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abstract: Previous studies have concluded that southern ocean only examples of mid- to high-latitude southern terres-
islands are anomalous because past glacial extent and current tem- trial biomes.
perature apparently explain most variance in their species richness. Furthermore, unlike many other islands, the direct im-
Here, the relationships between physical variables and species rich-

pact of humans on the southern ocean islands has gener-ness of vascular plants, insects, land and seabirds, and mammals
ally been slight (Smith and Lewis Smith 1987; Cooperwere reexamined for these islands. Indigenous and introduced spe-
and Ryan 1994; Young 1995), and their biotas are re-cies were distinguished, and relationships between the latter and

human occupancy variables were investigated. Most variance in in- markably intact (see Milberg and Tyrberg 1993 and
digenous species richness was explained by combinations of area Steadman 1995 for discussion of island extinctions).
and temperature (56%)—vascular plants; distance (nearest conti- Nonetheless, humans have had indirect impacts on many
nent) and vascular plant species richness (75%)—insects; area and of these islands as a consequence of the introduction of
chlorophyll concentration (65%)—seabirds; and indigenous insect

invasive plants and of synanthropic mammals (Gremmenspecies richness and age (73%)—land birds. Indigenous insects
1981; Bonner 1984; Leader-Williams 1988; Chapuis et al.and plants, along with distance (closest continent), explained most
1994; Young 1995). However, a sufficient number of is-variance (70%) in introduced land bird species richness. A combi-

nation of area and temperature explained most variance in species lands either has remained free of invasive plants and feral
richness of introduced vascular plants (73%), insects (69%), and animals (e.g., Smith and Lewis Smith 1987; Chapuis et al.
mammals (69%). However, there was a strong relationship be- 1994; Cooper and Ryan 1994) and/or has had their feral
tween area and number of human occupants. This suggested that animals eradicated or controlled (Dingwall 1995), to
larger islands attract more human occupants, increasing the risk of

warrant their consideration as pristine islands.propagule transfer, while temperature increases the chance of
As a consequence, these islands are now forming thepropagule establishment. Consequently, human activities on these

focus of an intense debate. On the one hand, there areislands should be regulated more tightly.
considerable grounds for their conservation, as the pre-
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bird species nest on these islands, land bird (and mam- in his analyses. Many of the islands are covered by gla-
ciers, thus excluding much of their area as relevant tomal) faunas tend to be depauperate (Derenne et al. 1976;

Prince and Croxall 1983; Weimerskirch et al. 1989; Sel- such analyses (e.g., 80%–85% of Heard and South Geor-
gia Islands are currently glaciated). A large proportion ofkirk et al. 1990; but see Woods 1988; Turbott 1990).

Likewise, vascular floras and insect faunas are relatively the islands have also not had meteorological stations on
them, thus making necessary the questionable extrapola-species poor, with Gressitt (1970) referring to the latter

as highly disharmonic: many generally common insect tion of mean winter temperatures from nearby stations.
With regard to the vascular plants, insects, and bird spe-orders are underrepresented or entirely absent from most

of the islands. Among those insects that are present, there cies, none of the previous workers drew a clear distinc-
tion between introduced and indigenous species, evenis an exceptionally high incidence of flightlessness (Roff

1990). Gressitt (1970) argued that the considerable geo- though the factors accounting for the richness of these
groups are likely to be rather different. In addition, thegraphic isolation and low temperatures of these islands,

and in many cases their extensive Neogene glaciation, Collembola faunas of many of the islands (which were
included in the insect faunal lists in some previous analy-were the causes of these patterns.

Empirical analyses appear to bear out these observa- ses) are not well known (e.g., those of Tristan da Cunha,
Marion Island, and the Falkland Islands; P. Greenslade,tions. Abbott (1974) found that area was of minor im-

portance in explaining plant, insect, and land bird species personal communication), making assessments of relative
species richness rather problematic. Second, we examinerichness on the southern ocean islands. Rather, mean

temperature of the coldest month accounted for most the relative impact of human occupancy of these islands
on the species richness of the introduced vascular plants,variation in plant species richness, and the plant species

richness accounted for most variation in insect and land insects, birds, and mammals.
bird species richness. Using data for smaller groups of
southern islands, an earlier study (Chown 1990) came

Methods
to the conclusion that past glaciations rather than area
were of major significance in determining insect species Our rationale for including the particular islands in this

analysis (table 1) was strictly biogeographic. They all ei-richness (see also Kuschel 1964, 1971; Chown 1994),
while Williams (1982) found that plant species richness ther share a number of species (Johns 1974) or genera

(Holdgate 1960, 1965; Wace and Holdgate 1976; Robin-was an important predictor of insect (Lepidoptera,
Coleoptera, and Diptera) richness but that island area son 1984; Chown 1990) or have sister taxa occurring

on them (Brundin 1987; Kuschel and Chown 1995), andwas less important. Burger (1985) and Kuschel (1991)
reached similar conclusions for most of the southern overall there is considerable precedence for considering

these islands a single biogeographic unit (Watson et al.ocean islands. Thus, both empirical analyses and evi-
dence from systematic and biogeographic studies suggest 1971; Barrat and Mougin 1974; Chown 1997; Chown and

