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Much ecological theory has pursued understanding the mechanisms that stabilize com-
munities, yet empirical analyses reveal deterministic nonlinear dynamics such as oscil-
lations and chaos to be widespread in free-living populations. How then does stability
emerge in ecosystems when the building blocks are unstable? We analyzed the extent
to which deterministic nonlinear fluctuations produce the ecological stability gained
via portfolio effects in globally important sockeye salmon (Oncorhynchus nerka) stock
complexes from Bristol Bay and the Fraser River. Using empirical dynamic modeling
of 27 populations spanning six decades, we show that stability emerges at the regional
scale not despite, but specifically because constituent populations are highly nonlinear
and orbit a shared attractor asynchronously. This asynchrony produced the uncorrelated
fluctuations that underpin the portfolio effect and deterministic nonlinearity was the
main source of variation, with attractor reconstruction accounting for 81 to 89% of
the variance in annual sockeye recruitment in Bristol Bay and 61 to 78% in the Fraser
River. Furthermore, local population dynamics were primarily chaotic, but when aggre-
gated at the regional scale where commercial fisheries and some predators operate, the
dynamics stabilized and interannual variability decreased by 47%. These results indicate
that portfolio effects can transform locally unstable dynamics into stable outcomes at
higher levels of aggregation, and that deterministic nonlinear dynamics rather than
strong linear stochastic forcing produce the variation that portfolio effects act upon.
Given the ubiquity of nonlinearity, the averaging of uncorrelated fluctuations produced
by asynchronous nonlinear dynamics may be an underappreciated mechanism driving
stability in ecosystems.
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The field of ecology widely appreciates that diversity among components offers stability
at higher levels of organization, such as variation in life-history within a population or in
species within a community maintaining consistent ecosystem functioning and services
(1-11). Most diversity—stability theory is grounded in assumptions of stable equilibria,
but empirical analyses find nonequilibrium, nonlinear dynamics to be ubiquitous (12-17).
Nonlinear population dynamics such as sustained oscillations and chaos do not settle on
a fixed point, yet are highly deterministic and arise from state-dependent relationships
common in nature (12-17). How then does stability emerge in ecosystems when the
building blocks are nonlinear and unstable? We hypothesize that nonlinearity itself can
drive stability through the averaging of uncorrelated fluctuations produced by asynchro-
nous, nonlinear dynamics. Central to this mechanism is the portfolio effect, by which
statistical averaging of subcomponents increases the temporal stability of the aggregate
(10, 18). However, whether deterministic nonlinear dynamics generate the uncorrelated
fluctuations underlying portfolio effects has not been tested.

Portfolio effects have been quantified in many insects, plants, and marine fishes (4, 18,
19), and generally refer to the idea that the stability of an assemblage is increased by
averaging over components that have uncorrelated fluctuations due to life-history diversity
and habitat heterogeneity (1, 19, 20). Analyses of portfolio effects have so far implicitly
assumed that components display linear dynamics with random fluctuations driven by
strong environmental forcing, typically using parametric stock-recruit or population mod-
els. For example, it is understood that habitat- and location-specific stochastic disturbances
are key in producing uncorrelated fluctuations among components (18, 19, 21). In con-
trast, nonlinear dynamics can produce fluctuations that are highly irregular yet determin-
istic, thereby providing the asynchronous variation necessary for portfolio effects. In this
framework location-specific disturbances are important by disrupting the synchronization
of nonlinear populations that can arise through dispersal or regional environmental drivers
(22-24), thereby maintaining uncorrelated nonlinear fluctuations. Marine fishes are well
known for nonlinear fluctuations (13, 15, 16) and Pacific salmon, in particular, are
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Understanding drivers of
ecological stability is increasingly
urgent amid global change.
Despite ecological theory
commonly assuming stable
equilibria, populations in nature
exhibit unstable and nonlinear
dynamics, raising the question
of how stability emerges from
instability. The portfolio effect
stabilizes ecosystems by
averaging uncorrelated
fluctuations, but it remains
unclear whether this asynchrony
is produced by stochastic
perturbations of stable equilibria
or deterministic nonlinear
dynamics. Here we show that two
globally important sockeye
salmon complexes are stabilized
through the averaging of
uncorrelated fluctuations
produced by asynchronous,
nonlinear population dynamics.
This study demonstrates that
portfolio effects can transform
locally unstable dynamics into
regionally stable aggregates and
suggests that nonlinear dynamics
may be a general mechanism
driving ecological stability.
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experimentally verified in mesocosms (58) and observed in large
ecosystems following perturbation such as in the recovery of
Northeast Atlantic cod (59).

