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12.1 Introduction

The tuna resources in the Eastern Central Atlantic have been the object of both intensive fishery for over
30 years and numerous studies conducted under the coordination of the International Commission for the
Conservation of Atantic Tunas (ICCAT) (Fonteneau and Marcille, 1993). The skipjack tuna (Katsuwonus
pelamis, henceforth referred as “skipjack™) supports an important commercial fishery across the Eastern
Atlantic from the Gulf of Guinea to the southwestern Irish coast (ICCAT, 1986). Tag recovery studies
have indicated that skipjack migration routes lie from the southeast toward the north and northwest
Atlantic (Ovchinnikov et al., 1988) and catches on the highly migratory tuna stocks are due to multigear
fisherics (Fontencau, 1991). Also, both the spatiotemporal distribution and abundance of skipjack tuna
have been related to causes such as environmental requirements and feeding (Ramos et al., 1991), upper
ocean dynamics (Ramos and Sangrd, 1992), hydro climatic factors (Pagavino and Gaertner, 1994), prey
abundance (Roger, 1994a, b; Roger and Marchal, 1994), thermal habitat (Boehlert and Mundy, 1994),
schooling behavior (Bayliff, 1988; Hilborn, 1991), mesoscale frontal ocean and upwelling dynamics
(Fiedler and Bernard, 1987; Ramos et al., 1991), as well as several other aspects beyond the scope of
the present chapter. Skipjack tuna appears (o be able o adapt the feeding strategy 1o environmental
conditions preying upon what it encounters (Roger, 1994a, b) and the 18°C isotherm and 3 m! oxygen
per liter isoline are considered lower limiting factors (Piton and Roy, 1983). The exploitation rate on
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most tuna stocks has been constantly increasing and assessments have been inefficient in estimating the
real maximum sustainable yield of those stocks (Fonteneau. 1997). In the Atlantic. tuna catches wepa
suggested to be both underestimated and misreported (Wise, 1985) and, despite the high level of ﬁshing
effort, recruitment overfishing has never been suggested for skipjack (Fonteneau. 1987).

Skipjack data are, generally, studied in light of the early population models (henceforth referred 5
“classical approaches/models™) by Beverton and Holt (1957) and Ricker (1954). These models are st
being used to provide quantitative advice to fishery managers (Gulland, 1989) and proposed extinction
curves where recruitment either reaches an asymptotic maximum (Beverton-Holt) or becomes low g
high spawning stock sizes (Ricker). These classical approaches became widely accepted functions tg
describe the stock-recruitment relationship and they introduced a general, nonlinear framework into fish
population dynamics. However, they had a limited capacity both to include key factors of specific
situations and to link internal (population) and external (environmental) dynamics to each ather. This
lack of specificity has been discussed in the literature by Clark (1976), De Angelis (1988), Fogarty
(1993), and other authors. Also, classical models assumed that populations under exploitation were
naturally limited in a way that will permit them to respond in a compensatory way to fishing (Beverton
and Holt, 1957; Ricker, 1975; Cushing, 1977; Rothschild, 1986). The classical models excluded dynamic
features critical to understand the mechanics behind the data (linking and transition mechanisms between
steady states, system behavior, extinction of the commercial fishery, environmental interactions, among
other factors). However, two more advanced frameworks were proposed during the 1970s and 1980s.
On the one hand, Paulik (1973) described an overall spawner-recruit model, which was formed from
the concatenation of survivorship functions. This approach could exhibit multiple (stable) equilibria and
complex dynamics and was the result of a multiplicative process where the initial egg production could
be modified by nonlincar functions specific to each life stage and cohort population size: the main
shortcoming was the interdependency between the functions due to the multiplicative nature of the
model. On the other hand, Shepherd (1982) unified the dome-shaped and asymptotic approaches proposed
by Ricker (1954) and Beverton and Holt (1957), respectively, but could incorporate ncither multiple
stable equilibria nor depensatory dynamics. In our view, there was an urgent need to develop a flexible
framework that would allow us both to ask better questions and to understand causal mechanisms to
dynamic patterns behind the data.

