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Evidence and population consequences of shared larval dispersal
histories in a marine fish
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Abstract.  Larval dispersal is disproportionately important for marine population ecolgy
and evolution, yet our inability to track individuals severely constrains our understanding
of this key process. We analyze otoliths of a small reef fish, the common triplefin (Forst-
erygion lapillum), to reconstruct individual dispersal histories and address the following ques-
tions: (1) How many discrete sets of dispersal histories (dispersal cohorts) contribute to
replenishment of focal populations; (2) When do dispersal cohorts converge (a metric of
shared dispersal histories among cohorts); and (3) Do these patterns predict spatiotemporal
variation in larval supply? We used light traps to quantify larval supply, and otolith micro-
structure and microchemistry (using laser ablation inductively coupled plasma mass spec-
trometry; LA-ICP-MS) to reconstruct daily environmental histories of individuals in their
30-d lead-up to settlement. Our results indicate that a variable number of dispersal cohorts
replenish focal populations (range of 2-8, mean of 4.3, standard deviation of 2.8). Conver-
gence times varied (from 0 to >30 d prior to settlement), and larval supply was negatively
correlated with cohort evenness but not with the number of cohorts, or when they converged,
indicating disproportionately large contributions from some cohorts (i.e., sweepstakes events).
Collectively, our results suggest that larval reef fishes may variably disperse in shoals, to

drive local replenishment and connectivity within a metapopulation.

Key words: common triplefin, connectivity, developmental history; dispersal cohorts; Forsterygion lapil-

lum; larval packets; shared dispersal history.

INTRODUCTION

Many plants and animals are relatively sedentary
as adults, but produce large numbers of offspring
(i.e., seeds, spores, eggs, and/or larvae) that can dis-
perse over variable distances before establishment,
with important consequences for species distributions,
population dynamics, and evolutionary processes
(Turchin 1998, Clobert et al. 2001). Quantifying dis-
persal, however, can be difficult (Ims and Yoccoz
1997, Swearer et al. 2002, Nathan et al. 2003), as
telemetric and related approaches that are useful for
tracking large-bodied animals cannot be feasibly ap-
plied to seeds, spores, eggs, or larvae because of
their small size. Genetic, isotopic, and chemical tags
have been used effectively for small dispersers (e.g.,
Godoy and Jordano 2001, Jones et al. 2005, Carlo
et al. 2013), but these methods are generally unable
to resolve the dispersal histories (i.e., trajectories
through space) of individuals beyond their starting
and ending points.
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Identifying sources and destinations of dispersers is
important for characterizing patterns of connectivity
that can shape metapopulation dynamics and gene
flow. However, a growing body of empirical evidence
and theory suggests that an understanding of dispersal
histories may be necessary to resolve some of the
underlying mechanisms of realized connectivity (i.e.,
post-dispersal survival to reproductive age; Shima and
Swearer 2009a, Burgess et al. 2012). Our own work
on a small reef fish, the common triplefin (Forsterygion
lapillum), suggests that variation in larval dispersal
histories can have significant demographic consequences
by affecting the number (Shima and Swearer 20095,
Swearer and Shima 2010) and phenotypes (Shima and
Swearer 2009a) of fish that replenish local populations,
with flow-on effects to juvenile growth and condition
(Shima et al. 2015), survival to adulthood (Shima and
Swearer 2010), population stability (Noonburg et al.
2015), and metapopulation persistence (Shima et al.
2015).

A number of important questions about marine
larval dispersal, however, remain unresolved.
Notably, are dispersal histories variable or shared
among individuals (which may influence the distri-
bution of phenotypes, and associated demographic
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consequences)? Variable dispersal histories may arise
from random walk movements of individuals, or
from diffusive hydrodynamic conditions. Shared dis-
persal histories may result from the behavior of
dispersers (e.g., shoaling) or eddy features that
aggregate and transport dispersers together (e.g.,
Shulzitski et al. 2015). Shared dispersal histories are
indirectly suggested by genetic evidence for concur-
rent settlement of full siblings to the same location
(e.g., Selkoe et al. 2006, Bernardi et al. 2012). Such
studies typically, however, can only confirm common
start- and endpoints of dispersal (and only for the
most extreme cases involving genetically related
individuals). Our previous results for the common
triplefin suggest that the journey matters, independent
of common origin (Shima and Swearer 2009q).

