelf (Williams 1982; Williams
and Hatcher 1983; Williams et al. 1988; Gust et al.
2001; Kingsford and Hughes 2005; Kingsford et al.
2019), but there are few data on clupeiforms.

It was hypothesized that the demographic charac-
teristics of S. delicatulus would vary across and along
the GBR. The broad objective of this study was to
compare age, growth, reproductive development and
measures of instantaneous daily mortality and survi-
vorship of the delicate round herring sprat (Spratel-
loides delicatulus) across the GBR and at multiple
latitudes (from 14 to 23.8° S).

Materials and methods
Study sites and sampling design

Samples of clupeiforms were collected over 10° of
latitude on the GBR during the summer of 2009
to 2010. Additional samples were collected at One
Tree Island in winter of 2010 and at Lizard Island
in winter of 2011. The focus of winter samples was
to determine age max at different times of the year
at the two latitudinal extremes of the study area,
so only fish>40 mm SL were aged. In summer of
2009-2010, fish were collected at four latitudinal
transects of the GBR (Fig. 1). Water temperatures
between L1 and L4 have been documented to differ
by about 2 °C in summer and 4 °C in winter (King-
sford et al. 2019). Temperatures measured at L1 to
L4 in summers of 2009 to 2010 using a CTD ranged
between 29.4 and 26.4 °C and the water columns
were well mixed (10-20 m deep). Additional sam-
ples for histological gonad analysis were collected
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from the Capricorn Bunker and Lizard Island lati-
tudes in summer of 2014-2015.

In the summer of 2009 to 2010 and within each
latitudinal transect, samples were collected near
reefs at inner, mid and outer shelf strata (except
at the Capricorn Bunker latitude where only outer
shelf sites were present). Care was taken to ensure
these traps were separated by sufficient distance
(>500 m) to maintain independence. Where pos-
sible, two sites within a cross shelf distance were
sampled, and this occurred at the mid-shelf distance
for the Lizard transect and the mid-shelf distance
of the Cairns transect; n=2 replicate traps per site
(sites see Table 1). Fish were captured using light
traps (12 V, 8 W Fluoro tube), which fished at a
depth of approximately 1.5 to 2 m, in water columns
of 10—15 m deep at each site. Collections of fish for
measurements of size and age were from traps that
fished for 3 to 4 h, depending on ease of pick up.

T
150°0'0"E

This time window of collection was consistent at all
reefs.

Samples of fish were preserved immediately upon
capture in 80% ethanol to prevent dissolution of oto-
liths. Voucher specimens were also sorted from traps
to be stored in 10% formalin for later identification.
Because it was possible that light traps would not
sample largest fish, additional fish samples were col-
lected at night from the boat for age-based analyses,
using 1000 W underwater lights and hand nets where
possible.

Validation of daily rings is notoriously difficult
for these fishes. Previous studies have validated daily
rings for a total of four individual Spratelloides gra-
cilis and 15 S. robustus over a maximum of 29 days
(Milton et al. 1991; Rogers et al. 2003). In an experi-
ment to validate daily sagittal increments, S. delicatu-
lus caught in light traps at One Tree Island Research
Station were placed in a 10-L aerated container with
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Table 1 Stl{dy sites Latitude Distance  Season code Dates sampled Site name Distance
sampled during the summer (cross from shore
of 2009 to 2010 (S), winter shelf) (km)
samples (W) were collected
in 2010 at One Tree Island L1 Lizard Inner S 14/12/2009 Low Wooded 123
and Lizard Island in 2011. Mid S 17/12/2009 Rocky Islets B 17.2
Additional samples were
collected in 2014-2015 S 16/12/2009 Lizard Island 33
(*) at L1 and L4 were w 1-8/06/2011
only used for the study on Outer S 15/12/2009 Yonge Reef 579
maturation North Direction ~ 34.5
* 10/12/2014 Hicks Reef 49.9
* 11/12/2014 Reef 14-149 30.0
* 12/12/2014 Ribbon Reef 4 50.8
L2 Cairns Inner S 3/01/2010 Fitzroy Island 6.8
Mid S 4/01/2010 Green Island 25.4
S 5/01/2010 Arlington Reef ~ 36.3
Outer S 6/01/2010 Michaelmas Reef 43.4
L3 Palms Inner S 9/02/2010 Orpheus Island 18.8
Mid S 10/02/2010 Britomart Reef ~ 51.8
Outer S 11/02/2010 Pith Reef 80.4
L4 Capricorn  Outer S 12 to 27/01/2010  One Tree 83.7
Bunker w 8-10-2010 Outside
Group * 23 & 24/01/2015 Lagoon
Lagoon
S 20/01/2010 Heron Island 78.3
S 21 & 22/01/2010 Fitzroy Reef 86.9
* 25/01/2015
* 31/01/2015 Wistari Reef 75.1

