PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

)

Research

updates

Cite this article: Siple MC, Essington TE,
Barnett LAK, Scheuerell MD. 2020 Limited
evidence for sardine and anchovy asynchrony:
re-examining an old story. Proc. R. Soc. B 287:
20192781.
http://dx.doi.org/10.1098/rspb.2019.2781

Received: 27 November 2019
Accepted: 13 February 2020

Subject Category:
Ecology

Subject Areas:
ecology, environmental science

Keywords:

compensatory dynamics, small pelagic fishes,
food webs, asynchrony, fisheries ecology, time
series modelling

Author for correspondence:
Margaret C. Siple
e-mail: siplem@uw.edu

"Present address: US Geological Survey,
Washington Cooperative Fish and Wildlife
Research Unit, School of Aquatic and Fishery
Sciences, University of Washington, Seattle,
WA 98105, USA.

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
.4863993.

THE ROYAL SOCIETY

PUBLISHING

Limited evidence for sardine and anchovy
asynchrony: re-examining an old story

Margaret C. Siple!, Timothy E. Essington, Lewis A. K. Barnett?
and Mark D. Scheuerell>*

ISchool of Aquatic and Fishery Sciences, University of Washington, Seattle, WA 98105, USA

2Maska Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric
Administration, 7600 Sand Point Way NE, Seattle, WA 98115, USA

SNorthwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric
Administration, 2725 Montlake Blvd E, Seattle, WA 98112, USA

MCS, 0000-0002-4260-9856; TEE, 0000-0002-9986-7100; LAKB, 0000-0002-9381-8375;
MDS, 0000-0002-8284-1254

Asynchronous fluctuations in abundance between species with similar eco-
logical roles can stabilize food webs and support coexistence. Sardine
(Sardinops spp.) and anchovy (Engraulis spp.) have long been used as an
example of this pattern because low-frequency variation in catches of
these species appears to occur out of phase, suggesting that fisheries and
generalist predators could be buffered against shifts in productivity of a
single species. Using landings data and biomass and recruitment estimates
from five regions, we find that species do not have equivalent peak abun-
dances, suggesting that high abundance in one species does not
compensate for low abundance in the other. We find that globally there is
a stronger pattern of asynchrony in landings compared to biomass, such
that landings data have exaggerated the patterns of asynchrony. Finally,
we show that power to detect decadal asynchrony is poor, requiring a
time series more than twice the length of the period of fluctuation. These
results indicate that it is unlikely that the dynamics of these two species
are compensatory enough to buffer fisheries and predators from changes
in abundance, and that the measurements of asynchrony have largely
been a statistical artefact of using short time series and landings data to
infer ecology.

1. Introduction

How do species with similar ecological roles coexist? This most fundamental
question in ecology has few accepted general answers. Most coexistence mech-
anisms (except neutrality; [1]) rely on either local niche partitioning or niche
partitioning in space or time. Spatial and temporal niche partitioning mechan-
isms rely on environmental variation and the presence of stabilizing factors
such as differential responses to environmental conditions among species,
trade-offs between competitive and dispersal abilities, and other asymmetries
in dispersal such as source-sink dynamics [2-6]. Such mechanisms achieve
coexistence by producing asynchronous fluctuations between species in
space or time. Similar mechanisms also facilitate the stability of larger food
webs with multiple interaction types, where species synchrony is typically
destabilizing [7]. Thus, the extent to which synchrony or asynchrony is
observed in nature can shape researchers’ perspectives on the nature of inter-
actions and which particular coexistence mechanism may be driving their
dynamics. Ecology textbooks contain numerous examples of strongly interact-
ing species with clearly synchronous or asynchronous dynamics (e.g.
microbial communities, hare-lynx predation), yet such patterns are likely dif-
ficult to detect from the noisy ecological data that emerges from most
ecosystems. Hence, there is a need to assess what the strength of these
relationships is by comparing them to a realistic null expectation (rather
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than simply asking whether species vary independently or
not), and by determining if the existing data are sufficient
to detect synchrony or the lack thereof.

