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ABSTRACT 
 
Isolated volcanic oceanic islands, like the Azores, offer unique opportunities to 

study ecological and biogeographical processes in communities. This study examines the 
effect of island geological age on arthropod species richness and community structure in 
recently sown pastures (4 years old) and old semi-natural pastures (more than 35 years 
old). Three islands of different geological age were studied: Pico at 300,000 years, Terceira 
at 2 million years and S. Maria at 8.12 million years. In each island, two replicates of each 
pasture type were selected. Sucking (63 species) and chewing (65 species) arthropod 
herbivores and predatory (117 species) arthropods were chosen as study groups. The two 
habitats differ mainly in plant species structure and relative species richness of 
autochthonous and introduced plant and arthropod taxa. The semi-natural pastures sustain 
source populations of autochthonous species that colonize sown pastures where sink 
populations are maintained by continuous immigration. In almost all the analyses 
performed (e.g., TWINSPAN analysis, Sörensen’s Index of Similarity, Nested ANOVA, 
herbivore-predator species richness ratio), the island effect was more important than the 
habitat effect. It seems that local and regional species richness of pasture arthropods 
increases with geological age in the Azores, as a consequence of both colonization and 
speciation processes. Geological age was shown also to influence the community structure 
of the pasture arthropods, with the herbivore assemblage surpassing in importance the 
predators only in the older more mature island. The results also show that the "hollow 
curve" is a consistent pattern in the range size distribution of taxonomic, ecological and 
biogeographic groups of species. Many of the inconsistent results relating range size to diet 
breadth of herbivores are probably due to historical constraints in the colonization of the 
islands and particular characteristics of the habitats studied (e.g. types of resources 
available). There was a lack of strong patterns with colonization category, but some 
evidence suggests that most introduced species have wider diet breadths than the 
autochthonous species. The positive relationship between range size and abundance may be 
explained by the "resource usage model" (Brown 1984b). Another important result was the 
indication that assemblages of web-building spiders seem saturated with species at the 
local scale (same number of species in the field sites of the two older islands). Grass-
feeding insect herbivores, in contrast, appear to be regionally enriched and show little 
evidence of saturation. Local features like plant species richness do not explain patterns of 
herbivore species richness at the local scale. I suggest that a regional factor, geological age, 
is the main factor in determining arthropod species richness in the Azores and that 
community processes are also a function of the time the islands have been available for 
colonization and evolution.  
 

 

 

 

 

 

 

 



RESUMO 
 

Ilhas oceânicas de natureza vulcânica e isoladas, como os Açores, oferecem 
oportunidades únicas para o estudo de processos ecológicos e biogeográficos em 
comunidades naturais. Este estudo examina o efeito da idade geológica das ilhas na riqueza 
de espécies de artrópodes e estrutura das comunidades em pastagens semeadas 
recentemente (4 anos) e em pastagens antigas semi-naturais (mais de 35 anos de idade). 
Foram estudadas três ilhas com diferentes idades geológicas: Pico com 300 000 anos, 
Terceira com 2 milhões de anos e S. Maria com 8.12 milhões de anos. Em cada ilha foram 
seleccionadas duas réplicas de cada tipo de pastagem. Foram escolhidos para este estudo, 
artrópodes herbívoros sugadores (63 espécies) e mastigadores (65 espécies) e ainda 
artrópodes predadores (117 espécies). Os dois tipos de pastagem diferenciam-se 
principalmente na estrutura da vegetação e na riqueza relativa de espécies introduzidas e 
autóctones de plantas e artrópodes. As pastagens semi-naturais suportam populações de 
espécies autóctones que colonizam as pastagens semeadas, onde populações “escoadouro” 
são mantidas por imigração contínua. Em praticamente todas as análises realizadas (e.g. 
análise TWINSPAN, Índice de Similitude de Sörensen, ANOVA hierárquica, razão entre 
riqueza de espécies de herbívoros e predadores), o efeito ilha foi mais importante do que o 
efeito habitat. Existem evidências de que a riqueza local e regional de espécies de 
artrópodes de pastagem aumenta com a idade geológica das ilhas, como consequência 
conjunta de processos de imigração e especiação. A idade geológica das ilhas influencia 
igualmente a estrutura das comunidades, com os herbívoros suplantando em importância os 
predadores apenas na ilha mais antiga. A extensão de distribuição de grupos de espécies 
taxonómicos, ecológicos e biogeográficos segue consistentemente a “curva côncava”. 
Muitos dos resultados inconsistentes obtidos quando se relacionou a extensão de 
distribuição com amplitude de dieta dos herbívoros têm a ver possivelmente com 
constrangimentos históricos na colonização das ilhas e com características particulares dos 
habitats estudados (e.g. tipos de recursos disponíveis). Houve uma ausência de padrões 
com as categorias de colonização, mas existem algumas evidências de que a maior parte 
das espécies de herbívoros introduzidas possuem maior amplitude de dieta do que as 
espécies autóctones. A relação positiva observada entre extensão de distribuição e 
abundância poderá ser explicada pelo "modelo de utilização de recursos" (Brown 1984b). 
Há a indicação de que as comunidades de aranhas construtoras de teias parecem estar 
saturadas de espécies numa escala local (o mesmo número de espécies nos campos 
experimentais das duas ilhas mais antigas). Pelo contrário, os herbívoros comedores de 
gramíneas parecem ser regionalmente enriquecidos, não mostrando evidências de saturação 
à escala local. Aspectos locais como a riqueza de espécies de plantas parecem não explicar 
os padrões de riqueza de herbívoros à escala local. Sugere-se que um factor regional, a 
idade geológica, é o principal factor na determinação da riqueza de espécies dos artrópodes 
nos Açores, e que os processos reguladores das comunidades são igualmente influenciados 
pelo tempo que as ilhas estiveram disponíveis para a colonização e evolução. 
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are presented in Table 5-5.             130 

Figure 5-9. Relationship between the logarithm of the geometric mean abundance within 
occupied sites and the number of sites occupied for a) all arthropods, b) herbivores, 
and the logarithm of the geometric mean abundance within occupied sites and the 
logarithm of the number of sites occupied for c) predators and d) spiders, in the 
Summer 1994. Note, several data points overlie one another. Statistics are presented 
in Table 5-5. "n" gives the number of species.         131 

 
Chapter 6 
 
Figure 6-1. Relationship between local species richness and regional species richness. 

