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Abstract

Patchy distributions of i are a long ized attribute of terrestrial and
aquatic ecosystems. Quantitative descriptions of spatial variance provide clues to
processes that generate patchiness, In aquatic environments, greater effort has focussed
on quantifying spatial variance in distributions of plankton than on quantifying spatial
variance in distributions of mobile organisms. To evaluate the relative importance of
biological and physical processes that generate variance, a theoretical framework was
developed that combines demographic, growth, and kinematic rates in dimensionless
ratios. Ratio values are then plotted as a function of temporal and spatial scale.
Application of this technique identified kinematics as the dominant process influencing
capelin (Mallotus villosus) distribution along the coast during the spawning season.

Hydroacoustic distribution data of capelin and Atlantic cod (Gadus morhua) were
analyzed to examine how shoaling, schooling, and the aggregative response of
predators contribute to the spatial variznce of mobile, aquatic organisms. A
characteristic scale of patchiness was not observed at the temporal scale of a single
transect (ca. 1 hour) or at the scale of a survey (ca 2 weeks). On average, spatial

variance decreased slightly over intermediate scales (10 km - 0.5 km) and then dropped

rapidly at smaller scales. Data mani ions and computer si

that shoaling potentially increases spatial variance at intermediate scales, and that
schooling potentially reduces spatial variance at scales smaller than aggregation sizes.
There was no evidence of an aggregative response by cod to concentrations of capelin
throughout the analyzed scale range (20 m - 10 km). This unexpected lack of spatial

association between predator and prey was explained using estimates of foraging



energetics to show that cod were not constrained by physiology to track prey during the
capelin spawning season.

Theoretical and empirical results of this study have increased knowledge of
scale-dependent spatial variance in mobile, aquatic organisms and provided insight to
the biological processes that potentially generate these patterns. Scale-dependent plots
of spatial variance combined with rate diagrams can be used to evaluate the relative
importance of biological and physical processes that influence organism dispersion as a

function of spatial and temporal scale.
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Chapter 1. Background and Approach

1.1 Introduction

in spatial distributions of isms is a long: ized attribute
of both terrestrial (Watt 1925, 1947) and aquatic (Hensen 1911; Hardy 1935, 1936)
ecosystems. Quantifying spatial heterogeneity as a function of scale has been used to

ility of small scale i to larger scale natural settings

judge the
(Mercer and Hall 1911), to identify domains of equivalent spatial variability (Fairfield
Smith 1938), to identify scales of maxi ity (Greig-Smith 1952; Kershaw

1957), and to provide clues to biological or physical processes that generate observed

spatial variance patterns (Greig-Smith 1983; Denman and Powell 1984; Legendre and
Demers 1984; Mackas et al. 1985).

In aquatic ecosystems, well established theory states that spatial variance of
passive particles is determined by the surrounding flow field. Energy that creates
spatial variance patterns originates at large scales (e.g. eddies, gyres) and is transferred
by turbulent advection to successively smaller scales until viscous dissipation becomes
important (Kolmogerov 1941; Okubo 1980). This cascade of energy is characterized
by a power function where the spatial variance of a passive particle is proportional to
the inverse of scale (wavenumber or frequency) raised to a negative exponent. When
the logarithm of variance is plotted as a function of 'ogarithm of frequency, the slope of

the line is equal to the exponent. A decrease in spatial variance with scale is commonly

observed among passive particles and i in ma}ine and

including surface water temperature (Saunders 1972; Fasham and Pugh 1976; Estrada



and Wagensburg 1977; Richerson et al. 1978; Star and Mullin 1979; Weber et al.
1986), sea level (Wunsch 1972), and phytoplankton (Platt et al. 1970; Platt 1972;
Powell et al. 1975; Fasham and Pugh 1976; Denman 1976; Estrada and Wagensburg
1977; Horwood 1978; Weber et al. 1986).

‘The spatial variance pattern of at least one mobile aquatic organism was found to
differ from that of passive tracers. The rate of change in spatial variance of Antarctic
krill (Euphausia superha) with change in spatial scale was on average lower than that of

surface or over ion scales of 2 km to 100 km (Fig. 6,

V/eber et al. 1986). The magnitude of average spatial variance in krill was less at large
scales and greater at small scales than surface temperature or phytoplankton. Weber et
al. (1986) attributed the increased spatial variability of krill at smaller scales to an

il i i Ina study, Levin et al. (1989)

extended the sampling resolution to 200 m and observed a shallow negative slope in
krill spatial variance down to scales of 1 km. The slight negative slope of krill spatial
variance plots was observed in both studies but processes influencing spatial variance
patterns and the generality of these patterns have not been systemaiically investigated
for mobile aquatic organisms.

Early studies that quantified variability in organism distribution focused on spatial
and temporal distributions of phyto- and zooplankton (e.g. Gran and Braarud 1935;
Riley and Bumpus 1946; Bainbridge 1957; Cassie 1960). Plankton were treated as
passive particles with short turnover times. Statistical indices and descriptive models

used to quantify variance in plankton distributions are not directly applicable to

long-lived isms that can move i of the ing fluid. Spatial



variance models of terrestrial systems are also not directly transferable to aquatic
environments as they are limited to two dimensions and often assume homogeneous
environments (e.g. Wiens 1976; Hassell and Anderson 1988). As a result, there is a
limited number of models that quantify spatial variance of mobile organisms in aquatic
environments.

Spatial variance studies of mobile, predator-prey systems in fluid environments
are also rare. Spatial and temporal variability in the density of prey may ultimately
determine foraging success of a predator. In the northwest Atlantic, predator-prey
spatial variance studies are limited to seabirds-pelagic fish (Schneider and Piatt 1986;
Schneider 1989) and demersal-pelagic fish (Rose and Leggett 1989, 1990). These and
other similar studies demonstrate that observed spatial variance in the distribution of
mobile aquatic organisms is dependent on the spatial and temporal scale of
measurement (Schneider and Duffy 1985; Schneider 1989; Piatt 1990; Rose and
Leggett 1990). Therefore, to examine the spatial dynamics of mobile predator-prey
interactions it is imperative to quantify spatial associations of predator with prey over a
wide range of scales and to explicitly report spatial and temporal scales of
measurement.

These observations were used to formulate an approach to evaluate
scale-dependent spatial variance in the distribution of mobile, interacting organisms:

1) Use previous knowledge to evaluate the relative importance of biological and

physical processes that potentially generate spatial variance as a function of
scale.



2) Conduct preliminary sampling to verify survey design, sampling scale, and
analytic techniques.

3) Quantify spatial variance in the quantity of interest as a function of scale.

4) Confirm hypothesized variance generating processes.

5) Generalize results from specific cases and identify the next analytic steps.

This thesis is divided into eight chapters. The remainder of this chapter reviews
efforts to characterize spatial variance in distributions of aquatic organisms and in
interactions of predators with their prey. Background is provided on Atlantic cod
(Gadus morhua) and capelin (Mallotus villosus) which are used as an example of a
mobile predator-prey pair. The second chapter uses dimensionless ratios of rates to
quantify the relative importance of processes that potentially generate spatial and
temporal variance in any biological quantity of interest. This method is then used to
identify dominant biological processes influencing spatial variance patterns of cod and
capelin at logistically feasible sampling scales. Chapters 3 and 4 quantify variance in

the distribution of capelin and cod from relative density data collected using

in Ci ion Bay, Spatial variance patterns observed
in the distribution of cod and capelin are compared to those of drifting particles and
other mobile species. Chapter 5 focuses on scales of spatial association between cod as
predator and capelin as prey. Observed patterns of spatial association between the two

species are i using bil i i A particle simulator is used in

Chapter 6 to confirm the influence of hypothesized biological processes from Chapters

3 and 4 on spatial variance patterns of mobile aquatic organisms. Chapter 7 reviews



the treatment of spatial variance in ecology and speculates where progress in the
prediction and analysis of spatial variance will continue. The final chapter summarizes

contributions of this thesis.

1.2 Characterizing spatial variance in organism distribution

Early efforts to verbally describe distributional patterns of organisms were indirect
methods of examining spatial variance at one or more scales. Numeric techniques
attempted a more exact detection and description of spatial variance by comparing
empirical indices of aggregation to an expected value under the assumption of
randomness. These indices assess variance at a single scale for each calculation. To
quantify spatial variance as a function of scale, quadrat size can be sequentially

increased from the sample resolution to one half of the sample range (Greig-Smith

1952). A ic detailing of the of statistics ing d

from randomness and determining scale will be reviewed in the penultimate chapter.
‘The ability to detect concentrations of spatial variance has largely been determined
by available sampling technology. Early surveys based on net samples found that
spatial variance in plankton distributions peaked at the scale of tens of kilometers
(Bainbridge 1957; Cushing and Tungate 1963; Steele 1974). The development of in
vivo fluorometry (Lorenzen 1966), the Longurst-Hardy plankton recorder {Longhurst et
al. 1966), and application of the Coulter counter (Sheldon and Parsons 1967) to
plankton sampling i increased the ion of hori sampling in

aquatic environments (cf. Fig. 1, Denman and Mackas 1978). Subsequent analysis

resulted in a reduction in estimates of phytoplankton patch sizes (cf. Table 1, Legendre



and Demers 1984). The application of spectral analysis to phytoplankton data (Platt
1972; Platt and Denman 1975) facilitated the analysis of spatial variance over a
continuous range of spatial scales. Spectral analyses of phytoplankton counts and other
passive particle data confirmed that spatini variance peaked at low frequencies (large

scales) and ically to high ies (small scales) (e.g. Denman
and Platt 1975; Fasham 1978).
Efforts to explain biological spatial variance match istic sczles

of biological pattern to dominant physical processes at the same scale. The

hypothesized coupling of biological patterns to physical processes is most common in

pelagic iti ised of p! (e.g. Denmian and Powell 1984),
zooplankton (e.g. Legendre and Demers 1984), and larval fish (e.g. Sheperd et al.
1984; Sissenwine 1984). One of the first studies directly coupling physical to
biological processes was Gran and Braarud (1935) who explained the low abundance of
phytoplankton in the Bay of Fundy by the lack of vertical stability in the water column.
This observation and other physical-biological coupled studies (Bigelow et al. 1940;
Riley 1942) were used in the development of the critical depth concept (Sverdrup
1953). The importance of physical-biological coupling in marine ecosystems has been
reviewed by Walsh (1981), Denman and Powell (1984), and Mackas et al. (1985).

An implicit assumption in this matching approach is that biological pattern is
directly coupled to physical processes at the same scale. This has been demonstrated in
descriptions of plant communities with reference to environmental gradients (e.g.
Greig-Smith 1952; Kershaw 1958), and the coupling of spatial variance patterns in

passive tracers to flow structures in fluid environments (e.g. Denman and Powell 1984;



Mackas et al. 1985). This may not be true in all cases. There is both theoretical (e.g.
May 1976) and experimental (e.g. Dwyer and Perez 1983) evidence to 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). The assumption of direct coupling at
single scale also excludes multiple processes influencing pattern at a single scale, and
the propagation of effects across spatial or temporal scales (e.g. adult cohort size
established at an early life history stage).

A second assumption of this matching approach is that the coupling of biological
spatial variance to any variance generating process occurs at a characteristic scale.
Single plots of variance as a function of scale show concentrations of spatial variance
among terrestrial (Greig-Smith 1952; Kershaw 1957) and marine (Grassle et al. 1975;
Schneider 1989; Rose and Leggett 1990) organisms. But in all studies, scales of
maximum spatial variance differ among transects. In the few studies that increase the
temporal scale by averaging multiple plots (Weber et al. 1986; Schneider 1994a), these
scale-dependent concentrations of spatial variance often do not occur. It remains
unclear whether variance in the spatial distribution of mobile aquatic organisms occurs
at characteristic scales.

A third assumption in this matching approach is that the creation of biological
spatial variance is generated exclusively by physical processes. Biological processes
can also influence spatial variance over a range of scales. Phytoplankton critical patch
size is a classic example. One theory is that the size of a phytoplankton patch is

determined by the opposing forces of horizontal diffusion and phytoplankton



reproductive rates (Skellam 1951; Kierstead and Slobodkin 1953). The critical patch
size theory was later expanded to include herbivore grazing (O'Brien and Wroblewskl
1973a; Wroblewski et al. 1975). The assumption that spatial variance of passive
tracers is generated exclusively by physical processes is also contradicted by the idea

that the inating process ining pl spatial variance switches

between physical and biological processes over time (Demers and Legendre 1979,
1981). Reliance on matching biological pattern to physical processes was due, in part,
to a lack of analytic tools that quantify the relative importance of variance generating
processes. The relative influence of biological and physical processes on spatial
variance of mobile aquatic organisms has not been extensively studied.

Initial attempts to describe spatial variance of mobile aquatic organisms also
looked for characteristic scales of maximum spatial variance. The first diagrammatic
portrayal of scale-dependent biological variance was Haury et al.'s (1978) conceptual
modei of macrozooplankton biomass distribution. Dominant features in the
zooplankton diagram (cf. Fig. 1, Haury et al. 1978) matched dominant physical features
in the original Stommel diagram of sea level (cf. Fig. 1, Stommel 1963). Magnitudes
of zooplankton biomass variance or sea level variance were not quantified in either
diagram. One of Stommel's (1963) major points was that this task was virtually
impossible given the number of required measurements. Haury et al. (1978) included a

relative 'measure of biological i when estimati i of

variance. The units of 'importance' were not quantified. More recently, Marquet et al.
(1993) advocate the use of Stommel diagrams to characterize spatial and temporal

variance of biological and physical ities. They the use of spectral




analysis to quantify scale-dependent spatial and temporal variance despite restrictive

assumption: of the technique and difficulties collecting synoptic data at large scales.
Evidence from spectral analyses shows that spatial variance patterns of mobile

organisms do not match those of passive tracers in the surrounding fluid. Weber et al.

(1986) examined spatial variance of Antarctic krill (Euphausia superba) in relation to

surface and as a measure of phytoplankton
abundance. This study was the first comparison of spatial variance patterns of mobile
organisms to passive tracers in an aquatic environment. It was also the first
examination of scale-dependent spatial variance at more than one temporal scale. The
rate of change in krill spatial variance with change in spatial scale was lower than that

of either surface or p over ion scales of 2 km to 100

km. The magnitude of average spatial variance in krill was smaller at low frequencies
(large scales) and greater at high frequencies (small scales) than surface temperature or
fluorescence. Weber et al. (1986) attributed increased spatial variance of krill

abundance at smaller scales to an i i i Ina

study, Levin et al. (1989) extended sample resolution to 200 m and observed a shallow
negative slope in krill spatial variance down to scales of 1 km. Spatial variance
dropped rapidly at scales smaller than 1 km (cf. Fig. 4, Levin et al. 1989). The abrupt
change in spectral density slope implies that different processes may be influencing
spatial variance over different ranges of scales. Potential variance generating
mechanisms include physical as well as biological processes. These two studies clearly
demonstrate the scale dependence of spatial variance and the necessity of multi-scale

observations in distributional studies of aquatic organisms.



Studies of the spatial variance of mobile aquatic organisms have largely been
limited to single taxonomic groups. Weber et al. (1986) and Levin et al. (1989)
quantified spatial variance of krill biomass over a wide range of scales. A series of
studies examined scale-dependent spatial variance of marine birds and the association
with pelagic schooling fish and physical flow structures (Schneider and Piatt 1986;
Schneider 1989; Piatt 1990). This approach was used to examine predator-prey
associations of Atlantic cod with capelin as a function of spatial scale (Rose and Leggett
1990). To confirm the generality of patterns observed within groups of mobile
organisms, a comparison is required of scale-dependent spatial variance across

taxonomic groups at temporal scales greater than that of a single transect.

1.3 Scale-dependent predator-prey interactions

The scale-dependence of spatial variance in the distribution of a single species also
applies to predator-prey i i Analytic i used to quantify i
of predators with prey have largely been adopted from single species studies. The
traditional goal of these studies is to identify scales of maximum association between
predator and prey. Having identified a characteristic scale of interaction, dominant

physical processes at the same scale are often proposed as mechanisms that concentrate
prey. This matching approach has been successful when prey organisms move
passively with the surrounding fluid but may not apply when organisms can move
independent of fluid motions.

The temporal scale of spatial sampling potentially influences observed spatial

variance patterns of predator-prey interactions. Identification of a characteristic scale



of spatial association based on a single or limited number of samples implicitly
represents short temporal scales. Among studies that present results from multiple
transects (Schneider and Piatt 1986; Weber et al. 1986; Schneider 1989; Rose and
Leggett 1990) the scale of maximum spatial association differs among transects. With
the exception of the study by Weber et al. (1986), there has not been a combining of
association values from a number of transects to examine spatial scales of association

between aquatic predators and prey at larger temporal scales.

‘Temporal and spatial scales used in ical predator-prey models
differ from those used to test predictions in the laboratory or field (Kareiva 1989,
1990). The temporal resolution of population-interaction models is implicitly set at the
generation time of the predator. But the temporal scale of survey transects is typically

short relative to the life span of the predator or even the prey. Field and laboratory

are at temporal scales equivalent to that of a foraging
bout. In addition, the range of spatial scales used to formulate predator

aggregative-response models have also differed from those tested in the field.

Th i ions of aggregative responses by predators are based on changes in
prey density at a single spatial scale (e.g. Holling 1965, 1966; Murdoch and Oaten
1975). Field studies identify the type of response and range of spatial scales over
which aggregative responses occur (e.g. Heads and Lawton 1983; Piatt 1990). To
ensure compatibility between theoretical models and empirical experiments the spatial
and temporal scale of both theory and observation must be explicitly stated when
quantifying interactions between predators and prey.

Predator-prey interactions among mobile aquatic organisms potentially occur over



a wide range of spatial and temporal scales. Therefore scales of maximum association
between predator and prey can only be confirmed by analyzing variance over a
continuous range of spatial and/or temporal scales. Biological processes must not be
excluded when determining mechanisms that create observed patterns of spatial

variance.

1.4 Cod-Capelin interactions in the northwest Atlantic

Capelin are a pelagic, schooling osmerid species inhabiting sub-Arctic and Arctic
waters in the Atlantic and Pacific oceans (Jangaard 1974). In the northwest Atlantic,
adult capelin (>3 yr) m’grate from offshore to coastal waters to spawn on gravel
beaches during late June and July (Te 1948; C: dden 1983). Spawning
mortality exceeds 80% (Carscadden and Miller 1980). Eggs hatch within the beach

gravel in 9-20 days (Templeman 1948; Frank and Leggett 1981) and larvae are
transported offshore (Fortier and Leggett 1982, 1983). Surviving adults and juveniles
remain offshore during fall and winter (Bigelow and Schroeder 1963; Bailey et al.
1977). During the spawning season Atlantic cod, a semi-demersal gadoid, complete a
post-spawning migration to coastal waters to feed on capelin along the coast of
Newfoundland (Templeman 1979; Akenhead et al. 1982; Lilly 1987; Rose 1993).
Capelin have formed the basis of a multimillion dollar commercial fishery (Anon. 1980;
Carscadden 1983) and are a key forage species for marine mammals, fish and marine
birds (Winters and Carscadden 1978; Bailey et al. 1977).

Capelin are a major prey of cod in offshore (Turuk 1968; Campbell and Winters
1973; Stanek 1975; Minet and Perodou 1978; Lilly et al. 1984; Lear et al. 1986; Lilly



1986, 1987, 1991) and coastal (Thompson 1943; Templeman 1965; Aggett et al. 1987;
Lilly 1987; Methven and Piatt 1989) waters. But the proportion of capelin reported in
cod diet studies differs depending on the geographic area and time of year that samples
were obtained. In NAFO Divisions 2] and 3KLNO, Campbell and Winters (1973)
estimated that capelin composed 32% by volume of cod diet annually. Minet and
Perodou (1978) found that capelin comprised 56% by weight of cod diet from a set of
stomachs sampled during winter and summer in NAFO Divisions 2J and 3K. Annual
consumption of capelin by cod was then estimated to be 28% by weight under the
assumption that capelin are not consumed during spring and fall. This estimate forms a
minimum as Lilly (1987) found that capelin comprised 15% by weight of cod stomach
contents collected in NAFO Division 3L, and 16% (1982) to 36% (1985) by weight of
cod stomachs sampled during autumn in NAFO Divisions 2J and 3K.

