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Awareness of the role of scale in ecological research has increased over the last decade

- but few tools have been developed to evaluate biological and physical processes that -

generate scale-dependent biological patterns. We describe a procedure that combines
demographic, growth, and kinematic rates to evaluate the spatial and temporal dy-
namics of population biomass: Values of dimensionless ratios are plotted and con-
toured as a function of spatial and temporal scale to summarize knowledge of processes
that generate variability in a biological quantity. This summary can be used to indicate
variance generating processes at any scale of interest, to identify potential research
areas and appropriate sampling scales for field studies, and to limit the range of scales
over which conclusions can be generalized.
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Recent publications (e.g. Wiens 1989, Menge and Olson
1990, Holling 1992, Levin 1992) re-iterate the impor-
tance of scale in the description of ecological variability.
The scale-dependence of biological and physical obser-
vation is well recognized in both aquatic (Stommel 1963,
Smith 1978, Steele- 1978a) and - terrestrial (Watt 1925,
1947, Greig-Smith 1952, Urban et al. 1987) ecosystems.
Many techniques have been developed to quantify-scale-
dependent ecological pattern (e.g.- Platt- and Denman
1975, Ripley 1981, Greig-Smith 1983) and the consis-
tency of results has been compared among techniques
(O’Neill et al. 1991, Cullinan and. Thomas 1992, Turner
et al. 1992). However there remains a lack of quantitative
tools that evaluate the telative importance of biological
and physical processes capable of generating observed
patterns.

Scale-dependent physical or biological pattern can be
summarized in a diagram by plotting variance as a func-
tion of spatial and temporal scale. The first diagrammatic
descriptions of scale-dependent physical variability were
estimates of sea level and deep ocean current variance
(Stommel 1963). Haury et al. (1978) used this presenta-
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tion to develop a conceptual model of zooplankton bio-
mass variability. This was the first comparisen of biolog-
ical variability across a wide range of scales and remains
the -only published Stommel diagram of an ecological
variable (Marquet et al. 1993). Variations of Stormmel
diagrams show concentrations of spatial and temporal
variability as a function of space and time scale for
aquatic (e.g. Steele 1978b, 1989, Harris 1986, Dickey
1990) and terrestrial (e.g.-Delcourt et al. 1983) ecosys-
tems. These are intuitive diagrams where the boundaries
of any feature in a plot indicate the minimum and maxi-
mum scales of variability for the quantity of interest. The
construction of a true-Stommel diagram requires. simul-
taneous variance estimates:at all spatial and temporal
scales. This is rarely possible at intermediate or large
spatial scales as the passage of time during data collection
precludes independent calculation of spatial-and temporal
variance. Stommel diagrams summarize scale-dependent
variability in a-quantity of interest. They do not indicate
the biological or physwal processes that generate ob-
served patterns.

Variance generating processes are often inferred from
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observed patterns by identifying spatial and temporal
scales of maximum variability. This empirical approach
uses variance to mean ratios (Greig-Smith 1952, 1983,
Southwood 1978, Andrew and Mapstone 1987), spectral
analysis (Jenkins and Watts 1968, Platt and Denman
1975), allometric relations (Huxley 1932, Peters 1983,
LaBarbera 1989), or geostatistical tools (Getis and Frank-
lin 1987, Rossi et al. 1992) to- quantify scale-dependent
spatial or temporal variance of biological quantities.
Scales of maximum biological variance are then matched
to dominant physical or biological processes at the same
scale (e.g. Greig-Smith 1952, Denman and Powell 1984,
Mackas et al. 1985). An assumption in this matching
approach is that pattern is -directly coupled to processes
acting at the same scale. This may not be true in all cases.
Both theoretical (e.g. May 1976) and experimental (e.g.
Dwyer and Perez 1983) evidence suggest that non-linear
relationships occur between ecosystem components. An
aquatic example is growth of phytoplankton altering the
transmission of light in the water column due to self-
shading (Shigesada and Okubo 1981). A second assump-

ability and the coupling of physical and biological pro-
cesses occur at ‘characteristic’ scales. Single plots of
variance as a function of scale show concentrations of
variance among terrestrial (Greig-Smith 1952, Kershaw
1957) and marine (Grassle et al. 1975, Schneider 1989,
Rose and Leggett 1990) organisms. But when multiple
plots are averaged, these scale-dependent concentrations
of variance disappear (Weber et al. 1986, Home 1994,
Schneider 1994). In populations of mobil¢ aquatic or-
ganisms, plots of variance as a function of scale do not
reveal any ‘characteristic’ scales on average.

