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Abstract: The creation, maintenance, and destruction of aquatic organism distributions result from biological and
physical processes that operate at different spatial and temporal scales. Rate diagrams plot and contour ratios of
process rates as a function of spatial and temporal scale to summarize the relative importance of demographics,
growth, and kinematics. We demonstrate the utility of this approach by examining physical and biological processes
that influence the distribution and survival of larval and juvenile Pacific hake (Merluccius productus) in the California
Current region. Processes that influence changes in hake biomass switch from mortality and drift among larvae to
somatic growth and active locomotion among juveniles. Comparison of hake rate diagrams with those of capelin
(Mallotus villosus) and Atlantic cod (Gadus morhua) show that dominant processes differ across scales, across life
history stages, and across species.

Résumé : La création, le maintien et la disparition des aires de répartition des organismes aquatiques résultent de
processus biologiques et physiques qui agissent à des échelles spatiales et temporelles différentes. Des diagrammes de
taux et des rapports d’isolignes des taux des processus en fonction de l’échelle spatiale et temporelle sont présentés
pour résumer l’importance relative des facteurs liés à la démographie, à la croissance et à la cinématique. Nous
démontrons l’utilité de cette approche de par un examen des processus physiques et biologiques qui influent sur la
répartition et la survie des larves et des juvéniles du merlu du Pacifique (Merluccius productus) dans la région du
courant de Californie. Les processus qui influent sur la variation de la biomasse du merlu vont de la mortalité et de la
dérive chez les larves à la croissance somatique et au déplacement actif chez les juvéniles. La comparaison des
diagrammes du merlu avec ceux du capelan (Mallotus villosus) et de la morue franche (Gadus morhua) montre que les
processus dominants varient selon l’échelle, l’étape du cycle vital et l’espèce.

[Traduit par la Rédaction] Horne et al. 179

Introduction

An ongoing challenge to aquatic scientists is applying
results from process-oriented investigations to ecosystem
conservation and management. Successful ecosystem man-
agement depends, in part, on scaling local results to regional
or global scales. Unfortunately, direct extrapolation of re-
sults across scales is not always possible (Dayton and
Tegner 1984; Carpenter et al. 1995; Thrush et al. 1997).
“Scaling up” is particularly relevant to the design of aquatic
studies where shiptime is limited and geographical areas of
interest are extensive. One germane example is identifying
the influence of biological and physical processes on the dis-
tribution, survival, and eventual recruitment of larval fish co-

horts. Death of a single larva occurs at scales of centimetres
and seconds, but the subsequent death of the adult cohort
potentially spans thousands of kilometres and many years.

A factor that confounds identification of relevant biologi-
cal and physical processes influencing biological quantities
such as population abundance is the dependence of observed
pattern on the scale of observation (e.g., Stommel 1963;
Haury et al. 1978). Distributional patterns that are evident at
one scale may not be evident when the measurement resolu-
tion is altered (e.g., Schneider and Piatt 1986). In aquatic en-
vironments, efforts to quantify scale-dependent pattern and
process have traditionally focused on populations of parti-
cles or organisms that drift with water motion (e.g., Platt and
Denman 1975; Powell et al. 1975; Horwood 1978). Parallel
examinations of mobile organism distributions are not as
common (e.g., Horwood and Cushing 1978) but are increas-
ing in number (e.g., Weber et al. 1986; Schneider 1994a;
Horne and Schneider 1997). Explicit treatment of scale is
rapidly becoming standard practice (e.g., Giller et al. 1994;
Schneider 1994b; Peterson and Parker 1998) when quantify-
ing distribution patterns and the relevance of biological and
physical processes.

One approach used to quantify the relative importance of
biological and physical processes to distributions of biologi-
cal quantities such as changes in fish biomass compares ra-
tios of rates. To illustrate through example, Platt (1981)
analyzed the relative contributions of phytoplankton growth
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and particle diffusion to the formation of a characteristic
phytoplankton patch size using a dimensionless ratio
(Bridgman 1922). When values of dimensionless ratios
equal 1, they indicate time and space scales where biological
and physical rates are similar in magnitude and processes
potentially interact. Schneider et al. (1997) labeled these as
“critical” time and space scales. For phytoplankton patches,
this is the predicted scale where horizontal diffusion is bal-
anced by phytoplankton production. The application of di-
mensional analysis to evaluate the relative importance of
biological and physical processes can be extended to include
demographic (i.e., natality, mortality), growth, and kine-
matic (i.e., locomotion, drift) terms (e.g., Horne and Schnei-
der 1994; Schneider et al. 1997).