Our study demonstrates that asynchronous nonlinear dynamics
produce the uncorrelated fluctuations that underpin the stabilizing
portfolio effects in Bristol Bay and Fraser River sockeye salmon,
two of North America’s most important fisheries. Fluctuations
were uncorrelated despite highly similar local population dynamics
and consistent nonlinear responses to past abundances and ocean
conditions. The results indicate that portfolio effects in these sock-
eye stock complexes function by spreading populations around a
shared attractor which produces uncorrelated, nonlinear fluctua-
tions that stabilize the regional aggregates. Spatial and life-history
diversity are likely key in maintaining asynchrony in population
orbits through differential and nonlinear responses to environ-
mental variation and cohort interactions, thereby preventing syn-
chronization and preserving the portfolio effect. Our study links
empirical evidence of widespread nonequilibrium population
dynamics with several key diversity—stability theories to highlight
an underappreciated role of nonlinearity in promoting ecological
stability. These findings show that the averaging of nonlinear fluc-
tuations is the mechanism by which portfolio effects stabilize these
salmon population complexes, and provide a framework for
understanding how nonlinear population fluctuations contribute
to diversity—stability relationships.

Materials and Methods

Data. We analyzed 9 Bristol Bay and 18 Fraser River sockeye salmon times series
of annual recruitment collated by Fisheries and Oceans Canada scientists (60).
Recruitment refers to the number of adult salmon that were produced by a given
brood year. The Bristol Bay time series started in 1956 and ended in 2017, with
amean length of 53.11y and a SD of 3.3. The Fraser River time series began in
1948 and ended in 2015 with a mean length of 62.88 y and a SD of 8.64. We
did not analyze the Harrison population as it differs by migrating to the sea soon
after emerging as fry, while the other Fraser River populations rear in freshwater
for 2 y before migrating to the sea. We extracted annual time series of sea surface
temperature (SST) from the NOAA Extended Reconstructed SSTV5 dataset (61) and
the North Paci ¢ Gyre Oscillation (NPGO) (62). We calculated the mean SST that
sockeye salmon experience during early marine residency which is April to July
and May to August for Fraser River and Bristol Bay populations (39), respectively.
For NPGO we averaged December to March, representing the winter prior to
ocean entry, which is thought to shape the regional ocean conditions experienced
during early marine residency (38).

Hierarchical Empirical Dynamic Modeling. We analyzed our data using
Gaussian process empirical dynamic modeling, as described in detail by refs. 36
and 37. We modeled sockeye salmon recruitment produced by brood year tas a
function of ve lags of recruitment and three lags of SSTand NPGO indices, with
a time delay (t) of 1. We aligned the sockeye and environmental data before
lagging to ensure that the three lagged SST and NPGO indices corresponded to
ocean conditions during early marine residency. Speci cally, we assigned envi-
ronmental data from calendar year t + 4 to brood year t before applying backward
lags. A 1-y backward lag then yields conditions at brood year t + 3,a 2-y lag yields
t+2,and a 3-y lag yields t + 1. Thus, the three lags of SSTand NPGO cover the
range of possible ocean entry years, which is any of brood yeart+ 1,t + 2, ort
+ 3 for Bristol Bay and t + 2 for Fraser River sockeye:

.Weusedan
exclusion radius of 11, and estimated the unknown shape of  using Bayesian
Gaussian process regression (36). The hierarchical model included information
from multiple populations by partitioning each population delay-embedding
map, The shared component is represented by and
population-speci ¢component by .The dynamic correlation param-
eter, ,partitions total variance ( into shared and population-
speci ¢ components. Thus,  quanti es the similarity in the
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shape of two population delay-embedding maps, ranging between 0 and 1,
completely independent and identical dynamics respectively (36, 37).