As an alternative to inferring process from statistical
descriptions of biological variance, we propose the use of
dimensionless ratios to evaluate the relative importance
of variance generating processes as a function of scale.
Comparison of scale-dependent rates within a dimension-
less ratio assesses the relative contribution of biological
or physical processes in the generation of biological vari-
ability. Similar comparisons using a complete set of ra-
tios identify all potential processes’ that regulate vari-
ability in a biological quantity of interest. Dimensionless
ratios have been used in ecology to.identify mechanisms
of plankton variability (O’Brien and Wroblewski 1973,
Denman and Platt 1976, Okubo 1978), examine growth
and physiological rates as a function of body size (Giin-
ther 1975, Platt and Silvert 1981, Heusner 1987), summa-
rize spatial variability in marine nekton (Schneider 1991,
1993), ‘and evaluate complex problems -in w1ld11fe
management (Schneider et al. 1993). ;

In this paper we use dimensionless ratios to summarize
knowledge of variance generating processes across spa-
tial and temporal scales. This summary identifies domi-
nant variance generating processes at any scale of interest
and can be used to improve the design of fleld sampling
programs. The application of dimensional reasoning to
evaluate competing processes complements the quantita-
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tive description of scale-dependent biological pattern. It
neither replaces statistical techniques, nor is it directly
comparable to them.

Methods

Prior to any field sampling, a crucial task is to identify
variables to be measured and appropriate scales” of
measurement for each variable. A scale of measurement
has two components — a resolution. and a range. The
resolution or grain is the minimum sample unit (e.g.
quadrat size) while the range is the maximum extent of
the sample (O’ Neill et al. 1986, Wiens 1989). To summa-
rize the relative importance of biological or physical
processes that generate scale-dependent biological vari-
ability, we propose a ‘generic’ procedure consisting of 4
steps: 1) state the quantity of interest. 2) write an equation
incorporating all potential sources of variability for this

! . . quantity. 3) calculate dimensionless ratios. 4) plot and
tion of this matching approach is that biological vari-

contour ratio values in rate diagrams using existing data.

To illustrate this procedure, we examine the spatial and
temporal dynamics of capelin (Mallotus villosus) bio-
mass distribution in the northwest Atlantic. Capelin are a
pelagic, schooling fish species inhabiting sub-Arctic and
Arctic waters in the Atlantic and Pacific oceans (Jangaard
1974). In the northwest Atlantic, adult capelin (=3 yr)
migrate from offshore to coastal waters to spawn on
gravel beaches during June and July (Carscadden 1983).
During this period, capelin form the basis of a multimil-
lion dollar commercial fishery (Carscadden 1983). They
are a key forage species for marine mammals, fish, and

marine birds (Bailey et al. 1977), and they experience -

spawning mortality in excess of 80% (Carscadden and
Miller 1980). Eggs hatch within the beach gravel in 9-20
d (Templeman 1948, Frank and Leggett 1981) and are
transported offshore (Fortier and Leggett 1982, 1983).
Surviving adults and juveniles remain offshore during
autumn and winter (Bigelow and Schroeder 1963, Bailey
et al. 1977). In summary, changes in the distribution of
capelin biomass are a result of demographic (recruitment,
mortality), growth, and kinematic (active and passive
movements) processes acting within a wide range of
spatial and temporal scales.

The quantity of interest in this example is the propor-
tional rate of change of capelin biomass in the northwest
Atlantic. The rate of change of biomass has dimensions
time™'. The biomass B of a group of-organisms (7) is the
product of the number of animals N multiplied by their
individual mass M: ‘

B= X NM, ~ ¢y

i=1
The concentration of biomass is defined as:

OIKOS 70:2 (1994)

EY




»

L

Bl=— 2
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where V is the volume occupied. To simplify the notation
we use a dot over a symbol to signify the proportional
rate of change in the quantity represented by the symbol.
Hence, the proportional rate of change in the concentra-
tion of biomass [B] is:

d(B

o diB) |
BIl=B ®

The second step is to write an equation containing
potential processes that affect the concentration of cape-
lin biomass. Change in the concentration of biomass [B]
is a function of change in biomass due to recruitment and
mortality N, somatic growth M, the divergence due to
fluid motions Vr, and the divergence due to individual
motions relative to the fluid V; as shown in Appendix A.
Five research areas are integrated by the equation that
expresses the rate of change in biomass concentration;

Bl = N + M - V. - ¥
biomass demo- growth fluid behaviour
distribution graphics mechanics

C)

The third step combines terms from eq. (4) to form
dimensionless ratios. If terms in an equation are dimen-
sionally heterogeneous, a complete set of ratios is ob-
tained by dimensional analysis (Bridgman 1922). If all
terms in an equation have the same units then ratios can
be combined from any pair or group of terms. This
flexibility enables the formation of ratios relative either
to a process of interest (e.g. Schneider 1992) or to the
combination of multiple terms into functionally impor-
tant single terms (Fischer et al. 1979). In eq. (4) we can
form 3 ratios relative to the fluid mechanics term or
combine demographic and kinematic terms to form popu-
lation dynamics. and construct a single ratio with somatic
growth.

