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A large colony of Euscorpius flavicaudis was studied at Sheerness Docks, Isle of Sheppey, Kent.  It was probably established in the late nineteenth century.  The scorpions inhabit cracks in the dockyard perimeter wall where the mortar pointing has crumbled away.  They are nocturnal, 'sit-and-wait', generalist predators.  They are extremely sedentary:  females leave their cracks fewer than 10 times per year; males are more active as they become vagrant prior to the mating season, which occurs in summer.  Marked adults were resighted at intervals of over a year and the distance scorpions moved between resightings was not proportional to the interval.  The number of scorpions seen per night was influenced by temperature, amount of rainfall and phase of the moon.  In winter, the scorpions retreated far into the wall and, by doing so, reduced the risk of suffering mortality due to cold.  During this time, they were seldom active.  In general, this species does not behave in any way that can be correlated with living in a temperate rather than a desert area.  This illustrates the extreme adaptability of scorpions.
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Introduction
Scorpions are an important component of many terrestrial ecosystems (Polis, Sissom & McCormick, 1981).  As predators, they are often at or near the top of the food chain (Shachak & Brand, 1983).  Paruroctonus mesaensis, from south-western North America, perhaps the most well studied scorpion, has been seen to prey on over 125 different species of insects, arachnids and even vertebrates (Polis, 1980a, 1988), and in turn been preyed upon by two bird species, two
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mammalian species, ants, spiders and five species of scorpion (Polis et al., 1981).  Scorpions are common throughout much of the world, occurring from Tierra del Fuego (55° S) to southern Canada (50° N) (Polis, 1990), and inhabit diverse environments, from the inter-tidal (Due & Polis, 1985) to mountain-tops (Polis, 1990).

Given their widespread distribution, and often their ecological importance, scorpions have been little studied, only a few ecological studies having been published to date, almost all on arid-zone species in western North America or Australia (e.g. Smith, 1966; Williams, 1970; Koch, 1978; Polis & Farley, 1979a, b; Polis, 1979, 1980a, b; Bradley, 1982, 1988; Marples & Shorthouse, 1982; Polis & McCormick, 1986).  These studies mostly concern only two genera: Paruroctonus, in North America, and Urodacus, in Australia. I know of no recent work on the ecology of European scorpions.

One species, Euscorpius flavicaudis (de Geer, 1778) (Chactidae), common throughout western Europe (Birula, 1917), has been introduced to England.  This is a successful colonizing species (Fage, 1928; Wanless, 1977; Lourenco & Vachon, 1981) and is often found associated with buildings (Wanless, 1977).  Colonies have been reported from several locations in England (e.g. Hawkins, 1982), but only one, at Sheerness Docks, Isle of  Sheppey, Kent (51º 26' N, 0º 45' E), has lasted very many years and is of considerable size.  The first record of scorpions at Sheerness is a label on a specimen of Euscorpius flavicaudis in the British Museum (Natural History): "Taken in Sheerness Dockyard, 1870, J. J. Walker" (P.  D. Hillyard, pers. comm.).

This study has several novel aspects.  It is the first intensive study of the ecology of a European or temperate scorpion.  The Sheerness colony is one of the most northerly colonies of scorpions in existence, and E. flavicaudis is a member of the poorly known family Chactidae.

Methods
The study animal
Euscorpius flavicaudis is a small black scorpion, with yellow-brown legs and sting (telson).  When adult it measures 35-45 mm in total length, and weighs 0.3-1.1 g, depending on its state of feeding or gravidity.  In shape, it is a typical fossorial scorpion (Polis, 1990): with large, strong pedipalps, a stout body, short legs and a short, thin tail (metasoma) (Plate I).  This scorpion is very unaggressive, using its sting only when provoked.  The sting is less than a pin-prick to humans (pers. obs.; Wanless, 1977).

The study site
Sheerness Port was opened in 1660.  Most of the earlier buildings and the perimeter wall date from 1823.  It is now an industrial estate, commercial container and ferry port, run by the Medway Ports' Authority.

Euscorpius flavicaudis occurs throughout many of the less-disturbed areas of the dockyard and is especially common in cracks in the perimeter wall, where the mortar pointing has crumbled away.  A length of perimeter wall, approximately 104 m long was chosen for study, in an area deserted at night and little-used during the day.

The brick-built perimeter wall varies in height between 3.7 and 4.3 m, and is 0.66 m thick.  On the study side of the wall there are brick buttresses every 5.2 m, which split the wall into convenient sectors.

Techniques
Ninety-two visits to Sheerness were made during 1988 and the first half of 1989.  These averaged one per
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PLATE I.  Euscorpius flavicaudis (female) from Sheerness.

fortnight during the winter, and up to 4 times per week during the mating season in summer, giving a total of over 500 hours spent there during the study.

