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Abstract.  Although different fisheries can be tightly linked to each other by human and
ecosystem processes, they are often managed independently. Synchronous fluctuations among
fish populations or fishery catches can destabilize ecosystems and economies, respectively, but
the degree of synchrony around the world remains unclear. We analyzed 1,092 marine fisheries
catch time series over 60 yr to test for the presence of coherence, a form of synchrony that
allows for phase-lagged relationships. We found that nearly every fishery was coherent with at
least one other fishery catch time series globally and that coherence was strongest in the north-
east Atlantic, western central Pacific, and eastern Indian Ocean. Analysis of fish biomass and
fishing mortality time series from these hotspots revealed that coherence in biomass or fishing
mortality were both possible, though biomass coherence was more common. Most of these
relationships were synchronous with no time lags, and across catches in all regions, synchrony
was a better predictor of regional catch portfolio effects than catch diversity. Regions with
higher synchrony had lower stability in aggregate fishery catches, which can have negative con-

sequences for food security and economic wealth.
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INTRODUCTION

Marine fisheries contribute substantially to food secu-
rity, nutrition, livelihoods and foreign trade of many
countries (FAO 2018). Hence, the stability of marine
resources is of substantial interest. Although research
has shown that anthropogenic and environmental
changes have led to variable and sometimes decreasing
fishery catches, the consequences for food production
and livelihoods depend not only on the magnitude of the
variation but also on whether decreases in one fishery
are offset by increases in another (Hilborn et al. 2003,
Moore et al. 2010, Schindler et al. 2010). In contrast,
synchronous fluctuations across multiple fisheries reduce
the stability of marine food production and can depress
regional fishing economies (Laevastu and Marasco
1982). Although synchrony between particular marine
species has been observed (Lluch-Belda et al. 1992, Tsik-
liras et al. 2018, Zimmermann et al. 2019), we currently
know little about the prevalence of synchrony in fisheries
across large spatial and temporal scales.
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Synchrony results when the dynamics of multiple sys-
tem components are similar through time, which reduces
the effective diversity of the system and leads to greater
volatility and greater potential for collapse of yields
(Schindler et al. 2010, Thibaut and Connolly 2013). In
contrast, asynchronous fluctuations have a stabilizing
role, also termed the portfolio effect (Figge 2004, Schind-
ler et al. 2010). Portfolio effects describe the degree to
which the dynamics of the aggregate system are less vari-
able than the individual components, a concept that is
analogous to financial portfolios (Figge 2004). The con-
cept of portfolio effects has been widely applied to provide
a framework for understanding the relationship between
diversity at one level and stability at a more aggregated
level, including to studies of fishery catch diversity and
stability (Schindler et al. 2010, 2015, Kasperski and Hol-
land 2013). These variability estimates are typically depen-
dent on the number of species (taxonomic richness) or
populations, where higher diversity leads to stronger port-
folio effects (Thibaut and Connolly 2013). Synchronous
fluctuations within a system increase variability and
weaken portfolio effects (Moore et al. 2010, Schindler
et al. 2010). However, the relative importance of the num-
ber of components in the system vs. synchrony among the
components in determining the strength of portfolio
effects is currently unclear for many systems.

Synchrony is typically considered in one of two forms,
either between numbers of the same system component
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in different places (i.e., spatial synchrony) or between
numbers of different system components in the same
place (i.e., community synchrony). For example, studies
of community synchrony have predominantly focused
on relatively small geographic scales and on groups of
species that are closely taxonomically related or that
share similar life history strategies (Cheal et al. 2007,
Buttay et al. 2017). Fishery catches of certain pelagic fish
species exhibit greater community than spatial syn-
chrony (Corbineau et al. 2008, 2010). Other studies of
community synchrony have found that Lepidoptera with
similar feeding strategies (Raimondo et al. 2004) and
taxonomically related seabirds have synchronous fluctu-
ations (Robinson et al. 2013). From these prior studies,
it remains unclear whether community synchrony is
strongly structured by taxonomy or by life history strate-
gies at global scales.