In the capelin biomass example all terms in eq. (4)
have dimensions time™ and so we formed ratios ffom the
equation. We used biological reasoning to select pairs: of
terms to compare. For example we were more interested
in comparing the two kinematic terms, Vr and V;, than
comparing one of the kinematic terms to demographics N
or somatic growth M. A formal approach illustrating the
use of dimensional analysis to form rdtios. from eq. (4) is
provided in Appendix B. The formal approach ensures
that redundant ratios are not included.

The first dimensionless ratio compares somatic growth
M to the net result of demographics N and kinematics V.

M
N_v &)
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Biomass concentration increases if animals grow (M > 0),
increase in number (N>0), or contract into a smaller
volume of water (V<0). At small time scales relative to

the life span of the organism, changes in population.

biomass due to somatic growth are limited and the value

of the ratio is expected to be much less than 1. Spatial or |

temporal variability of a sample becomes a function of
the change in.humber of individuals or the volume in
which they occur rather than a change in mass of orga-
nisms. Over longer temporal scales the value of the ratio
is expected to approach 1. Large positive changes in
growth M and a ratio greatly exceeding 1 are typical for
long-lived (N small) species that are managed in large

geographic ‘areas (V small). Small changes in somatic

growth M coupled with a ratio much less than 1 (N large,

V small) are expected at spatial and temporal scales

associated with the capelin spawning season.
The demographic to kinematic ratio relates recruitment
and mortality to movements. :

N
% (6)

If the ratio is greater than 1 then demographics prevail
over kinematic processes. A ratio less than | indicates
that kinematics will dominate over demographic pro-
cesses. Values of the ratio can be expected to be near
unity at time scales of a cohort and at space scales
comparable to the range of the population. In many popu-
lations, kinematic processes dominate at small temporal
and spatial scales, while demographic processes domin-
ate at larger temporal and spatial scales.

The kinematic ratio compares locamotory. velocities of
the organism to passive velocities within the fluid.

Vi o , )

Vr

If individual motions dominate, the kinematic.ratio will
exceed 1. The magnitude of V, is a function of the loco-
motory capacity and life history stage of the organism.
An example is the relative mobility of fish larvae.com-
pared to adults. As the mobility of an organism decreases,
V; approaches 0. When organisms drift passively with the
fluid, the value of the ratio is much less than 1. Values of
Vrare sensitive to study location and spatial scale. Lentic
and lotic environments will differ in the potential for
passive drift of any organism. Passive drift may also be
important to, terrestrial organisms, including seeds, small
inseets, and spiders. At large spatial scales, the range of a
study may encompass. autonomous circulation features
associated with the fluid (e.g. gyres), thereby making Vi
small and the kinematic ratio large. If the value of the
ratio is approximately equal to 1, changes in the distribu-
tion of biomass due to movement may depend on the
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interaction between biological and physical processes.
High, intermediate, and low values of this ratio corre-
spond to Wiebe and Flierl’s (1983) biological, physical-
biological, and physical distributional mechanisms.

" The demographic ratio measures the importance of
recruitment N, relative to mortality N,. In capelin, as in
other commercially important species, mortality N, is
partitioned. into natural N, and harvesting N; mortality:

Nr
N+N,

®

Over short time scales, this ratio is greater than 1 during
the breeding season of capelin .and less than one during
the remainder of the year. At the spatial scale:of the
population range and the temporal scale of a cohort, the
value of the ratio will approach unity: In unexploited
populations, maintenance of biomass' levels ‘at equilib-
rium i$ indicated by a value of 1. Increased mortality due
to predation or the onset of harvesting reduces this value
below unity unless a compensatory increase in recruit-
ment occurs at low densities. Commercial fisheries man-
agers maintain the value of this ratio: near unity at time
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scales of several years by regulating harvest mortality Nf
through' quotas and gear restrictions.