Scorpions were observed by means of a portable ultra-violet light.  Irradiation with U.V. causes them to fluoresce a bright green, which is easily seen in the dark (Honetschlager, 1965).

Holes ('cracks') in the wall that were occupied by scorpions during the study were marked using either chalk or a numbered disc nailed into the wall.

In all, 162 scorpions from the site were caught, marked and released during the study.  For a pilot study (autumn 1987) animals were marked using coloured paints in a 4 dot code.  In 1988 scorpions were individually marked with a 2 mm numbered, coloured, plastic 'Queen Bee' disc (supplier: EH Thorne (Beehives), Wragby, Lincoln) stuck on the pedipalp with Locktite 'Super Gluematic'.  They were also marked with silver paint (to facilitate identification of 'marked' individuals from a distance) using an Edding 780 metallic pen.  To subdue animals in the field to allow measuring and marking, a modified 50 ml syringe was used, the plunger of which was sheathed in cotton wool and the nozzle end replaced by nylon gauze.  Scorpions were then trapped in the barrel, between the plunger and gauze.  Their pedipalps could be pulled through holes cut in the gauze for marking.

Temperatures were measured using a thermometer with a thermocouple probe.  The temperature of the wall (with the thermocouple inserted in a crack to a depth of 8 cm) was taken in 2 standard locations each night.  The air temperature was also taken from a standard position.  Measures were taken as close to 23:00 and 01:00 h (BST) as possible and whenever a wall-transect was made.

The light intensity of the sky was measured from a standard position several times each night, using a Gossen Profisix Profi-System light meter.  Readings were in 'relative units' rather than absolute light intensity. Prevailing weather conditions were also noted. Each night (mean 3.0 times, range l-18 during l988; mean l.5, range 1-2 in 1989) surveys of the study site were conducted.  These consisted of walking along the wall, looking at all areas of wall within reach (the lower ≈60%), into all marked cracks and as many unmarked ones as possible.  The position, activity, approximate instar and sex of each individual was entered on to data sheets, along with the time, the scorpion's markings, if present, and relevant comments.  Repeated surveys allowed individuals' activities to be followed during the night, and reduced the chances of any visible animals being missed.  Over 10,000 sightings of scorpions were made during the study.
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Results
Definitions and assumptions
The great majority of scorpions observed at Sheerness occupied cracks in the wall where the pointing had crumbled away.  Inhabited cracks were usually sufficiently deep that scorpions could retreat far from the wall surface so that they could not be seen during the day, or throughout the winter.  Like most scorpions, E. flavicaudis is a sit-and-wait ambush predator.  To forage, an individual moves to the entrance of its crack and remains immobile, waiting for the approach of prey.  For the purposes of this study, scorpions were defined as active if they were foraging at the entrance to their cracks, or if they were moving over the wall surface.

As a measure of population activity levels, the total number of scorpions seen per night was used.  As this species, like other scorpions (Williams, 1987), lives several years (Benton, 1991a) and at Sheerness, females only give birth once per year during a short period in summer (Benton, 1991b), it was assumed that day-to-day variations in the numbers of scorpions seen reflect changing activity patterns, rather than natality and mortality.

The total number of scorpions seen per night can be reliably estimated because:

Only one scorpion occupied any one crack at any one time, except during the mating season (Benton, In press).  Individually recognizable animals showed that these scorpions often occupied the same cracks for considerable periods of time.  Therefore, if a particular crack was seen to be occupied more than once in one night, it was assumed to be by the same individual.

Scorpions that left their cracks tended to move only short distances.  As the population density of this colony is low (as is typical for scorpions: Polis, 1990), it was rare for more than one scorpion to be on the wall surface in each sector at any one time.  On successive surveys, it was usually possible to judge (by position) whether a scorpion on the wall surface was the same individual as seen earlier.

Daily activity patterns
Like most scorpions, E. flavicaudis is nocturnal (Cloudsley-Thompson, 1968; Warburg & Polis, 1990).  As the light intensity falls at dusk, scorpions are first seen when they move towards the entrance of their cracks to forage.  Animals remain visible throughout the night, retreating before dawn (Fig. 1).