The difficulties of tracking marine larvae mean we
have almost no information about the degree of shared
vs. divergent dispersal histories, or their demographic
consequences. Many particle-tracking models attempt
to reconstruct individual dispersal trajectories of marine
larvae, but those results are highly sensitive to diffu-
sivity estimates and larval behavior, which are both
often poorly resolved (Siegel et al. 2008, Snyder et al.
2014).

Here, we evaluate environmental chronologies re-
corded in the otoliths of fish larvae, to reconstruct
dispersal histories of sets of individuals that replenish
focal populations on the same night. We implement
a range of multivariate techniques to extract informa-
tion from these otolith records to evaluate: (1) evidence
for shared vs. divergent dispersal histories, (2) the
number of distinct dispersal histories that replenish
local populations, (3) the timing of their convergence,
and (4) the characteristics of dispersal histories that
may explain variation in replenishment.

METHODS

Study system and sampling

We estimated patterns and consequences of shared
dispersal histories for the common triplefin (Forsterygion
lapillum), a widely distributed and abundant rocky reef
fish in New Zealand (Wellenreuther et al. 2007). Adults
are site attached (Shima et al. 2012), but produce
pelagic larvae (larval duration ~52 d; Shima and Swearer
2009a,b) before settling back to rocky reefs. Variation
in dispersal history shapes the phenotypes of settling
fish (Shima and Swearer 2009a) and their probabilities
of surviving to adulthood (Shima and Swearer 2010).
We provide detailed descriptions of our methods in
Appendices S1-S3.

Briefly, we used light traps (e.g., Hickford and
Schiel 1999) to sample late-stage larvae at five sites
along the eastern shore of Kapiti Island (40.8667°S,
174.9000° E) over a series of nights in austral sum-
mer, 2008 (Fig. 1A, B; see Appendix S1 for details).
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Three traps (~60 m apart) were deployed ~50 m
from rocky reefs at each site, and catches were
pooled within sites for all subsequent analyses. We
quantified larval supply as the total catch of larval
F. lapillum for each site on a given night, and we
randomly subsampled this catch to characterize the
dispersal histories of individuals. We constrained our
analysis to site-date combinations that had >10 sub-
sampled individuals (n = 9 site-date observations;
see Appendix S2).

Characterizing individual dispersal histories

Using sagittal otoliths (Fig. 1C) from 118 individ-
uals, we quantified daily growth history (using otolith
microstructure) and trace element concentrations (us-
ing laser ablation inductively coupled plasma mass
spectrometry; LA-ICP-MS) following Shima and
Swearer (2009a; see also Appendix S2). Growth his-
tories allowed us to reconstruct daily trace element
concentrations (i.e., putative environmental signa-
tures). For each fish, we evaluated time-series of 12
trace elements (Li, B, Mg, P, S, K, Mn, Cu, Zn,
Sr, Ba, Pb) in reverse chronological order (i.e., as
hindcasts), from otolith edge (day of collection) to
core (day of hatch; Fig. 1 B,C). Our approach as-
sumes that variation in trace element concentrations
recorded within otoliths reflects spatiotemporal var-
iation in the environment (e.g., water masses with
different physicochemical properties).

We identified a subset of seven elements (Mg, P,
K, Mn, Sr, Ba, Pb) based on their ability to recon-
struct hindcasted variation in the pelagic environment
(i.e., a geographic signature, see Appendix S3 for
details of the screening process). Using this subset,
we calculated 13 statistical descriptors that charac-
terized the hindcasted time series of each element
(i.e., a pelagic duration of ~30 consecutive days
preceding collection) for each sampled individual
(following methods of Wang et al. 2006, Shima and
Swearer 2009a), yielding a set of 91 variables to
characterize each individual dispersal history. We
used a principal components analysis to reduce the
dimensionality of this set to nine principal compo-
nents (the most that could be accommodated by a
subsequent clustering approach given our sample size;
the first nine principal components accounted for
45% of the variation in the full data set). We used
the first nine principal component scores to cluster
fish (separately for each site-date observation) that
had similar environmental histories during the same
~30-d period (hereafter, cohorts). Clustering was
performed with a K-means algorithm (using JMP
v10.0; SAS Institute, Cary, North Carolina, USA),
and the cubic clustering criterion (CCC) was used
to determine the most likely number of dispersal
cohorts comprising each site-date observation. The
existence of dispersal cohorts was interpreted as
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Days prior to collection