Model I - "proportional sampling "; model II - "local saturation". The boundary line 
represents a situation in which local species richness equals regional species richness 
(slope = 1) (redrawn from Cornell & Lawton 1992; Cornell 1993).      140 

Figure 6-2. Species accumulation curves for grass-feeding herbivores (a) and web-building 
spiders (b) in the three Azorean islands: S. Maria (triangles), Terceira (squares) and 
Pico (diamonds). The sampling events were as follow: 1 = Spring 1994; 2 = Summer 
1994; 3 = Autumn 1994; 4 = Spring 1995; 5 = Summer 1995.    
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Figure 6-3. Relationship between local and regional species richness for grass-feeding 
herbivores of sown pastures (open symbols) in three Azorean islands: S. Maria 
(triangles), Terceira (squares) and Pico (diamonds). The dashed line represents the 
condition where every species occurs at every site. a), b) and c) give a seasonal 

 



perspective during 1994; b) and d) permit a between-year comparison; e) gives the 
pooled data. Data for Figure (c) is logarithmically transformed. A line is given only 
in the cases where a linear relationship between local and regional species richness 
was found at p = 0.05. See text for further details.          148 

Figure 6-4. Relationship between local and regional species richness for grass-feeding 
herbivores of semi-natural pastures (filled symbols) in three Azorean islands: S. 
Maria (triangles), Terceira (squares) and Pico (diamonds). The dashed line represents 
the condition where every species occurs at every site. a), b) and c) give a seasonal 
perspective during 1994; b) and d) permit a between-year comparison; e) gives the 
pooled data. A line is given only in the cases where a linear relationship between 
local and regional species richness was found at p = 0.05. See text for further details.
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Figure 6-5. Relationship between local and regional species richness for web-building 
spiders of sown pastures (open symbols) in three Azorean islands: S. Maria 
(triangles), Terceira (squares) and Pico (diamonds). The dashed line represents the 
condition where every species occurs at every site. a), b) and c) give a seasonal 
perspective during 1994; b) and d) permit a between-year comparison; e) gives the 
pooled data. See text for further details.           151 

Figure 6-6. Relationship between local and regional species richness for web-building 
spiders of semi-natural pastures ((filled symbols) in three Azorean islands: S. Maria 
(triangles), Terceira (squares) and Pico (diamonds). The dashed line represents the 
condition where every species occurs at every site. a), b) and c) give a seasonal 
perspective during 1994; b) and d) permit a between-year comparison; e) gives the 
pooled data. A line is given only in the cases where a linear relationship between 
local and regional species richness was found at p = 0.05. See text for further details.
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Chapter 7 
 
Figure 7-1. An equilibrium model of island biogeography including evolutionary time (E). 

IR = immigration rate; ER = extinction rate; N1 = equilibrium number of tramp 
species; N2 = equilibrium number of species obtained after a reduction of the ER by 
means of evolution (redrawn from Wilson & Taylor 1967; Wilson 1969).       160 

Figure 7-2. Four possible hypotheses in which species diversity (S) relates to geographical 
variables in oceanic volcanic islands. 

 



a) Species-area hypothesis (Preston 1962a, b; MacArthur & Wilson 1963, 
1967): this hypothesis predicts that island assemblages will be more species 
rich in larger islands. Several explanations for the pattern are available and are 
reviewed in Chapter 1 (Figure 7-2a);  
b) Altitude range hypothesis: maximum island elevation may be indicating 
environmental richness in addition to ecological diversity (see for instance 
Johnson & Raven 1973; Baez 1987; Sjögren 1990 and Baert & Jocqué 1993). 
Thus, a positive relationship between maximum elevation and species richness 
is predicted (Figure 7-2b); 
c) Isolation hypothesis: this hypothesis is part of the "Theory of Island 
Biogeography" (MacArthur & Wilson 1963, 1967), and predicts that for a given 
taxonomic group an island located near the source mainland should have more 
species than a remote oceanic island (Figure 7-2c). On the other hand, a remote 
island would have more endemic species than a less isolated island (Williamson 
1981; Baert & Jocqué 1993; Adsersen 1995; Rosenzweig 1995; Begon et al. 
1996) (Arrow-ended line in Figure 7-2c); 
d) Time hypothesis: advanced by Willis (1922) this hypothesis proposes that 
species accumulate over time and that the diversity of a region is therefore 
directly related to its age. Recent remote island archipelagoes may not be 
saturated with species due to the fact that there has been insufficient time for 
colonization and speciation (Harris 1984; Begon et al. 1996). Therefore, in such 
conditions, it is predicted that the number of species in each island within a 
recent volcanic oceanic archipelago like the Azores is a function of its 
geological age.          163 

Figure 7-3. Linear regression between the logarithm of total number of species of sucking 
insects (a), chewing insects (b), total herbivorous arthropods (c), spiders (d), total 
number of predatory arthropods (e), all species combined (f) and the logarithm of 
area of the three islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). Sown pastures are represented by open symbols and semi-natural 
pastures by slightly larger filled symbols. The filled larger circle gives the 
cumulative number of different species found in the four sites of each island 
("gamma-diversity"). See text for further details.          171 

Figure 7-4. Linear regression between the logarithm of total number of species of sucking 
insects (a), chewing insects (b), total herbivorous arthropods (c), spiders (d), total 
number of predatory arthropods (e), all species combined (f) and the logarithm of 
maximum altitude of the three islands: S. Maria (triangles), Terceira (squares) and 

 



Pico (diamonds). Sown pastures are represented by open symbols and semi-natural 
pastures by slightly larger filled symbols. The filled larger circle gives the 
cumulative number of different species found in the four sites of each island 
("gamma-diversity"). Regression line indicates a significant linear relationship at p = 
0.05. See text for further details.          172 

Figure 7-5. Linear regression between the logarithm of total number of species of sucking 
insects (a), chewing insects (b), total herbivorous arthropods (c), spiders (d), total 
number of predatory arthropods (e), all species combined (f) and the logarithm of the 
distance from the nearest mainland of the three islands: S. Maria (triangles), Terceira 
(squares) and Pico (diamonds). Sown pastures are represented by open symbols and 
semi-natural pastures by slightly larger filled symbols. The filled larger circle gives 
the cumulative number of different species found in the four sites of each island 
("gamma-diversity"). Regression line indicates a significant linear relationship at p = 
0.05. See text for further details.       174 

Figure 7-6. Linear regression between the logarithm of total number of species of sucking 
insects (a), chewing insects (b), total herbivorous arthropods (c), spiders (d), total 
number of predatory arthropods (e), all species combined (f) and the logarithm of the 
geological age of the three islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). Sown pastures are represented by open symbols and semi-natural 
pastures by slightly larger filled symbols. The filled larger circle gives the 
cumulative number of different species found in the four sites of each island 
("gamma-diversity"). Regression line indicates a significant linear relationship at p = 
0.05. See text for further details.          175 

Figure 7-7. Linear regression between the logarithm of "gamma-diversity" of 
autochthonous species of total herbivorous arthropods (a), spiders (b), total predatory 
arthropods (c), all species combined (d) and the logarithm of geological age of the 
three islands: S. Maria (triangles), Terceira (squares) and Pico (diamonds). In the 
these figures, the geological age of Pico is given by the geological age of its nearest 
"sister" island Faial. Regression lines indicate a significant linear relationship at p = 
0.05. See text for further details.       176 