Most studies on synchrony have focused only on syn-
chronous and anti-synchronous fluctuations, and mostly
with climate as a driver of synchrony (Grenfell et al.
1998, Haynes et al. 2013, Sheppard et al. 2016). The
Moran effect, for example, describes spatial synchrony
of population fluctuations driven by exposure to shared
climate fluctuations (Moran 1953). However, human
behavior can also exert strong effects on populations of
harvested species, especially in coupled social-ecological
systems like marine fisheries. For example, commercial
exploitation was found to be a strong driver of syn-
chronous fluctuations among cod stocks in the North
Atlantic (Frank et al. 2016). Furthermore, trophic or
competitive relationships can also drive community syn-
chrony (Huitu et al. 2004, Loreau and de Mazancourt
2008). The nature of fluctuations (e.g., synchronous,
anti-synchronous, lagged) can help point to likely dri-
vers, yet attributing causality to patterns in synchronic-
ity among marine fisheries time series is still debated
(Lluch-Belda et al. 1992, Schwartzlose et al. 1999, Sugi-
hara et al. 2012, Izquierdo-Pefa et al. 2019).

Controversy over the nature and mechanisms of syn-
chrony in many systems still exist, in part because differ-
ent mechanisms produce patterns that are
indistinguishable using common analytical approaches
like cross-correlation (Sugihara et al. 2012, Defriez and
Reuman 2017). Wavelet coherence, however, can help
resolve relationships when time lags confound correla-
tion (Fig. 1; Sheppard et al. 2016). Two variables are
coherent if they exhibit correlated oscillations and con-
sistent phase differences through time, even if the vari-
ables are phase-lagged or anti-phase (Sheppard et al.
2016, Sheppard et al. 2017). Consistency of phase differ-
ences is important because it is more likely to imply a
causal relationship that is not due to chance. Further-
more, identification of the type of phase relationships
can help inform the potential drivers. Like other wavelet
approaches, wavelet coherence also accommodates com-
plex temporal autocorrelation structures, another com-
mon property of fisheries time series that confound
correlation tests.
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Fic. 1. Illustration of coherence and phase relationships
comparing wavelet approaches and Pearson’s correlation tests.
(A) Two time series with an in-phase relationship that shows
both coherence (P = 0.001) and correlation (P = 2.2 x 107'9),
(B) Two time series with a phase-lagged relationship that shows
coherence (P = 0.001) but statistically nonsignificant correla-
tion (P = 0.662). (C) Two time series with no significant coher-
ence (P = 0.437) or correlation (P = 0.648). Units for signal
and time are arbitrary.

Here, we make use of long-term, global, fisheries catch
records to test for coherence in marine fisheries on a glo-
bal scale. We use wavelet analysis to ask, (1) Are marine
fishery catches globally coherent, and if so, with what
phase relationships? (2) Are fishery catches in the same
region or from taxonomically related species more likely
to be coherent? (3) Are there global hotspots of coher-
ence? (4) Where and to what extent does coherence influ-
ence portfolio effects among fishery catches? We aim to
describe the nature of coherent marine fishery catches
and how coherence relates to portfolio effects that stabi-
lize ecosystems and fishing economies. We focus on
catch data and not abundance or catch per unit effort
(CPUE) indices due to the availability of long and con-
sistent catch time series, and we do not assume that
catch fluctuations represent changes in population
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abundances (Branch et al. 2011, Pauly et al. 2013). How-
ever, we also use available biomass and fishing mortality
data from global coherence hotspots to directly examine
the relative strength of coherence in biomass and fishing
mortality time series.

MATERIALS AND METHODS

Data compilation and processing

We examined publicly available FAO catch data (Food
and Agriculture Organization of the United Nations)’
from fish, crustaceans and molluscs. We filtered the data
to select only time series that had a median of more than
10 metric tons harvested per year and for which more
than three-quarters of the values were non-zero. After
filtering, we had 1,092 time series that each represented
a unique species-location across 15 FAO regions. These
1,092 time series spanned the years 1955-2014 (60 yr)
and consisted of 510 unique taxa from 132 taxonomic
families (Appendix S1: Table S1). The majority (76%) of
these time series were species- or genera-level stocks. An
additional 19% were family-level stocks, and the remain-
ing were classified under Orders or Subclasses. None of
the “miscellaneous”, “unidentified”, or “not elsewhere
included” groups were included. As is standard for
coherence analysis, all time series data were linearly
detrended separately for each stock, optimally Box-Cox
transformed to normalize marginal distributions (Shep-
pard et al. 2016), and standardized by dividing each time
series by its standard deviation prior to analyses.

