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ABSTRACT: The interrelation between the sea urchin Evechinus chloroticus and the spiny lobster Jasus 
edwardsii was investigated in the shallow subtidal zone of rocky reefs in northern New Zealand. Both 
species were found in large numbers in the Shallow Broken Rock hab~tat .  During the day spiny lobsters 
and sea urchins were spatially segregated on a small scale. Movement patterns of spiny lobsters 
indicate that sea urchins are accessible to nocturnally foraging lobsters. Laboratory experiments 
demonstrated that large lobsters ate all sizes of sea urchins. All sizes of lobster ate small sea urchins 
(< 50 mm TD) in preference to larger sea urchins. The provision of herbivorous gastropods (also eaten 
by lobsters) and shelter for sea urchins did not mean that more larger sea urchins were eaten. The 
removal of large brown algae or sea urchins and gastropods from areas of reef did not cause significant 
reductions in the daytime density of J. edwardsii. We argue that differing micro-habitat requirements of 
the 2 species mean that large abundances of E. chloroticus are unlikely to depress 3. edwardsii densities. 
The neccessary experiments to test this hypothesis are discussed. 

INTRODUCTION 

There has been continuing controversy over the role 
that clawed (Nephropidae) and spiny (Palinundae) 
lobsters play in shaping patterns of density, size-fre- 
quency and behaviour in sea urchin populations on 
temperate rocky reefs (e.g. Breen & Mann 1976, Bern- 
stein et al. 1981, 1983, Tegner & Levin 1983, Miller 
1985, 1987, Keats 1986, Vadas et  al. 1986, Breen 1987, 
Garnick 1989). Sea urchins can produce enormous and 
lasting changes in the species composition of com- 
munities on shallow rocky reefs (see Lawrence 1975, 
Lawrence & Sammarco 1982, Pringle 1986, Schiel & 
Foster 1986, Andrew 1988 for reviews). At its most 
extreme, grazing by sea urchins leads to the removal of 
large brown algae from extensive areas of reef and the 
maintenance of more structurally simple habitats (see 
above reviews). 

The interrelations between lobsters and sea urchins 
are complex. Increases in the abundance of sea urchins 
have been correlated with diminished catches of lob- 
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sters, leading to the hypothesis that predation by lob- 
sters regulates the density of sea urchins (e.g. Breen & 
Mann 1976, Wharton & Mann 1981, Tegner & Levin 
1983). The negative effects of sea urchins on the 
abundance of lobsters are thought to be primarily 
mediated through loss of habitat and consequent 
reductions in regional productivity (Chapman 1981, 
Wharton & Mann 1981), or through competition for 
shelter (Garnick 1989). 

Explanation of the relations between sea urchins and 
lobsters has not been greatly advanced by the great 
imbalance in the type and quality of information 
gathered on the 2 groups of organisms. The charac- 
teristics of many sea urchin populations have been 
described and experimental tests done on several spa- 
tial and temporal scales appropriate to the resolution of 
this debate (see above reviews). The ecology and popu- 
lation dynamics of lobsters are less well understood 
and their abundance is often inferred from the catch 
statistics of regional fisheries (e.g. Breen & Mann 1976, 
Mann 1977, Wharton & Mann 1981, Tegner & Levin 
1983). In few instances has the density of lobsters been 
estimated by direct observation in the field (e.g. Cooper 
et al. 1975, Davis 1977, Pollock 1979, Smith & van 
Nierop 1986, Barkai & Branch 1988, MacDiarmid 1991). 
Until recently, the foraging behaviour and ecology of 
lobsters has also received relatively little attention (but 
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see Herrnkind et  al. 1975, Elner & Campbell 1987, 
Jernakoff 1987, Jernakoff et al. 1987, Lawton 1987, 
MacDiarmid et al. in press). The imbalance in the 
quality of information available between sea urchins 
and lobsters must, at least in part, be due to the biology 
of lobsters; it is difficult to quantify patterns and do 
experiments on highly mobile species subject to com- 
mercial fishing. 

There have been few field-based experimental tests 
of hypotheses concerning the relationship between the 
densities of lobsters and sea urchins and the results of 
such experiments have been contradictory (e.g. Bern- 
stein et al. 1983, Vadas et al. 1986). Laboratory experi- 
ments have repeatedly demonstrated that lobsters are 
capable of eating sea urchins (e.g. Elner 1980, Tegner 
& Levin 1983, Mann et al. 1984). Demonstrations of 
capability, while necessary, are not sufficient evidence 
from which to claim that these predators control sea 
urchin populations in nature. 

In northeastern New Zealand, the palinurid lobster 
Jasus edwardsii and the echinometrid sea urchin 
Evechinus chloroticus CO-occur in shallow water 
habitats on rocky reefs. Both species have been the 
subject of intensive study (MacDiarmid 1987, 1989, 
1991, MacDiarmid et al. in press; see Andrew 1988 for 
review of studies on E. chloroticus). In this paper we 
bring together, for the first time, data on the density 
and distribution patterns of these species. This informa- 
tion is combined with experiments in the laboratory 
and the field that explore the relationship between the 
2 species and herbivorous gastropods, also eaten by J. 
edwardsii. 

