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Detecting and forecasting complex nonlinear
dynamics in spatially structured catch-per-unit-
effort time series for North Pacific albacore
(Thunnus alalunga)

Sarah M. Glaser, Hao Ye, Mark Maunder, Alec MacCall, Michael Fogarty, and
George Sugihara

Abstract: The presence of complex, nonlinear dynamics in fish populations, and uncertainty in the structure (functional
form) of those dynamics, pose challenges to the accuracy of forecasts produced by traditional stock assessment models.
We describe two nonlinear forecasting models that test for the hallmarks of complex behavior, avoid problems of struc-
tural uncertainty, and produce good forecasts of catch-per-unit-effort (CPUE) time series in both standardized and nominal
(unprocessed) form. We analyze a spatially extensive, 40-year-long data set of annual CPUE time series of North Pacific
albacore (Thunnus alalunga) from 1° x 1° cells from the eastern North Pacific Ocean. The use of spatially structured data
in compositing techniques improves out-of-sample forecasts of CPUE and overcomes difficulties commonly encountered
when using short, incomplete time series. These CPUE series display low-dimensional, nonlinear structure and significant
predictability. Such characteristics have important implications for industry efficiency in terms of future planning and can
inform formal stock assessments used for the management of fisheries.

Résumé : La présence d’une dynamique complexe et non linéaire dans les populations de poissons et I’incertitude concer-
nant la structure (forme fonctionnelle) de cette dynamique posent des défis en ce qui a trait a I’exactitude des prédictions
faites par les modeles traditionnels d’évaluation des stocks. Nous décrivons deux modeles non linéaires de prédiction qui
recherchent les signes d’un comportement complexe, évitent les problemes de I’incertitude structurale et produisent de
bonnes prédictions de séries chronologiques de captures par unité d’effort (CPUE) a la fois de forme standardisée et de
forme nominale (non traitée). Nous analysons une banque de données a large représentation spatiale couvrant 40 années
de séries chronologiques annuelles de CPUE de germons (Thunnus alalunga) du Pacifique Nord provenant de cellules de
1° x 1° de I’est du Pacifique Nord. L’utilisation de données a structure spatiale dans les techniques de composition amé-
liore les prédictions de CPUE au-dela des échantillons et surmonte les difficultés couramment rencontrées a I’utilisation de
séries chronologiques courtes et incomplétes. Ces séries de CPUE possédent une structure a faible dimension et non li-
néaire et une prédictibilité significative. De telles caractéristiques sont de grande importance pour la planification efficace
future par I’industrie et peuvent enrichir les évaluations formelles de stocks utilisées dans la gestion des péches.

[Traduit par la Rédaction]

Introduction 1984; Sissenwine et al. 1988). Observed patterns of variabil-
) . . ity in marine populations have been classified along a con-
Marine populations typically vary across a broad spectrum tinuum from steady state to “irregular” and “‘spasmodic”

of space and time scales. Understanding the causes of popu-
lation fluctuations and their implications for management re-
mains a primary objective of fisheries research (Sissenwine

dynamics (Caddy and Gulland 1983; Spencer and Collie
1997). It has long been recognized that both nonlinear popu-
lation processes and environmental forcing can generate dra-
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matic fluctuations in recruitment of marine fish and inverte-
brate stocks. Ricker (1954) provided the first demonstration
of the potential for what is now called chaotic population
dynamics in highly nonlinear systems, memorably describ-
ing the transition to chaos as involving “increasingly violent
oscillations” in recruitment.

Nonlinear population dynamics can result from a variety
of sources, including (i) multiplicative interactions between
species or with physical variables (Dixon et al. 1999);
(i) high intrinsic growth rates with regulatory time lags
(May 1976; Anderson et al. 2008); (iii) stochastic process
noise or nonlinear amplification of stochastic physical forc-
ing (Dixon et al. 1999; Sugihara 1994); (iv) low-frequency
environmental variability driving a system across multiple
stable states (Steele and Henderson 1984); (v) the tendency
for large pelagic fishes to track low-frequency variability
while “smoothing” high-frequency variability (Steele and
Henderson 1984); or (vi) density-dependent dynamics, such
as mortality and growth at early life history stages, interact-
ing on multiple time and space scales (Royer and Fromentin
2006). Bakun (2001) outlined several fisheries-related obser-
vations consistent with the presence of nonlinear dynamics,
such as the ephemeral nature of correlations with environ-
mental variables and the failure of some collapsed popula-
tions to regain prior levels of productivity after fishery
closures.

Nonlinear ecological interactions among components of
the system and external perturbations due to natural and
anthropogenic forcing factors have the potential to result
collectively in extremely complex dynamics. Human inter-
ventions related to fishing intensity in response to economic
forces (Berryman 1991; Conklin and Kolberg 1994), man-
agement strategies directed at size- and species-selective
harvesting (Basson and Fogarty 1997), and remedial action
such as artificial enhancement (Fagen and Smoker 1989) all
have been shown to affect the probability of observing com-
plex dynamics, including chaos, in these systems. The hall-
mark of a complex adaptive system is variability and
surprise (Scheffer et al. 2009) — the potential for multiple
stable states and rapid transitions in system dynamics re-
quires that adaptive management structures be put in place
to cope with unanticipated change.