Figure 7-8. Linear regression of the logarithm of the total endemic species of herbivorous 
arthropods (a, b), total predatory species (c, d), all species combined (e, f) against the 
logarithm of the distance from the nearest mainland (a, c, e) or the logarithm of 
geological age (b, d, f) of the three islands: S. Maria (triangles), Terceira (squares) 
and Pico (diamonds). Sown pastures are represented by open symbols and semi-
natural pastures by slightly larger filled symbols. The filled larger circle gives the 

 



cumulative number of different species found in the four sites of each island 
("gamma-diversity"). Regression lines indicate a significant linear relationship at p = 
0.05. See text for further details.            178 

Figure 7-9. Average (± SE) of the ratio of number of species of predatory arthropods/ 
number of species of herbivorous arthropods in sown (open bars) and semi-natural 
pastures (filled bars) in three islands: STM = S. Maria, TER = Terceira; PIC = Pico. 
a) All species; b) Autochthonous species.          179 

Figure 7-10. Relationship between proportion of autochthonous predatory species (arcsin 
transformed) and the logarithm of the total autochthonous species at local scale. 
Symbols for sites as in previous figures, but all with the same size.        179 

Figure 7-11. Relationship between proportion of autochthonous predatory species (arcsin 
transformed) and the logarithm of the distance from the nearest mainland (a) and the 
logarithm of geological age (b). Symbols for sites as in previous figure. The 
proportion of "gamma-diversities" are given by the large open circle. In (a) the curve 
goes through the average of local proportions of predators, and in (b) the curve goes 
through the proportion of "gamma-diversities".         180 

 
 

 

 



CHAPTER 1 
 

INTRODUCTION 
 

1.1. The island paradigm 

It is well known that Charles Darwin and Alfred R. Wallace were both enthusiastic 

islanders and most of the foundations of their evolutionary theory were built from the 

insight of oceanic isolated islands like the Galápagos, Hawaii and Madeira. Indeed, one of 

the models of wider occurrence in ecological literature is the "Theory of Island 

Biogeography" (MacArthur & Wilson 1963, 1967) designed to explain species richness 

patterns on islands, but with wider applications for instance in conservation management. 

Whole volumes dedicated to island faunas, floras and their natural history become 

fundamental references to the understanding of the evolution, biology and ecology of 

animals and plants. Good examples are the now classic works of Carlquist (1974) and 

Williamson (1981). More recently, some important volumes were published about island 

archipelagoes, like the Atlantic Islands (Berry 1992; Hounsome 1993; Biscoito 1995), 

Hawaii (Wagner & Funk 1995), Krakatau (Thornton & Rosengren 1988; Thornton 1996), 

Pacific Islands (Keast & Miller 1996) and Pitcairn Islands (Benton & Spencer 1995). 

Special volumes on Evolution on islands (Clarke & Grant 1996) and Biological Diversity 

and Ecosystem Function on islands (Vitousek et al. 1995) were also recently published, 

which gives emphasis on the importance of islands on biogeographical, ecological, 

evolutionary, biodiversity and ecosystem studies. 

Isolated oceanic archipelagoes of islands are not easily reached by propagules and 

therefore usually have depauperated and disharmonic faunas and floras (Carlquist 1974; 

Williamson 1981). Consequently, islands are viewed as special biological laboratories 

where evolutionary, ecological and ecosystem processes can be studied in more simple 

systems (Vitousek et al. 1995; Wagner & Funk 1995; Clarke & Grant 1996; Thornton 

1996). True islands differ greatly from "habitat islands" in their dynamics. True island 

features like area, elevation, distance from the nearest mainland or source of propagules, 

geological history, climate, number of habitat types, render them particularly interesting for 

the study of the biology and ecology of animals and plants.  

The present study was performed in a remote volcanic oceanic archipelago made up 

of nine islands, The Azores.  

 



1.2. Natural history of the Azores 

1.2.1. Introduction 

Charles Darwin visited the Azores during the expedition of the Beagle (September 

1836) (Keynes 1988), but, in spite of discussing some mechanisms of dispersal quoting the 

neighbouring archipelago Madeira, no significant comments were made about the insects of 

the Azores. In fact, the Hawaiian and Galápagos archipelagoes are usually considered as 

the best examples of insular evolution. The Azores is also an isolated archipelago with a 

wide variation in geological history and a wide range of elevations. However, this 

archipelago has less ecological variation and more uniform habitat composition between 

islands than other archipelagoes. The Azores may also reflect the disastrous influence of 

the Pleistocene harsh climatic variations (see below). Indeed, at first sight, the plants and 

animals of the Azores are small cause for excitement; but as we will see by this study, even 

the most sceptical observer could be surprised, given a more attentive perusal of the 

evidence. Concerning the arthropods, this apparent dullness is, in part, explained by 

ignorance of the faunistic composition of many groups of insects from this archipelago 

(Borges 1992a). Crotch (1867), commenting on this subject, emphasizes the labours of the 

English entomologist T. V. Wollaston (who for several years intensively prospected the 

archipelagoes of Madeira, the Canaries and Cape Verde, but not the Azores!), and also the 

almost complete indifference of naturalists and entomologists in general, towards the 

Azores. However, this trend is changing and recently there has been an increasingly interest 

in the Azorean fauna and flora that is manifested in the increasing number of publications 

on the biogeography, ecology, applied entomology, biospeleology and systematics of the 

arthropods (see Vieira & Borges 1993; Borges & Vieira 1994). 
 

1.2.2. Geography 

The Azorean archipelago is located in the North Atlantic, roughly between the 

coordinates 37° to 40° N latitude and 25° to 31° W longitude (Figure 1-1). It is formed by 

nine main islands and some small islets all them of volcanic origin and is located at the 

triple junction of the Eurasian, African and North American plates. The archipelago is 

situated over two tectonic plates: the westernmost islands of Flores and Corvo lie over the 

American plate and are separated from the eastern islands by the Mid-Atlantic Ridge 

(MAR); the other seven main islands are located in a large triangular plateau with a 

complicated structure known as "Azores Microplate" (Nunes & Forjaz in press). The 

 



distance between the Azores and the mainland is about 1584 km, calculated from Cabo da 

 



Roca (the most westerly point of the European continent). The nine islands are divided into 

three groups: the occidental group of Corvo and Flores; the central group of Faial, Pico, 

Graciosa, São Jorge and Terceira; and the oriental group of São Miguel and Santa Maria, 

plus the Formigas islets (Figure 1-1). 

The largest island is S. Miguel (757 km2), and the smallest is Corvo (17 km2). S. 

Maria is the southernmost island (37° N, 25° W), and Flores is the westernmost one (31° 

W). The most northerly one is Corvo (39,7° N). The distance between Corvo and Santa 

Maria, the islands farthest apart, is about 615 km. Corvo lies approximately at the same 

distance from the Iberian Peninsula and from Newfoundland. All the information 

concerning the longitude (long.), latitude (lat.), area, maximum altitude, distances from the 

mainland and geological age of each island are given in Table 1-1.  