While the mechanisms of species coexistence continue
to be explored, a parallel line of investigation has identified
the consequences of coexistence among species that play
similar ecological roles. Evidence generally indicates that
functional redundancy (species richness within a func-
tional group) supports ecological stability, productivity
and ecosystem services by reducing variation in commu-
nity structure and ecological function [8-10], particularly
if the redundant species have asynchronous dynamics
[11,12]. Some highly productive marine ecosystems have
little functional redundancy among secondary consumers
in food webs, a group typically comprised of small, pro-
ductive pelagic fishes called forage fish [13]. Determining
the degree of asynchrony between these few forage species
is critical to understanding and predicting the dynamics of
entire ecosystems.

Sardine (Sardinops spp.) and anchovy (Engraulis spp.) are
commonly the predominant forage species occupying the
critical intermediate trophic position in coastal marine food
webs [13,14], and prevailing paradigms assert that they are
essentially interchangeable central nodes of the food web
whose dynamics are asynchronous (out of phase). Evidence
that sardine and anchovy populations are asynchronous
includes rapid increases in anchovy abundance when sardine
abundance is declining [15-18] and correlation between
oceanographic phase shifts and alternating cycles of abun-
dance between species [19]. Apparent response diversity to
environmental drivers tends to lead to replacement of the
species as the dominant forage fish in communities as the
environment shifts to favour one species over another [20-
22]. This in turn drives changes in the composition of catches
and diets of high-trophic-level species, as the two genera con-
stitute at least 50% of total marine fishery landings [23] and
are important prey for a number of marine predators [23].
Other research has begun to erode this story: Baumgartner
et al. [24] originally showed that sardine and anchovy regimes
do not occur out of phase at multidecadal timescales, and this
has been supported by other palaeorecord studies using scale
deposition in sediments [25,26]. A recent study using land-
ings patterns did not find evidence that sardine-anchovy
asynchrony was a global pattern [27]. Despite these develop-
ments, the paradigm of sardine-anchovy asynchrony has
largely persisted. As one of the pairs of species with the
most documented asynchrony in marine systems, sardine
and anchovy make a great case study of a natural system
where we can critically evaluate asynchrony and why it mat-
ters for coexistence and reducing variability in ecosystem
function and fishery production.

There are two components of sardine and anchovy co-
dynamics that correspond to their causes and consequences:
comparability and asynchrony. Comparability refers to the
possibility that sardine and anchovy are ecologically or econ-
omically interchangeable [17]. This is particularly important
for predators and fisheries of forage fish, which will have
consistent dietary needs even as the prey community shifts.
Evidence for comparability includes alternating but similar
catches of sardine and anchovy [28] and similar predator con-
sumption rates between periods when one or the other
species is not available, e.g. in South Africa, where cape
gannet (Morus capensis) diet composition is thought to reflect

changes in relative forage biomass ([29] and references
therein). If sardine and anchovy biomasses are comparable
in marine ecosystems where they co-occur, predators and
fisheries should be able to sustain a more stable supply of
food or catches by switching between the two. The need for
particular life-history strategies to cope with fluctuating
environmental conditions may be obviated if critical prey
fluctuate out of phase. Here we define asynchrony as species
fluctuating out of phase, synchrony as in-phase fluctuations
and independence as fluctuations that occur at different fre-
quencies or are otherwise uncorrelated in the long term.
Here we focus on sardine and anchovy because they are glob-
ally distributed and tend to be numerically dominant where
they are present. Asynchrony in sardine and anchovy should
result in a dampening of variation in forage resources avail-
able for predators, to the degree that their abundances are
comparable.