The recognition that time series of population estimates
potentially contain the signature of complex dynamical be-
haviors that can be separated from measurement error and
stochastic forcing has revolutionized our ability to dissect
the underlying causes of fluctuations in populations (Sugi-
hara and May 1990; Tsonis and Elsner 1992; Sugihara
1994). These methods have now been applied to a number
of marine systems (Dixon et al. 1999; Hsieh et al. 2005; An-
derson et al. 2008). The nonlinear time series analysis
underlying this approach employs a flexible nonparametric
model structure and does not depend on an a priori specifi-
cation of the governing equations for the system. This holds
great advantage in marine fishery systems where model or
structural uncertainty is often difficult to identify and quan-
tify (Fogarty et al. 1997). Structural uncertainty in critical
population and ecological processes (and in how they may
change over time) can substantially degrade our ability to
develop forecasts of population and ecosystem states
(Charles 1998; Breiman 2001).
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Relevant indicators of change in complex fisheries sys-
tems include commonly observed metrics such as catch per
unit effort (CPUE), used both directly as an index of abun-
dance or indirectly as an auxiliary variable in population
models (Maunder and Punt 2004). In this paper, we investi-
gate the dynamics of juvenile North Pacific albacore
(Thunnus alalunga) using CPUE time series from the eastern
North Pacific Ocean commercial troll fishery. We explore
the use of spatially disaggregated data to increase informa-
tion density based on the time series composite method of
Sugihara (Sugihara 1994; Sugihara et al. 1996; Hsieh et al.
2008). Our objective is to test for hallmarks of nonlinear dy-
namics in these series and to produce annual forecasts of
CPUE at two scales: (i) the entire region covered by the
data and (if) individual spatial cells (described below). This
general approach can serve as an important complement to
other fishery modeling and assessment methods.

Materials and methods

Data

North Pacific albacore are a single stock of highly migra-
tory tuna confined to the North Pacific basin. The juvenile
and adult subpopulations tend to occupy distinct regions of
the Pacific and are harvested by separate fisheries (Otsu and
Uchida 1963; Childers and Betcher 2008). Spawning occurs
in the central western North Pacific Ocean (Laurs and Lynn
1977), and juveniles migrate into the productive California
Current System (CCS) or the Kuroshio Current System (Ki-
mura et al. 1997). Juveniles reside in the CCS from late
spring to late fall, where they are harvested by the US,
Canadian, and Mexican surface fleets. This albacore popula-
tion does not have a history of rapid depletions, but catch
rates are highly variable on an annual scale (ISC (Interna-
tional Scientific Committee for Tuna and Tuna-Like Species
in the North Pacific Ocean) 2007). Decadal-scale differences
in population estimates generated hypotheses during the
2004 stock assessment (Stocker 2005) that the population
may contain periods of low (1975-1989) and high (1990-
2000) productivity; however, these trends were less pro-
nounced in the following stock assessment (ISC 2007) and
require further study.

We analyze catch (number of fish) and effort (boat-days)
from the US commercial troll fishery for North Pacific alba-
core in monthly 1°x 1° spatial coordinates (hereafter, cells)
from 1966-2005. The fishery lands juvenile albacore (ages
1-4) and is geographically centered in the CCS, although ef-
fort can extend into the central North Pacific gyre (Fig. 1).
Data were obtained from voluntary submissions of logbooks,
with approximately 20% vessel coverage (ISC 2007). An-
nual CPUE (x,) for each spatial cell (Walters 2003) was cal-
culated by summing catch and effort from June to October,
the primary fishing season when albacore are present in the
CCS. Few cells contained complete time series. Of 1366
cells containing a possible 40 years of data, 138 cells con-
tained at least 20 years of data, 39 cells contained at least
35 years, and only 7 cells contained all 40 years of data
(Figs. 1 and 2). Analysis was performed on normalized
(mean = 0, standard deviation (SD) = 1) first differences
(Ax = x,_1 — x;). Such transformation removes secular trends
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Fig. 1. Spatial cells (1° x 1°) containing catch and effort data from

the US commercial troll fishery for juvenile albacore, 1966-2005.

Small markers, 21 year of data; large markers, >35 years of data.
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in data and allows compositing of series that may have dif-
ferent magnitudes and variances (described below).

Nonlinear forecasting

We define nonlinear dynamics as those for which the de-
terministic component ¢(X) and the stochastic component
¢(e) are not additive, i.e., p(X + ) # ¢(X) + ¢(e), and the
resulting dynamics are unstable (exhibiting sensitive depend-
ence on initial conditions). Nonlinear forecasting models are
nonparametric statistical models that do not make assump-
tions about the underlying functional form of the system.
Rather, they utilize the structure of the observed data itself
to make forecasts. Consequently, one of their strengths is
the ability to extract information about dynamical complex
systems despite ignorance of the true dynamics. Another
strength is that these models are parsimonious in their lack
of free (fitted) parameters. For most applications, the basic
model contains only one free parameter (dimensionality, as
explained below).

Research has established these methods in a host of fields
(Farmer and Sidorowich 1987; Casdagli 1992), including ep-
idemiology (Sugihara and May 1990), cardiology (Sugihara
et al. 1996), atmospheric science (Sugihara et al. 1999),
ecology (Hsieh et al. 2005), behavior (Maye et al. 2007),
and astronomy (Kilcik et al. 2009). However, they rarely
have been used in fisheries science, despite the inherent
complexity of and uncertainty about the systems under
study. The two forecasting models described here, simplex
projection and sequential locally weighted global linear
maps (or S-maps), have complementary purposes; simplex
projection calculates the dimensionality or degrees of free-
dom of the data (defined in the following paragraph), and
S-maps classify the data as linear or nonlinear. Both models
produce forecasts, and because they pose different questions
about the data, the answers to which are ecologically impor-
tant and relevant for modeling, we use them in concert.

The dynamics of a population are constrained by the ac-
tion of N variables, or dimensions. In nature, these may be
hundreds of physical and biological variables in the species’
environment. A time series is merely a one-dimensional ob-
servation of the effects of those variables on the population.
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Fig. 2. Number of years with catch-per-unit-effort data in each of
the 1366 spatial cells of juvenile North Pacific albacore harvested
by the US commercial troll fishery, 1966-2005.
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Fortunately, in dissipative (thermodynamically open) sys-
tems such as ecosystems, high-dimensional dynamics often
collapse to simpler, low-dimensional dynamics, and a major
part of the variability in the system can be modeled with rel-
atively few variables (Schaffer and Kot 1985; O’Neill 1986;
Crutchfield and McNamara 1987). The subset of these vari-
ables defines a state space in which each axis of the space
corresponds to one variable, and in a dynamic system, the
set of trajectories that define the movement of the observa-
tions in that space is called an attractor (Fig. 3). Over a suf-
ficient time horizon, the path the observed variable traces
within the state space defines the attractor, and perturbations
to the system eventually return to that attractor. The geome-
try of these low-dimensional attractors can then be used to
forecast the trajectory of an observed component variable,
such as a targeted fish stock, by simply following the path
of the attractor through time (Lorenz 1963).

