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ABSTRACT 

Outbreak initiation, the formation of destructive feeding 

aggregations, was studied by quantifying the green sea 

urchins' patterns of feeding, aggregation, and microhabitat 

utilization in laboratory tanks. Maximum levels of 

aggregation, exposure and feeding were . .bservê  in treatments 

with a high density of starved, large urchins in the absence 

of refuges and predators. The formation of exposed feeding 

aggregations was inhibited by the presence of Atlantic 

wolffish, Anarhichas lupus, and to a lesser extent by 

increased spatial heterogeneity, a prehistory of plentiful 

food supply, winter conditions, and the presence of decapod 

predators, Homarus americanus and Cancer irroratus. 

Wolffish and decapods demonstrated functional predator 

responses, i.e. increased consumption of urchins, when prey 

density was experimentally inflated. The two kinds of 

predators had similar diurnal consumption rates of small 

urchins, but wolffish excelled at exploiting large urchins. 

Effects of predation, recruitment, and urchin behaviour 

on the outbreak dynamics of S. droebachiensis were explored 

in a simulation model. The model suggests that seasonally 

migratory visual predators [e.g. wolffish), which presumably 

are incapable of exploiting cryptic prey, have little effect 

on the urchins overall capacity to destroy seaweed and 

maintain barren grot ids, whereas perpetually present 

predators (e.g. decapods) have a theoretical potential to 

prevent or terminate outbreaks, irrespective of their ability 

to exploit cryptic prey. However, the effects of a given 

level of predation could always be nullified by increasing 

the recruitment density of the urchins. 
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£ hypothetical outbreak termination threshold: the 
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CHAPTER 1 GENERAL INTRODUCTION 

Outbreak populations of the green sea urchin, 

Strongylocentrotus droebachiensis, are capable of widespread 

destruction of macrophyte beds and indefinite prevention of 

vegetation recovery, whereas interoutbreak populations of the 

same sea urchin may function as passive detritivores with 

apparent negligible ecological impact. Sea urchin-mediated 

alternations between the kelp-dominated interoutbreak state 

and the urchin-dominated outbreak state are correlated with 

sudden fluctuations in sea urchin density and behaviour. The 

mechanisms which initiate and terminate outbreaks, however, 

are still not completely understood (Lawrence 197 5; Hagen 

1983, 1987; Harrold & Pearse 1987). 

The first description of a sea urchin outbreak was 

published almost 150 years ago by von Diiben (1847) . His 

investigation was triggered by complaints from fishermen that 

local kelp bed resources on the southwest coast of Norway 

were being destroyed by masses of green sea urchins. Initial 

skepticism was replaced by support for the fishermen's 

hypothesis after von Diiben dissected a number of S . 

droebachiensis and found their guts packed with kelp 

fragments. 

Half a century later, Scott (1902), reported a similar 

case from southeastern Canada when fishermen expressed 
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concern over seaweed destruction by S. droebachiensis (Breen 

1980). 

Scott's (1902) observation was not an isolated case. 

Several other papers refer to anecdotal evidence of past 

outbreaks (e.g. "Maine Lobstermen have observed ... several-

year cycles in kelp beds where heavy kelp growth and few sea 

urchins occur some years, whereas coralline bottoms are 

virtually bare and urchins abundant in other years." quoted 

from Adey & Maclntyre 1973; Stephens 1972; Breen 1980; 

Wharton & Mann 1981; Pringle et al. 1982; Miller 1985a), or 

mention high densities of S. droebachiensis in the shallow 

subtidal of southeastern Canada and New England (Stimpson 

1854; Verrill 1866; Ganong 1885; Dexter 1944; Swan 1966) . 

More recently Mann (1972) observed the first aggregations 

of S, droebachiensis in patches of barren substratum inside 

the otherwise extensive kelp beds of St. Margaret's Bay, Nova 

Scotia. Following this initial observation the sea urchins 

proceeded to overgraze most of the kelp beds along the entire 

Atlantic coast of Nova Scotia (Wharton & Mann 1981), and 

maintain a barren state for more than a decade before being 

killed by epizootic disease in the early 1980's (Miller & 

Colodey 1983; Scheibling & Stephenson 1984). Now the kelp 

beds have returned (Miller 1985b; Novaczek & McLachlan 1986; 

Scheibling 1986; Johnson & Mann 1988), and the cause of the 

disease has been identified as a previously undescribed 

amoeba, Paramoeba invadens Jones (1985). 
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Almost simultaneously the first large-scale overgrazing 

event to be noted in Norwegian waters since von Duben's 

(1847) observation was occurring on the other side of the 

North Atlantic Ocean (Hagen 1983, 1987 Sivertsen 1984) . The 

Norwegian outbreak populations of S. droebachiensis were 

heavily infested by another previously undescribed epizootic 

disease, the nematode Echinomermella matsi Jones & Hagen 

(1987), yet barren areas continue to persist (Hagen 1983, 

1987). 

Barren bottoms dominated by S. droebachiensis also have a 

widespread distribution elsewhere in the northernmost North 

Atlantic (Propp 1977; Hooper 1980; Gulliksen et al. 1980; 

Himmelman et al. 1983) . It is not known whether these bottoms 

supported kelp beds in the past, but experimental removal of 

S. droebachiensis in areas with no record of past kelp beds 

(Keats et al. 1982; Himmelman et al. 1983), in areas with 

partial kelp cover (Harris 1982, Witman 1987), and in 

recently overgrazed areas (Breen & Mann 1976a) have 

consistently been followed by kelp colonization. 

The recent large-scale outbreaks of S. droebachiensis off 

Canada's southeastern coast, and off Norway's west coast, 

have stirred controversy about the possible causes of 

outbreaks. Successful recruitment of sea urchin larvae from 

the plankton is an obvious prerequisite for outbreak 

initiation, and it has therefore been suggested that 

outbreaks may be triggered by recruitment of strong year 
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classes of sea urchins in response to favourable hydrographic 

conditions (Foreman 1977; Hagen 1983, fig. 7; Pringle 1986; 

Hart & Scheibling 1988). Conversely, insufficient recruitment 

may be responsible for outbreak termination as suggested by 

Foreman (1977) . 

Although planktonic processes may be of ultimate 

importance in the final analysis of the outbreak dynamics of 

S. droebachiensis, recruitment effects are difficult to 

distinguish from the effects of subsequent variations in the 

survivorship of juvenile benthic stages (Ebert 1983; Harrold 

& Pearse 1987), and any inferred relationship between 

recruitment pattern and adult population density is tentative 

at present. 

Another hypothesis in the outbreak debate emphasizes the 

role of predators in preventing outbreaks, as they reduce 

urchin numbers and modify urchin behaviour. In its present 

form this predator hypothesis is concerned only with outbreak 

initiation but does not consider outbreak termination. 

The predator hypothesis and associated speculations have 

two major components, one numerical and the other 

behavioural. The numerical component is of ultimate 

importance and has understandably received considerable 

attention (Mann & Breen 1972; Breen & Mann 1976b; Pringle et 

al. 1982). The implication is that some "natural", 

undisturbed, unfished, presumably high population density of 
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predators can effectively maintain a low population density 

of S. droebachiensis, and that sea urchin outbreaks are 

initiated by release from predation pressure. This view is 

opposed by those who believe the evidence in support of the 

predator hypothesis is inconclusive (Pringle et al. 1982; 

Miller 1985a; Elner & Campbell 1987). 

The behavioural aspect of the predator hypothesis is 

based on Mann's (1977) observation that "... sea urchins 

consumed only a few percent of the production of the kelp in 

a healthy kelp bed, yet within a few years they had destroyed 

the beds. The explanation is that local concentrations of 

urchins, by destroying a whole kelp plant, not only consume 

the biomass of that plant but prevent it from completing its 

annual cycle of production. Since the ratio of production to 

biomass is high, a modest consumption of biomass can remove a 

large amount of potential production.". The kelp beds could 

presumably have supported much higher sea urchin densities 

had the urchins been randomly or uniformly distributed rather 

than concentrated in aggregations capable of quickly 

destroying entire kelp plants. Thus, the proximate cause of 

kelp bed destruction would appear to be the formation of such 

destructive feeding aggregations. 

K.H. Mann, B.B. Bernstein & coworkers at Dalhousie 

University have proposed that the formation of exposed 

aggregations of grazing urchins, characteristic of the early 

stages of kelp bed destruction, is governed by the 
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behavioural responses of individual sea urchins exposed to a 

combination of stimuli from other urchins, potential food 

plants and predators (Bernstein et al. 1981, 1983; Bernstein 

& Mann 1982; Mann 1985). 

The alleged role of predators in inducing sea urchin 

aggregations has been challenged by R.L. Vadas, R.W. Elner & 

associates who claim that the formation of urchin 

aggregations is independent of the presence of predators and 

depends solely on the presence of food plants (Vadas et al. 

1986). 

In this thesis I use experimental and theoretical 

approaches to study the outbreak dynamics of S . 

droebachiensis. First I examine the formation of destructive 

feeding aggregations by quantifying the aggregating behaviour 

(Chapter 3) , microhabitat utilization (Chapter 4) , and 

feeding behaviour (Chapter 5) of S. droebachiensis under 

controlled laboratory conditions. This is an attempt to 

resolve the Bernstein-Mann vs. Vadas-Elner controversy by 

shedding new light on the mechanisms of outbreak initiation. 

Second, I analyse sea urchin mortality during the 

laboratory experiment and arrive at new estimates of diurnal 

predation rates. These estimates are interpreted as Holling 

(1959) type functional responses and compared with other 

recent estimates of predation rates on green sea urchins. 

Disease-related morbidity during the laboratory experiment is 
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considered in relation to the critical temperature hypothesis 

of Scheibling & Stephenson (1984). 

Third, I incorporate both behavioural effects and 

predation data into a simulation model. The model is used to 

assess the numerical impact of predation on pre- and post-

overgrazing sea urchin populations. I critically examine the 

notion of predator control, and discuss my findings in the 

context of the numerical component of the predator 

hypothesis. 

In the last chapter I attempt to synthesize the outbreak 

dynamics of S. droebachiensis in the North Atlantic by 

comparing the results of this study with those of other 

investigations. 
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CHAPTER 2 GENERAL METHODS 

2 .1 Experimental des ign and execu t ion 

To i n v e s t i g a t e t h e b e h a v i o u r a l r e s p o n s e s g o v e r n i n g t h e 

format ion of d e s t r u c t i v e feeding a g g r e g a t i o n s , I des igned a 

m u l t i f a c t o r i a l expe r imen t i n c l u d i n g t h e s even f a c t o r s : 

s e a s o n , u r c h i n s i z e , p r e f e e d i n g , u r c h i n d e n s i t y , f o o d , 

r e f u g e s , and p r e d a t o r s (Tables 2 . 1 , 2 . 2 ) . Th i s experiment was 

des igned t o f a c i l i t a t e t e s t i n g of h y p o t h e s e s s u g g e s t e d by 

p r e v i o u s a u t h o r s (Garnick 1978; B e r n s t e i n e t al. 1981, 1983; 

Vadas e t al. 1986) , and t o f a c i l i t a t e t h e f o r m u l a t i o n of 

s imple hypo theses s u i t a b l e f o r i n d e p e n d e n t r e t e s t i n g under 

f i e l d c o n d i t i o n s . 

G a r n i c k (1978) found t h a t f i e l d p o p u l a t i o n s of S. 

droebachiensis e x h i b i t e d dynamic p a t t e r n s of a g g r e g a t i o n wi th 

temporary f eed ing a g g r e g a t i o n s i n exposed m i c r o h a b i t a t s , and 

more p e r s i s t e n t n o n - f e e d i n g a g g r e g a t i o n s i n c r y p t i c 

m i c r o h a b i t a t s . He i n t e r p r e t e d t h e obse rved p a t t e r n s as t h e 

a c t i v e b e h a v i o u r a l r e sponse of i n d i v i d u a l u r c h i n s exposed t o 

chemical s t i m u l i from food and o t h e r u r c h i n s . 

B e r n s t e i n e t al. ( 1 9 8 1 , 1983) s u g g e s t t h a t t h e 

a g g r e g a t i n g and c r y p t i c b e h a v i o u r of S. droebachiensis 

f l u c t u a t e s s e a s o n a l l y , and i s i n f l u e n c e d by t h e u r c h i n s ' 

s i z e , n u t r i t i o n a l h i s t o r y and d e n s i t y , and by t h e p r e s e n c e of 

p r e d a t o r s , r e fuges and food. The e f f e c t s of f i s h p r e d a t o r s on 

t h e a g g r e g a t i n g behav iour of S. droebachiensis was i n f e r r e d 
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from field-observations, but not investigated experimentally 

(Bernstein et al. 1981). 

Bernstein et al. (1983) also postulate the existence of 

interaction terms, i.e. that the effects of predators on 

urchins differ with different urchin sizes and densities. The 

possibility of interaction effects necessitates the use of a 

factorial experimental design (Underwood 1981; Winer 1971). 

Vadas et al. (1986) carried out experiments using sea 

urchins, invertebrate predators and food algae, but ignored 

the effects of season, refuges, nutritional history, and 

interactions documented in the studies of Bernstein et al. 

(1981, 1983) . These auchors de-emphasize the effect of 

decapod predators, and claim that the presence of food is the 

main cause of aggregating behaviour in the sea urchin S. 

droebachiensis. 

I have included all these factors in my experimental 

design in an attempt to resolve the conflicting views of the 

aforementioned authors. My factor levels are not equivalent 

to those employed in earlier studies, and my experiment also 

differs by being exclusively laboratory based. However, my 

approach permits a higher level of replication, which in turn 

allows for a more powerful statistical analysis. 