 
Table 1-1. Physical features of the Azorean islands. Long. = Longitude; Lat. = Latitude; d.n.m. 
= Distance from the nearest mainland. 
   
 Islands Long. (W) Lat. (N) d.n.m. Area  Altitude  Geological age 
  (km) (km2) (m) (Ma B.P.) 
   
 CORVO 30.8 39.7 2148 17 718 ? 
 FLORES 30.9 39.4 2152 142 915 2.900 
 FAIAL 28.5 38.6 1908 172 1043 0.730 
 PICO 28.2 38.5 1860 433 2351 0.300 
 GRACIOSA 27.8 39.1 1844 62 402 2.500 
 S. JORGE 27.9 38.7 1832 246 1053 0.550 
 TERCEIRA 27.2 38.7 1764 402 1023 2.000 
 S. MIGUEL 25.5 37.7 1584 757 1103 4.010 
 S. MARIA 25.1 36.9 1588 97 587 8.120 

 

Discovered by the Portuguese navigators in 1432, the Azores seem already to have 

been vaguely known, being indicated on older maps. Flores and Corvo were the last to be 

discovered, in 1452. The present Azorean landscape is strongly modified by the presence of 

Man and only in small areas, where the soil or climate was too rough, have primitive 

conditions remained unchanged. The population exceeded 300,000 in the 1960s, but 

nowadays only about 260,000 people live in these islands (Drepa 1988). S. Miguel, 

Terceira and Faial are the most populated islands. 

Erosion effects are very important in these islands. Storm waves, thrown up by strong 

Atlantic winds, mould the shape of the coastal cliffs, those on S. Jorge reach 100 m in 

height. Torrential water courses cleave deep mountain streams on the surface, as on Flores, 

 



S. Jorge and S. Miguel. The relief is pronounced, with a few regions having plateaux on the 

islands of Pico, Graciosa, Terceira, S. Miguel and S. Maria. Pico is the highest island of the 

archipelago (2531 m), whilst Graciosa has the lowest altitude (402 m) (Table 1-1). 

 

1.2.3. Geological setting 

The nine islands are aligned on a WNW-ESE trend and are fully oceanic, that is, they 

are totally volcanic islands of recent origin that have emerged from the ocean floor and 

have never been connected to any continent by a land bridge. Contrary to the Galápagos 

and Hawaiian archipelagoes, that are island chains formed from Hot Spots, the Azores 

were formed at presently spreading midoceanic ridges (Feraud et al. 1980). Other examples 

are the Atlantic islands of Ascension and Tristan da Cunha (Brown & Gibson 1983). 

However, at least in the Azores, there is no exact correlation between their distance to the 

midoceanic ridge and the age of the islands (Feraud et al. 1980; Queiroz 1990).  

Lava flows resulting from volcanic activity, several of them reaching the coasts, are 

fairly numerous. Several are historic and are from times after the colonization of the 

archipelago (vide Weston 1964). Therefore, young lava flows tend to cover older ones and 

some difficulties arose when there was the need to know "how old are the islands?". K/Ar 

dating of island rocks in the Azores have shown that the geological age of the nine islands 

is very dissimilar. It should also be pointed out that the geological dating of the Azorean 

islands are far from being considered totally correct, mainly because the geological samples 

dated were probably not taken from the oldest stratigraphic layers (J. C. Nunes pers. 

comm.). Because their formation greatly differs in time, these islands present both recent 

volcanic morphology (e.g. Pico, central plateau of S. Miguel, Capelinhos area in Faial, 

Serra de Santa Bárbara complex in Terceira) or more eroded, ancient formations (e.g. 

Flores, southeastern part of Terceira, northeastern part of S. Miguel and S. Maria).  

There are several studies concerning the geological dating of the Azorean islands, but 

unfortunately there is no complete agreement concerning the age of some islands. Some 

alternative sets of dates for the islands were summarized by Forjaz (1986) and Queiroz 

(1990) (see Table 1-1). The main question I ask in the present work is greatly dependent on 

the correct estimate of the geological times for the subaerial shield phase of the three 

islands studied (S. Maria, Terceira and Pico). These dates would provide the maximum 

times the islands were available for colonization and evolution. 

 



S. Maria is located in the eastern and southern extreme of the archipelago and is 

undoubtedly the oldest of all the Azorean islands, with two distinct morphological areas: 

the western part and the oldest one (8.12 Ma B.P. as proposed by Abdel-Monem et al. 1975; 

5.27 Ma B.P. as proposed by Feraud et al. 1984) is very flat with extensive wave cut 

platforms reaching altitudes of 250 m (Serralheiro & Madeira 1993); the eastern part is 

more irregular and younger with the highest point reaching 587 m (Pico Alto). This is the 

only Azorean island with calcareous deposits of marine biological origin, and taking into 

account the age of the fossil sediments the island probably first arose from the sea about 20 

Ma B.P. ago in the upper Miocene (Agostinho 1937). Serralheiro & Madeira (1993) 

described in detail the geological evolution of S. Maria. The authors suggest that the last 

eruptive phase in the island took place during the interval -5 to -2 Ma B.P. ago (Feteiras 

Formation) and that the large amounts of ash emitted almost covered the island (Serralheiro 

& Madeira 1993). However, unequivocally, this is the most volcanically stable Azorean 

island (Abdel-Monem et al. 1975; Queiroz 1990; Martins 1993), and despite considerable 

debate on its age, the geological age given by Abdel-Monem et al. (1975) fit better the field 

conditions observed in the island (Serralheiro & Madeira 1993). Therefore, for the present 

study, the age of 8.12 (±0.85) Ma B.P. proposed by Abdel-Monem et al. (1975) for the 

Anjos complex will be used as an estimate of the time S. Maria has been available for 

colonization and evolution. The last eruptive events that occurred in the island during the 

Pliocene probably led to the extinction of some fauna and flora, but in the absence of fossil 

remnants or mitochondrial DNA clock data, it is difficult to assess whether the present 

biota is more recent than that.  

Terceira is a roundish (402 km2) island formed by four main volcanic complexes 

(Serra de Santa Bárbara, Serra do Morião, Pico Alto and Serra do Cume) (Zbyszewski et al. 

1971). The highest point (Serra de S. Bárbara, 1023 m) is simultaneously the most recent of 

the three major island’s complexes of 0.025 Ma B.P. (Martins 1993). The eastern flatted 

part of the island is its older part of about 2 million years (Forjaz 1986). Recent historical 

volcanic activity is evident in the western part of the island, where several well preserved 

lava tubes and volcanic chimneys are present (Borges et al. 1993). Moreover, Pinheiro 

(1990) refers to the 21 eruptive events which occurred in the last 2,000 years in the island. 

Some of the field sites are located near a scoria cone (Pico Gaspar) and a volcanic dome 

that erupted in 1761. I will take the age proposed by Forjaz (1986) for the eastern part of 

the island (2.0 Ma B.P.) as the estimated geological age of the island. 