METHODS AND RESULTS 

Study area 

The field work was done within the Cape Rodney to 
Okakari Point Marine Reserve. The reserve contains 
populations of sea urchins and spiny lobsters that have 
been undisturbed by commercial and recreational fish- 
ing since 1976 (Ballantine 1987). In northeastern New 
Zealand, high densities of Evechinus chloroticus 
(hereafter Evechinus) and Jasus edwardsii (hereafter 
Jasus) CO-occur only in Shallow Broken Rock (SBR) 
habitat. This habitat is found in shallow water (less 
than ca 6 m) and has a highly complex topography, 
with many large boulders overlying the basal rock 
substratum (Choat & Schiel 1982). Laminarian and 
fucalean algae cover the tops of boulders and ridges 
but are scarce in the gullies between them where sea 
urchins are abundant (Schiel 1982, MacDiarmid et al. 
in press). Three locations with large areas of SBR 
habitat were chosen for the descriptive phase of the 
study: Martin's Rock, Inner Waterfall, and Inner Table- 
top (Fig. 1). 

Abundance 

During May 1984, the densities of Evechinus, several 
species of large brown algae and herbivorous gas- 
tropods were estimated by counting all individuals 
within 20 haphazardly placed 1 m* quadrats within the 
SBR habitat at Martin's Rock, Inner Waterfall, and 

Fig. 1. Central portion of the Cape Rodney to Okakari Point Manne Reserve, New Zealand. Shown 1s the outer limit of the rocky 
reef and (hatched) the area1 extent of the Shallow Broken Rock habitat. Locations of the 3 study sites and the Leigh Marine 

Laboratory are also shown 
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Table 1. Densities of most abundant large benthlc organisms at the 3 study locations in May 1984. Data are presented as mean 
+SE, n = 20. The coefficient of disperion (COD) is given for Jasus and Evechinus. ' Significant deviation from unity at p ~ 0 . 0 5  
with 19 df. The density of Jasus edwardsii presented per 100 m2 and the density of Evechinus chloroticus, gastropods and 

macroalgae is per 1 m2 

Species Inner Tabletop Inner Waterfall Martin's Rock 

Jasus edwardsii (total) 7.5 f 1.41 10.8 + 2.46 14.7 t 5.96 
(COD) (5.2)' (11.8.) (48.4 ' )  
males 2.1 ? 0.46 4.9 + 1.28 4.4 f 1.56 
females 5.4 k 1.07 6.0 + 1.29 10.3 f 4.42 

Evechinus chloroticus (total) 13.2 + 1.42 12.1 f 1.36 3.2 t 0.83 

(COD) (3.3') (3.1 ' )  (4.3 ')  
adults 8.8 f 1.00 9.5 + 1.20 1.5 t 0.49 

Gastropods 
Cookia sulcata 3.1 + 0.42 1.9 t 0.35 0.8 ? 0.21 
Trochus vindus 7.1 t 0.99 3.3 2 0.63 0.4 ? 0.20 
Cellana stellifera 6.2 + 0.84 4.9 t 0.75 0.8 f 0.39 
Cantharidus purpureus 

(benthic) 0.7 f 0.34 0.2 + 0.10 0.2 + 0.11 
(on Ecklonia) 2.7 + 0.43 9.4 + 1.12 2.8 + 0.52 

Macroalgae 
Ecklonia radiata 0.1 f 0.10 2.8 f 1.00 3.3 + 1.13 
Carpophyllum maschalocarpurn 0 0.1 2 0.10 0 
C. angustifoliurn 0 1.0 f 0.36 0 
Sargassurn sinclairii 0.2 f 0.2 0 1.0 ' 0.65 

Inner Tabletop. The small gastropod Cantharidus pur- 
pureus was found in relatively large numbers both on 
the substratum and on the laminae of the stipitate alga 
Ecklonia radiata. Densities were therefore estimated 
both in the benthic quadrats used for other species and 
as the number per individual Ecklonia plant (n = 20). 
Small sea urchins greater than 10 mm test diameter 
(TD) may be reliably found in the field. Quadrats were 
not placed on the sides or tops of large boulders. All 
Evechinus were measured to the nearest millimetre. 
The densities of Jasus were estimated using 20 ran- 
domly placed 10 X 10 m transects. All Jasus observed 
were counted, sexed, and their size visually estimated 
to the nearest 5 mm carapace length (CL; see MacDiar- 
mid 1991 for details of this method). Data transforma- 
tions were done prior to analyses of variance as 
required by Cochran's test for heterogeneity of vari- 
ance (Snedecor & Cochran 1980) and these are indi- 
cated where appropriate. 

The density of Evechinus varied significantly among 
the 3 locations (F[2,57) = 19.77, p < 0.01; Table 1). There 
were significantly fewer Evechinus at Martin's Rock 
than at either Inner Waterfall or Inner Tabletop (Stu- 
dent-Neumann-Keuls, SNK, tests, p < 0.05): densities 
at the latter 2 locations did not significantly differ 
(p > 0.05). The abundance of large brown algae (all 
species pooled) was inverse to that found for 
Evechinus. There were significantly fewer large brown 
algae at  Inner Tabletop than at  either of the other 
locations (F[2,57) = 5.70, p < 0.01; Table 1). No signifi- 

cant difference in the abundance of large brown algae 
was found between Inner Waterfall and Martin's Rock 
(p > 0.05). 

The combined density of gastropods also signifi- 
cantly varied among locations = 19.77, p < 0.01). 
There were significant differences in the abundance of 
gastropods among all 3 locations (SNK tests). For all 4 
species investigated there was a trend toward decreas- 
ing mean abundance of gastropods in the benthic 
quadrats from Inner Tabletop to Martin's Rock (Ta- 
ble 1). The small densities of Canthandus purpureus in 
benthic quadrats (a mean of less than 1 m-* in all cases) 
contrasted with the relatively high number found 
amongst the laminae of Ecklonia plants, especially at 
Inner Waterfall (Table 1). 