Gremmen, unpublished manuscript).that southern ocean islands are perhaps unlike most oth-
ers (see MacArthur and Wilson 1967; Rosenzweig 1995) The islands were considered on an island-by-island

basis wherever possible. Thus the five constituent mainin that area has much less of an influence on species
richness than do past glacial extent, isolation, and low islands of the Crozet archipelago were examined sepa-

rately, as were East and West Falkland. For some archipel-temperature.
However, the validity of this conclusion remains ques- agos, this was not possible because the data for separate

islands are too scant. The physical variables, total area,tionable. In this article, we reassess the relationships be-
tween physical and biological variables and the species ice-free area, distance to the closest continent (excluding

Antarctica), maximum altitude, minimum age of surfacerichness of the biotas of the southern ocean islands and,
because of the current debate on their usage, the impacts rocks (in million years, myr), and extent of glaciers at

the Neogene maxima for each of the islands (table 1)humans have had on them. Our aims are twofold. First,
we reexamine previous conclusions regarding species- were obtained mostly from the primary literature (e.g.,

Wace and Holdgate 1976; Clark and Dingwall 1985; Hallarea relationships and the influence of isolation, low
temperature, and past glaciations on the biotas to deter- 1990; LeMasurier and Thomson 1990; Selkirk et al. 1990;

Higham 1991; Cooper and Ryan 1994; Dingwall 1995;mine whether the islands really are ‘‘anomalous.’’ We
suspect that many of the conclusions of previous qualita- Young 1995). Ice-free area was calculated as total surface

area minus the area currently covered by glaciers (usuallytive and empirical analyses are likely to be in error for
the following reasons. Abbott (1974; see also Williams given as a percentage of total area), and throughout this

article, area thus refers to ice-free area, unless otherwise1982; Kuschel 1991) used total area of the islands, mean
winter temperature, and a selected group of insect species stated. Many of these islands have not had meteorologi-
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Table 1: Physical variables for each island

Minimum
Position Area IFA Altitude age Distance SST Glaciation

Island (decimal degrees) (km2) (km2) (m) (myr) (km) (°C) (rank) Date Occupants

West Falkland 51.5S, 60.5W 3,500 3,500 701 2,500 530 7.67 3 1833 101
East Falkland 51.5S, 58.5W 5,000 5,000 705 2,500 550 7.29 2 1833 2,701
South Georgia 54.25S, 37.0W 3,755 1,615 2,950 120 2,210 1.49 11 1904 111
Tristan de Cunha 37.1S, 12.25W 86 86 2,060 1 2,820 15.32 1 1811 315
Nightingale 37.42S, 12.5W 4 4 400 18 2,820 15.32 1 1811 0
Inaccessible 37.25S, 12.75W 12 12 600 6 2,820 15.32 1 1811 0
Gough 40.33S, 9.54W 57 57 910 6 2,670 12.35 1 1955 38
Marion 46.9S, 36.75E 290 289 1,230 .45 1,900 5.53 6 1947 51
Prince Edward 46.63S, 37.95E 44 44 672 .21 1,900 5.59 1 1948 0
Cochons 46.1S, 50.23E 70 70 775 .4 2,740 4.87 1 1962 0
Apôtres 45.97S, 50.43E 3 3 289 5.5 2,740 5.11 1 1962 0
Pinguoins 46.5S, 50.4E 3.16 3.16 360 1.1 2,740 4.87 1 1962 0
Est 46.43S, 52.2E 130 130 1,090 8.75 2,740 4.75 1 1962 0
Possession 46.42S, 51.63E 150 150 934 8.1 2,740 4.78 2 1962 49
Kerguelen 49.37S, 69.5E 7,200 6,450 1,840 30 4,110 3.46 9 1908 123
Heard 53.1S, 73.5E 368 74 2,745 20 4,570 1.74 11 1947 0
McDonald 53.03S, 72.6E 2.6 2.6 230 .079 5,000 1.85 2 1947 0
Amsterdam 37.83S, 77.52E 55 55 881 .7 3,000 15.17 1 1871 38
St. Paul 38.72S, 77.53E 8.1 8.1 268 .5 3,000 14.59 1 1927 0
Macquarie 54.62S, 158.9E 128 128 433 11.5 990 5.13 2 1948 57
Snares 48.12S, 166.6E 3.28 3.28 152 120 209 10.95 1 1867 0
Auckland 50.83S, 166.0E 626 626 668 18 465 9.22 4 1849 0
Campbell 52.5S, 169.17E 113 113 567 16 700 7.83 5 1895 7
Antipodes 49.68S, 178.77E 21 21 366 .5 872 7.9 1 1886 0
Bounty 47.72S, 179.0E 1.35 1.35 89 189 624 9.63 1 1880 0