Dimensionless ratios computed in these two examples
were based on the few biological and physical rates that can
be extracted from the literature. The extent of critical scales
was obtained by drawing contour lines using biological
knowledge of the organisms of interest. An alternate ap-
proach (Schneider et al. 1999) extracts dimensionless rates
of biological and physical processes from the literature and
then uses extensive computation to calculate ratio values at
all possible scales. Collectively, these three studies show that
ratio values are not constant over all spatial and temporal
scales and that critical scales are not limited to a single spa-
tial and temporal scale. Neither the literature extraction nor
the computation methods use extensive data or incorporate
variability in biological processes such as natality or age-
dependent mortality when computing dimensionless ratios.

In this paper, we use an extensive data set with a 45-year
biological history to examine how biological and physical
processes influence the distribution and survival of larval
and juvenile fish. Pacific hake (Merluccius productus) is used
as an illustrative example, as the genus is present in all of the
world’s eastern and some western boundary current regions, it
has the largest biomass of any demersal species within its lati-
tudinal range (25–55°N), and recruitment rates can vary over
two orders of magnitude in adjacent years (Hollowed 1992;
Dorn et al. 1993). We then compare dimensionless ratio val-
ues from hake with those for other fish species derived using
literature values or extensive computations.

Forming dimensionless ratios

Rate diagrams use dimensionless ratios to summarize
knowledge of biological and physical processes across spa-
tial and temporal scales. The derivation of ratios used in rate
diagrams is detailed in Schneider (1991) and Horne and
Schneider (1994). A brief outline will be provided here.
There are five steps when generating rate diagrams: (i) state
the quantity of interest, (ii) choose an analytic perspective,
(iii) write an equation incorporating all potential sources of
variability, (iv) calculate dimensionless ratios, and (v) plot
and contour ratio values using all available data.

Quantities of interest in this study are concentrations of
larval Bl and juvenile Bj Pacific hake biomass in the eastern
Pacific. Biomass concentration B is defined as the number of
organisms N multiplied by the average mass of an individual
M per unit volume V. We chose a Eulerian or fixed grid per-
spective to encompass the offshore spawning and nearshore
nursery area of hake along the southern coast of California.

Schneider et al. (1997) compared Eulerian with Lagrangian
derivation of rates used when forming dimensionless ratios.

Proportional changes in the distribution of aquatic bio-
mass B0, in this case larval and juvenile hake biomass, are a
net result of the expansion or contraction of the volume oc-
cupied &V, the flux F of organisms through boundaries of the
volume, the net reproductive rate r, and the somatic growth
rate m:

(1)

Biomass
distribution

Volume
occupied
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B F rV0 = + +− &
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All terms in eq. 1 have units percent per unit time. The two
kinematic terms &V and F can be further partitioned by sepa-
rating changes in biomass due to passive drift with the sur-
rounding fluid (fl) and from those due to active locomotion
(loc):

(2) − + = − − + +& & &V F V V F Ffl loc fl loc.

The demographic term r can be categorized into the per
capita birth rate rb and the per capita death rate rd. If data
are available, then the per capita death rate can be further
partitioned into natural rn (e.g., starvation or predation) and
harvesting rh mortality:

(3) r = rb – rd = rb – rn – rh.

To determine the relative importance of these biological
and physical sources of variation, dimensionless ratios (cf.
Taylor 1974; Langhaar 1980) were formed using terms in
eqs. 1–3. All terms must have the same units, which allows
ratios to be formed in any combination relative to a process
of interest such as mortality (e.g., Schneider 1992). Alterna-
tively, dimensionless ratios can be formed using functional
groups (Fischer et al. 1979) or can be combined in biologi-
cally reasonable groups.

The first ratio of interest is changes in biomass due to so-
matic growth m compared with biomass changes due to pop-
ulation dynamics. The population dynamics label is applied
to demographic (i.e., r) and kinematic (i.e., &V and F) terms.
Because the range of observation is set to encompass all
spawning and brood areas used by hake in the eastern Pa-
cific over the last three decades, there is no change in bio-
mass concentration due to changes in volume occupied. The
resulting population dynamics term is a combination of net
recruitment r and flux F of individuals in or out of the popu-
lation:

(4)
m

r F+
.