The chosen factor levels, five 2-level and two 3-level, 

made 25 • 32 = 288 distinct treatment combinations. All 
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t rea tments were r e p l i c a t e d at l e a s t 5 times for a grand t o t a l 

of 1511 observat ions or tankdays. 

Table 2.1 Design of the multifactorial experiment. Factors and factor 

levels are tabulated. 

Season Size Prefeeding Density Food Refuges Predators 

summer small starved low no kelp absent no predators 

winter large well fed medium kelp present crab & lobster 

high wolffish 

The factor, sea urchin density, had three levels: low (5 

animals/tank), medium (15 animals/tank), and high (30 

animals/tank; Table 2.2) However, as these initial densities 

were frequently reduced due to predation and disease, each 

initial density level generally consisted of a range of final 

densities (Fig. 2.1; Table 2.2). Quantitative statements 

about final densities are thus expressed in terms of *~he mean 

final density, M, as defined by the arithmetic average of the 

observed final densities in a given treatment: 

M = 7 £N±, 
i=l 

where r is the number of tankdays in the treatment, and H± is 

the final number of sea urchins in tankday number i. 
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Table 2.2 Definition of experimental factor levels. 

Factor Definition 

SEASON 

summer 

winter 

SIZE 

small 

large 

PREFEEDING 

starved 

well fed 

DENSITY 

low 

medium 

high 

FOOD 

kelp 

REFUGES 

present 

PREDATORS 

crab & lobster 

wolffish 

May 14 to September 15, 1986 

October 16, 1985 to February 14, 1986; and October 22 to December 4, 
1986 

Test diameter 5 - 20 mm 

Test diameter > 20 mm 

Collected from barren grounds, maintained without feeding 

Collected from barren grounds, fed ad libitum on Laminaria 
longicruris or L. digitata for at least two weeks 

Initial density: 5 sea urchins/tank 
Final density: 3-5 sea urchins/tank 

Initial density: 15 sea urchins/tank 
Final density: 8-15 sea urchins/tank 

Initial density: 30 sea urchins/tank 
Final density: 19-30 sea urchins/tank 

1 plant or large fragment of Laminaria longicruriB or h. digitata 

4 clay pipes - 25 cm long, 9 cm internal diameter, hexagonal 
perimeter 

1 each of Cancer irroratua and Homarue americanua 

1 Anarhichas lupus 

The predator factor had three levels: a control with no 

predators, a decapod treatment with the simultaneous presence 

of one crab and one lobster, and a treatment with one 
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Atlantic wolffish (Table 2.2). Although in earlier studies of 

the effects of decapod predators on sea urchins, crabs and 

lobsters have traditionally been separated (Breen 1976; Evans 

& Mann 1977; Elner 1980; Bernstein et al. 1981, 1983; Vadas 

et al. 1986), it was assumed that a higher degree of realism 

could be achieved by combining the two decapods. These 

predators do frequently occur together in nature, and there 

is no a priori reason to assume that their combined effect is 

equal to the sum of their separate effects. The combined 

predatory impact of the two decapods on urchins was actually 

expected to be less severe, because crabs are a more highly 

preferred lobster food than sea urchins, thereby yielding a 

conservative estimate (Evans & Mann 1977; Elner 1980) . 
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F i g . 2 . 1 PERCENTILE PLOT OF FINAL SEA URCHIN DENSITIES. The p l o t t e d 

p e r c e n t i l e s r e p r e s e n t f i n a l sea u rch in d e n s i t i e s in the b e h a v i o u r a l 

d a t a s e t . I n i t i a l sea u r c h i n d e n s i t i e s used i n t h e m u l t i f a c t o r i a l 

experiment were "low" (5 animals/tank) , "medium" (15 animals/tank) , and 

"high" (30 animals /tank) , bu t f i n a l d e n s i t i e s were f requen t ly reduced by 

p r e d a t i o n and d i s e a s e - r e l a t e d m o r t a l i t y as i n d i c a t e d in t h e p l o t . 

n = 1439 tankdays. 

The experiment was car r ied out in e ight 60 * 90 cm 

laboratory tanks with rounded edges and a water depth of 35 

cm (Fig. 2 .2) . The water level in the tanks was determined by 

a v e r t i c a l standpipe dra in . The i n t e r i o r of the tanks was 
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smooth with the exception of three vertical grooves in the 

tank walls. Excluding the standpipe and the grooves, the 

wetted interior surface of each tank was equal to [0.9 * 0.6 

+ 2 * 0.35 * 0.6 + 2 * 0.35 * 0.9] m2 = 1.59 m2. Assuming that 

a single large urchin occupied an area of approximately 5^5 

cm2 = 0.0025 m2, the total tank area occupied by large sea 

urchins at high density was « 30 « 0.0025 m2 = 0.075 m2, or 

less than 5 % of the available space. 

These particular experimental tanks were selected for 

their convenient size and shape, which appears to have 

permitted a satisfactory execution of the chosen experimental 

design, while allowing for an acceptable level of 

replication. It is possible that different results would have 

been obtained in larger tanks or field enclosures, but the 

use of such structures would have imposed severe logistic 

constraints and is therefore best reserved for less complex 

experimental designs. 
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Fig. 2.2 REDUCED VERSION OF THE TWO-DIMENSIONAL TANK MAP USED TO RECORD 

DATA FROM THE MULTIFACTORIAL EXPERIMENT. The map is subdivided into a 5 

x 5 cm coordinate grid (dotted lines). The wide, dark-shaded column at 

the bottom represents the standpipe water drain. The three narrower, 

dark-shaded areas indicate vertical indentations (grooves) ir the tank 

walls. The refuge in the central portion of the tank consisted of 4 

hexagonal claypipes. 
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The experimental tanks, which were located in a fourth 

floor laboratory with large windows, were covered with fish­

net screens to prevent wolffish from escaping. Water hoses 

were suspended over the screens to facilitate aeration, and 

the tanks were drained and rinsed on a daily basis prior to 

setting up new treatments. Running seawater was supplied from 

Dalhousie University's aquatron facility. 

Sea urchins were collected in a typical barren ground 

environment at Half Island Cove, Chedabucto Bay, Nova Scotia, 

and kept in separate holding tanks prior to experimentation. 

Lobsters (approximately 0.5 kg), kelp, rock crabs, and 

wolffish were also stored temporarily in holding tanks. The 

holding tanks, which were not used for experimental purposes, 

were located in a basement room beneath the laboratory. 

To randomize their selection, sea urchins were taken 

haphazardly from the holding tanks and transferred to the 

experimental tanks containing the assigned combination of 

stimuli. Only individuals with a healthy appearance were 

used. The choice of experimental tank used on any given day, 

for any given treatment, was designated on a strictly 

arbitrary basis. The duration of each treatment was 

approximately 24 hours. 

At the termination of every tankday I recorded on a tank 

map the position of each individual sea urchin and indicated 

whether it was cryptic or feeding (Fig. 2.2) . Small sea 
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urchins were recorded as cryptic when found hiding in the 

vertical tank grooves (Fig. 2.2), underneath kelp, or when 

found under or inside the clay pipe refuges (Table 2.2) . 

Large sea urchins had outgrown the vertical grooves but were 

recorded as cryptic when found hiding behind the water drain, 

underneath kelp, or when found under or inside the clay pipe 

refuges (Table 2.2). All observations were made during 

daylight hours. 

Seawater temperature in the tanks was monitored on a 

daily basis when the experiment was in progress. Sea-water 

temperatures varied from 3 to 17°C over the 14 month duration 

of the experiment (Fig. 2.3) . 
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2.2 Data analysis 

Three different indices of aggregation (see Section 3.2.1), 

as well as the percentage of cryptic sea urchins, were 

obtained for all 1439 tankdays in the behavioural dataset. 

The percentage of feeding sea urchins was obtained for the 

719 tankdays where kelp was present. These quantitative 

measures of urchin behaviour were then analysed using 

standard analysis of variance (ANOVA) techniques supplemented 

with graphs displaying treatment effects. Assumptions of the 

ANOVA's were tested using the graphical methods outlined by 

Draper & Smith (1981) and Neter et al. (1985). There was no 

evidence of dependence among the residuals (Appendix 1) . 

Homoscedasticity and normality of error terms were achieved 

by logarithmic transformation of indices of aggregation, and 

angular transformation of % cryptic sea urchins (Appendix 1). 

The family level of significance in the multifactorial 

ANOVA's was controlled at a < 0.05 by using the Bonferroni 

inequality (Neter & al. 1985). Thus, a complete 7-way ANOVA 

consisted of 127 individual tests, each of which was 

evaluated with individual level of significance, 

0.05 n nnnA Oi = -J27- = 0.0004. 

The entire dataset was used in analyses of predation and 

disease-related mortality. In the analyses of sea urchin 

behaviour, however, replicates where more than 50 % of the 

experimental population was lost to predators or disease were 
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discarded. All discarded replicates but one (summer season; 

large, well fed urchins; low density; refuges present; kelp; 

wolffish) were repeated. Thus, the behavioural data consisted 

of [(288 -5) - 1] = 1439 tankdays when the experiment was 

terminated. A balanced behavioural dataset was obtained by 

substituting the single missing observation by the mean of 

the remaining 4 replicates of that particular treatment. This 

substitution simplified computational procedures in 

statistical analyses, but necessitated minor corrections 

prior to evaluation of final test statistics due to the 

introduction of one spurious degree of freedom. 

The raw data from the experiment were transferred to a 

database of my own design, programmed in MacForth Plus from 

Creative Solutions Inc.. Relevant information was extracted 

from the database and analysed using SYSTAT, Microsoft Excel, 

and StatView II (Abacus Inc.) software on an Apple Macintosh 

II computer. 

The percentile comparison graphs in this thesis were 

constructed using the StatView II program (Feldman et al. 

1987). This program compares 19 corresponding percentiles of 

two variables. The percentiles compared are: 1, 2, 3, 4, 5, 

10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 96, 97, 98, and 99. 

See Cleveland (1985) or Chambers et al. (1983) for technical 

discussions of percentile comparison graphs. 
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PART I 

OUTBREAK INITIATION: THE FORMATION OF 

DESTRUCTIVE FEEDING AGGREGATIONS 

Experimental manipulations in the f ie ld have become firmly 

establ ished as the methodological norm in benthic marine 

ecology since publ icat ion of the c l a s s i c i n t e r t i d a l f i e ld 

experiments by Connell (1961) and Paine (1966). However, 

f ield experiments are superior to laboratory experiments only 

if adequately controlled and replicated (Connell 1974; Dayton 

& Oliver 1980) . Unfortunately, recent reviews have uncovered 

a d is turb ingly high incidence of ser ious shortcomings in 

experimental design and data analysis in experimental f ie ld 

ecology (Hurlbert 1984; Underwood 1981, 1986; Underwood & 

Denley 1984). I t would therefore seem that par t of the price 

for the apparent success of f ie ld experimentation has been a 

loss of some of the sc ien t i f i c rigor usually associated with 

laboratory experiments. 

In t h i s sec t ion I attempt to reassess a number of 

hypotheses derived from e a r l i e r observat ions and f i e l d 

experiments, by using new data from a complex mult i factor ia l 

laboratory experiment. I address the main question of what 

fac to rs con t ro l the formation of d e s t r u c t i v e feeding 

aggregations by quantifying the aggrega t ing behaviour 

(Chapter 3) , microhabi tat u t i l i z a t i o n (Chapter 4) , and 

feeding behaviour (Chapter 5) of S. droebachiensis in 
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response to controlled manipulations of: urchin size, 

nutritional history and density; in the presence or absence 

of predators, refuges, and food; under both summer and winter 

conditions. 
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CHAPTER 3 PATTERNS OF AGGREGATION 

3.1 Introduction 

Whether sea urchins will coexist with kelp, or decimate it, 

is to a certain degree determined by the urchins' pattern of 

aggregation. Aggregated populations of sea urchins destroy 

large kelp beds because localized aggregations eliminate 

entire kelp plants, whereas randomly dispersed urchin 

populations of a similar density presumably would consume 

only a minute fraction of the kelp beds annual productivity 

(Mann 1977). 

The mechanisms giving rise to aggregation in sea urchin 

populations are not completely understood and much debated. 

The null hypothesis of a random spatial pattern was tested by 

Russo (1979) who found that Californian populations of the 

sea urchin S. franciscanus had a random pattern in an area 

with little kelp, but were highly aggregated in another area 

where kelp was abundant. The New Zealand sea urchin Evechinus 

chloroticus, however, was significantly aggregated in 

habitats dominated by either kelp or crustose coralline 

algae, although the urchins were more densely aggregated in 

the kelp habitat (Andrew & Stocker 1986). 

Bernstein et al. (1981, 1983) proposed a complex model 

consisting of several interacting causal factors including: 

urchin density, size and nutritional status; season; 

predators; and refuge availability. These factors purportedly 
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accounted for observed patterns of aggregation in North 

Atlantic populations of S. droebachiensis. However, the 

validity of this model was questioned by Vadas et al. (1986) 

who claimed that sea urchins aggregate only in the presence 

of food. These authors (Bernstein et al. 1981, 1983; Vadas et 

al. 1986) did not consider the null hypothesis of a random 

pattern of aggregation. 

In this chapter I describe the results from a 

multifactorial laboratory experiment designed to investigate 

the effects of causal factors suggested by previous authors. 

I quantify the aggregation behaviour of S. droebachiensis 

under labor?tory conditions using three different indices of 

aggregation. The null hypothesis of a random spatial pattern 

is tested prior to analyses of treatment effects. 
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3,2 Material and methods 

There is no consensus on how to define the degree of 

aggregation in a given population. To arrive at a definition 

involves choosing among several possible indices of 

aggregation, with different mathematical properties, which 

measure different aspects of a population's spatial 

characteristics (t'ielou 1977) . 