Note: For glaciation, 1 5 no glaciation, 11 5 completely ice covered, and indicates extent of past glaciations of the southern ocean islands.
Date of human occupation does not necessarily mean the island was subsequently occupied (see text for detail). ‘‘Distance’’ refers to distance to
closest continent (excluding Antarctica); ‘‘date’’ is for first ‘‘modern’’ human occupation; and ‘‘occupants’’ is the approximate number of semi-
permanent annual occupants/residents. IFA 5 ice-free area; SST 5 sea surface temperature (mean annual).

cal stations operating on them either at all or for signifi- ling seabird species richness in the southern oceans (e.g.,
Chown and Gaston, in press), values for the mean andcant periods. Thus we used a 4-yr (1987–1990) mean of

remotely sensed (Pathfinder Advanced Very High Reso- standard deviation of chlorophyll concentration, a surro-
gate for primary production and its variability in thelution Radiometer) sea surface temperature (SST) data

(University of Rhode Island Graduate School of Ocean- oceans (see Chown and Gaston, in press), were obtained
from the Coastal Zone Color Scanner data set (level 3ography 1996), obtained for the 1° 3 1° grid square in

which an island is located, as a measure of land surface composite, Goddard Distributed Active Archive Center
1998). In each case, the value for the 1° 3 1° grid square,temperature. All of the sub-Antarctic islands are highly

oceanic (see Schulze 1971), and therefore SST should be including the island of interest, was used.
Human impact (table 1) was estimated using informa-a reliable guide to land surface temperature (LST). In-

deed, for those islands that have had meteorological sta- tion provided by Clark and Dingwall (1985) and Ding-
wall (1995). Each island was assigned a date of first mod-tions operating on them, and for which Stevenson Screen

temperatures (LST) have been reported (e.g., De Lisle ern occupation and a number of human occupants per
year. The date refers either to the establishment of a per-1965; Schulze 1971; Selkirk et al. 1990), SST is an excel-

lent predictor of LST (LST 5 0.908 SST 1 0.136, r 2 5 manent settlement (e.g., Falklands, Tristan da Cunha) or
to the first operational year of a scientific station (e.g.,0.963, F 5 360, df 5 15, P , .00001; slope < 1,

t 5 21.921, P . .43, intercept < 0, t 5 0.299, P . .5). Marion, Possession, and Macquarie Islands). In some
cases a scientific station may have operated for someBecause previous authors have suggested that produc-

tivity and its variability are important variables control- years and then closed down (e.g., Heard Island), but the
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Table 2: Species richness of plants, insects, birds, and mammals on the southern ocean islands

Vascular plants Insects Land birds
Seabirds, Mammals,

Islands Indigenous Introduced Indigenous Introduced indigenous Indigenous Introduced introduced

West Falkland 153 66 78 5 24 38 4 11
East Falkland 149 78 132 22 24 38 4 11
South Georgia 25 53 21 8 26 2 1 3
Tristan da Cunha 64 93 38 37 19 1 1 8
Nightingale 34 6 34 4 14 3 0 0
Inaccessible 55 20 38 12 17 4 0 0
Gough 57 24 29 15 20 2 0 1
Marion 23 17 19 16 27 1 0 2
Prince Edward 21 2 18 3 28 1 0 0
Cochons 18 6 29 3 18 2 0 3
Apôtres 13 2 13 0 23 2 0 0
Pinguoins 13 1 24 0 22 2 0 0
Est 19 5 35 2 33 2 0 1
Possession 19 101 44 7 33 2 0 1
Kerguelen 30 36 27 13 33 3 0 7
Heard 10 1 11 1 18 1 0 0
McDonald 5 0 6 0 9 1 0 0
Amsterdam 26 81 19 18 14 0 3 4
St. Paul 9 10 13 9 10 0 1 3
Macquarie 40 5 24 7 23 0 4 4
Snares 20 2 137 8 17 6 4 0
Auckland 188 33 237 10 28 11 10 4
Campbell 140 88 176 19 22 4 10 2
Antipodes 68 2 63 13 21 4 4 1
Bounty 0 0 10 0 11 0 0 0

earliest date of operation has been retained. The number Chown 1990; Greenslade 1990; Selkirk et al. 1990; Car-
caillet 1993; Patrick 1994), and from unpublished recordsof human occupants refers to either the number of hu-

mans settled on the island (e.g., Falklands, Tristan da (e.g., Marchand 1995). Over 250 references were con-
sulted and the database is available from us on request.Cunha) or the number of semipermanent occupants

(usually scientific and support personnel) per year (e.g., In all cases, care was taken to identify recent synonymies
and additions to the biotas involving both new recordsMacquarie and Marion Islands), or to some combination

of these. Because the number of tourists visiting each is- and new species. A species was considered introduced
if any authority regarded it to be so. Some cases wereland is not well documented (although number of ships

visiting the New Zealand islands is well known, see Ding- necessarily polemical (e.g., Chown and Avenant 1992),
but we erred in favor of the introduction scenario. Intro-wall 1995), and because tourism has only been significant

over the last 10 yr on a small (but rapidly increasing) duced species that are known to exist only in stored
products or within buildings at scientific stations, or thatproportion of the islands, tourist visitors were excluded

from the data. In some cases, such as Pinguoins, infre- were planted in gardens and have not reproduced, were
excluded (e.g., plants: Allium cepa L. [Liliaceae]; insects:quent visits involving few scientific personnel are made,

and usually under carefully regulated conditions. Num- Blatella germanica [L.] [Blattodea, Blatellidae]).
Species lists for the avifauna were compiled as aboveber of visitors per year was scored as 1 for such islands.