The timescale of regimes, their degree of asynchrony and
the metric in which it appears are important to our under-
standing of the causes and consequences of sardine and
anchovy dynamics. Cycles in landings represent conse-
quences for change in resource use and benefits to human
communities, whereas cycles in biomass reflect change in
resources available to predators. Finally, recruitment
dynamics reflect the underlying production processes that
generate biomass and indicates prey availability for predators
that specialize on earlier life stages [30,31]. Generalist preda-
tors and fishing communities that exploit both species
interchangeably should be robust to changes in forage fish
community composition if sardine and anchovy dynamics
are asynchronous. The timescale of asynchrony influences
the likelihood that it can be detected and the potential for
assigning possible mechanisms.

Mechanisms for sardine-anchovy asynchrony have been
discussed at length in the literature. These include differences
in the ideal temperature range for each species (e.g. [32]) and
density dependence [18] as well as extrinsic factors that occur
at similar timescales [33,34]. For more comprehensive sum-
maries of these potential mechanisms, we refer the reader
to this literature [19,22,35]. Despite the substantial attention
paid to mechanism, there have been few attempts to charac-
terize this pattern across regions [22,27,36] and to our
knowledge none have examined the timescale and prevalence
of this pattern across metrics.

Establishing null expectations for asynchrony and com-
paring the pattern across ecosystems should mitigate the
tendency to look for simple patterns when data are limited
[37]. The most recent global analysis of this phenomenon
focused on teleconnections between distinct ecosystems
using only landings [27]. Here, we analyse landings, biomass
and recruitment independently as we seek to identify ecologi-
cal relationships within each ecosystem, including the
potential for each species to replace the other from the
perspective of fisheries and generalist predators.

In this paper, we synthesize data from five large marine
ecosystems to quantitatively test the hypothesis that ancho-
vies and sardines are asynchronous in marine coastal
ecosystems. Specifically, we ask whether one species fre-
quently replaces the other, and at what timescales observed
the patterns of asynchrony are stronger than expected by
chance.

Finally, we examine the data requirements for detecting
asynchrony by asking:
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Figure 1. A schematic showing the study design. Methods are shown in bold. To evaluate asynchrony for each region, we used state-space models to estimate
covariance and used wavelet methods to see whether asynchrony at three timescales was stronger than expected by chance from similar time series. To determine
how much data are needed to detect asynchrony, we simulated longer time series driven oppositely by a shared environmental driver, then used the same wavelet
methods to try to detect asynchrony at each of several observation lengths. (Online version in colour.)

(1) If anchovy and sardine were truly asynchronous, how
many years of data would be needed to robustly detect
this pattern?

(2) What is the probability of falsely detecting asynchrony in
these populations?

We expect that asynchrony at short timescales will be
most robustly detectable than asynchrony at longer time-
scales, because of the inherent limits on the number of
cycles that can be observed in a given time series.

2. Methods

We collected sardine and anchovy time series from global data-
bases to assemble the longest and most complete datasets
available for five marine ecosystems. We used simple metrics
to determine the extent to which sardine and anchovy are com-
parable in landings and biomass. We also estimated sardine—
anchovy covariance and used a randomization test to assess
whether the observed degree of asynchrony in each ecosystem
was stronger than expected by chance. Finally, to determine the
joint roles of time series length and the magnitude and frequency
of variation in generating spurious asynchrony, we simulated
sardine and anchovy populations with known dynamics and
quantified the probability of falsely detecting asynchrony using
conventional correlation methods.

(a) Data

We collated sardine and anchovy time series from five regions:
The Kuroshio-Oyashio, California, Humboldt, Benguela Cur-
rents and the Northeast Atlantic (electronic supplementary
material, figure S1; table S1). All are coastal upwelling ecosys-
tems except for the Kuroshio-Oyashio Current, which is a
western boundary current, and the Northeast Atlantic, which is
a shelf ecosystem. Time series data were compiled from the
Ransom A. Myers Legacy Stock Assessment database [RAM;
38,39], the Food and Agriculture Organization landings database
[FAO; 40] and a collection of stock assessments and individual
studies published in Barange et al. 2009 [41] (48 total time