The second ratio evaluates the relative importance of pop-
ulation dynamics terms by comparing changes in biomass
due to demographic r and kinematic F terms:

(5)
r
F

.

A demographic ratio compares changes in biomass due to
recruitment with those due to mortality:
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(6)
r
r
b

d

.

Because the quantities of interest are larval and juvenile
hake biomass, sources of mortality will not be partitioned to
natural and harvesting mortality in this study. The fourth
dimensionless ratio examines the relative importance of ki-
nematic terms. Flux in biomass due to organism locomotion
is compared with that due to passive drift with the fluid:

(7)
F
F
loc

fl

.

Methods

Data for estimating mortality and growth rates of larval and ju-
venile Pacific hake were extracted from the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) database from 1951
through 1995 (see Hewitt 1988 for a review of the program).
Larval fish surveys were not conducted in 1967–1968, 1970–1971,
1973–1974, 1976–1977, 1979–1980, and 1982–1983. The latitudi-
nal extent of quarterly larval surveys was reduced during 1985–1994.

Hake spawning and movement
Hake, the most abundant ichthyoplankton species in the eastern

Pacific, is commercially valuable and important to the biological
oceanography of western North America (Francis 1983; Smith
1995). Adult hake occupy a narrow feeding habitat near the conti-
nental shelf break for 6–8 months in an area extending from Cali-
fornia in the south to British Columbia in the north (Alverson and
Larkins 1969; Francis 1983; Methot and Dorn 1995). Following a
southern migration in winter (Alverson and Larkins 1969; Alheit
and Pitcher 1995), 95% of adult hake spawning occurs between
December 19 and March 6 in a 300 000-km2 area offshore of Cali-
fornia and the Baja Peninsula (Ahlstrom and Counts 1955; Hol-
lowed 1992; Smith 1995). Embryos and larvae remain offshore for
4–6 months. Juveniles are found on the Californian continental
shelf in an ill-defined brood area (Berry and Perkins 1965; Bailey
et al. 1986; Woodbury et al. 1995). Most of the interannual per ca-
pita recruitment variability occurs during the first 4 months of life
(Hollowed 1992), but the relative importance of biological and
physical mechanisms influencing recruitment has not been clearly
demonstrated. Bailey and Francis (1985) found that recruitment
exceeded the average in 11 of 18 warmer than average years
(>14.8°C at the surface) during 1960–1977. Recruitment, indexed
by the abundance of 2-year-old fish, did not exceed the average in
all seven of the colder than average years (<14. 8°C at the surface)
during the same period. Previous studies (Smith 1975; Bailey
1980) showed that cold water temperatures coincided with south-
ern and offshore shifts in adult hake spawning locations, but it has
not been proven whether the absence of large cohorts born during
“cold years” is a direct or indirect result of water temperature.

In this study, we arbitrarily define the spawning and brood areas
using the CalCOFI grid system: the southern boundary is set at
Punta Eugenia (line 120), the northern boundary at San Francisco (line
60), the seaward boundary at station 120, and the spawning–brood
boundary at station 60 (Fig. 1). We apportion the annual adult mi-
gration as 50% of the year (183 days) spent in the northern feeding
area, 18% (66 days) spent in transit to the spawning grounds, 21%
(76 days) resident in the spawning area, and 11% (40 days) spent
in transit to the adult feeding area. All spawning is assumed to oc-
cur within the delineated spawning area. Spawning rates per adult
female and survival rates of eggs and larvae are also assumed con-
stant. Larvae are defined as fish less than 20 mm (Smith 1995;
Ambrose 1996). We have further assumed that active swimming by
adults and passive transport of eggs and larvae with water currents

are uniform. We estimate that the linear distance traveled by adults
to the spawning area is 1100 km (cf. Alverson and Larkins 1969;
Wilson et al. 1997) and that the rate of progress is 20 cm·s–1 or
nominally 0.4 body length (bl)·s–1 (cf. Alheit and Pitcher 1995).
Neither the stimuli to which the adult hake respond while migrat-
ing nor the stimuli that cause them to stop and spawn are known.
Larvae begin to appear in mid-December and smaller larvae are
not readily found after the first week of March (Smith 1995).
Northerly movement by adults continues through the feeding sea-
son (Dorn 1996).