A "good" index, in the present context of sea urchin 

outbreak dynamics, should emphasize aggregation size, because 

outbreak initiation occurs when the number of sea urchins in 

an aggregation is large enough to cause severe damage to kelp 

plants (Mann 1977; Bernstein et al. 1981). 

Earlier attempts to quantify the aggregating behaviour of 

Strongylocentrotus droebachiensis utilized the mean number of 

sea urchins per aggregation as a measure of aggregation 

(Bernstein et al. 1983; Vadas et al. 1986) . This approach 

excludes information on solitary urchins which then has to be 

provided in a separate measure, such as the percentage of 

non-aggregated animals. Direct comparison of previously 

published figures on mean aggregation sizes is further 

complicated by lack of consensus on the definition of the 

unit of aggregation (Table 3.1). 
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Table 3.1 Some d e f i n i t i o n s of Strongylocentrotus droebachiensis 

aggregations. 

Term Definition Source 

Aggregation 

Aggregation 

Aggregation 

Association 

Feeding aggregation 

Destructive feeding 
aggregation 

Non-feeding aggregation 

solitary urchins or groupings with 
a 2 urchins in close proximity 

> 2 urchins in physical contact 

£ 3 urchins in cohesive three 
dimensional grouping 

£ 2 urchins in two dimensional or 
surficial grouping 

This study 

Bernstein et al. 
(1981) 

Vadas et al. (1986) 

Vadas et al. (1986) 

2 3 exposed urchins in close proximity Garnick (1978) 
feeding on kelp 

> 10 (80+) exposed urchins in close 
proximity feeding on and destroying 
whole kelp plants 

£ 3 urchins hiding in dark sheltered 
locations (refuges) with their spines 
closely interlocked 

Bernstein et al. 
(1981, 1983) 

Garnick (1978) 

Some of these definitional difficulties can be overcome 

simply by considering solitary individuals as aggregations of 

size one, and any group of sea urchins in close proximity to 

one another as an aggregation, irrespective of the feeding 

activity of the urchins (Table 3.1). By this definition the 

mean aggregation size, m2, equals the total number of sea 

urchins in the experimental unit, N, divided by the total 

number of aggregations, n (including solitary urchins as 

aggregations of size one): 

N 
2 n 
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The mean aggregation size is an adequate measure of 

aggregation in populations where the number of individuals 

per aggregation is randomly distributed. However, as noted by 

Bernstein et al. (1983), m2 gives a deflate* impression of 

extreme aggregation sizes in populations where the number of 

individuals per aggregation is non-randomly distributed. It 

is therefore preferable to introduce a slightly more 

sophisticated measure of aggregation such as ITI2, the index of 

mean crowding. This index is a measure of the mean number of 

aggregation cohabitants per urchin, and is defined as the 

mean aggregation size plus the amount by which the 

variance:mean ratio of the aggregation sizes differs from 

unity (Table 3.2; P^lou 1977; Lloyd 1967) 

where m2 is the mean aggregation size, as defined above, and 

V2 is the variance of the aggregation sizes. 

The index of mean crowding, m2, is calculated as follows: 

2X- pc, -1) 
* 3=1 

m 2 = R ' 

I*. 
where X, denotes the number of ind iv idua ls in the j t h 

n 
aggregation in the experimental un i t ; 2*Xj i s equal to N, the 

3=1 

total number of individuals in the experimental unit; and n 
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i s the t o t a l number of aggregations, including s o l i t a r y 

urchins as aggregations of size one. Accordingly, m2 must 

equal zero in a population of s o l i t a r y sea u rch ins , 

ind ica t ing tha t the individual urchins experience no 

crowding. 

Table 3.2 Summary of terminology and measurements of aggregat ion. 

Term Symbolic expression Descr ipt ion 

Aggregation One s o l i t a r y u rch in , o r a 
group of two o r more u rch ins 
in c l o s e proximi ty . 

Number of aggregat ions p To ta l number of aggrega t ions 
in experimental u n i t . 

Aggregation s i z e 
*i 

Number of urch ins in j t h 
aggrega t ion , j = 1, 2 , -., fl. 

Number of urch ins 

Mean aggregation s i z e 

Mean crowding 

3=1 

N 
m 2 = W 

m2 = m2 + 
ft-l) 

Total number of urchins in 
experimental unit. 

Theoretical definition of 
mean crowding. 

* j=l 

m2 = — 

Ix, (x, - i) 
n 

I*. 
3=1 

Computational formula for 
mean crowding expressed as 
the mean number of 
aggregation cohabitants per 
urchin. 

Patchiness * The ratio of mean crowding to 
mean aggregation size. 
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The defining property of a random discrete distribution 

is that its variance:mean ratio equals unity (Pielou 1977) . 

Therefore, m 2 is smaller than, equal to, or larger than, the 

mean aggregation size m2 in non-crowded, random (Poisson), or 

crowded distributions, respectively (Table 3.3). For clarity 

I have adopted Pielou's (1977, p. 117) recommendation of 

referring to the distribution of a statistical variable, and 

the pattern of a collection of organisms. 

Table 3.3 Patterns of aggregation expressed as mean aggregation size, 

m 2; the index of mean crowding of individual sea urchins within 
* 

* m 2 
aggregations, m2; and the index of patchiness, ^- . 

Mean crowding Patchiness Description of pattern 

* 
* „ 2 _ n uniform pattern of aggregation; all urchins solitary 
m2 = ° ^ 

* 
* 2 / -1 non-crowded pattern of aggregation 
m2 < m2 m^ < 1 

* 
* 2 _ T random pattern of aggregation 
m2 = m2 rfq " 1 

* 2 s 1 crowded pattern of aggregation 
'2 ' '"2 IT̂  
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* 
m2 

The ra t io of mean crowding to mean aggregation size, YfT' 

i s known as the index of patchiness (Table 3.2; Pielou 1977; 

Lloyd 1967) . I t i s smaller than, equal to , or larger than 

un i ty , in non-crowded, random (Poisson) , or crowded 

dis t r ibut ions, respectively (Table 3.3). 

As the index of patchiness i s unal te red by random 

f luctuat ions in population density (Pielou 1977), i t i s 

recommended as an a l t e rna t ive to Mor is i ta ' s index when a 

detai led analysis of the pat tern of aggregation in f i e l d 

populations i s required ( E l l i o t t 1977). In the present 
* 

m2 

laboratory study rs~ is useful as a direct indicator of 
"2 

departures from randomness. 

It is important to note that calculations of treatment 

means for all three indices of aggregation are based on 

individual tankday values because, according to a rule known 
* 
m2 

as "the fallacy of averages", the treatment means for ^- are 

generally not equal to the quotient of the corresponding 

treatment means for m2 and m2 (Welsh et al. 1988) . This is so 

because both m2 and m2 are calculated from data that were 

obtained from the same experimental units, and are therefore 

not statistically independent. As an example consider the 

values of the three indices for the small sea urchin 

treatment (Fig. 3.1): 
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the mean aggregation size for small urchins i s 

" s m a l l 

= n~T7 E m 2 , j = 2.1579, " • 2 , s m a l l . . 8 m a l l j = i 

the index of mean crowding for small urchins is 

nBmall 

K small = Y\1~~ 2 A , j = 2.2394, l, small " s m a n j = 1 

and the correct estimate of the index of patchiness for small 

urchins is 

nsmall 

™2 
m" smaii n i, / j un, V"2 r m " "small tmd v 2 / 

3=1 
X 1 \ '"2 m„ 1 

. = 0.8599, 

which is not the same as the estimate obtained from the 

quotient of the mean crowding and the mean aggregation size 

for small sea urchins, that is 

* 
m2,small _ 2 . 2 3 9 4 _ 
"Vsmal l " 2 . 1 5 7 9 " 1 - ° 3 7 8 ' 

thus illustrating the fallacy of averages (Fig. 3.1). 

The present scheme cf three different indices of 

aggregation permits unequivocal distinction of crowded, 

random, and non-crowded patterns of aggregation in sea urchin 

populations (Table 3.3), either by testing for equality of 

the estimated values of m2 or m2, or equivalently by testing 
* 

m2 
•jyj- for departures from unity. The degree of aggregation in 
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different population samples can be assessed by comparing 
•k 

ei ther index (Fig. 3 .1) . In the present context m2 i s a 

"better" indicator than m2, because m2 provides a more 

accurate measure of the size of the l a rges t aggregations, 

which i s the c r i t i c a l parameter of outbreak in i t i a t ion . t 
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TOTAL 
SEASON 

summer 
winter 

SIZE. 
smaH 
large 

PBEfEEDJNS... 
starved 

well fed 

DENSITY 
low 

medium 
high 

REFUGES 
absent 

present 

FOOD 
no food 

kelp 

PREDATORS 
no predator 

crab & lobster 
wolffish 

Fig. 3.1 THREE MEASURES OF AGGREGATION. A. Mean aggregation size, m 2, 

and the index of mean crowding, m2, are graphed for the m a m treatments 

of the multifactorial experiment. The two vertical dotted lines indicate 

the location of the two indices for the grand total of the dataset. 

These two indices have identical values in randomly aggregated 

m2 
populations. B. The index of patchiness, ĵr-, equals unity in randomly 

aggregated populations, and is therefore graphed with reference to a 

vertical base line through the unit point of the horizontal axis. 
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3.3 R e s u l t s 

3.A.3.Al.....Ea]tMrns....a{.....asgr.ega.t:iQn 

The null hypothesis of a random pattern of aggregation was 
* formulated as HQ: m2 = m2, and tested in a repeated measures 

ANOVA (Table 3.4). The test for the repeated measure factor 

is significant, hence the null hypothesis is rejected. Five 

significant main factor tests and two significant two-factor 

interaction tests indicate treatment-specific variability in 

the sea urchins' pattern of aggregation. This variability is 

* m 2 

analysed further in separate ANOVA's for m2, m2, and j^-

(Table 3.5). 

The main factor effects for sea urchin density and size 

have the largest F-values for all three indices of 

aggregation (Table 3.5). Predators and refuges also have 

significant main factor effects for all three indices of 

aggregation. Season and food have the smallest main factor F-

values, and these are significant for only one index of 

aggregation. Prefeeding has no significant main factor 

effects, but is involved in a significant two-factor 

interaction with refuges, and a significant three-factor 

interaction with refuges and density. Density, food and 

predators are involved in significant two-factor interaction? 

with size. This means that all main factor effects excej. 

season interacted significantly with other factors. These 
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interaction effects and the main factor effect for season are 

analysed in the next six subsections. 

Table 3.4 Test ing for depar tures from a random p a t t e r n of aggregat ion. 

Repeated measures ANOVA t e s t i n g the n u l l hypothes is HQ: m2 = m2 > 

Degrees of freedom (df), mean squares (MS), F-values, and p-va lues for 

main e f f ec t s and s i g n i f i c a n t i n t e r a c t i o n s . P r io r to ana lys i s the data 
were transformed using the logar i thmic t ransformat ions: l o g 1 0 ( l + m2) 

and log 1 0 (1 + m2) . The Bonferroni family l eve l of s ign i f i cance for the 

r epea ted measure ANOVA i s a £ 0 .05 , wi th Oti - 0.0004 for each 

ind iv idua l t e s t , n = 1439 tankdays. 

Source of v a r i a t i o n df MS F p 

Repeated measure 

Season * RM 

Size x RM 

Prefeeding * RM 

Density x RM 

Refuges x RM 

Food x RM 

Predators x RM 

Size x Density * 

(RM) 

RM 

Density * Predators x RM 

1 

1 

1 

1 

2 

1 

1 

2 

2 

4 

363.74 

0.13 

0.84 

0.00 

0.05 

0.12 

0.16 

0.35 

0.13 

0,06 

143582.62 

16.05 

100.28 

0.00 

5.92 

14.32 

18.81 

42.34 

16.0 

7.1 

0.0001 

0.0001 

0.0001 

0.9541 

0.0028 

0.0002 

0.0001 

0.0001 

0.0001 

0.0001 

Error 1151 0.01 
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Table 3.5 ANOVA table for the analysis of aggregation behaviour. 

Degrees of freedom (df) and F-values for significant main effects and 

interactions are tabulated for separate analyses of three indices of 

aggregation: mean aggregation size (m2), mean crowding (m2) , and 

patchiness Error mean squares are included for each analysis. 

Prior to analysis the data were transformed using logarithmic 

transformations: log10 (m2), log10 (1 + Tl2), and log lop + m2 y The 

Bonferroni family level of s ignif icance for the e n t i r e ANOVA i s 

a £ 0.05, with a± = 0.0004 for each individual t e s t . The number in 

brackets i s approaching significance, n = 1439 tankdays. 

Source of variation 

Season 

Size 

Density 

Refuges 

Food 

Predators 

S ize x Densi ty 

Size x Food 

Size x Preda tors 

Prefeeding * Refuges 

df 

1 

1 

2 

1 

1 

2 

2 

2 

2 

1 

" 2 

14.74 

378.401 

793.631 

78.237 

17.649 

111.981 

15.255 

8.006 

14.657 

* 

m2 

394.469 

1315.704 

81.249 

94.949 

16.206 

15.533 

(7.632) 

m2 
mj. 

175.924 

1205.71 

47.589 

37.273 

22.19 

Prefeeding * Densi ty x Refuges 2 7.885 

Erro i mean square n 5 1 0 - 0 2 0 > 0 2 9 0 # Q 0 6 
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3.3.1.1 The size * density interaction 

The size * density interaction is significant for both the 

mean aggregation size, m2, and the mean crowding m 2 (Table 

3.5). Although both large and small urchins tended to 

aggregate more at high densities, the large sea urchins were 

still significantly more aggregated than the small urchins 

(Fig. 3.2, Appendix 3). 