‘There are few published studies on the food of cod from inshore Newfoundland
areas (Lilly and Botta 1984). Using a series of stomach samples from cod caught in
cod traps, Templeman (1965) found that capelin formed 96% of cod stomach contents
by volume during June to August, and 55% from May to November. Capelin
represented 99% by weight of cod stomach contents from traps sampled in July 1968
and 1969 (Lilly and Flemming 1981).

There is little doubt that cod feed heavily on capelin but the dependence of cod
diet on capelin abundance and availability has not been clearly demonstrated. Concern
about the impact of reductions in capelin abundance on cod dynamics appeared as early
as 1835 (Akenhead et al. 1982). The limited results that indicate capelin are important

to cod growth and survival are correlative and largely focused on changes in



commercial catches or growth rates of cod in response to changes in capelin abundance.
Using commercial catch data from 1970 to 1978, Akenhead et al. (1982) found that
fluctuations in capelin biomass were not related to catch or growth rates of cod in
NAFO Divisions 2J3KL. Indices of capelin abundance explained 35% of the variation
in cod inshore catches from 1975 to 1984 (Lear et al. 1986). Aggetetal. (1987)
observed a correlation of 0.5 (25% of explained variance) between cod catches in
inshore traps and the proportion of capelin found in cod stomachs. Rose and Leggett

(1989) found that ions between i estimates of cod and

capelin ranged from 0.3 to 0.6. These values were within the 0.2 to 0.9 range of
correlations observed by Lilly 1991) between cod stomach fullness index and annual
estimates of capelin biomass from 1978 to 1986. Shelton et al. (1991) found no
relationship between cod growth and capelin abundance but found a large probability of

Type Il error, failure to detect a real response. A common statement at the end of all

these correlative studies is a call for quantitative, causal ination of t'~ i
of capelin to the growth and population dynamics of cod.

Spatial associations between Atlantic cod and capelin densities have been
examined in the northern Gulf of St. Lawrence. Rose and Leggett (1989) found that
positive correlations between predator and prey were a function of high prey densities
(> 100 capelin/105 m® water) and the presence of favourable water temperatures (1-9
°C). Cod and capelin densities were not correlated at temperatures outside of this
range. At the temporal scale of a day, spatial coherence between cod and capelin was

positive at spatial scales ranging from 4 and 10 km and negative at scales less than



capelin aggregation dimensions (3-5 km) (Rose and Leggett 1990). On a single
occasion when cod were actively feeding on capelin, predator and prey were coherent

at a scale of 3.5 m (Rose and Leggett 1990).



Chapter 2. Evaluating Spatial Variance

2.1 Introduction
Recent publications (e.g. Wiens 1989; Menge and Olson 1990; Holling 1992;
Levin 1992) re-iterate the importance of scale in the description of ecological
The scale-depend of biological and physical 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 ped to quantify scal ical pattern (see reviews in Platt

and Denman 1975; Ripley 1981; Greig-Smith 1983) and standard data sets are regularly
used to compare the consistency of spatial and temporal patterns among techniques (e.g.
O'Neill et al. 1991; Cullinan and Thomas 1992; Turner et al. 1992). Despite efforts to
quantify and compare scale-dependent spatial variance, there has not been a

i of i that evaluate the relative importance of

processes that generate spatial variance patterns.
Scal physical or biological pattern can be ized in a diagram by

plotting variance of a quantity as a function of spatial and temporal scale. The first
diagrammatic descriptions of scale-dep-ndent physical variability were estimates of sea
level and deep ocean current variance (Stommel 1963). Haury et al. (1978) used this

to develop a model of biomass variability. This
was the first comparison of biological variance across a wide range of scales and
remains the only published Stommel diagram of an ecological variable (Marquet et al.
1993). Variations of Stommel 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) ecosystems.
These are intuitive diagrams where the boundaries of any feature in a plot indicate the
minimum and maximum scales of variability for the quantity of interest. The
construction of a true Stommel diagram requires simultaneous variance estimates at all
spatial and temporal scales. This is rarely possible at intermadiate or large spatial

scales as the passage of time during data collection precludes i ion of

spatial and temporal variance. Stommel diagrams summarize scale-dependent
variability in a quantity of interest. They do not indicate the biological or physical
processes that generate observed patterns.

Asan alternative to inferring process from statistical desctiptions of biological
variance, I 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 in the form of a dimensionless ratio assesses the relative contribution of biological
or physical processes in the generation of biological variability. Similar comparisons
using a complete set of ratios identify all potential processes that regulate variability in
a biological quantity of interest. Dimensionless ratios have been used in ecology to
identify sources of plankton variability (O'Brien and Wroblewski 1973b; Denman and
Platt 1976; Okubo 1978), examine growth and physiological rates as a function of body
size (Giinther 1975; Platt and Silvert 1981; Heusner 1987), summarize spatial
variability in marine nekton (Schneider 1991, 1994a), and evaluate complex problems
in wildlife management (Schneider et al. 1993).

In this chapter I use dimensionless ratios to summarize knowledge of variance



generating processes across spatial and temporal scales. This summary identifies
dominant variance generating processes at any scale of interest and can be used to

improve the design of field sampling programs. The application of dimensional

reasoning to evaluate ing processes the itati dniionof
scale-dependent biological pattern. It neither replaces statistical techniques, nor is it

directly comparable to them.

2.2 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 ize the relative i of bi

or physical processes that generate scale-dependent biological variability, I 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 contour ratio values in rate diagrams using existing data.

To illustrate this procedure, I examine the spatial and temporal dynamics of
capelin biomass distribution in the northwest Atlantic. From the life history of capelin

described in Chapter 1, it is apparent that changes in the distribution of capelin biomass



are a result of i i ity), growth, and ki ic (active and

passive movements) processes acting within a wide range of spatial and temporal scales.
The quantity of interest in this example is the proportional 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 i is the product of the

number of animals N multiplied by their individual mass M :

n @n
B=) NM,
&
The concentration of biomass is defined as:
NM 2.2

[BY= =

where V' is the volume occupied. To simplify the notation a dot over a symbol is used
to signify the proportional rate of change in the quantity represented by the symbol.
Hence, the proportional rate of change in the concentration of biomass [ 8] is:
. d[B @3)
(81-87 L2

The second step is to write an equation containing potential processes that affect
the concentration of capelin biomass. Change in the concentration of biomass [ 8] isa
function of change in biomass due to recruitment and mortality A/, somatic growth
M , the divergence due to fluid motions V'  and the divergence due to individual
motions relative to the fluid V', as shown in Appendix 2.1. Five research areas are

integrated by the equation that expresses the rate of change in biomass concentration:



[B] - N + M - Vi -V, @4
biomass demographics growth fluid ‘behaviour
distribution mechanics

The third step combines terms from equation (2.4) to form dimensionless ratios.
If variables in an equation are dimensionally heterogeneous, a complete set of ratios is
obtained 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.

1992) or to the ination of multiple terms into functionally important

single terms (Fischer et al. 1979). Three ratios can be formed from equation (2.4)
relative to the fluid mechanics term or combine demographic and kinematic terms to
form population dynamics and construct a single ratic with somatic growth.

In the capelin biomass example, all terms in equation (2.4) have dimensions of
time! so ratios were formed from the equation. Biological reasoning was used to select
groups of terms to compare, For example, I was more interested in comparing the two
kinematic terms, V ; 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 ratios from equation (2.4) is provided in Appendix 2.2.
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 @.5)
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 number of
individuals or the volume in which they occur rather than a change in mass of
organisms. 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 ic to ki ic ratio relates i and mortality to
movements.

2.6

< =z

If the ratio is greater than 1 then demographics prevail over kinematic processes. A
Tatio less than 1 indicates that kinematics will dominate over demographic processes.

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 i In many

processes dominate at small temporal and spatial scales, while demographic processes
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dominate at larger temporal and spatial scales.
The kinematic ratio compares locomotory velocities of the organism to passive
velocities due to fluid motions.
_V_,_ @
Ve
If individual motions dominate, the kinematic ratio will exceed 1. The magnitude of
V ,is a function of the locomotory capacity and life history stage of the organism. An
example is the relative mobility of fish larvae compared to adults. As the mobility of
an organism decreases, ' ; approaches 0. When oruanisms drift passively with the
fluid, the value of the ratio is much less than 1. Values of V' ; are 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 insects, and spiders. At large spatial scles, the

range of a study may i ion features i with the

fluid (e.g. gyres), thereby making V ¢ small and the kinematic ratio large. If the value

of the ratio is approximately equal to 1, changes in the distribution of biomass due to

depend on the i ion between biological and physical High,

intermediate, and low values of this ratio correspond to Wiebe and Flierl's (1983)

physical-biological, and physical distributional
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.
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2.8

Nan+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 (100's km) and the temporal scale of a cohort (5 yr), the value of the
ratio will approach unity. In unexploited populations, maintenance of biomass levels at
equilibrium is 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
recruitment occurs at low densities. Commercial fisheries managers attempt to
maintain the value of this ratio near unity at time scales of several years by regulating
harvest mortality N, 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
ecological systems precision of calculations may be limited by a paucity of data at large
spatial and temporal scales. If data are limited or unavailable, calculations can 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 transitions hetween dimensionless ratio values occur are
marked. Contour lines are then drawn to connect transition 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 specific scale indicates
a potentially important research area. This method can be used by groups of

to make ions of the relative il of ing processes



2%

explicit. Comparisons of rate diagrams from each individual can be used to highlight
discrepancies between ratio values and to focus the discussion of large research groups
on dominant scale-dependent processes.

Data from capelin assessment documents and published velocities of the Labrador
and Newfoundland inshore currents were used 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.

2.3 Results

‘The major feature in the rate diagram of capelin growth to population dynamics

ratio (Fig. 2.1a) reflects the i of Labrador capelin

at large scales. At spatial scales larger than the continental 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 exceeding changes due to
population dynamics. On average capelin growth, as indicated by length, increases a
total of 40,900% or 10,225% 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% because the

remains on the conti shelf. i mortality and kil ic rates
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Fig. 2.1 Contoured rate diagrams of dimensionless ratio values for adult capelin

biomass distribution in the northwest Atlantic. Ratios are contoured less than 1

(<1), equal to 1 (=1), and greater than 1 (>1). a) Growth to population
d i ics - ki i mtio,"“—_i; b) Di

+ mortality) to kinematic (locomotory + passive motions) ratio, 5 Dotted line

indicates shift in contour during spawning season. c) Locomotory to fluid

v
(passive) motion ratio, V—; d) Recruitment to natural plus harvesting mortality

N,
ratio, 5— . Dotted line indicates scales of mortality during spawning season.




26

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. 2.1b) vary depending on
capelin reproductive status. At temporal 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 kinematics 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 occupiec by capelin
popuiations are negligible at these scales and therefore the value of the kinematic term
is near zero. At sub-annual scales passive and active movements of capelin :iicrease the
value of the kinematic term and the value of the ratio drops below 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 weekly 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
biomass per day (C: etal. 1991). C d predation on capelin by fish,

seabirds and marine mammals also occurs during this period (cf. 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. 2.1c) is also located
at the scale of the entire population. Cn the continental shelf over an annual cycle,
passive drift associated with the Labrador Current -- typical surface speed of inshore
branch 0.1 m s (Helbig et al. 1992), is balanced by the annual migratory cycle of adult
fish (cf. Carscadden 1983). At temporal scales less than a year and a spatial scale of



27

the continental shelf, changes in biomass concentration due to swimming exceed
changes due to passive 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 concentration 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 dicappears during the spawning season when aggregations of
adult capelin migrate to coastal waters.

At the largest scales in the rate diagram of the demographic ratio (Fig. 2.1d),
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 population, recruitment generally exceeds natural and harvesting
mortality. Large decreases in recruitment combined with increased natural and
harvesting mortality may reduce 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 between the 1973 and 1976 year-classes in NAFO Division 2]3K
(Carscadden and Miller 1981). During the spawning 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 (less than a metre, a few
minutes), changes in biomass due to natural and harvesting mortality are greater than

those due to recruitment.
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2.4 Discussion

The proposed framework is not a panacea for evaluating pattern generating
processes. It is a technique that summarizes and displays existing knowledge of
scale-depencent processes in any ccological’ system. Rate diagrams 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 wherc 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 izes available ige of scal pattern

and process for a bi ical quantity, C of i variance features to

dimensionless ratio values at the same scale identifies processes that are likely to
generate spatial or temporal variance in the quantity of interest. This presentation
avoids the assumption that a single biological or physical process is directly linked to
pattern at any scale, and that coupling of biological and physical processes occur at

characteristic spatial and temporal scales. To further illustrate the advantages of using

ratios, I a set of rate diagrams to identify
potential variance generating processes in the Haury et al. (1978) Stommel diagram of
zooplankton biomass variability (Fig. 2.2a). Dimensionless ratio values were estimated
and nominal contours (< 1, 1, > 1) were plotted across the same range of scales in a
column of rate diagrams (Fig. 2.2b - 2.2¢). Zooplankton were assumed to be an

of mid-latitud i isms with the limited

locomotory capability of copepods.



Fig. 2.2 a) Stommel diagram of zooplankton biomass variabil.ty (from Haury et al.
1978). Nominal contoured rate diagrams (<1, =1, > 1) of b) growth to

P ) 7 i
dynamics ratio, 5= ©) to

ratio, 5 d) y to fluid (passive) motion dimensionless

v P’ . :
ratio, ﬁ and e) recruitment to natural and harvesting mortality dimensioniess

N
ratio, z—7-. Shaded regions indicate a ratio value greater than 1.
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The rate diagram of the growth to population dynamics ratio (Fig. 2.2b) shows
greater change in the concentration of biomass due to somatic growth than due to
demographic and kinematic processes at spatial scales up to a kilometre ( 10° cm) and
temporal scales from days to a month (10* s - 10°s). The value of the ratio is less than
1 at all other scales. In the demographic to kinematic rate diagram (Fig. 2.2¢) at the
scale of the population, biomass changes due to the succession of generations exceed
biomass changes due to movement. At scales shorter than annual cycles and smaller
than the continental shelf, biomass changes due to swimming and passive movements
dominate over demographic changes and the value of the ratio is less than 1. The rate
diagram of the kinematic ratio (Fig. 2.2d) reflects the locomotory capacity of the
organism. Changes in biomass 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, upwelling)
determine the distribution of biomass and the value of the ratio is reduced below 1. In
the rate diagram of the demographic ratio (Fig. 2.2¢), changes in biomass due to
recruitment and natural mortality are approximately equal at all spatial scales over
annual and larger temporal scales. The value of the ratio is greater than I 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 eleven features in the Stommel diagram (designated by letters A-K), six were

attributable to dominant processes in rate diagrams at the same spatial and temporal
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scales. The remaining five features (C,F,I,],K) in the Stommel diagram are attributed
to fluid motions, while plots of rates indicate that demographic processes should prevail
at the space and time scales of these features. Based on the rate diagrams, I

that variability in ion at the space and time scales of
features C,F,1,J,K in the Stommel diagram are due more to demographic than to fluid
Biomass distributi "y capacity and passive drift data at large

temporal scales are needed to test this speculation.

2.4.1 Identifying Appropriate Sampling Scales

If a research program is focused on a particular process (e.g. somatic growth),
rate diagrams can be used to identify relevant sampling scales for a field program. For
example the rate diagram of the growth to population dynamics ratio (Fig. 2.1a)
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 ion when ifying the ibution of
somatic growth to changes in capelin biomass ion. At smaller
scales, changes in capelin biomass ion are i by ic and

kinematic processes (i.e. ratio <1). Scales where interaction between competing

processes may be important are indicated by dii i ratio values

equal to 1. Interactions between growth and population dynamic processes are likely to
occur at annual and continental shelf scales (Fig. 2.1a).

The plotting of dimensionless ratios can also be used to quantify the range of

scales over which research ions can be i process models
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should not be generalized across scales, just as regression models should not be
extrapolated beyond limits of sampled 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 kilometres should include fishing and spawning mortality
(Figs. 2.1b, 2.1d). Rate diagrams indicate that expansion of the model to annual cycles
over the continental shelf would require the inclusion of recruitment and growth

processes (Figs. 2.1a, 2.1b, 2.1d).

2.4.2 Evaluating Variance G ing Processes

Comparison of ratios derived from dimensional analysis provides considerable
insight into the relative importance of pattern generating processes. After setting the
temporal 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 capelin life history
it is known 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 constrainis set the spatial
scale to that of a bay (20-40 km). At this spatiotemporal scale, the rate diagram of the

growth to population dynamics ratio (Fig. 2.1a) indicates that demographic and



kinematic processes are more important than growth processes. The ratio of
demographic to kinematic rates (Fig. 2.1b) is near 1, indicating that both demographic
and kinematic processes may be important to capelin spatial dynamics during the
spawning season. Further comparison shows that kinematic processes are dominated by
divergence due to swimming motions (Fig. 2.1c) and that mortality exceeds recruitment
in the demographic ratio (Fig. 2.1d) at this time of year.

Order of magnitude calculations can be used to compare the relative importance of
individual motion V', to mortality N+ N, at this scale. Using the relation between
body size and swimming speed (Okubo 1987), a 15 cm capelin has a range of
approximately 24 km day'. Mortality averages approximately 2% day! due to
spawning (Carscadden and Miller 1980) and 0.00125 % of the total biomass day" in
NAFO divisions 213KL during 1989 due to harvesting (Carscadden et al. 1991). Using
20 and 40 kilometre sampling ranges, there is a 60%-119% day rate of capelin
divergence compared to a total mortality of 2% day-. At the scale of a bay, research
effort on the spatial dynamics of capelin during the spawning season should begin by
examining 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 (equation 2.5) assesses the effects of resource management policy.
Large positive changes in somatic growth M combined with a ratio greatly exceeding
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
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situations where Af was large and the ratio in equation (2.5) greatly exceeded 1. This
is 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 increases 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 square kilometres. These are chosen to contain population movements over an
annual cycle. This reduces the value of the demographic to kinematic ratio (equation
2.6) below 1 and the kinematic ratio (equation 2.7) becomes large as V » approaches
0. Wide ranging species (¢.g. whales, tuna) clearly require much larger management
areas to maintain similar values in ratios containing kinematic terms,

The of exploited ions is i in part, by the

demographic ratio (equation 2.8). Resource populations are regulated through the
allocation of quotas N ;. Natural mortality N, is rarely measured for commercial
fish stocks. It is traditionally assigned a constant value in stock assessments, typically

0.2 year! for demersal species. Fisheries research has largely focused on recruitment

processes N, in an effort to predict itions of high i ions 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 N , relative to N ,. If the recruitment
rate is known, resource managers can prevent recruitment overharvesting by limiting

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 ive method to i ige of pattern

processes in complex ecological systems. It can be used by individuals conducting
research programs or by agencies managing renewable resources. This technique
summarizes 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 spatiotemporal models can be generalized. Aquatic examples
were used (0 demonstrate the method but the same procedures should be applicable to
organisms in terrestrial or aerial environments.

As a brief terrestrial example I examine factors affecting the rate of change in the
concentration of seed producing balsam fir (4bies balsamea) trees. The rate of change
in the concentration of trees [N ] is a function of recruitment N ,, natural N ,, and
harvesting N, mortality, and the lateral divergence of trees due to seed dispersal Ap.