Additional information on reconstructed population
biomass and fishing mortality were included from the
RAM Legacy Stock Assessment database (Ricard et al.
2012; version 4.491) for three regions identified as having
high coherence in catches. Time series for stocks in these
regions were compiled for 1950-2018. We examined total
biomass of each stock, though only for years in which
total catch was greater than zero to remove stock assess-
ment spin-up periods. We also examined reported
exploitation rate or, where this was unavailable (20% of
populations), instantaneous fishing mortality rate, here-
after referred to as fishing mortality. The longest possible
period for each pair of stocks in each of the identified
regions with <10% missing values was used. These restric-
tions resulted in 4-59 stocks spanning 46-57 yr (Appendix
S1: Tables S2, S3). All time series data went through the
same linear detrending and transformation process as the
catch data, and all subsequent results reflect coherence in
the fluctuations (anomalies) of each time series.

Wavelet coherence statistical analyses
We used wavelet coherence analyses to determine
whether marine fishery catches were coherent at global

7 http:/lwww.fao.org/fishery/statistics/global-capture-produc-
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and regional scales, and to determine the distribution of
phase relationships between fishery catches (questions 1
and 2). We computed pairwise wavelet coherences
among all 1,092 species-location combinations, averag-
ing over the study period (1955-2014) and across all
timescales from 2 yr (the shortest fluctuations that can
be resolved from annual time series) to 20 yr (one-third
of the full time series length of 60 yr). Wavelet coherence
is a complex quantity with (1) a phase representing the
phase difference between oscillations in two time series
and (2) a magnitude representing the tendency for the
time series to have consistent phase differences and cor-
related magnitudes of oscillations through time (Cazelles
et al. 2008). Coherence values range from 0 (not coher-
ent) to 1 (strongly coherent) and can be interpreted like
a correlation coefficient. Significance testing was per-
formed for each pair-wise comparison using 1,000 Four-
ier surrogates that preserved spectral properties of the
time series but randomized their phase relationships.
Therefore, these surrogates represented an appropriate
null hypothesis of no coherence because they break
coherence while holding constant the other statistical
properties of the time series that would affect coherence
between the two variables (see Sheppard et al. 2017 for
detailed methods). To account for multiple testing (al-
most 600,000 pairwise comparisons), we set a false dis-
covery rate (FDR) of <20% (Benjamini and Hochberg
1995). Alternative values of FDR were also tested and
compared to balance the potential number of false posi-
tives and false negatives. All coherence analyses used the
continuous complex Morlet wavelet transform (Torrence
and Compo 1998).

To test for evidence of coherence on a global scale
(question 1), we compared the number of significantly
coherent relationships observed in the empirical data to
the number of significantly coherent relationships
expected under a null model. Our null model was com-
posed from random red noise time series with lag-1 auto-
correlation of 0.7, which was the mean value for the
1,092 empirical catch time series. We produced 100 simu-
lations of 1,092 time series each. Each simulation was
then analysed for significant coherence in the same way
as the empirical data. The number of significantly coher-
ent relationships was tallied for each null simulation for
comparison against the empirical data. We also devel-
oped an alternative null model using 100 simulations of
random red noise time series with lag-1 autocorrelation
values drawn at random from the distribution of lag-1
autocorrelation values calculated from the empirical
time series. Results of both null models were compared
to test the robustness of our choice of lag-1 autocorrela-
tion values.

To test for clustering of coherence within ocean
basins, FAO regions, and taxonomic groupings of Order
and Family (question 2 and 3), a second set of null mod-
els were constructed using randomization testing for
each of the four clustering levels. We randomly resam-
pled the cluster assignment (ocean basin, FAO region,
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Order, and Family) for every pairwise coherence result
(595,686 observations) 1,000 times and compared the
observed test statistics against the distributions from
these randomizations. Our test statistics included the
average coherence value and the number of coherent
relationships within ocean basins, FAO regions, Order,
or Family (taxonomic groupings). P values were calcu-
lated using P = (r + 1)/(n + 1), where r was the num-
ber of randomizations that produced a test statistic
greater than or equal to the value calculated from the
observed data, and n was the number of randomiza-
tions (North et al. 2002). The null models enabled us
to test if the clustered coherence (at the four different
levels) was greater than expected from a null model
without clustering.