The main factor effects for urchin size and density are 
* 

m2 
significant for r«- , however, the interaction effect is not 

"'2 

significant for this index (Table 3.5). Urchins had a non-

crowded pattern of aggregation at low densities, a nearly 

random pattern at medium density, and a crowded pattern at 

high density (Fig. 3.1, Table 3.3). Averaged over all 

densities small urchins had non-crowded, and large urchins 

had crowded, patterns of aggregation (Fig. 3.1, Table 3.3). 
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5 -i 

m2 3 -

l -

i i i 

L A R Q E ^ ^ ^ ^ 

W-^\^_, "" S M A L L 

* 
m 2 4 

LOW MEDIUM 

URCHIN DENSITY 

HIGH 

Fig. 3.2 SIZE x DENSITY INTERACTION PLOT. In the top panel m2 values 

for small and large sea urchins are plotted separately for each density 

level. In the bottom panel the corresponding m 2 values are plotted. 

n = 240 tankdays per datapoint. 
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3.3.1.2 The size * predators interaction 

The size * predators interaction is significant for the mean 

aggregation size, m2, and approaches significance for mean 

crowding, m 2 (Table 3.5). Decapod predators and wolffish had 

opposite effects on the aggregation pattern of S . 

droebachiensis. The sea urchins were more aggregated in the 

presence of decapod predators, but less aggregated when a 

wolffish was present. The wolffish had the greatest effect on 

large sea urchins (Fig. 3.3, Appendix 3). 

Due to acts of predation the mean final sea urchin 

d isities are lower in the predator treatments than in the 

control treatments without predators (Table 3.7). The general 

effect of lowering sea urchin density is to make the sea 

urchins less aggregated (Figs 3.1, 3.2; Appendix 3) . An 

attempt to quantify this effect is made in Tables 3.6 and 

3.7, where linear regressions of final sea urchin densities 
* 

are used to predict m 2 and m 2 for small and large sea 

urchins. 

The differences between observed and predicted values of 

m 2 and m 2 are graphed in Fig. 3.4. The magnitude of the 

differences between observed and predicted values are larger 

for the predator treatments than for the control treatments. 

This would suggest that the observed treatment effects are a 

result of sea urchin behavioural responses to the presence of 

predators, rather than a passive result of the predators 

numerical impact, but the suggestion is tentative due to the 
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poor fit of the regression lines (r2 < 0.5; Table 3.6). The 

predicted values for the control treatments, however, are 

reasonably close to the observed values, particularly for the 

small sea urchins. Hence, the local fit of the regression 

lines might be somewhat better than the low r2-values would 

suggest. 

Only the main factor effect for predators is significant 
* m2 

for the index of patchiness, j^- (Table 3.5) . Sea urchins had 

a non-crowded pattern of aggregation in the presence of 

wolffish, but were slightly crowded in the presence of 

decapod predators and in the control treatments without 

predators (Fig. 3.1, Table 3.3). This result agrees with the 

preceding suggestion that decreased aggregation in the 

presence of wolffish is partly due to behavioural responses 

from the urchins, and is not merely a result of predatory 
* 
m2 

density reduction, because the numerical value of jff i s 

unaltered by random density fluctuations (Pielou 1977). 
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m. 

4 H 

3 

2 H 

1 

* 

5 -

4 -

3 -

2 -

1 

NO PREDATOR 

/ 

LARGE 

SMALL 
/ 

LARGE 

SMALL J-
CRAB & LOBSTER 

PREDATORS 

WOLrTISH 

Fig. 3.3 SIZE x PREDATORS INTERACTION PLOT. In the top panel m 2 values 

for small and large sea urchins are plotted. In the bottom panel the 

corresponding m 2 values are plotted, n - 240 tankdays per datapoint. 
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Table 3.6 Relat ionship between f ina l sea urcnin densi ty, x, mean 
* 

aggregation s ize , m2, and mean crowding, m2, f^r small and large S. 

droebachiensis. 

S m a l l 

* 2 
* 
m0 

Large 

™2 
* 
m0 

Regression l ine 0.06x + 1.15 0.15x - 0.14 0.14x+ 1.12 0.32x - 0.56 

r 2 0.37 0.47 0.34 0.5 

Q 

H 
O 

Q 
UJ 
CX 
Q. 

Q 
LU 
> 
DC 
UJ 

to 
CD 
O 

1.0 -

0.5 -

0.0-

-0.5-

-1.0 -

S M A L L 

J H t 1 | •^BL—1 

1 

V 
1 

NO 
PREDATOR 

CRAB & WOLFFISH 
LOBSTER 

NO CRAB & WOLFFISH 
PREDATOR LOBSTER 

PREDATORS 

Fig. 3.4 NUMERICAL VERSUS BEHAVIOURAL IMPACT OF PREDATORS. The 
* 

difference between observed and predicted values of m 2 and IT»2 are 

plotted separately for small and large sea urchins. The predicted values 

are estimates based on linear regressions of observed final sea urchin 

densities. Key to symbols: mr Dm, 
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Table 3.7 Estimated numerical impact of predators on the aggregation 

pattern of S. droebachiensis. The predicted values of mean aggregation 
* 

size, m 2 , and mean crowding, m 2 , are estimates based on linear 

regressions of observed final sea urchin densities. 

Small 

Observed Predicted 

.frarge... 

Observed Predicted 

NO PREDATOR 

Final density 

™2 

* 
m 0 

16.58 

2.21 

2.39 

2.15 

3.35 

16.47 

3.64 

5.00 

3.43 

4.71 

CRAB & LOBSTER 

Final density 

* 

WOLFFISH 

Final density 

m„ 

15.79 

2.44 

2.57 

15.56 

1.83 

2.1 

2.23 

16.02 

3.73 

5.23 

2.1 

14.39 

2.48 

3.36 

4.56 

3.14 

* 
m„ 

1.75 2.19 3.03 4.05 

^ 
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3.3.1.3 The size x food interaction 

The main effect of food is significant only for the mean 

aggregation size, m2, which was slightly lower when kelp was 

present than in the control treatments without food (Table 

3.5; Fig. 3.1). However, the size * food interaction is 

significant for both the mean crowding m2, and the patchiness 

m2 
fff (Table 3.5) . As measured by these two indices the presence 

of food had opposite effects on the aggregation behaviour of 

small and large sea urchins. Small urchins were less 

aggregated, while large urchins were more aggregated when 

kelp was present (Fig. 3.5, Appendix 3). 
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* 
m, 

m 

m 

1.4 

1.2 

2- 1.0 

0.8 -I 

0.6 

5 -

4 -

3 -

2 -

1 -

I I 

• • if 
LARGE ' 

7 
SMALL 

- Q 

LARGE 

SMALL 
/ 

NO FOOD 

FOOD 

• - 0 

— I — 

KELP 

Fig. 3.5 SIZE x FOOD INTERACTION PLOT. In the top panel m 2 values for 

small and large sea urchins are plotted separately for treatments with 

m,-
and without kelp. In the bottom panel the corresponding values for 

™2 
* 
m,-are plotted. The dotted horizontal line through JJT = 1.0 indicates the 

threshold value for a random pattern of aggregation, n = 360 tankdays 

per datapoint. 
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3.3.1.4 The prefeeding * density x refuges interaction 

• The main effect for refuges was significant for all three 
I * 
! * ^2 
I indices of aggregation (Table 3.5) . Both m2 and |̂ - were lower 

in the presence of refuges than in the control treatments 

without refuges, indicating that the sea urchins were less 

aggregated in the presence of refuges (Fig. 3.1). The mean 

aggregation size, m2, was also lower in the presence of 

refuges, although the effect of refuges as measured by this 

index interacted significantly with prefeeding, and 

prefeeding * density (Table 3.5) . 

Prefeeding had no significant main effect, but interacted 

significantly with refuges and density (Table 3.5). The 

effects of prefeeding were detected only by the mean 

aggregation size, m 2 (Table 3.5). Well fed sea urchins had 

highest mean aggregation sizes when refuges were absent 

irrespective of urchin density (Fig. 3.6). Starved urchins 

had higher mean aggregation sizes in the absence of refuges 

only at low and medium densities. At high density the starved 

urchins had lower mean aggregation sizes when refuges were 

absent (Fig. 3.6) . 

At low density the starved sea urchins had higher mean 

aggregation sizes than the well fed urchins when refuges were 

absent, and lower mean aggregation sizes than the well fed 

urchins when refuges were present (Fig. 3.6). This pattern is 

reversed at medium and high densities, where starved urchins 
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had lower mean aggregation sizes than well fed urchins in the 

absence of refuges, and higher mean aggregation sizes than 

well fed urchins in the presence of refuges. Thus the effect 

of refuges on the aggregation behaviour of S. droebachiensis 

as measured by the mean aggregation size, m2, depends on both 

the prefeeding status and the population density of the sea 

urchins. 
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4.5 

4.0 

3.5 -

m 2 3.0 

2.5 -

2.0 -

1.5 -

HIGH 

WELL FED 

M E P I U M STARVED 

WELL FED 

LOW 

WELL FED 

STARVED 

ABSENT PRESENT 

REFUGES 

Fig. 3.6 PREFEEDING x DENSITY x REFUGES INTERACTION PLOT. Mean 

aggregation size, m2, is plotted separately for starved and well fed 

sea urchins, at different densities in treatments with and without 

refuges, n = 120 tankdays per datapoint. (NB Vertical scale differs from 

other interaction plots in this chapter.) 
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3.3.1.5 Season 

Season had significant effects only on the mean aggregation 

size, m 2 (Table 3.5), which was higher in the summer 

treatments (Fig. 3.1). 
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3,4 Discussion 

The aggregating behaviour of S. droebachiensis in laboratory 

tanks was to a large extent determined by the population 

density and body size of the sea urchins. Sea urchins had a 

non-crowded pattern of aggregation at low density, a nearly 

random pattern at medium density, and a crowded pattern at 

high density. As noted in Section 2.1, even large urchins at 

high density occupied less than 5 % of the available tank 

surface area, thus eliminating the possibility that the 

urchins were simply "crowded" for lack of space. Averaged 

over all densities small sea urchins had a non-crowded 

pattern of aggregation, and large urchins had a crowded 

pattern. Similar results were obtained by Bernstein et al. 

(1981, 1983) . 

The basic tendency for large sea urchins to aggregate, 

particularly at high population density, was reversed in the 

presence of Atlantic wolffish. My results suggest that 

wolffish reduced the size cf aggregations both by decreasing 

the population density, and by eliciting behavioural 

responses from the sea urchins. 
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3..,.&A.2. ..EiJ.e.s.t§....Q.f.. .de.c?ap.Q.4...pxMat;.Qi:.s 

Indices of mean aggregation size and mean crowding within 

aggregations were slightly higher when decapod predators were 

present than in the control treatments without predators. 

Predictions based on the numerical impact of decapod 

predators would suggest the reverse effect since both the 

aforementioned indices of aggregation decrease when urchin 

density decreases. It is therefore tentatively suggested that 

the presence of decapod predators elicits behavioural 

responses, whose end result is an increase in the size of sea 

urchin aggregations. 

Bernstein et al. (1981, 1983) reached similar 

conclusions, particularly regarding the role of crabs. 

Unfortunately, their conclusions were based on uncorrected 

individual significance levels, a = 0.05, in a 5-way analysis 

of variance consisting of 31 separate significance-tests. If 

the family level of significance in this analysis were kept 

at a < 0.05, then the critical significance level for 

individual tests would be controlled at <x± < \. « 0.0016, 

according to the Bonferroni inequality (Neter et al. 1985; 

Wilkinson 1986). Bernstein et al.'s (1983) results for 

decapod predators were not significant at this level, and 

should therefore be interpreted with caution. 

The purported effects of decapod predators on the size of 

sea urchin aggregations is a central theme in the Bernstein-

Mann versus Vadas-Elner controversy. Vadas et al. (1986) 
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argue that the presence of decapod predators does not elicit 

formation of sea urchin aggregations. They base their 

argument on results from several single factor experiments 

aimed at investigating the aggregation behaviour of S. 

droebachiensis in response to the presence of decapod 

predators. However, there appear to be certain problems with 

the execution and interpretation in Vadas et al.'s (1986) 

experiments, and their approach precludes assessment of 

interaction effects (Bernstein et al. 1983). One of these 

experiments is considered below. 

My modified sketch of the experimental frame used in this 

experiment is shown in Fig. 3.7. The frame, which had 0.15 m 

legs, was positioned on the sea bottom "... over a randomly 

selected, natural patch of urchins" (Vadas et al. 1986) . 

Neither the random selection procedure nor the concept of 

a "natural patch of urchins" are specified beyond the single 

sentence in which they are introduced. The experiment 

consisted of three treatments, lobster, crab, and control. It 

was repeated three times for a total of 9 observations. 

Data from this experiment were recorded as the initial 

and final (after 24 hours) number of urchins within each of 

the twentyfive 0.2 x 0.2 m2 subdivisions of the experimental 

frame (Fig. 3.7). Initial and final numbers of sea urchins 

within the perimeter (16 subdivisions) and within the center 

(9 subdivisions) were separately compared for each of the 9 

experimental observations using t-tests based on a sampling 
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of subdivisions within unreplicated experimental units (Vadas 

et al. 1986, table 2) . This is an example of an invalid 

statistical practice known as pseudoreplication, and any 

conclusions based on such tests are inconclusive (Hurlbert 

1984) . 