[N1=N,+N,+N,-Ap @9)
or simply: [N1=N-4A (2.10)
A forest manager or conservationist may be interested in changes in the density of
spruce trees. Changes in density reflect the relative importance of demographic and
kinematic processes, indicated by the change in number of trees relative to the areal
spread of a balsam stand or of the specics; . If for example recruitment to the balsam
tree population N . is approximately 0.1% year*, then mortality N+ N'» might be
expected to exceed recruitment at small spatiotemporal scales. At scales greater than
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100 kilometres and the lifespan of a tree (100 years) 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 tree distribution could be depicted in a rate diagram such as Fig. 2.1 or Fig.
2.2, 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 (cf.
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 2.1: Spatial Dynamics of Biomass
Changes in the concentration of biomass [B] of an organism in a fluid

environment are a function of recruitment N, , natural N ,, and harvesting N ;

mortality, somatic growth M , divergence due to motions within the fluid V', and

divergence due to individual motions relative to the fluid V ,:
(B]=N,=N =N +M=-Ve=V,

Definition of terms:

(8] instantaneous time rate of change in concentration of biomass.

Dimensions are time-!.

oy el 7]

-1e1 a2l -
N=N,-N,-N, instantaneous time rate of change in biomass due to births (1 ),
natural mortality (m ) and harvesting mortality ( 7 ). Dimensions
are time'.
N =(NM)"M‘%
M instantaneous time rate of change in population biomass due to

growth. Dimensions are time-!.

- -1y M
M=(NMY N



VeV,

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 % occupied by a group of organisms to

dx

horizontal u =%, =% and vertical w=% velocities in an x,y,z
co-ordinate system. In compact notation, the rate of change in
volume occupied V' isV = (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 1976, chapter 5). Dimensions are
time,

P gy gon, du, ou_ g o
dt dx dy 9z

‘This equation states that rate of change in the volume occupied by a

given ion i equal to the di of the ion, where
B can be positive (di ing) or negative ging)
of the ion in a fluid envi is a result of

displacement due to motions of the fluid u s and movement of
individuals relative to the fluid u,. For many terrestrial organisms

V ¢ =0 and divergence is a function of organism locomotion.
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ratios are calculated by ing a two-way table where the

variables of interest are columns and all fundamental dimensions (e.g. mass, length,
time, number of organisms) are rows. Exponents of each variable form the elements of
a dimensional matrix (e.g. volunie has dimensions length?), Variables are then
combined using the linear algebra (Langhaar 1980) or the successive elimination
method (Taylor 1974) to make all values of exponents zero. This results in a set of
dimensionless products.

In the capelin biomass example, quantities of interest are: demographic N ,
growth M , and kinematic V' rates. The fundamental quantities are: length L, mass

M, time 7 ,and number of organisms #. The dimensional matrix is:

N M v

Dimension L o 0 0
M o 0 0

T -1 -1 -1

# ] 0 0

Since all quantities are rates, dimensions other than time can be dropped. Dividing
through by V the revised matrix becomes:

o <=
o <z

Dimension T
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Dimensionally homogeneous terms can be combined to form logical groups (Fischer et

al, 1979). Dy ics and ki ics are ined to form the quantity population

dynamics N -V with dimensions time-'. Replacing N and V by N-V and

dividing the original matrix by N -V the revised matrix becomes:

_M_
N-V
Dimension T 0
Analysis results in two ratios:
N Ratio of demographics (recruitment, natural mortality, harvesting mortality)
v to kinematics (active movement, drift).
Ratio of growth to p ion dynamics
N-V
Two additi ratios result if ic and kit ic proc; are d
individually.
N, Ratio of recruitment to natural and harvesting mortality.
No+ N,
vV, Ratio of locomotory to fluid (passive) motions.

Vi



Chapter 3. Influence of Flow Gradients

3.1 Introduction
Theory and observation suggest eastern and northeastern Newfoundland coastal
waters have an anisotropic horizontal thermal structure -- greater spatial variation

across than along the continental shelf. The late spring to autumn pressure gradient

caused by the Bermuda high results in episodic upwelling through local

winds (Frank and Leggett 1982; Taggart and Leggett 1987; Schneider and Methven
1988) and propagating internal waves (Yao 1986; de Young et al. 1993). The
anisotropic physical structure of coastal waters is also augmented by the southward flow
of the inshore branch of the Labrador Current (Petrie and Anderson 1983). Anisotropic
physical gradients have been shown 10 influence the distrihution of phytoplankton
(Iverson et al. 1979; Denman and Powell 1984; Mackas et al. 1985), zooplankton
(Herman et al. 1981; Mackas 1984; Ibanez and Boucher 1987), and seabirds (Schneider
and Duffy 1985; Briggs 1986; Schneider et al. 1988).

Little work has focused on anisotropic concordance of physical gradients with fish
distributions (e.g. Olson and Backus 1985). Capelin are a stenothermal species
(Templeman 1948; Scott and Scott 1988; Rose and Leggett 1989) and re:pond to
displacements of horizontal (Buzdalin and Burmakin 1976; Schneider and Methven
1988) and vertical (Methven and Piatt 1991) thermal gradients Therefore a horizontal
concentrating of capelin is predicted at a warm/cold water front. The resulting capelin
distribution is hypothesiz~d to be patchy at the scale of upwelling cross-shore and
patchy at the scale of a capelin aggregation longshore. Schneider and Methven (1988)



and Schneider (1989) examined capetin distribution during upwelling and non-upwelling
periods in the Avalon Channel. Capelin aggregations were concentrated at the
warm/cold water interface at the scale of upwelling, but analyses were restricted to

c.oss shore transects. The potential ani ic distribution of capelin ions has

not been examined in coastal Newfoundland waters.
This chapter quantifies spatial variance in capelin distribution as a function of

spatial scale. Long and cross shore spatial variability is d and to

spatial variance patterns of coastal sea surface Sea su:face

are used as an example of a passive tracer of the surrounding fluid. Spatial variance
pattemns of capelin aggregations in synoptic long and cross shore transect pairs are then

examined for anisotropy,

3.2 Methods

y ic survey were along the shore of C
Bay, Newfoundland, from Ochre Pit Cove to Bay de Verde (Fig. 3.1). Transects were
oriented parallel and perpendicular to shore, the majority forming a large letter "E”
(Fig. 3.1). The location of fishing gear in the area dictated the proximity of long and
cross shore transects to the coastline. Transect length was set at 10 kilometres, a
distance corresponding to approximately twice the first internal radius of deformation
(Rossby radius) at this latitude (Schneider and Methven 1988).

Sea surface temperature (+ 0.1 °C) was recorded at 60 second intervals using a
surface towed thermistor. At the start and end of each transect, water temperature (+

0.1 °C) was measured at 5 m depth intervals using an EIL MC5 Salinometer
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Fig. 3.1 Location of acoustic transects surveyed along the northwestern shore of
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(calibrated to 0 <C). A survey speed of 3.6 m s* minimized water surface disturbance
and disruption of near-surface capelin distribution. Echograms of capelin were
obtained using a 50 kHz Furuno 410 paper recording sounder with a beam angle of 19,

Interpretation of traces on echograms as capelin was supported by: simultaneous

viewing of face capelin ions and traces on caplure of
capelin using hook and line while recording traces on echogram, observation and
sampling of capelin as the overwhelmingly dominant species in commercial traps in the
sampling area, and similarity of echogram traces with those of capelin reported in
Newfoundland waters (Atkinson and Carscadden 1979; Whitehead 1981; Piatt 1990).
Numbers of discrete capelin aggregations were counted in 100 m horizontal by 5 m
vertical blocks from the echogram of each transect. Al transect records were scored
by one reader and independently verified by another. Wave noise on sounder records
was usually distinguishable from fish at the surface but if the two readers disagreed,
traces were assumed to be wave noise. The use of a commercial echo-sounder
precluded the calculation of absolute capelin abundance because of an uncalibrated time
varied gain (TVG). Individual traces were scored equally with contiguous marks on the
echogram. The equivalence of single and contiguous echogram traces may result in

lowering of mean group at anda i of variance, but this

bias is assumed constant across all spatial scales.

Centered spectral analysis was used as an exploratory tool to examine

1l spatial vaciability in capelin distribution and sea surface
data. The spectral density of a continuously recorded variable indicates how the

variance of a data series is distributed over a range of frequency bands (Jenkins and
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Watts 1968; Koopmans 1974; Chatfield 1980). The range of frequency bands is
determined by the length of the series and the sampling resolution. The observational
window for any series extends from half the length of the series to twice the sample
resolution. Spectral densities were estimated using BMDPIT statistical package (Dixon
1983). A preliminary analysis used three smoothing windows between 0.04 to 0.15
cycles kml, A smoothing window of 0.10 cycles km* was chosen as a compromise

between accuracy and and was used in ive analyses. All spectral

density estimates were normalized to permit direct comparison of survey transects

(Denman 1975).

3.3 Results

A total of 32 transects, 20 longshore and 12 cross shore, were surveyed between
June 26 and July 15, 1990 (Table 3.1). All transects were surveyed between dawn and
dusk (05:30 -- 21:30 NDT) over three week periods. Speed over bottom in all transects
averaged 3.58 m s with a range of 2.58 m s to 5.01 m s, Spatial resolution of

capelin distribution data was set at 100 m horizontal by 5m vertical blocks with a

| temporal ion of 27.9 seconds. Transects were
temporally separated by a minimum of 50 minutes while water column temperature was
profiled.

Capelin group distributions were hypothesized to have a Poisson distribution. A
G-test with Williams' correction (Sokal and Rohlf 1981) was carried out on the
frequency distribution of capelin groups (3664 blocks had O capelin present, 683 blocks
had 1 group, 81 blocks had 2 groups and 6 blocks had 3 groups; coefficient of
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Table 3.1. Start and end locations of zcoustic transects sampled in northwestern

Conception Bay, 1990. Longshore transects are designated L1, L2, or L3

followed by a transect number. Cross shore transects are designated C1, C2, or
C3 followed by a number. Sum is the total number of capelin aggregations

observed over the length of the transect. Mean is the average number of capelin
aggregations observed per 100 m horizontal block.

Start End Transect- Date Start Sum  Mean
Number Time

Ochre Pit Cove Bluff Head Li-1 26/6 12:35 29  0.305
Bluff Head Ochre Pit Cove L1-2 26/6 14:00 35 0.368
Ochre Pit Cove Bluff Head L1-5 2716  7:56 7 0.070
Ochre Pit Cove Bluff Head L1-7 47 7:04 22 0.214
Ochre Pit Cove Bluff Head L1-11 47 11:13 9 0.091
Ochre Pit Cove Bluff Head L1-15 57  9:48 6 0.057
Ochre Pit Cove Bluff Head L1-19 12/7 15:32 1 0.010
Bluff Head Bay de Verde L2-16 5/7 10140 26 0.260
Bluff Head Bay de Verde L2-20 12/7 16:28 1 0.010
Bay de Verde Bluff Head L2-23 13/7 851 75 0.528
Bluff Head Bay de Verde L2-26 13/7 12:28 52 0.482
Bay de Verde Bluff Head L2-31 14/7  5:50 42 0.372
Bluff Head Bay de Verde L2-32 14/7  T7:03 8 0.059
Bay de Verde Bluff Head L2-35 14/7 18:15 59  0.450
Bay de Verde Capelin Cove L3-27 137 1337 19 0.275
Capelin Cove Bay de Verde L3-28 13/7 15:09 24 0.338
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Table 3.1 (cont'd) Start and end locations of acoustic transects sampled in northwestern
Conception Bay, 1990. Longshore transects are designated L1, L2, or L3
followed by a transect number. Cross shore transects are designated C1, C2, or
C3 followed by a number. Sum is the total number of capelin aggregations
observed over the length of the transect. Mean is the average number of capelin
aggregations observed per 100 m horizontal block.

Capelin Cove Bay de Verde L3-33 14/7 813 11 0.149
Bay de Verde Capelin Cove L3-34 14/7 957 12 0.200
Bay de Verde Capelin Cove 13-37 14/7 20:42 21 0.300
Capelin Cove Bay de Verde L3-38 14/7 21:32 40 0.571
Ochre Pit Cove offshore Ci1-3 26/6 15:15 8 0.093
offshore Ochre Pit Cove Ci-4 26/6 16:23 13 0.130
offshore Ochre Pit Cove C1-10 4/7 10:12 17 0.167
offshore Ochre Pit Cove Cl-14 47 14:40 3 0031
Bluff Head offshore C2-8 4/1 807 70 0.680
Bluff Head offshore C2-12 4/7 12:14 20 0.194
Bluff Head offshore C2-24 13/7 1035 11 0.113
offshore Bluff Head €225 13/7 11:3¢ 16 0.170
Bay de Verde offshore C3-21 137 636 29 0.246
offshore Bay d» Verde C3-22 137 743 52 0416
Bay de Verde offshore C3-29 13/7  15:59 5 0.051

offshore Bay de Verde C3-30 13/7 16:59 13 0.161
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dispersion = 1.035 (A value of 1 indicates a random distribution)). The observed
distribution did not deviate significantly from a Poisson distribution (G=3.978, df=2,
n=4434, p=0.1368) allowing for a 5% Type I error.

Centered, normalized capelin and surface temperature spectral density estimates
were calculated for transects having more than 1 capelin aggregation (30 of 32).
Pattern detection in spectral density plots was partially dependent on presentation.

Plots of spectral densities as a function of frequency (Fig. 3.2a) compressed spatial
variability distribution patterns at frequencies less than 1 cycle km! and obscured
patterns at frequencies greater than 1 cycle km!. Common logarithms of spectral
density estimates plotted as a function of frequency only expanded patterns at mid (1
cycle km) to high (5 cycles km!) frequencies (Fig. 3.2b). Transforming spectral
density estimates and frequencies to common logarithms (Fig 3.2c) provided a workable
compromise. The distribution of spatial variance was discernable at all frequencies and
plots were comparable to those of Weber et al. (1986). The slope of the curve is equal
to the exponent of a power function across all frequencies but areas under the curve do
not represent equal contributions to the sample variance (Denman, 1975).

Spatial variability c-. capelin distribution in long and cross shore transects was
approximately uniform over scales ranging from 10 km to 200 m (Fig. 3.3 a-f).
Spectral density estimates were larger and curves were smoother at frequencies less
than 1 cycle km! in all 6 sets of long and cross shore transects. Episodic variation in
any single transect was observed at frequencies greater than 1 cycle km?. Using the
colours of the visible spectrum to designate dominant scales of variance, the slight

negative slope and non-uniform variation at high frequencies is characterized as being
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pink with blue ripples. Pink refers to a slight negative slope from large to small scales.
Blue ripples refers to the aperiodic peaks of spatial variance observed at small scales.

The distribution of spatial variance did not qualitatively differ between long- and cross

shore transects.
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Fig. 3.3 Capelin aggregation spectral density estimates (bandwidth 0.1€, centered,
normalized) plotted as a function of frequency. Longshore transects a) L1, b) L2,
¢) L3 are contrasted with cross shore transects d) C1, e) C2, and f) C3. Periods
(km) are shown on the upper X axis.
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If capelin distribution is tightly coupled to near-surface water temperatures then
longshore transects were predicted to have relatively constant variance over a large
range of scales while cross shore variance was predicted to peak at the frequency
corresponding to the Rossby radius (approximately 0.2 cycles km* at 47° north
latitude). Consistent spectral density patterns were not observed among 7 synoptic
pairs of long- and cross shore capelin distribution plots (Fig. 3.4). Cross shore spectra
exceeded longshore spectra in only 4 of the 7 pairs at frequencies greater than 0.2
cycles km. Long- and cross shore spectra were highly variable at frequencies greater
than 1 cycle km. Time intervals between long- and cross shore transects did not
exceed 75 minutes. Little evidence of anisotropic capelin distribution was observed in
long- and cross shore transect pairs.

Long- and cross shore surface temperatures were relatively consistent (range 7 °C
- 11 =C) throughout the survey period. Temperature fluctuations on any repeated
transect were limited to 2 °C over the three week periods. Strong upwelling events,
indicated by large cross shore surface temperature discontinuities, were not observed at
the times of sampling. Vertical temperature profiles were also consistent throughout
the study. A temperature drop of 7<C usually occurred in the upper 35 m with a strong
thermocline between 15 and 25 m. Transects surveyed during or immediately after
wind events had uniform temperatures to 5 m depth, then dropped in a series of 1°C
temperature steps for each 10 meters in depth. Near-bottom temperatures typically
ranged between 0°C and 1°C. Surface temperatures at inshore transects varied little or

not at all within one day. Between days surface cooling or warming was observed,



Fig. 3.4 Synoptic long (solid line) and cross (crossed line) shore capelin aggregation

spectral density estimates idth 0.10, centered, ized) plotted as a
function of frequency. Transect numbers correspond to those listed in Table 1. a)
Longshore transect L1-2, cross shore transect C1-3. b) Longshore transect L1-7,
cross shore transect C2-8. c) Longshore transect L1-11, cross shore transects
C1-10 and C2-12. d) Longshore transect L2-23, cross shore transect C3-22. €)
Longshore transect L2-26, cross shore transect C2-25. f) Longshore transect
L3-28, cross shore transect C3-29.
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and between weeks surface temperatures fluctuated 2 °C while all other depths warmed
3-4°C. Temperature sampling was thus considered synoptic over temporal scales of
minutes, hours and days.

Surface temperature spectral density estimates among long and cross shore
transects were greatest at the largest sampling scales (10 km) and generally decreased
monotonically with sampling frequency (Fig. 3.5 a-f). Large portions of the sample
variance were found at scales greater than 1 km in all 6 sets of long and cross shore
transects. This ra‘tern is a characteristic "red" spectrum where large portions of the
sample variance are found at low frequencies and rapidly decrease as frequency
increases. Anisotropic surface temperature gradients predict longer dominant scales of
spatial variance relative to cross shore scales but distinct peaks in cross shore spectra at
the scale of the Rossby radius (0.2 cycles km) were not observed. Contrary to

prediction, spectral density patterns observed in transects did not qualitatively

differ from cross shore transects.
Average long and cross shore surface temperature spectral density plots were

steeper than long and cross shore capelin distribution spectral density plots (Fig. 3.6).

Surface spectra spanned il ly 2.5 orders of spectral density
magnitude with a longshore spectrum slope of -1.38 and a cross shore spectrum slope
of -1.31. Average longshore spectral density estimates were not significantly different
from average cross shore estimates (F=0.01, p=0.906, n=98). Therefore, long and
cross shore average spectral density estimates were used to calculate an overall surface
temperature slope of -1.35. Average long and cross shore capelin distribution spectra

were much flatter than surface temperature spectra, spanning a single order of
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magnitude and having average slopes of -0.44 and -0.37. Longshore spectral density

estimates did not differ from cross shore estimates (F=0.34, p=0.563, n=98) and

were combined to calculate an average slope of -0.40.

normalized) plotted as a function of frequency. Longshore transects (a-L1, b-L2,

¢-L3) are contrasted with cross shore transects (d-C1, e-C2, f-C3). Periods (km)
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frequency. Average longshore estimates (solid line) are plotted with average cross

shore (crossed line) estimates.



58

Observed isotropic capelin aggregation distributions prompted questions about the
scales of temporal variance within the 10 km sample length. Plots of capelin
aggregation abundance as a function of distance from origin were used to match capelin
distributions along repeated transects. Twenty-two repeated transect pairs from the 30
transects had start time intervals ranging from 50 minutes to 17 hours. Based on the
average speed of the survey vessel, a kilometer v.as travelled in 4.7 minutes.
Echograms of the two transects were overlaid ar.d the absolute difference in number of
capelin aggregations were enumerated in 4.7 minute blocks. Differences in the number
of capelin aggregations observed at the same location were predicted to increase as the
time interval between two sampies increased. The resulting plot showed no consistent
divergence with time (Fig. 3.7). Differences at each block were assumed to be
independent observations. However, a frequency histogram of the absolute differences
in capelin abundances per block was not normally distributed. Association between
time interval and absolute differences in capelin aggregations per 4.7 minute block was

assessed using Kendall's ient of rank ion (t). No sij

were found between the two variables when all transects were examined as a single
group (v=0.0232, p=0.643, n=205), among longshore transects (t=0.00043,
p=0.995, n=100), or when cross shore transects were grouped together (t=-0.0024,
p=0.973, n=105). Therefore, based on graphical interpretation and rank correlations,
there was no observed increased divergence with increased start time interval among

repeated transects.
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Fig. 3.7 Absolute difference in the number of capelin aggregations per | km horizontal

block plotted as a function of elapsed time in 22 repeated transect pairs.