Since the numbers of scorpions active each night depends on season, a between-nights measure of activity is needed to explore the relationship between activity and light intensity.  The measure used was the number active at a particular light intensity as a proportion of the total number of scorpions seen that night.  For each of five representative nights during the period June-October 1988 where data are available from dusk to dawn, regression analysis of the arcsine-transformed data shows a significant relationship between light intensity and the proportion of animals active (P ranges between 0.03-0.0001). Analysis of covariance of the regressions from different nights shows that there is no significant difference between the slopes (F = 1.06, d.f. 4,44: P > 0.5), indicating that the scorpions respond to light intensity in similar ways throughout the summer.  Temperature could also be used as a proximate cue to determine when to begin or end activity.  A multiple regression analysis, using the independent variables light intensity and temperature, was conducted.  The data were from the five representative nights in the summer of 1988.  When light intensity is 'controlled for', the relationship between activity and temperature is generally
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FIG 1.  Graph showing the numbers of scorpions active (○), and the light intensity (●), throughout the night of 13-14 October 1988.
insignificant for the five nights (mean P = 0.34, range 0.04-0.69). Conversely, when temperature is controlled for, the negative relationship between light intensity and activity is generally highly significant (mean P = 0.006, range 0.0001-0.02).

Individual scorpions do not generally remain active throughout the night.  On average, a scorpion was active for only 47.5% of the time between sunset and sunrise (n = 181 scorpions, observed over five nights, June-October 1988).  Whether or not a scorpion foraged on a particular night, and the length of time thus spent, depended on the season.  For example, during the winter months few, if any, scorpions were active at any stage of the night (see below); during mid-summer many males were on the wall surface searching for females to mate with, and so foraged for less time.

During the summer months the occupant of each crack was usually seen each night the wall was inspected (86% + S.D. 19% nights; n = 42 individuals during 1988).  To be seen the scorpion does not necessarily have to be active (it can be at the back of its crack).  However, in the first two weeks of September 1988, eight nights were spent at Sheerness, during which it was found that scorpions were active (at least for a short period) on 80% + S.D. 29.0% (n = 20) of the nights that they could have been. [The 20 scorpions chosen in this last analysis inhabited cracks which allowed unobstructed inspection: it was possible, at all times, to tell where the scorpion was in the crack.]

 The numbers of scorpions seen per night varied up to two-fold on a day-to-day basis.  Multiple regression analysis, using the independent variables wall temperature, average nightly light intensity, wind strength, amount of rain, moon phase and night length, and the dependent variable number of scorpions seen (square-root transformed), was conducted to determine whether population activity was correlated with any environmental variable.  The analysis failed to find any significant relationships between the numbers of scorpions and any environmental variable within any month during the period June-October 1988.
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Seasonal fluctuations in the numbers of scorpions seen
The average number of adult male and female scorpions seen per night in each month varies throughout the year (Fig. 2).  The two sexes also differ in their levels of activity.  For example, females become active earlier in the year than males, and cease activity later (if at all: in the exceptionally mild winter of 1988-89 some females were visible at each visit).  Many of the differences between the numbers of males and females seen throughout the year can be explained with reference to their reproductive behaviour.

Females become more active just after they have given birth
For 1988 the dates that 19 females gave birth are known (or approximately known).  Of these 16 (84%) gave birth during the second half of August and first half of September.  Observations at Sheerness were discontinued at the end of July 1989, by which time two females had given birth, the season perhaps being accelerated by the warm winter.  In 1988 there was a marked increase in the number of females seen each night during and after the birth season (Fig. 3).  Observations of known females indicate that this is because females in the final stages of the 11-12 month gestation, and whilst carrying the 1st instar young on their backs, are active much less frequently (Benton, 1991b).  Once the young have dispersed females forage more, and there is also a significant increase in the number of females walking across the wall surface (Mann-Whitney U test: Sept. vs. Other Months; 7,33 cases; U7,33 = 56: P < 0.05).
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FIG 2.  The number of males (■) and females (□) seen per night per month for the duration of the field study (( ( S.E.).  The number of visits per month ranged from 0 (Jan., 1988) to 13 (Aug., 1988); mean 4.5.
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FIG 3.  The number of females seen per night per month (( ( S.E.) during 1988 (□) and the known number of births (▨).
Males are most active during, and just before, the mating season
For 1988, the dates of 23 matings are known (either from observation of courtship, or the discovery of fresh spermatophores).  The peak in the number of males seen per night occurred just before and during the mating season (Fig. 4).  This is mainly as a result of the males' sexual vagrancy:  from July they become very mobile, moving from cracks frequently as they search for
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FIG 4. The number of males seen per night per month in 1988 (( ( S.E.) (■), and the recorded number of matings (▨).
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FIG 5.  The identity of different scorpions found active on the wall surface per night for each month in 1988 (( ( S.E.).   ■: males; □: females; ▨: juveniles.
females with whom to mate (or guard if the female is not yet receptive: Benton, In press).  At this time, many males can be seen each night walking across the wall, whereas females' and juveniles' surface movement is significantly less (August: H - 21.54,  d.f. 2:  P < 0.001; September: H = 10.27, d.f. 2: P< 0.01; see Fig. 5).