“The fourth step in the procedure is the plotting of each
dimensionless ratio as a function of spatial (x-axis) and
temporal (y-axis) scale using existing ‘data. In many eco-
logical systems precision of ‘calculations may be limited
by-a paucity of data at large spatial and temporal scales.
We suggest an iterative procedure that uses order ‘of
magnitude ‘calculations to-estimate initial -values of di-
mensionless ratios. If data are limited or unavailable,
calculations canh be made at ‘benchmark’ spatiotemporal
scales.- Nominal (<1; 1,>1) contours ‘are ‘then drawn
based on these benchmarks. If data are available over a
wide range of scales; spatiotemporal scales where transi-
tions ‘between -diménsionless ratio values occur “are
marked. Contour lines are then drawn to connect transi-
tion ‘points. Location of dimensionless ratio contours are
refined as additional data are obtained from field studies.
The inability to calculate dimensionless ratio values at a
specifi¢’ scale indicates a potentially important research
area. .

Independent plotting of rate diagrams makes percep-
tions of the relative importance of competing processes
explicit. Comparison of independent rate diagrams high-
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lights discrepancies between ratio values and can be used
to focus the discussion of large research groups on domi-
nant scale-dependent processes. In this study each of us
independently calculated dimensionless ratio values and
plotted a set of rate diagrams for adult capelin in the
northwest Atlantic. Diagrams for each ratio were com-
pared and then combined to form a composite. When
comparing diagrams, we found that plots were repeatedly
similar with only minor differences. For example one
author omitted tidal processes when estimating values of
the kinematic ratio and so this was included in the com-
posite.

Results

We used data from capelin assessment documents and
published velocities of the Labrador and Newfoundland
inshore currents to estimate scale-dependent ratios in rate
diagrams. Order of magnitude calculations showed
whether the absolute value of any dimensionless ratio
was less than, equal to, or greater than 1 at a given
spatiotemporal scale. Contour lines marked the spatial
and temporal scales where dimensionless ratios changed
value.

The major feature in the rate diagram of capelin growth
to population dynamics ratio (Fig. 1a) reflects the per-
sistence of Newfoundland-Labrador capelin populations
at large scales. At spatial scales larger than the continen-
tal shelf and temporal scales larger than a year the value
of the ratio is greater than 1. This is a result of changes in
the concentration of biomass due to somatic growth ex-
ceeding changes due to. population dynamics. Capelin
growth, as indicated by length, increases an average of
40900% or 10225% of initial hatch length per year
during the first 4 years of life (Templeman 1948). This
rate exceeds that of partial recruitment to the adult stock —
53% per year (Carscadden and Miller 1981), spawning
mortality — 80% of spawning stock per year (Carscadden
and Miller 1980), fishing mortality — 0.05% of estimated
biomass per year (Carscadden et al. 1991), and the net
kinematic rate — 0% since the population remains on the
continental shelf. Recruitment, mortality and kinematic
rates exceed somatic growth rates at smaller scales and
the value of the ratio is less than 1.

Values of the demographic to kinematic ratio (Fig. 1b)
vary depending on capelin reproductive status. At tempo-
ral scales of a year and spatial scales of the continental
shelf changes in the concentration of capelin biomass due
to demographic processes exceed changes due to kine-
matics and the value of the ratio is greater than 1. Partial
recruitment to the adult population (4 years) is 53% per
year (Carscadden and Miller 1981). Natural mortality is
typically assumed to be 30% per year in capelin (e.g.
Carscadden and Miller 1980). Changes in the volume
occupied by capelin populations are negligible at these
scales and therefore the value of the kinematic term is
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near zero. At sub-annual scales passive and active move-
ments of capelin increase the value of the kinematic term
and the value of the ratio is less than 1: During the
spawning season, the location of the unity contour shifts
to the spatial scale of a spawning beach or cove (100-
1000 m) on a day to week scale. This is a result of
increased mortality due to spawning — approximately 2%
of spawning fish per day (Carscadden and Miller 1980)
and inshore harvesting — 0.001% of total estimated bio-
mass per day (Carscadden et al. 1991). Concentratéd
predation on capelin by fish, seabirds and marine mam-
mals also occurs during this period (c.f. Carscadden
1983) but lack of data prevented an estimate of mortality
rates due to natural predation.

The unity contour in the diagram of the kinematic ratio
(Fig. 1c) is also located at the scale of the entire popula-
tion. On the continental shelf over an annual cycle, pas-
sive drift associated with the Labrador Current — typical
surface speed of inshore branch 0.1 ms™' (Helbig et al.