3.4 Discussion

Average capelin spatial variance in 20 long and 12 cross shore transects decreased
approximately one-half an order of magnitude between 10 km to 200 m scales (Fig.
3.6). Cross shore spectral density estimates were qualitatively similar to longshore

estimates, indicating isotropic capelin variability during the sampling period. Large

scale surface temperature variation exceeded small scale variation in all surveyed
transects. Surface and vertical temperature profiles provided no evidence of upwelling

along sampled transects.



Cl istic capelin ion sizes or int ion distances were not
observed in long or cross shore composite spectral density plots. Scale-dependent
peaks in spatial variance were observed in single transects, but these peaks occurred
throughout the 10 km to 200 m scale range. In general, spectral density estimates were
greatest at a scale of 10 km and decreased monotonically to a scale of 1 km. At scales
less than 1 km, variable amplitude peaks were observed in all 6 sets of spectral density
composite plots. This result contrasts with other studies in the northwest Atlantic
which identify characteristic capelin patch sizes. Schneider and Piatt (1986) report
highly aggregated capelin schools ranging in size from 1.25 to 15 km. Schneider
(1989) also observed peaks in capelin spatial variance at 600-1000 m and 2-6 km in the
Avalon Channel. The latter patch size matched the scale of wind induced upwelling at
the study site. Aggregation dimensions of 3.5 m and 1-4 km were reported for capelin
in the northern Gulf of St. Lawrence (Rose and Leggett 1990). Characteristic capelin
patch sizes during the present study are outside the range of sampling (larger than 10
km or smaller than 200 m), are temporally very brief (on the order of minutes), or do
not exist.

Little evidence was found to support the hypothesized anisotropic capelin
distribution in nearshore waters. One possible explanation is the potential for large
Type 11 error (failure to detect a real effect) in non-synoptic long and cross shore paired
transect data. A three hour time interval often occurred between the start of the first
tranzzct and the end of the second. Paired long and cross shore transects were
interrupted at their junction by a hydrography station that profiled water temperature.

Given the narrow swath width of the acoustic sampling cone, little lateral movement by
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capelin would be required to change distributional patterns over a three hour sarﬁpling

period. A i i ic distributions of capelin may be a response to

thermal di: inuities caused by upwelling. While previous research has

focused on capelin distributions in response to episodic upwelling events (e.g.
Templeman 1948; Schneider and Methven 1988; Schneider 1994c), this study shows
that predictable gradients in distribution do not occur during non-event periods.
Observed surface and upper layer water temperatures along long and cross shore
transects were within preferred temperatures (5-10 °C) reported for capelin (Templeman
1948; Rose and Leggett 1989). Isotropic capelin distribution is expected in a
homothermal upper water column and the orientation of capelin sampling is therefore
not restricted by coastal configuration, unless strong upwelling conditions prevail.

Scale-dependent spatial variability of capelin and sea surface temperature were
similar to those observed for krill and sea surface temperature in the Antarctic Ocean
(Weber ct al. 1986; Levin et al. 1989). Average long and cross shore capelin spectra
had slight negative slopes and high frequency variation (pink spectra with blue ripples)
while surface temperature spectra peaked at low frequencies and decreased
monotonically to high frequencies (red spectra). Capelin spectral average slope (-0.40)
was steeper than the average (-0.18) but within the range (0.11 to -0.70) observed for
krill. Similarly, northwest Atlantic surface temperature spectral average slope (-1.35)
matched the surface temperature spectral average slope (mean -1.66, range -0.74 to
-2.48) of the Antarctic. The similarity of capelin and krill spectra and their contrast

with surface temperature spectra indicate that biological processes may influence spatial

variance patterns of mobile aquatic i This is is ined in Chapter
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As a caveat, capelin and krill average spectral density slopes may not be directly
comparable as it is unclear whether krill data had low frequency variation removed
(termed pre-whitening in spectral jargon) prior to spectral analysis. Capelin data were
not pre-whitened and may be aliased by spatial variance at frequencies below the
sampling window. Potential aliasing of low frequency spectral density estimates was
checked by combining the data from two consecutive longshore transects. Capelin
spectral density estimates of the combined transect exceeded those of composite or
average capelin spectral densities at scales larger than 10 km, indicating low frequency
trends may still exist in the data.

Observations of pre-spawning capelin over a range of spatial scales has generated
hypotheses on potential foraging strategies of capelin predators. At temporal scales of
hours to weeks, the slight decrease in capelin spatial variance from large (10 km) to
small (200 m) scales indicates that net foraging benefits would be highest at the smallest
scale that provides a full ration. Higher energetic demands coupled with small
increases in capelin spatial variance would result in lower net foraging benefits if
predators increase their average scale of foraging. Episodic concentration of capelin
spatial variance at single scales leads to the prediction that predators will shift to larger
foraging scales to exploit temporally brief concentrations of capelin. Therefore,
capelin-predator coherence is predicted to concentrate at small spatial scales at the
temporal scale of a spawning season (approximately 6 weeks every year). However at
the scale of a foraging bout (minutes to hours), coherence may be episodically

concentrated at any single spatial scale. These hypotheses are examined in Chapter 5.



Chapter 4. Spatial Variance of Mobile Aquatic Org

4.1 Introduction

Analyses of krill density distributions (Weber et al. 1986; Levin et al. 1989)
indicate that spatial variance of mobile aquatic organisms differs from that of passive
tracers (cf. Chapter 1). Mackas and Boyd (1979) were the first to attribute the increase
in zooplankton spatial variance, relative to passive tracers, to locomotory behaviour.

Examination of biological and physical processes using dimensionless ratios (Chapter 2)

the i of indivi motion i of the fluid in the
generation of capelin spatial variance.
This chapter examines two kinematic processes that potentially influence spatial
variance of mobile aquatic organisms at intermediate and small spatial scales: shoaling,

and schooling. Shoaling, defined as the of i i of fluid

motion, increases small scale spatial variance by altering local densities. Mobility of
benthic macrofauna led Jumars (1976) to postulate that distributional variability was
locally decoupled from structural features in the environment. By extension, if
scale-dependent spatial variance is a function of mobility, then slopes of spatial variance
plots should decrease as organism mobility increases (cf. Fig. 8, Fasham 1978). This

trend is i observed when ing spatial variance patterns of passive

tracers such as surface and to (Mackas and

Boyd 1979; Star and Mullin 1981; Tsuda et al. 1993). This trend does not extend to

spatial variance patterns of larger, more mobile organisms. For example, average

slopes of capelin spectral density plots in the southern Labrador Current (Schneider



1994a; Chapter 3) did not differ from those of krill in thc Antarctic Ocean (Weber et al.
1986; Levin et al. 1989) over scales of 1 km to 15 km. Patterns in capelin spatial
variance could not be attributed to passive motion associated with the surrounding fluid
as they did not match spatial variance patterns of surface temperature (Chapter 3). Nor
did spatial variance peak at the 5 km scale of coastal upwelling (Schneider 1994a;
Chapter 3) predicted from physical theory (Schneider and Methven 1988).

Schooling is a second process that potentially influences spatial variance of mobile
organisms at small spatial scales. In contrast to shoaling, schooling is defined as the
coordinated movement of a group of aquatic organisms (Pitcher 1986). At scales

smaller than the size of an ion, even spacing of indivi within groups

(Weihs 1973, 1975; Pitcher 1986) should reduce spatial variance of shoaling organisms.
This would result in a steeper slope in the spatial variance plot below the scale of an
aggregation. Levin et al. (1989) observed a steeper slope at scales less than 1 km than
those larger than 1 km in a spectral density plot of krill density. The presence of a
change in slope or transition region at the 1 km scale was not emphasized in their study.
Their computer simulation using Mangel's (1987) 'patch within patch' model also
showed a slight decrease in spatial variance from large to small scales but did not
generate a transition at any scale. This result is not unexpected because the spatial
range of the simulation did not extend to scales small enough to encompass krill
movement into shoals (100 m), Levin et al.'s (1989) proposed factor influencing spatial
variance.

Patterns of spatial variance at small scales could also be an artifact of using

spectral decomposition techniques to analyze count data. At high sampling resolution,
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counts of rare species often contain long stretches of zero counts interrupted by patches
of nonzero ccunts. This contrasts with the continuous presence of physical quantities

such as sea surface temperature or salinity. Sampling resolution and organism

together ine the mean of any quantity in transect count
data, Fasham (1978) found that a decrease in mean abundance caused a reduction in
the slope of plankton power spectra when patchy distributions were simulated as doubly
stochastic processes. The influence of sampling resolution and the use of a zero
bounded variate on spectral density estimates of a continuous data series has not been
examined for highly mobile organisms.

Relative density estimates of capelin and Atlantic cod are used to evaluate the
influence of shoaling and schooling on scale-dependent spatial variance of mobile
marine organisms. Capelin and Atlantic cod were chosen to represent pelagic and
semi-demersal mobile aquatic organisms. The contrasting life histories of thesc two
species also permit an investigation of whether the spatial variance of a predator is

influenced by that of its prey (Chapter 5).

4.2 Methods

4.2.1 Sampling Procedure

ic surveys were along the western coast of Conception
Bay, Newfoundland during the latter half of July and the first week of August, 1991.
Linear transects were oriented parallel to the coast within the 100 m depth contour

when possible. Stationary fishing gear adjacent to the coast restricted the proximity of



transects to shore. The majority of transects were run during the day but collectively
transects span all 24 hours in a day. Transect lengths among the 19 transects used in
the analysis varied from 5.5 km to 22.7 km (Table 4.1). Capelin and cod relative
density distributions were surveyed using a 120 kHz echosounder (Model 105,

Biosonics, Seattle, i ) with a single-b 22 mounted in a towed
V-fin. Pulse width was 0.8 ms and generated at 2 s, Data were heterodyned to 10
kHz using a Biosonics model 171 interface and stored on digital audio tapes for echo
integration processing. A calibration tone was recorded at the beginning of each day to
standardize playback amplitude levels. The V-fin was towed at a depth of
approximately 1.5 m and at a speed of 2.5 m s!. A pair of 95 Newton expansion

springs was used to decouple motions of the boat from that of the V-fin in order to

enhance transducer stability. Surface was i i using a

towed thermistor and electronically recorded at 100 m intervals.

4.2.2 Analysis

Acoustic data were integrated using a Biosonics 221 echo integrator which
digitally samples voltages at 25 kHz. Relative fish density (R D) estimates were
calculated from 20 log R amplified target voltages () using an equation from
Burczynski (1982):

VD, KrveKs “n

RDl,x.x- P.N
«Ny.x



Table 4.1. Date, start time, end time, and distance of hydroacoustic

transects in Conception Bay, Newfoundland, 1991.

‘Transect Date Starttime  End time  Distance
(month/day) (m)
9101 719 10:47 12:04 11668
9105 7/20 12:47 13:27 5556
9106 7120 13:43 14:36 7223
9107 7120 15:05 15:59 8519
9109 723 10:17 11:12 8334
9110 7123 11:39 14:04 19631
9112 7123 17:22 19:53 23335
9113 7124 10:36 13:51 20742
9115 7124 14:04 16:10 19816
9122 725 21:03 23:47 22780
9123 25 2359 02:35 20372
9124 7126 02:44 04:37 14631
9125 8/01 11:26 12:43 10927
9129 8/02 07:43 09:20 10742
9130 8/02 09:34 10:33 8519
9131 8/02 10:44 11:47 6667
3132 8/02 12:32 13:54 9075
9133 8/02 18:00 20:01 9445

9134 8/02 20:08 21:02 8890
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where: RD,,,,, is the relative fish density of species i in horizontal bin x (m) at

depthinterval z (m), (LV 7),,, is the squared sample voltages of species { in
horizontal bin x (m) at depth interval z (m), K7y is an empirically determined
constant that compensates the 20log R +2a.R amplifier gain for the attenuation of
sound a in seawater over R metres, K s is an empirically determined constant that
corrects system parameters to theoretical values, P, is the number of echo sounder
pulses in each horizontal bin, and N ., is the number of sampled voltages in horizontal
bin x at depth interval z .

Data were stratified in 10 m horizontal by 5 m vertical bins to a maximum depth
of 112 m. To prevent integration of surface noise or bottom echoes the top 2 m and
bottom 1 m of the water column were not included. Each bin was classified as cod or
capelin. Cod were distinguished from capelin by: ) classification of targets viewed on
an oscilloscope based on signal properties (Rose and Leggett 1988a); b) simultaneous
viewing of near-surface capelin aggregations in the water and traces on oscilloscope and
echograms; c) capture of capelin and cod using hook and line while recording traces on
echograms; d) observation and sampling of capelin and cod as the overwhelmingly
dominant species in commercial traps in the sampling area; and ) similarity of
echogram traces with those of capelin and cod reported in northwest Atlantic waters
(Atkinson and Carscadden 1979; Whitehead 1981; Piatt 1990; Rose 1992). Relative
fish densities were integrated vertically to a maximum depth of 112 m and then summed
for each 10 m horizontal distance to analyze horizontal variation of capelin relative to
cod.

Univariate spectral analysis was used to examine scale-dependent spatial
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variability of cod and capelin density distributions. The power spectra of each species
was calculated for each transect using the BMDPIT statistical package. Being

consistent with Chapter 3, a smoothing window of 0.01 cycles m was chosen for

analyses as a ise between accuracy and smoothnesz. All spectral

density estimates were standardized to permit direct comparison of survey transects
(Denman 1975). Spectral density estimates of capelin, cod, and surface temperature
from each transect were combined and then averaged at a resolution of 0.0001 cycles
m to produce average spectral density values and plotted as a function of frequency.

The influence of zeros in high resolution count data on patterns of spatial variance
was investigated by replacing values of a continuous data series with zeros. The
division of a continuous data serics into discrete patches is analogous to shoaling by
organisms. A 10 km sea surface temperature record with a resolution of 233 m (n=44

data points) was used as the original continuous data series. In each of cight

asingle value ( ing 2.3% of the data) was chosen at
random and replaced with a zero. The resulting spectral density estimates were
standardized by the variance and plotted as a function of frequency in a common

log-log plot. The effects of schooling on patterns of spatial variance were similarly

by randomly ituting two ive zeros in the original surface
temperature data series. Consecutive zero counts result when mobile organisms
actively form aggregations and move, creating 'empty' areas along survey transects.
The schooling data manipulation was repeated eight times and power spectra were

normalized and plotted as a function of frequency.
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4.3 Results

4.3.1 Spatial Variance Patterns

At the temporal range of a single transect (ca. 1 h), concentrations of capelin and
cod spatial variance occurred throughout the sampled spatial range. Spatial scales of
‘maximum spectral density were not consistent among spatially separated transects, nor
within any series of replicated transects, Within the 20 m to 10 km range of analyzed
spalial scales, sharp peaks of capelin spatial variance occurred in five of 19 transects.
Broader peaks of spatial variance were observed in seven of 19 transects. No
concentrations of spatial variance were observed in the remaining seven transects.
Among the cod spectral density plots, only two transects contained sharp peaks of
spatial variance. An additional seven transects contained peaks in spectral density plots

spread over a broader range of ies. To provide a ive sample of

spatial variance patterns, spectral density estimates of capelin and cod were plotted as a
function of frequency for four replicates of a 20 km transect. Spatial variability of
capelin in three of four transects (Fig. 4.1a) was similar at all scales ranging from 5000
m 10 100 m and then rapidly decreased at smaller scales. Small peaks in spatial
variance were observed in spectral density plots of single transects at scales less than 90
m. In contrast, two distinct patterns were present in the plots of cod spectral densities
(Fig. 4.1b). Two transects had slight negative slopes down to approximately 80 m and
then a sharp decline in spatial variance at smaller scales. Spatial variance of the
remaining two transects was approximately uniform across the range of sampled scales.

A characteristic pattern of capelin or cod spatial variance was not present among the 19
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transects surveyed in Conception Bay.
Spatial variance patterns of capelin and cod over longer temporal scales were

examined by averaging spectral density estimates in 0.0001 frequency bins and plotting

them as a function of frequency. A istic scale of ion, indicated by a
peak in spatial variance, was not observed in the average power spectra of capelin or
cod (Fig. 4.2). Average spatial variance plots of capelin and cod contained two regions
of differing slopes separated by a transition region. Slight negative slopes (capelin,
-0.21; cod, -0.18) observed at large scales increased to steeper slopes (capelin, -1.05;
cod, -1.08) at scales smaller than that of transition regions (capelin = 400 m; cod = 90
m). An averaged sea surface temperature plot was added to the same graph to compare
these spatial variance patterns to those of passive tracers (Fig. 4.2). The steep
monotonic slope of the surface temperature power spectrum (-1.06) contrasted to the
boomerang-like shape of the capelin ard cod power spectra. Average spatial variance
of sea surface temperature was concentrated at large scales, a 'red' spectrum in the
jargon of spectral analysis. Capelin and cod average spectral density plots had slight
negative slopes over a broad range of scales and then decreased rapidly at small scales.

Scales of transition regions in average (n=19) spectral density plots (Fig. 4.2)
were compared to tabulations of capelin and cod aggregation s::es. Cumulative
frequency distributions of capelin (Fig. 4.3a) and cod (Fig. 4.3b) aggregation sizes
(defined as the number of contiguous 10 m blocks with fish present) showed that 98%
of capelin aggregations were < 400 m (n=2247) and 92.3% of cod aggregations were
< 100 m (n=642). Distances between aggregations of capelin averaged 46.3 m (+
2.0S.E)
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temperature (dotted line) spectral density estimates (bandwidth 0.01, centered,
normalized) plotted as a function of frequency. Periods (m) are shown on the

upper X axis.
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compared to 242.5 m (+ 24.5 S.E.) for cod. Transition scales in average spectral
density plots matched inflection points in cumulative frequency distributions of species

aggregation sizes.

4.3.2 Effect of Zeros

The influence of zeros in count data on patterns of spatial variance was examined
by randomly replacing values in a surface temperature data series with zeros. Spectral
analysis of manipulated surface temperature series showed that substitution of a single
zero flattens slopes of power spectra. The slope of the spectral density plot from the
original temperature series (Fig. 4.4a) was -2.57 (n=22, r2=0.962) compared to an
average of -0.36 (n=176, 12=0,727) in the manipulated temperature series (Fig. 4.4b).

Changes in slope were related to the ion of zeros i in the

data series. Similar data manipulations and calculations were made using two other

transects 20 km in length with a ion of 100 m to ine the

consistency of this result. Increases in spectral density estimates at small scales
occurred in all simulations relative to estimates from the original series.

‘The substitution of two consecutive zeros in surface temperature series resulted in
the formation of a transition region and a decrease in spatial variance at scales below
the transition. Slopes from plots of spatial variance as a function of frequency (Fig.
4.4c) decreased slightly at large scales and then dropped sharply below the transition
scale of 400 m. The location of the transition frequency was partially influenced by the
choice of bandwidth used in spectral analysis. A wider bandwidth smoothed the curve

by averaging a larger number of periodogram estimates, often shifting the location of
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the transition to a higher frequency (smaller scale). Similar patterns were consistently
observed when data manipulations were repeated using two longer surface temperature
data series (20 km) with a higher sampling resolution (100 m). Spectral density plots of

manipulated data series resembled patterns observed for capelin and cod.

