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The Fuegian sprat Sprattus fuegensis represents one of the most important pelagic
resources in the Southwest Atlantic Ocean (SWAQO), exerting a crucial ecological
role as an intermediary link in Patagonian food webs. Otolith microstructure of 217
age-0 sprats were analyzed aiming to characterize growth patterns and possible
environmental effects over them. Samples were gathered during three oceanographic
surveys (spring 2014; autumns 2016, 2017) in Tierra del Fuego (TDF) and the Marine
Protected Area Namuncura-Burdwood Bank (MPAN-BB), the first Argentinian open-sea
marine protected area. Daily growths (DG) of larvae and post-larvae were estimated
by individually modeling size and otolith radius relationships through back-calculation
procedures using potential and linear functions, respectively. Increment widths (IW) and
DG values and trajectories were assessed for older sprats (i.e., survivors) sampled in the
autumn surveys considering the habitat, year sampled and sprats’ hatching seasons,
and were additionally evaluated in relation to sea-surface temperature (SST). IW and
DG trajectories differed primarily according to the habitat sampled and sprats’ hatching
seasons. Overall, strong coupling was detected between IW and DG trajectories
with SST in both habitats. However, statistical assessment on particular comparisons
showed that this general trend is not strictly invariant. Even though several results
pinpointed a positive correlation between IW and DG with SST, the highest DG were
estimated for summer- and autumn-born sprats sampled in 2016 in the MPAN-
BB, period and habitat with the lowest SST values. These results unveil a complex
relationship between spatial and temporal variability during early growth of Fuegian
sprats, supplying relevant information that could be used in the creation of adequate
ecosystem based management strategies in the SWAO.

Keywords: Sprattus fuegensis, otolith microstructure, growth variability, environmental effect, Southwest Atlantic
Ocean, Marine Protected Area Namuncura-Burdwood Bank
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INTRODUCTION

The Fuegian sprat Sprattus fuegensis (i.e., Austral sprat,
Patagonian sprat, Malvinas (Falkland) sprat) is a small clupeid
that inhabits the coasts and shelves of southern South America
(Cousseau, 1982; Aranis et al., 2007) and is usually referred
to as the most important pelagic resource in the Southwest
Atlantic Ocean (SWAO) south of 47°S (Bellisio et al., 1979).
Despite representing a suitable target species, catches upon this
clupeid are still incidental in the Patagonian Sea, with commercial
extraction currently occurring only in Chile (Cerna et al,
2014). As many other small pelagic fishes, this zooplanktivorous
sprat exerts an essential trophic role as an intermediary link
between lower trophic levels and top predators of ecological and
economical relevance (e.g., Ramirez, 1976; Bezzi, 1984; Schiavini
et al., 1997; Ciancio et al., 2008; Belleggia et al., 2014; Scioscia
et al., 2014). Furthermore, due to their high biomass schools
and trophic position, S. fuegensis possibly controls the energy
flux at the wasp-waist level (Cury et al., 2000; Bakun, 20065
Fauchald et al., 2011; Ricciardelli and Boy, unpublished data).
Therefore, fluctuations in Fuegian sprat abundances could have
major environmental and economic consequences.

Recruitment success in marine fishes is closely coupled to
early stages’ growth and survival (e.g., Hjort, 1926; Houde,
1987; Anderson, 1988; Cushing, 1990; Leggett and Deblois, 1994;
Sogard, 1997; Koster et al., 2003). In turn, several biotic and
abiotic factors have been linked to early growth variability and
survival for other sprats such as Sprattus sprattus, with food
availability, density-dependent processes and temperature being
among the most significant ones (Nissling, 2004; Voss et al,
2006; Baumann et al., 2006a,b,c, 2007, 2008; Hinrichsen et al,,
20105 Peck et al., 2012). Combined with the high susceptibility of
small pelagic fishes to ocean-atmosphere variations (Alheit and
Hagen, 2001; Peck et al.,, 2013), this background pinpoint the
importance of understanding Fuegian sprat early stages’ growth
and the potential influence of environmental change over them,
features poorly understood to the date.

Three different spawning/nursery grounds of S. fuegensis have
been detected in the SWAO, the Malvinas Islands, the coasts
of Tierra del Fuego (TDF) and the Marine Protected Area
Namuncura-Burdwood Bank (MPAN-BB), the first Argentinian
open-sea marine protected area (Law no. 26,875) (Ciechomski
and Weiss, 1974; Ciechomski et al, 1975; Sinchez and
Ciechomski, 1995; Sanchez et al., 1995, 1997; Bruno et al,
2018; Garcia Alonso et al., 2018). Located between 53°S and
55°S, the MPAN-BB and TDF encompass the southernmost
extent inhabited by clupeids worldwide (Figure 1). Due to
their similar latitudinal range and geographic proximity, these
habitats exhibit shared environmental attributes: both of them
are under the prevailing influence of intense westerly winds
and high tidal variability, and their waters have a sub-Antarctic
origin comprised mainly by the northernmost jets of the
Antarctic Circumpolar Current and being partially fed by
the Cape Horn Current (Piola et al., 2018). However, each
habitat also possesses intrinsic physical characteristics, possibly
imprinting environmentally induced variability over Fuegian
sprats’ early development.

Otolith microstructure analysis has proven to be a powerful
tool for fishes' growth assessment, providing valuable growth
information at an individual level (Stevenson and Campana,
1992). Daily increment counts and otolith growth trajectories
enable not only age estimations, but also the detection of
relevant life-history events and/or environmental influence
over growth (Houde, 1989; Stevenson and Campana, 1992).
Several studies have addressed the otolith microstructure analysis
of young-of-the-year S. sprattus in the Baltic Sea, providing
important information regarding growth and recruitment
(e.g, Baumann et al, 2006ab,c, 2007, 2008; Hinrichsen
et al,, 2010; Voss et al, 2012) and identifying ontogenetic
variation in the relationship between fish length and otolith
length (Giinther et al., 2012). In contrast, few studies have
addressed otolith analysis of early S. fuegensis in the Chilean
Patagonia (Landaeta et al, 2012) or the SWAO (Sanchez
et al,, 1995, 1997; Brown and Sanchez, 2010; Garcia Alonso
et al.,, 2018), with growth being mainly assessed by modeling
age-size relationships. However, habitat-induced variability
over early stages growth was reported for the latter, with
reduced larval growth in the MPAN-BB compared to TDF
(Garcia Alonso et al., 2018).