In previous papers by Solari et al. (1997), Bas et al. (1999). and Castro et al. (1999). we proposed
recruitment both to the population (influx of juveniles to the adult population), area (migration of
cohorts/individuals into fishery areas), and fishery (dynamics of the fishery) as a system or summation of
nonlinear functions (multiple steady states) with dynamic features ranging from chaos (when external
conditions are extremely benign), through a range of relatively stable, converging cycles (as external stress
increases), to a quasi-standstill state with no clear oscillations (when the minimum viable population is
being approached). The system was suggested to have the capacity to evolve persistently and return within
a wide range of equilibrium states allowing for muitiple carrying capacttios as well as density dependent
teompensation and depensation due population nunbersy. density -independent (compensation and depensit
won due environmental fluctuations and fisheriesy. and inverse-density -dependent (per capita reproductive
success and recruitment declines at low population levels) coupled mechanics. Our new. dynamic framework
was justifiable on an ad hoc basis because of the Nexibility it afforded. Also. it offered some conceptual
advantages over classical approaches as it allowed for (1) multiple equilibria, which could be independent
from cach other and operate at the same time (no mathematical interdependence between the functions due
to the additive nature of the approach); (2) either higher or lower equilibria could be incorporated into the
~system: (3) transitions between equilibria due o density-dependent and density-independent oscillations
could be linked: and, among other features, (4) several maxima and mimma and depensatory dynamics could
be described in the same relationship allowing for simultancous equilibrium states at different spatiotemporal
scales and substocks. This model allowed us both to approach the dynamics of the skipjack from a new
perspective and investigate whether there was any dynamice similarity, at several spatial scales. in the captures
of this migratory stock. The anms of the present study were to (1) analyze three independent skipjack fishery
landing series representing catches from three ditferent spatial scales: (2) determine whether there may be
any similarity between the series: and (3) discuss new coneepts o study the evolution of both recruitment-
to-the-arca and the dynamics and future approaches to skipjack populations in the Eastern Central Atlantic.
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FIGURE 12.1 Three spatial scales of skipjack tuna sampling. The CECAF (Committee for Eastern Central Atlantic Fish-
eries) Division 34 (larger area indicated by the dashed line; from Gibraltar to the Congo River, Lat. 36°00’'N-6°04'36"S,
Long. 12°19°48"E-5°36"W); the Canary Islands archipelago (minor area indicated by the dashed line, Lat. 29°40'N-27°10’N,
Long. 13°W-18°20'W), and the Port of Mogan (local waters off the southern shore, island of Gran Canaria,
Lat. 27°55'N-Long. 15°47'W, indicated by the arrow). (Map modified from FAQ, 2001.)

12.2 Data

The skipjack fishery series analyzed herein (annual catches in metric tonnes, Tn) were the following:

I. Landings due to a local bait fishery at the Port of Mogan (Lat. 27°55'N, Long. 15°47'W,
henceforth referred as the “Mogan series”), island of Gran Canaria (Canary Islands, Spain),
years 1980-1996 according to Herndndez-Garcia et al. (1998)

2. Overall pooled landings due to local bait fisheries for the whole of the Canary Islands area (Eastern
Central Atlantic, Lat. 29°40’'N-27°10'N, Long. 13°W-18°20'W, henceforth referred as “Canarian
series”), years 1975-1993 according to Ariz et al. (1995)

3. Pooled landings due to multigear (bait, long-line, and purse-seine) both oceanic and coastal
fisheries within the CECAF (Committee for Eastern Central Atlantic Fisheries) Division 34 (from
Gibraltar to the Congo River, Lat. 36°00'N—6°04"36"S, Long. 12°19'48”"E~5°36"W; henceforth
referred as the “CECAF series”), years 19721996 according to FISHSTAT/FAO (1999).

Figure 12.1 shows these spatial scales (map modified atter FAQ, 2001): a point (waters off the Port
of Mogan), a minor area (waters within the Canary Islands archipelago), and a relatively large ocean
arca (the CECAF area 34). Figure 12.2 shows the skipjack series from each location.

L
12.3 Methods

We standardized the series to the same scale (Z values with mean = 0) to facilitate both the analyscs
and visual comparison. We used both t-tests and autocorrelations to determine the homogeneity between
the series and indications of autosimilarity. Also, the Welch method (after Oppenheim and Schafer, 1975)
Was used to estimate the spectral density. The phase spaces (stock-in-area against recruits-to-the-area)
Wwere obtained by plotting data values from a certain year (V,) against values the year after (N,,,). Cross-
Correlations were used to determine the degree of correspondence between the series. Furthermore, data
values were fitted both by linear regressions through the origin (to determine the “replacement line” or
recruitment needed to replace the stock-at-spatial-location) and sixth-order polynomials (to describe the
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FIGURE 12.2 Skipjack tuna series (Tn*10%) from a local bait fishery at the Port of Mogan (island of Gran Canaria,
Canary Islands, years 1980-1996), after Herndndez-Garcia et al. (1998); overall pooled landings due to local bait fisheries
for the whole of the Canary Islands arca (years 1975-1993), after Ariz et al. (1995); and pooled landings due to multigear
(bait, long-line, and purse-seine) both oceanic and coastal fisheries within the CECAF Division 34 (years 1972-1996),
after FISHSTAT/FAO (1999). The catches represent sampling series from three significantly different spatial scales. The
straight lines indicate the mean of the series.

dynamic features of the systems). To set the final, schematic example, we simulated sinusoidal waves
with an arbitrary noise to represent the proposed systen.