4.4 Discussion

Spectral analysis of capelin and Atlantic cod relative density data showed that
slopes and shapes of spectral density plots were similar to those previously reported for
of other mobile marine organisms. At the temporal scale of a single transect spatial
variance could be concentrated at any scale. Similar episodic concentrations of spatial
variance have been observed in benthic megafauna (Grassle et al. 1975), marine birds
(Schneider and Duffy 1985; Schneider 1989), and fish (Schneider 1989; Rose and
Leggett 1990). Evaluations of spatial variance at larger temporal scales are less
common. When spectral density estimates from individual transects were averaged,
capelin and cod spatial variance decreased slightly from large (10 km) to smaller
(400-90 m) scales and then dropped rapidly at scales smaller than transition regions.
The slight negative slopes of capelin and cod spectra at larger scales contrasted to the
more steeply negative slope of the average spectrum of surface temperature, used as an
example of a passive tracer of the surrounding fluid. Observed spectral density slopes
of capelin and cod were consistent with those of krill in the Antarctic (Weber et al.
1986; Levin et al. 1989). The similarity of slopes in krill and fish spectral density plots
contradicts the speculation that the slope of spatial variance becomes flatter as organism

mobility increases.
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A variety of physical, physical-biological, and biological processes are
hypothesized to increase spatial variance at small scales. Based on dye and buoy
observations, Langmuir circulation was proposed as a physical process that injects and
transfers kinetic eniergy of passive tracers from small to larger scales (Liebovich 1983;
Weller and Price 1988). This transfer is opposite to the 'turbulent energy cascade'
commonly assumed for passive tracers in fluids (cf. Fig. 2, Mackas et al. 1985). Rose

and Leggett (1988b, 1989) d that a ination of biological and physical

processes influence the spatial variance and distribution of Atlantic cod. Distribution of

cod was attri to an agg; ive response to ions of prey, ined by

water column thermal structure. Weber et al. (1986) proposed that swimming
behaviour was responsible for the small scale variability in krill biomass distribution
that could not be attributed to physical processes. Among biological processes the most
commonly proposed mechanism creating spatial variance at small scales is behaviour
facilitated by the ability of organisms to move independent of the fluid (Mackas and
Boyd 1979; Star and Mullin 1981; Mackas et al. 1985). Scaling arguments (Schneider

1994a; Chapter 2) indicate that among nekton, ion relative to the

fluid is the primary source of spatial variance at small scales.
In addition to the proposed kinematic processes, I found that observed patterns of

capelin and cod spatial variance could be approxi by randomly ituting zeros

in a surface temperature data series. Substitution of a single zero in the surface

p series is to the diverg of isms from a point to form

two shoals. The resulting reduction in spectral density slope was biologically

interpreted as an injection of spatial variance at intermediate scales due to shoaling. In
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the second set of simulations, the substitution of two zeros as a block is analogous to
the divergence of organisms from a point, forming two shoals and moving as schools.
Spatial variance in spectral density plots of these manipulated series decreased at
frequencies higher than a transition region. This pattern was similar to the drop in
spatial variance in the average spectral density plots of capelin and cod. I attribute the
rapid drop in spatial variance at small scales to uniform spacing of fish within schools.
Experiments using live fish to test the reduction of spatial variance at small scales due
to shoaling or schooling have not been conducted (cf. Pitcher and Parrish 1993).

‘The presence of zeros in count data potentially introduces an additional source of
variance when analyzed with spectral decomposition techniques. Zero counts in
transect data can arise from two sources: high resolution sampling, and convergent
behaviour of animals. High resolution sampling (small bin sizes) combined with low
organism abundance lowers the mean abundance per sample thereby increasing the
probability of getting a zero count. Fasham (1978) showed that as the mean count per
sample decreased, slopes of spectral density plots also decreased. Zeros in transect
counts can also result from biological processes. Sampling patchily distributed
organisms such as capelin will result in a higher proportion of zeros compared to the
‘proportion of zeros in counts of more uniformly distributed organisms (e.g. gelatinous

" zo0plankton, cf. Schneider and Bajdik 1992). These effects are amplified when mean
abundances are low.

Two methods can be used to separate biological spatial variance from sampling
artifacts. The first method subtracts sampling error variance from the total variance in

a series. Mackas (1977) proposed that the total variance in zooplankton distribution



data was an additive function of variance due to patches formed by the organism and
variance due to random sampling error. Bias due to sampling error is a function of the
mean organism count and the number of frequencies analyzed. When bias due to
sampling error is large, a Poi: istril variance can be

from spectral density estimates at each frequency (Mackas 1977). Adjusting spectral
density estimates by subtracting an error component will have a greater effect at high

frequencies. Spectral density estimates generally do not require bias correction except
in the vicinity of sharp spectral peaks (Mackas 1977). A second approach to isolating
biological spatial variance is to examine the probability of getting a zero count as a

function of sample mean. The ility of ing patchily di:

organisms can be modeled as a Poisson point process. A Poisson distribution is a
convenient theoretical distribution used to describe the number of times a zero count
potentially occurs in rare and randomly distributed organisms. If the accepted
probability of randomly obtaining a zero count in a Poisson process is arbitrarily set to
0.05, then spatial variance can be assessed at sampling resolutions with mean counts
equal to or greater than three (cf. Fig. 5.3, Sokal and Rohlf 1981). A plot of mean
count as a function of sample size will identify the minimum resolution (measurement
frequency) at which the mean count per sample equals three. This scale can then be
used to define a minimum scale of biological interpretation. An increase in slope of
spectral density plots is inevitable below this resolution, due to an increased number of
random zero counts. Caution must be exercised if spectral density estimates are
biologically interpreted at scales smaller than the minimum interpretation scale.
Spectral density and coherence estimates of capelin and cod were not adjusted for
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random sampling error in this study. Capelin and cod power spectra did not contain
strong peaks similar to those seen in plots of passive tracers. In addition, plotting mean
density as a function of bin size was not possible due to a lack of absolute fish densities.
Species specific target strengths are needed to convert relative to absolute densities.
‘Target strengths were not measured in this study. Despite the lack of target strengths,
concentrations of capelin and cod were not predicted to drop below 3 fish per bin
within aggregations because aggregation sizes of both species were at least nine times
larger than the sample resolution. At scales smaller than the scale of transition,
interpretation of spectral density plots was restricted to a comparison of slopes in
average spectral density plots.

Comparison of results from this study to spatial variance patterns of Antarctic krill
(Weber et al. 1986; Levin et al. 1989) revealed similar features in spectral density
plots. At the temporal scale of a single transect, episodic concentrations of spatial
variance occurred in plots of capelin, cod, and krill. Characteristic patch sizes,
indicated by concentrations of spatial variance at a single scale, were not observed. At
larger temporal scales, average spectral density plots contained two regions of differing
slopes separated by a transition region. Spectral density slopes of these plots were less
than those of passive particles at large spatial scales, but the reduction in slope did not
increase as organism mobility, based on body size, increased. At scales smaller than
the transition region, slopes of spectral density plots were steeper than those at large
spatial scales.

To assess whether these patterns occur more generally among mobile aquatic

organisms, all available estimates of spatial variance were plotted in a single diagram.



Figure 4.5 contains average spectral density estimates of phytoplankton, Antarctic krill,
capelin, Atlantic cod, and two marine birds -- common murres (Uria aalge) and
Atlantic puffins (Fratercula arctica). Murres and puffins nest on rocky areas along the
Newfoundland coastline, feeding extensively on capelin while rearing chicks (Brown
and Nettleship 1984). Spectral density estimates of murres and puffins (bandwidth 0.1)

from 35 transects were standardized and then averaged over 0.01 cycle km bins (D.

data). A i feature of Fig. 4.5 is the pairing of
spectral density plots by taxonomic group. Spectral density plots of murres and puffins
overlap, as do the two krill spectra and the two plots of capelin and cod. Magnitudes of
marine bird spectral densities were intermediate between those of plankton and fish.
This is attributed in part to differences in mean abundances. Data series with small
abundances typically have low means and variances. Spectral density estimate*. rise
when divided by a low variance to standardize variances among transects.

As expected, the spectral density slopes of phytoplankton differed from those of
mobile organisms at large and intermediate scales. At scales larger than transition
regions, the slope of the phytoplankton spectral density plot was always steeper than
slopes of mobile organism plots. Spatial variance patterns of mobile aquatic organisms
did not follow the "turbulent energy cascade' proposed for passive tracers of the
surrounding fluid. The reduced slope among mobile organisms is consistent with the
hypothesized injection of kinetic energy due to the convergence of individuals into
shoals at transition scales.

The most interesting feature in Figure 4.5 is the similarity of spatial variance

patterns among mobile organisms. Average power spectra of krill, marine birds and
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Fig. 4.5 Average spectral density estimates of capelin (broken line), Atlantic cod,
Atlantic puffin (broken ling), common murre, Antarctic krill (Weber et al. 1986),
Antarctic krill (dotted line) (Levin et al. 1989), and fluorescence as an index of
phytoplankton (Weber et al. 1986) plotted as a function of frequency.
Phytoplankton is plotted as a dotted line to distinguish spectral density plots of
mobile organisms from passive tracers of the surrounding fluid. Periods (km) are
shown on the upper X axis.
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fish all contained two regions of differing slopes separated by a transition region. The
steeper slopes of spectral density plots below transition regions were interpreted as
reductions in spatial variance due to the regular spacing of organisms within
aggregations. The anomalous dip in the power spectra of common murres is attributed
to the association of murres with upwelling events at the spatial scale (5 km) of a
Rossby radius (Schneider 1989).

Transition regions in spectral density plots of mobile organisms naturally
demarcate domains of spatial variance. Ranges of these domains can be formalized
using fractal geometry (Mandelbrot 1982). The degree of self-similarity across spatial
scales is quantified by converting slopes of spectral density plots to Hausdorf or fractal
dimensions (Bradbury et al. 1984; Sugihara and May 1990; Schroeder 1991). A
constant value over a range of scales defines a domain that may be generated by a
single process (Sugihara and May 1990). Large changes in fractal dimensions indicate
scales where therc may be a shift in processes that generate spatial variance
(Mandelbrot 1982). Among capelin and cod, I found evidence of a shift from shoaling
to schooling at scales smaller than transition regions.

Spatial variance domains have two important implications. First, spatial variance
domains limit the range of research conclusions (Sugihara and May 1990). Ecosystem
process models should not be extrapolated beyond domain boundaries just as regression
models should not be generalized beyond limits of sampled data. A second practical
application of spatial variance domains is the reduction of field survey costs. By setting
sample resolution equal to the smallest spatial scale within a domain, survey costs are

minimized and the results can be extrapolated throughout the domain. This indicates



that a wider application of fractal geometry may provide clues to processes that
influence spatial distributions of organisms and be used to delineate the range of scales
over which they operate.

Spectral analysis was chosen as an analytic tool because it has the advantage over
other techniques of simultaneously analyzing variance at several scales. Advantages
and disadvantages of statistical techniques used to describe spatial patterns are evaluated
in Chapter 7. Despite this advantage, the sensitivity of spectral analysis to the presence
of zeros prevents it from being ideally suited to the analysis of patchily distributed, rare
organisms. Isuggest there is a need for better quantitative tools that assess spatial and

temporal variance of count data.



Chapter 5. Spatial Coherence of Mobile Aquatic Organisms

5.1 Introduction

Quantifying interactions between predators and prey continues as a dominant
theme in ecology. Theoretical models of this interaction have largely been limited to
either the spatial scale of an individual organism or to that of the population (for
reviews see Levin 1976; Chesson 1978; Taylor 1988, 1990; Hastings 1990; Reeve
1990; Kareiva 1990; Berryman 1992). At thesc two spatial scales the dependence of
observed patterns on measurement scale has been identified (Waage 1979; Morrison
and Strong 1980; Heads and Lawton 1983; Hanski 1991) and the necessity of multiscale
quantification of predator-prey theory is regularly expressed in the literature (e.g.

Hassell and May 1973; Anderson and May 1985; Holdbrook and Schmitt 1988; Kareiva

1990; Aronson 1992; ider 1994a). Quantifying the scall of
predator-prey interactions requires comparison of results over a wide range of spatial
scales.

Several recent studies have examined whether mobile, aquatic predators are
associated with prey at characteristic spatial scales (Table 5.1). All field surveys cited
report spatial scales of maximum association between predators and prey. These
conclusions are based on single or a limited number of transects which implicitly
represent short temporal scales. Scales of maximum predator-prey association were
then matched to dominant physical processes to explain observed patterns of biological
variance. This approach assumes that biological pattern is created by physical

processes at the same scale. Direct coupling between biological and physical processes
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Table 5.1. Spatial scales of maximum covariation among mobile, aquatic predators and their prey.

Predator Prey

Scale of maximum covariation

>100km 100to 10km 10to Ikm lkmto 100m <100m

Source

Zooplankton Phytoplankton
Zooplankton Phytoplankton

Krill Phytoplankton
Krill Phytoplankton
Birds Zooplankton
Birds Zooplankton
Fish Fish

Birds Fish

Birds Fish

Birds Fish

Birds Fish

Birds Fish

Birds Fish

10 km

500 km
10 to 100 km

10 to 20 km

1 km
1km
2.5 km

>5km
<5 km
>1km
210 6 km
>1km
5 km
>1km
5 km

0.25 km

35m

Mackas and Boyd 1979
Star and Mullin 1981
‘Weber et al. 1986

Miller and Monteiro 1988
Heinemann et al. 1989
Hunt et al. 1990

Rose and Leggett 1990
Safina and Burger 1985
Schneider and Piatt 1986
Safina and Burger 1988
Schneider 1989

Erikstad et al. 1950

Piatt 1990
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at the same scale is often ized when prey i such as

move passively with the surrounding fluid (e.g. Legendre and Demers 1984; Mackas et
al. 1985). The previous chapter demonstrated that spatial variance patterns of
organisms that move independent of the fluid do not commonly match those of physical
quantities (see also Weber et al. 1986; Levin et al. 1989; Schneider 1994<).

Characteristic scales of interaction between predators and prey may also be
influenced by biological processes such as the aggregative response of predators to
concentrations of prey (Holling 1965, 1966; Murdoch and Oaten 1975).

Concentrations of prey potentially influence the spatial variance patterns of predators
and the scale of maximum spatial association between predators and prey. The
influence of aggregative responses on the spatial variance of mobile predator-prey
interactions have not been examined over a wide range of scales.

‘Two different scales of maximum spatial association were predicted to occur
between Atlantic cod and capelin at the temporal scale of a foraging bout. Spatial
association between predator and prey could peak at the scale of maximum prey spatial
variance (Fig. 5.1) which maximizes potential contact rate of predator with prey. If the
scale of maximum predator-prey spatial association does not match thzt of maximum
prey spatial variance, then I predicted spatial association between predators and prey to
peak at an alternate scale that maximizes net energetic benefit to the predator (Fig. 5.1).

Relative density estimates of capelin and Atlantic cod were used to examine
scale-dependent spalial associations between a mobile aquatic predator and its prey.

Scale-dependent patterns of capelin spatial variance were compared to measures of
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Fig. 5.1 (a) Schematic diagram of prey spatial variance. (b) Coherence between
predator and prey as a function of scale Dashed line shows that the peak in
coherence between predator and prey matches the scale of maximum prey spatial
variance in (a). Dotted line shows that the peak occurs at another scale that

potentially maximizes net energetic gain to the predator.



spatial association (coherence) between capelin and Atlantic cod. Low coherence

values between predator and prey prompted an ination of cod foraging

to see if cod were obligated to track capelin during the spawning scason.

5.2 Methods

5.2.1 Spatial Coherence

The data set used in this analysis is identical to that used to examine spatial
variance of capelin and cod in the previous chapter. Spatial association between
predator and prey was quantified using bivariate spectral analysis. Spatial association
between two series is measured using coherence and phase. Coherence measures the
strength of association between two variables as a function of frequency and is
analogous to a squared correlation, with potential values ranging from 0 to 1. Phase
indicates the sign of correlation between two data series. Two series that are less than
90° out of phase are positively correlated and termed in phase. Two series that are
greater than 90 out of phase are negatively correlated and termed out of phase. A
smoothing window of 0.01 cycles m-! was used in comparative analyses to provide a
compromise between accuracy and smoothness. All spectral density estimates were
standardized to permit direct comparison of survey transects. The analytic window
extends from 20 m to 10 km. Spectral density estimates, coherence, and phase values
from all transects were combined and then averaged at a resolution of 0.0001 cycles m!
to produce average spectral density, coherence and phase values. These values were

plotted as a furiction of frequency.
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5.2.2 Bioenergetic Calculations

Estimates of daily ration from cod feeding models were compared to surplus
energy calculations based on glut foraging on capelin at approximately 4°C. Glut
foraging is defined as feeding to repletion. Mean cod length was used to estimate
weight of a predator using the weight-length relationship from Bishop et al. (1993):

log W =3.08791log L-5.2106 G.1)
where log Iv is the common logarithm of fish weight (kg) and log L is the common
logarithm of fish length (cm). Estimated daily ration as a function of temperature was
calculated using (Jobling 1988):

InFI=(0.104T ~0.0001127%-1.5)+0.8021n (5.2)
where FI is food intake (kJ day), T is temperature (°C), and v/ is mass of fish (g).
‘This estimate was compared to the average amount of food eaten ¥, (g day-) by the
i th fish using (Waiwood et al. 1991):

Ji= P/e“"“’n’“"'” 6.3
where £, represents the probability of feeding (Table 5, Waiwood et al. 1991) at
temperature j and x is the natural logarithm of fish mass (g).

Calculated estimates of cod daily ration were compared to estimates of surplus
energy Aw (kJ) available to cod from a glut feeding on capelin. Bioenergetic
calculations were based on Winberg (1956):

Aw=pR-T (5.4

where p isadi i i ing for the imil ion of

ration R (kJ)and 7 (K) is ic dissipati In these ions p was set at



30% (Brett and Groves 1979). Following Kerr (1971), the metabolic component 7
‘was separated into maintenance 7, , digestion 7., and external activities 7 ¢ (i.c.
swimming).
T=T,+T+T; 6.5
Maintenance costs 7, = R main (kcal day™') were estimated using an equation from
Jobling (1982):
R it = 0.0171/057° {5.6)
where I/ is fish mass (g). Calorific estimates were converted to ST units using 4.184 J
cal!, Digestion costs T. were set at 11.85% of ingested energy based on laboratory
experiments conducted with juvenile cod at 7°C (Soofiani and Hawkins 1982). Gastric
emptying of a full cod stomach at 5°C was set at 58 hours or 2.42 days (Tyler 1970).
Mean body lengths of capelin and cod were used to estimate swimming speeds using an
equation from Okubo (1987):
y=2.69L%% (5.7
where v is speed (cm s*) and L is total length of fish (cm). Maximum potential range
of a foraging cod was calculated by multiplying swimming speed by the number of
seconds in a day. Swimming costs for cod T were estimated using results from
respirometer experiments. Amount of oxygen consumed VO, (mg O, kg* h') ata
given temperature was calculated using fish swimming speed U/ in body lengths per
second (Soofiani and Priede 1985):
log V0, =1.992+0.12U (5.8)
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Oxygen consumed was converied to energy using an oxycalorific coefficient of 3.36 cal
kg (mg O,)* (Brett 1973).

5.3 Results

5.3.1 Spatial Variance Patterns

At the temporal resolution of an individual transect (ca. 1 hour), a characteristic
pattern of capelin spatial variance was not present among the 19 transects surveyed in
Conception Bay (Chapter 4). Concentrations of spatial variance were observed in
individual transects (Fig. 5.2a) but frequencies of maximum spectral density were not
consistent among spatially or temporally separated transects. Coherence values
between cod and capelin were generally below 0.2 in all transects. Only three of the 19
transects ined i peaks of at any scale (Fig. 5.2b). Inall

transects, phase spectra of capelin and cod oscillated in and out of phase over the range
of analyzed spatial scales (Fig. 5.2¢).