series; electronic supplementary material, table S2). These time
series consist of data (landings) and estimated values from stock
assessments (biomass and recruitment). This dataset includes
more metrics than the most globally comprehensive studies of
trends so far [27,36] and has a broader geographical scope than
studies focused on dynamics in one region (e.g. [24]). We defined
the dominant sardine and anchovy species for each region as the
species in each group with the highest median biomass. We
assessed comparability using the log-ratio of median anchovy to sar-
dine landings and biomass in each ecosystem. This is a simple way
of showing whether one species is much more abundant than the
other.

(b) Evaluation of asynchrony

We assessed asynchrony using two approaches: (i) a time series
approach, in which the strength and sign of the covariance were
estimated by fitting a multivariate autoregressive state-space
(MARSS) model and (ii) a wavelet approach, which decomposes
time series into variation at different frequencies (figure 1; elec-
tronic supplementary material, figure S2). Specifically, the
wavelet modulus ratio provides a measure of asynchrony at mul-
tiple frequencies [42] and has been used to analyse compensatory
dynamics in ecological communities (e.g. [43]), including sardine
and anchovy in the California Current [35].

To estimate covariance between sardine and anchovy, we fit a
MARSS model to the dominant sardine and anchovy stock in
each region, using the MARSS package in R [44,45]. We assumed
that species interactions (independent of the environment) and
observation error were similar across ecosystems, but that sar-
dine-anchovy covariance was region-specific, an assumption
supported by model fits (see electronic supplementary material
for full model structure).

To determine whether sardine and anchovy were more asyn-
chronous than expected by chance, we generated 50 surrogate
time series with the same length and spectral properties as the
observations, but without phase information. Surrogate time
series provide a ‘null expectation” for the degree of asynchrony
that spectral analysis would detect in unrelated time series
with similar autocorrelation and error. Surrogate time series
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median values were comparable (i.e. sardine and anchovy have similar median landings, biomass, and recruitment). Points to the left of the dotted line are eco-
systems where sardine have higher medians landings, biomass, and recruitment. Grey points indicate values from different data sources and coloured points indicate

medians across all data sources. (Online version in colour.)

were generated using Theiler’s phase randomization, via the frac-
tal package in R [46]. For each pair of sardine and anchovy
surrogates, we calculated the wavelet modulus ratio (WMR).
The WMR is bounded between 0 and 1, where lower values
are characteristic of asynchronous or compensatory dynamics,
higher values are characteristic of synchronous dynamics, and
intermediate values are characteristic of independent dynamics.
WMR values were calculated using the mvcwt package in R
[47]. WMR returns values for every timescale; we pooled WMR
values in less than 5-yr, 5-10-yr and greater than 10-yr
timescales.

To compare observed WMR values to the null expectation,
we used Mann-Whitney—-Wilcoxon tests and associated estimates
of the median difference (d) and effect size, testing the null
hypothesis that the null and observed WMR distributions at
each timescale differ by a location parameter of 0. In order to
compare the observed WMR to a null distribution, we ignored
the arrangement of values in the time domain and binned the
information by frequency.

(c) The amount of data needed to detect asynchrony
We explored two cases: the possibility that asynchrony would
not be identified when it was present (Type II error) and the
possibility of a false detection of asynchrony when it was not pre-
sent (Type I error). To examine the potential for each of these, we
used the fitted parameters from the state-space model described
above to simulate two autocorrelated time series x; which
respond to a shared driver ¢; The time series were generated
as follows:

x¢ = Bx;_1 + Ccr + wi;  wy ~ MVN(0,Q), (2.1)

where x; is an m x 1 vector of the natural log of biomass for sar-
dine and anchovy at time ¢ and B is an m x m matrix containing
the effects of each species on itself along the diagonal and the
effect of one species on the other on the off-diagonal (here, m =
2). Cis an mx1 vector relating sardine and anchovy to an
environmental driver ¢, which here is described by a sine wave
with a period T of 60 yr (similar to the period of fluctuations
hypothesized for sardine and anchovy, although this exercise

could be repeated for any period; [15]):
ct = si 2771?1 2.2
¢t = sin 7)) (2.2)