Species lists for indigenous and introduced vascular (see, e.g., Prince and Croxall 1983; Woods 1988; Wei-
merskirch et al. 1989; Turbott 1990), and the fauna wasplants (angiosperms and ferns) and insects, excluding

Collembola (given as species richness in table 2), were divided into three groups. Seabirds included all penguins,
procellariiforms, skuas, gulls, terns, and cormorants. In-compiled from the primary systematic literature (e.g.,

Kuschel 1964; Christophersen 1968), from reviews of the digenous land birds included all waders and sheathbills,
raptors, ducks, grebes, herons, owls, parrots, and passer-biotas of the southern ocean islands (e.g., Gressitt 1964,

1970, 1971; Greene and Walton 1975; Robinson 1984; ines that are thought to be indigenous to the islands. In-
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troduced land birds had the same taxonomic coverage as occupancy variables were excluded from analyses of the
indigenous biotas. With regard to introduced species, in-the indigenous land bird species, but here birds that are

known to have been introduced to the islands (see above digenous species of the same taxon were also assessed in
the multivariate models to ascertain the likelihood offor rationale), and/or that are known to have introduced

themselves to the islands, subsequent to a human- negative interactions between indigenous and introduced
species.mediated introduction to a nearby land mass (e.g.,

cardueline finches to New Zealand and its surrounding In all analyses, most two-variable models were as-
sessed, but because the subsequent improvement ob-islands; Turbott 1990), were included (table 2).

Species lists for introduced mammals were compiled as tained with three-variable models was only slight, few of
these were included (e.g., altitude 1 distance 1 SST toabove (e.g., Bonner 1984; Chapuis et al. 1994; Clark and

Dingwall 1985; Dingwall 1995; Young 1995; table 2). In explain seabird species richness). In models including
more than one explanatory variable, the interaction be-one case (feral cats on Marion Island), a species was in-

cluded that has been hunted to extinction by humans in tween the explanatory variables was also assessed. Only
those models with the highest coefficients of determina-a controlled eradication program (see Bloomer and Bes-

ter 1992). Indigenous mammals were excluded from the tion and where each independent variable was significant
after accounting for the effects of the other independentanalyses because most islands have two or three seal spe-

cies breeding on them (King 1983), and most lack indig- variables (using a t-test in an ANOVA of the partitioned
sums of squares; see Payne et al. 1993; Sokal and Rohlfenous terrestrial mammals (Clark and Dingwall 1985).

Rather than assessing the merits of the various models 1995) were considered further in each case. Furthermore,
in those cases where individual data points either hadthat have been proposed for species-area relationships

(e.g., Connor and McCoy 1979; He and Legendre 1996), large residuals (standardized residuals of ,22 or .2) or
a great leverage (more than the value of 2 3 number ofwe chose the most common, log-log approach. Thus all

data, with the exception of distance from the nearest parameters/number of samples; Payne et al. 1993), the
models were reexamined excluding data for these islands.continent, sea surface temperature, and date of first oc-

cupation, were logarithmically transformed (base e), and Less confidence was placed in models where outliers had
a large effect, although only those models including allleast-squares linear regressions were used to investigate

relationships between the physical and human occupancy islands were subject to scrutiny.
variables and introduced and indigenous plant species
richness. Similar analyses were conducted for introduced

Results
and indigenous insect species richness, bird species rich-
ness, and introduced mammal species richness, although Among the physical and human occupancy variables,

larger islands tend to rise to the highest elevations, werespecies richness of indigenous plants was included in the
analyses of the insect data, and both indigenous plant more heavily glaciated, and have significantly more per-

manent human occupants than smaller ones (table 3),and indigenous insect species richness were included in
the analyses of land bird richness. For tabulated regres- while the coldest islands were the last to be occupied by

humans. A significant positive correlation between thesion results, we undertook sequential Bonferroni correc-
tions (see Rice 1989). However, because the models were mean and standard deviation of chlorophyll concentra-

tion has been documented elsewhere (Chown and Gas-not chosen from a full analysis of all possible combina-
tions of variables, it should be kept in mind that this cor- ton, in press), but a significant positive correlation be-

tween mean chlorophyll concentration and island agerection is likely to underestimate the significance of the
models. was also observed but was difficult to interpret (table 3).