12.4 Results

We start this section with a general figure showing the difference between the classical approaches bascd
on a unique equilibrium and our new. nonlinear framework. This preliminary step is helpful for under-
standing the rest of the chapter and it shows some of the guidelines to apply our multiple steady-state
model to the plane N, against N,,, attempting to understand the dynamic features we propose.

On the one hand, the Shepherd (1982) functional form is given by

Ro %S (12.1)

where R is recruitment, S is the spawning stock abundance, and K the threshold abundance above which
density-dependent effects dominate (i.e., the carrying capacity). The parameters o and 0 are referred to
as the slope at the origin and degree of compensation involved, respectively. This approach could unify.
within a single framework, both the classical dome-shaped (for & > 1) and asymptotic (for & = 1)
functional forms proposed by Ricker (1954) and Beverton and Holt (1957), respectively. An example
for each of the models is shown in Figure 12.3.
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FIGURE 12.3 Two examples of the Shepherd (1982) function, which unified, within a single framework, the classical
dome-shaped and asymptotic functions proposed by Ricker (1954, dashed curve) and Beverton—Holt (1957, continuous
curve). The stock-recruitment relationship is assumed o (1) be governed by a single stable equilibrium (dot) shown by the
intersection of the function with a simple regression through the origin (i.e., the replacement line); (2) respond solely in a
compensatory way to fishing, and (3) become either asymptotic (Beverton—Holt) or be limited by a single carrying capacity
(i.e., threshold abundance above which density-dependent effects dominate; Ricker).

On the other hand, recruitment (R) in our framework is defined (Equation 12.2) as the summation of
nonlinear functions of spawning stock, S, given by

a0 ()
=)y —L 12.2
K z(S—bi)2+ci (122)

i=1

where the entries i = 1 ... m represent the number of equilibrium states in the stock-recruitment (SR)
system, with m the highest equilibrium where the SR relationship reaches the ceiling or maximum
allowable carrying capacity. Equilibrium states are controlled by the coefficients a; (slope of the curve
at the origin), with b, and ¢, the density-dependent mortality entries. For example, qg; fulfills a similar
function to the natural rate of increase in the logistic equation. These coefficients define each equilibrium
state und their values may be fixed. Also, values of b, define the ranges of spawning stock for which
equilibrium states may arise. A graphical representation of a dynamic system with m equilibrium states
1s shown in Figure 12.4. This new approach can be applied to the plane N. N, to describe dynamics
in both migration and catches (recruitment to the arca) in skipjack and link local and mesoscalar trends
from different spatial scales, as well. An m number of oscillatory phenomena ranging from limit cycles
to chaos and inverse density dependence are allowed in this system, which may be approximated either
by least squares using Equation 12.2 or by polynomial regressions incorporating three constants for each
equilibrium state. The objective of the sixth-order fittings we use is to describe in a familiar way to all
readers the multiple steady-state cases we approach. Further aspects of this new model are well detailed
in Solari et al. (1997).

We have assumed a positive relationship between the number of juveniles being recruited to the
population and those entering the area of the fishery; this tmplies that the number of recruits-to-the-area
in a migratory stock may increase as recruitment increases in the remote nursery areas. Also, we have
regarded the analyzed series as statistically independent as a result of the different sources and relatively
large geographic range of the areas concerned; paired r-tests (p < 0.001 in all of the cases) showed the
series may represent three significantly different levels of recruitment. Furthermore, in spite of the limited
degrees of freedom in all of the series, the autocorrelation values were 0.42 (p = 0.06), 0.52 (p = 0.01,
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FIGURE 12.4 Graphical representation of a dynamic system with m equilibrium states (Equation 12.2) proposed by Solarj
et al. (1997). This new approach can be applied to the plane N, vs. N,,, to describe dynamics in both migration and catches
(recruitment to the area) in skipjack tuna (K. pelamis) at three spatial scales (CECAF Area 34, Canary Islands area, and
Port of Mogan, Central East Atlantic). K, K,,_, K, , represent both the minimum viable populations for the equilibrium
states m, m~', and s and the carrying capacities for their immediate lower equilibria, respectively. E,, E, |, E, . E, represent
equilibria around which the SR relationship may turn in density-dependent compensation and depensation phases. K__ is

max

the maximum allowable carrying capacity and any values of stock surpassing this ceiling will induce a shift toward lower
equilibria. K, is the floor or minimum viable population below which the SR reiationship may tend to zero (extinction of
commercial fishery). System persistence and local stability are shown in all three cases of stability analyses (dotted lines)
while K, < § < K, and R(K)) < R < R,,,. An m number of oscillatory phenomena ranging from limit cycles to chaos and
inverse density-dependence are allowed in this system. Each equilibrium state may represent stock and recruitment to the
area in a certain spatial location and link local and mesocalar dynamics.