The variance-covariance matrix Q is

o= [r %] e

Values of gs,4,, and g, were based on estimates from real
time series of biomass (electronic supplementary material,
equation S5). Because we were interested in the detectability of
a known degree of synchrony, we did not simulate observation
error; additional error would increase the length of the time
series needed for detection.

To test the power of our method to detect asynchrony, we
investigated a hypothetical condition in which the two species
were correlated to a shared environmental driver (asynchronous

at time period T; C = {_11})‘ For each of 100 simulations, we

generated one long time series of sardine and anchovy. We com-
pared the value of d from increasing sample sizes (1 =30-150 yr)
to the value from the full dataset.

To determine the potential for falsely detecting asynchrony
(Type I error), we investigated a second hypothetical condition
in which both species were positively correlated to a
} } ) . We simulated
1,000 pairs of sardine and anchovy biomass and calculated the
Spearman correlation at each sample length.

low-frequency environmental driver (C = {

3. Results

We found no consistent pattern of comparability (the potential
for sardine and anchovy to be ecologically or economically
interchangeable) in landings between sardine and anchovy
across the five ecosystems. Each ecosystem had one forage
species with higher median landings, with differences of up
to 196% (Humboldt Current, dominated by anchovy). Sardine
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dominated landings in the Northeast Atlantic and Kuroshio-
Oyashio Current, and were nearly comparable in the Califor-
nia Current (figure 2) where median anchovy landings were
only 13% lower than median sardine landings. Sardine and
anchovy landings were most comparable in the California
Current, where median anchovy landings were only 13%
lower than median sardine landings ([48]; electronic sup-
plementary material, figure S3).

For three of the five ecosystems, sardine and anchovy
were more comparable in landings than they were in bio-
mass. Biomass also indicated one dominant forage species
in each ecosystem, with differences in median biomass of
up to 160% (Northeast Atlantic, dominated by sardine). Sar-
dine and anchovy biomass were most replaceable in the
California Current, where the maximum biomass was only
7% different (RAM). These results were consistent among
datasets. Comparability in recruitment was in the same direc-
tion as biomass (except in the Northeast Atlantic), with much
larger differences in the median. Sardine had higher recruit-
ment than anchovy in Kuroshio-Oyashio and California
Currents, and anchovy had higher recruitment in the North-
east Atlantic, Humboldt and Benguela Currents. Long-term
maxima of landings and biomass showed similar signals.

Covariance between sardine and anchovy landings and
biomass was weak and the sign varied across ecosystems,
whereas covariance in recruitment was stronger. The Hum-
boldt Current exhibited the strongest negative covariance in
landings (gs,=-0.10; 95% CI [-0.262, 0.0617]) (figure 3a).
The confidence intervals for the covariance estimate over-
lapped zero in all five ecosystems. Covariance in biomass

was similarly weak and occurred in the same direction
as covariance in landings in every ecosystem except the
Kuroshio-Oyashio Current and the Northeast Atlantic.
Estimates of the elements of B suggest that there is a small
global negative effect of sardine on anchovy (bs,=-0.10
[-0.19, —0.02]), but it is not strong enough to produce nega-
tive covariance in biomass where it is not indicated by Q (see
electronic supplementary material). Confidence intervals for
covariance overlapped among ecosystems. The strongest
covariance between sardine and anchovy (both negative
and positive) was in recruitment (Benguela Current covari-
ance was 0.5 [0.166, 0.834]; California Current covariance
was —0.275 [-0.471, —0.080]). Estimates of the elements of B
indicate that density dependence is nearly absent for sardine
(bs=0.98 [0.93,1.0]) and stronger for anchovy (b, =0.67 [0.55,
0.78]), where b=1 indicates density independence [49].