Seasonal determinants of the numbers seen
Stepwise multiple regression was used to explore the relationships between the environmental variables measured at Sheerness and the number of animals seen throughout 1988 (procedure in Zar, 1984: 341-343).  The independent variables used were the 01:00 h (BST) air temperature, rain, moon phase, wind strength and night length.  Wall temperature is a better measure of the scorpions' environment, but was not included in the analysis due to data being unavailable for the entire year.  However, wall and air temperatures are strongly correlated (rs=0.83, n=80: P<0.001).  Measures of light intensity were not included for the same reason, but there is no correlation between numbers seen and the average nightly light intensity when the data is analysed separately (r=0.02, n=47: P>0.5).  The numbers of females and males seen (square-root transformed) were analysed independently.

Stepwise regression removes all but the following variables―each with significant relationships with the numbers of females seen per night:

(1)  Amount of rain per night (beta coefficient= -0.40; t=3.02: P=0.004): there are fewer females seen when there is rain during the night.

(2) Phase of moon (beta coefficient= -0.35; t=2.07: P=0.04): there are fewer females when the moon is full.

(3) Air temperature (beta coefficient = 0.16;  t =4.3 1: P=0.0001).
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(4)
Night length (beta coefficient = 0.23; t=3.97: P=0.0001). This indicates that more females are seen when the nights are longer.  However, this relationship is confounded by the bulk of the data being collected between June and October.  Analysis of this relationship during the periods October-December, and January to June both show significant negative correlations between night length and the number of females seen (r=0.91 and -0.85, P=0.0001).

Using the number of males seen per night as the dependent variable, the analysis removed all independent variables other than air temperature (beta coefficient = 0.288; t=6.99: P=0.0001).  The resulting regression is highly significant (R2 = 0.431, F = 48.40,  d.f. 1,64: P < 0.0001).

In a separate analysis exploring the relationship between the numbers of males and females seen and the temperature of the wall, it was found that the observed number of males had a linear relationship with the 01:00 h (BST) wall temperature (R2 = 0.697,  F = 175.03,  d.f. 1,76: P < 0.0001); whereas the relationship between females (and juveniles) was best described by a quadratic function (R2 = 0.360,  F = 21.08, d.f. 2,75: P < 0.0001).  Below approximately 13 °C, there is a linear relationship between temperature and number of females seen, above this temperature there is no apparent relationship.  This type of analysis may be confounded by season, so two techniques were used to attempt to identify seasonal influence.  The first technique, modified from Bradley (1988), was used to analyse the data in the period from July to October.  Two-week moving averages were calculated, from which each data point was subtracted to generate residuals.  The residual numbers seen were then regressed against the corresponding residuals for temperature to see whether changes in temperature away from the average were associated with changes in the numbers of animals seen.  In this analysis males were found to have a significant (though weak) relationship with temperature over the summer (R2= 0.174,  F = 8.01, d.f. 1,38: P = 0.007). This indicates that although males may be most active in the summer for some reason other than the higher temperatures, there is still a significant effect of temperature on behaviour.  Females showed no significant relationship with temperature during this period (R2=0.06, N.S.).

Over the winter, visits were too few to allow residual analysis.  Instead, for females (as males were usually not seen) the difference in temperature between each successive visit was regressed against the difference in number of females seen.  The temperature did not decrease with each successive visit during the autumn, nor rise with each successive visit during the spring, which indicates that this analysis is not strongly confounded.  There is a highly significant positive relationship between change in temperature and change in the number of females seen during the 1988-89 winter months (R2= 0.64, F = 26.47,  d.f. 1,15:  P < 0.0001).  This implies that during the winter months females do respond to changes in temperature, rather than just becoming less active during the autumn and more active during the spring.

Crack occupancy and moving
Length of crack occupancy
This analysis includes data on the length of occupancy of individual cracks over the summer months (June to October).  The scorpions in this analysis were all individually identifiable, and later seen elsewhere (which means they had left the crack, rather than retreated out of sight).  The distributions of the lengths of occupancy for males and females are shown in Fig. 6. During the summer months, males spend significantly less time in each crack they occupy than do females [Mann-Whitney test: 58 males,  38 females,  z=3.124:  P<0.002. Males' median duration of
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occupancy = 3 days (range 1-64); females' median=18.5 (range 1-130)].  The patterns of occupancy are similar for both sexes: many short-duration occupancies with few long stays.  Biologically this translates to individuals spending a long time in one crack, moving several times over a short period before 'settling' once more into a new crack for a long stay.  Males are more vagrant during the mating season, so have a higher proportion of very short-term occupancies.

