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ABSTRACT: We examined the utility of otolith microstructure analysis in young-of-year (YoY)
Atlantic silversides Menidia menidia, an important annual forage fish species along the North
American Atlantic coast. We first compared the known hatch window of a local population (Long
Island Sound, USA) to otolith-derived hatch distributions, finding that YoY collected in October
were reliably aged, whereas survivors from November and December were progressively under-
aged, likely due to the onset of winter ring formation. In all collections, males outnumbered fe-
males, and both sexes had bimodal size distributions. However, while small and large females
were almost evenly represented (~60 and ~40 %, respectively), over 94 % of all males belonged to
the small size group. We then examined increment widths as proxies for somatic growth, which
suggested that bimodal size distributions resulted from 2 distinct slow- and fast-growing YoY phe-
notypes. Length back-calculations of October YoY confirmed this, because fast- and slow-growing
phenotypes arose within common bi-weekly hatch intervals. We concluded that the partial sexual
size dimorphism in this population resulted largely from sex-specific growth differences and not
primarily from earlier female than male hatch dates, as predicted by the well-studied phenome-
non of temperature-dependent sex determination (TSD) in this species. Furthermore, observed
sex ratios were considerably less male-biased than reconstructed thermal histories and published
laboratory TSD values predicted. Assuming that selective mortality is generally biased against
slower growing individuals, this process would predominantly remove male silversides from the
population and explain the more balanced sex ratios at the end of the growing season.

KEY WORDS: Temperature-dependent sex determination - Sex ratio - Winter ring formation -
Temperature-dependent growth

1. INTRODUCTION

Marine fish typically experience high non-random
mortalities during their first year of life, which deter-
mine the phenotypic characteristics of survivors—a
long-standing research focus in fisheries ecology
(Peterson & Wroblewski 1984, Anderson 1988, Bailey
& Houde 1989). Natural mortality and selection may
be particularly severe in forage fishes, whose funda-
mental ecological role is to channel planktonic pro-
ductivity upwards in the marine food web by acting
as universal prey for diverse piscivores. One such for-
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age species is the Atlantic silverside Menidia meni-
dia (Atherinopsidae), a small (<14 cm) schooling fish
occurring in abundance in nearshore habitats along
the North American Atlantic coast and an important
experimental model in evolutionary and marine ecol-
ogy (Conover & Ross 1982, Middaugh et al. 1987). Ex-
periments on this species discovered co- and counter-
gradient latitudinal adaptations in the ocean (Conover
& Heins 1987, Conover & Present 1990, Conover et
al. 2009), provided the first experimental proof of
fisheries-induced evolution (Conover & Munch 2002,
Therkildsen et al. 2019), and quantified potential
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effects of predicted ocean warming, acidification, and
oxygen decline (Depasquale et al. 2015, Murray et al.
2017, Baumann et al. 2018).

Famously, laboratory studies also revealed that sex
in this species is not determined strictly at fertiliza-
tion, but at least partially by environmental conditions
experienced later during the larval stage (Conover &
Fleisher 1986), where higher rearing temperatures
result in increasingly male-biased sex ratios (Conover
& Heins 1987). Temperature-dependent sex determi-
nation (TSD) presumably evolved in this annual spe-
cies to produce females earlier in the season than
males, to afford them a longer growing season lead-
ing to larger body size and thus conferring increased
fitness via higher fecundity (Conover 1984). Further-
more, while northern silverside populations spawn,
grow, and generally remain in nearshore waters of
bays and estuaries during spring, summer, and fall,
they migrate offshore during winter (Middaugh et al.
1987), when larger female size increases the likeli-
hood of survival (Conover & Ross 1982, Schultz et al.
1998). Given the existence and direction of TSD in
silversides, one would predict that females surviving
until the end of their first growing season are larger
than males because they hatched earlier. This pre-
diction has not yet been explicitly tested, perhaps
because it requires detailed reconstructions of sex-
specific age and growth in young-of-year (YoY) sur-
vivors. It is therefore unknown whether actual pat-
terns of sex dimorphism and sex ratios in the field are
strictly due to TSD or if they become modified by sea-
sonal environmental changes and severe predation
mortalities (Peterson & Wroblewski 1984, Lankford et
al. 2001, Friedland et al. 2015). Silverside offspring
have an estimated 0.04 % probability to survive to
adulthood every year (Conover 1984).