There was slightly stronger evidence of asynchrony at
longer timescales, particularly for landings. For example, in
the Humboldt Current, landings were more asynchronous
than expected by chance while biomass only indicated asyn-
chrony at the longest timescale (10+ yr; p <0.001, median of
differences (observed — null) d = —0.056 [-0.079, —0.033], pro-
portion of samples where null < observed r=0.04) (electronic
supplementary material, table S3). This pattern also occurred
in the Kuroshio-Oyashio Current, for which asynchrony in
landings was present at short (less than 5yr) timescales
(p<0.001, d=-0.034 [-0.043, —0.025], r=0.32), but not in
biomass at any timescale.

Across all ecosystems, WMR distributions indicated stron-
ger asynchrony in landings than biomass (higher density at

18776107 :£8T § 0S “Y 20id  qdsi/jeuinol/bio buiysigndfianosiefos H



lower WMR values; figure 3b, electronic supplementary
material, table s3). There was not a strong signal of asynchrony
in recruitment time series, except in the Northeast Atlantic,
which had the strongest signal at short timescales (less than
5 yr; p<0.001, d=-0.323 [-0.338, —0.308], r=0.10). The
Benguela Current was more synchronous than expected by
chance, across all metrics. Finally, the California Current had
more synchronous dynamics in recruitment and spawning
biomass than expected by chance at every timescale.

We found that statistical power to detect asynchrony at
decadal scales was low. Our power analysis indicates that if
sardine and anchovy were asynchronous at a 60-yr scale,
detecting asynchrony at long (10+ yr) timescales could
require several more decades of data than are currently avail-
able (greater than 120 yr to detect asynchrony in our example;
electronic supplementary material, table S5). Dynamics at
shorter (less than 10-yr) timescales accurately characterized
in much shorter time series (40-80 yr of data; electronic sup-
plementary material, figure S9). We also found a non-zero
probability that using Spearman correlation can falsely
detect asynchrony in shorter time series (a Type I error),
even those that are synchronous at a decadal scale. If both
species were similarly correlated to an environmental
driver, the probability of falsely detecting asynchrony
between those two species remains above 10% until there
are at least 12 yr of data (figure 4). The number of years of
data required increases when one or more species is less
strongly correlated to the shared driver.

Asynchronous and comparable dynamics between species
are often used to draw conclusions about ecological relation-
ships, functional redundancy and system resilience. These
considerations are important in a conservation context, par-
ticularly when human activities such as fishing can affect
the abundance of one or more species in a food web. In
marine systems, inferring these relationships can be even
more difficult given our limited ability to observe them. Sar-
dine and anchovy are an archetypal example of two marine
species whose ecological relationship is inferred from pat-
terns in abundance. We show that these two abundant and
commercially important taxa are neither strongly asynchro-
nous, nor are they comparable in abundance. We find that
the observations of asynchrony in landings are not indicative
of underlying patterns in biomass or recruitment. Further-
more, we find that conventional methods can falsely detect
asynchrony in shorter time series. Together these results indi-
cate that there is limited potential for sardine and anchovy to
effectively replace each other as key forage species in the
ecosystems where they occur.

Overall, we found very limited statistical support for
asynchrony. Significant asynchrony in biomass and recruit-
ment only occurred in the Northeast Atlantic and
Humboldt ecosystems, a pattern that was unexpected given
the volume of literature documenting asynchrony ([16] and
others). Cases where we observed synchronous dynamics
using our method may have been a limitation of our
method, which can indicate synchrony in shorter datasets.
In the Benguela Current, our finding of synchrony is in agree-
ment with Izquierdo-Pefia et al’s finding that the stocks
began to covary positively in the last two decades after
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declining to low productivity [27]. We also found that even
when their dynamics are compensatory, sardine and anchovy
are unlikely to be ecologically replaceable because their abun-
dances are not comparable. We do not interpret our results to
mean that asynchrony between sardine and anchovy does
not exist, rather that it is difficult to detect in the systems
where it occurs.