We begin by identifying a small, thus tractable, set of di-
mensions for modeling that will result in the best predict-
ability for the data. Typically, the key dimensions will be
unknown variables; however, a mathematically similar ver-
sion of the real attractor (a shadow attractor) can be con-
structed from time lags of the series, such that the lags
represent the unknown variables. This is a direct implication
of Takens’ Theorem (Takens 1981), which demonstrates the
lags of a time series can be used as proxies for the unknown
dimensions shaping an attractor. These lags become axis co-
ordinates, creating a univariate embedding that captures the
characteristics of the real attractor (Takens 1981; Sugihara
and May 1990). An embedding is simply the shadow attrac-
tor that results from plotting the time series against lags of
itself, where each time-lagged axis is one dimension. A con-
ceptual example of a time-lagged embedding is shown using
observations of annual CPUE for juvenile North Pacific al-
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Fig. 3. Time-lagged embedding for annual catch-per-unit-effort data from 43°N, 127°W, 1966-2005. (a) The time series shows changes in
annual catch rate. (b) A two-dimensional plot of x; versus x._; hints at underlying structure in the data. (c) A three-dimensional lagged-
coordinate plot displays more coherent geometry, suggesting the presence of an attractor in the data.
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Fig. 4. Simplex projection (illustrated for E = 2, where E is the embedding dimension). We analyzed the data in increasingly higher dimen-
sions (in this study, £ ranged from 1 to 10), and the dimensionality that resulted in the highest forecast skill (p) or lowest mean absolute
error (MAE) was chosen. (@) An embedding was created by plotting time lags of the data (for two dimensions, x; versus x.1). The non-
triangles are the set of library vectors from which the model was built. The triangle is the prediction vector that produced the forecast. The
Euclidean distances between the prediction vector and all library vectors were calculated, and the E+1 nearest neighbors (black non-triangles)
were selected. (b) The nearest neighbor library vectors (non-triangles) and prediction vector (triangles) are shown in relation to the one-
dimensional time series. The one-step-ahead trajectory of the library vectors, x.1 (non-triangles, connected by dashed line to library vector),
determines the value of the forecast. (¢) The forecast (*) is an exponentially weighted average of the E+1 nearest neighbor library trajec-
tories, where trajectories are inversely weighted according to the distance of the nearest neighbor to the prediction in the embedding. Note
the axes in panel (c) have been rescaled relative to panel (b) for clarity.

(a) . (b)

Xt
| |
| |
L |
| |

Xt-1

bacore (Fig. 3). The familiar one-dimensional time series
(time, x,) shows changes in annual catch rate. A two-dimensional
embedding (x,_;, x,) begins to display a repeating pattern.
In three dimensions (x,,, X, X,), the geometry of the at-
tractor becomes even more coherent.

In this study, nonlinear forecasting using CPUE time ser-
ies was used to (i) calculate the number of dimensions
needed to describe the time series; (ii) classify the time ser-
ies as linear or nonlinear; and (iii) make 1-year-ahead fore-
casts. First, the simplex projection model (Sugihara and May
1990) identified the best embedding dimension (E) for the
data. Second, this E-dimensional embedding was used in
the S-maps model (Sugihara 1994) to assess the nonlinearity
of the time series. Forecasts were produced using both mod-
els. The criteria for model performance is forecast skill (p,
Pearson’s correlation coefficient), measured as the correla-
tion between observed and forecasted values, and mean ab-
solute error (MAE), the absolute value of the difference
between observed and predicted values. The nonlinear fore-
casting models are outlined briefly below. A more rigorous
mathematical treatment of these methods can be found in
Sugihara and May (1990) and Sugihara (1994).
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Simplex projection

The simplex projection model is a nearest neighbor algo-
rithm that uses the shape of the shadow attractor to follow
the trajectory of the data when embedded in E-dimensions.
We analyzed successively higher-dimensional embeddings
(as in Fig. 3). For this study, we varied E from 1 to 10. The
embedding creates vectors formed from the data of length E.
One set of vectors is used to build the model, dubbed the
library set, and a second set of vectors is used to test the
ability of the model to make forecasts, dubbed the prediction
set (see Fig. 4a for an example where E = 2). For any given
prediction vector (Fig. 4a, triangle), the E+1 nearest neigh-
bors are chosen from the library vectors (Fig. 4a, squares)
based on the shortest Euclidean distances. The E+1 nearest
neighbors are called the simplex (the minimum number of
points required to surround a prediction vector in an
E-dimensional space). The forward projection of the near-
est neighbor vectors to time #+1 dictates the trajectory of
the prediction vector to time #+1, generating the forecast
(Fig. 4c, asterisk). The forecast is a weighted average of
the nearest neighbor values at time 7+1 with weights
depending exponentially on the distance of the neighbors
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Fig. 5. S-maps (illustrated for £ = 2). As in simplex projection, an
embedding is created by plotting time lags of the data (for two di-
mensions, x; versus x.1). A global linear model is compared with
locally weighted nonlinear models. The location of the prediction
vector (triangle) is calculated based on the location of the library
vectors (squares). In the linear model, equal weighting is applied to
all library vectors in the embedding. In the nonlinear models, the
library vectors are weighted exponentially according to their Eucli-
dean distance from the prediction vector, with closer vectors re-
ceiving a higher weighting (background shading). The model
becomes increasing more nonlinear according to the tuning para-
meter 6. The linear model is given by 6 = 0, and the nonlinear
models are € > 0, so models are nested and equivalent.

Xi.1

to the prediction vector at time ¢. That is, the weighting is de-
termined at time ¢ and applied to time #+1 for the forecast.