The general tool of choice for reconstructing indi-
vidual-based age and growth patterns in larval and
juvenile fish is otolith microstructure analysis (Steven-
son & Campana 1992, Otterlei et al. 2002, Baumann
et al. 2006, 2008, Gagliano et al. 2007). However, its
applicability ceases for most species after the onset of
winter ring formation that renders daily increments
indiscernible. Previous otolith studies on M. menidia
and M. beryllina focused on larval and early juvenile
stages (Barkman 1978, Barkman & Bengtson 1987),
for which sex cannot be reliably identified. One
otolith-based study found sex-specific hatch differ-
ences in early juvenile Atlantic silversides, while also
reporting difficulties in ageing older juveniles
(Conover 2004, D. O. Conover unpubl. data).

This study re-examined the utility of otolith micro-
structure analysis in older YoY Atlantic silversides.

We sampled survivors at the end of their growing
season (October-December) and compared their
otolith-derived hatch distributions with the expected
hatch window of the population in our study area
(41° N, eastern Long Island Sound). We hypothesized
that TSD would lead to larger and older females than
males, i.e. females should have earlier otolith-derived
hatch dates. We used increment widths as proxies for
somatic growth to test for sex-specific growth differ-
ences in YoY survivors. Finally, continuous tempera-
ture records from the study site enabled the recon-
struction of the survivors' thermal history during their
sex-determining size window (8-21 mm; Conover &
Fleisher 1986), which allowed testing whether actual
YoY sex ratios were accurately predicted by temper-
ature-specific sex ratios observed in published labo-
ratory trials (Conover & Heins 1987).

2. MATERIALS AND METHODS
2.1. Sampling and otolith analyses

YoY Atlantic silversides Menidia menidia were
collected from Mumford Cove (41.32°N, 72.02°W)
(Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m632p193_supp.pdf), a small, salt-
marsh dominated embayment in eastern Long Island
Sound (Connecticut, USA; 0.5 km?, 1-3 m depth;
Vaudrey et al. 2010). From a bi-weekly beach seine
survey (30 x 2 m seine with 3 mm mesh), 3 samples
on 23 October, 20 November, and 18 December 2015
were used (Table 1). These fall dates all occurred
several months after the end of the assumed spawn-
ing season (May—-July; Murray et al. 2014), thus max-
imizing the quantitative sampling of YoY survivors,
minimizing mortality bias in hatch distributions, and
reducing the likelihood of capturing spawned-out
adults of this annual species (Conover & Kynard
1984). On each date, samples were pooled from 2
independent seine casts. All silversides were eutha-
nized, enumerated, measured for total length (TL) to
the lower 5 mm and preserved frozen (-20°C).

From each collection, ~100 individuals were se-
lected for otolith microstructure analysis using a TL-
stratified random sampling design (Table 1). For each
individual, we again measured TL (nearest 0.1 mm)
and determined sex via visual inspection of gonads
before extracting both sagittal otoliths. Sagittae were
mounted on microscope slides using CrystalBond
509™ thermoplastic cement. If equally suitable, the
left or right sagitta was randomly chosen for analysis.
Otoliths were hand-polished using 9 then 3 pm lap-



Pringle & Baumann: Sex-specific growth in YoY Atlantic silversides

195

Table 1. Beach seine collections of young-of-year Atlantic silversides in Mumford Cove in fall 2015, including total catches in num-
bers (N) and wet weight (W,,). Sex-specific means + SD of total length (TL), age (days post hatch, dph), hatch dates, and sample
sizes used for otolith microstructure analysis (n.,) are given for small and large TL groups used throughout the study. The % of
catch was scaled based on sex ratios per 10 mm TL class in the otolith sample; mean age and hatch date were scaled to population