1 m 

rrrrrri-rTTrT 

V i V r r r r t *' rrrr iViViV. 

Fig. 3.7 MODIFIED SKETCH OF THE EXPERIMENTAL FRAME USED IN VADAS ET 

AL.'S (1986) TETHERED PREDATOR EXPERIMENT. Eight predators (rock crabs 

or lobsters) were restrained in individual plastic stretch mesh bags and 

tied to the the periphery of the frame, presumably as indicated. The 

nine interior subdivisions (shaded) were referred to as the "center" and 

the sixteen outer subdivisions were referred to as the "perimeter". 



PATTERNS OF AGGREGATION: 3.4 Discussion 54 

It would appear therefore that the Bernstein-Mann versus 

Vadas-Elner controversy is based on non-significant and 

inconclusive evidence. However, as my laboratory results are 

also equivocal, independent retesting (sensu Connell 1974) of 

the null hypothesis that decapod predators have no effect on 

the aggregation behaviour of sea urchins in the field is 

recommended. 

.3...t..4.A..3....E.L£e.S^ 

The main effect for refuges was significant for all three 

indices of aggregation. Sea urchins were less aggregated when 

refuges were present than in the control treatments without 

refuges. However, the effect of refuges, as measured by mean 

aggregation size, interacted significantly with prefeeding 

and density, giving starved sea urchins at high density the 

largest mean aggregation size when refuges were present. This 

was the only detectable effect of prefeeding. 
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3..Ai.A..4....Effe.cM 

The size * food interaction was significant for both the mean 

crowding and the index of patchiness, although the main 

effect of food was non-significant for these two Indices. The 

presence of food (kelp) had small opposite effects on the two 

sizegroups of sea urchins. Large urchins were slightly more 

aggregated, while small urchins were slightly less aggregated 

in the presence of kelp. 

Although the mean aggregation size was only slightly, but 

significantly, lower in the presence of kelp, this index was 

not involved in any significant interactions. Thus, the three 

indices agree that small sea urchins were less aggregated 

when kelp was present. 

Large sea urchins had lower mean aggregation size and 

higher mean crowding when kelp was presenx:. This is an 

indication of a pattern with more solitary urchins and larger 

aggregations. Such a pattern would decrease the mean 

aggregation size while increasing the mean crowding. The net 

result is a slightly more aggregated pattern as indicated by 

the index of patchiness. 

Several authors have observed that starved S . 

droebachiensis in barren areas tend to aggregate on 

introduced seaweeds (Himmelman & Steele 1971; Fletcher et al. 

1974; Garnick 1978; Bernstein et al. 1981; Vadas et al. 

1986). This appears to be primarily a feeding response 
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(Chapter 5), since both prefeeding and food had little effect 

on the overall aggregation behaviour of S. droebachiensis. 

3..A.4.A.5... Effects... of... season 

Sea urchins in the experimental tanks had a significantly 

higher mean aggregation size during the summer season. No 

significant effects of seasonal changes were detected by the 

other two indices of aggregation. 

Bernstein et al. (1981) found a lower degree of 

aggregation during the summer season in field populations of 

S. droebachiensis. They attributed this observation to the 

seasonal inshore appearance of Atlantic wolffish. My results 

are in agreement with this suggestion. All three indices of 

aggregation were significantly lower when wolffish were 

present (Section 3.4.1). 
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CHAPTER 4 MICROHABITAT UTILIZATION 

4.1 Introduction 

Strongylocentrotid sea urchins occur in a variety of 

microhabitats ranging from cryptic cracks and crevices to 

unprotected, exposed surfaces. In areas with intact kelp beds 

the sea urchins are frequently found in cryptic 

microhabitats. However, in areas where the kelp beds have 

been destroyed or are in the process of being destroyed, a 

high proportion of the urchin population is typically found 

occupying openly exposed microhabitats (Hagen 1983, 1987; 

Harrold & Reed 1985; Mann 1985). 

Evidence from field studies suggests that changing 

patterns of microhabitat utilization, which coincide with the 

onset of destructive grazing of kelp, are governed by complex 

interactions among a multitude of causal factors including: 

urchin size, density and feeding history; season; predators; 

cryptic habitats; and the availability of drift algae 

(Bernstein et al. 1981; 1983). 

In this chapter I contrast published findings on the 

microhabitat utilization of Strongylocentrotus droebachiensis 

with new results from a multifactorial laboratory experiment. 

First the null hypothesis of random spatial pattern is tested 

using the Poisson probability model as a statistical 

benchmark (Andrew & Mapstone 1987). Second, the overall 

cryptic behaviour of S. droebachiensis is considered, and 
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third, the usage of experimentally introduced spatial 

heterogeneity in the form of claypipe refuges is evaluated. 

The objective of these analyses is to identify determinants 

of spatial patterns and to identify preferences which are 

relevant in the context of sea urchin outbreak initiation. 

4.2 Material and methods 

Data for the three main analyses of this chapter were 

obtained from the multifactorial laboratory experiment 

(Section 2.1) . Graphical analyses of spatial pattern are 

based on patterns of cumulative sea urchin occurrences. 

Cryptic behaviour is analysed numerically using quantitative 

data obtained for all 1439 tankdays in the behavioural 

dataset. Refuge usage is studied by graphical analysis of 

cumulative occurrences data, and by numerical analysis of 

quantitative data. 

Graphical methods of data analysis are used extensively 

throughout this chapter, both as a supplement to conventional 

numerical statistical analyses, and as an independent 

analytical tool (Chambers et al. 1983). 
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.4.A.2..v.l....De§cr„ip.tion..o.f....da.tas.e.t 

Spatial data were collected by recording the location of 

individual sea urchins at the end of each tank day. The 

locations were recorded as positions on a two dimensional map 

of the interior surface of the experimental tank. The map had 

a superimposed xy-coordinate grid which demarcated a total of 

636 map locations (Fig. 2.2 ) . 

A quantitative measurement of the sea urchins spatial 

pattern inside the experimental tanks was obtained by summing 

the number of sea urchins recorded at each map location for 

all tank days in a particular treatment. As an example the 

resulting matrix of cumulative sea urchin occurrences for the 

entire dataset is listed in Table 4.2. 

4.,..2..,2....p.ata...analy.sis. 

4.2.2.1 Spatial pattern 

4.2.2.1.1 Construction oi probability maps 

Probability maps were constructed by using the observed mean 

number of sea urchins per subdivision, x, as an estimate of 

the parametric mean, A, of a Poisson distribution (Cliff & 

Haggett 1988; Sokal & Rohlf 1981). Thus, the probability, 

P (X • x) , of observing a certain number of, say x, urchins in 

a particular location is given by: 
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P(X= X) ~ -—= , X = 0, 1, 2, 3, ..... , 

e • x! 

and the probability of observing no more than x urchins in a 

particular location is given by: 

P(X< x) = £ P ( X = j). 
j=o 

Two range-defining x-values, xlow and >rhigh, are defined 

such that P(X < xlow) < a and V(X > xhigh) < a. These values 

are easily calculated using the above formula and a computer 

spreadsheet. Locations on the probability maps where the 

observed cumulative sea urchin occurrences are in the 

interval between xlow and xhigh are coded as average. Values 

£ xlow are coded as significantly low, and values > xhigh are 

coded as significantly high. 

4.2.2.1.2 Detection of departures from a random pattern 

If the initial null hypothesis of this chapter is true, then 

the underlying spatial-pattern is random, and the probability 

that a particular location on the probability map will 

exhibit a significant departure from the average value, 
a 

either significantly low or significantly high, is — . All 

probability maps in this chapter have been constructed by 

using a one-tailed significance level of a = 0.00001. A lower 

bound for the probability of no significant departures in a 

!• 
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map comprising 636 locations under the null hypothesis is 

given by the Bonferroni inequality (Neter et al. 1985) 

P < 1 - 636 • 0 - 0 ° 0 0 1 = 1 - 0.00318 = 0.99682. 

Therefore, even a single significant departure from the 

average value would be sufficient to reject the null 

hypothesis at the 0.005 level of significance. This 

calculation shows that graphical analysis of probability maps 

is a powerful technique for detecting non-randomness in the 

spatial pattern of sea urchins in laboratory tanks. 

Additional tests for departures from the Pcisson model 

were carried out by calculating the G-statistic for goodness 

of fit (Sokal & Rohlf 1981), 

3 

G = 2 \ In ("̂  ) , where 1^ and f^ are the observed and •2> {v 
i = 1 

expected frequencies for the number of locations in the three 

groups, low, average and high (i = 1, 2, 3) . 

The expected Poisson frequencies for a tank map 

comprising 636 locations are calculated as follows: 

b 

I xx 

ft = 636 y — = , where the summation intervals [a, 
1 * e x • x ! 

b] equa l [0, x l ow] , [x l ow + 1, x h i g h - 1 ] , and [x h i g h , oo] fo r t h e 

t h r e e groups low, a v e r a g e , and h igh ( i = 1, 2, 3) . 
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This G-test has only one degree of freedom since one 

degree of freedom is subtracted because the mean of the 

sample data, x, is used to calculate the expected frequencies 

(Sokal & Rohlf 1981). 

4.2.2.2 Cryptic behaviour 

4.2.2.2.1 Quantitative cryptic behaviour 

Large sea urchins were recorded as cryptic when found hiding 

behind the vertical drainpipe, underneath kelp, or when found 

under or inside the claypipe refuges (Section 1.2). Small sea 

urchins were recorded as cryptic when found hiding in the 

aforementioned locations, as well as when found in the 

vertical tank grooves (Fig. 2.2). The percentage of cryptic 

individuals was calculated separately for each tankday. The 

data were successfully transformed using the angular 

transformation, and the resulting dataset was analysed in a 

7-factor ANOVA. 
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4.2.2.2.2 Cryptic microhabitat usage 

Usage of cryptic microhabitats is analysed graphically with 

subdivided histograms. Each histogram bar represents the 

number of cryptic sea urchins using each of the available 

cryptic microhabitats in a particular treatment, expressed as 

a percentage of the total number of cryptic urchins in the 

entire behavioral dataset, or "% of cryptic total" as 

indicated on the vertical axis of the histograms.. 

4.2.2.3 Refuge usage 

The analysis of refuge usage was carried out on data for the 

719 tankdays where refuges were present. Refuge usage was 

measured as a percentage of the final sea urchin density, and 

calculated separately for each tankday. The dataset was 

analysed in a 6-factor ANOVA. 
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4.3 Results 

4..,.3..,l....§P.at,lal. .p.afc.t.e.r.n 

4.3.1.1 Testing for departure from a random spatial pattern 

The logical first step in the analysis of the spatial pattern 

of a population is to test the null hypothesis of spatial 

randomness (Andrew & Mapstone 1987). The probability map 

Figure 4.1 shows that approximately two thirds of the tank 

locations were used by significantly lower or higher numbers 

of sea urchins than would be expected under H0 (Table 4.1) . 

Since only one significant departure from the Poisson model 

is sufficient to reject the null hypothesis with a = 0.005 I 

conclude that sea urchins in the experimental tanks exhibited 

a non-random use of space. 

The decision to reject the null hypothesis was confirmed 

by a test for goodness of fit. Comparing observed and 

expected frequencies for the number of locations in each of 

the three groups, low, average, and high (Table 4.1) yielded 

a highly significant G-value (G = 9345.62 » x2 = 10.83). 
1, o.ooi 

This non-random spatial pattern of the sea urchins 

reflects a selective utilization of available surface area. 

Approximately two thirds of the sea urchins occurred in less 

than 14 % of the available space (the black areas in Fig. 

4.1, Fig. 4.2, Table 4.1). The preferred areas included the 
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top corners and surrounding a r eas , the bottom corners , the 

v e r t i c a l grooves, the top and bottom of the dra inpipe , and 

loca t ions i n the general v i c i n i t y of the refuges (Fig. 4 . 1 , 

F ig . 1 .1) . Conversely, the major i ty of l o c a t i o n s in the 

experimental tanks were r a r e l y occupied, and urch ins were 

seldom found on f e a t u r e l e s s por t ions of v e r t i c a l wal ls and 

tank bottom (Fig. 4 . 1 , Table 4 . 2 ) . 

Table 4.1 Summary of s ta t is t ics used to construct probability map and 

testing for goodness of f i t . x is the mean number of urchins per 
location; £x is the total number of sea urchins observed; f is the 

observed, and f is the expected number of locations. Individual level 
of significance, a = 0.00001. n = 1439 tankdays. 

Frequency 

Mean Sum Range Observed Expected 

Group X 2-X f f 

Significantly 4.83 1681 0 5 x S 12 348 0.002495 
low number of 
urchins 

Average number 28.21 5690 1 3 S X S 63 203 635.988948 
of urchins 

Significantly 182.39 15385 64 <; x £ 964 85 0.008557 
high number of 
urchins 

Total 35.78 22756 0 £ x S 964 636 636.000000 
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F i g . 4 . 1 PATTERN OF CUMULATIVE SEA URCHIN OCCURRENCES INSIDE 

EXPERIMENTAL TANKS. Key to symbols: flj s i g n i f i c a n t l y high numbers of 
r r i 

urchins, average numbers of urchins, significantly low numbers of 

urchins, n = 1439 tankdays. 
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10 - MAP LOCATIONS 

LOW AVERAGE 

SEA URCHIN OCCURRENCES 
HIGH 

Fig. 4.2 SPACE UTILIZATION BY SEA URCHINS INSIDE EXPERIMENTAL TANKS. The 

proportional number of sea urchins in, and the proportional number of 

map locations in, the three groups; significantly low, average, and 

significantly high cumulative sea urchin occurrence, n = 480 tankdays 

per datapoint. 
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Table 4 .2 T o t a l cumula t ive number of sea urchin occur rences i n the 

exper imental t anks . X and Y correspond to p o s i t i o n s on tank map. n = 

1439 tankdays. 
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4.3.1.4 Effects of urchin size 

The effects of urchin size on spatial pattern were examined 

by constructing separate probability maps for large (Fig. 