In the light of these recent findings and given the intrinsic
environmental characteristics encountered in TDF and the
MPAN-BB, these habitats emerge as suitable settings for
evaluating how variation in physical factors can impact early
growth of S. fuegensis. Therefore, the aims of the present study
were to (1) characterize and compare otolith microstructure of
age-0 Fuegian sprats from the MPAN-BB and TDF through the
analysis of daily otolith and somatic growth trajectories and to (2)
explore possible environmental influence over the early growth of
this species by comparing mean growth trajectories with surface
seawater temperature variability. Understanding such patterns,
would not only provide vital information to further comprehend
Fuegian sprat recruitment, but could also constitute pivotal
evidence for the generation of new ecosystem-based management
strategies policies at the MPAN-BB as well as be used as a
baseline to sustainably manage potential extractive activities in
the Patagonian Sea.

MATERIALS AND METHODS

Study Area

The MPAN-BB is a shallow submarine plateau located 150 km
east of Isla de los Estados where both spawning and nursery of
early Fuegian sprats occur (Figure 1). Delimited by the 200 m
isobath, the bank is surrounded by steep flanks of more than
3000 m depth through which strong currents circulate (Piola and
Gordon, 1989; Reta et al., 2014; Matano et al., 2019). Intense
upwelling and mixing occur over it, entraining deep nutrient-
rich waters into the photic layer (Piola and Falabella, 2009;
Matano et al., 2019) and resulting in a fairly homogeneous water
column both spatially and temporally (Glorioso and Flather,
1995; Guerrero et al., 1999; Matano et al., 2019). Such features
enhance the retention of eggs and early stages of Fuegian sprats
along with abundant food (Garcia Alonso et al., 2018). Moreover,
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FIGURE 1 | Location of the studied habitats in the Southwest Atlantic Ocean: Tierra del Fuego (TDF) and the Marine Protected Area Namuncura-Burdwood Bank
(MPAN-BB). Stations from which Fuegian sprat Sprattus fuegensis where collected for analyzes are indicated according to the year sampled. The MPAN-BB is
delimited by a gray solid line. Bathymetry from ETOPO1 Global Relief Model (Amante and Eakins, 2009).
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physical features in the MPAN-BB are fairly stable, with salinity
averaging 34 all year round and temperature ranging between
4 and 8°C overall (Guerrero et al,, 1999; Acha et al., 2004;
Piola and Falabella, 2009).

In contrast, TDF shows far more heterogeneous
environmental characteristics. First, due to its shallowness
and the proximity to the continent, the mass-heat exchange
with the atmosphere is more pronounced than in the MPAN-
BB, resulting not only in warmer temperatures, but also
in significant seasonal stratification of the water column
(Guerrero and Piola, 1997). Second, this habitat encompasses
two different geographic regions, the Beagle Channel (BC) and
the continental shelf. The BC is a 180 km strait where water
is strongly diluted by intense precipitations occurring on the
Southeast Pacific Ocean, continental run-offs and glacial melting
(Guerrero and Piola, 1997; Piola and Rivas, 1997; Balestrini
et al,, 1998; Antezana, 1999; Isla et al., 1999). Eggs and early
larvae found in the BC are energetically transported to warmer
and more saline waters in the continental shelf where the
transition to further developmental stages (i.., transitional
larvae/metamorphosing and juveniles) takes place (Sdnchez
etal., 1995, 1997; Acha et al., 1999).

Sample Collection

Fuegian sprats were collected during three oceanographic surveys
carried out by the ARA “Puerto Deseado” oceanographic vessel
in November 2014 (spring), March/April 2016 (autumn) and
April/May 2017 (autumn) (Figure 1). Hauls were conducted
through oblique tows for 5 min at 2-3 knots from 180 m to
the surface or less, reaching bottom proximities when possible.
Larvae were sampled using a 60 cm diameter Bongo net
(300 pwm), whereas post-larvae were collected using an Isaacs-
Kidd Midwater Trawl (IKMT) employed only in 2017 in the
same sampling positions surveyed with the Bongo net. Upon
net recovery, several sprats per haul were sorted on board when
available and stored frozen for biochemical analyses (article

in preparation), while the remaining material was fixed in
alcohol 80%. Since in 2014 unsorted sprats were fixed in 4%
formaldehyde, they were excluded from this study.

Once in the laboratory, age-0 S. fuegensis from alcohol
fixed samples were separated. Their developmental stages were
determined distinguishing larval (yolk-sac, preflexion, flexion,
and postflexion larvae) and post-larval sprats (transitional-
larvae/metamorphosing) (Lebour, 1921; Kendall et al., 1984).
Yolk-sac larvae were excluded from this study as they do
not deposit daily increments (Alshuth, 1988). Standard lengths
(SL) were measured from the tip of the snout to the end of
the notochord and corrected for shrinkage (Fey, 1999). Larvae
were measured to the nearest micrometer using a Carl Zeiss
stereoscope equipped with Axio Vision software, while post-
larvae were measured to the nearest millimeter with a scale.
The same protocol was applied upon frozen sprats (previously
thawed) without correcting SL (Petereit et al., 2008). Their heads
were separated and preserved in 80% alcohol for posterior otolith
microstructure analyzes.

Otolith Extraction and Microstructure

Assessment

Sagittal otoliths were extracted from heads or complete
specimens using fine dissection needles. They were cleaned,
dried, placed on glass slides and covered with Pro-texx
(transparent mounting medium).