Collection date Catch Sex % of TL group Noto TL (mm) Age; mean
(N; Wy) catch (mm) hatch date
23 October 947; 1860 g Female 39 <80 17 59.1 + 7.7 100 = 11; 15 Jul
>80 31 98.2 £8.3 111 £ 12; 4 Jul
Male 61 <80 44 58.4+7.4 103 + 10; 12 Jul
>80 9 89.7 £ 7.0 106 £ 9; 8 Jul
20 November 435;743 g Female 26 <80 13 64.6 + 5.7 109 + 10; 3 Aug®
>80 29 104.0 £ 10.2 114 + 11; 29 Jul®
Male 74 <80 51 60.1 £4.5 108 = 11; 3 Aug®
>80 4 95.9 105; 7 Aug®
18 December 211;914 g Female 38 <90 19 72.6 +7.9 115 + 13; 24 Aug®
>90 24 106.6 + 10.6 116 + 14; 23 Aug®
Male 62 <90 49 68.9 +7.8 112 + 13; 27 Aug®
>90 4 102.7 £ 9.5 133 = 25; 7 Aug®
“Underaged due to winter ring formation; not used

ping films (3M®) until daily increments along the
entire reading axis were clearly visible under 400x
magnification (Nikon Eclipse E400 compound micro-
scope). Following polishing, a drop of immersion oil
was placed on each otolith, which enhanced the clar-
ity of daily growth increments within 24 h. Otoliths
were measured and read across the sagittal plane
from the nucleus to the dorsal or ventral otolith edge,
because the more conventional core to post-rostrum
axis proved to be too curved to be reliably inter-
pretable (Fig. S2). Along the chosen axis, daily incre-
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ments were readily interpretable except for a narrow
zone of ambiguity at the edge, particularly for speci-
mens collected in November and December. Cumu-
lative increment widths showed the expected strong
linear otolith—fish size relationship for both males
and females (r? = 0.76, p < 0.001) (Fig. 1), thus indica-
ting that otolith growth could be used as a proxy for
somatic growth. Increments were enumerated and
measured using Image Pro® Premier (v.9.1) con-
nected to a Lumenera® Infinity2-2 digital camera. For
each otolith section, multiple focal planes were cap-
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Fig. 1. Otolith size versus total length for Menidia menidia (A) females and (B) males sampled during beach seine surveys in
October, November, and December 2015. Thick and thin lines: linear regression and 95 % CI, respectively; shading: relative
frequency distributions of all otolith and fish sizes across collections
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tured and merged into multi-layer images to aid the
reader in interpreting the otolith microstructure. The
radius of the hatch-check (pm) was measured. The
last growth increment was presumed to be incom-
plete and thus excluded from growth analyses. Incre-
ment number was assumed to correspond to an indi-
vidual's age in days post-hatch (dph; Barkman 1978,
Barkman & Bengtson 1987). Hatch date was calcu-
lated by subtracting age from the date of collection,
while the formation date of each increment was cal-
culated by adding the increment number to the hatch
date. Precision and reader bias of otolith readings
were estimated via within and across blind reader
calibrations, using a ~10% subsample of analyzed
otoliths (30 out of 294, 10 from each collection). Be-
tween readers, the average percent error (APE; Chang
1982, Stevenson & Campana 1992) was 6 %, while
the within-reader APE was 3.6 %. However, because
age estimates from the experienced second reader
(H. Baumann, 16+ yr) were on average 14 d higher
than those of the primary reader, all age estimates
were adjusted by 14 d. A single specimen was found
to possess a clear winter ring; this age-1 silverside
was excluded from analysis.