If the time series is long enough, the sets of library and
prediction vectors are mutually exclusive (e.g., the first and
second halves of the data). For short time series, we use
cross-validation, for which only the prediction vector is
held out of sample. The model accommodates missing val-
ues by excluding from the library or prediction sets any vec-
tor that would include a missing point. Forecasts for the
prediction set are made at each time step, beginning with
Xpe(e-1) (to accommodate the length of the first vector). Fore-
cast skill (p) and MAE are then calculated from the ob-
served and forecasted values. As the geometry of the
attractor changes with higher-dimensional embeddings (see
Fig. 3), the library vectors defined as “nearest” may change.
Thus, each successive embedding will produce different
forecasts, and the E that results in the highest p and (or)
lowest MAE is identified as the “best” embedding dimen-
sion for the data. In the majority of cases, the lowest MAE
corresponds with the highest p. In cases in which there is a
discrepancy, the metric that corresponds to the highest num-
ber of predictions (lowest E) is chosen. In our experience
(unpublished data), cases in which there is a discrepancy in
the best E identified by MAE and p occur for extremely
noisy data, and the model p is rarely statistically significant
(i.e., the model is not able to forecast the data). In simplex
projection, E is the only free model parameter.

S-maps

S-maps classify a time series as linear or nonlinear based
on the level of forecast skill obtained from equivalent linear
or nonlinear models. The data are embedded based on the
best E obtained using simplex projection. Again, the data
are divided into sets of library vectors and prediction vectors
(Fig. 5). The forecast is the location of the prediction vector
at time 7+1, calculated based on the locations of all the li-
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brary vectors (in comparison with simplex projection, which
uses only E+1 library vectors). In the global linear model,
equal weighting is applied to all library vectors in the em-
bedding. In the nonlinear models, the library vectors are
weighted exponentially according to their Euclidean distance
from the prediction vector, with closer vectors receiving a
higher weighting when computing coefficients. A series of
nonlinear models, with progressively greater weighting
given to the localized neighborhood in the reconstructed
state space, are analyzed.

S-maps produce forecasts governed by a nonlinear tuning
parameter, 6. Specifically, for any given time step ¢, the set
of library vectors is {x;} (Fig. 5, squares) and the prediction
vector is x, (Fig. 5, triangle). The set of time series values at
time i + 1 for library vectors is {y;}, and the unknown fore-
cast for x; is y,. Setting x,(0) = 1, then

Vi = Z ¢ (j)x:(j)
=0

and c is solved by singular value decomposition (with a sin-
gularity threshold of 10%) as

b = Ac

where b(i) = w(||x; — x.||)y; and A(i, j) = w(||xi — x.|)x:(7)
and

w(d) = o~ tdid

where w(d) is the weighting function, d is the Euclidean dis-
tance between a given library vector (x;) and the prediction
vector (x,), and d is the mean Euclidean distance between all
neighboring vectors (Sugihara 1994). For the matrix A, j
corresponds to the E time lags in each library vector such
that each library and prediction vector has length E.

The model becomes increasingly nonlinear according to
the tuning parameter 6. Note that the linear model is simply
6 = 0 and the nonlinear models are # > 0, so the models are
nested and equivalent. For the linear model, an S-map is es-
sentially an autoregressive model of order E, for which the
same coefficients apply to each prediction vector. For 6 > 0,
new coefficients are calculated for each prediction vector
with weights depending on where the vector is in the recon-
structed state space. As 0 increases, the forecasts rely more
strongly on the values in the local neighborhood (repre-
sented by the darker shading in Fig. 5). The data are nonlin-
ear if greater weighting of the local neighborhood of library
vectors results in a better model than that achieved from
equally weighting all data (Casdagli 1992; Sugihara 1994).
In S-maps, both E and 6 are free parameters.

As with simplex projection, the best model produces the
highest out-of-sample forecast skill (p) and (or) lowest error
(MAE). The degree of nonlinearity is measured as Ap, =
Po=best — Lo=0 and AMAE@ = IMAE6‘=beSt — MAE9=0|. The Sig—
nificance of Apy is measured with Fisher’s Z test; with time
series that contain significant serial autocorrelation (as with
these CPUE data), Apy can be a biased measure of nonli-
nearity (Hsieh and Ohman 2006). We therefore test the sig-
nificance of the improvement in error, AMAE, with a
randomization procedure outlined in Hsieh and Ohman
(2006). AMAE;, for the model is calculated and treated as a
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test statistic. Then, the order of the time series is shuffled,
S-maps are used to model the shuffled time series, and a
new AMAE;, is calculated. This procedure is repeated 500
times to create a null distribution for AMAE;, against which
the significance of the test statistic is measured. A series
was classified as nonlinear if the significance of AMAE, ex-
ceeded o = 0.1.

Formation of composite attractors

The dimensionality and forecast skill achieved with these
methods is not absolute but is related to the amount and
quality of the data available (i.e., the length of the time ser-
ies and the amount of observational error). Short time series,
often characteristic of CPUE data, may have low predictive
skill and make identification of the dynamics (e.g., linear
versus nonlinear, high-dimensional versus low-dimensional)
difficult. This difficulty may be overcome by combining
spatially structured CPUE series in a way that exploits the
amount of data available. Specifically, time series from
many spatial cells are combined into one composite library
set, so that the embeddings are generated from all individual
time series, resulting in a denser attractor. This has the net
effect of increasing the length of time over which we have
observed the dynamics, allowing us to see the system in
more (and different) states than with a single time series.

We investigate the effect of using composite libraries to
produce nonlinear forecasts for these CPUE data. Regarding
these models, there is no rule defining the length of a time
series required for sufficient information; forecast skill is a
function of the levels of observation noise, the underlying
complexity (E), and the degree of nonlinearity in the data.
Forty years of data (available here) may produce good fore-
casts if the system is low-dimensional and the data contain a
strong signal. However, if 40 years are insufficient, compo-
siting can greatly enhance the underlying signal in the data
without altering the dynamics contained in the individual
series (Hsieh et al. 2008). By contrast, simple averaging or
other linear transformations of data have been shown to ob-
scure dynamics (Sugihara et al. 1990, 1999).