To examine patterns of spatial association over longer temporal scales, spectral
density estimates of capelin and cod relative densities from all transects were averaged
over 0.0001 frequency bins and plotted as a function of frequency. As shown in the
previous chapter, average spatial variance plots of capelin and cod (Fig. 5.3a) contained
two regions of differing slopes separated by a transition region. A peak in spatial

variance indicating a istic scale of ion was not observed in the average

power spectra of either capelin or cod. Coherence between the two species was
uniformly near zero (Fig. 5.3b) and in phase (Fig. 5.3c). A characteristic
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Fig. 5.2 (a) Spectral density estimates of capelin (broken line) and Atlantic cod (solid
line) from a 6 km transect plotted as a function of frequency (bandwidth 0.01,
centered, normalized). Periods (m) are shown on upper X axis. (b) Coherence of
capelin and Atlantic cod plotted as a function of frequency. (c) Phase estimates of

capelin and Atlantic cod plotted as a function of frequency.
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scale of spatial association between capelin and cod was not observed at the temporal
scale of an individual transect (approximately 1 hour) or at the scale of averaged
transects (approximately 2 weeks).

5.3.2 Bioenergetic Calculations

One potential explanation for the lack of spatial coherence is that cod do not need
to track abundant and mobile prey such as capelin. To test this I compared energetic
estimates from cod consumption models to empirical back-calculations of cod foraging
on capelin.

A sample of 132 capelin caught nearshore had a mean length (+ S.E.) of 15.36 £
0.15 cm. A sample of 140 cod caught in passive fishing traps located in the sampling
area had a mean length of 44.4 + 0.54 cm. Based on the sample, cod traps catch fish
greater than 34 cm in length. Lilly (1987) has shown that cod less than 35 cm in length
do not feed on adult capelin. Using the weight-length relationship from Equation 5.1,
the mass of a 44.4 cm cod was estimated at 752.2 g. Jobling's (1988) food intake
model (equation 5.2) was used to calculate that a 752.2 g fish would ingest 68.07 kJ
day! at 4C. This is 45% higher than the 11.16 g day* or 46.87 kJ day calculated
from Waiwood et al.'s (1991) "average food eaten' model (equation 5.3). Mass caten
was converted to energy derived from capelin using 1004 calories g wet capelin
(Jenkins, 1975). If mass eaten was converted to energy using Tyler's (1973) original
conversion factor of 4610 calories g of dry shrimp Pandalus montagui (Leach) and a
dry to wet mass ratio of 0.27, the amount of energy required was increased to 58.11 kJ
day. Conscquently, energy requirements for a 752.2 g cod ranged between 58 kJ and
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68 kJ per day.

Energy ingested by cod foraging on capelin was calculated by multiplying
numbers of fresh capelin observed in cod stomachs by the average energy content of a
single capelin. Net energetic gain was calculated by subtracting metabolic costs of
egestion, excretion, maintenance, digestion and foraging from total energy ingested.
Calculations of energetic costs represent maximum energy demand under hypothetical,
and probably extreme, conditions. Based on 50 stomach samples from cod caught in
cod traps, a glut ration of capelin typically ranged from eight to 12 fish. Capelin
calorimetric yields from fresh capelin samples taken during the spawning season ranged
from 3.9 kJ g (Montevecchi and Piatt 1984) to 4.2 kJ g (Jenkins 1975). Using an
average wet capelin weight of 31 g (Jenkins 1975) or a combined male and female
average of 34 g (Montevecchi and Piatt 1984), average energy content of capelin was
estimated at 131 to 133 kJ capelin'. Setting average caloric content to 132 kJ capelin-!
and an average ration of eight to 12 capelin, total energy consumption was calculated to
range from 1057 to 1585 kJ per glut feeding. Egestion and excretion of an
unassimilated portion of the ration was estimated at 317 (8 capelin ration) to 476 kJ (12
capelin ration). Maintenance costs 7", of a 752.2 g fish incorporating a 58 hour
gastric emptying period were estimated at 58 kJ (equation 5.6). Digestion costs T .
ranged from 125 kJ (eight capelin) to 188 kJ (12 capelin). Estimated swimming speeds
(equation 5. 7) were 28.19 cm s for capelin and 70.23 cm s for cod. Swimming
speeds of cod may be lower in cold water. For example, He (1991) observed
maximum sustained swimming speeds of 0.9 to 1 body lengths per second (B.L. s)
when temperatures ranged from -0.3 to 1.4°C. Metabolic costs due to swimming T ¢
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at 1 B.L. s were calculated at 129.42 mg O, kg-! h! (equation 5.8) or 1.82 kJ kgt h-t,
Therefore if a 44.4 cm, 752.2 g cod swims continuously at 1 body length st during the
58 hours needed to digest the ration, an additional 79.34 kJ of energy would be
consumed. During this period a predator could potentially travel a distance of 38.36
km swimming at a speed of one body length per second.

In summary, surplus energy Aw following the consumption of eight to 12 capelin
was estimated at 478 to 784 kJ (Table 5.2). These estimates include energetic costs of

egestion, excretion, maif digestion, and i imming during ration

assimilation. This result shows that cod are not required to continuously track capelin
at any spatial scale less than 10 km, Empirical back-calculations of cod glut feeding on
capelin were a minimum of 2.9 times higher than those calculated using cod
consumption models. Jobling's model (equation 5.2) estimated a consumption of 165
kJ compared to the 140 kJ calculated using Waiwood et al.'s model (equation 5.3).
Physiological differences between cod used in consumption model experiments and
those sampled for the empirical model may limit comparison between the two classes of
models.



Table 5.2. Energetic calculations of cod glut feeding on capelin based on
models from Winberg (1956) and Kerr (1971)".

Model component 8 capelin 12 capelin
Ration (R) 1057 kI 1585
Egestion and Excretion (p) 317k -476 kI
Maintenance (7', ) -58 kKJ -58 K
Digestion (7. ) -125 K7 -188 kI
Swimming (7 ¢ ) -9 k¥ 19K
Surplus energy (Aw) 478 kJ 784 I

* The predator is assumed to be a 44 cm, 752 g cod with a clearance rate at
5°C of 58 hours (Tyler 1970). Foraging speed is set at 1 body length second-1,
Energetic content of the ration was calculated at 132 kJ capelin'. Egestion and
excretion was set at 30% of ration (Brett and Groves 1979). Maintenance of a
752 g cod was calculated at 24 kJ day! (Jobling 1982). Digestion at 7°C was
estimated as 11.85% of ration (Soofiani and Hawkins 1982). Swimming costs
at 1 body length s1 were calculated at 1.37 kJ h-! (Soofiani and Priede 1985).



5.4 Discussion
Spatial coherence between capelin and cod was low at all spatial scales among the
19 survey transects. Small concentrations or peaks of coherence occurred in 3 transects

but scales of i were not i among these transects. When

transects were averaged, coherence values were near zero across all sampled spatial
scales. A characteristic scale of spatial association between capelin and cod was not

observed. In the absence of any consistent spatial association, no attempt was made to

the form of a i ive response.

The lack of a characteristic scale in the statistical description of spatial association
between capelin and cod was an unexpected result. Capelin comprise a major
component of cod diet (Popova 1962; Lilly 1987, 1991), especially during the capelin
spawning season (Thompson 1943; Methven and Piatt 1989). A characteristic scale of
association was expected to fall somewhere within the range of a few body lengths to
the spatial scale of a small bay. Coherence between adult capelin and Atlantic cod has
been observed at the spatiotemporal scale (length < 5 m, duration < 1 hour) of a
foraging bout (Rose and Leggett 1990). This was observed only once, during a short
(185 m) transect in the day when cod were actively feeding on capelin. I have included
samples from all hours of the day (Table 4.1) to ensure sampling occurred when cod
were actively feeding on capelin.

One possible explanation for the lack of coherence is Type 11 error, failure to
detect a real effect. Data acquisition and analysis were designed to minimize five
sources of Type II error:  scale of sampling, choice of bandwidth, vertical integration

of daia, the presence of zeros in data, and spectral analysis of non-linear interactions.
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One potential source of Type II error is taking measurements at the 'wrong' scale.
However, this study analyzed mobile predator-prey interactions over four orders of

spatial magnitude (20 m to 10 km). A sampling range of this size is rare within a single

study. For i the 14 predator-prey i ion studies that report
‘characteristic' scales of spatial association (Table 5.1) collectively sample 6 orders of
spatial magnitude.

A second procedural step which could contribute to Type II error is the choice of
bandwidth used in spectral analyses. Bandwidth influences coherence values by setting
the number of adjacent periodograms averaged to estimate spectral density magnitude in
each frequency band (Chatfield 1980). In a series of replicated spectral analyses that
differed only in bandwidth, I found that coherence values were lower in replicates that

used narrow i idths are not y reported for spectral analyses

of biological data. A narrow bandwidth (0.01) was selected to minimize bias due to
smoothing among frequency bands (Diggle 1990).
A third potential source of Type II error is the vertical integration of relative fish

data. Abund data were i over the water column to analyze
horizontal variation of cod relative to capelin. Two dimensional transects were
analyzed as a one dimensional data series. Shoal sizes may be increased due to
horizontal overlap between aggregations that are vertically separated in the water
column. This is more likely among capelin where aggregations form near the surface
and near the thermocline (Methven and Piatt 1991). In spectral analysis the combining
of vertically separated shoals to larger aggregations potentially increases the scale of

maximum association between the predator and prey. At small scales this may mask
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coherence between the two species but strong interactions would remain detectable in
spectral density plots. The influence of vertically integrating abundance data on spatial
variance patterns of predators and prey could be examined by computing the power

spectra and coherence in two dimensions (Ford 1976; Ripley 1981) and comparing

results to the one dil i case. A two di i spectral analysis was not

because of the i of a square data matrix (Ripley 1981). In any
transect longer than 112 m, the padding of the vertical dimension with zeros would
potentially influence spectral density estimates.
‘The presence of zeros in a discrete data series is a fourth potential source of Type

Il error. Coherence values can be lowered by random sampling error of a Poisscr
process (Mackas 1977). As a compromise hetween high sample resolution and
reducing the probability of getting a zero count, minimum bin size was set at 10 m.
The fifth potential source of Type II error is the presence of non-Jinear interactions

between predator and prey. Spectral analysis fits a linear relationship between two

variables. Aperiodic, i i are i and result in lower
coherence estimates (Star and Cullen 1981).

I can neither eliminate nor quantify the amount of Type Il error in this analysis.
‘Where possible, data acquisition and analytic procedures were designed to minimize
Type I error. A similar approach using spectral analysis has shown that scales of
maximum association exist between marine birds and capelin (Schneider 1989). The
same: potential sources of Type 1I error exist in the analysis of marine bird data, yet
scales of spatial association between predators and concentrations of prey were

detected, This result was Jater confirmed using variance to mean ratios (Piatt 1990).
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As an alternative to Type II error, the lack of spatial association between predator and
prey in this study could be due the biology of the organisms.

A simple biologi ion for low between capelin and cod is

physiological constraints imposed on cod while foraging. If energetic costs of tracking
prey over large distances exceed net energy gained by consuming prey, then the spatial
coupling of cod to capelin is potentially restricted to scales smaller than those analyzed
in this study (20 m). Bioenergetic calculations do not support the hypothesis that
foraging cod must track capelin aggregations. Energetic costs of continuously
swimming for 58 hours were 10% to 14% of the total energy used to obtain and
assimilate the ration. This is a conservative estimate of cod foraging activity. Tracking
studies of Atlantic cod show that cod do not swim continuously throughout the day
(Hawkins et al. 1985; Keats et al. 1987) or after feeding (Clark and Green 1990). If
our assumptions concerning swimming costs are correct, then the energetic cost of
digestion was 1.6 to 2.4 times higher than the cost of finding the ration. Our estimate
of energetic costs of swimming (1.37 kJ h) agreed well with the 1.33 kJ h calculated
using Tytler's (1969) oxygen consumption model for haddock Melanogrammus
aeglefinus (L.), another gadoid. The energetic cost of swimming represents a small
proportion of the total energy used when cod forage on capelin. I conclude that the
lack of coherence between capelin and cod was not due to physiological constraints
imposed on foraging predators.

The lack of and bil i ions are i with fishers'

of cod-capelin i i The term 'logy’ or 'loggy' is used to describe
fish that are resting on bottom (Story et al. 1990). As the end of the capelin spawning



season approaches, cod are described s being ‘glutted with capelin’. Cod can not be
caught with jigger, baited hook or trawl lines because they have reduced feeding and
are not moving large distances (Ches and Gord Jackson, Cavendish, Newfoundland,

personal communication).

Differences in energy estimates between food intake models and glut feeding
calculations deserves comment. Estimates from food intake models were at least 3
times smaller than those from glut feeding calculations. The food intake models
(Jobling 1988; Waiwood et al. 1991) were based on laboratory studies of captive fish
which were fed daily. Some of the fish used in the laboratory experiments had been
held in captivity for a period of up to 4 years (Waiwood etal. 1991). Energetic gains
from glut feeding were calculated by estimating the amount of energy consumed in a
capelin ration and then subtracting energy required to maintain the animal, to digest and
clear ingested material, and to continuously swim while the ration was cleared from the
stomach. Feeding efficiency (3 100% ) during this period ranged from 45% to
49% depending on capelin ration size. This is more than double the 20% observed at
7C for cod feeding on fish pellets (Hawkins et al. 1985). But our calculations
encompass a short, intensive feeding period in the wild. Cod sampled for these
calculations had probably completed a post-spawning migration from offshore banks
(Rose 1993). These fish feed on local concentrations of pre-spawning capelin in coastal
waters to replenish depleted somatic and reproductive energy reserves (Turuk 1968). It
is also unlikely that activity levels and reproductive cycles of cod used in laboratory
experiments would match those of wild-caught fish. Differences in energetic intake and

feeding efficiency estimates are attributed to the time of sampling and physioiogical



differences among animals used in the two types of models.

On average, 2 istic scale of spatial iation between capelin and cod
was not observed over a measurement window spanning four orders of spatial
magnitude. Low coherence between predators and prey across a range of spatial scales
has also been observed in feeding on (Star and Mullin
1981), birds preying on leaf miners (Heads and Lawton 1983), multiple predators

feeding on brittle stars (Aronson 1992), and parasites feeding on chrysomelids
(Morrison and Strong 1980, 1981). For cod, an ion of this lack of

was derived from energetic calculations. These showed that cod do not need to be
spatially coupled with prey at scales less than 10 km. Hence cod can function
successfully as 'sit and wait' predators. The physiology of the predator, rather than
spatial distribution patterns of the prey, explained the absence of a classic form of
population interaction at small scales. This chapter illustrates that aggregative
responses of predators do not occur at all spatial scales. I speculate that aggregative
responses may only occur over a small range of spatial and temporal scales.



Chapter 6. Shoaling and Schooling Simulati
6.1 Introduction

Spatial variance in the distributions of mobile organisms differs from that of
passive tracers of the surrounding fluid (Chapters 3, 4). Data manipulations (Chapter
4) demonstrated that shoaling and schooling were two kinematic processes capable of
generating slight negative slopes in spatial variance plots of mobile organism
distributions. In general, theoretical models of kinematics have not been used to
examine the scale or scales at which spatial variance is generated.

Increased spatial variance at intermediate scales among mobile organisms is
potentially created in two ways. Spatial variance may be generated at a single small
scale and then propagated to larger scales. This hypothesis is opposite to the 'turbulent
energy cascade' commonly assumed for spatial variance patterns of passive tracers in
fluids (cf. Fig. 2, Mackas et al. 1985). Although one exception is the generation of
large scale pattern from the interaction of passive particles with Langmuir circulation
(Liebovich 1983; Weller and Price 1988; Schneider and Bajdik 1992). Altematively,
spatial variance may be independently generated at several scales by a variety of
kinematic processes. The creation and possible transfer of spatial variance to larger
sCwses has not been quantified for mobile aquatic organisms.

In this chapter a particle interaction model is developed to simulate fish
kinematics. The simulator is used to track changes in spatial variance of mobile aquatic
organisms due to shoaling and schooling. Slopes of spatial variance plots are predicted

to decrease with an increase in shoaling and schooling. Shoaling is defined as the



107

of isms i of fluid motions. Schooling is differentiated

from shoaling by the coordinated movement of a group of aquatic organisms (Pitcher
1986; Pitcher and Parrish 1993). Models of the formation and maintenance of fish
shoal structure have been based on opposing forces of attraction and repulsion between
individuals (Parr 1927; Breder 1954; Jacobson 1990). Magnitudes of forces are a

function of distance between indivi ing at an equilibrium distance equal to

the mean distance between members of an aggregation. Breder (1954) based the
repulsion force on Coulomb's law of magnetism and electrostatics such that the
repulsive force between two fish was proportional to the inverse of the distance
squared. This maintains a minimum inter-fish distance between all members of a shoal.
‘The schooling component of a simulation model should result in polarized aggregations
of fish moving in a coordinated fashion. Jacobson (1990) included a cohesion
component in his simulator but imposed a constant fish speed and reflective boundaries
within the model domain. The use of closed boundaries disproportionately increased
boundary effects and restricted the range of spatial scales examined. To quantify the
effects of shoaling and schooling on spatial variance, a shoaling component based on
attraction-repulsion forces should be integrated with a schooling component that is

unrestricted in spatial range.
6.2 Mobile Particle Interaction Model

6.2.1 Model Development

Consider NV fish at positions Feo = ««N in atwo dimensional plane (Fig.
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Fig. 6.1 Schematic diagram of attractive and repulsive forces between fish i and fish j.

6.1). All symbols are listed in Appendix 6.1. The force F onthe ith fish at 7, due
to attraction A and repulsion R from the jth fishat7;, j=1,...,N-1 is
defined as

6.1)




where rn is the exponent of attraction and 72 is the exponent of repulsion. The force

onthe ith fish dueto the other NV fish within an interaction distance is the sum of

forces
R 6.2
F-3T
=
w
The velocity V7 of thei'th fish is defined as
M (6.3)
V==t
dt
The acceleration 7 of the th fish is defined as
— _d%r_dV, 6.4
Car T Tdr
The acceleration of the i th fish can be decomposed into three parts
A=F i 6.5)

where 7 isa frictional force opposing the motion of fish ¢ and ; is a random force
acting on thei th fish. The magnitude of the frictional force is calculated using

= 1 gy 6.6)
Fi==30,5C,[Vi[V €9

where p; is the density of the fluid, S is the wetted surface area, and C, is the drag

By ini into a single friction parameter C this equation
simplifies to

Fou-c[TAIT: 6
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The random force has magnitude o so that

XOELO) ©.8)

where &, is a random vector with unit variance expressed as

<E() E()>=1 (6.9)
The random force acting on the ith fish is uncorrelated with the force acting on any
other fish j
<EEW)>=0  if i) (6.10)
1t is assumed that there is a characteristic period T, termed a relaxation time constant,
when fish respond to a change in the distribution of conspecifics. During this period
the random: force is correlated to previous time steps and after which it becomes
uncorrelated.
<EUOEW)>=1  if ||<x (6.11)
EUOEU)>=0  if |t|>t (6.12)
There are six parameters in our problem: A, R, m, n, o, and C. Butonly four

of these arei given the dynami ionship among variables
(equation 6.5). The problem can be nondimensionalized to express it in terms of the
four independent parameters. First, consider a dimensionally equivalent equation to
6.5):

o 2 6.13)
rz‘=ﬁ_5_ﬂ1§_ C(E)
dt ol dt

Let r=qr” and t=pt", then



L
prdt™® g"ri" q"ri P

to remove the coeffcient from the attractive force, and

pla pPa=q

q
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6.14)

(6.15)

(6.16)

6.17)

to remove the coefficient from the random force. Solve Equations (6.16) and (6.17) for

q

Providingm # 0, n # 0, then

diri L p_R_%_cq(ég)
;

(6.18)

(6.19)

(6.20)

(6.21)



Assign

and

In nondimensional variables the equations of motion now become:

iy
T'F(*l.*i.

where

&

7=V Vi

R G

12

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

and £, is a random number with variance 1 as expressed in Equations (6.9), (6.10),

(6.11), and (6.12).
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6.2.2 Model domain

Acoustic survey data from continental shelf waters are modeled as a
unidimensional cut through a large, horizontal 2-dimensional plane. It is not necessary
to model all fish on a continental shelf because fish visually detect conspecifics over
small distances relative to the breadth of the ocean. The detection distance used in the
model can be altered to represent other sensory mechanisms in fish,

The x dimension in the model is set to approximate the length of a typical acoustic
transect with boundaries imposed at x=0 and x=L. Channel length L was set at 1000
m to span three orders of magnitude for spatial variance analysis. This also ensures
that L will be a minimum of two orders of magnitude greater than the distance over
which two fish can interact. The y boundaries are imposed at y=0 and y=Y where Y
is the width of the model domain. Channel width is set to ensure a large separation

between ies relative to the maxi; i ion distance between any two fish,

Channel width used in the si ions was 40 m, a minil of 5 times the

fish interaction distance of 8 m (see below).