lag = 1) and 0.56 (p = 0.003, lag = 1) for the Mogan, Canarian, and CECAF series, respectively. These
results may suggest that there is a certain autosimilarity or “memory” in the series implying that the
skipjack stock a certain year may depend on the abundance in preceding years. Morcover, the spectral
density of the series detected maxima around the periods of 3 to 4 years in all of three series (Figure 12.5).
Only 14 years were common to all series and, consequently, the spectral analyses should be interpreted
independently for each time series. Likewise, the cross-correlations showed a certain degree of corre-
spondence between the series; we tested for several time lags and the highest obtained values were 0.84
(Mogan-Canarias series, lag = 0), 0.56 (Canarian-CECAF serics, lag = 1), and 0.68 (Mogan-CECAF
series, lag = 1). The lag | between the CECAF and Canarian and Mogan series may be a consequence
of the reduction of the spatial scale.

Figure 12.6 through Figure 12.8 show the phase spaces for the Mogan, Canarian, and CECAF series,
respectively. The linear regression through the origin represents both the recruitment needed to replace
the stock-at-spatial-location and overall equilibrium values. Furthermore. the polvnomial rearessions
describe the dynamic features. which may be common to all of the three cases: (1) a relatively high
equilibrium state (indicated by “A™) with high Icvels of both captures and recruitment where maxima
and minima diverge and (2) a relatively low equilibrium state (indicated by “B™) with lower levels of
both captures and recruitment where maxima and minima converge. A summary of results from the
fincar and polynomial regressions is shown on Table 12.1. Also. there may be an indication ot a third
equilibrium state both in the cases shown in Figure 12.7 (for years 1975 through 1978) and Figure 12.8
(between A and B). Figure 12.6 through Figure 12.8 show the principal results in this chapter. The
plane N, N, fitted by a third degree polynomial and a simple regression may allow us to casily
understand the dynamics behind the data and both describe and link them through our multiple steady-
state approach. Other nonlinear models may be used both to fit the data and to obtain several
equilibrium states. However, our approach can be used as an ad hoc model because it allows great
flexibility and may link and explain most population dynamic phenomena (compensation. depensation.
density dependence. density independence. inverse density depensation, and dynamic system behavion
in a relatively simple framework taking into consideration different spatial scales and substocks. No
references describing such a dynamic similarity at several spatial scales were found in the literature
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FIGURE 12.5 The spectral densities of three skipjack tuna series from the Port of Mogan (island of Gran Canaria, Canary
Islands, years 19801996, Mogan series, after Herndndez-Garcfa et al., 1998), the whole Canary Islands area (years
1975-1993, Canarian series, after Ariz et al., 1995), and the CECAF Division 34 (vears 19721996, CECAF series, after
FISHSTAT/FAO, 1999).

on skipjack tuna and we were able to detect this dynamic autosimilarity while interpreting the data
i light of our model.

To illustrate the dynamic features we have proposed, we show, in Figure 12.9, a schematic example
on arbitrary data (sinusoidal waves plus noisc) of a theorctical in-area stock and recruitment system
where the following features are described:

I. The linear regression represents an overall replacement line: while the system evolves above
the linear fit, compensation operates and numbers grow, whereas depensation operates under
the replacement line implying that numbers decrease.

2. A high and a low equilibrium state represented by A and B, respectively. These orbits of stability
(indicated by the dashed ellipses) are caused by oscillations due to density-dependent compensa-
tory and depensatory phases (indicated by the arrows on the ellipses). Also, the polynomial
regression describes the two-steady-state system, the evolution of equilibria and the shift between
equilibria as both the floor of equilibrium A and the carrying capacity of equilibrium B are
approached (indicated by the dot).

3. Also, density-independent transitions may occur due to changes in the environment and fishing
mortality: as the lower equilibrium state approaches the ceiling or particular carrying capacity
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FIGURE 12.6 Phase space for the skipjack fishery landing series at the Port of Mogan (island of Gran Canaria, Canary
Islands). The linear regression through the origin represents both the recruitment needed to replace the stock-at-spatial-
location and overall equilibrium values. The sixth-degree polynomial regression describes the evolution of the high and
low steady-states indicated by “A” and “B,” respectively. Z indicates standardized values and N, and N, the generation of
the values; 80 and 95 indicate the start and end year of the plotted values.