The number of each type of phase relationship was
calculated for the previously identified statistically sig-
nificant (FDR < 20%) relationships globally, within
ocean basins or within each FAO region (questions 1
and 2). Further significance testing (P < 0.05) was per-
formed for specific timescale bands of 2-4, 4-8, 8-12,
and 12-16 yr, chosen from exploratory analyses of wave-
let phasor mean field and power plots (Appendix Sl1:
Fig. S1). The analysis enabled us to calculate a P value
for the aggregate significance of coherence and the aver-
age phase relationship across each specified timescale
band. The number of significant relationships within
each FAO region and across all timescale bands were cal-
culated for in-phase (—n/4 < mean phase < 7n/4), phase-
lagged (—3m/4 < mean phase < —n/4 or w/4 < mean
phase < 3x/4), and anti-phase (mean phase < —3n/4 or
mean phase > 3n/4) relationships. Percentages of each
type of phase relationship were computed from the total
number of significant phase relationships within the
three spatial scales (global, ocean basin, or FAO region).

Pairwise wavelet coherences were also computed for
the biomass and fishing mortality time series within each
of the three identified regions of high coherence. Signifi-
cance testing used 1,000 Fourier surrogates and FDR <
20%, similar to the method described earlier for catch
data. The percentages of significant pairwise coherences
were calculated for each of the biomass and fishing mor-
tality time series from each region.

Portfolio effects statistical analyses

We measured the strength of portfolio effects (ques-
tion 4) in each FAO region as the percent reduction in
the coefficient of variation (CV; standard deviation
divided by mean) of the aggregate catch time series attri-
butable to variation among individual taxa. Therefore,
PE = (CVing — CVagg) /CVage x 100, where CVi,q and
CV,qe were the CVs of individual and aggregate time ser-
ies, and the overbar indicates taking the average (Carl-
son and Satterthwaite 2011). The aggregate time series is
the sum of the catch from all individual taxa and there-
fore represents fluctuation through time at the system
level. Hence, the higher the percent reduction in CV
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from individual to aggregate scales, the stronger the
portfolio effect in fishery catches. We used multiple lin-
ear regression with multi-model inference to assess how
portfolio strength was influenced by taxonomic richness
(species number) and by the percentage of statistically
significant in-phase and anti-phase relationships.
Exploratory analyses revealed that the percentage of
phase-lagged relationships were highly correlated with
in-phase relationships and not related to portfolio
effects, so phase-lagged relationships were not included
as explanatory variables in the model selection process.
We conducted model selection with second-order Akaike
Information Criterion (AIC.; Burnham and Anderson
2004). Due to the low number of observations, we lim-
ited all models to a single explanatory variable. The most
parsimonious model was chosen using the difference in
AIC, values (AAIC,).

Computation

All analyses were carried out in R (R Core Team
2018). Wavelet coherence analyses were performed using
the Reumannplatz (Zhao et al. 2018) and wsyn (Reuman
et al. 2018) R packages. Model selection was done using
the R package MuMIn (Barton 2015).

REsuULTS

Evidence for coherence

Catches from nearly every fishery (96%) were coherent
with at least one other fishery globally, which was signif-
icantly higher than the expected 69% from null models
(P = 0.010; Appendix S1: Fig. S2). We found 3,382 pairs
of fishery catches globally that were significantly coher-
ent at a false discovery rate (FDR) of 20% (see Appendix
S1: Fig. S3 for alternative FDRs), which was five times
greater than expected from red noise null models
(P =0.010; Fig. 2A and Appendix S1: Fig. S4). The
average strength of coherence between pairs was not
higher than expected from a null model (P = 0.970;
Fig. 2B), but the significantly coherent fisheries were
more likely to fluctuate in-phase as compared to other
types of phase relationships (Fig. 2C). In-phase coher-
ence tends to amplify fluctuations in total catch across
all fisheries and tends to weaken portfolio effects.