 



Pico is the most recent of all the Azorean islands. The island is dominated by a strato-

volcano (Pico Mountain) of 2351 m high. This volcano has similar morphological features 

to, for instance, Etna, Fuji and Kilimanjaro (Scarth 1994). Pico strato volcano has an 

asymmetrical concave shape and was build from a multitude of vents (erupting from the top 

crater or from secondary vents on its slopes), that gave rise mostly to abundant basaltic lava 

flows (Cruz et al. 1995). The island is covered by old and more recent lava flows with 

plenty of lava tubes and volcanic pits (Borges et al. 1993). Feraud et al. (1980) proposed 

the age of 37,000 years for Pico, but in a subsequent detailed volcanotectonic study of the 

island, Chovellon (1982) gave the age of about 300,000 years to the old formations of the 

island, the eastern geological formations of Topo/Lajes Volcano. Some evidence that the 

Topo/Lajes Volcano area is old comes from the finding that most of the endemic beetles 

and spiders live in the mature Laurel forests in that area (Borges 1992a). Therefore, the age 

proposed by Chovellon (1982) (0.300 Ma B.P.) will be taken as a conservative estimate of 

the time the island has been available for colonization and evolution. 

However, Pico is not an isolated island. Pico forms with Faial a particular geological 

emplacement that resulted from the most recent northward migration of the triple junction 

(Luis et al. 1994). In spite of the three groups of Azorean islands being separated from each 

other by channels 1,000 to 2,000 m deep, Pico is very close to Faial, the shortest distance 

between them being a channel 5 km long. In this channel, between Pico and Faial, there are 

zones of less than 100 m deep (e.g. -20 m and -50 m, Berthois 1953). Taking into account 

the eustatic lowering of the sea level during the last Pleistocene glaciations (see below), 

probably Faial and Pico were once connected (Eason & Ashmole 1992; Martins 1993). 

Therefore, in biogeographic terms, the geological age of Faial estimated as 0.730 Ma B.P. 

(Feraud et al. 1980) should also be taken as an estimate of age of the Pico’s biota. Both 

Faial and Pico are still volcanically active, most of the terrain being recent. Several 

historical eruptions occurred in both islands (Cruz et al. 1995), the last one in this century 

in Faial. The Capelinhos eruption (1957-1958) covered a considerable part of Faial with 

ash and may have promoted some extinctions in the island (Balletto et al. 1990). 

The geological history of the Azores is far from being totally understood. The 

tectonic complexity of the area (see Luis et al. 1994), together with the absence of detailed 

volcanotectonic studies for all the islands (but some efforts are being made in this direction 

by some colleagues at the Department of Geosciences of the University of the Azores) 

make it impossible to create a complete picture of the Azorean geological history. In Figure 

 



1-2 a hypothetical diagram of the evolution of the islands during the last 8 million years is 

presented. The ages of the islands are mainly based on the K/Ar dating of the old 

stratigraphic units and follow basically the ages summarized by Queiroz (1990) with some 

minor changes and additions. The older scenario includes the islands of S. 
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Figure 1-2. Coordinate positions in the Atlantic Ocean of the present Azorean islands and 
an hypothesis of their reconstructed relative positions at five different times in the past. 
Where present, the three islands studied are shaded. See text for further details. 

 
30° 26°

39°

37° S. Maria  

Flores

Graciosa

Formigas

S. Miguel
Nordeste

2.5 Ma B.P. (d)

Povoação

39°

37° 26° S. Maria
Formigas

Nordeste
S. Miguel

4.0 Ma B.P. (e)

39°

37° 26°

S. Maria
Anjos

8.0 Ma B.P. (f)

 
 

Figure 1-2. Continued 

 

Maria (Anjos complex, 8.12 Ma B.P.; Facho-Pico Alto complex, 4.13 Ma B.P.) (Abdel-

Monem et al. 1975), the Formigas complex (4.65 Ma B.P.) (Abdel-Monem et al. 1975) and 

S. Miguel - Nordeste complex (4.01 Ma B.P.) (Abdel-Monem et al. 1975) (Figures 1-2e and 

1-2f). A subsided island west of Flores (4.8 Ma B.P.) (Ryall et al. 1983) is not presented in 

the Figure 1-2 but may also have been available for colonization. As diagrammed in Figure 

 



1-2d 

a B.P.) (Forjaz 1986) 

(Figu
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of the

 and distribution of the Azorean 

autochthonous fauna are to some extent related to it (Borges 1992a). 

vidence of underwater mountains in the archipelago. To the west of 

Flore

 the evidence that 

volca

at about 2.5 Ma B.P., Flores has already emerged (2.9 Ma B.P., Serughetti & Roche 

1968 quoted in Ryall et al. 1983) and Graciosa (2.5 Ma B.P.) (White et al. using the Rb/Sr 

method quoted in Queiroz 1990) was the first island to appear in the Central Group. The 

next island in the Central group was the eastern part of Terceira (2.0 M

re 1-2c). At about 1 Ma B.P. (Figure 1-2c), Corvo and Povoação complex -S. Miguel 

(2 Ma B.P.) were already present (V. H. Forjaz pers. comm.) in the archipelago. In the last 

one million years the eastern part of S. Miguel became larger (Furnas complex, 0.750 Ma 

B.P.) and a second island appeared (Sete Cidades complex, 0.500 Ma B.P.) west to the old 

eastern part of S. Miguel island (Figure 1-2b), and, later connected with the eastern part by 

the Água de Pau complex (0.250 Ma B.P.) (V. H. Forjaz pers. comm.) (Figur

 islands of the Central group are very recent: Faial (0.730 Ma B.P.) (Feraud et al. 

1980); S. Jorge (0.550 Ma B.P.) (Feraud et al. 1980); Pico (0.300 Ma B.P.) (Chovellon 1982) 

(Figures 1-2a and 1-2b). 

The eastern parts of all Azorean islands are, geologically, the oldest. This is 

connected with the seismo-volcanic mechanisms of the archipelago (V. H. Forjaz pers. 

comm.), which is important because the occurrence

There is some e

s, there is an old, now submerged, island (Ryall et al. 1983). Near S. Maria, to the east 

of the island, there is the Formigas complex of about 4.65 Ma B.P. (Abdel-Monem et al. 

1975). In the Azorean sea, there are some well known fishing-banks like the Princesa Alice 

(-44 m), Banco dos Açores (-18 m) and Banco D. João de Castro (-14 m). In the latter, a 

small island was formed in 1720, disappearing a little later (Rouch 1966-67). 

The presence of subsided islands in oceanic archipelagoes, and

nic islands are short-lived entities (Carlquist 1974; Carson 1992; Carson & Clague 

1995), may lead to the conclusion that the time available for colonization in oceanic 

volcanic islands is much longer than the age range of the existing islands (see Christie et al. 

1992 for the Galápagos’s example and Wagner & Funk 1995 for the Hawaiian islands). 

However, in the Azores this still remains hypothetical. 