ZN¢t)

FIGURE 12.7 Phase space for the skipjack fishery landing series from the Canary Islands area (Eastern Central Atlantic).
The linear regression through the origin represents both the recruitment needed to replace the stock-at-spatial-location and
overall equilibrium values. The sixth-degree polynomial regression describes the evolution of the high and low steady states
indicated by “A"™ and “B." respectively. Z indicates standardized values and N and N
92 indicate the start and end year of the ploted values,

the generation of the values; 75 and

4l

(indicated by the dot), the system may shift toward a higher equilibrium through a density-
independent compensatory phase. Morcover, while density-dependent depensation operates in
the higher equilibrium state and the floor of A is approached, density independent depensation
may shift the system toward the lower equilibrium state.
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FIGURE 12.8 Phase space for the skipjack fishery landing series from the CECAF Division 34 (Eastern Central Atlantic).
The lincar rcgression through the origin represents both the recruitment needed to replace the stock at-spatial-location and
overall equilibrium values. The sixth-degree polynomial regression describes the evolution of the high and low steady states
indicated by “A” and “B,” respectively. Z indicates standardized values and N, and N,,, the generation of the values; 72 and
95 indicate the start and end year of the plotted values.

TABLE 12.1

Summary of Results from Data Fits upon the Steady-State Systems
Proposed for the Skipjack Tuna Series (standardized values)
from Three Spatial Scales (Port of Mogan, Canary Islands area,
and CECAF Division 34)

Linear Trend Polynomial (6th order)

DF R F p< R F p<
15 0.44 335 0.09 0.92 7.77 0.01
17 0.54 6.55 0.05 0.77 2.63 0.08
23 0.59 11.62 001 0.70 2.66 0.06

DF = degrees of freedom, R = regression value, F = F value, p = probability.

4. Maxima and minima converge as the system evolves toward the lower equilibrium and diverge
as it shifts toward the higher steady state. Density dependence may operate similarly in both
equilibrium states but at different levels of numbers. On the one hand, oscillations may be
larger in high equilibrium states as the system evolves toward the maximum carrying capacity
of the system (a critical value or overall ceiling above which the trajectory enters depensation,
K_.); on the other hand, oscillations may become lower as the system evolves toward a
minimum viable population (a critical value around which oscillations become small or non-
existent implying the extinction of the commercial fishery).

The proposed two-steady-state system may be described either by a multiplicative equation such as

R, Efl(S/\)'fz(Sﬁ) (12.3)
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RECRUITMENT-TO-"THE-AREA (t+1)

STOCK-IN-AREA()

FIGURE 12.9 Theoretical in-area stock and recruitment system proposed for three spatial scales in the Eastern Central
Atlantic (Port of Mogan, Canary Islands area and CECAF Division 34). The linear regression represents the replacement
line and the polynomial fit describes the dynamic evolution of the system. A and B are the high and low equilibrium states,
respectively. The dot represents the transition point between the steady states, being the floor of A and carrying capacity
of B, respectively. Density-independent compensation and depensation are represented by the arrows — and «—, respectively.
Orbits of stability are indicated by the dashed ellipses on which arrows represent density-dependent compensation and
depensation. Data values are arbitrary and were generated by sinusoidal waves plus noise.

or an additive model such as

Ru = f‘l (SA) + f2 (SB) (124)

where R, represents recruitment, f , are nonlinear, three parameter functions, and S, ; are the stock-in-
area for the equilibrium states A and B, respectively.

-
12.5 Discussion

Although skipjack harvesting is subject to some form of international regulation, control is minimal and
we have regarded it as an open-access fishery: exploitation may be carried out in international waters
on the migratory stock without any effective policy enforcement. In the present approach. recruitment-
to-the-area is a key concept, which describes a migrating population or stock entering the area of operation
of the fishery. This concept is used. in part. because of the lack of data on juveniles being recruited (o0
the adult population and migrating from the nursery areas in the Gulf of Guinea. Also. we lack fishing
effort data for all of the series. Within the Canary Islands area, however, fishing effort may be assumed
relatively stable during the time span of the Mogan and Canarian series. Also, the largest skipjack
individuals enter the area of the fishery twice a year as they return from the Azores to the Gulf of Guinea
passing through the Canary Islands area a second time. Furthermore, 1t may be argued that both the
classical models and second-order polynomial regressions could be more appropriate to fit the data,
meeting mainstream modeling criteria. However, such classical approaches are inappropriate to describe
the linked dynamics of multiple steady-state systems (density-dependent and density-independent
compensation and depensation, orbits of stability, multiple carrying capacities, and autosimilarity at
several scales). We need both conceptual frameworks and statistical techniques that will allow us to
understand the dynamics behind the data and link changes in skipjack stocks to fluctuations in the
environment. In our view, the system consists of multiple stcady states. distinct regimes, qualitatively

similar, which should be dynamically linked both to each other and to the environment. A minimum of

three constants are needed to describe each equilibrium state and allow the hinkage between the steady
states. Furthermore, while the classical models and second-order fittings may assume that residuals are
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either random or solely caused by noise, we have assumcd that residuals may be a combination of both
signal and noise. Although dynamic structures may be an artifact of smoothing techniques (i.e., we may
obtain cyclic-like patterns after several steps of smoothing upon random data), the temporal evolution
and the structurcs obscrved in the phase spaces upon the standardized data showcd that a multi-steady-
state system may be more appropriate to understand the mechanics behind the system. Also, the
theoretical criteria we put forward may be useful to explain the processes governing both recruitment
and stock dynamics in skipjack tuna in the Atlantic and to develop new approaches for the preventive
management of the migratory stock.