0.25 g L™! tetracycline-treated seawater for 12 h. Sur-
viving fish were then removed from the treatment
and transferred to a 1000-L holding tank containing
seawater. The fish were fed wild zooplankton caught
daily with a 100-um mesh net and were sacrificed
after either 3 or 10 days in the tank and stored in
ethanol.

Otolith processing

Sagittal otoliths were dissected from each fish and
stored in Eppendorf tubes. A sagittal otolith from
each fish was then embedded in Crystal Bond (a ther-
moplastic glue) with the primordium located close to
the edge of the slide. The otolith was ground using
3 um lapping film on a grinding wheel down to the
edge of the slide. The half otolith was then up-righted
and fixed to the centre of another glass slide, and pol-
ished down to leave a thin transverse section contain-
ing the primordium (20—40 um thick). Increments
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were counted under a compound microscope at
400 xto 1000 X with transmitted light and immersion
oil. Digital images of otoliths were taken and pro-
cessed using the Leica Application Suite (LAS), or
counts were made directly while viewing under the
microscope. The sagittae of a small number of fish
that were less than 20 mm SL were mounted and read
whole.

Counts were made from the first clear increment,
closest to the primordium, and outwards along the
longest (ventral) axis of the otolith section. Counts of
increments were made separately without knowledge
of fish length and slides were examined in random
order. Each otolith was counted twice with a mini-
mum of 48 h between each count. The quality control
criteria for age data were if sequential reads revealed
a>5% age error then a third count was conducted.
Any otoliths with continuing age discrepancy among
reads were removed from further analysis. This
method is accepted among fish biologists to give the
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best estimated of age (Cope and Punt 2007). A total
of 1095 fish from multiple sites across the GBR were
aged and included in age analyses.

Reproductive analysis

Samples of S. delicatulus were collected for histo-
logical analysis of reproductive development at two
latitudes separated by over 1000 km in the Austral
summer of 2014-2015. Within each latitude, three
outer reefs were sampled using light traps as per the
previous sampling. Once collected, individual fish
were selected at random, measured in length (SL) and
transversally cut with the posterior two-thirds pre-
served in 10% formalin to preserve the gonads. Two
hundred samples were stained with hematoxylin and
eosin using standard techniques. A minimum of 10
longitudinal sections per fish were examined under a
light microscope and the relative percentage area of
each stage of gametogenesis was used to define the
reproductive stage, according to Milton and Blaber
(1991) and Hatakeyama et al. (2005). Mature fish
were defined as stage III or greater, with stages I and
II individuals pooled as ‘immature’ and sexed where
possible. A minimum of 30 ova were required for
analysis in females while males required the presence
of at least 100 pm? of male spermatogenic tissue.
Data were based on 16 indeterminate fish, 25 imma-
ture females, 33 immature males, 63 mature males
and 62 mature females, with a total of 100 fish from
each of the Lizard (L1) and Capricorn Bunker (L4)
regions. The distribution of lengths in samples from
the Lizard and Capricorn Bunker regions was similar
with means (+SE) of 42+0.6 mm and 41+0.7 mm,
respectively. Sex ratios of differentiated individuals
within each latitude were tested for differences from
a 1:1 ratio of males to females using a two-tailed,
two sample Z-tests of proportions. A single sample
Z-test was used on individuals from both latitudes to
test overall if there was a difference in male to female
ratios. Comparisons of maturity and size were per-
formed by fitting binomial logistic models in R using
the package ‘glm’ with the following factors: standard
length, region and sex. Only individuals which were
able to be differentiated were used in this analysis and
individuals classified as mature were coded as 1 and
immature coded as O (Ruiz-Abierno et al. 2021). The
data were checked for assumptions by gq-q plots, dis-
persion and outlier tests in the package ‘DHARMa’