Hake population models
Mortality and growth rates used in dimensionless calculations

are derived from Lefkovitch stage-based models (Lefkovitch 1965)
of hake abundance, survival, and growth in the California Current
region (Smith 1995). Nine life history stages were collapsed by
summation into embryo, larval, juvenile, and adult stages. The
models use rates of adult maternity and mortality, larval mortality
and stage duration, and juvenile stage duration. Adult maternity is
defined as the number of fertilized eggs that survive one time step
(i.e., day) per female adult. We have assumed that mortality is
identical throughout the embryonic period, as little is known about
survival postfertilization in open water. Adult natural mortality is
assumed equal to that used in virtual population methods (Francis
1983). An equilibrium model of the population is fitted by tuning
the juvenile mortality rate (Smith 1985, 1995). Juvenile mortality
was adjusted using the size-based mortality rate of Peterson and
Wroblewski (Peterson and Wroblewski 1984; Butler et al. 1993).
Stage mortalities and adult fecundities are considered representa-
tive of demographic and somatic growth rates. The demographic
output from the model summarizes the production at the beginning
of each stage (i.e., natality and growth) and losses during the stage
(i.e., mortality). Somatic growth rates for each stage are estimated
using the initial weight-at-stage and duration-within-stage from
model output (Smith 1995).

Larval hake production and mortality rates across the continen-
tal shelf were characterized using a series of exponential regression
models fitted to hake catch-at-size data. Data used in the regres-
sions are taken from CalCOFI cruises conducted from 1951 to
1995. Geographic coverage and seasonal sampling intensity have
varied over this time span. Stations were grouped into 74-km (40
nautical miles) distance intervals i from shore. Hake larvae were
divided into nine length-classes starting at 2.75 mm and incre-
mented by 2 mm to a maximum length of 18.75 mm. The mean
abundance of hake larvae in each size-class was tabulated for each
station interval i. The density of larvae was then plotted as a func-
tion of size-class for each distance interval. The slope of the result-
ing zi curve is proportional to the instantaneous mortality zi
(percent per day) across size-classes. The intercept of the curve
with the ordinate is proportionate to the instantaneous production
$n 0. The number of larvae ni at any distance interval can then be
modeled as a function of instantaneous production $n 0 in each inter-
val and mortality zi across size-classes:

(8) n ni
z

i
i= −

$ .0 e

Instantaneous production and mortality indices were compared
across the continental slope by plotting intercepts and slopes for
each distance interval.

Rate diagrams
Rate diagrams provide a framework to evaluate the relative im-

portance of processes that potentially influence the distribution of
any biological quantity of interest. In this example, we qualita-
tively summarize the relative importance of biological and physical
processes to changes in larval and juvenile hake biomass as a func-
tion of spatial and temporal scale. Where possible, values for each
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ratio were calculated at discrete spatiotemporal scales for larval
and juvenile hake using CalCOFI hake data, output from Lefko-
vitch population models, and velocities of the California Current
system. Current vector velocities for the California Current, the
California Current Extension, and the Coastal Jet were measured
from average annual surface current charts (U.S. Hydrographics
Office 1947). Dimensions of all terms in ratios are percent per
unit time. Order of magnitude calculations show whether the abso-
lute value of any dimensionless ratio was less than, equal to, or
greater than 1 at a specified scale. Nominal values (>1, =1, <1) for
each ratio were then plotted as a function of spatial and temporal
scale for larval and juvenile hake. Ratio values >1 indicate the pre-
dominance of processes in the numerator, values =1 indicate a
potential coupling between processes in the numerator and denom-
inator, and values <1 indicate that processes in the denominator
dominate over those in the numerator. Contour lines drawn on rate
diagrams indicate spatial and temporal scales where dimensionless
ratios change value. If data at all scales were not available, ratio
values were extended across all scales in the plane. The construc-
tion of a rate diagram is an iterative process. Ratio values and con-

tour locations should be adjusted as additional data and knowledge
become available. No contours were added to hake rate diagrams.

Results

Matrix growth parameters
The Lefkovitch matrix model produces growth parameters

for embryonic, larval, juvenile, and adult Pacific hake life
history stages. The model assumes population stationarity
and stable age distributions and that juvenile parameters can
be tuned to comply with other life history stages. The
CalCOFI database and the Lefkovitch matrix model combine
to provide realistic estimates of adult fecundity, instanta-
neous mortality, stage duration, weight-at-stage, and length
range during each stage (Table 1). Fecundity is restricted to
the adult life stage. Instantaneous mortality decreases with
age, while stage duration, weight, and length all increase
with life history stage. Parameter values from the model are
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Fig. 1. Pacific hake larval and juvenile habitat within the CalCOFI sampling area. The arbitrary spawning area is shaded and extends
from San Francisco (line 60) in the north to Punta Eugenia (line 120) in the south. The seaward boundary is set at station 120. The
unshaded zone represents the brood area of older larvae and juveniles at the time of recruiting to the coastal slope and shelf habitat.
The brood area boundary is set at station 60. See Hewitt (1988) for a summary of the CalCOFI sampling program.