This compositing approach, used to analyze human heart
rhythms (Sugihara et al. 1996), validated with model data,
and applied to a multispecies ichthyoplankton data set (Hsieh
et al. 2008), is appropriate if a key assumption is met: that
all time series included in the composite are generated by
the same dynamic process at some level of resolution
(scale). It is likely the case of this albacore subpopulation
(same fishery, region, and age group) that different time
series are realizations of the same underlying processes
that govern CPUE dynamics. Because albacore are highly
migratory and the same subpopulation moves in and out
of cells, time series from any given cell contains CPUE
information that was likely to be generated by the same
dynamics that govern the entire subpopulation. Even if
albacore abundance or environmental conditions (e.g., tem-
perature, forage) vary between cells, the underlying dy-
namic process may still be the same, in which case the
time series need only to be scaled (normalized). We pose
a specific test for this hypothesis: if the forecast skill of
the model is improved when a composite library is used,
then the dynamic process is homogeneous. If the dynamics
are different, the inclusion of time series from heterogene-
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ous processes would not improve forecast skill (and, in
fact, might decrease it).

One goal of this study is to produce forecasts of CPUE at
two spatial scales: the entire region and individual cells. The
former was accomplished by creating a composite from all
1366 time series, providing a baseline for how well the
model can simultaneously forecast the full data set. The lat-
ter was accomplished by comparing two approaches:
(i) using the data from a single cell to forecast itself (where
n < 40 years and using cross-validation) or (if) using a compo-
site library built from other cells to forecast (out-of-sample)
the time series in a single target cell. The first approach is
limited by the amount of data in any given cell, whereas
the second approach will not produce good forecasts if
other cells confound the signal (i.e., dynamics are hetero-
geneous).

We therefore examined three configurations of the time
series. First, a composite built from all 1366 cells that con-
tained data was analyzed as a whole; this is referred to as
the full-composite. The full-composite describes the dynam-
ics of the subpopulation at the scale of the sampling region
and provides a baseline for comparing results from single
cells (and for comparing analyses of the standardized time
series, described below). Second, single cells were analyzed
by forecasting themselves (dubbed single cell analysis). For
each cell, E and 6 were determined independently. Given the
constraints imposed by short and incomplete time series, we
selected the 39 cells that contained at least 35 years of data
for this analysis. Third, a composite library set was con-
structed from 1365 cells, forecasting one excluded target
cell; this is referred to as the target-composite. The target
cells were the same 39 data-rich cells used in the single cell
analysis. This third configuration tested whether a composite
library improved the model forecast skill in comparison with
a library generated from data in the single cell only.

In all analyses, forecasting was performed out-of-sample.
In both the full- and target-composites, all occurrences
(from other cells) of the year in the prediction vector were
excluded from the library. That is, if the model was predict-
ing the year 1977 in the target cell, all occurrences of 1977
were excluded from the composite library. The full-
composite was long enough also to be divided into a library
half and a prediction half (each containing 683 time series).
Because results may vary depending on which series are in
the library or prediction halves of the composite, we ran-
domly shuffled the time series between library and predic-
tion halves (500 times) and computed average statistics for
the full-composite. In the case of the target-composites, the
library (1365 cells) and prediction (1 cell) sets were mutu-
ally exclusive. Finally, when analyzing single cells, cross-
validation was used so that the prediction vector was
excluded from the library set.

Standardized CPUE

Estimates of albacore population size generally rely on
fishery-dependent CPUE observations (Stocker 2005; ISC
2007), a measurement that can provide a relative index of
abundance if certain assumptions are met. The primary as-
sumption is that local catchability, or the fraction of fish in
the environment caught by one unit of effort, remains con-
stant as data are analyzed at different time and space scales.
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This assumption is frequently violated (Harley et al. 2001),
and methods for standardizing CPUE time series are de-
signed to remove the confounding effects of variables exog-
enous to abundance that could systematically affect
observations of CPUE (Maunder and Punt 2004). Standard-
ization methods model CPUE as a function of independent
variables; these typically include obvious influential factors
such as time (e.g., year, month, season) and spatial location
(e.g., latitude, longitude, distance from shore), but they can
also include variables such as sea surface temperature, gear
type, fishing nation, vessel information, etc. The statistical
year effect produced from the model is the standardized
CPUE, a single time series that represents assimilated data
for an entire spatial domain. Thus, in addition to analysis of
the nominal data described above (annual catch divided by
annual effort in a cell), in this study we also consider a
standardized CPUE series because they are frequently used
in stock assessment models and as such may have immedi-
ate utility.

We implement a generalized linear model (GLM), the
most common standardization method in use, to produce
one standardized time series for the full data set. The model
and data treatment were chosen based on the method used in
albacore stock assessment (ISC 2007), described in McDaniel
et al. (2006). Data were filtered to remove points with
fewer than 3 days of total effort in a given cell-month.
The model was log.(CPUE;; + 1) = year; + season; +
area;y + &5, where “year” is 1966-2005; “season” is
spring (April-May—June), summer (July—August—September),
or fall (October-November—December); “area’” is offshore
(west of 130°W longitude) or inshore; and ¢ ~ N (0, o2).
The coefficients estimated for the year effect were back-
transformed from logarithms for nonlinear forecasting.

The GLM was investigated in two ways, analogous to the
approach used with (nominal) single cells. First, we ana-
lyzed the GLM as a single series (i.e., the series predicting
itself using cross-validation; dubbed GLM-single) to investi-
gate whether the dynamic complexity of the nominal CPUE
data was preserved through the data assimilation that occurs
with standardization. Second, the full-composite of 1366
nominal series was used as a library to predict the standar-
dized CPUE (dubbed GLM-composite). This was done to
see if the data-rich attractor reconstructed from the compo-
siting of these extensive spatially resolved data could be
used to improve forecasts of the standardized CPUE.

Results

The statistics for all configurations of the data are sum-
marized (Table 1). Time series of nominal CPUE for juve-
nile North Pacific albacore exhibit low-dimensional, weakly
nonlinear structure. The full-composite identified E = 5
(rounded from a mean of 4.7 over all 500 shufflings) as the
best embedding dimension using simplex projection and
classified the time series as nonlinear using S-maps. After
excluding from the model vectors that would contain a miss-
ing data point, over 1000 forecasts were produced.