from 250 simulations. The data were then fitted using
a logit link function (Table S2, Eq. 1), which scored a
better goodness of fit score (AIC score) than the alter-
native probit and complimentary log—log link func-
tions when validating the model. The model used was
selected by stepwise deletion of factors from the max-
imal model (Boulcott and Wright 2008). To deter-
mine the effect a change of a single unit in a param-
eter had on the probability of a fish being mature, the
coefficients were back transformed by calculating
their exponential as an odds ratio. A quasi-R?> was
calculated as per Table S2 Eq. 2 and the size at which
an individual had a 50% chance of being mature (L)
calculated as per Table S2 Eq. 3, with the procedures
adapted from Chen and Paloheimo (1994), Boulcott
and Wright (2008) and Hoffmann et al. (2017).

Analysis of growth age was estimated from counts
of daily increments in sagittal otoliths of S. delica-
tulus. To describe the relationship between age and
length over the complete size range of fish sampled, a
constrained form of the von Bertalanffy growth curve
was fitted using the formula:

L(t) = Ly, [1 — e X010 (1

where L(t)=length of fish at age t.

L, =asymptotic length.

K= growth co-efficient.

ty=age at which L=(0), constrained to known
length of S. delicatulus at hatching (von Bertalanffy
1938).

The constrained version of this equation accounts
for fish length at time of hatching (#,) as L, =4.3 mm
(Leis and Carson-Ewart 2000). Other studies have
used a re-parameterized form of the von Berta-
lanffy equation, to ensure no extrapolation of L,
past L (max). All sites contained large fish, so it
was assumed that these samples were adequate rep-
resentations of the maximum size classes for S.
delicatulus and a standard, constrained von Berta-
lanffy equation was fitted. It should be noted that
the results from our study are comparable with the
re-parameterized von Bertalanffy values given in the
literature for other Spratelloides species from differ-
ent regions (Milton et al. 1991, 1993; Rogers et al.
2003; Meekan et al. 2006). Comparisons of K and
L., were done among latitudes using regression with
latitude as the independent variable. Residuals were
checked for all regressions to meet the assumptions
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that the residuals were randomly distributed. Length
at age data analysed using the von Bertalanffy model
were also compared with the Gompertz model.
Although the Gompertz equations often resulted in
a little less variation (Table S1), we have presented
the von Bertalanffy equations for comparisons with
other studies. Growth models were done in EXCEL
and multiple iterations were run using Solver to vary
parameters of the models with the objective of mini-
mising variances.

Calculations of mortality

The total instantaneous rate of mortality (Z) was
calculated using log.-linear regression analyses of
age-frequency data of S. delicatulus; equal recruit-
ment among years was assumed. Age classes to the
left of the age-frequency distribution maxima were
excluded from the analysis to calculate the rate of the
negative slope only. These data are deleted as they are
not independent of sampling method bias (Hilborn
and Walters 1992). The slope of the regression line
between age classes was used to estimate the instanta-
neous mortality rate (Z) following the equation:

Z=F+M )

where F=fishing mortality rate and M =natural
mortality rate (Hilborn and Walters 1992; Kingsford
and Hughes 2005). Since there is no commercial or
recreational fishery for Spratelloides on the GBR, F
equals zero and therefore Z is equivalent to M. From
the regression equations, daily mortality rates could
be calculated.