What makes asynchrony in biomass so difficult to detect
for these two groups? Our results indicate two possibilities:
(i) the strength of asynchrony is exaggerated by the use of
landings data to make ecological inference and (ii) the time-
scale of fluctuations is too long to detect asynchrony at low
frequencies. Across ecosystems, we found that landings indi-
cated less comparable abundance but stronger asynchrony
than was indicated by biomass, suggesting that fishery-
dependent data exaggerate the appearance of compensatory
dynamics.

Stronger asynchrony in landings than biomass could
result from different regulatory frameworks and effort
dynamics; effort in the fishery for one species could shift to
another when abundance was declining, exaggerating asyn-
chrony in landings relative to abundance. This would be
consistent with a pattern of risk mitigation in which fisher-
men shift among target species as they are available and
profitable [50]. Asynchrony in landings at all timescales
was a particularly strong pattern in the Humboldt Current,
an ecosystem where fishing effort shifts to sardine when
anchoveta are less available. Stronger asynchrony in landings
could also be a result of the schooling behaviour of sardine
and anchovy, whose range contracts at low population
sizes, allowing for large catches relative to abundance (the
‘basin model’; [51]). In both of these cases, human behaviour
enhances natural patterns of asynchrony.

Our results indicate that perceived global asynchrony
may be an artefact of the low frequency, strongly autocorre-
lated biomass of both species. Our analysis indicates that
using correlations (like Spearman correlation) to infer



dynamics can falsely indicate asynchrony when time series
are short, including at the time series lengths currently avail-
able for our study regions. This is a useful example of a case
where using simple correlation metrics on autocorrelated
time series can result in incorrect classification [52]. In cases
where low-frequency asynchrony is present, there are signifi-
cant data requirements for detecting it, of which our
estimates represent a minimum. That asynchrony is detect-
able in some long time series [36] but not others [24]
indicates that more data are necessary but not always suffi-
cient for detection, including detection via our method. The
issue of statistical power has been brought up previously
by MacCall [33] who noted that, ‘we still have not experi-
enced more than two well-documented episodes of sardine
or anchovy abundance in any of these systems, which is an
absurdly small sample size by any statistical standard...it
will most likely require at least a third episode, presumably
sometime in the next few decades, for science to make further
progress.” We find support for this statement in our analysis.

Though preferable to landings for finding ecological pat-
terns, biomass estimates may still obscure asynchronous
drivers between the two species. For example, if sardine and
anchovy filter environmental signals at different timescales,
storage effects detectable in age structured data would not
appear in biomass. Finally, the assessments of asynchrony
could be affected by poor data quality or other issues with
abundance estimation [53]. A full simulation study that expli-
citly models observation error could identify the specific roles
of process versus observation error in generating the patterns
we found ([36] presents one possible approach).

Even in regions where there is stronger evidence of asyn-
chrony, inferences about functional replacement between
sardine and anchovy should be made with caution. Compar-
able abundance indicates ecological replaceability only for
predators with access to both species, and sardine and
anchovy can occupy different areas depending on density,
habitat suitability and prey availability ([54,55] and others).
The impact of sardine-anchovy asynchrony on predators
will depend on the composition of the forage guild [56-58],
which is diverse even in systems where these species are domi-
nant [59]. Assessments of the ecological impact of asynchrony
should account for forage guild diversity where possible.

A primary issue in the management of forage species is
how to adapt to big, often unanticipated changes in abun-
dance. The degree to which compensatory dynamics buffer
the forage category from change is unknown in most ecosys-
tems. If sardine and anchovy were asynchronous, generalist
predators and fisheries would be able to exploit sardine
when anchovy abundance is low and vice versa. Our results
show that clear patterns of asynchrony are the exception
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