Fic. 1. Evaluating evidence for shared dispersal histories. (A) Inset showing location of Kapiti Island, New Zealand,
where (B) we estimated larval supply of a small reef fish, the common triplefin (Forsterygion lapillum), with light traps
(n = 3) at each of five sites (yellow diamonds) over several nights. For each site-date observation (n = 9), we reconstructed
the daily environmental histories of individuals in reverse chronological order (i.e., hindcasted time, spanning ~30 d,
illustrated by the orange arrows). Four hypothetical trajectories are shown for dispersal cohorts (i.e., groups of fish with
similar environmental signatures) that were collected at site 2 on the same night: (i) and (iv) illustrate unshared dispersal
histories; (ii) illustrates fully shared dispersal histories, and (iii) illustrates a dispersal history that is partially shared with
(i1). (C) The inset shows a sampled otolith and the reverse chronological ordering that gives information about daily
variation in microchemistry concentrations (e.g., dispersal trajectories in canonical space; Fig. 2), and we assume this

corresponds to geographic space.

evidence of shared dispersal histories among individual
fish.

Dispersal trajectories of cohorts

We estimated dispersal trajectories of identified co-
horts in multivariate space, and assumed these trajec-
tories to be a proxy for movement in geographic space.
This approach facilitated visualization of dispersal
trajectories for each cohort, and enabled us to estimate
cohort convergence times. For each site-date observa-
tion, we conducted a canonical discriminant analysis
(PROC CANDISC, SAS v9.3; SAS Institute), using
daily concentrations of the seven trace elements most
likely to be proxies of geographic location (see Appendix
S3). We visualized dispersal trajectories of each cohort
with plots of their mean canonical scores for successive
days prior to collection, for the first two canonical
variables (i.e., plots of CAN2 vs. CANI1). In order
to objectively evaluate the convergence times of cohorts
(e.g., interpreted as evidence of arrival in similar water

masses), we generated a data matrix of squared
Mahalanobis distances between cohort means (a stand-
ard statistical output of a canonical discriminant anal-
ysis) for each day prior to collection (up to 30 d).
The canonical discriminant analysis also generates a
corresponding matrix of one-way analysis of variance
tests, which evaluate the null hypothesis that cohort
means on given days were equal (i.e., in the same
canonical space; see Supporting information). This
statistical output (given in Supporting information)
enabled us to calculate the proportion of time that
dispersal trajectories shared similar environmental his-
tories (i.e., P = 0.05; hereafter, proportional conver-
gence). Additionally, for each site-date, we defined a
convergence time (i.e., a point in time when two dis-
persal trajectories begin to consistently share a similar
environmental history as they approached a common
collection site). To determine convergence time, we
started at the endpoint of a dispersal trajectory (date
of collection) and followed a pair of trajectories back
in time and identified the first point of bifurcation
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FiG. 2. Trajectories of dispersal cohorts in canonical space (both axes show canonical scores; CAN1 and CAN2) for nine site-date
observations (panels A-I). Dispersal cohorts are represented by different colors. Daily trajectories (lines connecting dots) begin 30 d
prior to collection (<30 d in some instances where cohorts were comprised of younger individuals) and end upon arrival to the
collection site (yellow diamonds). Larval supply is given at the bottom of each frame; mean convergence time (CT) and proportional
convergence (PC) are given at the top. Stacked bars give the proportion of larval supply comprised by each dispersal cohort

(evenness; colors correspond to trajectories).

(which we defined as the first instance prior to col-
lection with >3 consecutive days of divergent environ-
mental signatures; P < 0.05 for the difference between
cohort means). We estimated a mean convergence time
for each site-date observation as the mean of all pair-
wise comparisons.

Lastly, to further characterize spatiotemporal var-
iation in the composition of dispersal trajectories, we
calculated metrics of cohort diversity for each site-
date observation. Specifically, we estimated cohort
richness, the number of cohorts (i.e., clusters) that
contributed to larval supply, and cohort evenness
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using Pielou’s evenness index, where low evenness
indicates some cohorts contribute more to larval supply
than others.