Periodic boundary conditions were used to minimize perimeter effects in a two
dimensional, horizontal plane. A periodic boundary condition assumes identical
channels to all sides of the model channel. The model domain was set to simulate a
hydroacoustic survey transect in open water while maintaining fish density. Simulating
a nearshore environment or a vertical profile (i.e. x-z plane) would require reflective

boundary conditions at one (i.e. coastline) or more (i.e. surface and bottom)

boundary itions increase edge following behaviour (e.g.

Jacobson 1990). Edge following behaviour will enhance the development of fish
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schools. The magnitude of this effect is dependent on the perimeter to surface area
ratio. In a two dimensional plane of width L and length nL, the perimeter scales by a
factor of 2+ 2n as the surface area scales by a factor of length n/.. Under periodic
boundary conditions, if a fish crosses an upper or lower boundary it retains its
x-coordinate and the new y coordinate is the original y coordinate + the width of the
channel. This positions the fish at an identical distance inside the channel from the
upposite_boundary. Analogous conditions are set at the ends of the channel at y=0 and

y=Y.

6.2.3 Model parameters

The biological premise for the simulator is that fish are attracted to conspecifics
but maintain a minimum distance between individuals, Ferces of attraction and
repulsion are inversely proportional to distance, with the force of attraction dominating
at large distances and the force of repulsion dominating at small distances. The net
force is zero at the mean inter-fish distance within fish schools (Fig. 6.2).

Values of parameters are based on experiments or empirical observations of
pelagic, schooling fish. All parameter values were set to approximate capelin
morphology and behaviour (Table 6.1). Inter-fish spacing, also termed
nearest-neighbor distances, have been reported for enclosed (e.g. Pitcher and Partridge
1979; Partridge 1980) and free swimming (e.g. S@tre and Gjeszter 1975; Misund
1993) fish schools. For a variety of species, values approximate one body length
between individuals when measured in two or in three dimensions. Altractive and

repulsive forces were balanced so that inter-fish spacing within schools equaled one
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Fig. 6.2 Attractive, repulsive, and net force as a function of distance from Equation

(1). The attractive force is inversely proportional to the distance between two fish

(i.e. A=1, m=1). The repulsive force is inversely proportional to the square of
the distance between two fish (i.e. R=1, n=2).
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Table 6.1. Model parameters and values used in the mobile aquatic organism simulator.

Name Symbol  Equation Value Reference
attractive force A 6.1 1 Breder 1954
repulsive force R 6.1 1 Breder 1954
attractive exponent m 6.1 1 Breder 1954
repulsive exponent n 6.1 2 Breder 1954
density of fluid 0, 6.6 1000 kg m*
surface area of fish S 6.6 0.01 m2 Webb 1975
drag coefficient c, 6.6 0.015 Denil 1936-1938
friction parameter led 6.7 0.075 kg m*
relaxation time constant T 6.11,6.12 0.2s Aoki 1984

body length (16 cm). The relative magnitudes of attraction and repulsion forces
between fish have not been quantified and were arbitrarily set to 1. To make the
attractive force act over a greater distance than the repulsive force, attraction between
fish was set inversely proportional to the separation distance (i.e. m=1) and repulsion
was set inversely proportional to the separation distance squared (i.e. n=2). A
maximum interaction distance was set at 8 m to approximate the visual detection range
of fish (Anthony 1981). Swimming speeds for clupeoid fishes, a similar body form to
capelin, have been reported to range from under 1 to over 7 body lengths second-!
(Beamish 1978). A speed of 3 to 4 body lengths second! is a valid estimate of
sustained school swimming speed among clupeoid fishes (Blaxter 1967). Particle
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speeds in the simulator were limited to a maximum of 6.25 body lengths or 1 metre
second!. The friction parameter C was set at 0.075. This is a conservative value
based on a fish length of 16 cm, a sea water density of 1000 kg m?, a wetted surface
area of 0.01 m? (0.4 x (0.16 m)2) (Webb 1975), and a drag coefficient of 0.015. The
drag coefficient was based on dead drag measurements of 10 cm pelagic fish models
towed at a speed of 10 body lengths second-! with a Reynolds number 1.0 x 105 (Denil
1936-1938). The relaxation time constant T was set at two time increments. Aoki
{1984) found that values of T were approximately 2 seconds for 8 member fish schools

of juvenile mullet (Mugil cephalus) and tamoroko (G

6. imulations

A total of 800 particles representing capelin were randomly placed throughout the
model domain representing a density of 1 fish per 50 m? water. This density in two
dimensions approximates the mean lower density of capelin (200 fish/105 m? water or 1
fish/63 m2) measured in the northern Gulf of St. Lawrence by Rose and Leggett (1990).
Simulations were run for 600 seconds at 0.1 second increments. Particle velocities and
frictional forces were checked to ensure that random forces did not artificially inflate
values. If the x or y component of particle velocity exceeded a maximum velocity
(Vmax=1 m s), velocity was reset to Vmax and multiplied by a random component.
Friction was recalculated based on the new velocity. In the standard simulation run,
positions of each particle were recorded at time iterations 0, 1000, 2000, and 6000 for
comparison of spatial variance patterns over time. For each set of reported positions,

particles were counted at a resolution of 1 metre along a 20 m swath centered at the



middle of the domain. This width corresponds to the swath of a 22 transducer
sounding at a depth of approximately 50 m. Studies in the Gulf of St. Lawrence and
off Newfoundland have observed most capelin at depths less than 50 m (Bailey et al.
1977, Atkinson and Carscadden 1979; Methven and Piatt 1991).

Spectral analysis (Jenkins and Watts 1968; Koopmans 1974; Chatfield 1980) was
used to examine spatial variance of fish distributions as a function of time. This

ique estimates scal variance of a il recorded variable over a

range of frequency bands. The range of frequency bands extends from half the length
of the series to twice the sample resolution. A smoothing window of 0.01 cycles m-!
was used in comparative analyses to provide a compromise between accuracy and
smoothness. All soectral density estimates were standardized to permit direct
comparison of sample transects (Denman 1975).

6.3 Results
Velocities and frictional forces of particles in the simulation model mimicked
those reported in the literature for small-bodied, pelagic fish. The u and v velocity
components of eight particles over 250 time steps (Fig. 6.3) oscillated between 0 and 1
m s, the maximum velocity permitted in the simulation. Magnitudes and signs of the
equivalent frictional forces (Fig. 6.4) fluctuated in synchrony with velocity components.
Groups of particles, representing shoals of fish, formed rapidly once a simulation

was started. Using the results of a single simulation run as an example, initial particle
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Fig. 6.3 Velocities of eight particles, u component and v compenent, from the first 250

time steps.
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Fig. 6.4 Friction of eight particles, u component and v component, from the first 250
time steps.

positions were assigned randomly (Fig. 6.5a). Separate shoals of fish began to form
after approximately the 50th time itcration (Fig. 6.5b) and were clearly separated by the
100th time iteration (Fig. 6.5¢). This basic structure was maintained through the
remainder of each simulation (Fig. 6.6). As time elapsed, single individuals would join

larger shoals and the spacing among individuals became more uniform within shoals.
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Once formed, shoals of fish moved in the x and y directions as polarized schools but
did not travel large distances. In Figures 6.5 and 6.6 it appears that there was more
movement in the y than in the x direction. Given the size of the channel (1000 m long,
40 m wide), particles were more likely to cross boundaries at the 'top' (y=40) and
‘bottom' (y=0) of the channel than at the ends (x=0, x=1000) of the channel. The
apparent increased movement in the y direction is also attributed to the dimensions of
the graphic presentations (16 cm by 4 cm) relative to the actual channel proportions.

Spatial variance patterns in the distributions of particles changed over time. The
power spectra of the initial distribution of particles was flat across all scales in the
simulations (e.g. Fig. 6.7a). This pattern, called a white spectrum, is commonly found
in a randomly distributed series (Schroeder 1991). Early in the simulations, spatial
variance decreased and then increased at large scales, increased to a plateau over a
broad range of intermediate scales, and decreased at scales smaller than 10 m. The
drop in spatial variance at scales smaller than 10 m occurred after the 50th time
iteration (Fig. 6.7b). As the simulation progressed (Fig. 6.8), slopes of spectral density
plots became steeper at scales smaller than 10 m until time = 6000 (-0.66, n=>51,
r2=0.62) and decreased slightly until the completion of the run at time = 12000 (-0.72,
n=51, 12=0.65).

To examine the sensitivity of spectral density estimates to sample resolation, the
width of the sample swath was reduced from 20 m to 10 m and spatial variances of
particle distributions were recalculated. Slight variations in the magnitude and shifts to
smaller scales were observed in peaks and troughs of spectral density plots sampled



1000

ey

500 600 700

Distance (m)

00

100, and d) 250.

300

400 500

Distance (m)

Fig. 6.5 Positions of 800 particles representing capelin at time steps a) 0, b) 50, ¢)

122



123

00
E

= 00
v
S
c
2
2
a

00

=6000 d
0

.
L re=LN !
0 100 200 300 400 500 600 700 80O

Distance (m)
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using the reduced swath width (Fig. 6.9). Spectral density estimates did not
significantly differ between plots based on the 20 m (Fig. 6.8) or 10 m swath (Fig. 6.9)
width (F=0.058, p=0.81, df=493).

6.4 Discussion

The particle simulator used in this study was developed to provide a tool to
examine the effects of shoaling and schooling on spatial variance patterns in mobile
aquatic organisms. The form of the model was derived using biological reasoning and
parameterized using experimental values from pelagic fish studies. The formation of
the model was not an attempt to import and directly apply a physical law to a biological
system. Parr (1927) was the first to propose that spacing of fish within schools was a
balance between attractive and repulsive forces. This was used by Breder (1954) who
applied Coulomb's law of electrostatics to construct and parameterize a schooling
model. Breder's model formalized perceptions of binlogical processes that influence
schooling of fish. In contrast to Breder's application of theoretical physical models to
fish schooling behaviour, Aoki (1984) formulated two theoretical models (linear
differential equations) based on spectral analyses of empirical fish schooling data.
Aoki's models describe inter-fish spacing as a function of spatial scale. The approach
of this study was to combine a theoretical kinematic model with an analysis of spatial
variance as a function of scale.

Modeling studies of schooling have traditionally focused on processes that

to the ion and mais of uniform spacing among individuals
within schools (e.g. Breder 1954; Gerritsen and Strickler 1977; DeAngelis 1978; Aoki
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1982, 1986; Jacobson 1990). These models can be classified as analytic or simulation
models. Analytic models are continuous in time or space but are restricted in the

number of possible i ions between model ‘Okubo (1986) reviews

analytic models of animal grouping, including schooling by fish. Simulation models

permit a wide array of i lions between model but use discrete time

and space i Sample ion in si ion models is determined by the
temporal or spatial dimensions of cells in the model. Simulation models are frequently

used when i i i are not logisti feasible (e.g. Thompson et al.

1974). Simulated results are compared to empirical observations to evaiuate
understanding of processes that crcate patterns (e.g. Levin et al. 1989; Rose and
Leggett 1990). Mismatch of simulated and observed results indicates potential research
areas. Simulation models are also used to evaluate accuracy and precision of sampling
gear and survey designs (e.g. Wiebe 1971; Fiedler 1978).

In this study, spatial variance patterns of simulated capelin distributions were not
sensitive to a 50% reduction in sample transect width. Application of this result to
acoustic survey design means that abundance estimates and the resulting spatial variance
descriptions of aggregated organisms are not overly sensitive to transducer beam angle.
But comparison of a reduced swath width in a single transect does not indicate how
precision of an abundance estimate may be affected by the number of transects surveyed
(e.g. Smith 1978) or the design of the survey (e.g. Fiedler 1978). Abundance estimates
based on the sampling of naturally distributed populations are subject to errors that may
reduce accuracy or precision of estimates. Precision is potentially affected by organism
spatial distribution and variability in the sampling (Taylor 1953; Wiebe 1971;




Cram and Hampton 1976). Fiedler (1978) found that patchy distributions of anchovy
(Engraulis mordax) and survey sample design can be major sources of error in
population estimates.

Simulation model results demonstrate that shoaling and schooling increase spatial
variance of mobile organisms at intermediate scales and decrease spatial variance at
small scales relative to spatial variance patterns of randomly distributed particles.
Slopes of spectral density plots were less than those of passive particles at intermediate
scales and similar at small scales (cf. Denman and Powell 1984; Mackas et al. 1985).
Slight negative slopes over a broad range of scales and a rapid decrease at smaller
scales is consistent with average spatial variznce patterns in other mobile aquatic
organisms: Antarctic krill (Weber et al. 1986; Levin et al. 1989), fish (Chapter 3, 4;
Schneider 1994a), and marine birds (Chapter 4). Reduced slopes at intermediate scales
is consistent with the hypothesized injection of kinetic energy due to the convergence of
individuals into shoals and coordinated movement of schools.

‘Three lines of evidence support the hypothesis that spatial variance in mobile
aquatic isms can be d by kinematic at local scales and

transferred to larger scales. One line of evidence used scaling arguments to show that
for organisms greater than several centimeters in length, kinetic energy due to
locomotion exceeds that due to flow of the surrounding fluid (Schneider 1994a). This
creates spatial variance at the spatial scale of animal movement. Another line of

evidence is the results of computer simulations that demonstrate that large scale spatial

structure in populations can result from and ions of isms at
small scales (Satoh 1989, 1990; Hassell et al. 1991). This generates spatial variance at



130

the scale of an aggregation. A third line of evidence is local interacticn by organisms
with large scale fluid structures (water or air) resulting in movement and convergence
of organisms at large spatial scales. The use of timed or directed motion to interact
with fluid structures has been observed in zooplankton (Cronin and Forward 1979;
Frank and Leggett 1983), fish (Harden-Jones et al. 1978; Amold and Cook 1984;
Boehlert and Mundy 1988), and marine birds (Richardson 1978; Blomqvist and Peterz
1984). Therefore, spatial variance of mobile aquatic organisms can be generated by
several kinematic processes at different spatial scales: formation of shoals independent
of fluid motions, polarized movements of schools, and migration resulting in large scale
population convergences. Spatial variance generated by shoaling, schooling, and
migration at small scales potentially generates large scale spatial variance in mobile
aquatic organisms.

Application of this particle simulator is not limited to examining scale-dependent

spatial variance of mobile, aquatic i ‘Tailoring model to any

species of interest facilitates theoretical prediction of shoal sizes, shoal distribution, and

inter-shoal distances (cf. Nero and Magnuson 1992). Addition of a second set of

particles and rules of i ion enables the si ion of predator-prey i

and the calculation of potential encounter rates of predators with prey (cf. Schneider et
al. 1987). Adding two dimensional equations of motion (cf. Dutton 1976) would enable
the calculation of passive organism spatial variance (e.g. phytoplankton, fish eggs) and
predator-prey interactions in known flow regimes. The influence of fluid motions on
the spatial variance of organism density is expected to increase as organism mobility

decreases (cf. Chapter 2).
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Appendix 6.1 List of symbols

N

number of fish.

fish index number. Values range from 1 to N.

fish index number. Values range from 1 to N -1

position of fish i . Dimensions are length.

‘mass specific net force on fish i due to all other fish j. Dimersions are
LT2

mass spcific attractive force at unit distance. Dimensions are LT2.

mass specific repulsive force at unit distance. Dimensions are LT2,
exponent of attraction.

exponent of repulsion.

velocity of the i th fish. Dimensions are LT

acceleration of the ith fish. Dimensions are LT2,

quadratic frictional force opposing the motion of fish i. Dimensions are
MLT2.

mass specific random force acting on the i th fish at time ¢ . Dimensions
are LT2,

density of fluid. Dimensions are ML3.
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surface area of fish. Assumed to be 40% of length squared. Dimensions
are L2,

drag coefficient. Dimensionless number.

friction parameter. Dimensions are ML,

magnitude of random force o
relaxation time constant determining the period of the random force ¥

Dimensions are T.

random vector &;.

nondimensional unit distance.

nondimensional time increment.

time increment constant, Dimensions are T.
distance increment constant. Dimensions are L.
nondimensional constant of repulsive force.

riondimensional constant of frictional force.



Chapter 7. Spatial Variance in Ecology

7.1 Introduction

The investigation of spatial variance is nearly a century old. During this time the
concept has evolved from being treated as a statistical nuisance (Cassie 1963; Steele
1976) to being recognized as a biologically important quantity (Huffaker 1958; Lasker
1975; Platt and Harrison 1985). Concomitant with this change was the realization that
observed patterns of spatial variance are dependent on the scale of measurement.
Recent advances in computing hardware (speed and memory), the introduction of
spatially explicit software (e.g. Geographic Information Systems), and a large increase
in scale-sensitive studies (e.g. Wiens 1989; Menge and Olson 1990; Holling 1992;
Levin 1992) should accelerate the understanding of spatial variance patterns in

biological quantities such as density, mortality, and recruitment.

The dependence of spatial patterns on scale was first i i in
agricultural experiments. To improve statistical control in agricultural uniformity
trials, a variety of plot sizes were used to isolate the 'best' scale (Mercer and Hall
1911). Results of these experiments were then used to develop an empirical relation
between plot size and variability among plots (Fairfield Smith 1938). Characterizing
spatial variance as a function of plot size was later applied to naturally distributed plants
using nested (Greig-Smith 1952) and contiguous (Kershaw 1957) quadrats.

Development in the analysis of scale-dependent variance occurred in the following
twenty years but four contributions in 1978 consolidated the concept of scale in

ecology. First, Smith (1978) explicitly recognized the scale-dependence of



measurement and stressed the importance of choosing an appropriate measuring
framework relative to the organism of interest. The second contribution was a proposal
by Shugart (1978) that the spatial and temporal range of biological quantities are

on its level of izati ‘This i Simon's (1962) concept of

hierarchy to ecology. Haury et al. (1978) adapted a schematic diagram by Stommel
(1963) to show how the variance of a biological quantity is linked to the spatial and
temporal scales of physical processes. Steele (1978b) extended the linkage of spatial
and temporal scale to include the niass of an organism.

This chapter reviews the quantification of spatial variance at a single scale and
then as a function of scale. I summarize progress in the analysis of spatial variance and

conclude by speculating where current analytical trends are headed.

7.2 Spatial variance at single scales

Certainly the most common use of a variance is to measure the precision of a
mean. Variance s of a quantity x is a measure of dispersion and is defined as the
average sum of squared deviances from a sample mean X :
.y

-, LS
st ‘;(n )

‘The variance of a quantity is used to estimate confidence intervals of sample means for
ecological variables. What is not usually considered when making these calculations is
that the magnitude of a variance is dependent on the spatial and temporal scale of
sampling.