Otolith’s daily deposition patterns were established following
the recommendations of Campana (1992) and assumed based
on observations for S. sprattus (Alshuth, 1988). Otoliths radius
(OR) were measured from the core to the edge of the otolith
along the longest axis. Daily increments were counted and their
widths were measured to the nearest 0.01 pum under a binocular
optical microscope (400x or 1,000x) with transmitted light
connected to a computer equipped with the Kontron software
for image analysis. Because of their thickness, otoliths from
sprats larger than 30 mm had to be manually grounded with
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12, 9, and 3 pm lapping film papers. A 90% coincidence in
the number of increments was assured between the two otoliths
from the same individual, and one of them was then randomly
selected for posterior analyzes. When only one otolith was
available/undamaged, its number of increments was considered.

Data Analyzes

Ages of S. fuegensis were estimated by adding 6 days to
the number of increments to compensate for the yolk-sac
stage (Alshuth, 1988). Their hatching dates were inferred by
subtracting their ages to the corresponding sampling date.
Mean SL and their standard errors were calculated according
to the habitat, year sampled, developmental stage and hatching
season. Differences in larval SL (dependent continuous variable)
across habitats and years (independent categorical variables) were
statistically compared. Since data did not meet the assumptions
of normal distribution (Shapiro-Wilk-test, p < 0.05) and equal
variances (Levene’s Test, p < 0.05), a linear model was fitted using
generalized least squares (GLS) and variance was modeled with
a constant variance function. This approach allowed for both
assumptions to be met. The interaction between the independent
variables was not significant (p = 0.485) and only the effect of
the year was significant (p < 0.001). Therefore, a new model was
fitted only considering the latter variable and Tukey HSD post hoc
pairwise multiple comparisons were then performed.

Given the short life span of specimens sampled in the 2014
survey, sprats sampled in the autumn surveys (2016 and 2017,
i.e,, the survivors of the early larval stage which are closer
to becoming recruits) were further assessed. The relationship
between log-transformed larval SL and OR across different
habitats (for each year) or years (within each habitat) was
statistically tested through one-way ANCOVAs. A series of linear
models were fitted considering SL as the dependent variable,
OR and habitat/year as the independent variables. In order to
standardize comparisons, only larvae with OR between 100 and
200 wm were included.

Daily growths (DG) were estimated for each individual
sprat through proportional back-calculation procedures based
on SL-OR relations (Francis, 1990). This approach was chosen
due to the restricted ranges of SL shown by each cohort,
allowing to estimate previous SL within a same cohort based
on the corresponding otolith size. Preliminary assessment of
the SL-OR relations evidenced distinct trajectories for different
Fuegian sprats’ developmental stages, being curvilinear along
the larval phase and linear across the post-larval stage. Thus, a
segmented approach was adopted and different growth models
were employed to model the larval and post-larval phases,
respectively (Laidig et al., 1991; Giinther et al., 2012). Given the
allometric relationship observed along the larval phase, a power
function was selected to fit OR-SL data of sprat larvae (Eq. 1):

SL; = a x ORY (1)

where SL is the standard length at a given time t, OR; the otolith
radius at time ¢, and a and b the parameters of the power function.
Parameters a and b of Eq. 1 were estimated for each larva
by solving a system of two equations considering measures at

capture (SL; and OR.) and at the first feeding day (SL and ORy),
thus employing a biological intercept (Campana, 1990; Watanabe
and Kuroki, 1997). ORg corresponded to OR at first increment
deposition and SLj was established at 5.72 mm resembling the SL
of the smaller larva sampled in its first feeding day (Ageo). SL at
each day (i.e., SL at each OR;) were back-calculated employing
the individual estimated parameters with Eq. 1 and daily growth
rates were then estimated as the difference in SL between two
consecutive days (mm d~ b,

On the other hand, a linear regression was chosen to fit OR-SL
data during the post-larval phase (Eq. 2):

SLy = c+d x OR; ()

where ¢ and d are the parameters of the linear equation. Given
the different SL-OR relations evidenced by larval and post-larval
stages, the growth trajectory of each post-larva was reconstructed
by segmenting data and modeling each phase independently
(Figure 2). To do so, we first estimated the point in which the
growth trajectories shifted from curvilinear to linear by fitting
general power and linear models to SL-OR data of larvae and
post-larvae, respectively, by means of non-linear least squares.
The interception between both models was estimated at OR;
and SL; (Figure 2A) and the mean age at which OR; is attained
(Age;) was interpolated (Figure 2B). Parameters ¢ and d were
then estimated by solving a system of two equations considering
measures at capture (SL. and OR.) and at the interception (OR;
and SL;) and SL during the post-larval phase were back-calculated
with Eq. 2 from capture until Age; (Figure 2C). SL during the
larval phase of these specimens were estimated with Eq. 1 from
Age; to Agey as described above for sprat larvae considering
measures at the first feeding day (SLy and ORj) and at the
interception (OR; and SL;). Results for larval and post-larval
phases per specimen were concatenated, and daily growth rates
were calculated as the difference in SL between consecutive days.

Increment widths and DG data were pooled in different
groups accounting for each combination of habitat, year
sampled and hatching season, and mean values and their
standard deviations were estimated. Otolith and somatic growth
trajectories in relation to age were graphically assessed by
averaging IW and DG of each group every 10 days. IW and DG
values were statistically compared at 5 different ages (20, 40, 60,
80, and 100 days) across habitats, years or hatching seasons by
means of repeated measure analyses. In order to comply with
the requirement of identical record lengths, individuals with
one or more missing values at these ages were excluded. Given
the nature of the response variables, different approaches were
applied for IW and DG data, respectively. In the case of IW,
data was modeled using a Gaussian distributed GLS whereas
for DG, generalized estimation equations (GEE) with a Gamma
distribution were applied. Several models of covariance structure
were tested for both IW and DG. The best model was identified
using the Akaike’s information criterion (AIC; Akaike, 1974) for
GLS models and the quasi-likelihood information criterion (QIC;
Pan, 2001) for GEE models. Interaction between factors (habitat,
year or season of hatching) and age was assessed in all the selected
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FIGURE 2 | Continued