After Bonferroni correction, none of the physical vari-Subsequently, the data were explored in greater depth
using models that included either two or three expla- ables explained a statistically significant portion of the

variance in indigenous vascular plant species richness innatory variables. Independent variables were selected
a priori, based on an assessment of which variables the individual analyses (table 4), although area was on

the verge of significance. Given that the correction prob-were biologically most meaningful. For example, mean
chlorophyll concentration of the oceans was excluded ably underestimates the significance of these relationships

(see ‘‘Methods’’), we proceeded with an examination offrom the analyses of the terrestrial taxa. Likewise, in the
case of the introduced plant, insect, bird, and mammal the effects of area. Bounty was clearly an outlier in this

data set (fig. 1), and after its removal the r 2 of the rela-species, minimum age of the islands and extent of past
glaciation were excluded from these analyses on the tionship declined (r 2 5 0.27), and distance explained

most variance (r 2 5 0.48). Nonetheless, it was evidentgrounds that they are unlikely to be biologically signifi-
cant for recently introduced species. Similarly, human that although there is a relationship between area and
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Table 3: Correlation matrix for physical and human occupancy variables for the southern ocean islands

Log Log Log Log Log Log Log Log
Variable area altitude glaciation age SST Distance occupants Date CHLM CHLSD INDVP

Log altitude .71*** *
Log glaciation .64*** .58** *
Log age .44* .03 .31 *
SST 2.29 2.24 2.55** 2.03 *
Distance 2.17 .35 .10 2.50* 2.18 *
Log occupants .74*** .51** .35 .41* 2.02 2.14 *
Date 2.14 .04 .07 2.44* 2.64*** .36 2.24 *
Log CHLM .53** .08 .29 .77*** 2.27 2.43* .49* 2.26 *
Log CHLSD .56** .25 .54** .57** 2.33 2.25 .46* 2.20 .83*** *
Log INDVP .61** .39 .19 .26 .21 2.39 .45* 2.45* .28 .32 *
Log INTVP .71*** .56** .29 .30 .27 2.17 .75*** 2.40* .34 .43* .68***

Note: Values in bold type indicate significance at the .05 level after a sequential Bonferroni correction has been applied. Area 5 ice-free area,
SST 5 sea surface temperature, CHLM 5 mean chlorophyll concentration (mg mm23), CHLSD 5 SD of mean chlorophyll concentration, INDVP 5

indigenous vascular plant species richness, and INTVP 5 introduced vascular plant species richness.
* P , .05.
** P , .01.
*** P , .001.

species richness, the latter tends to be lower on the sub- cluding area and altitude or area and distance had higher
coefficients of determination than the combination ofAntarctic than on the more temperate islands (fig. 1). In-

deed, inclusion of both area and sea surface temperature area and SST (table 5), they were sensitive to outlier re-
moval (removal of Bounty resulted in coefficients of de-in the regression model explained a significant portion of

the variance in species richness and was relatively insen- termination of 0.48 compared with 0.63 in the former
case, and 0.61 compared with 0.43 in the latter).sitive to outlier removal (table 5). Because of an interac-

tion between these two variables, the best model included For introduced plant species, a significant proportion
of the variance of richness was explained individually bythis interaction term. In contrast, although models in-

Table 4: Coefficient of determination and significance level of the relationship between log(n 1 1) species richness and the
physical, human occupancy, and plant species richness variables

Plants Insects Land birds
Mammals, Seabirds,

Regression Indigenous Introduced Indigenous Introduced Indigenous Introduced introduced indigenous

Log area .375** .502*** .166* .296** .249* .107 .643*** .441***
Log altitude .153 .318** .001 .182* .005 .01 .194* .306**
Log age .07 .09 .215** .01 .398*** .120 .102 .06
Log glaciation .03 .09 .005 .02 .03 .02 .09 .137
SST .04 .07 .05 .212* .001 .04 .005 .179*
Distance .152 .03 .468*** .08 .21* .481*** .06 .05
Date .205* .158* .246* .220* .228* .192* .100 .03
Log occupants .198* .551*** .05 .373** .08 .06 .591*** .137
Log INDVP ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .615*** .490*** .463*** .404*** .330** .238*
Log insects ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .553*** .550*** ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
Log CHLM ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .140
Log CHLSD ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .158*

Note: Values in bold are significant (P , .05) after a sequential Bonferroni correction. SST 5 sea surface temperature, CHLM 5 mean chloro-
phyll concentration (mg mm23), CHLSD 5 SD of mean chlorophyll concentration, and INDVP 5 indigenous vascular plant species richness.

* P , .05.
** P , .01.
*** P , .001.
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Figure 2: Bivariate plot of ln(n 1 1) introduced mammal spe-Figure 1: Bivariate plot of ln(n 1 1) indigenous vascular plant
cies richness on ln number of occupants per year for the south-species richness on ln ice-free area for the southern ocean is-
ern ocean islands (see text for further detail).lands. The rate of increase of species richness is higher for the

temperate (circles) than for the colder islands (squares). Bounty
Island (triangle) is a significant outlier.

ginally significant term, its regression coefficient was pos-
itive (table 5).number of occupants per year and by ice-free area (table

4). Combination of these two variables did not improve For seabirds, individual correlations were significant
for area only (table 4). However, after removal of thethe fit of the model (r 2 5 0.57), but inclusion of area and

SST did (r 2 5 0.73; table 5). A model including number outlier formed by McDonald Island, SST also explained a
significant proportion of the variance in the data (r 2 5of occupants and SST only resulted in a lower coefficient

of determination (r 2 5 0.60) than that provided by the 0.40). Likewise, removal of outliers from the regression
on altitude also had a large effect on the coefficient of de-previous model. None of these models were sensitive to

outlier removal. Indigenous plant species richness did termination (reducing it to 0.15), and this variable was
excluded. The multifactor model with the highest coeffi-not enter as a significant term in any of these models.