Stage Fecundity (no. embryos·day–1) Mortality (day–1) Duration (days) Initial weight (g) Length range (cm)

Embryo 0 0.135 16 9.05 × 10–4 Egg–0.4
Larva 0 0.076 100 3.05 × 10–4 0.4–2.0
Juvenile 0 0.0042 602 1.21 × 10–2 2.0–33.3
Adult 120 0.0005 6570 26.3 33.3–62

Table 1. Pacific hake life history parameters from the Lefkovitch matrix model.

J:\cjfas\cjfas56\Fish Sup\F99-221.vp
Tuesday, November 30, 1999 8:58:27 AM

Color profile: Disabled
Composite  Default screen



used to compute mortality and somatic growth rates in di-
mensionless ratios at specific spatial and temporal scales.

Rate diagrams
The rate diagram of the somatic growth to population dy-

namics ratio (Fig. 2a) indicates that changes in hake larval
biomass concentration due to somatic growth exceed those
due to demographic and flux processes at the scale of a
spawning season. From the time that eggs are first laid until
larvae are transported out of the spawning area, individual
fish biomass increases from about 5 × 10–4 to 7 × 10–2 g or
140% of the birth weight (Smith 1995). Annual recruitment
is 100% of the cohort, and virtually all of the biomass fluxes
out of the spawning area. The resulting value of the somatic
growth to population dynamics ratio is >1 (140%·season–1/
100%·season–1). At daily scales, changes in biomass due to
somatic growth are less than those due to demographics and
the flux of larvae out of the spawning area and the ratio is
<1 (1.84%·day–1/–13.91%·day–1).

Four values were calculated for the larval demographics to
kinematics dimensionless ratio (Fig. 2b). Changes in larval
hake biomass due to demographics at temporal scales larger
than an annual cycle are balanced by those due to kinematics
in the spawning area (100%·season–1/100%·season–1). Over
an annual cycle, changes in biomass due to active and pas-

sive flux (≈100%·year–1) greatly exceed those due to net re-
cruitment (≈2.21%·year–1) (see below). On a daily basis dur-
ing an average spawning season of 76 days, the ratio of
recruitment to kinematics is approximately equal, as follows.
The spawning rate of hake averages 1.3% of eggs·day-1 and
larval mortality averages 13%·day–1 (Smith 1995), which re-
sults in a net recruitment rate of 1.13%·day–1. Passive flux
of larvae from the midline of the spawning box to the east-
ern boundary (222 km), based on a net eastern transport by
the Coastal Jet (1 cm·s–1 south) and the California Current
(4 cm·s–1 southeast), is 1.48%·day–1. Consequently, the ratio
of net recruitment to kinematics will be 1.13%·day–1/
1.5%·day–1. If all surviving larvae leave the spawning area,
the flux of eggs averaged over the spawning season is 2.21%
of egg production per day out of the spawning area. At the
scale of the 76-day spawning season, biomass changes due
to egg deposition exceed those due to flux of eggs with wa-
ter currents.

Persistence of a population requires that biomass changes
due to natality and somatic growth must equal or exceed
those due to mortality at the largest temporal and spatial
scales. Since there is a net flux out of the spawning area, the
demographics ratio will exceed a value of 1 (Fig. 2c). At the
scale of a spawning season (76 days), natality does not ex-
ceed 14%·week–1 and larval mortality is estimated at
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Fig. 2. Dimensionless ratio values of larval (circles) and juvenile (squares) Pacific hake biomass distribution in the eastern Pacific.
(a) Somatic growth to population dynamics (demographics minus kinematic fluxes), m/r – F; (b) demographic (natality, mortality) to
kinematic fluxes (passive drift, active locomotion), r/F; (c) demographics, rb /rd; (d) kinematic fluxes, Floc /Ffl. Symbol shading
indicates value of dimensionless ratio calculations: open, <1; half solid, =1; solid, >1.
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13%·day–1 (Smith 1995). The resulting value of the demo-
graphic ratio is <1. At the scale of a spawning event by an
aggregation (≈106 m2 over a 24-h cycle) or a spawning pair
(≈10–1 m2, minutes), natality exceeds mortality and the value
of the ratio exceeds 1. Ratio values are <1 at spatiotemporal
scales of an individual organism dying (square millimetres,
seconds).