The number of scorpions seen over the winter is very much less than over the summer months.  Resightings of marked individuals and morphometric data (Benton, 1991a) indicate that this species of scorpion lives for several years.  Observations throughout the year indicate that recruitment to the population only occurs once each year, following the more-or-less synchronized births.  It is thus unlikely that the reduction in numbers seen over the winter is due to either mortality or changes in patterns of recruitment.  It could be due to migration to/from an overwintering site, or due to the scorpions retreating down their cracks deep into the wall.

Only one crack (out of > 300) was known to have more than one entrance.  There is also a strong correlation between the number of animals seen on the wall surface per month and the number of animals known to have vacated their cracks (rs = 0.927, n = 12: P< 0.001).  These factors indicate that for an animal to change cracks it has to move across the wall surface (i.e. it is unable to migrate through a network of cracks in the wall).  No autumn/spring migration of scorpions was observed.  The ratio of the number of scorpions seen to 'disappear' from cracks to the number of scorpions seen on the wall surface increases during the autumn.  This implies that more animals 'disappear' from their cracks than are accounted for by the number of scorpions observed on the wall surface.  Sufficient data are available to follow 20 individuals through the winter of 1988-89.  Some of these
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FIG 6.  The distribution of the durations of crack occupancy for known males (■) and females (□) during the field study (n-males = 58;  n-females = 38).
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individuals were regularly seen occupying their respective cracks throughout the winter (n = 5 females).  In 12 of the other 15 cases, the same scorpion reappeared in the spring in the crack into which it had disappeared in the autumn.  The average overwinter duration of crack occupancy for these 17 animals was 201 + S.E. 15 days (range 58-280).  Most of these scorpions began inhabiting their overwintering crack in October (range 22/8-20/11).  The 12 animals that retreated over the winter were not seen for, on average, 112 + S.E. 15 days (range 41-199).

Movements
One hundred and forty resightings of identifiable individuals (n = 63) that had moved from their crack were made during the study.  In general, the scorpions were found to be remarkably sedentary, often not moving more than a few metres.  The distribution of the distance moved between resightings is skewed towards the left (Fig. 7).  With males, 31% were resighted within a metre of the place of first sighting; 40% of females were resighted within two metres.  However, occasional individuals were seen to have moved great distances (range males: 0.05-63.6 m, females: 2.5-30.2 m).  No significant differences were found in the distances moved between resightings between males and females (Mann-Whitney; 102 males and 35 females, z = 0.50, P > 0.5).
Significant differences were found between the sexes in the length of time between resightings (Mann-Whitney; 102 and 38 cases, z = 2.98, P < 0.005). Males were generally resighted after a much shorter interval than females (41% of males were resighted within a week, compared to 17% of females; see also Fig. 8).  There is no significant relationship between the time between resightings and the distance moved, in either males or females.  In 378 days one male had only moved 30 cm; conversely in 48 days a male moved 63.6 m.
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FIG 7.  The distance moved by marked males (■) and females (□) between resightings during the field study.

(n-males = 102;  n-females = 35).
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FIG 8.  The time interval between resightings of marked males (■) and females (□) during the field study. 

(n-males = 102;  n-females = 38).
Foraging behaviour, prey and predators
Scorpions have three behavioural states: moving, alert but immobile, or totally unalert.  The latter two states can be distinguished on the basis of posture, arousal level and heart rate (Tobler & Stalder, 1988).  In alert-immobility, the pedipalps are protracted, claws open and the body raised clear of the substratum.  In relaxed immobility the converse postures are shown.  During the day, scorpions are at the back of their cracks in the relaxed immobility state.  As light levels decrease at dusk they move to the surface to forage, and adopt the alert-immobility posture.

Once foraging, E. flavicaudis remain immobile.  Approaching prey is detected by the trichobothria (hairs sensitive to air-borne vibrations) on the pedipalps (Vachon, 1953; Krapf, 1986).  Prey is immobilized with the claws; rarely is the sting used.  Once the prey is subdued, the scorpion retreats into the wall to eat.  Like most scorpions, E. flavicaudis eats its prey head first.  The meal usually lasts several hours, after which the scorpion may move back to the entrance to the crack.  If no prey is caught the scorpion will retreat down the crack before dawn, or with the increasing light levels at dawn.

On only 50 occasions at Sheerness were scorpions observed feeding, indicating that this is a rare event (one sighting per 10 field-hours).  Like most scorpions, this species is capable of surviving considerable periods without food.  Scorpions are usually generalist predators (Cloudsley-Thompson, 1968), and E. flavicaudis eats at least eight species of prey found on the wall (see Table I).  However, nearly two-thirds of its diet consists of the woodlouse, Porcellio scaber (Crustacea, Isopoda), which is very common climbing on the wall during the summer as it migrates up vertical surfaces in order to harvest pleurococcoid algae (Sutton, 1972).