Tests for differences in instantaneous mortality
were made between distances at each latitude (n=3
distances); sites were pooled within a distance. Fur-
thermore, because mortality rates were similar within
a latitude, instantaneous mortality rates were com-
pared among all latitudes (n =4 latitudes), using indi-
vidual values of Z from within latitudes.

Daily survivorship rate (S) was calculated accord-
ing to Formula (3) as expressed as percentage sur-
vival per day (see Hilborn and Walters 1992).

S=¢"* 3

Calculations based on total instantaneous rate of
mortality (Z) assume equal recruitment for each age
cohort, but this is of course questionable (Hilborn and
Walters 1992). Our intent, therefore, was to provide
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multiple estimates of Z and S at different spatial
scales to get a broad overview of estimates of mortal-
ity and related survivorship.

Results
Age frequency and maxima

A short-term otolith marking experiment revealed that
sectioned otoliths from fish treated with tetracycline
had a fluorescent marker close to the otolith edge
(Suppl. Figure 1). Only eight fish survived the treat-
ment (89% fish mortality). There was close agree-
ment between the number of increments laid down
after the treatment and the number of days fish were
held after treatment. Fish that were sacrificed after
3 days of treatment had a mean increment number of
2.8 (n=35, range=2-3). Those otoliths removed after
10 days had a mean increment number of 9.3 days
(n=3, range=9-10). Along with two other studies, it
was concluded that increments were deposited daily
(Milton et al. 1991; Rogers et al. 2003).

The age of S. delicatulus collected in this study
ranged from 9 to 152 days; the oldest fish was col-
lected at One Tree Island in winter of 2011. The age
maximum of fish increased with latitude (Table 2)
and there was a positive relationship between age
maximum and length maximum at all sites (regres-
sion ANOVA df , ), y=2.521x - 35.627, *=0.66 s,
P=0.0004). Furthermore, the oldest 5% of S. delica-
tulus increased with latitude (Table 2). Some S. deli-
catulus from the Southern GBR lived for at least a
month longer than fish in the Northern GBR. Spra-
telloides delicatulus were consistently below 82 days
old and 50 mm at all shelf strata at Lizard Island (L1),
whereas a greater range of ages were found from
Cairns and further south (L2 to L4, Fig. 2, Table 2).
There was little evidence that age frequency varied
cross shelf (Fig. 2). The age distribution was largely
uni-modal at Lizard Island sites (i.e. L1, inner to
outer shelf), and multi-modal at other sites indicat-
ing multiple age-cohorts of recruits (e.g. Orpheus and
Britomart; Fig. 2).

Spawning took place in multiple of months of the
year. When the birthdate of fish was back-calculated,
our collections from December to February included
birthdates from September to January while fish col-
lected at Lizard Island in June 2011 had birthdates
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Table 2 Age and length (standard length mm) maxima of
S. delicatulus collected in the summer (2009-2010) at sites
across inner (I), mid (M), and outer (O) shelf distance strata.

Winter samples were collected in 2010 at One Tree Island
and from Lizard in winter 2011; these fish were only aged if
size >40 (mm) SL. Latitude L1 to L4 (North to South)

2009-2010 (S)

20102011 (W)

Latitude  Site n Size max  Age max Meanage n Size max Agemax Mean age
(SL mm)  (days) top 5% (SL mm) (days) top 5%
L1 Low Wooded (I) 94 31 47.5 42.7
Rocky Islets B (M) 102 49 71.5 67.7
Lizard Island (M) 104 43 52.5 51.6 22 54 96 774
Yonge Reef (O) 109 51 74 67
L2 Green Island (M) 106 59 125 114.8
Arlington Reef (M) 102 58 103.5 95.8
Michaelmas Reef (O) 120 50 88 75.7
L3 Orpheus Island (I) 99 74 146 138.3
Britomart Reef (M) 107 68 127.5 1154
Pith Reef (O) 43 66 116 93.8
L4 One Tree Island (O) 108 53 131 126.2 12 58 152 109.3

from March to April. Fish collected at One Tree
Island in October 2010 had birthdates in July.