Consequences of variable dispersal trajectories

We evaluated whether larval supply is determined
(at least in part) by aspects of dispersal histories.
Specifically, we hypothesized that larval supply could
be predicted by some combination of: (1) cohort
richness (e.g., recruitment increases with accumulation
of cohorts with different dispersal trajectories); (2)
cohort evenness (e.g., recruitment increases with dis-
proportionate contributions from specific dispersal
trajectories); (3) proportional convergence (e.g., re-
cruitment increases as cohorts share more of their
dispersal trajectories); and/or (4) mean convergence
time (e.g., recruitment increases with earlier conver-
gence/accumulation at the recruitment site). We ex-
plored support for these (non-mutually exclusive)
hypotheses using stepwise multiple regression (the
dependent variable, larval supply was log-transformed
to meet assumptions of this test; analyses conducted
in SAS v9.3).

REsuLTs

Dispersal trajectories of cohorts

K-means clustering identified a variable number of
dispersal cohorts (mean = 4.3, standard devia-
tion = 2.8, range = 2-8) that replenished nine site-date
observations. Trajectories of cohorts in canonical space
(a proxy for geographic space) showed a range of
patterns (Fig. 2). Larval supply at site 1 on 14 January
2008 (Fig. 2A) consisted of 25 individuals that were
unevenly distributed between two dispersal cohorts with
no evidence of convergence in their approach to the
collection site (convergence time = (, proportional
convergence = 0.03; the Supplement gives statistical
comparisons that underlie inferences of convergence
for all site-date observations). This pattern suggests
that the two cohorts (Fig. 2A) experienced very dif-
ferent pelagic environments for the 30 d preceding
collection, and entered a common environment only
upon their arrival to light traps. Site 5 was sampled
on the same night, and larval supply (225 fish) was
unevenly distributed among three dispersal cohorts that
had a mean convergence time of 21.3 d prior to col-
lection and a proportional convergence of 0.79
(Fig. 2B). Larval supply to site 4 on 10 February
2008 (. 2f) was divided fairly evenly between four
cohorts that, collectively, showed convergent environ-
mental signatures from 5 d prior to settlement. However,
two distinct convergence patterns are clearly evident
in the dispersal trajectories for this site date (Fig. 2F).
Larval supply to site 3 on 10 February 2008 was
roughly evenly distributed among eight dispersal
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cohorts, with one of these cohorts showing extremely
divergent environmental signatures early in its trajectory
toward the collection site (Fig. 2E). The outlier cohort
in this panel obscures the variation in canonical space
of the remaining seven cohorts (which is evident and
similar in magnitude to the other panels when this
cohort is excluded from the plot). Two other site-date
observations (Fig. 2D,H) were also characterized by
larval supply distributed approximately evenly among
eight dispersal cohorts, with some cohorts showing
signs of convergence in their approach to the collection
site, and others not. For three other site-date obser-
vations, (Fig. 2C,G,]) larval supply varied from 20
to 1120 individuals, but in all cases supply was une-
venly distributed between two dispersal cohorts that
had convergent environmental signatures for most/all
of the 30-d period prior to collection.

Consequences of variable dispersal trajectories

Variation in log-transformed larval supply was
explained by cohort evenness (Fu = 7.39, P = 0.03,
R?> = 0.51; Fig. 3), but not by cohort richness, or by
proportional convergence or mean convergence time
of dispersal cohorts (which were not retained in the
stepwise model; further analyses confirmed that, when
modeled separately, only cohort evenness was a sig-
nificant predictor of larval supply). The number of
fish captured by light traps declined exponentially with
cohort evenness, indicating that replenishment appears
to increase with disproportionately large contributions
from a small number of dispersal cohorts (as opposed
to by an accumulation of many dispersal cohorts).

Discussion

Knowledge of dispersal histories is essential for under-
standing the dynamics of spatially structured populations
(e.g., Shima et al. 2010). Using reconstructed environ-
mental chronologies from the otoliths of larval fish,
we found evidence for complex and variable patterns
of larval dispersal. This is likely to have important
ecological consequences for triplefin populations as dis-
persal pathways can have demographic consequences
that are immediate (e.g., affecting growth and survival
during dispersal), and/or that manifest after dispersal
is complete (e.g., affecting future condition, growth, or
survival at the destination site; Stamps et al. 2005,
Burgess et al. 2012, Shima et al. 2015).