Based on a resampling test, we also found that coher-
ent pairs of fishery catches were significantly more likely
to be clustered within ocean basins (n = 1,427 coherent
pairs within basins), both in terms of the number of
coherent relationships within basins (P = 0.002, Fig. 2
D) and in terms of the average coherence value within
basins (P = 0.031; Fig. 2E). A third of the significantly
coherent fisheries within ocean basins fluctuated in-
phase (35%, Fig. 2F). At the narrower spatial scale of
Food and Agriculture Organization (FAO) fishery
regions (Fig. 3A), coherent fishery catches were also sig-
nificantly more clustered (n = 382 coherent pairs within
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Fic. 2. Histograms of coherent relationships in fishery catches across spatial scales. (A, D, and G) Number of significant coher-
ent relationships (count) observed (red line) and expected from a null model (gray histogram) globally (A), within ocean basins (D),
and within FAO regions (G). (B, E, and H) Average coherence values observed (red line) and expected from a null model (gray his-
togram) globally (B), within ocean basins (E), and within FAO regions (H). (C, F, and I) Circular histogram of average phase rela-
tionships among the significant, coherent relationships globally (C), within ocean basins (F), and within FAO regions (I). For all
plots, significance was defined with a false discovery rate of <20%. See Appendix S1: Fig. S2 for an alternative null model.

regions) compared to null models for the number of
coherent relationships (P = 0.001; Fig. 2G) or for the
average coherence value (P = 0.001; Fig. 2H). On aver-
age, more than one out of every three fisheries (38%)
were coherent with at least one other fishery within the
same region, significantly greater than the expected 9%
from null models (P = 0.010; Appendix S1: Fig. S2).
Almost half of the significantly coherent fisheries within
FAO regions fluctuated in-phase (49%, Fig. 2I; see
Appendix S1: Fig. S5 for individual regions).
Resampling tests on taxonomic groups showed that
coherent pairs of fishery catches were significantly clus-
tered within the same Order (n = 1,023 coherent pairs in

the same Order, P = 0.031) and same Family (n = 131
coherent pairs in the same Family, P = 0.014; Appendix
S1: Fig. S6). However, the average coherence values for
coherent pairs were not higher than expected from a null
model at both taxonomic levels of Order and Family
(Appendix S1: Fig. S6). Additional resampling tests on
taxonomic groups within and across FAO regions
(Appendix S1: Fig. S7) showed that the coherent pairs
of taxonomically similar fishery catches were primarily
pairs within the same region (P = 0.001 for Order and
P =0.003 for Family) rather than across regions
(P =0.172 for Order and P =0.093 for Family). A
majority of the significantly coherent relationships
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confidence (P) that the observed coherence (in terms of average coherence values or the percentage of coherent relationships) is
greater than that expected from the null model. Larger sizes and warmer colors represent regions with stronger evidence for coher-
ence. The number of fisheries in each region is written below each dot. (B) Scatterplot showing that the strength of the portfolio
effect is weaker (y-axis) in FAO regions with a higher percentage of in-phase relationships (x-axis). (C) Density plot of mean phase
relationships within eastern Indian Ocean (IOE) and the northeast Atlantic (ANE), the two regions with the lowest and the highest
portfolio effect, respectively. A, Atlantic; P, Pacific; IO, Indian Ocean; MBS, Mediterranean and Black Sea; N, S, E, W are North,

South, East, West, respectively; C, central.

within or across regions were species from the Order Per-
ciformes (perch-like fishes), which was the dominant
Order within the fisheries catch time series (Appendix
S1: Table S1 and Fig. S8). Species from the Family
Scombridae (tunas) were the most common Family for
coherent relationships both within and across regions,
again the dominant Family within the fisheries catch
time series (Appendix S1: Table S1), followed by those
from the Family Istiophoridae (marlins; Appendix S1:
Table S1 and Fig. S8).

Global hotspots of coherence

Our analysis identified a subset of FAO regions with
particularly strong coherence; the northeast Atlantic,
western central Pacific, and eastern Indian Ocean (Fig. 3
A, Appendix S1: Figs. S9, S10). The strongest coherent

relationships in the northeast Atlantic were dominated
by benthic fishes (e.g., pollock, sparids, and hake) and
prawns; those in the western central Pacific had a mix of
pelagic fishes (e.g., barracuda, marlin, and Indian scad)
and benthic fishes (e.g., threadfins, lizardfish, and flat-
fish); and those in the eastern Indian Ocean were domi-
nated by pelagic species such as sharks, tunas, and
mackerels. These coherent relationships had a mix of in-
phase (e.g., skipjack tuna and blue shark from eastern
Indian Ocean), anti-phase (e.g., lizardfish and threadfin
from western central Pacific) and phase-lagged (e.g.,
prawn and pollock from northeast Atlantic) relation-
ships (Appendix S1: Fig. S11). Additionally, the fishery
catches were commonly coherent at fluctuation time-
scales of <8 yr (e.g., Appendix S1: Fig. S11).