2.2. Statistical analyses

The proportion of females (Niey / Niemsmale) PET
10 mm TL class in the otolith sample was used to
derive sex-specific TL distributions of the population
sample (beach seine), assuming sexes were ran-
domly sampled within each TL class. Similarly,
otolith-derived hatch distributions were scaled to
population by applying a scale factor (SF) to each
individual based on the relative frequencies (RF) of
each 10 mm TL class in the population vs. otolith
sample for each collection (SF = RFpuiation / RFotolith)-
Because both male and female TL distributions
appeared to be bimodal (i.e. non-normal; see Fig. 2),
sex-specific TL distributions were compared within
and across collections using Kolmogorov-Smirnov
(K-S) tests. To infer the plausibility of age estimates
for YoY collected in October, November, and Decem-
ber, scaled hatch distributions were then visually
compared to the expected hatch window for silver-
sides in our area. Given the known general spawning
window (1 May-15 July, Murray et al. 2017, Bau-
mann et al. 2018), temperatures recorded on-site,
and laboratory-derived estimates of temperature-
dependent time-to-hatch (Murray et al. 2017), the
expected hatch window encompassed the time from
15 May-21 July 2015.

We subsequently compared YoY otolith growth tra-
jectories (i.e. widths of increments) between the 3
collections, 2 sexes, and 2 TL groups, the latter corre-
sponding to individuals smaller/larger than 80 mm
TL (October, November) or smaller/larger than 90 mm
TL (December). This analysis focused on the first 60
increments (i.e. 1-60 dph) based on previous evi-
dence for successful daily age estimation up to at
least this age in M. menidia (Conover 2004). A uni-
variate repeated-measures general linear model
(RM-GLM) was set up with increment width as the
dependent variable, increment number as the re-
peated within-subject factor (n = 60), and collection,
sex, and TL group as between-subject factors. Be-
cause both mean and variance of increment widths
are known to vary with age (Barkman & Bengtson
1987, Pepin et al. 2001), thus violating the sphericity
assumption of RM-GLMs, the Greenhouse-Geisser
procedure was applied to decrease the degrees of
freedom and thereby reduce the probability of Type I
errors.

All remaining analyses were conducted only for
YoY survivors from October, because the onset of
winter ring formation likely resulted in age under-
estimation in YoY collected in November and Decem-
ber (see Section 3). Scaled cumulative hatch distribu-
tions of males and females were compared visually
and with a K-S test, followed by grouping individuals
into each of 4 bi-weekly hatch intervals that were
chosen based on sample size and the known semi-
lunar spawning periodicity of silversides (Conover
1985). Subsequently, TL-at-age was back-calculated
for each individual over the entire increment record
(99-148 dph) with the biological intercept method
(Campana 1990) and an assumed length at hatch of
5 mm (Barkman & Bengtson 1987, Bengtson et al.
1987, Murray et al. 2014). Median back-calculated
TL trajectories for each sex and TL group were then
compared within each bi-weekly hatch interval.

To estimate the thermal history of October YoY, we
used continuous temperature data recorded by a
Manta Sub2 probe (Eureka® Water Probes) at our
study site. Three small gaps in the record (<8 d) were
linearly interpolated. Daily temperatures during a
larger data gap (34 d, 18 June-22 July) were esti-
mated via linear regression between the Mumford
Cove data set and temperatures in nearby Niantic
Bay (2015-2016), which were strongly correlated
(Tvtumtora = 1.07 x Tyiantc — 0.54; 2 = 0.92, F = 6024.9,
p < 0.001). Average daily temperatures were then
linked to the corresponding day of increment forma-
tion for each individual. To quantify the thermal
dependency of larval growth in October YoY, we cal-
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culated the mean experienced temperature during
the first 30 dph for each individual and correlated it
to its mean daily growth rate over the first 30 dph
(GR30) and its back-calculated TL at Day 30 post-
hatch (TL30; a proxy for the end of the larval stage).
The Q,q of temperature-dependent GR30 was calcu-
lated as:

~ ( GR30, )(%)

1 ~{'GR30, (1)

Finally, we selected only those dates/temperatures
where individuals had a back-calculated TL between
8 and 21 mm, which is the temperature-sensitive size
window in Atlantic silversides (Conover & Fleisher
1986). We then related the female proportion (F / [F +
M]) to the mean experienced temperature in each bi-
weekly hatch interval (scaled to the entire population
using SF; see above) and compared it to laboratory-
derived temperature-specific sex ratios for a popula-
tion of similar latitude (Conover & Heins 1987). All
statistical analyses were conducted in SPSS Statistics
v.20 (IBM).