 

1.2.4. Climate 

Located at a mean latitude of 38° 30´ and surrounded by water, the Azorean islands 

enjoy the benefits of a mild and agreeable climate, with small fluctuations in temperature, 

 



large amounts of precipitation and high air humidity. The influence of the warm Gulf 

Stream is important, allowing temperatures at sea level to be quite similar in the 

southeastern and in the northwestern islands. The same can be said of the humidity 

(Agostinho 1966). Therefore, the islands have a strong oceanic climate. 

The mean temperature values for each month change regularly during the year, with a 

maximum in August and a minimum in February. The seasons in the Azores begin one 

month later than on the mainland (Agostinho, 1966). The mean annual temperature is about 

17.5° C. The local macroclimate is strongly affected by the so-called "Azorean 

Anticyclone", always present in the eastern part of the North Atlantic. When centralized to 

the southwest of the archipelago, it is responsible for the distribution of the warm, wet trade 

winds (SW, NW), which make the climate temperate (Bettencourt 1979). 

At high altitudes, the ecological action of the trade winds over the vegetation is 

extrem

of temperature in a region is mainly affected by 

physiographical factors, like altitude and orientation, the nature of the soil and its covering, 

and the proximity of the sea. Most of the available data concerned with the Azorean climate 

are from a restricted low altitude band, the climate of high altitudes being still unrecorded. 

Consequently, because the present study was performed in elevated pastureland, simple 

systems to measure the rainfall and temperature were used to assess these parameters in the 

study areas (see next chapter). Figure 1-3 show the total amount of rainfall in the six 

stations studied during 1994 and 1995. It is evident that S. Maria is the driest island and 

ely important (Dias 1989). The precipitation seems to be directly dependent on the 

air circulation caused by these trade winds, making the rainiest islands the occidental ones 

(Flores and Corvo) and the driest one S. Maria (Agostinho 1941). The percentage of 

insolation in the Azores is very low, being in February about 30% and in August about 

45%. Therefore, nebulosity does not suffer a great seasonal oscillation, but remains stable 

throughout the year. This fact is very important, making it possible for each island to define 

at high altitudes a "cloud-zone forest" (Sjögren 1990), where a fog interception 

phenomenon occurs. The resulting horizontal rain has great ecological importance and is a 

consequence of the Föehn effect (Dias 1989). In these cloud-zones, the rainfall (vertical 

and horizontal) is high, leaving the air saturated with moisture and the soil waterlogged. In 

these conditions, anoxia phenomena occur in the soil. The significant increase in rainfall as 

well as the dominance of the Sphagnum species at high altitudes, decreases the pH (Dias 

1989) with a decrease in ecological diversity.  

The air spatial distribution 

 



that Terceira and Pico have a much more humid climate. The virtual doubling of the 

rainfall in S. Maria and Pico in the second year is interesting, 1995 being an unusually wet 

year. These results are consistent with the idea that the amount of precipitation varies 

between the islands, roughly increasing from east to west (Sjögren 1993). The mean annual 

temperature in the study sites is showed in Figure 1-4. Again, S. Maria has a slightly milder 

climate than the other two islands.  
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Figure 1-3. Total precipitation in 1994 (February to December) and 1995 in the sown and 
semi-natural (SN) pastures in the three islands studied. The islands are ordered from east to 
west. 
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Figure 1-4. Mean annual temperature in 1994 (February to December) and 1995 in the sown 
and semi-natural (SN) pastures in the three islands studied. The islands are ordered from east 
to west. 

 

1.2.5. Past climatic changes 

In recent years, the view that Pleistocene climatic events may had played an 

important role in the evolution of the biotas of the Azores has begun to be more explicitly 

 



discussed (Balletto et al. 1990; Israelson 1990; Borges 1992a; Eason & Ashmole 1992). It 

seems probable, simply by virtue of the fact that the Azores are the northernmost 

archipelago of Macaronesia, that it should have suffered most from the influence of the 

glacia

rned to the conditions of about 13,000 years ago, with a warm climate 

(Coop

ava tube arthropods in the archipelago is a result 

of their extinction by the Pleistocene climatic changes. However, Coope (1986) affirmed 

that the fauna and flora of the Azores (and of the other southern Macaronesian 

archip

celand and Greenland) by the comings and goings of the polar front. Probably, 

only t

tions (Israelson 1990; Eason & Ashmole 1992). 

It is the position of the polar front that is crucial to the argument. Ruddiman & 

McIntyre (1976) suggested that in the past 600,000 years at least 11 southward advances of 

the polar water have occurred, reaching 42° N, and that in the worst conditions the ice-

bearing polar water completely enveloped the North Atlantic above latitude 45°N. 

Moreover, at the height of the last glaciation about 18,000 years ago, it reached 

approximately latitude 42° N, and remained close to that position until about 14,000 years 

ago (McIntyre et al. 1976). The circulation pattern then underwent a dramatic change 

(Coope 1986). In the eastern North Atlantic, the polar front moved very rapidly northwards, 

so that by about 13,000 years ago it was situated to the north of the islands and the summer 

surface temperatures rose about 7° C (Ruddiman et al. 1977 quoted in Coope 1986). The 

postglacial climatic amelioration must have been extremely rapid; by 9,000 years ago the 

polar front had retu

e 1986). 

42°N was the fundamental dividing line for all climatic regimes, the southern area 

being one of relative stability (McIntyre et al. 1976). Some authors argue that the effects of 

the Pleistocene glaciations can explain the poverty of the Azorean biota (Balletto et al. 

1990; Israelson 1990). Eason & Ashmole (1992) argue that the absence of the epigean 

ancestral species of most of the endemic l

elagoes) have not been subjected to the repeated exterminations and recolonizations 

that were imposed upon those of more northerly Atlantic islands (e.g. the Shetlands, the 

Faeroes, I

he investigation of the Quaternary fossils of the Azores (G. R. Coope pers. comm.) 

and DNA mitochondrial biological clocks (S. Carlquist pers. comm.) will tell us more 

about this subject. 

Estimates of the glacial sea level range from less than 80 to over 130 m below the 

present level (Bloom 1971; McIntyre et al. 1976; Fairbanks 1989). Thus, as has already 

been mentioned, the channel between Faial and Pico has zones of less than 100 m depth, 

 



and it is therefore possible that, at the height of the glaciation about 18,000 years ago, the 

lowering of the sea level could have permitted a terrestrial passage between these islands 

(Easo

proposed a new and elaborate classification of the natural vegetation of the 

archip

a do Faial) and Flores; 

arshy, lakes and wet peatland vegetation mires - of very common occurrence in 

the A mmunities, e.g. in the lakes [Littorella 

uniflora (L.) Ascherschon - Eleocharis sp.); -wet peatland vegetation mires (Sphagnum 

n & Ashmole 1992; Martins 1993).  

 

1.2.6. Vegetation 

According to the list of Hansen (1988), there are 1,011 species in the Azorean 

vascular flora, but only one third of those are autochthonous to the archipelago (about 300 

species). 