Plant species richness and distance to the closest conti- cient of determination was one that included mean chlo-
rophyll concentration and its interaction term with areanent were significant in the individual bivariate analyses

with indigenous insect species richness (table 4). Like- (table 5).
Individually, indigenous insect species richness, indige-wise, inclusion of both independent variables yielded the

multifactor model with the highest coefficient of deter- nous plant species richness, and minimum age of the is-
land explained significant portions of the variance of in-mination (r 2 5 0.75; table 5). This model was relatively

insensitive to the removal of outliers. digenous land bird species richness across islands (table
4). The two multifactor models that gave the best fit in-In the case of introduced insect species, a significant

correlation was found only with indigenous plant species cluded indigenous insects and age (r 2 5 0.63), and age
and its interaction term with indigenous insects (r 2 5richness (table 4). Multiple regression models with the

highest significance were those that included area and 0.73; table 5).
For introduced land birds, indigenous insect speciesSST (r 2 5 0.69), number of occupants and SST (r 2 5

0.56), indigenous vascular plants and SST (r 2 5 0.56), richness, distance to the nearest continent, and indige-
nous vascular plant species richness were significant inand indigenous vascular plants, date of first occupation,

and their interaction term (r 2 5 0.60; table 5). Although the individual correlation analyses (table 4). Likewise, the
multifactor models that had the highest coefficients ofindigenous species entered one of the models as a mar-
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Table 5: Results of the multiple regression analyses

r 2

Taxon and model r 2 (outliers removed)

Indigenous plants:
y 5 23.07 1 .856 altitude 1 2.341 area 2 .3116 altitude 3 area .63 .48
y 5 1.102 1 .345 3 area 1 .107 3 SST .51 .51
y 5 2.131 1 .04190 area 3 SST .56 .56
y 5 3.828 1 .1534 area 2 .000096 distance .43 .61

Introduced plants:
y 5 21.086 1 .5343 area 1 .1762 SST .73 .87

Indigenous insects:
y 5 2.593 2 .000313 distance 1 .477 indigenous plants .75 .74

Introduced insects:
y 5 2.698 1 .3227 area 1 .1603 SST .69 .74
y 5 .476 1 .2729 occupants 1 .1119 SST .56 .61
y 5 2.717 1 .593 indigenous plants 1 .0782 SST .56 .50
y 5 76 2 19.11 indigenous plants 2 .0041 date 1 .01405 indigenous plants 3 date .60 .68
y 5 2.744 1 .2392 occupants 1 .0935 SST 1 .415 indigenous insects .66 .67

Indigenous land birds:
y 5 21.119 1 .613 indigenous insects 1 .1310 age .63 .58
y 5 .741 2 .460 age 1 .1724 age 3 indigenous insects .73 .59

Introduced land birds:
y 5 .031 1 .4497 indigenous plants 2 .0001292 distance 3 indigenous plants .70 .71
y 5 2.433 1 .510 indigenous insects 2 .0000993 distance 3 indigenous insects .66 .67
y 5 2.11 1 .610 indigenous plants 2 .00015 distance 3 indigenous plants 2 .228 indigenous

land birds .74 .74
Seabirds:

y 5 3.3861 1 .699 CHLM 2 .1159 area 3 CHLM .65 .64
Introduced mammals:

y 5 2.849 1 .3122 area 1 .626 SST .72 .69
y 5 2.074 1 .1781 area 1 .1385 occupants .69 .67

Note: Only those models giving the highest coefficients of determination are shown. The r 2 of the model excluding outliers is given in the
second column. Where the parameters for the model excluding outliers is given, this is indicated in boldface. In these cases, the first r 2 column
still indicates the coefficient of determination for the model including all islands. CHLM 5 mean chlorophyll concentration (mg mm23), SST 5

sea surface temperature.

determination included indigenous vascular plants and compared with a model including area only (r 2 5 0.69
and 0.64, respectively), as did the model including areaits interaction with distance (r 2 5 0.70) and indigenous

insects and its interaction term with distance (r 2 50.66; and SST (r 2 5 0.72).
table 5). Although area and distance together also ex-
plained a substantial portion of the variance in intro-

Discussion
duced land bird species (r 2 5 0.56), this regression gave
nonrandom residuals and was sensitive to outlier re- One of the primary concerns in an analysis using data

from remote islands, of which the biotas have only re-moval. In one case (see table 5), indigenous land bird
species entered the model as a significant term with a cently been documented (see table 2), is the extent to

which the faunas and floras have been thoroughly sur-negative coefficient and caused a notable increase in the
coefficient of determination. veyed (Connor and Simberloff 1978; Gaston 1996).