There was a significant negative correlation (data 
pooled across locations) between the density of 
Evechinus and large brown algae (r158, = -0.41, 
p < 0.01), and between gastropods and large brown 
algae (r158, = -0.34, p < 0.01). There was a positive cor- 
relation between the abundance of Evechinus and gas- 
tropods (r(58, = 0.46, p < 0.01). 

The abundance of Jasus in May 1984 did not signifi- 
cantly differ among locations (F(2,57) = 0.68, ns; Table 
1). There was large variability in the density of spiny 
lobsters among transects within locations. In one tran- 
sect at Martin's Rock, superficially no different from 
others in the area, there were 120 lobsters; a density of 
1.2 lobsters mP2. At all locations there were more 
females than males (Table 1). 
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Dispersion and segregation 

Coefficients of dispersion (COD) indicated that 
Evechinus was clumped at 1 m2 and Jasus at 100 m2 
during day-time sampling (Table 1). The degree of 
clumping differed among locations and between 
species (Table 1). Spiny lobsters were more clumped 
than sea urchins. 

Association between the species was described by 
correlation between the density of sea urchins and 
spiny lobsters, and by a nearest neighbour technique. 
This latter technique was used to remove the influence 
of the scale-dependent nature of sample-unit based 
descriptors of association. Quadrats of 9 m2 were used 
for correlation analyses between Evechinus and Jasus. 
This size was a compromise between the optimal size of 
transect used to estimate the abundance of Jasus (Mac- 
Diarmid 1991) and an area small enough for all 
Evechinus to be reliably counted. The entire Inner 
Tabletop area has been mapped in detail (MacDiarmid 
1991). From this map 40 plots of 9 m2 were chosen from 
randomly selected coordinates. Within each plot all 
spiny lobsters and sea urchins were counted. Only sea 
urchins greater than 35 mm TD were included in this 
analysis because smaller sea urchins could not be reli- 
ably found in such a large area. The number of large 
brown algae in these quadrats was also counted. 
Sampling was done during daylight as Jasus were too 
mobile to sample at night. 

The densities of Jasus and Evechinus were not corre- 
lated withln 9 m2 areas (r = -0.26, ns, n = 40). There 
was great variability in the density of Evechinus in 
quadrats that contained no Jasus (Fig. 2 ) .  There were 
no Jasus in 24 of the 40 quadrats, and the density of 
Evechinus in these quadrats ranged from 7 to 135 
individuals per quadrat. 

The 'scale-free' descriptor of association used was 
Pielou's (1960) measure of segregation. Segregation is 
a measure of the likelihood that an individual will have 
a conspecific as its nearest neighbour. If individuals of 
the 2 species are segregated in space then they will 
have a greater probability of having a conspecific as 
their nearest neighbour than an individual of the other 
species. Framed in this way the data may be analysed 
using a contingency table, with segregation being 
synonymous with dependence. Pielou's formulation of 
this test required the random selection of individuals of 
each species to be used as 'base' individuals (individu- 
als from which distances to nearest-neighbours are 
made). Because of the high density of Evechinus rela- 
tive to Jasus within the 9 m2 plots it was not possible to 
randomly select individual sea urchins. The following 
technique was therefore used to select 'base' individu- 
als. For Evechinus, within each of the 40 plots 
described above, one 1 m2 quadrat was randomly 
selected by coordinates and all sea urchins within that 
area assigned a number. Two individuals were then 
randomly selected from this group. This sampling pro- 
cedure biased the sampling toward an unsegregated 
result as the random selection of areas (and individuals 
therein) would tend to select isolated sea urchins rather 
than those in clumps. All Jasus within the 9 m2 plots 
were enumerated and one 'base' individual was ran- 
domly selected from each plot. Evechinus and Jasus at 
Inner Tabletop were significantly segregated in space 

= 59.4, p < 0.01). Individuals of both species were 
more likely to have a conspecific as their nearest- 
neighbour than an individual of the other species. 

Size-frequency distributions 

The size-frequency distributions of Evechinus were 

14 - bimodal at all 3 locations (Fig. 3). At all locations there 
was a peak in frequency between 15 and 40 mm TD 

12 - (Fig. 3). All sea urchins in this size-class were cryptic. A 
trough in the size-frequency distribution of all 3 popu- 

10 - lations occurred between 40 and 54 mm TD. Bimodality - X . - 
2 8 -  

was most extreme at Inner Tabletop where no sea 
Q) 
U X X urchins between 40 and 49 mm TD were found. Indi- 
V) 

2 6 -  viduals in this size range become increasingly less 
4 cryptic, and begin to occur openly over the substratum. 

4 -  x x  The second, and larger, peak was made up of sea 
X  X  urchins > 55 mm TD (Fig. 3). 

2 - =  X 
X X x x  The size-frequency distributions of Jasus at all loca- 

0 --I tions had 3 modes (Fig. 4 ) .  The flrst peak was made up 
0 20 40 60 80 100 120 140 of lobsters < 90 mm CL, and comprised both males and 

Evechinus density females. The second peak was comprised mainly of 

Fig. 2. Jasus edwardsii. Day-time density as  a function of the females between 100 and 140 mm CL. The t h r d  peak, 

density of Evechinus chloroticus, in 9 m2 quadrats at Inner larger than 150 mm was made up 
Tabletop reef, n = 40 almost exclusively of males. 
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12 
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0 

Sue (mm TD) 
Fig. 3. Evechinus chloroticus. Size-frequency distributions at 
the 3 study sites. Hatching indicates that proportion of each 
size-class that was found within crevices as opposed to occur- 

ring openly on the substratum 

Movement 

Direction and distance moved by Evechinus were 
estimated by triangulation (Underwood 1977). Twenty 
sea urchins were haphazardly selected at each location 
and tagged with colour-coded sleeves of electrical wire 
fitted over a spine. In order to estimate the degree of 
periodicity of movement, the positions of tagged indi- 
viduals were plotted on the morning of 15 May 1984 
(between 08:OO and 10:OO h) and in the afternoon of the 
same day (15:30 to 17:30 h).  Their positions were plot- 
ted again the following morning. 