12.5.1 The Proposed Equations

On the one hand, a multiplicative approach formed from a concatenation of functions could exhibit
multiple (stable) equilibria and complex dynamics: stock and recruitment may be described by the result
of a multiplicative process where the initial number of recruits could be modified by nonlinear functions
specific to each substock at a certain spatial location. Such an approach could be an extension of the
model proposed by Paulik (1973) for an overall spawncer-recruit system. IHowever, the drawback of the
multiplicative approach is the interdependence between the functions which would imply the collapse
of the system once any “near-zero” recruitment occurs or whenever “outliers” or extreme fluctuations
appcar to control any one of the steady states, any one year. On the other hand, an additive approach
such as an extension to the model proposed by Solari et al. (1997), where the stock-recruitment system
is described as a summation of nonlinear functions, is extremely flexible and may show complex
dynamics for each of the steady states. Although equilibria are linked, they are mathematically indepen-
dent and the model may describe a wide range of dynamic situations (chaos, cycles, quasi-cycles,
standstills). Both of these approaches may be approximated by sixth-order polynomial regressions for
a two-steady-state system. Nevertheless, the determination of the generic model functions are beyond
the scope of this chapter and several alternatives may be viable either as extensions of aforementioned
models or new ad hoc functions that may describe the data within a dynamic framework.

12.5.2 The Phase Spaces

These relationships may be assumed to describe the dynamics of the exploited skipjack population
irrespective of the fishing effort, assuming the following criteria: fishing mortality may either (1) become
asymptotic as the fishery approaches the so-called zero net value (i.e., economic overfishing resulting
in benefits reduced to zero followed by a stabilizing reduction in the fishing effort, as suggested by
Clark, 1976) or (2) cycle due to a backward bending (depensatory) yield against effort relationship
because of either biological overfishing (as described by Pitcher and Parrish. 1993) or reductions in
recruitment as a result of either environmental perturbations or the combined effect between the environ-
ment and fishing mortality during depensatory trends (as described by Solari et al., 1997). Both of these
assumptions imply that fishing mortality may reach a ceiling that may either be asymptotic during periods
of relative environmental stability or follow depensatory trends toward lower equilibrium states as the
cxternal environment becomes less benign.

12.5.3 Variable Carrying Capacity (Ceilings, K))

This is a central concept in our criteria. While carrying capacity is considered as a single value in the
classical approaches, we assume (1) it may be multiple and a threshold between equilibrium states; (2) it

will link different equilibria and each particular steady state will show a particular ceiling or value of

carrying capacity, and (3) it may be quantitatively different at different spatial scales while remaining
similar, gualitatively. In our view, it may be more realistic to consider a population parameter, such as
K. as variable. On the one hand, the skipjack population migrates through relatively large geographic
ranges where 1t will encounter a continuous transition scheme with a multiplicity of external perturba-
tions: on the other hand. density-independent inputs will determine different levels of numbers recruited
implying a particular K, for each orbit of stability.
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12.5.4 Minimum Populations (Floors, P)

As numbers decrease, due to either tishing mortality or external perturbations, or to the combined effects
from both of these factors, each steady state may, gradually, shift toward a critical value or unstable
equilibrium under which stock and recruitment will “jump” onto a lower, relatively stable equilibrium
state. Also, the per capita reproductive success may decline at lower population levels implying that
reduced numbers of individuals are recruited to the area of the fishery. Floors may be approached through
either density-dependent or density-independent depensation; both of these depensations combined may
generate rapid shifts toward lower equilibria. Furthermore, the proposed system may contain an overal}
minimum viable population under which (1) no oscillations in stock and recruitment will be detected
and (2) the commercial fishery may cease.