"1992), is balanced by the annual migratory cycle of adult

fish (c.f. Carscadden 1983). Attemporal scales less than a
year and the continental shelf, changes in biomass con-
centration due to swimming exceed changes due to pas-
sive drift and the value of the ratio is greater than 1. At
spatial scales of kilometres to metres and temporal scales
of weeks to seconds, potential changes in the concentra-
tion of biomass due to passive drift with tides, currents
and internal waves (Yao 1986, de Young et al. 1993)
exceed changes due to active movements. Hence the
value of the ratio is less than 1. The dominance of passive
movements at these scales disappears during the spawn-
ing season when aggregations of adult capelin migrate to
coastal waters.

At the largest scales in the rate_diagram of the de-
mographic ratio (Fig. 1d), persistence of a population
requires a balance between recruitment and mortality.
The resulting value of the demographic ratio must equal
1. On an annual scale over the spatial range of the popula-
tion, recruitment generally exceeds natural and harvest-
ing mortality. Large decreases in recruitment combined
with increased natural and harvesting mortality may re-
duce the value of the ratio below unity at these scales in
any particular year. For example, capelin recruitment
measured as 2-year-olds dropped by a factor of 35 be-
tween the 1973 and 1976 year-classes in NAFO Division
2J3K (Carscadden and Miller 1981). During the spawn-
ing season, mortality exceeds recruitment to the adult
population. This reduces the value of the demographic
ratio to less than one at spatial scales of hundreds of
metres to tens of kilometres and temporal scales of hours
to weeks. At the scale of an individual capelin, natural
and harvesting mortality exceeds recruitment and occurs
at scales less than a metre and lasts no more than minutes.
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Fig. 2a). Stommel diagram of zooplankton biomass variability
(from Haury et al. 1978). Nominal contoured rate diagrams (<1,
=1, >1) of b) growth to population dynamics dimensionless
ratio, M/(N—-V) c) demographic t0 kinematic dimensionless
ratio, N/V d) locomotory to fluid (passive) motion dimensionless
ratio, V,/V and e) recruitment to natural and harvesting mortal-
ity dimensionless ratio, N,/(N,,+ Ny). Shaded regions indicate a
ratio value greater than 1. i :
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Discussion

The proposed framework is not a panacea for evaluating
pattern generating processes. It is a technique that sum-
marizes and displays existing knowledge of scale-de-
pendent processes in any ecological system. Rate dia-
grams can be used to evaluate the relative importance of
variance generating processes at any. scale of interest and
to identify sampling scales in process oriented research.
This is an iterative procedure’ where ratio values” and
contour locations are refined as new data are gathered.
A plot depicting biological variability as a function of
space and time combined with a set of rate diagrams
synthesizes all knowledge of scale-dependent pattern and
process for a biological quantity. Comparison of scale-
dependent variability to dimensionless ratio values iden-
tifies processes that are likely to generate variability at
that scale. This presentation avoids the assumption that a
single biological or physical process is directly linked to

Ppattern at any scale, and that coupling of biological -and

physical processes occurs at characteristic spatial and
temporal scales. To further illustrate the advantages: of
using dimensionless ratios we constructed a set of zoo-
plankton rate diagrams to identify potential variance gen-
erating processes in the Haury et al. (1978) Stommel
diagram of zooplankton biomass variability (Fig. 2a).
Dimensionless ratio values were estimated across the
same range of scales and nominal contours (<1,1,>1)
were plotted in a column of rate diagrams (Fig. 2b—2e).
Zooplankton were assumed to be an unexploited pop-
ulation of mid-latitude, zooplanktonic organisms with the
limited locomotory capability of copepods. As with the

capelin diagrams, we calculated and ploited ratio values

independently, then compared and discussed differences
to form a composite for each ratio. '

The rate diagram of the growth to population dynamics
ratio (Fig. 2b) shows greater change in the concentration
of biomass due to somatic growth than due to demo-
graphic and kinematic processes at spatial scales up to a
kilometre and temporal scales from days to a month. The
value of the ratio is less than-1 at all other scales. In the
demographic ‘to kinematic rate diagfam (Fig. 2¢) at the
scale of the population, biomass changes due to the suc-
cession. of generations exceed biomass changes due to
movement. At scales below annual cycles and smaller
than the continental shelf, biomass changes due to swim-
ming and passive movements dominate over demogra-
phic changes and the value of the ratio is less than 1. The
rate diagram of the kinematic ratio (Fig. 2d) reflects the
locomotory capacity of the organism. Changes in bio-
mass due to swimming and diel migration dominate at
scales of days and hundreds of metres, resulting in a ratio