3. RESULTS

YoY silverside abundance decreased from October
(n =947, wet weight [W,] = 1.9 kg) to November (n =
435, W, = 0.7 kg) to December 2015 (n = 211, W,, =
0.9 kg), while the range of the TL distributions shifted
surprisingly little (Fig. 2). In all 3 collections, females
were less abundant than males (Oct: 39 %; Nov: 26 %;
Dec: 38% of the catch), but their proportions in-
creased linearly with TL, from 0-26 % female at 40—
50 mm TL to 70-100% female at sizes >100 mm TL
(Fig. 2). Across collections, both sexes had bimodal
size distributions that allowed distinguishing a small
from a large TL group (October, November: <80,
>80 mm TL, December: <90, >90 mm TL, respectively;

Fig. 2). TL distributions differed significantly between
sexes (K-S = 2.70-4.00, p < 0.001 for all collections),
because small and large females were approximately
evenly represented (~60 and ~40%, respectively),
whereas males were overwhelmingly in the small TL
group (>94 %).

The hatch distribution of October YoY (28 May-16
July) aligned well with the expected hatch window
(15 May—-21 July), whereas November and December
hatch distributions of both sexes were shifted pro-
gressively into summer outside the expected hatch
window (Fig. 3). This indicated progressive age
underestimation due to indiscernible increments at
the otolith edge likely caused by the onset of winter
ring formation.

When otolith growth trajectories over the initial
60 dph were analyzed separately for each collection,
sex, and TL group, the pattern in all collections sug-
gested the existence of 2 distinct growth phenotypes:
one that reached average peak increment widths of
approximately 6 pm at 30-40 dph, and a second
with average peak increment widths of approxi-
mately 8 pm at 40-50 dph (Fig. 4). Importantly,
while both growth phenotypes were about equally
represented in female YoY, almost all males were of
the slow-growing phenotype (94-98 %) (Fig. 4). A
univariate RM-GLM confirmed this by detecting
significant effects of collection (p < 0.001) and TL
group (p < 0.001), but no effects of sex (p = 0.67) on
increment widths (Table 2). In other words, small
females grew as slowly as small males, and large
females grew as fast as large males, but there were
simply many more fast-growing females than males
in all YoY collections.

For October YoY only, we examined the 2 growth
phenotypes in further detail by back-calculating
individual length-at-age trajectories for small/large
females and males separately for each of the 4 bi-
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Fig. 3. Expected hatch window versus otolith-derived hatch distributions of young-of-year (YoY) Menidia menidia collected in
October, November, and December 2015. In our study area, M. menidia generally spawn 1 May-15 July (grey shading), which
corresponds to an expected hatch window of 15 May-21 July (green shading). Hence, the hatch distribution of October YoY
was consistent with the expected window, while the shifts into summer in the November and December distributions indicated
progressive age underestimation due to beginning winter ring formation. Small grey circles: average daily water temperatures
at our study site; thick black line: LOESS smoother. The approximate extent of the temperature-sensitive window for sex-
determination (TSD; 8-21 mm) was derived from M. menidia growth rates in the lab (Conover & Present 1990). Orange shading:
window of possible growth, given the known thermal growth threshold for this species (Baumann & Conover 2011); half-circles:
corresponding YoY sampling dates

weekly hatch intervals. First, this showed that fast-
and slow-growing phenotypes indeed arose from
common hatch intervals. Second, females in the ear-
liest hatch interval were 3 times more abundant than
males and mostly of the fast-growing phenotype
(Fig. 5). Cumulative hatch frequency distributions of
small males vs. small females were not significantly
different (K-S = 1.30, p = 0.07), but those of large
males vs. large females were (K-S = 1.40, p = 0.04).
Large females were on average 11, 8, and 4 d older
than small females, small males, and large males,
respectively (Fig. 6). Back-calculated TL30 increased
with increasing hatch interval and mean tempera-
ture, from 12-25 mm for small females, 19-30 mm for
large females, 12-23 mm for small males, and 23—
30 mm large males, with corresponding GR30 values
ranging between 0.23 and 0.83 mm d~!. The temper-
ature-dependent increase in GR30 was similar be-
tween the groups (0.075 mm d~! °C™!) and had a Q,
value of 4.7 (Fig. 7).