We tafull hierarchical model using  ve lags of log recruitment, and three lags of
SSTand NPGO as predictors. The dynamic correlation values used in the full hierarchical
model were estimated from pairwise population comparisons, using ve lags of log
recruitment, the third SST lag and second NPGO lag, to ensure that the embedding
dimension was lower than the square root of the pairwise time series length. The
third and second lags were selected as they were the mostin uential environmental
predictors when  tting a preliminary hierarchical model with a dynamic correlation
matrix estimated from only ve lags of log sockeye recruitment. We used the full
hierarchical model to evaluate the contribution of nonlinear dynamics to variance
in sockeye salmon  uctuations. This was done by back transforming the observed
and predicted values to the original recruitment scale, then detrending the attractor
from the time series by subtracting predicted from observed values. We calculated
the variance explained by the attractor as the difference between the variance of the
original time series and the variance of the detrended time series. We used the full
hierarchical model to evaluate the conditional responses of sockeye salmon to SST
and NPGO with other predictors xed at their mean. Salmon recruitment data were
log-transformed priortomodel  tting, and all data were locally scaled using the mean
and SD of each population. We performed all analyses using the GPEDM package
(version 0.0.0.9010) (63), in R (version 4.5.1) (64).

Analysis of Stability Gained from Nonlinearity and Portfolio Effects. \We
analyzed time series of the previously described 18 Fraser River and 9 Bristol Bay
recruitment time series. We also analyzed spawner time series of 35 individual
streams that comprise the Early Stuart, Late Stuart, Scotch, Late Shuswap and
Seymour stocks of the Fraser River, beginning in 1956 (mean length =58.8,SD =
9.5). We retrieved the stream time series from the Paci ¢ Salmon Foundation, who
previously cleaned these data (65). Stream time series from Bristol Bay are not
available on a public database, but portfolio effect analysis has been previously
completed (1).

We calculated the LE, a stability metric commonly used by theoreticians which
measures the rate of trajectory divergence in the state space of nearby points. We
used the Jacobian method implemented with S-maps which was found to have
the lowest false-positive rate among chaos detection methods (14). Following ref.
14, we analyzed time series with more than 30 consecutive observations, added
a constant of one to stream time series with zeros to enable log transformation
(alternatively, removing zeros yielded qualitatively similar results), and selected
the embedding dimension (E) and nonlinearity (0) parameters that maximized
prediction skill. We used a time delay of one in line with our hierarchical model,
and tested E values ranging from 1 to 6 and 6 values of 0, 0.1, 0.3, 0.5, 0.75,
1,15,2,3,4,6,8. We calculated LEs across overlapping segments of varying
lengths (T-3,7-4,T-5,and T-6, where Tis the length of the Jacobian) and classi ed
dynamics as unstable if the minimum lower con dence bound > 0.01, as done by
ref. 14 to minimize false-positives. To visualize uncertainty in Fig. 4, we calculated
mean LE and 95% Cl by weighting each segment s LE using inverse variance and
then estimating pooled uncertainty from the combined weights.

We quanti ed interannual variability in sockeye salmon uctuations using
the CV, a metric used by empiricists, particularly for portfolio effect analysis. We
calculated CV from 2-y moving windows and averaged values across all years for
each population. For the aggregated time series, we summed abundances across
populations before calculating CV. We reported mean values across individual
populations with 95% CI.

Data, Materials, and Software Availability. The sockeye salmon recruitment
data (60), NOAA Extended Reconstructed SST V5 dataset (61) and North Paci ¢
Gyre Oscillation (NPGO) (62) data are all publicly available. All analyzed data and
code (66) are available in Zenodo (https://doi.org/10.5281/zen0d0.19689072).
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