Conspecifics are the second most common prey item observed at Sheerness.  In experimental situations where the population density was artificially increased the rate of cannibalism increased markedly (Benton, 1990).  Fifteen cases of adult-adult cannibalism occurred (where the relative sizes of the scorpions are known) and in 87% (13/15) the predator scorpion was larger than the
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prey (x2= 6.7, P<0.001). The two exceptions to this occur with similarly sized scorpions, but with the winner having larger claws.  Males were more common cannibals (16/17 cases) possibly because of their greater mobility.

The only observed predators of scorpions at Sheerness were the scorpions themselves, and two species of 'wall spider': Segestria florentina Rossi (Segestriidae) and Amaurobius similis Blackwall (Amaurobiidae).  Spiders were only seen to eat seven scorpions, all juveniles of the 2nd and 3rd instars.

Distribution
On the wall
The distribution of scorpions along the wall is markedly clumped.  A transect of the wall was conducted to estimate the number of cracks available for occupation.  From each sector (i.e. between two brick buttresses on the wall) two 1 m2 quadrats were sampled.  The total depth of the cracks in the quadrat were measured using a wire probe.  In the study site, the wall is split into two sections: one facing west, and one facing south-west.  On one night (31.10.88) the temperature of comparable cracks in each sector was taken.  There was a strong relationship between the direction the wall faces and its temperature, with the south-west portion being warmer than the westward facing portion (Mann-Whitney: U7,8 = 56: P < 0.001), and there is no reason to suppose that this is not true throughout the year.

Aspect and crack depth per sector were regressed against the 1988 mean number of occupied cracks per sector.  This multiple regression is highly significant (R2=0.80, F=23.5, d.f. 2,12: P=0.0001). The measure of crack availability and direction faced both have a significant relationship with the numbers of scorpions per sector (t=6.337, d.f. 12: P=0.0001 for cracks; t=4.04, d.f. 12: P=0.002 for direction faced―more scorpions are found in the south-west facing section of wall).

The wall protects the scorpions from the extremes of temperature.  During the winter of 1988-89 (which was unusually mild) the wall temperature (i.e. 8 cm into a crack) on frosty nights was never lower than 3 °C.  When the scorpions retreat out of sight during the winter, they would be, on average, more than one brick's depth from the surface. As their freezing point is -7.0 (S.E. 0.87 °C (Benton, 1990), winter mortality due to freezing is likely to be low.
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In England
Euscorpius flavicaudis has been reported several times from England, though Sheerness is probably the only surviving colony.  This could result from chance (perhaps the south-east is the only place to be colonized) or for some meteorological reason.  Meteorological information (Monthly Weather Reports of the Meteorological Office NS 100-102) for the years 1983-85 was used to investigate this possibility.  Information from the nearest weather station to Sheerness (Shoeburyness in Essex, 6.25 miles away) was compared with data from 27 coastal weather stations from around the entire coast of England and Wales.  Using only coastal weather information controlled for Sheerness being on the coast. If E. flavicaudis could have been imported into any port around England and Wales, are there factors at Sheerness which could account for its continued survival?

During 1983-85, the climate at Sheerness was significantly different from that of the other 27 locations only in the amount of rainfall (Mann-Whitney: 3,65 cases, z = 2.73, P < 0.005. Sheerness 487 mm (S.D. 32, Elsewhere 766 mm (S.D. 196), and the number of days on which it fell (z=2.60, P<0.01.  Sheerness, 251 days (3.8 cf. 297 (31).  The amount of rain per annum at Sheerness during this period was only 53.4% of the England and Wales average for the period 1941-70 (data from Whitaker's Almanac, 1988: 163).

Population size
Although a specific study of the population size of scorpions at Sheerness was not conducted during the field work, sufficient data are available for a post-hoc calculation using the release/resighting dates of marked animals and Jackson's Positive Method (Jackson, 1936, 1939; Begon, 1979).  The model assumes fidelity of marks, no emigration and random sampling of the population: each of which may not occur.

The estimate of the population size in September 1988 was 690 scorpions (95% CI: 254-1917).

Although this estimate should be treated with caution, it is probably of the correct order of magnitude.  During the period Sept. 1987-June 1988, over 160 scorpions were marked.  However, at the peak of scorpion activity in early September, 1988, only 13% of scorpions carried marks.  Even assuming a 50% loss of markings, the population size would be of the order of 600 (160 x 100/13 x 50%).

On an average night in 1988, only 40 (S.E. 2.9 scorpions were seen (range 0-100, n =67).  This implies that around 5% of the population is visible at any one time.