For these three hotspots of coherence, we additionally
examined time series of biomass and fishing mortality
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(Appendix S1: Table S2). Strong coherences were gener-
ally more common among fish biomass (69.39% of
stocks) time series than among fishing mortality (2.67%
of stocks), but coherent fishing mortality did occur in
the eastern Indian Ocean (Appendix S1: Figs. S12, S13).
None of the sardine and anchovy fishery catches had
significant coherence within (Appendix S1: Fig. S14) or
between FAO regions. This suggests that sardine and
anchovy catches have not had consistently related
dynamics at the timescales considered by this study.
However, the Pearson’s correlation between sardine and
anchovy in the northwest Pacific was statistically signifi-
cant, likely due to trends or cycles at timescales longer
than those considered herein (Appendix S1: Fig. S14).

Portfolio effects

Across regions, the eastern Indian Ocean had the
weakest portfolio effect in fishery catches and northeast
Atlantic had the strongest portfolio effect (Fig. 3B).
Both regions were hotspots for coherence in catches
(Fig. 3A), but a majority of the coherent relationships in
the eastern Indian Ocean were in-phase, while few rela-
tionships in the northeast Atlantic were in-phase (Fig. 3
C). Hence, the phase relationships between fisheries were
linked to the strength of portfolio effects. The best pre-
dictor of the strength of portfolio effects was the per-
centage of in-phase relationships at timescales of
8-12 yr. The second-best predictor was the percentage
of anti-phase relationships at timescales of 12-16 yr
(Table 1). The number of taxa was not an important
contributor (AAIC, = 5.4) to variation in the strength
of portfolio effects across regions (Table 1).

Discussion

We found evidence for significantly coherent fluctua-
tions among marine fishery catches globally. Nearly all
marine fishery catch time series (96%) have been fluctu-
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relationships with at least one other fishery, usually
among different species within the same taxonomic
group and same geographic region, since at least the
1950s. This finding indicates the presence of commu-
nity synchrony within fishery catches. The northeast
Atlantic, eastern Indian Ocean, and western central
Pacific in particular stood out as geographic hotspots
of coherence. Most of the statistically significant coher-
ence relationships were in-phase, which tended to create
weaker portfolio effects among fishery catches. Regions
where anti-phase and phase-lagged relationships were
more common displayed the strongest portfolio effects.
Contrary to expectations, the number of stocks had lit-
tle influence on the strength of portfolio effects. The
use of wavelet coherence to examine phase relationships
and consistent relationships over the entire time period
(as opposed to ephemeral relationships) are a unique
feature of this approach to understanding synchrony
and portfolio effects.

There was strong evidence that coherence among fish-
ery catches was clustered geographically. Coherence
within taxonomic groups was also driven by coherent
pairs of fishery catches within rather than across regions.
Our results are consistent with earlier studies on catches
of pelagic species (tuna, billfish, and swordfish) in both
the Indian and Atlantic oceans, where variability in
catches were structured geographically within the two
ocean basins (Corbineau et al. 2008, Rouyer et al. 2008).
However, our study has greatly extended the spatial
scales of analysis and the number of species (510 unique
taxa) compared to earlier studies with less than 10 spe-
cies, emphasizing the global prevalence of coherence
among fishery catches. Taken together, the previous and
current results suggest that regional rather than species-
specific or global factors are important drivers of syn-
chronous fluctuations in fish populations and fishery
catches (Alheit and Bakun 2010, Corbineau et al. 2010,
Tsikliras et al. 2018).

Across the multiple spatial scales of this study, we

ating persistently and with consistent phase found that most of the coherent relationships among
TaBLE 1. Model selection results comparing 10 models for portfolio effects.