Across the 4 bi-weekly hatch intervals, female pro-
portions were unrelated to the estimated tempera-
ture that October survivors experienced during their
sex-determining size window (Pearson bivariate cor-
relation, p = 0.28) (Fig. 8). All female proportions

Table 2. Univariate repeated-measure general linear model
testing for effects of collection month (October, November,
December), sex (female, male), and total length (TL) group
(October, November: <80, >80 mm TL; December: <90,
>90 mm TL) on the width of the first 60 young-of year otolith
increments (60 d post-hatch). Partial eta® (npz): proportion of
variance explained. Data were adjusted by the Greenhouse-
Geisser procedure

df F P Ny’
Increment 4.37 383.76 <0.001 0.57
Collection 8.75 4.30 <0.001 0.03
Sex 4.37 0.61 0.67 0.002
TL group 4.37 28.39 <0.001 0.89
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YoY (dark blue, shading) sampled in October, November, and December 2015. Percentage values denote scaled proportions of

small vs. large individuals caught in October, November (<80, >80 mm total length [TL]), and December (<90, >90 mm TL).
For clarity, shading was omitted for large males due to their small number. Dph: days post-hatch

were higher than expected from experimental TSD
values alone (Conover & Heins 1987), because Octo-
ber YoY experienced a range of 19.2-23.4°C during
their sex-determining size window, but instead of
~10-20% female (laboratory), they exhibited female
proportions of 35-66 % (mean = 44 %) (Fig. 8). On aver-
age, the sex-determining size window lasted from 8-
29 dph and shortened length with increasing hatch
intervals.

4. DISCUSSION

We used otolith microstructure analysis in YoY
Atlantic silversides Menidia menidia to examine sex-
specific growth characteristics of survivors sampled
at the end of their growing season (Conover 1984).
While it was previously assumed that silverside
otoliths cannot be aged accurately beyond the early
juvenile stage (<60 dph; Conover 2004), our study

suggests that otolith microstructure analysis is appli-
cable to older juveniles (>4 mo), but only until fall
water temperatures decline below the species’ ther-
mal growth threshold of 12°C (Conover & Present
1990, Baumann & Conover 2011). This is because
survivors from October had 99-148 daily increments
that corresponded to a hatch distribution consistent
with the expected hatch window (Fig. 3), whereas
hatch distributions from November and December
YoY fell outside of this window, indicating age under-
estimation. Temperature records from the study site
supported this conclusion, by showing that fall tem-
peratures declined below 12°C in early November
(Fig. 3), hence impeding further somatic growth and
rendering further otolith increments indiscernible.
Our findings therefore suggest that silversides in our
area begin winter ring formation in their otoliths
around the end of October, which was previously un-
known. The general extent of the silverside spawn-
ing window in our study area (eastern Long Island
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vals (HI; dates given in Fig. 5) used in subsequent analyses

Sound) is well established and has been repeatedly
confirmed by our experimental work with silverside
embryos strip-spawned from wild adults caught
throughout the spawning season (Murray et al. 2014,
Depasquale et al. 2015, Baumann et al. 2018, Murray
& Baumann 2018). Specifically, in 2015 we recorded
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Fig. 7. Back-calculated mean (+SD) growth rates (GR30) and
total length (TL30) during the first 30 d post-hatch of Meni-
dia menidia in relation to the mean (+SD) experienced tem-
perature of female (red) and male (blue) young-of-year sur-
vivors hatched during 4 bi-weekly hatch intervals (HI; dates
given in Fig. 5) sampled in October 2015. Circles and dia-
monds: individuals >80 and <80 mm TL at catch. Symbol size
approximates the proportion of each size group

the first appearance of ripe silverside adults in Mum-
ford Cove on 1 May, which were strip-spawned on 3
May and their offspring hatched on 16 May after de-

TL30 (mm)
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Fig. 8. Temperature-dependent Menidia menidia female pro-
portions in laboratory trials (mean +95% CI: black line and
shading, respectively) (Conover & Heins 1987) vs. female
proportions in young-of-year (YoY) sampled in October. Cir-
cles: individuals grouped into 4 bi-weekly hatch intervals
(HI; dates given in Fig. 5) for which proportion of females
and temperatures experienced during the sex-determining
size window (8-21 mm) were estimated

veloping at slightly higher water temperatures (17°C;
Murray et al. 2017) than in the wild at that time
(~13°C) (Fig. 3).