Given the extent of biological research on most of the is-Variation in introduced mammal species richness was
significantly accounted for by individual regressions on lands (see, e.g., Holdgate 1960, 1965; Gressitt 1964, 1970,

1971; Gremmen 1981; Lewis Smith 1984; Robinson 1984;area and number of occupants (table 4; fig. 2). The
multifactor model including both area and occupants re- Crafford et al. 1986; Woods 1988; Greenslade 1990; Sel-

kirk et al. 1990; Turbott 1990; Patrick 1994), we are con-sulted in an increase in the coefficient of determination
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vinced that for the taxa used here the data are sound for cular plant species (Crafford and Scholtz 1986; Patrick
1994), although with some notable exceptions (e.g.,most of the islands. The only exceptions may be the in-

sects and plants of Amsterdam and St. Paul, for which Kuschel 1964, 1971; Tréhen et al. 1985; Crafford et al.
1986; Chown 1989; Chown and Block 1997). In these lat-modern reviews are not readily available (see Decante et

al. 1987 and Marchand 1995 for older literature and data ter cases, vascular plant species richness may be acting as
a surrogate for total plant species richness, hence ex-on mammals and birds). Nonetheless, these islands were

rarely identified as significant outliers in the analyses, plaining a significant portion of the variance in insect
species richness (see Gaston 1992).suggesting that inventories for the taxa examined are ad-

equate. Distance to the nearest continent also explained a sig-
nificant proportion of the variance in insect species rich-In consequence, and given our choice of taxa, we are

in a considerably better position to examine the ‘‘anoma- ness. This suggests that dispersal has been an important
factor contributing to the development of insect biotaslous’’ nature of indigenous southern ocean island biotas

than were previous workers (see the introduction to this on these islands, as was argued by Gressitt (1970; but see
Jeannel 1964; Brundin 1987; Chown 1994) and as is thearticle). To do this, we have relied heavily on bivariate

analyses and on sequential assessment of most two-factor case for most other oceanic islands (see, e.g., Peck and
Kukalová-Peck 1990; Wagner and Funk 1995). Althoughmodels and, in some cases, three-factor models, the latter

usually incorporating the interaction term between the a variety of authors has commented on the elevated levels
of flightlessness in sub-Antarctic insect faunas (Gressittindependent variables in the two-factor model. We chose

not to use stepwise variable selection techniques because 1970; Carlquist 1974; Roff 1990; Kuschel and Chown
1995), strong selection for reduced dispersal ability is notthese make a number of questionable assumptions, and

their results may often have doubtful biological validity uncommon in vagile taxa that have recently colonized is-
lands (Cody and Overton 1996).(see James and McCulloch 1990). Rather, in being faced

with a data set of intercorrelated variables, we have fol- With regard to seabirds, it is not surprising that area
and sea surface temperature contributed most to ex-lowed the advice of James and McCulloch (1990) in con-

sidering variables separately, with the use of Bonferroni plaining species richness across this region in the individ-
ual analyses and that mean chlorophyll concentrationcorrections, and in combination, and in relying on bio-

logical knowledge to assist with interpretation of the re- and its interaction with area provided the best-fit
multifactor model. Seabirds tend to be limited by nestsults.
site availability on southern ocean islands (Miskelly 1984;
Jouventin 1990; Warham 1996), and area provides an ef-

Indigenous Biotas
fective surrogate measure thereof. At large scales, strong
relationships between primary productivity (and sea sur-In combination, area and SST explained the most vari-

ance in vascular plant species richness, and this model face temperature), measures of resource abundance, and
seabird species richness and abundance have previouslywas relatively insensitive to outliers. This suggests that

species richness increases with area for the southern been found (Abrams 1985; Pakhomov and MacQuaid
1996; Chown and Gaston, in press).ocean islands but that this increase is more rapid on the

temperate islands than on the colder ones (contra Abbott Given that insects (and to some extent plants) form
the food of the majority of the land birds (including1974). Thus it appears that the effect of area on habitat

heterogeneity and possibly population size, as well as the sheathbills; Abbott 1974; Burger 1978), and that insect
and plant species richness are interrelated, it is perhapsseverity of the climate of an island, play important roles

in determining species richness on these islands, as is the unsurprising that these variables are important in the in-
dividual correlation analyses of indigenous land bird spe-case elsewhere (see discussion in Rosenzweig 1995).