In general, use of the target-composite library to forecast
individual cells produced better forecasts than the single cell
analysis (Fig. 6). For the 39 target cells, the composite li-
brary outperformed (based on higher forecast skill, p) the
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use of the single cell to forecast itself in 35 of 39 cells using
simplex projection and in 27 of 39 cells using S-maps. Us-
ing simplex projection, the target-composite identified, on
average, an E of 5, whereas the single cells predicting them-
selves identified a mean E of 3. The composite library also
increased the likelihood of detecting a nonlinear signal in
the data. Ten of 39 time series (including all seven complete
time series) were identified as nonlinear when a single cell
was used to forecast itself. However, using the composite li-
brary, the model identified 17 of 39 as nonlinear.

The GLM-standardized series also contained a nonlinear
signature, but only when the composite library was used.
The forecast model with the highest skill was produced
from simplex projection using the standardized series to pre-
dict itself (GLM-single; Table 1). That is, for simplex pro-
jection, the use of the full-composite library (made of 1366
nominal time series) did not improve forecast skill. The
GLM-single analysis identified £ = 2, whereas the GLM-
composite identified £ = 5. We demonstrate how 1-year-
ahead forecasts are produced with this method (Fig. 7). Be-
cause forecast skill was highest with simplex projection (p =
0.8), this model was used to generate a forecast for 2006 us-
ing the standardized time series from 1966 to 2005. Interest-
ingly, the root mean squared error of the GLM model
(McDaniel et al. 2006) was significantly higher than the
root mean squared error associated with forecasting the
GLM using simplex projection (0.61).

Discussion

The ability to model albacore in few dimensions suggests
the dynamics of CPUE are primarily driven by a small num-
ber of key variables. Furthermore, these dynamics are
(weakly) nonlinear and predictable, allowing future catch
rates to be modeled. From Takens’ Theorem (Takens 1981),
the E needed to reconstruct the state space can be bounded
by D < E < 2D + 1, where D is the dimensionality of the
(true, unobserved) system attractor. An E of 5 (calculated
for the full composite) therefore translates to system dimen-
sionality of between 2 and 4 (Casdagli 1992; Sugihara
1994). Consequently, it should be possible to identify which
oceanographic or biological variables influence catch rate
(Dixon et al. 1999). Factors that may determine albacore lo-
cal abundance or catchability (but have not been shown to
regulate population abundance) include sea surface tempera-
ture, chlorophyll a concentration, and forage availability
(Laurs and Lynn 1977; Polovina et al. 2001; Zainuddin et
al. 2006).

The nonlinear signal detected in these data is weak but
present at certain scales and if sufficient data are available.
We find conclusive evidence of nonlinearity (statistically
significant decreases in MAE) in the full-composite, 44% of
the target-composites, 25% of the single cells, and in the
GLM-composite. The ability to detect any nonlinearity at
all is remarkable given the constraints of spatial scale (Sugi-
hara et al. 1999), time series length (Hsieh et al. 2008), and
the presence of observation noise (Sugihara 1994). For the
seven complete time series available (40 years long), all
were nonlinear. The degree of nonlinearity (Ap) was related
to the length of the target time series being forecast (R? =

Published by NRC Research Press



Glaser et al.

Table 1. Summary statistics for nonlinear forecasting models predicting albacore catch per unit effort (CPUE).

S-maps

Simplex projection

AMAE

No. of

p value
<0.01¢

IAMAEI

MAE

p p value
<0.0001¢

MAE

p p value
<0.0001¢
39 of 39*
24 of 39*
<0.0001
<0.0001

forecasts

Data configuration

0.02+0.003¢
0.04+0.04>

0.58+0.01¢

0.56+0.01¢
0.59+0.1°

0.64+0.01¢
0.56+0.10
0.61+0.12

0.50
0.58

0.46+0.01¢
0.58+0.1°
0.35+0.20

0.80
0.64

4.7+0.61¢
4.9+2.4b

1009+147¢

Full-composite

17 of 39%*

0.59+0.07°

39 of 39*
36 of 39*
<0.0001
<0.0001

27+5.5"

Target-composite

Single cells

10 of 39**

0.02x0.03%
0.0007
0.06

0.63+0.10°
0.62
0.56

0.52+0.20

0.63
0.68

2.8+2.0°

27+5.5"

38
34

GLM-single

0.04

GLM-composite

Note: E is embedding dimension; p is model forecast skill; mean absolute error (MAE) is model error; AMAE measures the improvement of the nonlinear over the linear model; GLM is generalized linear

model. *, number of series with forecast skill significant at & = 0.05; **, number of series with significant nonlinearity at o = 0.10.

“Mean = standard deviation (SD) of 500 randomizations.

®Mean + SD of 39 series.
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0.19, p < 0.006), suggesting we are missing the nonlinear
signal in shorter time series.

Most time series describing biological populations contain
a linear component convolved with a nonlinear component,
and which component dominates depends critically on scale.
For example, while individual cities in the UK exhibit
highly nonlinear measles dynamics, when data are grouped
for the country as a whole, the nonlinear signal disappears
(as incoherent noise) because contact rates are dominated
by uniform school openings and closures (Sugihara et al.
1990). Indeed, although the effects of scale should make the
detection of nonlinearity difficult, the fact that nonlinearity
is commonly observed in natural time series speaks to the
dominance of the nonlinear signal when the correct scale is
identified. Finally, for comparison, the degree of nonlinear-
ity detected in these time series is comparable to that calcu-
lated for model output of a chaotic (intrinsic rate of
increase, r > 3.69) logistic map with added noise (Hsieh et
al. 2008). Thus, detecting nonlinearity can be subtle.