Sex-specific size and growth distributions of YoY
silversides presented the most intriguing part of this
study. Both female and male TL distributions were
technically bimodal, but females split about evenly
into 2 TL groups, whereas small males were so dom-
inant that TL distributions appeared almost unimodal.
What caused this pattern? We confidently ruled out
potential misidentification of sexes, because older
YoY silversides have already well-developed (if un-
ripe) and easily distinguishable gonads. We also ruled
out potential confusion with the smaller congener M.
beryllina, based on counts of anal fin rays in a sub-
sample of small individuals indicating 100 % M. meni-
dia (Middaugh et al. 1987). The upper estuarine M.
beryllina is almost never encountered in full strength
seawater habitats like Mumford Cove.

A common reason for bimodal size distributions in
fish is the existence of different age cohorts (e.g.
McBride & Conover 1991, Neuman et al. 2001, Mor-
ley et al. 2007). In our case, large females from Octo-
ber were marginally older than their small male or fe-
male conspecifics, which is consistent with TSD in this
species (Conover & Kynard 1981, Conover & Heins
1987, Hice et al. 2012). However, the small age differ-

ences alone cannot explain the large dimorphic pat-
tern. In addition, if size differences were simply gen-
erated by age differences, one would expect relatively
homogenous growth patterns. In contrast, our study
detected 2 distinct growth phenotypes in the incre-
ment widths of YoY survivors across collections, and
for YoY silversides from October, we further demon-
strated that fast- and slow-growing phenotypes arose
from within the same bi-weekly hatch intervals. Dif-
ferent age cohorts would also be inconsistent with
the annual life history of this species, which spawns
with semilunar periodicity from the time spring tem-
peratures in nearshore habitats exceed 16°C (Mid-
daugh et al. 1987) until they die. There is no good
adaptive reason for an annual fish to delay spawning.
We conclude that bimodal size distributions were pri-
marily the result of divergent YoY growth pheno-
types, and less due to differences in age.

The apparent co-occurrence of divergent growth
phenotypes strongly suggests genetic growth differ-
ences in this silverside population. Given their com-
parable ages, large and small YoY from October likely
experienced similar temperatures, food levels, and
predator fields. Large-scale immigration or emigra-
tion of YoY silversides in or out of the study area is
unlikely, because the species remains in nearshore
habitats throughout the growing season until their
overwinter migration begins in late fall (Middaugh et
al. 1987). Under common garden conditions, pheno-
typic differences are genotypic differences (Conover
& Baumann 2009) that may have produced the diver-
gent growth phenotypes in silversides.

Two further arguments support this conclusion.
First, the intermediate position of Long Island Sound
within the species’ latitudinal range has previously
been shown to correspond to intermediate levels of
TSD, vertebral number, and growth plasticity in these
silverside populations (Conover & Present 1990,
Yamahira et al. 2006, Hice et al. 2012). The species’
offshore winter migration likely promotes consider-
able gene flow and could therefore mix slower grow-
ing genotypes from southern populations with faster
growing genotypes from more northern populations
prior to their spring ingression into their nearshore
spawning grounds (Clarke et al. 2010, Mach et al.
2011). The second argument involves TSD itself,
specifically that it is never uniformly expressed
among all individuals of a population. Even in south-
ernmost populations with the highest levels of TSD,
20-30% of individuals still exhibit the alternative,
genetic sex determination (GSD; Hice et al. 2012,
Duffy et al. 2015). In our latitudes, previous experi-
mental work concluded that ~40% of individuals