> value greater than 1. At larger scales passive motions

associated with flow structures (e.g. currents, gyres, up-
welling) determine the distribution of biomass and the
value of the ratio is reduced below 1. In the rate diagram
of the demographic ratio (Fig. 2e), changes in biomass
due to recruitment and natural mortality are approxi-

OIKOS 70:2 (1994)
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mately equal at all spatial scales over annual and larger
temporal scales. The value of the ratio is greater than 1 at
spatial scales greater than a kilometre and at temporal
scales of weeks to months as a result of the turnover in
generations. Changes in biomass due to predation and
natural mortality dominate at all other scales, thereby
reducing the value of the ratio below 1.

Comparison of the rate diagrams with the zooplankton
Stommel diagram showed that of the 11 features in the
Stommel diagram (designated by letters A-K), 6 were
attributable to dominant processes in rate diagrams at the
same spatial and temporal scales. The remaining 5 fea-
tures (C,E1,J,K) in the Stommel diagram are attributed
to fluid motions, while plots of rates indicate that de-
mographic processes should prevail at the space and time
scales of these features. Based on our rate diagrams, we
hypothesize that variability in zooplankton concentration
at the space and time scales of features C,EI, ], K in the
Stommel diagram are due more to demographic than to

fluid processes. Biomass distribution, locomotory capac- -

ity and passive drift data at large temporal scales are
needed to test this speculation.

Identifying appropriate sampling scales

If a research program is focused on a particular process
(e.g. somatic growth), rate diagrams can be used to iden-
tify relevant sampling scales for a field program. For
example the rate diagram of the growth to population
dynamics ratio (Fig. 1a) indicates that somatic growth
exceeds demographic and kinematic rates at a spatial
scale of hundreds of kilometres and a temporal scale of
several years. This spatiotemporal scale is a logical
choice of sampling resolution when quantifying the con-
tribution of somatic growth to changes in capelin biomass
concentration. At smaller spatiotemporal scales, changes
in capelin biomass concentration are dominated by de-
mographic and kinematic processes. Scales where inter-
action between competing processes may be important
are indicated by dimensionless ratio values approxi-
mately equal to 1. Interactions between growth and popu-
lation dynamic processes are likely to occur at annual and
continental shelf scales (Fig. 1a).

The plotting of dimensionless ratios can also be used to
quantify the range of scales over which research conclu-
sions can be generalized. Ecosystem process models
should not be generalized across scales, just as regression
models should not be extrapolated beyond limits of sam-
pled data. For example, the capelin biomass rate diagrams
indicate that a spatial variance model for the capelin
spawning season over spatial scales less than 10 kilo-
metres should include fishing and spawning mortality
(Figs 1b, 1d). If the range of the model was expanded to
annual cycles over the continental shelf, the model must
also be expanded to include recruitment and growth pro-
cesses (Figs 1a, 1b, 1d).
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Evaluating variance generating processes

Comparison of ratios derived from dimensional analysis
provides considerable insight into the relative importance
of pattern generating processes. After setting the tempo-
ral and spatial scales of interest, a set of rate diagrams and
order of magnitude calculations can be used to identify
potentially dominant processes prior to field sampling. To
illustrate by way of example, what sampling scales
should be used and which processes should be measured
to quantify the spatial variance of capelin distribution in
nearshore waters during the spawning season? From ca-
pelin life history we know that the spawning season lasts
approximately six weeks every year and. occurs along
most of the Newfoundland coast. Onset of spawning may
follow a south to north latitudinal trend (Templeman

1948) but suitable spawning habitat is assumed along the

entire coast. Therefore the temporal scale at which to
evaluate competing processes is -approximately six
weeks. Logistic sampling constraints set the spatial scale
to that of a bay (2040 km). At this spatiotemporal scale,
the rate diagram of the growth to population dynamics
ratio (Fig. 1a) indicates that demographic and kinematic
processes are more important than growth processes: The
ratio of demographic to kinematic rates (Fig. 1b) is near
1, indicating both demographic and kinematic processes
may be important to capelin spatial dynamics during the
spawning season. Further comparison shows that kine-
matic processes are dominated' by divergence due to
swimming motions (Fig. 1c) and that mortality exceeds
recruitment in the demographic ratio (Fig. 1d) at this time
of year. ‘