There is no definitive way to ground-truth abundance esti-
mated from fishery-dependent catch and effort data; thus,
there is no way to prove that these results reflect the “true”
population dynamics of juvenile albacore (though we have
proven that coherent and predictable CPUE dynamics exist).
Nonetheless, in this case we feel confident that the nominal
CPUE full-composite reflects the biological dynamics of the
juvenile subpopulation. This is because at small spatial
scales (e.g., the 1° x 1° cells used here), the fundamental
premise underlying the use of CPUE as an index of abun-
dance holds most true: that catchability is relatively constant
(Hinton and Maunder 2004). In the case of these data, for
which gear type, fishing nation, target species, and albacore
age distribution are constant, the primary confounding varia-
bles are time (month, season) and space (latitude, longitude).
By confining analysis of nominal data to disaggregated cells
with constant space and season, we effectively standardize
the data to these independent variables. Each observed time
series in a given spatial cell therefore represents the change
from year to year in the fish being caught in that cell, poten-
tially describing changes in migration or habitat. However,
when the data from individual cells are combined in the
composite library, the model has information from the full
region from which to build the best forecast. Because the
data are not averaged or summed, analysis of the full region
maintains the signal found at small spatial and annual time
scales (through the construction of library and prediction
vectors that are limited to consecutive points in a given
cell) while describing the dynamics at the scale of the sub-
population.

As further support, the improvement in forecast skill
and decrease in error found when comparing the target-
composites to single series suggests the composite model is
capturing dynamics that exist at a larger spatial scale than
individual cells. The information contained in a library of
1365 cells, when combined, is better able to forecast the dy-
namics in a single cell than that cell is at forecasting itself.
If the dynamic process was fundamentally different across
cells in the region, the highest forecast skill should be
achieved with the single cell analysis because historical
data from that cell would produce the best forecasts.
The qualitative similarity (low-dimensional, nonlinear)
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Fig. 6. The use of composite libraries (target-composite analysis described in text) significantly improved the ability of the model to fore-
cast a catch-per-unit-effort (CPUE) time series in a single cell compared with using the single cell to forecast itself. The target-composite
also identified a higher embedding dimension (E) for the data. Marker is calculated mean, error bars are standard error. Improvement of
target-composite over single series was calculated by two-tailed paired ¢ test (n = 39; *, p < 0.01; **, p < 0.001). (@) Best E identified by
simplex projection, (b) forecast skill (p) achieved by simplex projection, (c¢) p achieved by S-maps, (d) mean absolute error (MAE) of fore-

casts by S-maps.
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Fig. 7. The standardized catch-per-unit-effort (CPUE) time series
from 1966 to 2005 was used to produce a forecast (*) for 2006.
Simplex projection, the model producing the highest forecast skill,
was used. Data were analyzed as normalized (mean = 0, standard
deviation (SD) = 1) first differences. Solid line is observed data,
dashed line is forecasted data.
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between the full-composite and mean values for the target-
composites suggests the various configurations of scale con-
verge on a coherent description of the data.

For nominal CPUE data, the application of composite meth-
ods overcomes challenges posed by short and incomplete time
series. By combining many incomplete series, the model is
more likely to find a sample of vectors long enough to test
higher-dimension embeddings and the overall skill of the
models is significantly higher. The composite approach
also improves our ability to detect nonlinearity. Most (32
of 39) target time series contained at least one gap in the
40-year period. Of the seven complete time series, nonli-
nearity was detected in all of them. However, there was a
50% greater chance of detecting nonlinearity in the incom-
plete time series if a composite library was used. In sum-
mary, the repeated finding of nonlinearity in all complete
single time series, nearly 50% of target-composites (with
the accompanying higher forecast skill), in the full-
composite and in the standardized data suggests the proper
functional form is nonlinear.

For these data, the length of time series needed for skilful
forecasts appears to be 33-35 years. Single cells containing
27 years of data were insufficient to identify nonlinearity,
but those containing 33 years or more were identified as
nonlinear. These findings are consistent with other studies
comparing analysis of long and short time series using com-
posite libraries, whereby forecasting of a known nonlinear
model (even without observational noise) either did (n =
150 points) or did not (n = 30 points) detect that nonlinear-
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Fig. 8. The logistic growth model (x(¢) = rx(+—1)[1 — x(z—1)]) becomes increasingly defined as each of five time series (40 points long) is
added. Many points cluster, but the occurrences of rare points add critical information about the full shape of the function. Likewise, com-
positing dynamically similar, but mutually exclusive, time series leverages spatially defined catch-per-unit-effort data, using what might
otherwise be considered redundant. For the model, r = 3.5, x1(0) = 0.1, x2(0) = 0.007, x3(0) = 0.05, x4(0) = 0.2, x5(0) = 0.98.
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ity (Hsieh et al. 2008). Theoretically, the CPUE series with
the most complete data (fewest gaps) correspond to areas of
most regular fishing effort (and potentially highest fish
abundance), making these cells likely to have lower obser-
vational noise than cells with incomplete series. Practically,
the most complete time series also provide the model more
information from which to build the attractor, as the neigh-
borhood around the prediction vectors is denser.

Composite libraries add information to the reconstructed
attractor that improves the model’s ability to resolve forward
trajectories or prediction vectors (Hsieh et al. 2008). In this
study, the composite time series represent repeated samples
or observations of the attractor describing the system in
which albacore are harvested (samples of the process that
are not identical). In the case of a multispecies composite
(Hsieh et al. 2008), a time series provides a one-dimensional
view of the attractor describing the community of interacting
species. In the case of a single species composite, the indi-
vidual time series can be thought of as iterations of the
mechanistic model (e.g., a logistic population growth model)
describing the fish population, but with different initial con-
ditions (e.g., the (scaled) catch rate of fish in a cell at a
given time). Each time series contributes information about
the shape of the attractor; some of it is redundant, but some
of it is new.

As a heuristic example, we demonstrate how the logistic
population growth model (in canonical form), plotted as a
two-dimensional embedding (also known as the logistic re-
turn map; May 1976), becomes more defined as successive,
independent series with different initial conditions are plot-
ted (Fig. 8). The parts of the function most densely filled
with points represent values commonly observed (say, mean

x(t-1)

abundance levels, or in our case, mean catch rates). Such
parts of the function are easily observed with only a few
years of data from the first iteration. As points from less
commonly observed parts of the function are added, critical
(because they are rare) sections are filled in. In a similar
fashion, the composite attractor created from 1366 time ser-
ies spanning a large portion of the geographic distribution of
juvenile albacore in the North Pacific includes information
about the dynamics in areas of high catch rates (e.g., the
time series in the CCS where albacore are densely aggre-
gated and abundant), as well as in areas of low catch rates
(e.g., in the migratory highway through the central gyre;
Polovina et al. 2001). When combined, these time series
produce a more defined attractor. Thus, this technique takes
advantage of the large amounts of data available from spa-
tially structured CPUE data sets to increase our ability to
observe the full system attractor.