Based upon the hydrodynamic context for our study,
we had « priori reasons to suspect variable patterns of
larval dispersal among sites and dates. The hydrodynamic
setting for Kapiti Island and the greater Cook Strait is
characterized by strong, tidally driven currents that in-
teract with coastline features and bathymetry to produce
complex circulation and eddy fields (Chiswell and Stevens
2010). We hypothesized that such eddies might aggregate
larvae (potentially at the natal site, or at some point
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FiG. 3. Larval supply (total catch of larval F. lapillum per site
on a given night) declines exponentially with cohort evenness
(P = 0.03, R* = 0.51); the back-transformed regression line
(solid) and 95% confidence intervals for this relationship (dotted
lines) are given.

further along a dispersal trajectory) and then transport
them as a group to their destination site. Because our
previous work suggested that shared dispersal histories
might have strong effects on a wide range of demographic
parameters (see Introduction), we wished to better un-
derstand patterns of dispersal (e.g., how many dispersal
cohorts characterize larval supply, and when do they
form) and the potential consequences of this variation.

We adopted a forensic approach that enabled us
to reconstruct (and visualize) dispersal trajectories in
canonical space. Fig. 2 suggests at least three general
patterns of incoming trajectories of dispersers: (1)
multiple cohorts that were convergent in their envi-
ronmental signatures for an extended period of time
(Fig. 2C,G,1); (2) cohorts that, on average, converged
near the settlement site ~5 d prior collection (Fig. 2D—
F,H); and (3) cohorts that never converged (Fig. 2A).
If we assume that canonical space is a proxy for ge-
ographic space, then the first of these patterns implies
groups of individuals might be traveling together from
as far back as their natal sites (as exemplified in Fig. 1
Bii; see also Selkoe et al. 2006, Bernardi et al. 2012).
The second of these patterns suggests that larval fish
may accumulate (perhaps near reefs) prior to settlement
(e.g., Fig. 1 Biiii; see also Warner et al. 2000) and
this is consistent with our own observations of shoals
of pre-competent fish larvae on or adjacent to reefs
(J. Shima, personal observation), and with other recent
published accounts (Beldade et al. 2006). The third
general pattern (no convergence, Fig. li vs. iv) suggests
that recruitment events may occasionally comprise
cohorts that had different dispersal trajectories for their
entire larval duration, and converged to a common
environment for the first time in a light trap (leaving
insufficient time for this to be recorded in a final
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otolith increment). Such individuals could have arrived
at different times over the course of the night (e.g.,
in different eddies that had different environmental
signatures, and potentially, different origins), and in-
deed, the occurrence of different convergence patterns
for subsets of cohorts for several site-date observations
(e.g., Fig. 2F, and to a lesser degree, d and h) are
consistent with this hypothesis.

We evaluated the potential consequences of spatio-
temporal heterogeneity in dispersal histories, and found
that the magnitude of larval supply was negatively
correlated with the degree of evenness (in terms of
apportionment of larvae) among the three cohorts.
Hence, larval supply was greatest when larvae were
unevenly distributed (i.e., one cohort was more com-
monly represented than all others). We believe this
suggests that large recruitment events may be driven
(at least in part) by groups of fish that share a par-
ticular dispersal history as opposed to groups of fish
that accumulate near a settlement site, or by a con-
fluence of many different dispersal histories. Our results
are consistent with a sweepstakes hypothesis, where
the lucky cohort accumulates in a favorable develop-
mental conditions, giving increased chances of survival
to settlement. Sweepstakes events in this context may
be facilitated by behavior patterns of dispersers (e.g.,
shoaling) and/or aggregation in hydrodynamic features
(e.g., eddies; Shulzitski et al. 2015), and likely have
important consequences for patterns of connectivity
(i.e., reduced variation in dispersal patterns among
individuals from a common origin). Moreover, cohorts
of common triplefin that share developmental histories
and settle together are likely to share phenotypes (Shima
and Swearer 2009¢), which potentially affects population
dynamics via effects on intraspecific competition (e.g.,
Noonburg et al. 2015, Shima et al. 2015).