FIGURE 2 | Schematic illustration of post-larval daily growth
back-calculations. (A) General models were fitted to otolith radius (OR) and
standard length (SL) relations according to developmental stage: a power
relation for larvae (gray panel) and a linear function for post-larvae. The
interception between both models was estimated at OR; and SL;. (B) The
mean age at which OR; is attained (Age;) was interpolated. (C) SL
back-calculations were performed from capture (SLc) to Age; applying a linear
model (SLjinear) @and from Age; to the first feeding day (Ageo) with a power
model (SLpower). SL of both stages from each specimen were concatenated
and daily growth rates were estimated as the difference in SL between
consecutive days.

models. When such interaction was significant, post hoc pair-wise
comparisons for every combination of levels were carried out
using least-squares and adjusting p-values with a Bonferroni
correction. Otherwise, the main effect of each factor was assessed
and a post hoc pair-wise comparison was performed across levels
of the factors. Seasonal variability in the NMPA-BB was not
assessed due to an insufficient number of observations.

Temperature variability was evaluated both spatially and
temporally. Knowing that major abundances of Fuegian sprats
usually occur in the sub-surface (Landaeta et al., 2013; Contreras
et al., 2014), sea-surface temperature (SST) was assessed, thus
allowing the acquisition of temperatures registered in periods
not sampled. Time series were obtained through the Ocean
Time Series Investigator App developed by Google Earth Engine
(Gorelick et al., 2017). This platform computes level 3 sea surface
temperature data from the MODIS-Aqua dataset (NASA, 2019).
Five sites per habitat were chosen in order to cover the overall
extension of the sampled areas. Data was downloaded, outliers
were removed and smooth conditional means were displayed
for each habitat using a “gam” smoothing function. Regression
analyzes using generalized least squares were conducted to
assess temperature variability (response continuous variable)
across habitats and across years within each habitat separately
(explanatory categorical variables), comparing equivalent date
intervals in the latter. When detected, variance heterogeneity
was modeled. The effect of temperature over patterns of growth
trajectories was graphically assessed by aligning mean IW and
DG trajectories of the groups considered to the corresponding
SSTs registered. Pearson correlation coefficients between SST
and IW and DG were estimated. To account for ontogenetic
related variability, age-detrended IW and DG (i.e., residuals of
the models of each variable in relation to age) models were used
in the correlations.

Data analyzes were carried out within the R environment
(R Core Team, 2019) with the stats (R Core Team, 2019),
plyr (Wickham, 2011), tidyr (Wickham and Henry, 2018), dplyr
(Wickham et al., 2019b), scales (Wickham, 2018), nlme (Pinheiro
et al., 2018), geepack (Halekoh et al., 2006), lsmeans (Lenth,
2016), multcomp (Hothorn et al, 2008), modelr (Wickham,
2020), tidyverse (Wickham et al., 2019a), broom (Robinson and
Hayes, 2020) and car (Fox and Weisberg, 2011) packages. Figures
were visualized with ggplot2 (Wickham, 2016) and edited with
the open-source software Inkscape'.

'http://inkscape.org/
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TABLE 1 | General information of Fuegian sprats Sprattus fuegensis analyzed in the Southwest Atlantic Ocean.

Survey Habitat Stage Hatching season N Age SL Mean SL
2014 MPAN-BB Larvae Spring 6 6-9 6.39 - 9.69 8.21+0.44
TDF Larvae Spring 31 6-21 5.72-13.90 9.12 £ 0.36
2016 MPAN-BB Larvae Summer 92 30-123 16.96 — 32.07 2511+ 0.43
Larvae Autumn 17 -42 11.93-17.76 15.61 £ 0.68
TDF Larvae Summer 70-103 18.02 - 31.27 2416 £ 1.59
2017 MPAN-BB Larvae Spring 1 165 28.82 -
Larvae Summer 26 76 - 152 20.07 - 30.30 24.84 + 0.36
TDF Larvae Summer 23 86-114 23.47 -29.19 26.73 £ 0.30
Post-larvae Spring 22 1565 - 202 33.00 - 51.00 40.32 £ 0.95

Number of specimens (N) are identified according to the survey, habitat (MPAN-BB, Marine Protected Area Namuncura-Burdwood Bank; TDF, Tierra del Fuego),
developmental stage and hatching season. Age (days) and standard length (SL; mm) ranges (minimum-maximum) and mean SL are informed, with variability around

the mean displayed as standard error.

RESULTS

A total of 217 individuals were analyzed in this study, with 134
specimens sampled in the MPAN-BB and 83 in TDF. Larval
sprats were found in all surveys in both habitats, while post-larval
specimens were only captured during the autumn survey of 2017
in TDF (Table 1). Larvae sampled in the spring survey (2014)
were the smallest sprats analyzed overall (p < 0.001), displaying
mean SL of 9.12 and 8.21 mm for the MPAN-BB and TDE
respectively. Their ages varied between 6 and 21 days. Due to their
short life span, the hatching season estimated resembled that of
the survey. On the other hand, larvae from the autumn surveys
(2016 and 2017) evidenced higher mean SL values ranging from
15.61 to 26.73 mm. Values measured in 2017 where significantly
higher than those measured in 2016 in both habitats (p < 0.001).
In terms of age, a wider range was observed both between and
within habitats in 2016 and 2017 compared to 2014, with a range
of more than 90 days of age among larvae from the MPAN-
BB in 2016. This variability was replicated by the estimated
hatching seasons, registering larval hatching during summer-
autumn (2016) and spring-summer (2017) in the MPAN-BB
but exclusively in summer in TDF. Furthermore, larvae in the
MPAN-BB attained older ages than in TDF in both autumns
sampled. Finally, post-larvae found in TDF had hatched entirely
in spring. SL varied between 33.00 and 51.00 mm while ages
ranged from 155 to 202 days. The oldest larvae found in 2017
in TDF were at least 40 days younger than post-larvae. On the
contrary, older summer-born larvae from the MPAN-BB were
3 days younger, with the only spring-born larva being even older
(165 days) than the youngest post-larvae (155 days).