Analysis of the GLM-standardized time series presents
two conclusions: data assimilation through standardization
removes the nonlinear signal detected in the nominal data
and reduces the complexity (dimensionality) of the dynamic
process. Nonlinearity was detected only when the composite
library of all cells (in nominal form) was used to forecast
the standardized series. Furthermore, the GLM-single analy-
sis found E = 2 as opposed to E = 5 with the composite
(similar to the full-composite of nominal data). Given the
goals of standardization, to reduce observation noise and re-
move the effects of confounding variables, this result is ex-
pected; the process of standardization effectively reduces the
number of independent variables acting on the dependent
variable, CPUE. For forecasting a standardized time series,
the best model was simplex projection with an E of 2, using
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the single series to forecast itself. The composite library did
improve the forecast skill of S-maps, but the S-maps model
produced less accurate forecasts than simplex projection.

This raises a critical point about the parameter E. As we
use it here, E is not an absolute number that is intrinsic or
invariant. Rather, the choice of E for a given model is
operationally tied to the forecast skill that is practically
achievable (given the amount of data and the observational
noise). Embedding the time series in a given dimension pro-
duces a certain level of predictive skill that increases as the
attractor is unwound, resolved so trajectories do not cross
(i.e., singularities are resolved). Furthermore, while E can
be thought of as corresponding to the axes in state space
that affect the dependent variable (i.e., the critical driving
variables in the system), there is not necessarily a one-to-
one correspondence. In the case of our data, then, if the
goal is to model the nominal time series, one would look
for two to five variables to explain the system dynamics,
with the aim of reproducing or surpassing the level of pre-
diction skill attained with lagged coordinates. If the goal is
to model the standardized time series, only two variables
will be needed. The “missing” dimensions in the standar-
dized series likely reflect the process of standardization it-
self. The difference between an E of 4 and an E of 5 is not
the difference between a “correct” and an “incorrect”
model. The important point is that the data sets can be mod-
eled with relatively few dimensions.

This study provides a means of incorporating forecasts of
time series containing nonlinear dynamics into stock assess-
ment models and of supplementing current approaches to
management. Most stock assessment models make forecasts,
sometimes 10 years into the future, based on an equilibrium
state estimated from historical data and with an additive sto-
chastic component to replicate recruitment variability (for
albacore, see Stocker 2005; ISC 2007). The population
dynamics model is then evolved in time based on static co-
efficients, and the resulting biomass forecasts become
asymptotic. Instead of basing the stock assessment forecast
on stable dynamics, here we suggest that an annual CPUE
forecast be used to drive the stock assessment model either
by predicting catch rate for each individual cell or by pre-
dicting the trajectory of the standardized series. This would
be particularly valuable for short-lived species (such as pol-
lock (Pollachius virens) or Pacific cod (Gadus macrocepha-
lus)) for which total allowable catch is updated every year
based on annual assessments. Stock assessment models also
produce short-term forecasts that could be directly compared
with the output of our models. While the nonlinear methods
do not make predictions many years into the future, for the
purpose of management, 1-year-ahead forecasts are an im-
portant product. For species that are longer lived and where
constant mortality assumptions are valid, these forecast
methods can be used on annual recruits and extrapolated up-
ward to create longer-term forecasts for the stock.

Equilibrium-based models of fisheries could fail to predict
major population changes (Mangel et al. 2002). Nonlinear
models, especially ones like these that are not constrained
by distributional assumptions for variables such as mortality
or spawner—recruit relationships, may provide more accurate
(yet simpler) ways of modeling the dynamics of populations.
Such flexibility in the model also overcomes structural un-
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certainty inherent in traditional population dynamics models.
The choice between data models and algorithmic models
does not have to be zero-sum (Breiman 2001); we advocate
the use of both types of models to maximize biological
understanding and forecast accuracy and to provide a means
of validation. Finally, data compositing methods offer a
technique complementary to standardization for analyzing
CPUE data that is directly useful in management of marine
fisheries. Both the composite analysis and the GLM are
means of assimilating large amounts of data into a single es-
timate of stock size.

This approach is not a silver bullet for stock assessments.
Most notably, in its current univariate form, forecasts are not
provided as a function of varying levels of effort, a neces-
sary feature when setting harvest guidelines (although effort
changes can be accommodated with a multivariate approach;
Dixon et al. 1999). Consequently, we see the information
obtained from these methods as complementary to that ob-
tained from stock assessment models that can produce pro-
scriptive recommendations based on varying levels of catch
or effort. Our approach makes distribution-free forecasts in a
way that allows analysis of error in the model, but also cap-
tures the dynamic signature underlying the data and provides
insight into the degree of complexity underlying the proc-
esses governing albacore dynamics.

In summary, the juvenile subpopulation of North Pacific
albacore display low-dimensional, weakly nonlinear dynam-
ics that can be forecast 1 year ahead. We add a new method
to the suite of fisheries models that accounts for the nonlin-
ear structure of natural populations and can be used to over-
come limitations posed by short and incomplete CPUE time
series. Further, we suggest that large data sets containing
highly resolved, spatially structured CPUE data should not
be treated as though individual time series contain only re-
dundant information to be assimilated and averaged. Rather,
such time series, even those on the geographic periphery of
the species’ range, contain valuable information about the
dynamic structure of the population. The large data set
available for North Pacific albacore demonstrates the useful-
ness of such a suite of data. Given the ability of low-
dimensional nonlinear models to forecast changes in alba-
core CPUE, forecasts made at the level of CPUE time series
should supplement those made by stable population dynam-
ics models. Such an addition to current stock assessments
will provide a baseline for active management of the popu-
lation, indicators of (potentially important) future changes to
population abundance, and a template for forecasting key
subprocesses such as recruitment.
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