Several classifications have been proposed for the current Azorean vegetation in 

recent decades (e.g. Tutin & Warburg 1953; Dansereau 1970; Sjögren 1973; Lüpnitz, 

1975), all of them based on altitudinal zonation. However, for most of the Azorean islands, 

altitudinal zonation has a poor explanatory value (E. Dias pers. comm.). Dias (1996) has 

recently 

elago based on several environmental factors. However, for the present purposes, a 

less detailed scheme, but nevertheless of great practical use is used (Dias 1991). The 

vegetation zones included are: 
 
Climax pattern of autochthonous forest - dominated by Azorean or Macaronesian 

endemic woody species. Usually this type of vegetation occurs at higher altitudes and is 

now extremely fragmented. The best representative areas are found in Terceira (Serra de 

Santa Bárbara and Pico Alto complexes), Pico (Mistério da Prainha and Caveiro 

complexes), S. Miguel (Pico da Vara complex), Faial (Caldeir

Seral vegetation - zones where the plant communities are in a dynamic natural 

process of succession towards a potential climax local vegetation. Dominated by endemic 

species, but with some disturbance such as the invasion by some exotic plant species. 

Interestingly, it is possible to find some rare endemic beetles in this type of forest (Borges 

1992a); 

Coastal vegetation - where the plant communities are restricted to the coast. It 

includes cliffs, lava flows and the rare sand dunes and sand plains. Due to human activities, 

several endemic coastal plant species are under threat (Sjögren 1993); 

M

zores, these zones include important plant co

 



palus

 Pico and Terceira);  

oodlands - mainly eucalyptus forests (Eucalyptus globulus Labill.), cryptomeria 

forest ine forests and mixed woodland. Borges 

(1992

, greenhouses, crops, etc. 

tre L. - Eleocharis multicaulis (Sm) Desv.]. At high altitudes, some semi-natural 

pastures are adjacent to these areas (e.g.

W

s [Cryptomeria japonica (L. fil.) D. Don.], p

a) considers these habitats of great importance. As the native forest has been 

destroyed or is extremely fragmented, they provide an alternative for many endemic 

generalist predatory arthropods;  

Pasture - this is at present the dominant vegetation type in the Azores. At high 

altitudes, there is a special type of pasture, "the semi-natural pasture" (Sjögren 1973) (see 

more details in Chapter 3). Clearly, it is this vegetation type which is the focus of this 

thesis; 

Permanent Agriculture - mainly fruit trees; 

Multiple Agriculture - several types of agriculture developments, e.g. family 

developments

 

1.2.7. The biota - biogeographic patterns 

The current knowledge of the diversity and processes that have produced the Azorean 

biota is poor in comparison to other archipelagoes, such as the Galápagos, Hawaii or even 

neighbouring Madeira and Canary Islands. The isolation of the archipelago, its geological 

youth, volcanic action, Pleistocene glaciations and an unsuitable humid climate, are usually 

claimed to be the possible explanations for the poverty of the Azorean biota (Lindroth 

1960; Serrano 1982; Sousa 1985; Balletto et al. 1990; Borges 1990, 1992a; Israelson 1990; 

Wunderlich 1991; Eason & Ashmole 1992; Martins 1993). To these, we must add human 

activity of clearing the original vegetation of the islands. Most of the natural forests were 

destroyed and the few remnants that still persist are in areas where access is difficult or are 

under threat. 

A great proportion of the flora and fauna is now composed of introduced species. For 

instance, 66% of the vascular plants can be considered as human introductions (Hansen 

1988) and for the beetles the figure is similar with 60% of the species having been probably 

introduced (Borges 1992a). The native fauna and flora reveals the presence of a remarkable 

European component. Although this archipelago is located between the Old and the New 

World, there is a considerable lack of autochthonous American elements. This is the so-

 



called "North Atlantic biogeographical paradigm", since the composition of the biota is 

against the direction of the prevailing winds and sea currents that come from west. Vermeij 

(1991) suggested that during the Pleistocene almost 100 shell-bearing molluscan species 

invaded from Europe to North America. This finding, together with the prevalence of 

Western-Palaearctic origin of the native species and the evident Macaronesian (Madeira, 

Cana

ng in North Africa, called "Leste", for the dispersal of insects to the Madeiran 

archip

tochthonous beetle 

species; besides, there is a close relationship between the Azorean neo-endemic arthropods 

(Balle  1991; Borges 1992a) and some Madeiran and Canarian 

relatives. These two facts give plausibility to a colonization originating along a 

ries) origin of the Azorean neo-endemic species, are only possible if the Pliocene and 

Pleistocene currents and winds differed from the present. It seems that large scale changes 

in the atmospheric circulation together with shifts in ocean circulation occurred in the 

North Atlantic during the last interglacial period (GRIP 1993). This confirms early 

suggestions that the direction of the winds may have changed during Pleistocene events 

(Coope 1979, 1986; Crafford et al. 1986). Nevertheless, the importance of winds 

originati

elago has been proved (Classey 1966). Besides, it is equally true that sometimes such 

winds reach the Azores, carrying several insects, as happened in the Summer of 1987 

(Borges pers. observations), with the arrival in the Azores of locusts from Africa. Wallace 

(1872) also emphasized the fact that the storms which occur throughout the year in the 

North Atlantic carried with them several species of birds, and very probably insects to the 

Azores. 

On the other hand, Borges (1992a) found that the Mediterranean component, 

combined with the Macaronesian component, reaches 31.4% of the au

tto et al. 1990; Wunderlich

Macaronesian "Island Rosary" (Dias 1989), the "stepping stones" of MacArthur & Wilson 

(1967). 

Contrary to some well documented studies of the evolution of endemic species in 

Hawaii (see Wagner & Funk 1995; Hollocher 1996), Galápagos (Grant & Grant 1996) and 

also Canary Islands (see Thorpe et al. 1993 and 1994; Juan et al. 1995), evolutionary 

processes in the Azores are still poorly understood. However, the particular position of the 

Azores, their biotic affinities with other Macaronesian archipelagoes and the presence of 

some good examples of insular evolution and adaptive radiation (see Balletto et al 1990, 

Wunderlich 1991; Borges 1992a, Martins 1993, Borges & Oromí 1994; Sousa in press) 

make these islands a potential laboratory for future studies of evolution. 

 



 

1.3. Island biogeography 

The "Theory of Island Biogeography" (Preston 1962a and b; MacArthur & Wilson 

1963, 1967) predicts that the number of species on an island (or similarly isolated area) is a 

result of a dynamic equilibrium between immigrations and extinctions. Immigration and 

extinction rates are, in turn, affected by the size of the island and its distance from the 

mainland. The immigration rate is seen as inversely correlated with distance from the 

source of biota (a closer island will have a higher immigration rate than one further away) 

and the extinction rate is inversely correlated with the area of the island (larger islands 

support larger populations and these are less prone to extinction) (MacArthur & Wilson 

1963, 1967; Simberloff 1974). The final result is an equilibrium number of species for each 

island that is correlated with its area and distance from the potential source of colonists. 