There were no significant differences among loca- 
tions in the net distance moved by individuals between 
morning and evening on the same day = 2.47, 
ns). The mean net distance moved by sea urchins 
between morning and afternoon on the same day, 
pooled across locations, was 8.6 cm (SE = 0.93, n = 60). 

When the positions of individuals were compared 
over a 24 h period, there were, again, no significant 

Inner Waterfall 

Sue (mm CL) 

Fig. 4. Jasus edwardsii. Size-frequency distribution at the 3 
study sites. Hatching indicates that proportion of each size- 

class that were males 

differences among locations in the net distance moved 
(F(2,57) = 0.62, ns). The mean net distance moved over- 
night, pooled across locations, was 34.2 cm (SE = 4.05, 
n = 60). Of the 60 individuals whose positions were 
plotted, 16 moved less than 10 cm over the 24 h period. 
Of these 16 individuals, 11 originally were attached to 
pieces of drift Ecklonia, and none of these moved off 
the Ecklonia. The remaining 5 individuals that did not 
move were deep in cracks or crevices. All individuals 
originally exposed and not attached to drift algae 
moved at least 10 cm overnight. The hypothesis of non- 
random movement of sea urchins was tested using 
the circular statistic Z (Batschelet 1981). The null 
hypothesis of random movement could not be rejected 
at any location (Table 2), which suggests that indi- 
vidual sea urchins were responding to very localised 
cues rather than larger phenomena such as swell direc- 
tion or water currents. 
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Table 2. Evechinus chloroticus. Summary of circular and arith- ment began on 6 March 1984 and ran for 40 d,  the 
metic (net distance moved) statistics for movement of sea second lasted 56 d and ran between 11 January and 
urchins from 3 locations. n = 60 for all arithmetic statistics. All March 1985. Survivorship was monitored every 

distances moved are shown in cm 
second day and any dead sea urchins were removed 

Location Circular Arithmetic 
n r Angle Z Prob. Mean SE 

Inner Tabletop 19 0.33 337 2.05 ns 33 7.8 
Inner Waterfall 20 0.29 305 1.66 ns 29 5.7 
Martin's Rock 18 0.17 114 0.54 ns 40 8.0 

Laboratory experiments 

All laboratory experiments described were done at 
the Leigh Marine Laboratory between March and early 
June 1984. Lobsters and sea urchns were collected 
from adjacent reefs immediately prior to the experi- 
ments. The tanks shared the same continuous supply of 
seawater and were 1.5 X 1.2 X 0.3 m in dimension. 
Several experiments were done and each will be 
described separately. Because female Jasus moult and 
do not feed at the time of year these experiments were 
done (MacDiarmid 1991), only males were used. 

Limits on size of sea urchins eaten 

The first experiment was designed to provide pre- 
liminary data on the size range of Evechinus eaten by 
spiny lobsters. Four size-classes of Evechinus were 
chosen for this experiment: 10-29, 30-49, 50-69, and 
70-90 mm TD. Jasus were arbitrarily divided into 4 size- 

from the tanks. An a priori decision was made to end 
the experiments when no spiny lobster had fed for 
l wk. 

The largest Jasus ate all sizes of sea urchins (Table 3) 
and did so within 14 d of the beginning of the first trial. 
In the second trial 20% of sea urchins remained 
uneaten at the end of the experiment, all > 50 mm TD. 
In both trials all sea urchins I 29 mm TD were eaten in 
the first 2 d. All sea urchins between 30 and 49 mm TD 
were eaten within 6 and 22 d respectively. The smallest 
size-class of lobsters ate only the smaller sea urchins, 
and did not successfully attack the larger sea urchins in 
the 30-49 mm TD size-class (Table 3). Small Jasus 
(40-69 mm CL)  consumed only 57.5 O/O of sea urchins in 
the first trial and 75% in the second (Table 3). The 
order in which Jasus ate Evechinus suggested that, 
when available, sea urchins were consumed in order of 
increasing size. 

The method used by Jasus to attack Evechinus var- 
ied with the size of both the lobster and sea urchm. The 
largest lobsters ingested the entire sea urchin. In tanks 
m t h  Jasus > 130 mm CL only 1 of 40 tests was left at 
the end of the first trial and none remained at the end of 
the second; the rest were completely consumed (Ta- 
ble 3). The smallest (< 30 mm TD) sea urchins were 
picked up and held in the first walking legs and maxil- 
lapeds while being crushed by the mandibles. Typi- 
cally, Jasus attacked Evechinus larger than 50 mm TD 
by upturning them and piercing the peristomial mem- 

Table 3. Jasus edwardsii and Evechinus chloroticus. Summary of results from the 2 trials of the 'size limits' experiment. Data from 
the second tnal are presented in brackets beside those for the first trial. Shown for each size-class of Jasus are: percentage of 
Evechinus eaten, sizes of largest Evechinus eaten, percentage of tests remaining after attack, and percentage of tests that were 

intact (i.e. entry was via the peristomial membrane only). Sizes of Evechinus are in mm TD 

Size of Jasus % of urchins Largest urchin % Tests left % Tests left intact 
(mm CL) eaten eaten 