The rate diagram of the kinematics ratio (Fig. 2d) indi-
cates the dominance of passive flux over active locomotion
across most spatiotemporal scales. Fluxes of larvae due to
drift with tides, currents, and upwellings exceed fluxes due
to active locomotion except over very short time scales. If an
egg is released at the midpoint in the northern half of the
spawning area, the net drift is 3.8 cm·s–1 eastward. About
68 days would elapse for these larvae to drift 222 km to the
boundary of the juvenile brood area. Residence times in the
spawning area average 102 days (Smith 1995), so an addi-
tional 34 days can be attributed to active locomotion. There
is a net 1%·day–1 movement from the midline of the spawn-
ing area to the boundary of the juvenile brood area. At the
scale of a day, drift of larvae out of the spawning box
(3.28 km·day–1) exceeds that due to average locomotion to
remain within the spawning box (1.67 km·day–1). The result-
ing value of the ratio (0.51) is <1. The kinematic ratio will
only exceed a value of 1 at the time and space scale of a lar-
val swimming burst.

In the juvenile hake rate diagrams, the growth to popula-
tion dynamics ratio (Fig. 2a) is >1 at the scale of the coastal
brood area. Changes in biomass due to somatic growth rate
(500% over a 2-year residence period, Smith 1995) exceed
those due to changes in recruitment (58% mortality) and
changes due to active flux (100%) of 2-year-old fish to the
adult population. Since growth is a continuous process and
juvenile fish remain in the brood area, all other values of the
ratio were set at >1.

At spatiotemporal scales greater than a brood cycle (about
2 years), the rate diagram of the demographic to flux ratio
(Fig. 2b) indicates that changes in biomass due to the flux of
juveniles into and out of the brood area (100% in 2 years)
exceed those due to recruitment (58% mortality by age 2,
Smith 1995). Even if the flux of larvae into the brood area is
considered juvenile “natality,” changes in biomass due to
natality and mortality do not exceed the net flux of biomass
out of the brood area. A newly recruited juvenile hake
weighs 7 × 10–2 g when leaving the spawning area and
0.155 kg at the end of the second year of life (Smith 1995).
At temporal scales of a year or less, biomass changes due to
juvenile natality (100%·year–1) and mortality (41%·year–1)
exceed those due to active (41.3% of age-2 fish survive and
leave) or passive flux (0%) out of the brood box. The value
of the ratio is >1 (59%·year–1/41.3%·year–1).

The demographics rate diagram (Fig. 2c) depicts a ratio
<1 at the scale of a juvenile brood cycle (i.e., 2 years).
Changes in biomass due to mortality over a biannual resi-
dence period will exceed those due to natality of juveniles
from the spawning area.

The continuous presence of juvenile hake in the brood
area over year to decade scales implies that absolute changes
in biomass due to active flux exceed those due to drift out of
the area with the California Current (Fig. 2d). Episodic
events (e.g., upwellings) and large-scale water movements

(e.g., currents) can change the value of the ratio to <1 over
shorter temporal scales throughout the brood area.

The computation of rate diagrams for larval and juvenile
hake qualitatively summarizes the relative importance of bi-
ological and physical processes influencing survival and dis-
tribution of early life history stages. Processes that influence
changes in hake biomass switch between the spawning and
brood areas at the scale of a spawning season. Changes in
larval hake biomass are dominated by mortality and drift
with prevailing currents.

Hake survival analyses
The distribution of larval hake densities across the spawn-

ing area illustrates the influence of mortality, growth, and
drift on spatial and temporal changes in hake biomass. All
catches-at-length from all years sampled during CalCOFI
cruises are grouped by length and contoured. Larval fish
(2.75 mm) are concentrated within the spawning area cen-
tered at station 5 (about 80 km offshore) from mid-January
to mid February (Fig. 3a). Larvae are also present further
offshore of the primary patch at lower concentrations cen-
tered at station 10 (about 400 km offshore) during February.
At 6.75 mm total length the primary patch remains centered
on station 5, but densities have dropped by an order of mag-
nitude (Fig. 3b). Larvae isolated from the primary group are
moving further offshore during March along with remnants
of the offshore patch. Diffuse concentrations of 12.75-mm
hake larvae remain within the spawning area (Fig. 3c).
Concentrations of hake are no longer present beyond 200 km
from shore.