12.5.5 Multiple (Stable) Equilibria

There is no evidence in the field data to assume the dynamics of the skipjack system are governed by a
single attractor and a global carrying capacity and that residuals could solely be a consequence of either
random processes or noise. The observed structures and temporal evolution in the data may rather suggest
that the skipjack system is governed by at least two (or multiple) attractors (and repellors), which are
dynamically linked by muitiple carrying capacities and minimum populations through which stock and
recruitment may, persistently, evolve and return between a wide range of equilibrium states allowing for
stable, periodic, and chaotic dynamics. The trajectories of these steady states may turn in orbits of
stability determined both by density-dependent compensatory and depensatory phases. The equilibrium
states may be linked through floors (or minimum threshold values) and ceilings (or maximum threshold
values) that appear during transitions determined by the combined effect from fishing mortality and
environmental fluctuations; these critical values may be regarded as the minimum population for the
higher equilibrium state and the carrying capacity for the lower equilibrium. As recruitment reaches K,
the system will “jump™ onto the higher equilibrium, whereas it will enter the lower equilibrium as P, is
approached. Also, we may observe that equilibrium states (1) converge as they tend either to zero or to
an overall minimum viable population (K,) and (2) diverge as they tend to the overall ceiling of the
system or maximum carrying capacity (K ,,,). Multiple, linked equilibrium states both within and between
relevant spatial scales may describe the dynamics of migratory skipjack substocks. Also, classical
approaches may describe different unlinked regimes but will not explain the dynamics behind the data.
The idea of a dynamic continuum is appealing to describe the phase-space and temporal evolution of a
persistent system. Rothschild (1986) suggested that populations reduced by fishing or anthropogenic
substances that compensate for reductions in vital rates may casily transit among stable, periodic, and
chaotic population dynamics. Garcia (1998) and Sharp et al. (1983) suggeested that the Hokkaido sardine
series swere characterized by toops and proposed an oscillating system consisting of two strange attractors,
linked by some transitional shifts. operating at two different levels of spawners and recruits. Furthermore,
Berg and Getz (1988) suggested that stock and recruitment, in a sardine-like population. imoved along
a path or attractor in some higher-dimension coordinate system; Conan (1994) observed that lobster and
snow crab landings in Atlantic Canada may follow two orbits of stability or cycles: Powers (1989)
suggested chaotic behavior for a two-species system of fish, and Tyutyunov et al. {1993) demonstrated
cycles of different periods and chaos in population dynamics of perch from ten lakes. Morcover, Caddy
{1998) pomted out several other cases, mn semicnclosed areas, where stock and recruitment dynamics
could be linked o oscillatory phenomena: (1) an apparent 9- to 18-year periodicity for the Bay of Fundy
scallop stocks (Caddy, 1979); (2) a 12-year fishing-cffort-independent periodicity in the landings of both
hake and red mullet at the istand of Mallorca in the Mediterrancan Sca (Astudilio and Caddy, 1986):
and (3) a 12- to [3-year oscillatory pattern in the catches of the Adriatic sardine,

12.5.6  Compensatory and Depensatory Dynamics

In cach steady state, oscillations may be due to both density-dependent compensation (numbers increase)
and depensation (numbers decrease); stock and recruitment will be affected by short- and medium-term
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external perturbulions, oceanographic diffusion—advection processes, migration between schools, avail-
ability of food items, fishing mortality, and catch-effort oscillations, as well as several other both internal
(population) and external (environmental, fishing related) factors that will determine the temporal
evolution of an equilibrium state. Also, transitions between equilibria may be caused cither by density-
independent compensation (as the environment becomes more benign and recruitment increases) or
density-independent depensation (as external stress increases). While fishing mortality may be incre-
mented during density-independent compensation, reductions may not be enough while density-inde-
pendent depensation is operating. Also, the combined effects of fishing mortality during both density-
dependent and -independent depensation may imply the rapid shift toward both the floor of an equi-
librium and, hence, a lower steady state.

12.5.7 Extinction of the Commercial Fishery

Fonteneau (1987) observed that recruitment overfishing has never been suggested for skipjack in the
Atlantic. The steady states observed in the skipjack system appear to be persistent within relatively wide
ranges of stability. Also, the stability of equilibrium states may be further enhanced by catch and effort
oscillations as economical overfishing is being approached. However, several mechanisms could generate
both recruitment overfishing and the (temporal) extinction of the fishery. On the one hand, environmental
medium-term disturbances in the nursery grounds may cause the skipjack system to shift toward low
equilibria with decreasing amplitude between maxima and minima; on the other hand, both types of
depensation comhined with a relatively constant fishing mortality may imply that the skipjack system
evolves toward an overall minimum viable population with no oscillations.