4.3, Table 4.3) and small sea urchins (Fig. 4.4, Table 4.3) . 

Both maps indicate a non-random use of space. The decision to 

reject the null hypothesis of random space utilization was 

confirmed by separate goodness of fit tests for each 

treatment. Comparing the observed and expected frequencies 

for the number of locations in the three groups, low, 

average, and high yielded highly significant G-values for 

both treatments (Table 4.3, c.f. Table 4.1). 

The location-dependent significance-coding in the two 

maps was not identical (a = 0.0001, Table 4.4, Figs 4.3, 

4.4). Comparing locations with significantly high sea urchin 

occurrences suggests a size-specific preference for vertical 

grooves in small urchins, whereas areas dominated exclusively 

by large urchins included the bottom corners, Locations 

adjacent to the top corners, and the top and bottom locations 

by the drainpipe. 
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Table 4.3 Summary statistics for size-dependent spatial patterns, n is 

the number of tankdays, £x is the total number of urchin occurrences, 

and X is the mean cumulative number of urchins per location in the 

treatment. x l o w and Xjjigh are threshold values for x, the observed 

cumulative number of sea urchins in a particular location, such that 

P(X <, xlow) <, 0.00001 and P (X £ Xhigh) i 0.00001 if X has a random 

(Poisson) pattern. The G-value is for a goodness of fit test comparing 

the observed and expected frequencies for the number of locations in 

each of the three groups, significantly low, average and significantly 

high. The critical 6-value is x2 =10.83. 
1, 0.001 

Treatment n Ex x xiow ^high G - v a l u e 

Small urchins 720 11504 18.08 2 39 7052.33 

Large urchins 719 11252 17.69 2 38 5820.60 
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Fig. 4.3 PATTERN OF CUMULATIVE SMALL SEA URCHIN OCCURRENCES INSIDE 

EXPERIMENTAL TANKS. Key to symbols: H significantly high numbers of 

urchins, average numbers of urchins, significantly low numbers of 

urchins, n = 720 tankdays. 
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Fig. 4.4 PATTERN OF CUMULATIVE LARGE SEA URCHIN OCCURRENCES INSIDE 

EXPERIMENTAL TANKS. Key to symbols: H significantly high numbers of 

urchins, till! average numbers of urchins, significantly low numbers of 

urchins, n = 719 tankdays. 



MICROHABITAT UTILIZATION: 4.3.1 Spatial pattern 73 

In Figure 4.5 the cumulative number of small urchins 

occurring in each location is plotted against the 

corresponding number for large sea urchins. The plot reveals 

two clusters of outliers, each consisting of three 

datapoints, where the number of small sea urchin occurrences 

is extremely high. The datapoints in the most extreme and the 

second-most extreme cluster are symmetrically located, 

respectively, at the topmost and second to topmost locations 

of the tree vertical grooves (Fig 4.6, Fig. 2.2). 

Fig. 4.7 gives a more detailed picture of the size-

specific spatial patterns. The topmost graph highlights the 

symmetry and magnitude of the small sea urchins preference 

for vertical grooves. Groove utilization is highest at the 

topmost locations, approximately halved at the second to 

topmost locations, approximately halved again at the bottom 

locations, and somewhat lower at the four intermediate groove 

locations. The bottom graph shows that large sea urchins are 

most abundant in the top corners and adjacent locations. 
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Table 4.4 Contingency table analysis of the effect of urchin size on 

spatial pattern. Tabulated figures represent number of map locations 

dominated by small urchins, equally dominated by small and large 

urchins, and dominated by large urchins. Dominance is rated according 

to a trinary coding scheme of observed urchin occurrence: significantly 

low < average < significantly high, n = 636 map locations, x2 = 323.64, 

P Z 0.0001. 

Small Equal Large Totals 

Observed 

Expected 

SI (26.26 %) 

0 

378 (59.43 %) 

636 

167 (14.31 %) 

0 

636 (100 %) 

636 

W 

in z 
x 
o 
DC 
D 

UJ 
O 
CL 
< 

300 

200 -

100 

0 -

200 400 600 800 
SMALL URCHINS, Z# 

1000 

Fig. 4.5 CUMULATIVE OCCURRENCES OF SMALL AND LARGE SEA URCHINS INSIDE 

EXPERIMENTAL TANKS. The datapoints represent cumulative occurrences, I#, 

of small and large sea urchins at each tank map location, n = 636 map 

locations. 
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Fig. 4.6 LOCATIONS OF EXTREMELY HIGH CUMULATIVE OCCURRENCES OF SMALL SEA 

URCHINS. The locations are symmetrically positioned at the top of the 

three vertical grooves. Key to symbols: 91 member of cluster containing 

the 3 highest values, 12SJ member of cluster containing the 3 second-

highest values. 



MICROHABITAT UTILIZATION: 4.3.1 Spatial pattern 76 

LARGE SEA URCHINS 

c o o r d i n a t e s 

SMALL SEA URCHINS 

1000 

800-

•> 6 0 0 -

Y c o o r d i n a t e s 

Fig. 4.7 SPATIAL PATTERN OF SEA URCHINS IN EXPERIMENTAL TANKS. The 

interior tank surface is mapped using a 5 cm coordinate grid in the XY-

plane, and the cumulative occurrences, £#, of sea urchins are plotted as 

vertical lines projecting from the center of each tank map location. 
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.4.,. 3. * 2 ...Cryp.tiG...behayiQ.ux 

4.3.2.1 Effects of urchin size 

4.3.2.1.1 Cryptic behaviour 

Sea urchin size is the most prominent main factor effect in 

the ANOVA table for the cryptic behaviour of S . 

droebachiensis (Table 4.5). The proportion of cryptic sea 

urchins decreases from 76 % to 32 % when sea urchin size 

increases from small to large (Appendix 3). 

Sea urchin size is also involved in significant 

interactions with all the other experimental factors (Table 

4.5). Therefore, the effects of the other experimental 

factors on large sea urchins, and on small sea urchins, will 

be considered separately in the remaining analyses of cryptic 

behaviour (Underwood 1981; Neter et al. 1985). 
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Table 4.5 ANOVA table for thfe analysis of cryptic behaviour. Degrees of 

freedom (df), mean squares (MS), F-values, and p-valuss for main 

effects and significant interactions. Prior to analysis the data were 

transformed using the angular transformation arcsin (v% cryptic) . The 

Bonferroni family level of significance for the entire ANOVA is 

a <; 0.05, with a± = 0.0004 for each individual test, n - 1439 tankdays. 

Source or varirtion df MC 

Season 

Size 

Prefeeding 

Density 

Refuges 

Food 

Predators 

Size x Season 

Size x Prefeeding 

Size x Density 

Size x Refuges 

Size x pood 

Refuges x Food 

Season x Predators 

Prefeeding * Predators 

Size x Refuges x Food 

Size x Season x Predators 

1 

1 

1 

2 

1 

1 

2 

1 

1 

2 

1 

1 

1 

2 

2 

1 

2 

8.4 

128.8 

2.8 

1.7 

4.4 

24.1 

13.8 

1.2 

7 .2 

1.1 

2 .5 

5.9 

1.4 

1.8 

0.7 

1.1 

1.7 

123.4 

1891.2 

40.7 

25.0 

64.6 

354.3 

202.7 

18.0 

106.2 

16.6 

37.3 

86.2 

20.5 

25.9 

9.6 

16.8 

24.3 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

Error 1151 0.07 
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4.3.2.1.2 Microhabitat usage 

Cryptic sea urchins utilized four principal microhabitats: 

grooves, drainpipe, kelp, and refuges. Kelp and refuges were 

equally accessible to both sizegroups of sea urchins. Large 

sea urchins were too big to fit inside the vertical grooves 

which were used only by the small sea urchins. The cryptic 

drainpipe habitats were primarily used by large sea urchins 

because the distance between the drainpipe and the tank wall 

was greater than the diameter of the small sea urchins which 

found shelter only at its base. Sea urchins which were 

cryptic behind the drainpipe or underneath the refuges were 

occasionally using kelp as additional shelter. 

While absolute usage of kelp and refuges was similar for 

both small and large sea urchins (Fig. 4.8), small urchin use 

of grooves outnumbered large urchin use of drainpipe habitats 

by a factor of 10 (Fig. 4.8). Thus, the major size-dependent 

difference in cryptic behaviour is a result of the small sea 

urchins access to, and preference for, the vertical grooves 

in the tank walls. 
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Fig. 4.8 SEA URCHIN USAGE OF CRYPTIC MICROHABITATS. Total usage of 

cryptic microhabitats and breakdowns for small and large sea urchins are 

plotted in separate columns, ntotal = 1439 tankdays, n s m an = 720 

tankdays, niarge = 719 tankdays. 
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4.3.2.2 Effects of urchin density 

4.3.2.2.1 Cryptic behaviour 

Sea urchin density Interacts significantly with sea urchin 

size (Table 4.5). Hence, the lines for small and large sea 

urchins in the size * density interaction plot are not 

parallel (Fig. 4.9). The overall effect of increasing sea 

urchin density is to decrease the proportion of cryptic 

individuals. Small urchins were more affected by density 

changes than were large urchins. The magnitude of the total 

decrease in the proportion of cryptic individuals when 

density Increased from low to high, was approximately 11 % 

for small sea urchins and approximately 4 % for large sea 

urchins (Appendix 3). 
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F i g . 4 . 9 EFFECTS OF SEA URCHIN DENSITY ON CRYPTIC BEHAVIOUR, n = 240 

t ankdays p e r d a t a p o i n t . 

4.3.2.2.2 Microhabitat usage 

Total usage of all cryptic microhabitats increased when sea 

urchin density increased (Fig. 4.10A). Sea urchin density 

however had only minor effects on the proportional usage of 

different cryptic microhabitats (Fig. 4.10B). 

The relative importance of grooves as a cryptic habitat 

for small sea urchins declined slightly with increasing 

density (Fig. 4.10B). This decline was compensated by a 
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slight increase in the relative usage of refuges (Fig. 

4.10B). 

The proportion of large sea urchins which used both 

drainpipe and kelp decreased as sea urchin density increased 

(Fig. 4.10B). This decrease was a result of reduced use of 

the drainpipe habitat. Relative kelp usage remained 

approximately constant at all three densities (Fig. 4.10B). 
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Fig. 4.10A EFFECTS OF SEA URCHIN DENSITY ON CRYPTIC MICROHABITAT USAGE. 

Usage of cryptic microhabitats is plotted separately for small and large 

sea urchins at low, medium, and high densities, n = 240 tankdays per 

treatment. 
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LOW MEDIUM HIGH LOW MEDIUM HIGH 

URCHIN DENSITY 

Fig. 4.10B EFFECTS OF SE£ URCHIN DENSITY ON THE PROPORTIONAL USAGE OF 

CRYPTIC MICROHABITATS. Proportional usage of cryptic microhabitats is 

plotted separately for small and large sea urchins at low, medium, and 

high densities, n = 240 tankdays per treatment. Legend is the same as in 

Fig. 4.10A. 
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4.312.3 Effects of refuges and food 

4.3.2.3.1 Cryptic behaviour 

Significant two- and three-factor interactions among refuges, 

food and size indicate that the effects of any one factor 

depends on the level of the other two factors (Table 4.5). 

Separate addition of either refuges or kelp increased the 

proportion of cryptic sea urchins, but the effects were not 

additive (Appendix 3, Fig. 4.11). 

Small urchins were relatively unaffected by the addition 

of either refuges or kelp. Nevertheless, they were 

considerably more cryptic than large urchins in all 

treatments. The greatest observed effect was an over 35 % 

increase in the cryptic behaviour of large urchins when kelp 

was introduced in the absence of refuges (Appendix 3; Fig. 

4.11) . 
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Fig. 4.11 EFFECTS OF REFUGES AND FOOD ON CRYPTIC BEHAVIOUR. II = 180 

tankdays per datapoint. 



MICROHABITAT UTILIZATION: 4.3.2 Cryptic behaviour 88 

4.3.2.3.2 Microhabitat usage 

The vertical grooves in the tank walls were the principal 

cryptic microhabitat for small sea urchins (Fig. 4.12). The 

addition of either refuges or kelp decreased the small 

urchins use of these grooves, yet increased the total 

percentage of cryptic small sea urchins. Compared to refuges, 

kelp was the preferred cryptic habitat, however, the effects 

of kelp and refuges were not additive (Fig. 4.12). 

The drainpipe provided the only available cryptic 

microhabitat for large sea urchins in the absence of refuges 

and kelp (Fig. 4.12). With the addition of either refuges or 

kelp the number of cryptic large sea urchins increased, while 

drainpipe usage remained approximately constant. Kelp was the 

large sea urchins preferred cryptic microhabitat, even in the 

presence of refuges. Again, the effects of kelp and refuges 

were not additive. A minor proportion of the cryptic large 

sea urchins used both kelp and refuges simultaneously (Fig. 

4.12) . 
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Fig. 4.12 EFFECTS OF REFUGES AND FOOD ON CRYPTIC MICROHABITAT USAGE. 