> 130 l00 (80) 89 (85) 3 (0) 0 (0) 
100-130 58 (75) 77 (75) 9 (3) l00 (0) 
70-99 75 (78) 74 (74) 70 (23) 77 (86) 
40-69 43 (33) 65 (34) 40 (39) 88 (100) 

classes: 40-69, 70-99, 100-130, and > 130 mm CL. 
Five individuals of each size-class of spiny lobster (one 
size-class per tank) were placed in a tank with 10 of 
each size-class of sea urchins. Shortage of tanks large 
enough to accommodate spiny lobsters meant that this 
experiment had to be done in 2 trials in order to 
replicate the experimental treatments. All treatments 
were present in both trials and treatments were ran- 
domly allocated to tanks. The first trial of the experi- 

brane with the first walking legs. Large lobsters would 
then expand the oral opening and scoop out the Aris- 
totle's lantern, gut and gonad, leaving the rest of the 
test intact. Smaller spiny lobsters expanded the oral 
opening only in small sea urchins. The 2 smaller size- 
classes of Jasus broke the test of less than 25 % of sea 
urchins (Table 3). In one remarkable case a spiny 
lobster of 67 mm CL attacked a sea urchin of 62 mm 
TD. 
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Influence of shelter on  consumption of Evechinus 

In the field, sea urchins less than ca 35 mm TD are 
cryptic (Fig. 3), which serves to lower their availability 
to spiny lobsters. In light of this information, an experi- 
ment was designed to test whether the availability of 
juvenile Evechinus affects the rate at  which larger sea 
urchins were preyed upon. Five spiny lobsters (110 to 
140 mm CL) were used per tank. This size range 
represents the majority of lobsters in the SBR habitat 
(Fig. 4). Ten Evechinus of each of the size classes 
previously described were placed in each tank. In 2 of 
the 4 tanks shelter was provided in the form of broken 
concrete building blocks. The 2 smaller size classes of 
Evechinus (10-29 and 3 0 4 9  mm TD) used these build- 
ing blocks a s  shelters. The experiment was run in 2 
trials, each lasting 4 d. Treatments were randomly 
assigned to tanks in each trial. At the completion of 
each trial all lobsters except one per tank were 
returned to the field. One individual was retained per 
tank as it was found that the presence of a 'calm' 
individual provided a steadying influence on freshly 
caught specimens. 

Differences in the number of sea urchins surviving 
were analysed by 2-factor analyses of variance with the 
factors Shelter (fixed, +/-) and Trial (nested within 
Shelter). The analysis was repeated for each of the 5 
size-classes of Evechinus. In all cases there was no 

approximating that in the field, did not mean that 
lobsters ate significantly more larger sea urchins (Table 
4A). 

Influence of gastropods on  consumption of Evechinus 

Information on the diet of Jasus (J. McKoy & C. 
Wilson, N.Z.  Fisheries Research Centre, pers. comm.) 
suggests that herbivorous gastropods may be an  impor- 
tant component of the diet of spiny lobsters. To test 
whether the presence of herbivorous gastropods 
affected the rate at  which Evechinus were eaten by 
Jasus, the 'shelter' experiment was repeated, this time 
with gastropods in all tanks. Three species of gastropod 
were chosen for this experiment: Cookia sulcata, 
Trochus vin'dus, and Cantharidus purpureus, all of 
which were abundant within the SBR habitat (Table 1). 
These gastropods, along with sea urchins in size-clas- 
ses a s  described for the previous experiment, were 
placed in tanks with 5 lobsters ( l  l 0  to 140 mm CL). Five 
individuals of each species of gastropod and size-class 
of sea urchin provided in each tank. 

The experiment used the same 2-factor design as 
before: Shelter (fixed, +/-) and Trials (nested within 
Shelter). This experiment was run in 3 trials. Again, 
there was no significant difference among trials 
(p > 0.25) and they were pooled for further analysis 

Table 4. Percentage of Evechinus chloroticus and gastropods in laboratory experiments. A: Survivorship of Evechinus in the 
'shelter' experiment, no gastropods present; B: survivorship of Evechinus and gastropods in the 'gastropod' experiment. Data are 
presented as mean survivorship after 4 d ( k  SE, n = 6). Sizes of Evechinus are in mm. ' ' Significant (p <0.01 by F-test) differences 

in survivorship between treatments. All other tests were non-significant 

Species/size A B 
Shelter No shelter Shelter No shelter 

Evechin us 
10-29 mm TD 72 2 4.7 10 f 4.1 73 + 4.2 . . . . O f 0  
30-49 72 f 8.5 28 f 4.8 73 + 4.2 . . . . 10 f 6.8 
50-69 80 + 0 83 f 6.3 80 t 5.2 60 f 10.3 
70-90 88 + 6.3 95 f 5.0 83 t 8.0 80 f 8.9 

Cooha sulcata - 27 + 4.2 20 L 5.1 
Trochus vuidus - O + O  7 f 6.6 
Cantharidus purpureus - O + O  0 2 0 

significant effect attributable to Trial (p  > 0.25) and 
trials were therefore pooled for further analysis (F{,,,, 
and presentation (n = 4). 

The presence of shelter significantly increased the 
survivorship of small (< 50 mm TD) Evechinus (Ta- 
ble 4A). The presence of shelter did not completely 
prevent predation on these smaller sea urchins as a n  
average of 28 % of both the 10-29 and 30-49 mm TD 
size-classes were eaten (Table 4A). The relative non- 
availability of the 2 lower size classes, a situation 

(F(1,6) and presentation (n = 6). The experimental pro- 
cedures used were the same as  for the 'shelter' experi- 
ment described above. 