Survival of hake larvae is maximized within the spawning
box, 200–400 km offshore. Indices of production and mor-
tality are plotted in Fig. 4 at the midpoint of each distance
interval. The cross-shelf production index increases with
distance offshore, peaking at a distance of 260 km, and then
decreasing further seaward. The mortality index is around
–0.91 up to 186 km offshore and then increases to around
–1.04 in distance intervals beyond 260 km.

Discussion

Rate diagrams enable the relative importance of compet-
ing processes to be evaluated at any scale of interest. Rate
diagrams are thus useful in identifying relevant sampling
scales for process-oriented research. Prior to designing an
early life history survey of Pacific hake, it is logical to ask
“is drift with currents important to recruitment, and if so,
over what scales should the California Current be exam-
ined?” From hake life history, we know that the adult
spawning season lasts about 76 days each year and occurs
offshore from the San Francisco area in the north to Baja,
Mexico, in the south. The northern and southern limits of
spawning shift among years due to water temperature
(Horne and Smith 1997), but suitable spawning “habitat” is
assumed to exist along the length of the coast. If we assume
that all initial larval movement inshore is net drift with cur-
rents, then potential larval transport is 3.87 cm·s–1 or
3.34 km·day–1. The spawning box (Fig. 1) covers an area of
about 600 000 km2. At the spatiotemporal scale of a spawn-
ing season, the rate diagram for the ratio of larval growth to
population dynamics (Fig. 2a) indicates that demographic
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and kinematic processes are more important than growth
processes. The ratio of demographic to kinematic rates
(Fig. 2b) is <1, although at smaller temporal scales, demo-
graphic and kinematic processes may be important to the re-
cruitment of hake. Further comparison shows that kinematic
processes are dominated by flux out of the spawning area
(Fig. 2d) and that mortality exceeds changes in biomass due
to natality (Fig. 2c). When the focus is shifted to juvenile
hake, changes in biomass due to somatic growth exceed
those due to drift with currents (Fig. 2a). Over the course of
a spawning season, larval research effort should focus on
drift and mortality at a scale of days to months and kilo-
metres.

The anticipated importance of drift and mortality to larval

hake survival (Fig. 2) was then examined by drawing
contour plots of larval density (Fig. 3) and then plotting pro-
duction and mortality indices as a function of distance from
shore (Fig. 4). Larval hake that are spawned or drift offshore
survive through March at 6.75 mm but are not present in
larger length-classes. Increased survival of larval hake is as-
sociated with high spawn production. A plateau in larval
hake instantaneous mortality occurs just inshore of the peak
in hake production. This result suggests inshore transport of
surviving older hake larvae and indicates a potential off-
shore limit for increased hake survival. The coincidence of
increased production and decreased mortality in hake starkly
contrasts with patterns observed in two co-occurring fish
species with coincident spawning and brood areas: northern
anchovy (Engraulis mordax) and Pacific sardine (Sardinops
sagax). Anchovy and sardine spawn is concentrated well in-
shore of hake production, and mortality generally increases
with distance from shore (see fig. 7 in Smith et al. 2000).
Despite differences in peak adult spawning location, critical
spatial and temporal scales for passive kinematics (i.e., drift)
and mortality are similar among these three co-occurring
species.

Rate diagrams for larval and juvenile hake share some
features included in rate diagrams for capelin (Mallotus
villosus) (Horne and Schneider 1994) and Atlantic cod
(Gadus morhua) (Schneider et al. 1999). The “critical scale”
envelope observed in the larval hake rate diagram is not
identical to that in juveniles. The critical scale envelope ob-
served in mortality to movement rate diagrams for all life
history stages of cod was also present in the larval and juve-
nile hake demographic to kinematic rate diagrams. A com-
parable envelope may exist in the capelin demographics to
kinematic rate diagram (cf. fig. 1b in Horne and Schneider
1994), although the data are too sparse to be certain. It is
worth noting that computation of ratios used in rate dia-

Fig. 4. Production and mortality indices of catch-at-length curves
for 74-km distance intervals offshore within the CalCOFI
sampling grid. Slopes are proportional to instantaneous mortality
rates estimated using an exponential model. Intercepts of the
exponential curve with the ordinate are proportional to
instantaneous production.