Rank Variable Coefficient Intercept R df AAIC, Ak.wt
1 in-phase (8-12 yr) —0.829 + 0.337 84.0 + 13.9 0.355 3 0.00 0.383
2 anti-phase (12-16 yr) 0.643 £+ 0.308 42.0 £ 5.97 0.284 3 1.36 0.194
3 intercept-only S1.1 £ 4.60 0.000 2 2.23 0.126
4 anti-phase (4-8 yr) 0.584 + 0.427 41.8 £+ 8.15 0.145 3 3.66 0.061
5 anti-phase (24 yr) 0.569 + 0.449 429 £+ 7.87 0.127 3 393 0.054
6 in-phase (12-16 yr) —0.251 + 0.219 63.9 + 12.0 0.107 3 4.22 0.046
7 in-phase (4-8 yr) —0.229 + 0.207 61.9 £ 10.7 0.100 3 4.33 0.044
8 in-phase (2-4 yr) —0.283 + 0.264 66.0 + 14.6 0.094 3 4.41 0.042
9 number of taxa 0.094 £ 0.197 43.8 £ 16.1 0.020 3 5.43 0.025
10 anti-phase (8-12 yr) 0.095 £ 0.270 49.6 £ 6.43 0.011 3 5.55 0.024

Notes: Rankings were based on the difference in second-order Akaike information criterion (AAIC,). Predictors included per-
centage of in-phase relationships (in-phase), percentage of anti-phase relationships (anti-phase), and the number of taxa in each
region (number of taxa). In-phase and anti-phase predictors were calculated separately by timescale bands of 2-4, 4-8, 8-12, and
12-16 years (yr). Coefficients (mean + SE) are shown for each predictor. Akaike weights (Ak.wt), variance explained (R?), and

degrees of freedom (df) are also shown for each model.
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fishery catches were in-phase rather than anti-phase or
phase-lagged, particularly at the smallest spatial scale of
FAO regions. The handful of global studies of synchrony
have focused on in-phase relationships between species
of overwintering birds in North America (Koenig and
Liebhold 2016), phytoplankton (Defriez and Reuman
2017), or predator—prey interactions (Kharouba et al.
2018). Few global studies have examined anti-phase rela-
tionships, with two examples being the alternations of
sardine and anchovy (Izquierdo-Pefia et al. 2019, Siple
et al. 2020), and only one global study, to our knowl-
edge, examined a variety of phases (Johnson et al. 2005).
Our analysis examined community synchrony across all
types of phase relationships and found a prevalence of
in-phase relationships among fishery catches, both
within regions and between different species. Our find-
ings that coherences were regionally clustered and that
in-phase relationships were common suggest that exter-
nal factors drive the observed coherence.

Fisheries are coupled social-ecological systems, so
external factors that can drive coherence in fishery
catches include climate variation (a bottom-up effect act-
ing through population biomass) or shared fisheries har-
vest (a top-down effect through fisheries effort). Our
observation that most coherent phase relationships
occurred at short timescales of less than 8 yr fits with
the variability of El Nifio-Southern Oscillation (ENSO)
patterns (McPhaden et al. 2006) and supports environ-
mental variability as a driver of synchronous fishery
catches. Our examination of biomass and fishing mortal-
ity time series in three regions also provided evidence
that bottom-up effects acting through population bio-
mass were more common. Alternatively, shared fisheries
management or economic conditions can drive similar
changes in harvest rates across fisheries within regions
(Rouyer et al. 2008, Frank et al. 2016), and these top-
down effects should not be discounted. Skipjack tuna
and blue shark catches in the eastern Indian Ocean dis-
played in-phase relationships, for example, as might be
expected from shared targeting by the longline fleet
(Kroodsma et al. 2018). Commercial fishing effort pat-
terns are driven largely by economics (Sethi et al. 2010),
and both fuel costs (Parker and Tyedmers 2015) and rev-
enue (the price of fish and fish products like surimi) fluc-
tuate together in a global market (Fernandez-Polanco
2016). Global geopolitical events such as the two World
Wars and the widespread extension of Exclusive Eco-
nomic Zones in the 1970s, regional holidays, and fishing
closures can also result in synchronous changes in har-
vest rates at nearly global spatial scales (Smith 1994,
Kroodsma et al. 2018). Hence, the effects of manage-
ment and economics can extend across multi-species
fisheries and across large spatial scales in these social-
ecological systems.