Discussion
Euscorpius flavicaudis is markedly nocturnal.  Its activity has previously been shown experimentally to be circadian (Cloudsley-Thompson & Constantinou, 1983―for Sheerness scorpions).  The majority of species of scorpion are also nocturnal (Warburg & Polis, 1990), though E. flavicaudis differs from many previously studied because the number visible remains more or less constant throughout the night.  Most scorpions are first seen at dusk as they leave their burrows for the surface, a peak in activity commonly occurs soon after, which is followed by a gradual decrease in the number seen until dawn (e.g. Hadley & Williams, 1968; Toren, 1973; Polis 1980b).  As the correlation between activity and light intensity was shown to be very strong in this study, it is likely that light intensity entrains the circadian rhythm.




THE ECOLOGY OF EUSCORPIUS FLAVICAUDIS


  365

The main determinants of the number of animals seen were temperature (for both males and females), amount of rain (females) and moon phase (females).  All these influences on the numbers of scorpions seen have such a weak effect that they are not found in short-term analyses (using < 1 month's data).  The shorter activity season of males may be too short to identify the weak influences of moonlight and rainfall that are found with females.  Activity has previously been noted to correlate with moon phase in some studies (e.g. Hadley & Williams, 1968; Tourtlotte, 1974; Benton, unpubl., Leiurus quinquestriatus in the Negev Desert), but not others (e.g. Polis, 1980b; Bradley, 1988).  The influence of moonlight on activity is usually explained as a response to visually-hunting predators: scorpions are more likely to be seen on brighter nights.  However, at Sheerness during the field study, no visually-hunting predators were observed, and the group most at risk from predators (animals walking on the surface) does not show a reduction in numbers when the moon is full, rather than new or waxing and waning (H16,14,32 = 1.42, d.f. 2: P> 0.25). Although heavy rain is rare (6% of the nights spent at Sheerness in 1988), rainfall has a significant negative effect on female activity.  This effect has been noted before (Bacon, 1972; Tourtlotte, 1974; Polis, 1980b; Bradley, 1988) and may be due to a variety of reasons: suppression of prey activity, increased rates of cooling, collapsed burrows in soil-dwelling species (e.g. Bradley, 1986) or a decrease in zoologists' efficiency at finding scorpions.

The influence of temperature on activity has been found many times before (Bacon, 1972; Toren, 1973; Tourtelotte, 1974; Polis, 1980b; Bradley, 1988).  In this study, male activity was found to have a linear relationship with temperature during their short active season.  This relationship persists even though the scorpions are most active in the summer.  Female activity was found to have a linear relationship with temperature only during the winter.  During the summer (nightly temperatures > ≈ 13 °C) temperature did not influence the number of females seen (which seems not to be due to female activity being confounded by their reproductive season).  Bradley (1988), studying Paruroctonus utahensis, noticed a similar 'threshold' pattern for both males and females, though he concluded that this was a general seasonal effect.  Other studies have just reported simple relationships between activity and temperature (Bacon, 1972; Toren, 1973; Polis, 1980b).  As scorpions are ectotherms we may, a priori, expect a relationship between muscular activity and temperature.  In the study species, males have a short activity season, during which they are frequently found moving around as they search for females: the linear nature of the activity/temperature relationship is therefore readily explicable.  Females have a very large reproductive expenditure: a female's brood weighs on average 44.5% of her body weight and takes a year to develop (Benton, 1991a, b), so females may need to spend more time foraging than males.  During the summer the climate is rarely going to be sufficiently hot or cold to have a detrimental effect on foraging scorpions, so females have no need to adjust foraging rates.  However, over the winter, females could be killed by the cold if they move to the entrance of their cracks, so they have to moderate their foraging according to temperature―when it's cold they forage less.

In general, the pattern that emerges from the data on crack occupancy shows that the scorpions at Sheerness are extremely sedentary.  Most of the year (autumn to late spring) is spent in one crack, usually without frequent activity.  Over the rest of the year, males move fairly frequently as they search for females.  Females move less frequently, and may, on average, leave their cracks fewer than 10 times per year.