Growth

There were great differences among latitudes in the
parameters K, L, and t, and the constrained von Ber-
talanffy growth curves (Fig. 3a-b, Fig. 4; Table 3).
Contrasting patterns were found for the parameters of
growth (L, K). K decreased with an increase in lati-
tude while L, increased with latitude. Accordingly,
a significant inverse relationship was found between
the growth rate (K) and L, for S. delicatulus (regres-
sion and ANOVA, df,, y=—0.0002x+0.0246,
?=0.90, P=0.000005. A comparison of age at
40-50 mm provided further evidence that the rate of
growth to Loo varied with latitude (Fig. 3c). Age at
40-50 mm SL increased with latitude as would be
expected with lower values of K. Furthermore, these
findings concurred with fish collected in two seasons.
The 40-50 mm SL size class of fish at all outer sites
was compared among latitudes, and as for data pooled
by latitude, a strong north—south pattern was detected
where age at size increased with latitude; differences
among latitude were significant (ANOVA df, 5,
F=116.5, P=0.001701; Fig. 3c). Patterns cross shelf
were minor compared to differences in K and L,
among latitudes (Table 3).

Reproductive development

Of the 200 S. delicatulus analysed, the smallest was
24 mm standard length and the largest 55 mm. Sex
differentiation was apparent in individuals as small as
24 mm with no undifferentiated individuals observed
larger than 36 mm. Immature males were detected at
up to 48 mm in the Capricorn Bunker (L4) but only
42 mm in the Lizard Region (L1). Immature females
were observed up to 39 mm at both latitudes. The
sex ratios for differentiated individuals were not sig-
nificantly different to a 1:1 ratio in either latitude
(Z Ratio Test, df=2, Z=0.567, P=0.753) nor for
differentiated individuals pooled across latitudes (Z
Ratio Test, df =1, Z=0.440, P=0.507).

Mature males and females were detected at Liz-
ard from 36-37 mm SL, while in the Capricorn Bun-
ker, mature fish were detected from 38 mm SL. The
binomial logistic regression performed found that
standard length and latitude (Lat) were both signifi-
cant factors in the maturity schedules of S. delicatulus
(Table 3S). The Ls, for samples from the Capricorn
Bunker (L4) was calculated at 40.1 mm SL, while the
Ly, estimated for the Lizard (L1) was 38.3 mm SL
(Fig. 5). Although this difference was less than 2 mm,
it was statistically significant and fishes in the size
range 38—40 mm SL would mature at 30 to 40 days
older at L4 when compared with L1 (Fig. 4).

@ Springer



468

Environ Biol Fish (2022) 105:461-476

L 1 Lizard L 2 Cairns

15+ Low Wooded
n=94

NF

Inner shelf

0 40 80 120 1

@

0

15 Rocky Islets B 8
n=102

Mid shelf
Frequency

101 Lizard Island 61
n=104

o N e =] o=
1 h 1 1 1

0 40 80 120 160

o

40 80 120

89 Yonge Reef 159
n=109

Outer shelf

0 40 80 120 160 0 40 80 120

Green Island 89
n=106

Michaelmas Reef 6
n=120

L3 Palms L 4 Capricorn

Bunker

49 Orpheus Island
n=99

NR

Britomart Reef
n=107

. NR

Arlington Reef
n=102

160

Pith Reef 6
n=43

One Tree Island
n=108

04
160 0 40 80 120 160

Age (days)

Fig. 2 Age frequency distributions of S. delicatulus collected
from sites at three distance strata and four latitudes in the sum-
mer of 2009 to 2010 (bin size 2 days), note that no fish were
caught at the inner L2 Cairns site and that inner and mid-shelf

Mortality

Spratelloides delicatulus had very high rates of
daily mortality at all latitudes and distances and
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reefs are absent in the Capricorn Bunker. NR, no reef; NF, no
fish caught note heading for L3 has not printed as it should be
- L3 Palms

sites within latitudes in the summer of 2009 to 2010
(Table 4, Fig. 6). Instantaneous mortality rate Z for S.
delicatulus ranged from 0.028 to 0.097 among sites
on the GBR and daily rates of survivorship varied
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Fig. 3 Relationship between von Bertalanffy parameters for
S. delicatulus a) K year™' (growth coefficient) pooled by lati-
tude, b) L, (mean asymptotic length mm) by latitude, and c)
the average age of fish, 40-50 mm SL, by latitude. Lizard and
Capricorn Bunker latitudes show replicate age data from sum-
mer and winter (Table 1)

from 90.8 to 97.3% (Table 4). The lowest survival
rate was 90.8% day™! at a northern site.