The northeast Atlantic, western central Pacific, and
eastern Indian Ocean geographic regions stood out as
hotspots of coherence among fishery catches. Of these,
the northeast Atlantic and western central Pacific have
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both been intensively fished (Swartz et al. 2010,
Kroodsma et al. 2018) and have high cumulative human
impacts (Halpern et al. 2008). Previous studies have
found that populations of exploited species tend to fluc-
tuate more than unexploited species, in part due to age-
truncation of populations and weakening of density-de-
pendent processes (Hsieh et al. 2006, Anderson et al.
2008, Shelton and Mangel 2011). Intense fishing activity
in these two regions may have increased population
responsiveness to climate variability, resulting in sub-
stantial coherence of both catch and biomass in these
two regions. Such responses to climate variability would
be similar to those observed in heavily fished demersal
populations in the Mediterranean (Quetglas et al. 2013).
Our result that sardine and anchovy, both intensely
fished forage species, were not coherent contrasts with
previously held notions of strong asynchrony (Lluch-
Belda et al. 1992, Schwartzlose et al. 1999), but supports
a recent analysis showing a lack of asynchrony between
these two species (Siple et al. 2020). Within the Indian
Ocean, tuna catch rates have also been strongly associ-
ated with climate signals (Ménard et al. 2007). However,
an alternative mechanism for high coherence in fishery
catches is a change in fishing effort within a multi-spe-
cies fishery (Hilborn et al. 2012, Frank et al. 2016), such
as tunas and billfishes both targeted by the eastern
Indian Ocean longline fleet (Kroodsma et al. 2018). Sim-
ilarly, Atlantic Ocean tuna and billfish caught with the
same gear type are more likely to fluctuate together than
species caught with different gears (Rouyer et al. 2008).
It is likely that both fishing effort and climate, or interac-
tions between the two (Corbineau et al. 2008, Quetglas
et al. 2013), have contributed to fishery catch coherence
in these regional hotspots.

The variability of marine fishery yields are a key con-
cern given the importance of marine resources to food
security and livelihoods for many countries (FAO 2014).
Harvesting a greater diversity of fisheries helps buffer
economies from natural fisheries variability (Cline et al.
2017) and species diversity tends to decrease temporal
variability of ecosystem functioning (Hooper et al.
2005). However, our results show instead that a more
important factor can be the type of phase relationship
among fishery catches. The two regions with the weakest
portfolio effects for fishery catches (western central Paci-
fic and eastern Indian Ocean) were dominated by in-
phase relationships. Both regions include parts of South-
east Asia, which accounted for 20% of the global pro-
duction of marine capture fisheries in 2014 and is an
important influence on global markets (SEAFDEC
2017). In contrast, the northeast Atlantic had the stron-
gest portfolio effect, driven by strong contributions of
anti-phase and phase-lagged relationships. The impor-
tance of asynchrony observed in this study agrees with
existing theory that portfolio effects depend on both a
synchrony effect and a weighted average population vari-
ability effect (Thibaut and Connolly 2013). It is likely
that a substantial degree of synchrony among marine
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fishery catches reduces the effective number of taxa and
thus the importance of species diversity. Our calculation
of portfolio effects was based on catch data, which, as
discussed in the previous paragraph, could reflect either
changes in biomass or changes in fishing effort (Pauly
et al. 2013). Our analyses of biomass and fishing mortal-
ity data in three regions helped to highlight that both
can be coherent, though coherence was more common
among biomass than among fishing mortality time ser-
ies. This study provides deeper insight into the syn-
chrony effect by accounting for all types of phase
relationships, allowing us to show the relative impor-
tance of these effects in nature as opposed to a single
measure of synchrony or asynchrony.

In conclusion, we have shown that a large fraction of
marine fishery catches are coherent across global, ocea-
nic basin, and regional scales, and that the northeast
Atlantic, western central Pacific and eastern Indian
Ocean are hotspots of coherence. The majority of the
coherent relationships among catches were in-phase,
which weaken portfolio effects among fishery catches
and leads to instability of marine fisheries yields. Under-
standing variability in marine food resources is critical
because of its importance to society, and the vulnerabil-
ity of this wild food source to environmental and anthro-
pogenic forces such as climate and overfishing.
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