Another common use of variance in ecology has been to quantify the degree to
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which organisms are aggregated. The most common technique was to compare an
observed index of aggregation to an expected value under the assumption of
randomness. These indices were largely based on variance to mean ratios (Fisher et al.
1922; Clapham 1936; Blackman 1942). Expected values were typically calculated from
a Poisson distribution (i.e. events are rare and random occurrences). The expected
value of the variance is equal to the mean, and hence the ratio of the variance to the
mean is expected to be unity. Attributes of a "perfect coefficient" (i.e. index) were
compiled by Taylor (1984) who supplemented those listed by Green (1966) and
Lefkovitch (1966). Curtis and (1950) the depends of
several indices on measurement scale. Patil and Stiteler (1974) speculated that variance

to mean ratios were a function of measurement scale, but developed the idea no further.
A chronologic detailing of the development of variance to mean indices of aggregation
and their equivalences can be found in Pielou (1969), Ripley (1981), and Greig-Smith
(1983).

Morisita (1954, 1959a) developed an index /, based on Simpson's (1949)
measure of diversity A..

1.2)
S nine- 1) (

PR
E N(N-1)

where n, (i =1,2,3,...,q) is the number of individuals in ¢ quadrats and N is
the total number of individuals observed. Morisita (1959b) recognized the dependence
of variance to mean indices on measurement scale and specifically designed 7, to be

independent of sample resolution, Morisita's index compares density variances of
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organisms among patches. Values of the index are independent of sample size as long
as quadrat sizes are smaller than patches. Index values are less than 1 in regular
distributions, approach 1 in random distributions, and exceed 1 in contagious
distributions. Patil and Stiteler (1974) caution that this index assumes sample quadrats
occur within large patches and that the distribution of organisms is random or regular
within patches.

In an attempt to relate spatial distribution to density-dependent behaviour, Lloyd
(1967) developed an index of aggregation that measures mean crowding I;l relative to
a focal crganism:

(1.3)

An index of patchiness was formed by the ratio of mean crowding m to average

abundance X . Lloyd (1967) used the equivalence of m to /4 to claim that the mean
crowding index m was also independent of sample size, and therefore quadrat size
could be set at a spatial scale equivalent to the study organism's ‘ambit'. Iwao (1968,
1970) linearly regressed r;'L on X and used the intercept a as an indicator of
aggregation size. Confusion over assumptions of the method have resulted in
inappropriate conclusions when applied to field data (e.g. Byerly et al. 1978; Gutierrez
etal. 1980).

As an alternative to developing an index from ¢ variance to mean ratio, Taylor
(1961) described the variance of a quantity as a function of the mean, Taylor's Power

Law states that variance in the local density of many species x is propertional to the
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mean density 5, raised to an empirically determined exponent 3

Var(x)=x" 1.4
The exponent {3 is used to quantify the degree of aggregation in a population. A B
value near 0 indicates a regular distribution, a value equal to 1 indicates a random
distribution, and a value greater than 1 indicates an aggregated distribution. The fit of
this relation has been checked in a diverse set of populations (e.g. Taylor 1961; Taylor
etal. 1978) and shown to require special treatment at low mean abundances (Taylor and
Woiwod 1982; Routledge and Swartz 1991). Taylor and Taylor (1977) postulated that
this relation vesults from the balance of attractive and repulsive behaviours among

that are ing to imize resource ion. This is was

questioned by Anderson et al. (1982) who showed that the relationship between the
variance and mean density can arise from stochastic demographics, rather than complex
behaviours.

The detection of a general relation between the variance and the mean of a
population retains its appeal. Routledge and Swartz (1991) advocate the use of
Bartlett's (1936) quadratic relationship (see below) over Taylor's Power Law to model
the variance as a function of the mean. In response, Perry and Woiwod (1992)
compare the fit of quadratic, power, split domain (Woiwod and Perry 1989), and
generalized linear models (McCullagh and Nelder 1983). Using a ratio of deviances,
they found that Taylor's power relationship and the generalized linear model were the
best fitting models. The generalized linear model has the added advantage of not
requiring stationary variance.

A sixth method to quantify spatial variance in abundance at a single scale is the
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use of the parameter k from the negative binomial distribution (Waters 1959). The
application of k as an index of dispersion was adopted from Bartlett's (1947) general
expression of variance:

%2 @.5)

where c is a regression constant. Low values of k indicate an aggregated distribution
while high values are indicative of a more random distribution. The maximum
likelihood estimate of k is found by iteration or numerical maximization (Ripley
1981). Results from an aphid density study (Anscombe 1948) instigated an
unsuccessful search by many ecologists for a constant & value among populations. 1f
found, a robust index of aggregation such as k could be used to compare population
distributions at different locations or times. Kuno (1968) and Hill (1973) proposed that
random removal of individuals does not change observed patterns or the value of ,'; 3
Pielou (1969) provided a proof to show that this is true only when the original
population has a negative binomial distribution. Even this result does not apply to
count data (Ripley 1981) because counts of organisms can not be less than zero. A
random thinning of individuals lowers the mean, creates zero counts, eliminates patches
of organisms, and changes the variance. Without an increase in sample resolution to
compensate for the increased number of zeros due to thinning, spatial variance will
increase at small scales (Chapter 4).

At the same time as these empirical measures were being proposed, there were
continuing attempts to use theoretical frequency distributions to describe spatial

variance. This line of research has been reviewed by Rogers (1974), Douglas (1979),
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and Greig-Smith (1983). ivations for fitting i istributions to empirical
include i iption with a limited number of parameters and
interpretation of parameter values for clues to processes that determine spatial structure.
‘The negative binomial distribution was one of the first theoretical distributions used in
ecology (Student 1907; Greenwood and Yule 1920). It is commonly used to describe

the degree of aggregation in aquatic organisms (e.g. Taylor 1953; Houser and Dunn
1967), despite criticisms of its biological basis (Williams 1964). The Pélya-Aeppli
(Pélya 1931), Neyman A, B, C (Neyman 1939), and Thomas double-Poisson (Thomas
1949) frequency distributions all assume a Poisson process of clustered organisms but

differ in i ing the distribution of isms within clusters.

Comparisons of negative binomial distributions to other distributions based on Poisson

processes have concluded that the negative binomial distribution is usually the most

requency distribution, but no single freq i is

applicable to all fata (Bliss 1941; McGuire et al. 1957; Brown and Cameron 1982).
‘The dependence of spatial variance on scale of measurement has restricted the

of ical frequency distributions to organism density data. Sample

resolution was found to influence the fit of any theoretical frequency distribution
(Numata and Suzuki 1953; Iwata 1954; Pielou 1957) and to affect the subsequent
interpretation of spatial variance patterns. Altering sample resolution may alter the fit
of a theoretical frequency distribution to the data, or increase the number of
distributions that fit the data equally well. Ambi identification of

theoretical frequency distribution models limits their use as descriptive summaries, or

as clues to identifying potential variance generating processes.



‘The criticism that measures of aggregation are dependent on scale of measure
applies to all methods of quantifying spatial variance of organism distribution at a single
scale. Therefore, i of ion indices among ions are only valid

if made at the same spatial scale. The next logical step was to examine spatial variance
in population dispersion as a function of scale.

7.3 Spatial variance at several scales

Pattern analysis (Greig-Smith 1952) was the first formal methad to evaluate spatial
variance as a function of scale. Organisms are counted in a grid of contiguous
quadrats, with the resolution of the grid decreasing by a factor of two at each count
iteration. The mean square from an analysis of variance is then plotted against sample
resolution (je. inverse of quadrat size). If the distribution of organisms is random over
the entire grid then the mean squared deviation is independent of resolution and the
variance will equal the mean. A patchy distribution will produce a peak of the mean
square at the quadrat size of a patch. Kershaw (1957) extended this method by using
linear transects of rectangular, contiguous quadrats rather than a grid of square, nested
quadrats. This alteration of quadrat shape and layout enabled sampling of larger scales
with less effort and facilitated analysis along obvious environmental gradicnts.
Kershaw's transect approach was used to examine spatial variance in numerous plant
communities (for examples see Greig-Smith 1983) and adapted to other measures of
spatial variability (e.g. Morisita 1959a; Iwao 1972). Pattern analysis has the advantage
over earlier methods of explicitly including spatial scale in the analysis. The method

was used to identify the scale of maximum variability in any quantity of interest. It can
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be used to set the sampling scale for manipulative experiments, and to provide clues to
variance generating processes by matching dominant scales of biological variance to
physical processes at the same spatial scale.

Plotting mean squares as a function of quadrat size does have limitations. Pielou
(1969) cites five drawbacks of Greig-Smith's method: 1. calculated mean squares are

not i thereby pi i i tio tests, 2. entire sites must be sampled

within a grid (but this does not apply to transects), 3. observed peaks in plots are
influenced by shape of sample quadrat (rectangular or square), 4. intermediate quadrat
sizes between quadrat size doublings are not assessed, and 5. distributional patterns of
the presence or absence of organisms are indistinguishable in mean square plots. An
important drawback omitted by Pielou was the sensitivity of mean and variance
estimates to size of the original quadrat and the location of sample grid (Skellam 1952).
Usher (1969) and Hill (1973) proposed two different techniques to compensate for the
dependence on sample start location but these have not been widely used. Ripley
(1981) and Greig-Smith (1983) provide additional examples and detail studies that
examine other caveats on pattern analysis.

One method that simultaneously examines a wide range of spatial scales and is not
sensitive to sample sturt location is spectral analysis. The variance of a continuously
recorded variable (e.g. organism density), is represented by a set of sine and cosine
waves summed over a range of measurement frequencies. The resulting spectral
density cstimates are plotted as a function of frequency, the inverse of spatial or
temporal scale. Peaks in spectral density plots are interpreted as dominant scales of
pattern. This technique has been widely used by oceanographers and limnologists to
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examine scale-dependent spatial variance of passive tracers of the fluid (e.g. surface
water temperature -- Fasham and Pugh 1976; Richerson et al. 1978) or organisms in
fluid environments (e.g. phytoplankton -- Platt et al. 1970; Powell etal. 1975). The
equivalence of spectral analysis to other indices of aggregation is shown in Ripley
(1981) and Schneider (1994b).

Spectral decomposition techniques are not ideally suited to the analysis of patchily

rare i Conti processes are well described by sine and
cosine functions but the non-Gaussian character of point processes, such as mobile
organism counts, limit the use of spectral models (Bartlett 1975). Biological density
data rarely provide long temporal or spatia: series and often violate other assumptions

of regular sampling intervals and stationarity of means. The partitioning of variance

among frequencies by spectral analysis is sensitive to low means (Fasham 1978) and to
the presence of zeros in count data (Chapter 4). Coherence can be lowered by random
sampling error in a Poisson process (Mackas 1977), and does not adequately reflect
non-linear relationships between two variables (Star and Cullen 1981). Despite these
limitations, spectral analysis is at least as reliable as other methods (Ripely 1981) and
may be used to demarcate domains of spatial variance (Chapter 4).

Recently there have been several attempts to predict change in spatial variance at a
single scale and across scales. Predictions of change in spatial variance are formulated
using biological or physical processes that are capable of generating or reducing spatial
variance in the quantity of interest. The ability to predict change in scale-dependent

spatial variance is i in several ical contexts i i effects of

predators on the stability of prey populations (Pacala et al. 1990; Hassell et al. 1991),
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effects of habitat fragmentation on population stability (Kareiva 1990);
density-dependent effects of crowding on reproduction and growth (Stephen 1929;
Connell 1961), and the effects of predator searching (Salt 1974) and encountering
resources (Possingham 1989). Schneider (1992) found that changes in spatial density
variance of bamboo worms Clymenella torquata could be predicted from the foraging
dispersion of an avian predator, the short-billed dowitcher Limnodromus griseus, at the
spatial scale of intertidal flats (0.2-3 km?) but not at the scale of plots (1 ha) within
flats. Similarly, Schneider and Bajdik (1992) attempted to predict changes in spatial

variance in counts of i based on wind-induced Langmuir
circulation celis, They found that variance in counts was proportional to spatial scale
during a wind event, but the magnitude of change was not easily predicted. These two
examples illustrate that predicting changes in spatial variance is difficult, and that

methods to predict changes in spatial variance across scales require development.

7.4 The analysis of spatial variance
Progress in assessing spatial variance of ecological quantities has been marked by

from verbal to graphical models, and from graphic to

formal models of pattern and process. Transitions from verbal to graphical and formal
models have not been synchronous in all areas of ecology. However awareness of
spatial variance is rapidly spreading. A computer scan of Current Cor’uent: using
keywords 'spatial’ and 'variance' in June 1994 resulted in 371 titles from 225 different
journals published since September 1992.

A major advance in the analysis of spatial variance was the recognition that



measures of variance depend on the scale of observation. This represented a change
from treating variance as a statistical detail to treating it as a biologically important
quantity (Steele 1976). One response to this realization was to re-analyze data at a
different scale and compare the second set of results to the original. In aquatic systems,
Fairweather and colleagues (Fairweather et al. 1984; Fairweather 1988) and Schmitt
(1982, 1985) both found that the sign of association between predator and prey changed
from negative to positive when the scale of observation was increased. A second
response has been to report the analysis of biological quantities at two or more scales
(e.g. Pinel-Alloul and Pont 1991; Ives et al. 1993). This approach increases the
number and range of observation scales. It does not indicate if observations were set at
scales of maximum spatial variance.

‘The analysis of spatially indexed data has matured from verbal descriptions at
discrete scales to graphic representations of spatial variance as a continuous function.
This was initiated by the development of pattern analysis (Greig-Smith 1952) and later
expanded to include other measures of spatial variance plotted as a function of scale.
The computational burden of this approach has been significantly reduced with the wide
availability of statistical software packages. Large, spatially explicit data sets are
routinely analyzed using geostatistical techniques (e.g. Rossi et al. 1992) which are
often i in ic i ion systems (GIS). In oceanography spectral

analysis is used to describe scall iological pattern in the
frequency domain (e.g. Mackas and Boyd 1979; Weber et al. 1986). The frequency of
maximum spatial variance can then be converted to a length scale for biological or
physical interpretation.
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The most important recent development in the characterization of spatial variance

has been the idea of formally ing biological pattern and pi that generate
variance as a function of scale. Empirical indices of spatial variance (e.g. variance to
mean ratios, Lloyd's mean crowding index r;1, Morisita’s /) that were implicitly
calculated at single scales are now explicitly calculated as a function of scale (e.g.
Schneider and Piatt 1986). Similarly, the exponent 3 from Taylor's Power Law and
slopes of spectral density plots can be used to quantify changes in spatial variance with
changes in scale. I could not find any research report in which parameters of a

frequency distribution were d as a function of scale in an equation

or as a graph. To provide an example, the parameter k& from the negative binomial
distribution could be estimated using moment ratios (Ord 1972) and expressed as a
function of measurement scale L:

k=alP (1.6)

Estimating & at different scales is i by grouping conti values in
increasing quadrat sizes or comparing values over larger separation distances. This
relation could be used to calculate an expected variance at one scale based on an
observed variance at another scale. Alternatively, the exponent B could also be used
as an index of the dependence of & on measurement scale. If B equals O then & is
independent of spatial scale. As the value of 3 approaches 1, k becomes directly
proportional to the scale of observation L.



7.5 The next steps

The treatment of scale-dependent spatial variance has evolved since its recognition
as a biologically important quantity. Increased awareness of the importance of scale in
the measurement of spatial or temporal variance will ensure that this progress

continues. Further of tative tools will help ize the analysis

of spatial variance. Application of new techniques will improve sample design and
subsequent data analysis.

A simple and useful standardization is the explicit treatment of measurement scale
in sample design. Explicit treatment eliminates any novelty associated with scale and
obligates the reporting of all measurement scales in results. A second development in
the standardization of survey design would be the use of scale-dependent spatial
variance to determine the resolution and number (or frequency) of samples needed to
obtain a pre-determined precision of parameter estimates. If the variance of a quantity
is dependent on scale of measurement then precision of parameter estimates also
depends on measurement scale. One method io maximize precision of parameter
estimates i to confine sampling to established domains of spatial variance (Chapler 4).
Spatial variance domains minimize changes in spatial variance across scales which
maximizes precision of parameter estimates within domains. If domains of spatial
variance are very small then the range of sampling should be set to minimize the rate of
change in spatial variance across spatial scales. Minimizing the rate of change in
spatial variance, by selecting a narrow sample range, also maximizes precision of
parameter cstimates and potentially increases the ability to theoretically predict sources
of spatial variance.
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Overall, the ization of analytic it will enhance ison of

pattern and process among diverse ecosystems. A statistical tool that analyzes
continuous or discrete data types across a wide range of spatial and temporal scales
would reduce problems associated with low means and zeros in count data (Chapter 4)

and simplify comparisons of patterns observed at different locations or scales.

Legendre and Fortin (1989) provide a ive summary of i used to
analyze variance in organism distributions as a function of location or as a function of
scale. Despite ambiguity in their use of geographic location and spatial scale, they
demonstrate the feasibility of explicitly including spatial variables (location, sample
resolution) in the analysis of organism distributions. By including measurement
wvariables, the dependence of observed patterns on measurement scale can be tested
directly.

The most challenging task ahead is to develop the theory and quantitative methods
needed to predict changes in spatial variance of biological quantities as a function of
scale. Successful completion of this goal requires: numerical methods that analyze
continuous and discrete density data, additional quantitative descriptions and
comparisons of scale-dependent variance patterns, tools to quantify the relative
importance of variance generating processes, and further attempts to predict changes in
spatial variance. In combination, these elements will solidify the theory of spatial

variance in ecology.



Chapter 8. Summary
Capelin and Atlantic cod in coastal waters of Nev.foundland were selected as
being ive of i ling, mobile aquatic i Relative density data

from a series of hydroacoustic transects were analyzed to examine spatial variance as a
function of scale. Theoretical and empirical results of this study have increased
knowledge of scale-dependent spatial variance in mobile aquatic organisms and
provided insight to the biological processes that generate these patterns.

The application of dimensionless ratios in rate diagrams is one of the first methods

to quantify and ize the relative i of biological and physical processes
that generate scale-dependent spatial and temporal variance. This procedure can be
applied to organisms in aerial, aquatic, or terrestrial environments and used to compare
variance generating processes among diverse ecosystems. Rate diagrams provide an
alternative to inferring variance generating processes from scales of maximum
biological variability.

Capelin and cod relative density variance was quantified and compared to that of
plankton and marine birds over four orders of spatial magnitude at two different time
scales. Data manipulations and computer simulations were successfully used to
demonstrate that shoaling and schooling, two biological processes, influence

intermediate and small scale spatial variance in all mobile aquatic organisms.

A i iour and organism ion were previ ized to
account for differences in spatial variance between passive tracers and mobile

but were not itati ined

Energetic calculations verified the absence of a maximum scale of spatial
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association between cod as predator and capelin as prey. Previous work on cod and
capelin attributed poor spatial association to species-specific thermal responses to wind
induced upwelling. This did not explain observed results. An alternate explanation is

that cod are not ined by physiologit i to relative to their

prey. In general, aggregative responses by aquatic predators do not occur at all spatial
scales and may only occur over a limited range of scales. Numerous interaction studies
have reported characteristic scales of spatial association between mobile predators and
their prey. These conclusions are typically based on analyses of single or a limited
number of transects, implicitly representing short temporal scales. Comparison of
results among these studies is hampered by failure to explicitly report spatial and
temporal sampling scales.

A review of spatial variance research revealed that numerous techniques have
been used to quantify variance in biologically important quantities. However a limited
number of quantitative tools are available to evaluate processes that generate spatial and
temporal variance. As an alternative o simply stating that scale is important, essential

research goals were identified and a potential research program was proposed.
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