Reported population levels of activity in scorpions are often low (e.g. 5% active per night in Paruroctonus utahensis (Bradley, 1988), 15% in Uroctonus mordax (Bacon, 1972), but nearer 50% for Paruroctonus mesaensis (Polis, 1980b)).  Data from marked individuals indicate that crack occupants are active some 80% of nights over the summer.  However, using the average number of
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scorpions seen per night and the calculated population size gives activity levels much less than 80%.  This seeming paradox is probably due to the fact that only about half the wall area was censused per night, and there was in effect immigration and emigration between the top and bottom of the wall.  The resulting estimate of population size is, therefore, likely to be an underestimate of total population size, but an overestimate of the population in the bottom half of the wall.  If crack occupants are active on about 80% of nights then this is considerably more than has been reported for other scorpions, and probably relates to their foraging strategy.  Scorpions can broadly be divided into those that leave their burrows to forage on the surface, and those that forage from the entrance of their burrow.  In the former category are most vaejovids and some chactids (Polis, pers. comm.) and many buthids (pers. obs.). For example, Paruroctonus mesaensis forages on the surface within 1 m or so of its burrow (Polis, McReynolds & Ford, 1985); P. utahensis forages in the open, or under vegetation, near the burrow (Bradley, 1988).  Scorpions that forage on the surface suffer greater costs in foraging than those that 'doorkeep'.  For example, the risk of predation is greater, locomotory costs are greater, there may be competitive costs (Polis & McCormick, 1986), and they leave their burrow's favourable microclimate (Hadley, 1974, reports a drop of 10 °C in the body temperature of Hadrurus scorpions leaving the burrow to forage on the surface).  'Doorkeeping' or 'fossorial' scorpions (Polis, 1990) forage much more cheaply than surface-foragers, and this is reflected in their increased foraging activity when compared with surface-foragers.  Some scorpions of the families Scorpionidae (e.g. Scorpio maurus, pers. obs., Y. D. Lubin, pers. comm.), Diplocentridae (e.g. Diplocentrus spitzeri, Crawford & Krehoff, 1975) and Chactidae (this study) seem to be 'doorkeeping' scorpions.  The major ecological studies of scorpions in the last two decades have been on surface-foraging scorpions.

The prey capture rate of scorpions at Sheerness was found to be very low.  Scorpions are renowned as animals capable of surviving considerable food deprivation (Cloudsley-Thompson, 1968).  One specimen of Urodacus manicatus has been recorded to live 17 months with only one meal, a housefly (Southcott, 1955).  Euscorpius flavicaudis, like most scorpions, seems to be a euryphagous predator, eating almost anything it can subdue, including conspecifics.  In Paruroctonus mesaensis, Polis (1980a, b) has shown that cannibalism is a highly significant mortality factor, which influences the feeding phenology of the scorpion age classes, and that the frequency of cannibalism is density-dependent and also inversely correlated to the availability of insect prey.  In agreement with this study, Polis (1980a) showed that the larger of a pair of scorpions was usually the winner of any cannibalistic contest.

The results of this study are qualitatively similar to those of previous studies on scorpions. Euscorpius flavicaudis is a sedentary scorpion, occupying particular cracks for considerable lengths of time.  It is nocturnal, and the numbers of scorpions seen each night varies with the season, depending on environmental variables that have previously been recorded as important in scorpions.  It is a generalist, 'sit-and-wait' ambush predator, with low rates of food capture.  It is cannibalistic in the field.  However, the ecology of this species differs in some ways from that of other species.  Some of these differences are due to the unusual nature of its habitat at Sheerness.  For example, it was shown that the spatial distribution of scorpions at Sheerness was influenced by the availability of cracks and also the direction in which the wall faced.  Previously noted correlates of scorpion distribution have been soil hardness, texture and characteristics of vegetation (Lamoral, 1978; Polis, Myers & Quinlan, 1986; Bradley, 1986).  Such differences are trivial, and it can be concluded that Euscorpius at Sheerness is behaving 'naturally'.  In general, the behaviour and ecology of this species does not differ from that of other scorpions in any way that can be
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correlated with living in a temperate area rather than a desert area.  The major differences in ecology between this species and previously reported species depend on its foraging strategy, as a 'doorkeeper' rather than a surface-forager.  This foraging strategy is unlikely to be a habitat specific one, as some desert dwellers also forage in this way.

This study serves to illustrate an important aspect of scorpion biology, adaptability.  Scorpions are ambush-predators, capture of food depending on the prey approaching the stationary scorpion.  Inevitably, prey encounter will be stochastic from the point of view of the scorpion; and therefore a scorpion is likely to undergo periods without prey approaching.  As a result, scorpions cannot 'afford' to waste metabolic energy on excessive muscular activity, or on mammal-like homeostatic regulation.  Consequently, their bodies are adapted to withstand large fluctuations in internal milieu: temperature, water content, food, etc.  Therefore, scorpions are preadapted to live in almost any environment.  Survival of scorpions in a new habitat may possibly depend more on a lack of predators and competitors than on the abiotic conditions.

Without the permission of the Medway Ports' Authority this work would not have been possible.  The gardeners, especially Mr Cogger and Mr Washford, were very understanding of the damage caused by nocturnal wanderings.  This work was conducted whilst I was in receipt of a SERC studentship, under the supervision of Dr W. A. Foster.  Exceptional help was given by William Foster, Sarah Benton and Matthew Evans.  In addition, the various stages of this manuscript benefited from comments by Andrew Bourke, Nick Davies, Gary Polis and an anonymous referee.
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