202

Mar Ecol Prog Ser 632: 193-204, 2019

have reduced temperature—sex sensitivity (Duffy et
al. 2015). It is therefore possible that a fraction of sil-
versides in our study area expressed GSD, thereby
producing balanced ratios of males and females that
experienced similar conditions and therefore ex-
pressed similar growth trajectories. Conversely, the
fraction of the silverside population expressing TSD
would have produced male-biased sex ratios and
genetically faster growing females than males.
Growth-dependent sexual size dimorphism is com-
mon in fishes (Parker 1992, Munday et al. 2004,
Walker & McCormick 2004), but for silversides the
empirical evidence is equivocal. A previous labora-
tory study did not detect sex-specific growth differ-
ences in early juveniles (~20 mm; Conover & Kynard
1981), while a more recent long-term experiment
indeed found faster female than male growth, but
size differences between sexes became only statisti-
cally detectable in older juveniles >50 mm (C. S.
Murray et al. unpubl. data).

Growth and mortality are generally inversely re-
lated during fish early life stages, because the win-
dow of highest predation mortalities is shorter for
faster growing cohorts (stage-duration hypothesis;
Leggett & Deblois 1994, Houde 1997, Robert et al.
2007) and because larger individuals generally escape
predators better (bigger-is-better hypothesis; Meekan
& Fortier 1996, Paradis et al. 1996, Hare & Cowen
1997, Takasuka et al. 2003). If selective mortality is
biased against smaller, slower growing individuals,
then large, faster growing female silversides would
have higher survival probabilities than their small,
slower growing male and female conspecifics. This in
turn implies that initial sex ratios in silverside off-
spring would change over the course of the growing
season, such that YoY survivors in fall have higher
than expected female proportions. Hence, the ob-
served uneven distribution of growth phenotypes in
this silverside population directly predicts the selec-
tive disappearance of male over female silversides.

Detecting selective mortality patterns in YoY fish
generally requires at least 2 population samples over
time, but in the case of silversides there is an indirect
alternative that employs the evolutionary phenome-
non of TSD. TSD is empirically so well documented
in this species that temperature-specific estimates of
female proportions exist for many populations across
its distributional range (Conover & Heins 1987, Hice
et al. 2012). This allowed us to contrast observed sex
ratios in October YoY with predicted sex ratios based
on those published laboratory values corresponding
to the reconstructed YoY thermal histories. This
revealed that sex ratios were male-biased; but much

less so than predicted, and they were unrelated to
reconstructed temperature. The more balanced sex
ratio of silversides at the end of their growing season
therefore comprises independent evidence for the
suggested selective removal of male over fast-grow-
ing female phenotypes during the growing season.
Male-biased mortality has been reported for other
fish species (e.g. Oncorhynchus nerka; Quinn & Buck
2001), and in silversides likely acts to equalize ini-
tially skewed sex ratios produced by TSD (Conover &
Kynard 1981). In addition, size selection also occurs
during the offshore overwintering phase, where
again smaller males should experience higher mor-
talities than large females and thus become further
equalized in proportion prior to the new spawning
season (Schultz et al. 1998).

In conclusion, we found that otolith microstructure
analysis can be applied to YoY silversides at the end
of their growing season, but is of limited value after
temperatures decline below the species’ thermal
growth threshold and onset of winter ring formation.
Growth reconstructions of male and female YoY silver-
sides (October) allowed quantification of temperature-
dependent early growth suggesting that growth- and
therefore sex-selective mortality modifies the charac-
teristics of YoY survivors throughout the spawning
season. Further studies on other populations across
local and larger latitudinal scales are required to cor-
roborate these patterns. This will lead to a better
understanding of selection and trade-offs between
fast female growth and fitness in this and potentially
other fish species.

Data archive. Pringle, JW, Baumann H (2019) Otolith micro-
structure of young-of-year Atlantic silversides (Menidia
menidia) from Mumford Cove during 2015. Biological and
Chemical Oceanography Data Management Office (BCO-
DMO). Dataset version 2019-11-20. d0i:10.1575/1912/bco-
dmo.782247.1.
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