The presence of gastropods in tanks with shelter had 
little effect on the survivorship of small Evechinus 
(Table 4B). As in the previous experiment, the reduced 
availability of the 2 smaller size-classes of Evechinus in 
tanks with shelter did not mean that significantly more 
of the larger sea urchins were eaten, even in the pres- 
ence of gastropods (Table 4). Gastropods were not 
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observed in the shelters and were eaten at similar rates 
in tanks with and without shelter (Table 4B). All Can- 
tharidus purpureus and Trochus viridus were eaten 
within 2 d.  

Spiny lobsters attacked Cookia sulcata by chipping 
away the lip of the shell until they gained access to 
tissue behind the operculum. The majority of uneaten 
C. sulcata at  the completion of the experiment had part 
of their shell chipped in this manner. Those that 
remained were invariably the largest in each tank and, 
overall, had a mean shell length of 4 1.3 (SE = 1.91, n = 

14) .  We did not observe how Canthanduspurpureus or 
Trochus viridus were attacked. 

Field experiment 

The influence of the removal of prey species and 
macro-algae on the abundance of Jasus was investi- 
gated by field experimentation. Twelve 100 m2 plots 
within the SBR habitat were chosen in the eastern part 
of the marine reserve that contained large numbers of 
spiny lobsters, sea urchins and macro-algae. In 4 plots 
all sea urchins and gastropods, with the exception of 
the limpet Cellana stellifera, were removed. In another 
4 plots, all large brown algae (Ecklonia radiata, Sargas- 
sum sinclaini, and Carpophyllum spp.) were removed. 
The remaining 4 plots were left untouched. Treatments 
were randomly assigned to plots. 

Differences in the abundance of algae and prey were 
analysed by 2-factor analyses of variance: Treatment 
(fixed) and Plot (nested within Treatment). The abun- 
dances of algae and prey were estimated by 10 
haphazardly tossed 1 m2 quadrats within each of the 
experimental plots. Differences among treatments and 
plots were analysed at  the beginning of the experi- 
ment. These analyses used all 3 treatments (control, 
algal-removal, prey-removal), giving (2,9) df for the F- 
test on Treatment and (9,108) df for the test on Plot. 
Analyses of these variables at the end of the experi- 
ment used only 2 of the treatments, giving (1,6) and 
(6,72) df for the F-tests. Differences in the abundance of 
prey species (gastropods and sea urchins) were not 
sought in plots from which they were excluded. The 
abundance of spiny lobsters was estimated as numbers 
per plot. Differences in the abundance of lobsters were 
analysed by a single factor analysis of variance using 
all 3 treatments [giving (2,9) df both at the start and end 
of the experiment]. 

At the beginning of the experiment, total numbers of 
spiny lobsters were counted, and the volume of avail- 
able shelter in each plot estimated. The size of potential 
shelters was estimated by measuring the height, width, 
and depth of all caves, crevices, and holes judged to be 
suitable for sheltering lobsters larger than 50 mm CL. 

Correlations were tested between the number of lob- 
sters and shelter, total prey abundance, and sea urchin 
abundance in each of the experimental plots. Large 
brown algae and prey species were removed from 
appropriate plots several days after these initial counts, 
and the clearances maintained monthly thereafter. The 
experiment ran from August 1984 to January 1985. 
Total numbers of spiny lobsters in each plot were 
counted at monthly intervals, and the density of prey 
species and large brown algae were estimated in 
August and October 1984, and January 1985. 

At the beginning of the experiment, the abundance 
of spiny lobsters and the volume of shelter in a plot 
were significantly correlated (r(lO) = 0.63, p < 0.05). 
There was no significant relationship between the 
initial density of Jasus and the initial density of sea 
urchins (r(lo, = 0.38, ns), Jasus and large brown algae 
(r(,o) = 0.12, ns), and Jasus and total prey species (r(lo, = 
0.38, ns). 

The removal of large brown algae or prey did not 
influence the abundance of Jasus over the 5 mo experi- 
mental period (Fig. 5). There was no significant differ- 
ence in the abundance of spiny lobsters among experi- 
mental treatments in August 1984 (F(2,g) = 0.52, ns) or 
January 1985 (F(2.9) = 0.72, ns). All treatments showed 
similar increases in abundance from initial levels to 
peak densities in October 1984, and then density 
declined in all treatments until the end of the experi- 
ment (Fig. 5). The size-frequency and sex ratio of spiny 
lobsters in the experimental plots showed the same 
seasonal changes as described for other areas of SBR 
habitat (MacDiarmid 1991). 

At the beginning of the experiment there were no 
significant differences in the abundance of large brown 
algae among treatments (F(2,9) = 3.37, ns, square-root 
transformed). At the end of the experiment, in January 

Aug Sep Oa Nov Dec Jan 

Time (months) 

Fig. 5. Jasus edwardsii.  mean abundance (f SE, n = 4)  per 
100 m2 through time in response to experimental treatments. 

(C) Controls; ( A )  prey removals; (m) algal removals 
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1985, the abundance of large brown algae in the prey 
removal plots had risen to be significantly greater than 
in the control plots (F(1,6) = 6.96, p < 0.05; Fig. 6). These 
differences were over and above significant differences 
among plots in the abundance of large brown algae, 
both at the start of the experiment (F,g, 108, = 3.72, 

p < 0.001; Fig. 6), and between the control and prey 
removal treatments at the end = 2.80, p < 0.05; 
Fig. 6). 