In summary, our results provide support for shared
dispersal histories among larval reef fish that replenish
local populations. Evidence for this is provided by
the initial detection of cohorts (i.e., groups of fish
that share common environmental histories) and by
the convergence patterns of cohorts themselves. Nearly
half of all site-date observations (four of nine) were
comprised of cohorts experiencing similar environmental
conditions for >75% of the sampled larval period.
Most of the remaining observations (four of nine)
were consistent with larval accumulation events that
occurred ~5 d prior to collection, while one observation
suggested no accumulation period prior to collection.
Collectively, these findings indicate substantial heter-
ogeneity in dispersal histories that correlates with larval
supply and may have additional implications for the
dynamics of marine populations via fitness costs that
may be manifested long after settlement.
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Appendices A-C: Methodological details

Appendix A: Sampling with light traps

We sampled late-stage larvae of the common triplefin (Forsterygion lapillum) at 5 sites
along the eastern shore of Kapiti Island, New Zealand (Fig 1). Sites were separated by ~2km
(mean=2.1, SD=0.39). We sampled larvae from each site using 3 light traps (based on the design
of Doherty 1987) attached to mooring lines and suspended ~1.5m below the water surface.
Traps within sites were separated from one another by ~ 60m (mean=62, SD=25) and positioned
approximately 50m from fringing rocky reef habitats along the shoreline (mean=55, SD=27).
We deployed 3 light traps at each site over 10 nights (Jan 13-16, 2008; and Feb 9-14, 2008), and
we emptied all traps within ~30 minutes of one another (using two boat-based teams), at sunrise
following each night of deployment. For all subsequent analyses, we pooled nightly triplefin
catches from light traps within sites. The average nightly catch of triplefins per site was 38 fish

(SD 151, range 0-1120).

Appendix B: Estimating daily growth histories and characterizing environmental signatures
We randomly subsampled nightly catches of the common triplefin from each site for
further processing (n=20 where total catch >20; else n= total catch). We extracted and analysed
sagittal otoliths from these fish. One otolith from each fish was embedded in a thermoplastic
resin (crystalbond) and polished along the sagittal plane with 3 pm diamond lapping film to
expose daily growth increments across the post-rostral axis. We used image analysis software
(Image Pro Plus v.5.0) to quantify daily otolith increments and visible indications of major life-
history transitions (e.g., hatching). The remaining otolith from each fish was cleaned in a
buffered 15% H20:2 solution, embedded in inert resin, and polished along the sagittal plane to

within 10 pm of the otolith core using 9 um diamond lapping film. We used Laser Ablation



Inductively Coupled Mass Spectrometry (LA-ICP-MS) to quantify trace element concentrations
(relative to Ca) for Li, B, Mg, P, S, Mn, Cu, Zn, Sr, Ba, and Pb with an 80 um wide transect
running from the core to the edge of the otolith along the post-rostral axis. Details of this
system, and of our post-processing methods for the resulting data are given in Shima and
Swearer (2009). Here, we represented the ablation transects in reverse chronological order (i.e.,
from otolith edge to core), and used estimated daily otolith growth increment widths (obtained
from paired otolith) to bin and subsequently average across successive LA-ICP-MS scans that
sampled the same calendar day. This approach gave us a daily sequence of trace element
concentrations for each fish, from the point of capture to the point of hatch (i.e., “hindcasts’).

Our approach requires integration of microstructure and LA-ICPMS data. Because (1)
not all subsampled fish had otoliths that provided accessible information from otolith
microstructure and (2) some otoliths prepared for LA-ICP-MS were damaged during the
polishing and/or cleaning process, our actual sample sizes available for this study were less than
the numbers of fish originally subsampled from each site. To facilitate meaningful clustering
approaches, we limited all subsequent statistical analyses to a set of sites and dates for which we
had at least 10 fish that provided the necessary microstructure and LA-ICP-MS data. This gave
the following distribution of sample sizes from specific sites on given nights: Site 1 on 14 Jan
2008=11; Site 5 on 14 Jan 2008=11; Site 2 on 16 Jan 2008=17; Site 5 on 16 Jan 2008=10; Site 3
on 10 Feb 2008=10; Site 4 on 10 Feb 2008=17; Site 5 on 10 Feb 2008=17; Site 2 on 11 Feb

2008=15; Site 5 on 13 Feb 2008=10.