12.5.8 Migration through a Fractal Marine System

While the studied time series showed quantitatively different qualities such as dynamic similarity
observed in the two-equilibrium system, memory and periodicity may be similar features to all of the
cases. These results may open up an interesting field of work in the research on exploited skipjack
populations in the Atlantic. The correspondence between the series and similarity in the phase spaces
may suggest thal stock and recruitment relationships may be caused by deterministic mechanisms with
similar dynamics at several spatial scales. This may imply that we could (1) estimate complex processes
governing recruitment and migration in skipjack; (2) link population processes between different spatial
scales relevant to the dynamics of the migratory stock; (3) forecast recruitment in wider areas from local
series at certain spatial locations, and (4) estimate future recruitment in minor spatial locations from
overall CECAF scries taking into consideration the detected time lags. To discuss these ideas further,
we simulated a self-similar system through the iteration of the function fix) = x*+ m. We allowed the
function the random choice between two possible inverses (+1 or —1) and let the iteration run until we
obtained an arbitrary number of data points (N = 19851). The data were standardized and the system is
shown in Figure 12.10. All variables (R, IM), the initial value of the parameter (/n), and the number of
iterations were arbitrary. To construct a dynamically referenced description of the data, we fitted the
output to a lincar regression, a sixth-degree polynomial, a cubic spline (to show more detailed local
dynamics), and 50 and 95% bivariate ellipses (also, confidence intervals), as well. Furthermore, wc
sampled the simulated series both randomly and sequentially to 10, 5, I, and 0.1% of the total number
of points (to resemble different spatial scales or sampling windows) and, in all cases, we obtained similar
tendencics: as in the skipjack fishery, the simulated system showed results with similar dynamic patterns
at different sampling windows. Although the tendencies remain similar at several scales, we may obtain
different levels of numbers depending on the quadrant in which we carry out the sampling. As the
sKipjack stock migrates through the ocean, it will be affected by a multiplicity of external perturbations
of dynamic nature. There is an increasing body of evidence suggesting that the upper ocean layer through
Which the skipjack is recruited and migrates may be both of fractal nature and affected by multifractal
Processes: the spatial distribution of foam and white caps (Kerman and Szeto, 1994), wind-wave breaking
(Raizer et al., 1994) and breaking of waves (Kerman and Bernier, 1994), distribution of sea surface
temperature (Fu, 1994, 1995), isotherm lengths and patterns of the sea surface temperature in mesoscale

© Universidad de Las Palmas de Gran Canaria. Biblioteca Digital, 2005



196 Handbook of Scaling Methods in Aquatic Ecology: Measurement, Analysis, Simulatioy,

T ""';g;“’““ﬂ
1 ‘_5
| aad
14 A \’
2 "3
. ? /
3 k ?'/’
: Y
. . :7_! n.
~-Tf -‘,/:".'-L
'.- / . ‘_,_‘?p 5“
@ £ -
b
Oﬁ_f‘ﬁo,ls *;’*’"""‘
Z(R)

FIGURE 12.10 A theoretical self-similar system resembling a stock-in-area | Z(R)] recruitment-to-the-area {Z(/)] relation-
ship. Data values (N = 19851) are dynamically referenced through linear regression, a sixth-degree polynomial, a cubic
spline (to show more detailed local dynamics) and 50% (inner) and 95% (outer) bivariate ellipses (also, confidence intervals).
The random and sequential sampling of 10, 5, 1, and 0.1% of the total number of points (resembling captures from different
spatial scales) showed similar tendencies: as in the skipjack fishery, the simulated system shows similar dynamic patterns
at different sampling windows. Different levels of aumbers are obtained depending on the quadrant sampled, Iteration and
data, parameter values, and functions are arbitrary.

turbulence (Bunimovich et al., 1993), and fractal behavior of the temperature isolines and properties
of frontal regions (Marullo et al., 1993) may be examples of factors that determine recruitment patterns
and spatial distributions in fishery arcas. Also, such fractal structures in the occan may explain the
dynamic similarities we have proposed for the skipjack system at the three spatial scales. If a skipjack
stock diffuses-advects through a fractal ocean with similar properties at several scales, we might expect
the equilibrium states we obscrve in the skipjack system to show a certain degree of autosimilarity, as
well. Assuming the theoretical criteria proposed in our framework, we could develop a method based
on remotely sensed data with which we could estimate the dynamics of one or several substocks of
skipjack from a few spatial windows. Block et al. (2001) reported clectronic, satellite-tracked tag
recovery data on both vertical-diagonal and transatlantic (Gulf of Mexico-Mediterranean Sea) migration
of bluctin tuna. The incorporation of data that show depth boundaries tn tuna migration combined with
sea surface temperature. recruitment-to-the-arca and catches may allow for the determination of the
dynamic three-dimensional system (latitude. Tongitude, depth) through which tuna migrates: a multi-
steady-state framework as proposed in this chapter may incorporate all of the variables to describe this
hyperspace. Such an approach could be critical both for the conservation of tuna and the preventive
control of the fishery. Also, it may become the ground for the development of a formal theory tor both
system behavior and migrations in skipjack and other tunas. Classical approaches assume a single
spatial scale, an equilibrium state, and a sole value of carrying capacity. It is critical to rcalize that a
dynamic framework will enable us to understand both the temporal evolution of the skipjack system
and the causal mechanisms behind the data.
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