A. Control plots 

Aug Sep Oct Nov Dec Jan 

Tie (months) 

Fig. 6. Mean abundance (n = 10) of large brown algae in each 
of 4 plots from (A) Control and ( B )  Prey-removal treatments as 
a function of time. Shown are results for each of the 4 replicate 

plots 

At the beginning of the experiment there were sig- 
nificant differences in the combined abundance of prey 
species among treatments = 2.80, p < 0.05; 
Fig. 6). 

At the beginning of the experiment there were sig- 
nificant differences in the combined abundance of prey 
species among treatments = 9.49, p < 0.01; 
Fig. 7). At the end of the experiment there were no 
significant differences between the algal removal treat- 
ments and control plots = 0.35, ns; Fig. 7). The 
combined abundance of prey species significantly dif- 
fered among plots, both at the start of the experiment 
(F(g, los, = 3.18, p < 0.01) and at its end, in January 1985 
(F(,,,,) = 5.24, p < 0.01; Fig. 7). 

A. Control plots 
35 1 

Aug Sep Oct Nov Dec Jan 

Time (months) 

Fig. 7. Mean abundance (n = 10) of prey species in each of 4 
plots from (A) Control and (B) Algal-removal treatments a s  a 
function of time. Shown are results for each of the 4 replicate 

plots 

DISCUSSION 

Before assessing the impact of predation by lobsters 
on populations of sea urchins it must first be estab- 
lished that the 2 species CO-occur, that movements 
bring individuals of the species into contact, and that 
the sea urchin is a natural prey of the lobster. In 
northeastern New Zealand these necessary precondi- 
tions are satisfied In the SBR habitat. In this habitat 
both species are abundant and although segregated in 
space, are separated only by small distances. During 
daylight hours Jasus were found beneath boulders and 
in large crevices. Evechinus occupied both open areas 
of reef and the basal substratum among large boulders. 
These day-time patterns of dstnbution were relatively 
static as both species moved relatively little during the 
day. Both species were active at night, and Jasus in 
particular was capable of moving considerable distan- 
ces [median of 41 m per night (MacDiarmid et  al. in 
press)]. Spiny lobsters move predominantly along gut- 
ters and across boulder fields; areas where sea urchins 
were most abundant. We conclude that sea urchins 
were within the foraging range of spiny lobsters in the 
SBR habitat. 
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The net movement of Evechinus reported in this 
study in the SBR habitat was about half that described 
in the barrens habitat (Andrew & Stocker 1986). These 
data are consistent with 2 hypotheses: first, that sea 
urchins move greater distances in habitats with no 
lobsters than in those in which lobsters are abundant 
(e.g. Bernstein et al. 1981, 1983, Tegner & Dayton 1981, 
Tegner & Levin 1983, Mann et al. 1984, Vadas et al. 
1986); second, that sea urchins are more active in areas 
where large brown algae are scarce (see also Mattison 
et  al. 1977, Russo 1979, Harrold & Reed 1985, Andrew 
& Stocker 1986, Vadas et  al. 1986). In the Sediment Flat 
habitat, which has abundant macroalgae, but no spiny 
lobsters, Andrew & Stocker (1986) found rates of move- 
ment of Evechinus similar to that observed in the SBR 
habitat in this study. We suggest that, given the cessa- 
tion of movement of sea urchins when they encounter 
drift algae, these differences in the movement rates of 
sea urchins between the barrens and SBR habitat are 
largely due to the relative abundance of macroalgae 
rather than spiny lobsters. 

We have established that Jasus can consume 
Evechinus in the laboratory. Moreover, broken sea 
urchin tests were often found in the dens of spiny 
lobsters, and the remains of Evechinus are common in 
the stomachs of lobsters from the marine reserve (J. L. 
McKoy & C. Wilson pers, comm.). The method of attack 
described here for Jasus is similar to that outlined by 
Tegner & Levin (1983) for Palinurus interruptus and 
strongylocentrid sea urchins. Small sea urchins were 
completely consumed, whereas larger sea urchins were 
broken open and most of the skeletal material left 
uneaten. The presence of gastropods did not greatly 
influence the rate at  which small sea urchins were 
consumed. The small gastropod Canthandus pur- 
pureus was also eaten quickly. In the SBR habitat C. 
purpureus were most abundant on the laminae of the 
laminanan alga Ecklonia radiata. In other habitats this 
species is usually exposed on the substratum (Andrew 
& Choat 1982). I t  would be profitable to explore any 
relationship that may exist between the survivorship of 
C. purpureus and the availability of E. radiata as  a 
refuge from predation by. Jasus. 

What evidence is there for a regulatory effect by 
Jasus on the abundance of Evechinus? Spiny lobsters 
are scarce in areas of barrens habitat where Evechinus 
are found in great numbers and sea urchins are largely 
absent from Ecklonla forests and on reefs deeper than 
approximately 12 m where spiny lobsters are abundant 
(Ayling 1978, Andrew & Choat 1982, 1985, Choat & 

Schiel 1982, MacDiarmid 1987). This pattern is also 
consistent with interpretations that do not rely on a 
regulatory role for lobsters (see Vadas et al. 1986, 
Garnick 1989 for recent discussions). Few juvenile sea 
urchins are found in Ecklonia forests and in deep 

water, and experimental translocation of juvenile 
Evechinus into those habitats results in very high mor- 
tality (Andrew & Choat 1985). 