The relationship between SL and OR revealed a marked
ontogenetic variability (Figure 3). Regardless of the habitat and
year sampled, larval SL-OR data displayed a distinct curvilinear
relation. When statistically assessed, the interaction between
OR and habitats/years (i.e., independent variables) were not
significant in neither of the linear models assessed. Comparisons
of the SL-OR relationships across habitats for each year sampled
revealed inter-habitat differences. The MPAN-BB evidenced
higher SL at equal OR compared to TDF in 2016 (ANCOVA,
Fi,51 = 26.645; p < 0.001), whereas it was the other way

around in 2017 (ANCOVA, Fi,45 = 5.446; p = 0.024). Also,
a significant inter-annual difference was detected across older
larvae sampled in the autumn surveys only in the MPAN-BB,
attaining equal SL with smaller OR in 2016 than 2017 (ANCOVA,
Fi,70 = 145.012; p < 0.001). Post-larvae, on the other hand,
exhibited a linear relation between SL and OR. The estimated
age at which the transition between growth models occurred was
approximately 110 days.

Increment Width Variability

Otolith IW of sprats sampled in the autumn surveys (see
Table 1) varied between 0.17 and 6.23 pwm overall, with the
highest values measured in sprats captured in TDF in 2017
(Table 2). Both differences and similarities were recognized
in otolith growth trajectories across habitats, hatching seasons
and/or years sampled (Figure 4). Small IW were observed
during the early larval phase (first 20 days) and did not vary
significantly across the groups assessed in general, although they
did differ across habitats when comparing summer-born larvae
in 2016 and 2017, with values in both years being higher in
TDF (Table 3). Further differences were observed across habitats
and/or hatching seasons. Spring-born sprats sampled in TDF
in 2017 displayed a clear dome-shaped deposition pattern, with
major IW deposited around 90 days of age (Figure 4D) and
with values close to the peak of the dome (60, 80, and 100 days)
being significantly higher than those of summer-born sprats of
that same year and habitat (Table 3). A similar vaulted pattern
was exhibited by the only spring-born sprat analyzed in the
MPAN-BB (Figure 4A), though the post-peak decline was more
gentle. In contrast, summer-born sprats (Figures 4B,E) achieved
a plateau of relatively slow variation in their IW after the first
40-50 days of age. Sprats from TDF (Figure 4E) remained in
that plateau when captured, while a slow decrease was evidenced
posterior to the plateau in the MPAN-BB (Figure 4B). Also, inter-
habitat variability was statistically corroborated for summer-born
sprats, with higher IW deposited in TDF in 2017 for all ages
compared, and for the increments at 20 and 40 days of age in 2016
(Table 3). Inter-annual variability among summer-born sprats
was graphically observed for both habitats, with curves in 2017
exhibiting higher values than 2016. When statistically assessed,
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FIGURE 3 | Otolith radius (OR; wm) and standard length (SL; mm)
relationships of Fuegian sprat Sprattus fuegensis in the Southwest Atlantic
Ocean. Data is differentiated according to developmental stage, the survey in
which sprats were captured and the habitat sampled: the Marine Protected
Area Namuncura-Burdwood Bank (MPAN-BB) (A) and Tierra del

Fuego (TDF) (B).

such variability was corroborated at 60 and 80 days of age in
TDF and only at 40 days of age in the MPAN-BB (Table 3).
Finally, sprats born in autumn in the MPAN-BB evidenced
constant IW of approximately 0.75 pm in spite of increasing
age (Figure 4C).

Comparisons of Daily Growth

Estimated DG varied between 0.02 and 1.52 mm d~! overall,
exhibiting different ranges across the groups assessed (Table 4).
Growth trajectories also varied spatially and seasonally
(Figure 5). Spring-born sprats displayed a dome-shaped
pattern in their DG trajectories, similar to the one described
for their IW, though in this case both habitats attained the
highest DG at 60 days of age and their maximum values
were not as uneven (Figures 5A,D). When compared with
summer-born sprats captured in 2017 in TDE DG at 60 and
80 days of age of spring-born sprats in TDF were significantly
higher in the latter case (Table 5). DG of summer-born
sprats did not resemble their IW growth patterns. In TDF
(Figure 5E), DG increased from hatching until 20-30 days of
age and decreased afterward, while in the MPAN-BB growth
was maximum at the early larval phase and declined after the
first 50 days of age (Figure 5B). Inter-annual variability also
differed according to the habitat analyzed. The dissimilarity
recognized in TDF laid in the position of the peak of maximum

DG, occurring later for sprats sampled in 2017 than in those
captured in 2016. However, DG did not statistically differ in
neither of the ages assessed (20, 40, 60, 80, and 100 days of
age) (Table 5). On the contrary, differences in the MPAN-BB
did not involve variability in the shape of the trajectory but
rather in the magnitude of the estimated values, with DG
being significantly higher in sprats sampled in 2016 at all
ages compared (Table 5). Finally, DG of sprats born in the
MPAN-BB in autumn of 2016 decreased from hatching to
capture (Figure 5C). Although they exhibited the maximum
DG rates estimated, this group also displayed the major
variability observed (in standard deviations) among all the
groups considered.

Growth Trajectories and Temperature

Time Series

Sea-surface temperature was assessed from December of 2015
(month of the first estimated hatching date) to June of 2017
(subsequent month to the last sampled date in the 2017
survey) in both habitats (Figures 6A,B). Temperatures differed
significantly across habitats (chi-square = 123.66, df = 1,
p < 0.0001), being higher in TDF (8.10 £ 1.94°C) than
in the MPAN-BB (6.35 £+ 1.19°C). Minimum temperatures
registered (winter) were similar across habitats (approximately
3°C). In contrast, maximum temperatures (summer) were
higher in TDF (11.69°C) (Figure 6B) than in the MPAN-
BB, where they did not surpass the 9°C (Figure 6A). This
difference was responsible for the wider temperature range of
the former (8.33°C) compared to the latter (5.87°C). Moreover,
inter-annual variability was also observed within habitats, with
higher temperatures being registered in the summer of 2017
(compared to 2016) (chi-square = 38.49, df = 1, p = 0.0024
for TDF and chi-square = 60.61, df = 1, p < 0.0001 for
the MPAN-BB).