The highest estimates of daily mortality, based
on pooled Z, were found at the Lizard transect on
the Northern GBR (2.5% day_l) and lowest in the

Southern GBR (1.4% day™'). Pooled daily survival
(S%) by latitude was about 1% less at low latitudes
(Table 4).

Discussion

Spratelloides delicatulus are very short-lived fish
with fast population turnover rates, and conformed
to a ‘tropical gradient’ for growth (K) to L, and a
‘counter gradient’ pattern for L, and age max both of
which increased with latitude. No fish sampled in this
study survived beyond 152 days and size maximum
was similar among latitudes (51 to 74 mm SL). Mil-
ton et al. (1991) found a similar age maximum for S.
delicatulus in the Central Pacific to what we found in
the Northern GBR. In our study, age maxima was 2 to
3 months less in the warmer waters of the Northern
GBR which conforms with the counter gradient pat-
terns for age max. Repeated sampling in the winters
of 2010 and 2011 revealed similar differences in age
maximum at both the Lizard and Capricorn Bunker
latitudes, thus providing evidence that time of sam-
pling was not confounding the latitudinal patterns
found. It should be noted that the fish were collected
at or close to the maximum recorded size of 70 mm
SL on FishBase. Furthermore, this absolute size
maximum was rarely collected in our study or by oth-
ers (Whitehead et al. 1988; Froese and Pauly 2020).
This was reassuring as by site fish rarely reached the
asymptotic length (L,) of the von Bertalanffy equa-
tion. Although fish from the most northern and south-
ern sites matured at a similar size, fish from lowest
latitudes matured more than a month earlier than
those from the highest latitudes.

The shortest lived vertebrate is the goby Evi-
ota sigillata (Depczynski and Bellwood 2005) at
59 days old, while orange roughy (Hoplostethus
atlanticus) may live to 149 years (Fenton et al.
1991). Clearly the age maximum of Spratelloides
(152 days) is close to the minimum age maximum
for vertebrates. A back calculation from age fre-
quency data revealed that spawning takes place over
an extended season. Given we found birthdays in
winter, spring and summer, it is highly likely that
they spawn all year which has been previously sug-
gested (Dalzell 1993) and aligns with collections
of large numbers of Spratelloides larvae in sum-
mer (January/February) and winter at One Tree
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Fig. 4 von Bertalanffy growth curves for S. delicatulus col-
lected from eleven sites within distance and latitude strata
(North on the right and South on the left) during the summer

Table 3 Values of the

von Bertalanffy growth
parameters calculated

for S. delicatulus for all
sites across inner (I), mid
(M) and outer (O) shelf.
Latitude L1 to 4 (North to
South). K=a daily value. K
year ' =K * 365 days
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100 0 50 100 150

Age (days)

of 2009-2010, note that no fish were caught at the inner L2
Cairns site and that inner and mid-shelf reefs are absent in the
Capricorn Bunker

Latitude Site (distance) L, K K year™! to 2

L1 Low Wooded (I) 57 0.014 5.11 —4.453 0.595
Rocky Islets B (M) 77 0.011 4.02 —6.433 0.794
Lizard Island (M) 54 0.01677 6.2 —5.000 0.778
Yonge Reef (O) 89 0.0092 3.63 —5.833 0.785

L2 Green Island (M) 62 0.01494 5.48 —4.794 0.848
Arlington Reef (M) 86 0.0107 391 —4.741 0.854
Michaelmas Reef (O) 68 0.0141 5.15 —4.543 0.823