Fig. 3. Areal density of larval Pacific hake at (a) 2.75 mm,
(b) 6.75 mm, and (c) 12.75 mm total length, contoured as a
function of month and distance offshore. All hake catches from
all years are used in contour plots. Size-classes are not directly
related to age.
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grams for capelin (Horne and Schneider 1994), cod (Schnei-
der et al. this volume), and hake differs in the amount of
data used to calculate dimensionless rates. Capelin rate dia-
grams were based on published literature values, which were
few in number. Cod rate diagrams were based again on pub-
lished values from the literature, augmented by extensive
computation based on rough estimates of movement rates.
Hake diagrams were based on extensive and relatively de-
tailed spatial data from the CalCOFI program, augmented by
computations from a population model that has been verified
against survey data. A critical scale envelope (Schneider et
al. 1999) is consistent with the results of capelin and hake
diagrams, but further applications are needed to test the gen-
erality of these envelopes.

The approach used to identify important processes that
generate spatial variance in fish density differs from the
approach used to identify characteristic phytoplankton patch
scales. The application of classical dimensional analysis
(Bridgman 1922) to the analysis of phytoplankton patches
balances the dissipating force of horizontal diffusion with
the concentrating force of phytoplankton reproductive rates.
The two processes converge at a critical scale where cell
production equals export because of the reduction in patch
perimeter relative to patch area (Skellam 1951; Kierstead
and Slobodkin 1953). This approach assumes that discrete
patches exist, and the objective was to determine the critical
patch size. But discrete patches do not persist in the ocean,
and mixing will import as well as export phytoplankton from
a patch. In contrast, the approach used to evaluate biological
and physical processes influencing changes in fish distribu-
tion and critical scales nests small compartments within
larger compartments and can be termed “coarse graining.”
With this method, the resolution of measurement is arbi-
trarily set and multiscale analysis is accomplished by exam-
ining the ratio of two rates at multiple resolutions. The
analytic procedure is analogous to removing walls of contig-
uous compartments to create larger compartments within the
same area, so that the distance over which averages are com-
puted increases. Coarse graining examines how the dynam-
ics of a quantity of interest change over a continuous range
of measurement resolution scales. It is interesting to note
that a single critical scale is obtained when just two values
are used to compare rates (as in the classical work on critical
patch size). More complex dynamics emerge when values
reported at several scales are combined, whether by drawing
contour lines by hand (Horne and Schneider 1994; Schnei-
der et al. 1997) or by coarse graining (Schneider et al. 1999).

It is not yet clear whether an Eulerian (i.e., fixed) perspec-
tive or a Lagrangian (i.e., moving) perspective is more
appropriate for examining the relative importance of com-
peting rates. The hake and cod studies in this volume use an
Eulerian perspective, in contrast with earlier Lagrangian
studies (Schneider 1991, 1993; Horne and Schneider 1994;
Schneider et al. 1997). These Lagrangian formulations omit-
ted a kinematic term, the expansion and contraction of the
boundaries drawn around finite areas (Schneider et al. 1997).
Computation of this kinematic term would require enough
information on the location of marked individuals or groups
to be able to plot and then measure boundaries at several
points in time. This is rarely possible for marine organisms,
and hence, the Lagrangian approach requires the assumption

that boundaries drawn around finite areas do not expand and
contract to a great degree.

Rate diagrams make explicit the relative importance of
concomitant processes, which act to generate, maintain, or
reduce spatial variance in population density. Rate diagrams
constructed to date make it evident that there is no single
critical scale at which one rate prevails over another. Instead,
populations of marine organisms exhibit more complex dy-
namics, where the relative importance of concomitant pro-
cess will vary, depending on spatial and temporal scale. The
multiscale approach differs from more traditional approaches
to population dynamics of exploited species, for which sur-
veys and assessments are carried out at a single spatial scale
(that of the stock) and a single temporal resolution (typically
an annual survey). Our results, for the analysis of hake,
show that it is possible to combine multiscale analysis with
traditional methods for analyzing exploited species. Rate dia-
grams (Fig. 2), with their capacity to reveal complex dynam-
ics at multiple scales, proved useful in guiding analysis of
the spatial dynamics of hake (Figs. 3 and 4). Better integra-
tion of multiscale analysis with traditional population analy-
sis remains, however, a major challenge.
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