Major coupling between mean growth trajectories of Fuegian
sprats and SST was found for most of the groups considered
(i.e., sprats according to the habitat, year sampled and season
of hatching) (Figures 6C,D). The moment at which maximum
IW and DG were first attained occurred roughly at the
same time at which SST did in both habitats. The only
exception was observed in spring-born sprats of TDF (larger
trajectories in Figure 6D) sampled in 2017, which attained IW
and DG peaks more than a month before temperature did.
Although IW trajectories varied considerably after these peaks,
DG consistently declined after these maximum values in all
cases considered, therefore following the decrease in SST after
its peak in summer.

Pearson correlation coeflicients evidenced a significant
positive correlation between SST and age-detrended IW and DG
in 2017 for all the groups considered (Table 6), year in which
maximum SST temperatures were registered. On the contrary,
coefficients estimated for 2016 differed across groups, being
positive for sprats from TDF, but mainly negative for sprats from
the NMPA-BB. However, only the correlation between summer-
born sprats’ IW from the NMPA- BB was significant for the
groups assessed in 2016.
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TABLE 2 | Minimum (min), maximum (max) and mean otolith increment widths (IW; wm) of Fuegian sprats Sprattus fuegensis analyzed in the Marine Protected Area
Namuncura-Burdwood Bank (MPAN-BB) and Tierra del Fuego (TDF).

Survey Hatching season MPAN-BB TDF
N Min - max Mean IW N Min - max Mean IW
Total - 10330 0.17 — 3.50 0.99 +£0.33 6289 0.17 — 6.23 1.78 £ 0.87
2016 Total 7073 0.17 — 3.50 0.94 + 0.30 590 017 — 2.52 1.12+0.38
Summer 6897 0.17 — 3.50 0.95 £ 0.30 590 0.17 —2.52 1.12 +£0.38
Autumn 176 0.24 —1.79 0.72 £0.29 - - -
2017 Total 3257 0.17 — 2.86 1.09 £ 0.37 5699 0.34 —6.23 1.85+0.88
Spring 159 0.34 — 2.02 1.05 +0.38 3634 0.34 — 6.23 1.92 +£ 0.99
Summer 3098 0.17 — 2.86 1.10 £ 0.37 2065 0.34 —4.25 1.72 +£ 0.61

Number of increments measured (N) are informed according to the survey and season of hatching. Variability around the mean displayed as standard deviation.
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FIGURE 4 | Otolith increment widths (um) in relation to age (days) of Fuegian sprat Sprattus fuegensis in the Marine Protected Area Namuncura-Burdwood Bank
(MPAN-BB) (A-C) and Tierra del Fuego (TDF) (D-E). Records are grouped according to the year sampled (colors) and season of hatching: spring (A,D), summer
(B,E) and autumn (C). Increment widths are averaged every 10 days, with variation around the mean displayed as standard deviations.
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TABLE 3 | Results of repeated measure analyses of otolith increment widths at 20, 40, 60, 80, and 100 days of age of Fuegian sprats Sprattus fuegensis in the Marine

Protected Area Namuncura-Burdwood Bank (MPAN-BB) and Tierra del Fuego (TDF).

Factor Data Model statistics Pair-wise comparisons
Effect df X2 p-value 20 40 60 80 100
Habitat Summer-born/2016 Habitat 1 29.851 <0.001 * * - - -
Age 4 95.323 <0.001
Habitat*Age 4 25.096 <0.001
Summer-born/2017 Habitat 1 8.419 0.004 * * * * *
Age 4 40.093 <0.001
Habitat*Age 4 9.458 0.051
Year Summer-born/MPAN-BB Year 1 1.157 0.218 - * - - -
Age 4 91.853 <0.001
Year*Age 4 13.676 0.008
Summer-born/TDF Year 1 0 0.767 - - * * -
Age 4 10.997 0.027
Year*Age 4 23.797 <0.001
Hatching season Spring- and summer-born/TDF/2017 Hatching season 1 3.699 0.054 - - * * *
Age 4 313.678 <0.001
Hatching season*Age 4 53.581 <0.001

Data used in each analysis is specified according to the factor assessed (habitat, years or hatching seasons). Test statistics for main effects and interactions of the

models selected are informed. Asterisks (*) represent significant differences (p-value
for equivalent ages.

< 0.05) obtained in the post hoc pair-wise comparison across levels of each factor

TABLE 4 | Minimum (min), maximum (max) and mean daily growth rates (mm d~ ) of Fuegian sprats Sprattus fuegensis sampled in the autumn surveys in the Marine

Protected Area Namuncura-Burdwood Bank (MPAN-BB) and Tierra del Fuego (TDF).

Survey Hatching season MPAN-BB TDF
Min - max Mean daily growth Min - max Mean daily growth
All - 0.08 - 1.52 0.23 +£0.10 0.02-0.70 0.22 £+ 0.09
2016 total 0.05-1.52 0.26 £ 0.09 0.05-0.51 0.22 £0.08
summer 0.05-0.73 0.26 £+ 0.08 0.05-0.51 0.22 +0.08
autumn 0.17 - 1.52 0.51 +0.21 - -
2017 total 0.03-0.44 0.16 £ 0.06 0.02 -0.67 0.22 £0.09
spring 0.05-0.28 0.15 4+ 0.05 0.02 - 0.67 0.21 £ 0.09
summer 0.08-0.44 0.16 & 0.06 0.07 - 0.56 0.23 4+ 0.08

Growth values considered are equivalent to the ones informed in Table 2. Variability around the mean displayed as standard deviation.