Appendix C: Screening trace elements for useful geographic proxies
For each fish, we evaluated time-series of 12 trace elements (Li, B, Mg, P, S, K, Mn, Cu,
Zn, Sr, Ba, Pb) in reverse chronological order (i.e., as ‘hindcasts’), from otolith edge (day of

collection) to core (day of hatch). We screened trace elements for their ability to reconstruct



hindcasted variation in the pelagic environment (i.e., a geographic signature), because some trace
elements may have delayed incorporation into otoliths (e.g., Elsdon and Gillanders 2005, Miller
2011) or may reflect other sources of variation (e.g., Heagney et al. 2013). As collection
locations and dates were known for each fish, we reasoned that: (1) for unshared dispersal
histories (e.g., Fig. 1b, cf'trajectory ‘i’ vs ‘iv’), the concentrations of “useful” trace elements (for
our purposes) should converge at the otolith edge within a site-date observation (because the
environmental conditions during formation of the final otolith increment are common to the
sample), and (2) for shared dispersal histories (e.g., Fig. 1b, trajectory set ‘ii’), the
concentrations of “useful” trace elements should be concordant for the entire hindcasted time-
series (because environmental conditions during the formation of all otolith increments should be
common to the sample). To identify which trace elements met either assumption, we estimated
(separately for each trace element and site-date observation) variation in daily trace element
concentrations among individuals (coefficient of variation, CV), for the 15d prior to collection.
We then evaluated (separately for each trace element) the slope of the relationship between CV
and ‘hindcasted day’ using a GLM that included ‘site-date’ as a fixed factor to control for
systematic variation among site-date observations. Elements with significant positive slopes
(i.e., CV increases with hindcasted days) or those with non-significant slopes (i.e., CV remains
constant with hindcasted days) were identified as “useful” proxies of geographic signatures and
were retained for subsequent analyses (elements with significant negative slopes were
discarded).

We found that among-individual variation in trace element concentrations (CVs)
significantly increased as a function of ‘hindcasted day’ for Mg, K, and Mn (Table C1),
indicating that concentrations converged as individuals approached a common collection site
(i.e., as hindcasted day approached 0). CVs did not vary significantly with respect to hindcasted

day for P, Sr, Ba, and Pb and significantly decreased as a function of ‘hindcasted day’ for Li, B,



S, Cu, and Zn (Table C1). Trace elements with significant negative slopes (i.e., indicating that
concentrations diverged as individuals approached a common collection site) were assumed to be
poorly representative of geographic signatures derived from hindcasted data, and were not used
to classify and discriminate dispersal histories. All other trace elements (Mg, P, K, Mn, Sr, Ba,

and Pb) were retained for subsequent classification of fish into discrete dispersal cohorts.
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Table C1. Among-individual variation in trace element concentrations (CVs) as a function of

‘days prior to collection’ (‘hindcasted day’) for 9 ‘site-date’ observations (modeled as a block

effect in GLM analysis). Given are F and P values for each effect, and the parameter estimate

(slope) for ‘hindcasted day’. Slopes that were non-significant or significantly positive were

interpreted as consistent with a geographic signature.

Dep. variable ‘Site-date’ ‘Hindcasted day’ Consistent with
(CVTrace Element) Fs,124 P Fi,124 P Slope geographic signature

CVii 246.2 <0.0001 13.1 0.0004 -0.46 no

CVs 12.7  <0.0001 374  <0.0001 -1.32 no

CVmg 109.7 <0.0001 47.3 <0.0001  0.52 yes

CVp 22.6  <0.0001 0.7 0.42 -0.21 yes

CVs 71.5  <0.0001 445  <0.0001 -0.10 no

CVk 172 <0.0001 11.4  0.001 0.09 yes

CVmn 22.5  <0.0001 26.1 <0.0001  0.57 yes

CVcu 65.9  <0.0001 5.1 0.03 -0.41 no

CVza 474  <0.0001 26.6  <0.0001 -1.14 no

CVsr 245  <0.0001 296  0.09 -0.04 no

CVaa 40.2  <0.0001 0.2 0.63 0.12 yes

CVpo 182  <0.0001 1.8 0.19 0.66 yes