The large trough in the size-frequency distributions 
of populations of sea urchins noted in this and previous 
studies (Andrew & Choat 1982, Choat & Schiel 1982) 
coincides with the ontogenetic shift in behaviour of 
juvenile Evechinus from being cryptic to being 
exposed. Andrew & Choat (1982) argued that the 
bimodality in sea urchin size-frequency distribution 
found in the barrens habitat they studied was largely 
attributable to benthic-feeding predatory fishes, which 
are also present in the SBR habitat (MacDiarmid 1989). 
Similar bimodality, also attributed to predation, has 
been observed in the size-frequency distribution of 
Strongylocentrotus franciscanus (Tegner & Dayton 
1981, Tegner & Levin 1983). Andrew & Choat (1982) 
argued that predation by fishes was insufficient to lead 
to the disappearence of the barrens habitat. Jasus were 
not found in this habitat (MacDiarmid 1987) and were 
not observed to forage in these areas (Andrew & Choat 
1982, pers. obs.). 

The laboratory experiments described here inbcate  
that any regulatory effect that Jasus may have on the 
abundance of Evechinus is most likely to occur as sea 
urchins lose their cryptic habit. For Evechinus smaller 
than 50 mm TD there is refuge in size only from the 
smallest spiny lobsters. The cryptic habit of Evechinus 
less than ca 40 mm TD greatly reduces the availability of 
these sea urchins to a range of predators, including 
spiny lobsters. As sea urchins between 40 and 50 mm TD 
move out into the open they greatly increase their 
vulnerability to predation, and over 80 % of Jasus were 
capable of taking Evechinus within this size range. In 
the areas sampled over 90 O/O of sea urchins greater than 
50 mm TD are found openly on the substratum and 
therefore were vulnerable to attack from at  least 45 % of 
spiny lobsters (individuals larger than 120 mm CL). 

The effects of predation by Jasus on Evechinus will 
be constrained by temporal variations in the abun- 
dance and feeding behaviour of lobsters. Jasus 
undergo seasonal inshore-offshore movements in rela- 
tion to moulting and reproduction (MacDiarmid 1991). 
The estimate of abundance of Jasus given here is close 
to the 3 yr average for this site (1982 to 1985, 8.61 f 
0.76 per 100 m'; MacDiarmid 1987). The greatest 
densities of both mature female and male lobsters in 
the SBR habitat coincide with the times they moult; 
females in May and males in October (MacDiarmid 
1989, 1991). Spiny lobsters do not feed for up to 44 d 
before and 34 d after they moult (Zoutendyk 1988). The 
greatest impact spiny lobsters can be expected to have 
on populations of sea urchins in the SBR habitat will be 
in spring (from juveniles and mature females), and in 
summer from all sizes and sexes of lobster. 
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The fine-scale segregation of Jasus and Evechinus 
within this habitat may be produced by differing micro- 
habitat requirements of the species and/or predation. 
Spiny lobsters do not spread out evenly over the reef at  
night as they forage, but rather remain non-randomly 
dispersed in response to topographic features (Mac- 
Diarmid et al. in press). Predation would be expected to 
be greatest close to the day-time shelters of lobsters, 
thereby producing 'halos' In which sea urchins are less 
abundant. In the present study we found no negative 
correlation between the 2 species on a scale of 9 m2, 
m a h n g  it impossible to separate any effect Jasus may 
have on the dispersion of Evechinus from microhabitat 
preferences. Both processes would cause an increase in 
the variance associated with estimates of the mean 
abundance of sea urchins. 

Results from the field experiment reported here sug- 
gest that the abundance of spiny lobsters is largely 
determined by the availability of suitable shelter. 
Neither the extra habitat complexity provided by large 
brown algae nor the availability of sea urchins and 
gastropods appeared important in determining the 
local abundance of spiny lobsters at a scale of 100 m2. 
This conclusions suggests that the model proposed by 
Garnick (1989) for the inverse abundance patterns of 
sea urchins and clawed lobsters in Nova Scotia 
(Canada) is not appropriate to northeastern New Zea- 
land. Garnick argues that, because of their generalized 
diet, food is unlikely to be a limiting resource for 
Homarus amencanus. He proposes that observed pat- 
terns of abundance are better explained by variations 
in the availability of shelter and that shelter is a more 
likely limiting resource for this solitary dwelhng 
species. Although we have no experimental evidence 
to support or refute such a model in northeastern New 
Zealand, we suggest that the gregarious nature of 
Jasus (MacDiarmid 1987) and the differing micro- 
habitat requirements of Evechinus and Jasus are suffi- 
cient that competition for shelter would not be limiting. 

Clearly spiny lobsters eat Evechinus but we suggest 
that predation by Jasus is not of sufficient magnitude to 
substantially alter sea urchin population size and the 
structure of the SBR habitat. The necessary test to 
reject the hypothesis that Jasus has a substantial 
impact on the abundance of Evechinus remains 
undone. Such a test would require the experimental 
exclusion of lobsters from a number of areas large 
enough for adult sea urchins to forage normally 
(ca 25 m'), for a period of at  least 1 yr. Like other 
researchers, we found this requirement logistically 
unfeasible. Until such an  experiment has been done in 
this system, the direct effects of predation by Jasus on 
Evechinus remain undescribed. 

Based on the present study and others on the ecology 
of sea urchins and spiny lobsters in northeastern New 

Zealand, we suggest that changes in the abundance of 
one species (for whatever reason) would not lead to 
changes in the local abundance of the other. Differing 
microhabitat requirements of sea urchin and spiny 
lobsters would act to dislocate any relationship 
between the abundance of the 2 species. In areas with 
sufficient shelter for spiny lobsters, both species may be 
abundant. However, the more restrictive shelter 
requirements of Jasus means that they are not found in 
areas where sea urchins may be abundant. 
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