DISCUSSION

Otolith microstructure analyzes provide important life-history
knowledge (Campana and Neilson, 1985; Stevenson and
Campana, 1992; Morales-Nin, 2000; Sponaugle, 2010), with
information from field-caught fishes being particularly valuable
for species which are difficult to rear in the laboratory,
such as sprats (Peck et al, 2004; Baumann et al, 2005;
Petereit et al., 2008; Leal et al, 2017). In this context,
collecting samples in two environmentally distinct habitats
represented a unique opportunity to evaluate early growth
variability of Fuegian sprats in relation to physical characteristics
such as temperature. However, sampling in an open-sea area
as the MPAN-BB is both logistically and meteorologically
challenging. Recurrent oceanographic surveys were recently
carried out in this submarine plateau of high biodiversity
and conservational importance (e.g., Schejter et al, 2016;

Fraysse et al, 2018; Di Luca and Zelaya, 2019; Schejter
and Bremec, 2019) and its adjacent areas as a result of
the implementation of the Argentinian national initiative
“Pampa Azul”. Results shown here not only represent the first
comparison of age-0 S. fuegensis growth trajectories from these
spawning/nursery grounds of the SWAO, but also represent an
update on early sprats’ knowledge sampled for the last time
over 20 years ago.

Determining when successful recruits are predominantly
produced represents crucial information in the attempt to
understand the recruitment dynamic of batch spawner fishes
(Baumann et al., 2008) such as the Fuegian sprat (Shirokova,
1978; Hansen, 1999). Survivors sampled in the autumn surveys
(2016 and 2017) were born during spring/summer in TDF or
spring/autumn in the MPAN-BB. In the latter, only one spring-
born specimen was captured during these surveys, with no
post-larvae being captured at all, thus suggesting a selective
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survival of later born sprats. Colder conditions experienced
in spring may be disadvantageous for larval development
(Baumann et al., 2008), although this warrants a more detailed
assessment since the response to cold water temperatures
of clupeid larvae can vary rapidly and is species-specific
(Molina-Valdivia et al., 2020). Also, density-dependent control
(Baumann et al, 2007) could be taking place during this
period of major spawning in the MPAN-BB (Garcia Alonso
et al, 2018). However, in the light of recent results from
numerical models addressing water circulation in the bank
(Matano et al., 2019), combined with the fact that sprats generally
reside close to coastlines (Whitehead, 1985), an alternative
explanation for this outcome implies that nursery of these

older/bigger specimens may not occur within the bank. In
this regard, the Malvinas (Falkland) Islands area arises as the
most probable destination given their geographic proximity and
estimated water circulation pattern. In TDE similar cautions
should be taken before jumping into conclusions over selective
survival. Spring-born were only captured with the IKMT net in
2017, an appropriate sampling gear for bigger/faster specimens
(Fey, 2015). Although the absence of spring-born sprats in
2016 could be the result of selective survival of summer-born
specimens, this outcome is most likely to be reflecting the
selectivity of the net employed. Employing the IKMT net and
broadening the sampled areas are therefore necessary to untangle
these uncertainties.
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TABLE 5 | Results of repeated measure analyses of daily growth rates at 20, 40, 60, 80, and 100 days of age of Fuegian sprats Sprattus fuegensis in the Marine

Protected Area Namuncura-Burdwood Bank (MPAN-BB) and Tierra del Fuego (TDF).

Factor Data Model statistics Pair-wise comparisons
Effect df X2 p-value 20 40 60 80 100
Habitat Summer-born/2016 Habitat 1 9.792 0.002 - - * - -
Age 4 63.600 <0.001
Habitat*Age 4 29.795 <0.001
Summer-born/2017 Habitat 1 67.608 <0.001 * * * * *
Age 4 109.143 <0.001
Habitat*Age 4 0.858 0.931
Year Summer-born/MPAN-BB Year 1 185.530 <0.001 * * * * *
Age 4 120.133 <0.001
Year*Age 4 2.569 0.632
Summer-born/TDF Year 1 0.886 0.347 - - - - -
Age 4 58.057 <0.001
Year*Age 4 10.563 0.031
Hatching season Spring- and summer-born/TDF/2017 Hatching season 1 6.068 0.014 * - * * -
Age 4 22.653 <0.001
Hatching season*Age 4 50.952 <0.001

Data used in each analysis is specified according to the factor assessed (habitat, years or hatching seasons). Test statistics for main effects and interactions of factors
with age are informed. Asterisks (*) represent significant differences (p-value < 0.05) obtained in the post hoc pair-wise comparison across levels of each factor for

equivalent ages.

As previously mentioned, otolith microstructure analysis
is a powerful tool which can provide growth information
of life-history events and environmental effects over growth.
Before analyzing otolith growth trajectories, sprats’ ages and
developmental stages already provided strong evidence of
differential growth across habitats. Spring-born sprats of 155 days
or older were post-larval specimens in TDE with transition
estimated to occur around 110 days of age. However, several
sprats captured in the MPAN-BB were more than 110 days old,
reaching similar ages (152 days) or even older (165 days) than
post-larvae from TDE vyet still evidencing larval morphology,
thus further supporting a protracted larval stage in the former
habitat (Garcia Alonso et al., 2018). Stage durations tend to be
both longer and potentially more variable in higher latitudes
subject to colder temperatures (Houde, 1989). Although the
MPAN-BB occupies a similar latitudinal range than TDE, this
habitat is subject to colder temperatures which would account for
this difference in larval stage duration.