L3 Orpheus Island (I) 122 0.0047 1.72 -9.175 0.817
Britomart Reef (M) 96 0.008 2.92 —-6.711 0.906
Pith Reef (O) 121 0.0059 2.15 -6.197 0.962

L4 One Tree Island (O) 98 0.0055 2.00 —-7.812 0.752
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Island in June—July (i.e. Austral Winter; Kingsford
2001)). However, more detailed temporal sampling
would be required to demonstrate seasonality and
potential periodicity within such as lunar-related
patterns (Johannes 1978). Such a short-lived organ-
ism experiences a biological limitation in life, and
a short window in which it can contribute to the
next generation (Depczynski and Bellwood 2005).

A result of the short life, high mortality and high
population turnover rate of Spratelloides implies
that population bottlenecks would be frequent, and
periods of high larval abundance with few mature
fish are likely to be common within and among
reefs at different latitudes. Tropical Spratelloides
have the highest growth parameters of all clupei-
forms recorded in the literature. Temperate and
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Table 4 Mortality (Z) Latitude  PooledZ  PooledS%  Site z S% P
and daily survivorship (S)
estimates for S. delicatulus Low Wooded 0.097 90.8 0.493
B a;;‘e’i;zepco}fﬁzg by LI 0.025 975 Rocky Islets B 0.074 930  0.670
latitude. Latitude L1 to 4 Lizard Island 0.078 92.5 0.472
(North to South) Yonge Reef 0.065 93.7 0.617
Green Island 0.051 95.1 0.384
L2 0.014 98.6 Arlington Reef 0.052 94.9 0.39
Michaelmas Reef 0.076 92.7 0.703
Orpheus Island 0.028 97.3 0.534
L3 0.009 99.1 Britomart Reef 0.037 96.4 0.708
Pith Reef 0.055 94.7 0.612
L4 0.014 98.6 One Tree Island 0.062 94.0 0.763

sub-tropical species reach 0.5 to 1 K year™! (Ahren-
holz 1991; Emmett et al. 2005), while S. delicatulus
reaches up to 6 K year™! on the GBR (this study).
Fish growth generally varies along latitudinal gradi-
ents and two main patterns have been observed as fol-
lows: a ‘tropical gradient’ (an increase in growth with
a decrease in latitude) and the opposite ‘counter gra-
dients’, though there are exceptions where some taxa
show no gradient in age max or growth with latitude
(e.g. some Sebastes, Boehlert and Kappenman 1980).
Tropical gradient models state that growth is slower
in cold water (Houde 1989; Atkinson and Sibly 1997),
while the counter gradient models propose that growth
is slower in warm water (Yamahira and Conover 2002).
These theories are principally driven by a gradient in
water temperature which has been clearly demonstrated
in our study and by others in the over the same latitu-
dinal range (24 °C, Kingsford et al. 2019). This can
explain why fish maximum length can be the same
across multiple latitudes, yet growth rates differ sig-
nificantly. Our results for the growth of tropical Spra-
telloides conform to a tropical gradient model as sug-
gested by Houde (1989) and Atkinson and Sibly (1997).
Differences in growth curve trajectories between
geographic regions may be determined by both envi-
ronmental and genetic influences (Sebens 1987).
Key factors driving the differences in growth are
predation pressure, temperature, effects on metabo-
lism, resource variation (abundance of plankton) and
variable water condition (turbidity). Wave exposure,
sediment, depth and topographical complexity are all
known to correlate with growth patterns; however,
these factors are considered to be relatively consist-
ent across all latitudes for a given distance for the

@ Springer

mainland (Wenger et al 2012; Kingsford et al 2019).
Genetic differences among latitudes are possible, but
not described. Temperature gradient is likely to be the
key driver of differences in growth patterns. This dif-
ference is known to fluctuate seasonally and is gener-
ally greater during the winter months with a dispro-
portionate drop at higher latitudes (Wolanski 2001).