Usage of cryptic microhabitats is plotted separately for small and large 

sea urchins in the absence (ABS) and presence (PRES) of refuges in 

treatments with and without kelp, n = 180 tankdays per treatment. 
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4.3.2.4 Effects of season, prefeeding and predators 

4.3.2.4.1 Cryptic behaviour 

Season, size and predators interact significantly in a three-

factor interaction, while prefeeding is involved in 

significant two-factor interactions with both size and 

predators (Table 4.5). The complex effects of these factors 

are illustrated in Fig. 4.13 and tabulated in Appendix 3. 

The presence of predators, particularly wolffish, tended 

to make the urchins more cryptic, whereas starvation tended 

to make them less cryptic. However, approximately 90 % of the 

small well fed urchins remained cryptic in all summer 

treatments, and prefeeding had no discernable effect on large 

urchins in the absence of predators (Fig. 4.13, Appendix 3). 
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Fig. 4.13 EFFECTS OF SEASON, PREFEEDING AND PREDATORS ON THE CRYPTIC 

BEHAVIOUR OF SMALL AND LARGE 5. DROEBACHIENSIS. n = 60 tankdays per 

datapoint. 
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4.3.2.4.2 Microhabitat usage 

Small sea urchins usage of kelp as a cryptic microhabitat 

increased in the presence of wolffish irrespective of season 

or nutritional history (Figs 4.14A, 4.14B). The presence of 

wolffish also increased the small sea urchins use of refuges 

in all treatments under consideration, except when well fed 

in the summer season. Groove usage of small sea urchins 

decreased in the summer and increased in the winter when 

wolffish were present 

When decapod predators were present, starved small sea 

urchins increased their usage of grooves, but decreased their 

use of refuges and kelp, whereas well fed small sea urchins 

decreased their refuge usage in the summer and increased 

their kelp usage in the winter (Figs 4.14A, 4.14B). 

The large sea urchins usage of both refuges and kelp 

increased when predators were present (Figs 4.14A, 4.14B). 

The wolffish had the greater effect. 
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Fig. 4.14A EFFECTS OF SEASON, PREFEEDING AND PREDATORS ON CRYPTIC 

MICROHABITAT USAGE: SUMMER TREATMENTS. Usage of cryptic microhabitats is 

plotted separately for starved and well fed, small and large sea urchins 

with no predators (NP), crab & lobster (CL), and wolffish (W) . n = 60 

tankdays per treatment. 
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Fig. 4.14B EFFECTS OF SEASON, PREFEEDING AND PREDATORS ON CRYPTIC 

MICROHABITAT USAGE: WINTER TREATMENTS. Usage of cryptic microhabitats is 

plotted separately for starved and well fed, small and large sea urchins 

with no predators (NP), crab & lobster (CL), and wolffish (W). n = 60 

tankdays per treatment. 
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4 . 3 . 2 . 4 . 3 Effects of ac t s of preda t ion 

There was no s i g n i f i c a n t d i f f e r e n c e in c r y p t i c behaviour 

between t r ea tmen t s where p r e d a t i o n occurred and t r ea tmen t s 

where preda t ion did not occur (Mann-Whitney U - t e s t , P > 0.05; 

Fig. 4 .15, Table 4 .6 ; Mann et al. 1984). 

Table 4 .6 Ef fec t s of a c t s of p r eda t i on on the c r y p t i c behaviour of S. 

droebachiensis. Mean pe rcen tage of c r y p t i c sea u r c h i n s in p r e d a t o r 

t r e a t m e n t s where p r e d a t i o n d id , and did n o t , o c c u r . The t a b u l a t e d 

f igures a re t reatment means, n = number of tankdays per t r ea tment . 

No p reda t ion Predat ion 

Preda tors : % cryptic n % cryptic n 

Crab & l o b s t e r 50.5 305 52.7 197 

Wolffish 69.5 239 64.9 271 
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Fig. 4.15 EFFECTS OF ACTS OF PREDATION ON THE CRYPTIC BEHAVIOUR OF 

5. DROEBACHIENSIS. Data from treatments where no predation occurred are 

compared with data from treatments where predation did occur. Results 

for decapod predators and wolffish are plotted in separate percentile 

comparison graphs. Units are % cryptic sea urchins per tankday. 
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4.JL. 3.....E.e.f. ug.e.. .usage 

4.3.3.1 Effects of refuges 

The effects of refuges on space utilization were examined by 

constructing separate probability maps for treatments with 

and without refuges (Fig. 4.16, 4.17). Both maps indicate 

non-random spatial patterns. The decision to reject the null 

hypothesis of random space utilization was confirmed by 

separate goodness of fit tests for each treatment. Comparing 

the observed and expected frequencies for the number of 

locations in the three groups, low, average, and high yielded 

highly significant G-values for both treatments (Table 4.7). 

The bottom corners are the only locations on the tank 

bottom which have significantly high sea urchin occurrences 

in the control treatments without refuges (Fig. 4.16). 

Treatments where refuges are present have 16 additional 

highly significant map locations on the tank bottom (Fig. 

4.17). These locations are symmetrically located where the 

refuges meet the tank walls, and around the center piece of 

the refuges (Fig. 4.17; Fig. 2.2). 

In Fig. 4.18 the cumulative number of small urchins 

occurring in each of the 16 most used refuge locations (Fig. 

4.17) is plotted against the matching number for large 

urchins. The plot reveals two extreme values whose locations 

are symmetrically located on opposite sides of the tank where 

the refuges meet the tank walls (Figs 4.18, 4.19, Fig. 2.2). 

I 
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Thus, the effect of adding claypipe refuges was to loca l ly 

increase cumulative sea urchin occurrences in areas with 

increased spat ia l heterogeneity. 

Table 4.7 Summary of s p a t i a l s t a t i s t i c s for refuge usage, n i s the 

number of tankdays, £ x i s the t o t a l number of urchin occurrences, and X 

i s the mean cumulative number of urchins per location in the treatment. 

xXov and x h i g h a r e threshold values for x, the observed cumulat ive 

number of sea u r ch in s in a p a r t i c u l a r l o c a t i o n , such t h a t 

P(X 5 Xiow) ^ 0.00001 and P (X 2 *high) ^ 0.00001 i t X has a random 

(Poisson) pa t t e rn . The G-value i s for a goodness of f i t t e s t comparing 

the observed and expected frequencies for the number of loca t ions in 

each of the three groups, s ign i f i can t ly low, average and s ign i f i can t ly 
high. The c r i t i c a l G-value i s x2 = 1 0 . 8 3 . 

1, 0.001 

Treatment n £ x x -̂ iow -^igh G-value 

Refuges absent 720 11399 17.92 2 38 5675.7 

Refuges present 719 11357 17.86 2 38 6108.24 
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40 50 60 70 80 90 

Fig. 4.16 PATTERN OF CUMULATIVE SEA URCHIN OCCURRENCES IN THE ABSENCE OF 

REFUGES. The only significantly high occurrences of sea urchins on the 

tank bottom are located in the four bottom corners. Key to symbols: HI 

significantly high numbers of urchins, fc&l average numbers of urchins, 

significantly low numbers of urchins, n = 720 tankdays. 
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Fig. 4.17 PATTERN OF CUMULATIVE SEA URCHIN OCCURRENCES IN THE PRESENCE 

OF REFUGES. Areas of significantly high sea urchin occurrences on the 

tank bottom are located symmetrically around the center piece of the 

refuges, where the refuges meet the tank walls, and in three of the 

bottom corners. Key to symbols: H significantly high numbers of 

significantly low numbers of urchins, average numbers of urchins. 

urchins, n = 719 tankdays. 
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Fig. 4.18 CUMULATIVE OCCURRENCES OF SMALL AND LARGE SEA URCHINS IN THE 

VICINITY OF REFUGES. The datapoints represent significantly high 

cumulative occurrences, £#, of small and large sea urchins at the 16 map 

locations associated with the presence of refuges, n = 719 tankdays. 
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F i g . 4 .19 LOCATIONS OF THE HIGHEST CUMULATIVE OCCURRENCES OF SEA URCHINS 

IN THE VICINITY OF REFUGES. Key t o symbols : H t h e 2 most f r e q u e n t l y 

occup ied r e f u g e l o c a t i o n s . 



MICROHABITAT UTILIZATION: 4.3.3 Refuge usage 103 

4 . 3 . 3 . 2 Treatment e f f e c t s 

The r e fuge usage of S, droebachiensis was de t e rmined by two 

g roups of two s i g n i f i c a n t i n t e r a c t i n g main f a c t o r s , one 

c o n s i s t i n g of season and p r e f e e d i n g , and t h e o t h e r c o n s i s t i n g 

of u r c h i n s i z e and p r e d a t o r s (Table 4.8) . Sea u r c h i n d e n s i t y 

and food had no s i g n i f i c a n t e f f e c t s on r e fuge u s a g e . 

Table 4.8 ANOVA table for refuge usage. Degrees of freedom (df), mean 

squares (MS), F-values, and p-values for s ignif icant main effects and 

in te rac t ions . Prior to analysis the data were transformed using the 

angular transformation arcsin (V% refuge usage) . The Bonferroni family 

level of significance for the en t i r e ANOVA i s GC £ 0.05, with a± = 

0.0008 for each individual t e s t , n = 719 tankdays. 

Source of variation df MS F p 

Season 

Size 

Prefeeding 

Predators 

Season * Prefeeding 

Size x Predators 

1 

1 

1 

2 

1 

2 

1.2 

1.6 

3.0 

6.7 

1.1 

1.3 

20.3 

26.4 

49.6 

109.8 

18.3 

20.7 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

Error 575 0.061 
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4.3.3.2.1 Season and prefeeding 

Well fed urchins exhibited a clear seasonal response pattern, 

with high refuge usage in the summer and low refuge usage in 

the winter (Appendix 3, Fig. 4.20). In comparison, season had 

little effect on the refuge usage of starveu sea urchins, 

which had lower refuge usage than well fed urchins at all 

times, although the magnitude of the difference was minimal 

in the winter season (Appendix 3, Fig. 4.20). 

HI 30 -

< 
CO 
D 20 H 
LU 

o 
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cc 

WELL FED 

STARVED 

SUMMER WINTER 

SEASON 

Fig. 4.20 EFFECTS OF SEASON AND PREFEEDING ON THE REFUGE USAGE OF 3. 

DROEBACHIENSIS. n = 180 tankdays per datapoint. 
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4.3.3.3.2 Urchin size and predators 

Although refuge usage for both sizegroups of sea urchins 

increased in the presence of wolffish, large urchins 

demonstrated the greater increase (Appendix 3, Fig. 4.21). In 

control treatments large urchins had the lower refuge usage, 

yet in the presence of wolffish, refuge usage by the large 

urchins increased beyond that of the small urchins. 

Decapod predators had opposite effects of small magnitude 

on the two sizegroups of sea urchins (Table 13, Fig. 4.21). 

Small urchins decreased, while large urchins increased their 

refuge usage in the presence of decapod predators. Although 

the small urchins had the higher refuge usage in the control 

treatments, their refuge usage decreased below that of the 

large urchins in the decapod predator treatments. 
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Fig. 4.21 EFFECTS OF URCHIN SIZE AND PREDATORS ON THE REFUGE USAGE OF S. 

DROEBACHIENSIS. fl = 120 tankdays per datapoint. 
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4,4 Discussion 

4.A..4.A..l.....§P.a.fii.§.l...pat.t.grn 

Sea urchins occurred in non-random spatial patterns under 

experimental conditions in laboratory tanks and exhibited a 

strong preference for areas of locally increased spatial 

heterogeneity. The most striking evidence of this effect was 

the high magnitude and near perfect symmetry of the small sea 

urchins preference for the two topmost locations of the three 

vertical grooves. 

Size-dependent differences in microhabitat preference 

were related to the scale of spatial heterogeneity. Small 

urchins exhibited a strong preference for vertical grooves in 

the tank walls, which were of the same magnitude as the size 

of the small urchins. Similarly, large urchins exhibitec1 a 

preference for larger microhabitats, such as the top and 

bottom locations by the drainpipe. The small urchins were 

capable of unrestricted movement behind the drainpipe and did 

not exhibit a preference for locations in this vicinity. The 

bottom corners of the tank were highly preferred by large 

urchins, whose size was of the same magnitude as the rounded 

curvature of the corners. 

Sea urchins in nature frequently occupy microhabitats 

with a high degree of spatial heterogeneity (Keats et al. 

1985b), and will even actively excavate burrows in flat rock 

substrata (Fewkes 1889, 1890; Otter 1932). Thus it would 

i 
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appear that sea urchins in nature, and in laboratory tanks, 

both prefer locations where surface contact is maximized. 

Urchins occupying heterogeneous microhabitats would 

presumably increase their fitness by being more difficult to 

dislocate by wave surge or predators. 

The preceding observations inspired the formulation of 

the following hypotheses: i) sea urchins prefer microhabitats 

with a high degree of spatial heterogeneity, and ii) the 

presence of predators will increase the usage of spatially 

heterogeneous microhabitats. These hypotheses are tested in 

the next two subsections by examining the cryptic behaviour 

and refuge usage of S. droebachiensis. 

4..l.4..,.2....Cs.yjptic...beh.ayi.Qu.r. 

The cryptic behaviour of S. droebachiensis under laboratory 

conditions demonstrated a trend towards a less cryptic 

lifestyle in response to increasing body size. Size-specific 

differences in cryptic behaviour were linked to the small sea 

urchins utilization of vertical grooves in the tank walls. 

The large sea urchins had outgrown these microhabitats and 

were restricted to cryptic spaces behind the drainpipe in the 

absence of experimentally introduced shelter in the form of 

kelp or claypipe refuges. 

The proportion of cryptic sea urchins decreased with 

increasing density. Therefore, the absolute density of 
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exposed sea urchins increased at a slightly higher rate than 

the total population density when the latter was 

experimentally inflated. 