Order of magnitude calculations can be used to com-
pare the relative importance of individual motion (V) to
mortality (N,,+N;) at this scale. Using the relation be-
tween body size and swimming speed (Okubo 1987),a 15
cm capelin has a range of approximately 24 km d-L.
Mortality averages approximately 2% d-!-due to spawn-
ing (Carscadden and Miller 1980) and 0.00125% of the
total biomass d~! in NAFO divisions 2J3KL during 1989
due to harvesting (Carscadden et al. 1991). Using 20 and
40 km sampling ranges, there is a 60%-119% d™! rate of
capelin divergence compared to a total mortality of 2%
d-'. At the scale of a bay, research effort on the spatial
dynamics of capelin during the spawning season should
examine kinematics. ~

Plotting dimensionless ratios within rate diagrams can
be used to define time and space scales required to
manage renewable resources. The ratio of growth to
population dynamics (Eq. 5) assesses the effects of re-
source management policy. Large positive changes in
somatic growth (M) combined with a ratio greatly ex-
ceeding 1 indicate a potential for growth overharvesting.
Small changes in somatic growth coupled with a ratio
much less than 1 indicates recruitment overharvesting.
Widely-used fishery models (Ricker 1954, Beverton and
Holt 1957) were developed for situations where M was
large and the ratio in eq. (5) greatly exceeded 1. This is
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typical for long-lived, demersal species that are managed
over large areas. In contrast, heavy fishing pressure on
pelagic species increases both N and V as mortality in-
creases and the spatial range is contracted to maintain
school - densities (Murphy 1966, Winters and Wheeler
1985, Csirke 1988). The size of management areas for
demersal and some pelagic fish stocks are typically on the
order of hundreds of km?. These are chosen to contain
population movements ‘over an annual cycle. This re-
duces the value of the demographic to. kinematic ratio
(Eq. 6) below 1 and the kinematic ratio (Eq. 7) becomes
indeterminate because Vi has a value of 0. Wide ranging
species (e.g. whales, tuna) clearly require much larger
management areas to maintain similar values in ratios
with kinematic terms.

The management of exploited: populations is summa-
rized by the demographic ratio (Eq. 8). Resource popula-
tions are regulated through the allocation of quotas ().
Natural mortality.(N,,) is rarely measured for commercial

fish stocks. It is traditionally-assigned a constant value in -

stock assessments, typically 0.2 yr! for demersal species.
Fisheries research has largely focused on recruitment
processes (N,) in an effort to predict conditions of high
recruitment. Fluctuations in annual recruitment of fish
species have ranged from a factor of 2 to a factor of 100
(Cushing 1982) but the process is not well understood.
The demographic ratio can also be used to calculate
harvesting rates needed to maintain or increase resource
levels. The onset of harvesting dramatically increases Ny
relative to N,. If the recruitment rate is known, resource
managers can prevent recruitment overharvesting by lim-
iting harvesting at levels equal to or below recruitment
rates during the long-term management of the resource.

Contouring dimensionless ratio values as a function of
space and time scales provides a comprehensive method
to summarize knowledge of pattern generating processes
in complex ecological systems. It can be used by indi-
viduals conducting research programs or by agencies
managing renewable resources. This technique summa-
rizes the spatial and temporal dynamics of any organism,
evaluates the relative importance of pattern generating
processes. at single or multiple scales, identifies potential
research areas and appropriate sampling scales for field
studies, and quantifies the range over which spatiotempo-
ral models can be’ generalized. Aquatic examples were
used to demonstrate the method but the same procedures
can be applied to organisms in terrestrial or aerial envi-
ronments. As a brief terrestrial example we examine
factors affecting the rate of change in the concentration of
seed producing, balsam fir (Abies balsamea) trees. The
rate of .change in the concentration of trees [S] is a
function of recruitment N,, natural N,, and harvesting N,
mortality, and the lateral divergence of trees due to seed
dispersal Ay,
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[S] =Nr+Nm+Nh_AD (9)

or simply:
S1=N-4 (10)

A forest manager or conservationist may be interested in
changes in.the density of fir trees. Changes in density
reflect the relative importance of demographic and kine-
matic processes, indicated by the change in number of
trees relative to the areal spread of a balsam stand or of
the species N/A. If for example tecruitment to the balsam
tree population ¥, is approximately 0.1% yr-', then mor-
tality N,,+ N, might be expected to exceed recruitment at
small spatiotemporal scales. At scales greater than 100
km and the lifespan of a tree (100 yr) recruitment - is
expected to equal mortality. At spatial and temporal

scales of a single tree values of the ratio are predicted to

equal 1, although soil conditions and stand succession
stage will influence local values. At annual scales the
ratio will exceed unity due to blowdown, disease, insect
damage, and seed movement. At the scale of centuries
kinematic changes due to lateral divergence might be
expected to exceed those due to demographics and the
ratio will be less than 1. This sketch of the relative
importance of competing processes in balsam fir tree
distribution could be depicted in a rate diagram such as
Fig. 1 or Fig. 2, based -on estimates. of rates and the
resulting dimensionless ratios plotted as a function of
scale. ' ,