Density dependence and resource limitation is thought
to be more intense in low latitudes (Atkinson and Sibly
1997; Gust et al. 2002) but there were few data on den-
sity effects and resource abundance in small planktivo-
rous fishes. We predict that higher levels of competition
with other Spratelloides species such as S. gracilis and
S. lewisi could occur at lower latitudes but there are few
data on abundance. However, we suggest that the impor-
tance of these effects is likely to be highly site dependent
and have little influence on latitudinal patterns.

An extended spawning and growing season exists
at lower latitudes with higher temperatures (Cushing
1975). In the tropics, species generally experience a
narrower range of seasonal variation in sea tempera-
ture than temperate species (Munday et al. 2008).
Although most of the GBR is contained within the
tropics, there is still a clear gradient in seasonality
and variation in water temperatures over 10° of lati-
tude; this in turn can be related to latitudinal growth
theories. Most theory is based on temperate to cold-
temperate environments where it is argued that fishes
at low latitudes generally experience a longer grow-
ing season with short pulses of high productivity and
peaks in hatching (Cushing 1975). In contrast, at high
latitudes, fishes have shorter growing seasons with,
on average, consistently high productivity and con-
tinuous hatching (Fiedler et al. 1991). Therefore, fish
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Fig. 6 Daily age-based instantaneous mortality curves for S.
delicatulus pooled by latitude

potentially maximize their use of this short period
resource at high latitudes. In contrast, the productivity
cycle at low latitudes is less extreme and this resource
is spread out more evenly throughout the season
(Conover 1992). However, cold water is also known
to slow metabolic and growth processes (Schmidt-
Nielsen 1997). The direct applicability of these
assumptions to tropical to subtropical latitudes is yet
to be tested. However, lower mean temperatures and
shorter growing seasons at higher latitudes may cause

a reduction in the annual growth rate of an individual,
as demonstrated for S. delicatulus in this study.

Life history characteristics are a result of this
trade-off between survival and reproduction (Stearns
1976). Fish with faster life history, such as clupei-
forms (early maturity, high growth rate, small body
size), allocate more resources to reproductive output
than those with slower life histories (Denney et al.
2002), resulting in extremely high rates of mortality.
Mortality rates were high across all latitudes and sites
of this study. Pooled daily mortality rate ranged from
0.9 to 2.5% day™! and site-specific mortality ranged
from 9.2 to 2.7% day~'. Previous work showed that
S. gracilis had a similar high daily mortality rate of
approximately 3.7% at on the North West Shelf of
Western Australia (Meekan et al. 2006).

A fish reproductive strategy may shift in relation to
environmental conditions, so breeding patterns are a
conditional strategy (McBride et al. 2015). Reproductive
development is fast with sexual differentiation observed
from 24 mm and maturity beginning at 36-38 mm
across the two latitudes sampled. These values are simi-
lar to those observed in previous studies which have also
indicated the ability for S. delicatulus to repeat spawn
(Milton et al. 1991, 1994). The shorter time frame avail-
able to fishes at low latitudes as well as the onset of
maturity a month earlier than higher latitude individu-
als suggest for S. delicatulus in a ‘tropical gradient of
growth’ a higher reproductive allocation of energy at
low latitudes, perhaps resulting in a shorter lifespan. The
differences in growth and age maxima could also reflect
genetic differences at large spatial scales. We cannot
exclude the possibility for genetic variation driving dif-
ferences in the North and South GBR populations.

In conclusion, there were clear differences in age
maxima and growth characteristics for populations
of S. delicatulus along the GBR. This species had
a short lifespan of age-max 48-152 days with fast
growth. Furthermore, age maxima were up to 98 days
greater in high latitudes and concurred with a ‘coun-
ter gradient’” model. In contrast, growth to L, was
highest at low latitude and matched a ‘tropical gradi-
ent of growth’. Although fish matured at a similar size
regardless of sex or latitude, they matured 3040 days
earlier at the lowest latitudes. Mortality was very high
among all latitudes. The North—South axis of the
GBR provides an excellent opportunity to test growth
theory and our data provide a baseline for potential
demographic variation with environmental change.
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