Hypothesis i, that sea urchins prefer microhabitats with 

a high degree of spatial heterogeneity, was tested by 

examining the effects of kelp and claypipe refuges on the 

proportion of cryptic sea urchins. The presence of either 

element increased the proportion of cryptic sea urchins. 

Thus, the null hypothesis of no treatment effects is 

rejected. Note however, that the effects of kelp and refuges 

were not additive. Kelp, which is known to induce positive 

chemotaxis in S. droebachiensis (Garnick 1978; Mann et al. 

1984) , had the larger effect and was the most highly 

preferred habitat when both kelp and refuges were present. 

Note also that small urchins, which had access to cryptic 

microhabitats in the form of vertical grooves in the tank 

walls (Section 4.4.1, Chapter 6), were less affected by the 

introduction of additional spatial heterogeneity than were 

the large urchins. 

Hypothesis ii, that the presence of predators will 

increase the usage of spatially heterogeneous microhabitats, 

was tested by comparing the proportion of cryptic sea urchins 

in treatments with predators and in control treatments 

without predators. The presence of predators, especially 

Atlantic wolffish, made large urchins more cryptic, while the 

effect of decapod predators was slight, particularly in the 
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winter season. Small sea urchins were also more cryptic in 

the presence of predators, except when well fed in the summer 

season. At this time a high proportion of the small urchins 

were cryptic whether predators were present or not. The 

effect of predators was independent of whether an act of 

predation had actually occurred (Mann et al. 1984). 

Consequently hypothesis ii was rejected in its original 

form and modified as follows: iia) large sea urchins increase 

their usage of cryptic microhabitats in the presence of 

predators. The complex effects of predators on the cryptic 

behaviour of small sea urchins is not given ft ̂ ther 

consideration at this point because the main focus of this 

chapter is on the formation of exposed destructive feeding 

aggregations which are composed of large sea urchins. 

Bernstein et al.'s (1981, 1983) suggestion that sea 

urchins will hide more readily in the presence of fish 

predators is in agreement with hypothesis iia. These authors 

attributed increased hiding of large sea urchins in the 

summertime to the seasonal presence of predatory fishes, 

especially wolffish. This argument is supported by my results 

which showed that the percentage of cryptic large sea urchins 

increased in the presence of predators, notably wolffish, 

while in the absence of predators there was only a slight 

seasonal difference in cryptic behaviour. 
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Hypothesis iia is not supported by Bernstein et al.'s 

(1981, 1983) results for decapod predators. They presented 

evidence of reduced hiding for large sea urchins in the 

presence of decapod predators at high urchin densities. 

However, no such response was apparent for large sea urchins 

at the urchin densities employed in this study. 

Previously published results from field studies suggest 

that starvation caused by scarcity of drift algae is 

correlated with a less cryptic behaviour, presumably caused 

by the hungry urchins active pursuit of food (Bernstein et 

al. 1983; Harrold & Reed 1985; Mattison et al. 1977; Dean et 

al. 1984). Absence of kelp made large urchins significantly 

less cryptic in my experiment too, although starved large 

urchins were noticeably less cryptic than well fed large 

urchins only in the winter decapod treatments. 

4..,..4... .3... R e f uge...u sa.g.e 

Hypothesis i, that sea urchins prefer microhabitats with a 

high degree of spatial heterogeneity, was tested by examining 

the usage of microhabitats in the presence and absence of 

claypipe refuges. The null hypothesis of no refuge effect was 

rejected and 16 locations with significantly high numbers of 

sea urchins were identified with the presence of refuges. 

Vadas et al. (1986) proposed an alternative mechanism for 

the relationship between local sea urchin abundance and 
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spatial heterogeneity in laboratory tanks. They interpreted 

groupings of sea urchins in the corners of laboratory tanks 

and around intake hoses and drainpipes as artifacts caused by 

abrupt changes of topographic features which purportedly 

inhibited random dispersal of the urchins. In my experimental 

tanks, however, claypipe refuges, bottom corners or other 

areas of locally increased microspatial heterogeneity did not 

appear to restrict the ability of sea urchins to move freely. 

Furthermore, urchins occupying spatially heterogeneous 

microhabitats were often difficult to remote from the tanks, 

presumably because they had a larger available attachment 

area than urchins on featureless portions of the tank 

surface. It is therefore proposed that the observed 

preference for spatially heterogeneous microhabitats is a 

result of increased available attachment area rather than 

inhibition of dispersal. 

Hypothesis iia, that large sea urchins increase their 

usage of cryptic microhabitats in the presence of predators, 

was tested by comparing refuge usage in the presence of 

decapod predators or wolffish with control treatments without 

predators. Large sea urchins increased their refuge usage in 

the presence of both decapod predators and wolffish. 

Consequently hypothesis iia was not rejected. 

The effect of nutritional history or prefeeding on refuge 

usage has been assessed in field studies of Californian sea 

urchin populations (Harrold & Reed 1985; Mattison et al. 
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1977) . A high proportion of the urchins in California 

occupied refugial microhabitats when kelp availability was 

high, while space occupancy shifted towards exposed 

microhabitats when kelp was scarce. These observations are in 

agreement with my results for refuge usage, which was 

significantly higher when the sea urchins were well fed than 

when they were starved. 
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CHAPTER 5 FEEDING BEHAVIOUR 

5,1 Introduction 

The feeding behaviour of sea urchins is closely linked to the 

mechanisms by which these animals control benthic community 

structure. Sea urchins are capable both of overgrazing kelp 

beds and of preventing kelp recolonization in overgrazed 

areas (Wharton & Mann 1981; Hagen 1987). Overgrazing occurs 

when the sea urchins switch from a passive detritivorous 

role, where they feed on drift algae and have negligible 

impact on community structure, to an aggressive herbivorous 

mode of feeding where they decimate entire kelp beds (Breen & 

Mann 1976a; Harrold & Reed 1985; Mann 1985). A barren post-

overgrazing community configuration can then be indefinitely 

sustained by the browsing activity of actively foraging sea 

urchins (Lang & Mann 1976; Johnson & Mann 1982). 

Evidence from field studies suggests that the behavioural 

switch from passive detritivores to aggressive herbivores is 

triggered when the ratio of available kelp biomass to urchin 

biomass decreases (Harrold & Reed 1985; Johnson & Mann 1988). 

However, other factors including urchin size, the presence of 

predators, availability of cryptic habitats, feeding history, 

and season may also be important (Bernstein et al. 1981; 

1983; Mann 1985). Here I study the effects of these purported 

causal factors on the feeding behaviour of S. droebachiensis 

under controlled experimental conditions in laboratory tanks. 
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,5.2 Results 

Sea urchin size and prefeeding had significant main effects 

on the feeding behaviour of S. droebachiensis (Table 5.1). 

These two factors interacted significantly and were also 

involved in a three-factor interaction with season. There was 

no other significant effect of season. 

The proportion of feeding urchins was highest when the 

urchins were starved (Fig. 5.1; Appendix 3). The relatively 

parallel lines in the winter section of the interaction plot 

indicate that winter prefeeding had uniform effects on both 

sizegroups of sea urchins (Fig. 5.1). However, in the summer 

season the lines slope in different directions indicating 

that prefeeding had less effect on small and more effect on 

large sea urchins as compared to the winter season. The 

proportion of feeding large urchins was higher than the 

proportion of feeding small urchins in all treatments except 

when well fed in the summer season. 
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Table 5.1 ANOVA table for the analysis of feeding behaviour. Degrees of 

freedom (df), mean squares (MS), F-values, and p-values for significant 

main effects and interactions. The Bonferroni family level of 

significance for the entire ANOVA is a 5 0.05, with a± = 0.0008 for 

each individual test, n = 719 tankdays per treatment. 

Source of variation df MS 

Size 

Prefeeding 

Refuges 

Predators 

Size x Prefeeding 

Prefeeding * Predators 

Season x Size x Prefeeding 

1 

1 

1 

2 

1 

2 

1 

1.523 

4.729 

0.864 

1.020 

0.84 

0.686 

0.660 

27.490 

85.358 

15.590 

18.416 

15.152 

12.385 

11.921 

0.0001 

0,0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0006 

Error 575 0.055 
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I . I I 

SMALL LARGE SMALL LARGE 
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Fig. 5.1 EFFECTS OF SEASON, SIZE AND PREFEEDING ON THE FEEDING BEHAVIOUR 

OF S. DROEBACHIENSIS. T\ = 90 tankdays per datapoint. 

.5..^.2..,..l...Fif.Igs.t.§.....Q.f....K.§.l.ug.s§ 

The main factor effect for refuges is significant, but 

refuges do not interact significantly with other experimental 

factors (Table 5.1). Fewer sea urchins were feeding when 

refuges were present. The effect of refuges however was of 

comparatively low magnitude with 44.37 % of the sea urchins 

feeding in the absence, and 37.45 % feeding in the presence 

of refuges. 

i 
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.5..A.2..A3...J3IfecJ;&..o£_ 

The main treatment effect for predators is significant, and 

predators do interact significantly with prefeeding (Table 

5.1). Hence the non-parallel appearance of the lines for 

starved and well fed sea urchins in Fig. 5.2. Decapod 

predators decreased the proportion of feeding starved urchins 

and increased the proportion of feeding well fed urchins 

(Fig. 5.2, Appendix 3). Wolffish increased the proportion of 

feeding well fed sea urchins more than the decapods did, but 

had little effect on the feeding behaviour of starved 

urchins. 
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Fig. 5.2 EFFECTS OF PREDATORS AND PREFEEDING ON THE FEEDING BEHAVIOUR OF 

S. DROEBACHIENSIS. n = 120 tankdays per datapoint. 

Destructive feeding aggregations are made up of sea urchins 

in the aggressive herbivore mode of feeding (sensu Mann 

1985) . Urchins in this feeding mode are characterized by 

being exposed and non-solitary. In the laboratory less than 

20 % of the feeding sea urchins fit this description (Fig. 

5.3A) . Most of these exposed, non-solitary sea urchins were 

large and had been starved prior to observation. They 

occurred predominantly in high density treatments without 

predators (Fig. 5.3B). 
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F i g . 5 . 3 A DESTRUCTIVE FEEDING AGGREGATIONS IN THE LABORATORY. T o t a l 

number of feeding sea urchins subdivided i n t o groups of s o l i t a r y / n o n -

s o l i t a r y and cryptic/exposed ind iv idua l s . 



FEEDING BEHAVIOUR: 5.2 Results 121 

SIZE PREFEEDING DENSITY PREDATORS 

Fig. 5.3B DESTRUCTIVE FEEDING AGGREGATIONS IN THE LABORATORY. Total 

number of feeding, non-solitary, and exposed sea urchins are subdivided 

according to size in the leftmost column. Successive subdivisions of 

majority fractions are indicated by slanted lines and percentages. 
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5.3 Discussion 

Prefeeding was the single most important determinant of the 

collective feeding behaviour of S. droebachiensis. This 

factor interacted significantly with season, size and 

predators. The magnitude of the prefeeding effect varied 

considerably at different levels of these variables, although 

the proportion of feeding starved urchins was consistently 

higher than the proportion cf feeding well fed urchins. 

Prefeeding had similar effects on small and large urchins in 

the winter season but in the summer, starved large urchins 

had approximately twice the feeding activity of well fed 

large urchins, while only a minor prefeeding-related 

difference was evident for small urchins. 

Increased feeding activity of large urchins in the summer 

might be interpreted as a post spawning phenomenon (Himmelman 

et al. 1983), or related to the seasonal increase in seawater 

temperature (Miller & Mann 1973) . However, prefeeding, rather 

than gonadal cycle or seawater temperature, would still 

appear to be the major determining factor, as only starved 

large urchins exhibited increased feeding activity in the 

summer. 

Prefeeding had profound effects on the sea urchins' 

feeding activity in the presence of predators. The proportion 

of feeding starved urchins decreased when decapod predators 

were present, but appeared unaltered in the presence of 
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wolffish. Well fed urchins however increased their feeding 

activity in the presence of predators, particularly wolffish. 

Most of the feeding sea urchins were cryptic and non-

solitary, presumably corresponding to a passive detritivore 

mode of feeding (sensu Mann 1985). Although less common, non-

solitary exposed feeding, which presumably corresponds to an 

aggressive herbivore mode of feeding (sensu Mann 1985), did 

occur. Non-solitary, exposed feeding was most frequently 

observed in treatments with large, starved sea urchins at 

high density in the absence of predators. 
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CHAPTER 6 DISCUSSION OF BEHAVIOURAL ASPECTS OF OUTBREAK 

INITIATION 

The formation of destructive feeding aggregations of *?. 

droebachiensis is regarded as the proximate cause of kelp bed 

destruction (Mann 1977; Bernstein et al. 1983) . It represents 

the transition from a typical kelp bed environment, where the 

urchins are presumably scarce, non-crowded, and cryptic, to a 

situation where the urchins are locally abundant, aggregated, 

and exposed. In this laboratory study I have investigated 

this transition process by quantifying the aggregation 

behaviour, microhabitat utilization and feeding behaviour of 

S. droebachiensis in response to changes in size, density, 

season, prefeeding, refuges, food, and predators. 

My results suggest that large sea urchins have a basic 

tendency to aggregate in response to increasing population 

density (Table 6.1). This tendency was inhibited by the 

presence of wolffish, and to a lesser extent by the presence 

of refuges. Only when the urchins were small, or at low 

density, did they have random or non-crowded patterns of 

aggregation. 

Microhabitat utilization of sea urchins in the laboratory 

was characterized by non-random spatial patterns. Urchins 

occurred most frequently in areas of locally increased 

microspatial heterogeneity, and were seldom found on 

featureless portions of the tank surface. 