Modeling age-size relations constitutes one of the most
common methodologies used to assess early growth of S. fuegensis
in both the Southeast Pacific Ocean (Cerna et al., 2014; Leal et al.,
2017) and the SWAO (Sanchez et al., 1995, 1997; Brown and
Séanchez, 2010; Garcia Alonso et al., 2018). Given that collected
sprats corresponded to different cohorts and the restricted
SL ranges covered, back-calculating previous SL based on SL-
OR relations (Stevenson and Campana, 1992) was the chosen
methodology to estimate daily growth rates in this study. Many
authors employed otolith growth (i.e., IW or mean standardized
IW) as a direct proxy for somatic growth (e.g., Baumann et al.,
2006a, 2008; Hinrichsen et al, 2010). However, in the light
of differential SL-OR relationships observed among larval and
post-larval stages (Guinther et al., 2012; this study) and with
IW being highly autocorrelated and age dependent (Hinrichsen

et al., 2010), modeling SL-OR relations and generating SL daily
back-calculations arises as a more adequate approach in the
estimation of DG rates of Fuegian sprats. Furthermore, inter-
annual variability should also be considered when pooling data
from a particular population. Increment deposition during the
firsts 20 days of age of Fuegian sprats did not vary considerably
across habitats nor hatching seasons. Even more, they closely
resembled the pattern described for the Chilean Patagonian
population of S. fuegensis (Landaeta et al., 2012). However, when
comparing data from the autumn surveys, OR in the year 2017
were wider that in sprats of equivalent SL in 2016 in both habitats.
This was a direct consequence of wider IW being deposited in
2017 (Table 2) in accordance to higher temperatures registered
in both habitats during that year (Figure 6).

Besides selecting adequate SL-OR models (Giinther et al.,
2012), other considerations should also be taken when assessing
sprats’ growth on the basis of otolith IW such as otolith
growth-somatic growth decoupling. Decoupling in length and
otolith growth of age-0 Fuegian sprats has been previously
reported (Garcia Alonso et al., 2018), with variable environmental
conditions including feeding condition, salinity and vertical
stratification (Baumann et al, 2005; Landaeta et al, 2012;
Zenteno et al., 2014) and/or ontogenetic shifts (Glinther et al.,
2012) being among the possible causes for such decoupling.
Our results not only yield evidence supporting the existence
of otolith length-fish length decoupling in Fuegian sprats
in all the groups considered (Contreras et al, 2017), but
also suggest that this decoupling becomes more pronounced
toward the end of the hatching period. Spring-born sprats
from TDF only evidenced a dissociation between IW and
DG peaks but did not display major variations in the overall
trajectories, with moderate decoupling exhibited in the MPAN-
BB overall. On the contrary, summer-born sprats in both
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habitats did show distinct IW and DG patterns. For sprats
sampled in TDEF, decoupling was observed after the first
30 days of age during which IW remained in a plateau
of high values, but DG constantly decreased. A similar
decoupling was detected for sprats sampled in the MPAN-
BB, but this discrepancy took place between 50 and 100 days,
after which IW trajectories started decreasing. Moreover,
autumn-born sprats not only evidenced discordant growth
trajectories patterns, but displayed the lowest IW and highest DG
(Figure 6), further supporting the idea that estimating somatic
growth by direct comparison with IW values could lead to
major inconsistencies.

Notwithstanding the particular differences mentioned
above, an important general coupling was observed between
these growth trajectories’ patterns and SST time series, thus
corroborating an important effect of temperature variability
over them. With the exception of spring-born sprats sampled
in 2017 in TDE the dates at which maximum temperatures
were registered correlated with the moment at which
maximum IW and DG values were first attained, with DG
trajectories closely resembling temperature patterns overall

(Figure 6). Furthermore, significant positive correlations were
estimated for both IW and DG with SST in most of the cases
considered (Table 6) further supporting such association.

TABLE 6 | Pearson correlation coefficients for age-detrended increment widths
(IW) and daily growth rates (DG) of Fuegian sprats Sprattus fuegensis in relation to
sea surface temperature in the Marine Protected Area Namuncura-Burdwood
Bank (MPAN-BB) and Tierra del Fuego (TDF).

Survey Habitat Hatching w DG
season
2016 MPAN-BB Summer —0.074 —0.021
Autumn 0.154 —0.091
TDF Summer 0.012 0.024
2017 MPAN-BB Spring 0.536 0.686
Summer 0.245 0.228
TDF Summer 0.071 0.149
Spring 0.197 0.308

Correlations were performed according to the survey, habitat and sprats’ hatching
seasons. Statistically significant estimates are visualized in bold.
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However, although higher DG are expected to occur in warmer
environmental conditions, highest mean DG values of 0.26
and 0.51 mm d~! were estimated for summer- and autumn-
born sprats in the MPAN-BB in 2016, habitat and year with
the coldest maximum temperatures registered. In fact, the
mean growth of autumn-born sprats from the MPAN-BB was
higher than the one estimated for S. fuegensis from Chilean
Patagonia (0.45 mm d~1!) where temperatures measured were
about 2°C above the ones measured in the NMPA-BB (Landaeta
et al., 2012). Lower temperatures could be advantageous
for faster growth in the NMAP-BB by setting lower food
ingestion requirements to support growth in such a cold habitat
(Houde, 1989). Salinity could also be considered a possible
factor affecting growth, however, Landaeta et al. (2012) found
that this environmental forcing did not significantly correlate
with larval otolith growth of S. fuegensis. Another possible
explanation for this outcome lies in the high phytoplankton
biomass detected during the 2016 survey over the MPAN-
BB, composed mainly of Rhizosolenia crassa diatom (Bértola
pers. comm.). Although these organisms are not the most
adequate food source for Fuegian sprats, their high abundances
indicates the existence of favorable environmental conditions for
phytoplankton proliferation and, thus, zooplankters which are
the main prey items in S. fuegensis diet.

Further analyzes are still necessary to unravel underlying
mechanisms during early development of Fuegian sprats not
evaluated yet. However, the results from the present study
comprise a fundamental baseline in the understanding of
environmental variation over growth of age-0 S. fuegensis in
the SWAO. Strong correlation with temperature appears to be
a key factor implied in growth modulation, but the habitat,
seasonal and inter-annual variability observed revealed a high
complexity in the early development of this species, which in
turn can influence recruitment success. Biological mechanisms
involved in the multiple processes simultaneously affecting
recruitment need to be thoroughly understood before predictions
and/or suggestions can be proposed (Baumann et al., 2006b;
Voss et al., 2012). Nonetheless, otolith microstructure analyzes
emerges as powerful tool in the assessment of life-history of
Fuegian sprats, and information gathered in this study provides
keystone information upon which adequate ecosystem based
management strategies for the different habitats existing in the
SWAO can be based on.
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