The use of dimensionless ratios is highly useful to
researchers collecting data in diverse ecosystems, such as
the Long-Term Ecological Research (LTER) sites (c.f.
Magnuson et al. 1991). Variance generating processes of
several species can be summarized and compared within
or among terrestrial and aquatic environments over a
wide range of spatial and temporal scales.
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Appendix A: Spatial dynamics of biomass

"Changes in the concentration of biomass [B] of an or-

ganism in a fluid environment are a function of recruit-
ment N,, natural N,, and harvesting N; mortality, somatic
growth M, divergence due to motions within the fluid Vp,
and divergence due to individual motions relat1ve to the
fluid V'

[B] =N,—NM—NI+M— VF— VI
Definition of terms:

[B] instantaneous time rate of change in concentration of
biomass. Dimensions are time™..

(B] (NM) -1 d(NM/V)
v

[B] = []ld—— &

N = N,- N, —N;instantaneous time rate of change in
biomass due to births (r), natural mortality (m) and har-
vesting mortality (f). Dimensions are time™..

dN
_N 1 J—
(NM) Mdt

M instantaneous time rate of change in biomass due to
growth. Dimensions are time™.

. L
M= (NM)T N—

V = Vy + V, instantaneous time rate of change in volume
occupied by a group of organisms due to the velocity of
the fluid (V) and the velocity of individuals relative to
the fluid (V;). The divergence theorem can be used to
describe the kinematics of biomass in a fluid environment
(Schneider 1991). This theorem relates the local rate of
change in a volume (dV/df) occupied by a group of
organisms to horizontal (x = dx/dt, v = dy/dr) and vertical
(w'= dz/df) velocities in an X, y, z co-ordinate system. In
compact notation, the rate of change in volume occupied
(V) is V = (V -u) where u is the vector of velocities
(u, v, w), the dot indicates scalar multiplication, and V is
the gradient operator (see Dutton 1975: chapter 5). Di-
mensions are time™.
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This equation states that rate ot change in the volume
occupied by a given biomass is equal to the divergence of
biomass, where divergence can be positive (diverging) or
negative (converging). Movement of organisms in a fluid
environment is a result of displacement -due to motions of
the fluid (u,) and movement of individuals relative to'the
fluid (u,). For many terrestrial organisms V. = 0 and
divergence is a function of organism locomotion.

can be dropped. Dividing through by V the rev1sed matrix
becomes:

o<z

Dimension . T

Dimensionally homogeneous terms can be combined to

2 form logical groups (Fischer et al. 1979). Demographics
s and kinematics are combined to form the quantity popu-
. . ) ) . lation dynamics N - V with dimensions time™'. Replacing
.  Appendix B: Dimensional analysis N and V by N—V and dividing the original matiix by
Dimensionless ratios are calculated by arranging a two- N — V- the revised matrix becomes:
way table where the variables of interest are columns and .
all fundamental dimensions (e.g. mass, length, time, M
number of organisms) are-rows. Exponents of each varia- N-V
ble form the elements of a dimensional matrix (e.2.  Dimension T 0
volume has dimensions length +3). Variables are then : ‘
combined using the linear algebra (Langhaar 1980) or the ~ Analysis results in two ratios:
successive elimination method (Taylor 1974) to make all
values ‘of exponents zero. This results in a set of dimen- N Ratio of demographics (recruitment, natural mor-
sionless products. % tality, harvesting mortality) to kinematics (active
In the capelin biomass examp]e quantities of interest movement, drift). :
are: demographic N, growth M, and kinematic V rates. . L - L
The fundamental quantities are: length L, mass M, time T, _A_/I_ Ra“?}.olr gkr.owthl :o Populatxon dynamics (demo-
and number of organisms #. The dimensional matrix is: N-V graphics, kinematics). .
. . Tio additional ratios result if demographic and kinematic
. . N M v processes are examined individually.
Dimension L 0 0 -0 ) : :
M 0 0 0 N, Ratio of recruitment to natural and harvesting
T -1 -1 1 N, +N, ~ . mortality.
* 0 0 0 v, Ratio of locomotery to fluid (pdsswe) motions.
Since all quantities are rates, dimensions other than time Y
2e
Tu
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