In combination, vascular plant species richness and cies richness (contra Abbott 1974). However, the most
significant multifactor models included indigenous in-distance to the nearest continent accounted for 75% of

the variance in insect species richness (see also Abbott sects and age of the islands, suggesting that insect species
richness per se, time available for faunal accumulation,1974; Williams 1982; Kuschel 1991). Here, the poor rela-

tionship between insect species richness and area indi- and, to a limited extent, in situ evolution of endemic
bird species (see, e.g., Wace and Holdgate 1976; Woodscates that vascular plant species richness per se is ac-

counting for variation in insect species richness. This 1988; Turbott 1990) have contributed to elevated species
richness on the older islands.seems likely, given that a considerable proportion of the

insects on all of the southern ocean islands are herbivores In sum, and unlike previous workers, we find that
conventional island biogeographic variables (MacArthur(Gressitt 1970; Chown 1990; Kuschel 1991; Patrick 1994),

of which many are at least oligophages restricted to vas- and Wilson 1967; Rosenzweig 1995) explain a significant
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proportion of the variance in indigenous plant (area), in- portant in determining alien insect species richness and
that this relationship is modified both by the extent ofsect (distance to the nearest continent), seabird (area),

and land bird (island age) species richness on southern human activity on an island and by the island’s climatic
severity.ocean islands at this scale. Furthermore, the extent of

past glaciations on the islands appears to have had little In a similar way, introduced mammal species richness
covaries significantly with area and number of occupantseffect on the indigenous biotas, although a direct test of

this hypothesis, involving (largely unavailable) accurate in the bivariate analyses, but SST enters the multifactor
model, together with area, to explain more of the vari-data on the extent of glaciers during, and the timing of,

the last glacial maximum on each island, has not been ance in mammal species richness than do area and occu-
pants in combination. Again it seems likely that intro-undertaken. Nonetheless, our data do provide support

for the idea that current climatic severity of the islands duced mammals have a higher likelihood of survival on
warmer islands and that larger islands are likely to havehas an impact on species richness (Gressitt 1970; Abbott

1974; see also Wiencke et al. 1994), at least as far as larger numbers of alien species because of larger numbers
of occupants.plants, seabirds, and land birds are concerned.

For introduced land bird species, the picture is rather
different. Because many of the species involved are Euro-

Introduced Biotas
pean ones, which were introduced to New Zealand (Tur-
bott 1990) and subsequently crossed to the New ZealandIn the case of the introduced vascular flora, area and

number of human occupants explained most variance in sub-Antarctic islands themselves (Young 1995), distance
to the nearest continent is highly significant in the indi-the number of species in the bivariate analyses, and in-

deed these variables were virtually interchangeable. As a vidual and multifactor analyses. Mostly passerines, these
represent a mixture of plant and insect feeding species,consequence of this, and the high correlation between

these independent variables, it is not entirely clear which and it has been shown that insect species richness also
depends to a large extent on plant species richness.one of them is of most significance in explaining species

richness. Furthermore, in combination, area and number Hence, the importance of both plant and insect species
richness in explaining variation in the numbers of intro-of occupants explained less of the variance in the data

than did area and SST. This suggests that, on climatically duced bird species. Nonetheless, the significant negative
influence of indigenous land bird species richness on in-severe islands, propagules have a lower probability of

surviving than on more temperate ones. More important, troduced species richness suggests that the larger the
number of indigenous species the less likely the success-islands with the largest area tend to be most susceptible

to the successful establishment of alien vascular plants ful establishment of introductions (see also Brown 1995).
In sum, it appears that climatically temperate islandsbecause of both higher habitat heterogeneity and larger

numbers of human occupants. are more susceptible to alien invasions than are cooler
ones and that area and the number of human occupantsIndigenous vascular plant species richness explained

most of the variance in introduced insect species richness per year (and the interaction between them) are impor-
tant determinants of the numbers of species introducedin the bivariate analyses. In combination with either SST

or date of first modern human occupation, indigenous to the islands. For mammals this relationship is unsur-
prising, given that many of the mammals were purpose-vascular plant species was also of considerable signifi-

cance in explaining introduced insect species richness in fully introduced (Bonner 1984; Leader-Williams 1988;
Bloomer and Bester 1992; Chapuis et al. 1994). In thethe multifactor models. Nonetheless, both area and num-

ber of occupants, each in combination with SST, also case of plants and insects, the likely relationship between
number of human occupants per year and species rich-provided equal or better fits to the data. Here, as in the

previous case, it appears that alien insects have a higher ness is of considerable concern. Most of the introduced
plant and insect species appear to have reached the is-chance of establishing on the temperate than on the

colder islands. It also appears that islands with the largest lands accidentally, as a consequence of human activities
(e.g., Gremmen 1981; Carcaillet 1993; Chown and Lan-area tend to be most susceptible to establishment of alien

insects because of higher numbers of vascular plant spe- guage 1994; Patrick 1994; Marchand 1995). Even though
the level of human activity has been low compared withcies and because they house larger numbers of human

occupants. Alternatively, high alien insect species richness most other islands (see table 1), the number of introduc-
tions has been considerable (see, e.g., Possession Islandalso seems to be associated with islands that are rich in

vascular plant species and that have had a long history of for plants, Marion Island for insects), resulting, in the
most extreme cases, in an order of magnitude increase inmodern human occupation. In sum, these relationships

suggest to us that vascular plant species richness is im- species richness. Although many of these introduced
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plant and insect species seem to be having a minimal K.J.G. is a Royal Society University Research Fellow (United
Kingdom).impact on ecosystem functioning, at least some of

them radically transform these island systems (see, e.g.,
Ernsting et al. 1995; Gremmen 1997; Gremmen et al., in
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