This equilibrium is dynamic and the species composition may change over time 

(Simberloff & Wilson 1969; Rey 1984), the equilibrium being a numerical reflection of a 

variety of ecological processes (Williamson 1981). The MacArthur & Wilson (1967) 

"equilibrium model" model has some weaknesses, and in many cases does not explain the 

species-area patterns in true islands and in "habitat islands" (Gilbert 1980; Williamson 

1988). It seems that non-equilibrium situations in island biotas, as a consequence of 

disturbance, are more frequent than earlier island workers have assumed (Whittaker 1995). 

On the other hand, volcanic oceanic islands are dynamic entities, emerging from the sea 

and submerging after a relatively short period of volcanic activity, erosion and subsidence 

(Wagner & Funk 1995). Therefore, it is difficult to apply an equilibrium model to those 

situations, and if so, new refinements should be made taking into account the biotic cycles 

related to the geological life of an oceanic volcanic archipelago (Carson 1992; Carson & 

Clague 1995). 

One of the difficulties of the model is the empirical assessment of the shape of the 

immigration and extinction curves for a particular taxon (Williamson 1981; Coleman et al. 

1982; Hill et al. 1994). Moreover, distance from the source area per se is not necessarily 

the key variable. The vagility of a particular taxon is the most important aspect that 

influences the immigration rate and the success of a particular taxon in reaching an isolated 

oceanic archipelago (Williamson 1981; Rosenzweig 1995). For instance, birds have some 

difficulties in reaching the Azores travelling from Europe, but the same does not apply to 

ferns that easily reach the Azores (Williamson 1981). Adsersen (1995) clearly showed this 

 



pattern in plotting percentage endemics against diaspore magnitude for several taxa 

ranging from the small diaspores of ferns to the larger reptiles and mammals. The author 

obtained a clear pattern of a higher percentage of endemics in the larger diaspore 

propa

rthur-Wilson model (Roughgarden 1995). It seems that the MacArthur & 

Wilso

nally, three ecological mechanisms are proposed to account for the species-

area 

gules, which confirms the early hypothesis of Carlquist (1974) and Williamson 

(1981). The "equilibrium model" also implies a turnover in species composition under 

equilibrium (MacArthur & Wilson 1963, 1967). Such a condition was confirmed in the 

classical Florida Keys experiment with arboreal arthropods of small red mangrove islands 

(Simberloff & Wilson 1969), but there is also some evidence against turnover for some 

insular vertebrates (Patterson & Atmar 1986; Cutler 1991; Roughgarden 1995). The 

finding that the species composition of islands within an archipelago is not a random 

function of immigration from a source area, but that, instead, the species composition of 

small islands is a nested subset of larger islands (Patterson 1990) is against the predictions 

of the MacA

n (1963, 1967) dynamic equilibrium model remains largely untested (Rey 1984) and 

is difficult to apply in numerous situations (Connor & McCoy 1979; Gilbert 1980; 

Williamson 1981). 

The species-area relationship is considered to be a rule in community ecology 

(Connor & McCoy 1979; Gilbert 1980; Wissel & Maier 1992) and has been applied to 

many non-oceanic island situations including: caves as islands (Culver 1970) (but see 

Crawford 1981 for a critique); mammals in mountains (Brown 1971); fish in lakes 

(Barbour & Brown 1974); decapods in coral reefs (Abele & Patton 1976); forest and urban 

birds (Whitcomb et al. 1976); insects in urban areas (Faeth & Kane 1978); plants of forest 

patches (Weaver & Kellman 1981); insects on plants (see revision in Strong et al. 1984); 

boreal mammals and birds in mountains (Cutler 1991); crustacean zooplankton in lakes 

(Dodson 1992); mammals in reserves (Wylie & Currie 1993), fish in rivers (Allan 1995) 

and others. 

Traditio

relationship: 1) the dynamic equilibrium hypothesis (MacArthur & Wilson 1963, 

1967), that as already explained implies an equilibrium between immigration and 

extinction associated with a dynamic turnover in species composition; 2) the habitat 

diversity hypothesis (Williams 1964), where larger islands have more subdivisions (niches 

and resources) (see empirical tests in Buckley 1982; Boecklen 1986; Deshaye & Morisset 

1988; Williamson 1988; Hart & Horwitz 1991); and 3) the passive sampling hypothesis 

 



(Connor & McCoy 1979), in which the island colonization is viewed only as a sampling 

phenomena, that is, species are distributed at random such that a larger area has more 

species than a smaller one according to the laws of probability (Hill et al. 1994). The 

random placement hypothesis (Coleman et al. 1982) is probably a particular case of the 

passive sampling hypothesis (Boecklen 1986). Empirical tests of this hypothesis are 

available in Connor & McCoy (1979), Coleman et al. (1982), Williamson (1988) and Hill 

et al. (1994). 

To the above mentioned three main processes, Hart & Horwitz (1991) add several 

more ecological processes that have been invoked less frequently to explain the species-

area relationship. Hill et al. (1994) also present a detailed review of most models of the 

species-area relationship, adding further ecological processes. These authors (Hart & 

Horwitz 1991; Hill et al. 1994) consider the "passive sampling model" (Connor & McCoy 

1979) as a null model and Hart & Horwitz (1991) include it in a larger set of stochastic 

models (e.g. random sampling models, clumped distribution models, random placement 

models, and others) of species richness under the name of "passive sampling models". 

Under the name of "fragmentation models", Hart & Horwitz (1991) include several models 

that assume that area affects temporal dynamics and relationships with other areas through 

effects on colonization, extinction, speciation and catastrophic disturbance (e.g. 

immi on models, keystone species model, allopatric species model, 

comp

gration models, extincti

lete disturbance model and age-accumulation model).  

For the same authors (Hart & Horwitz 1991), all the models that assume 

heterogeneity within units should be included in a third class of models, the "habitat 

diversity models", as described above. A fourth type is referred to as "species-area curves 

resulting from heterogeneity-area relationships" that include situations in which there is 

habitat specialization, necessity of habitat diversity or necessity of habitat grouping (Hart 

& Horwitz 1991). The "incidence function hypothesis", that is, some species are only 

capable of existing on large islands and others in small islands where they escape 

competition (Diamond 1975), and the "small island habitat hypothesis", that is, habitats on 

large islands can be more favourable and hence support more species (Kelly et al. 1989; 

Tangney et al. 1990) can be included in the Hart & Horwitz (1991) fourth class of models. 

 

1.4. Time hypothesis 

 



In fact, time is an important factor when measuring the accumulation of species in 

any environment (Williamson 1981; MacArthur 1984; Huston 1994; Putman 1994; 

Rosenzweig 1995). After the now classic book "Age and Area" (Willis 1922), the theme 

started to gain importance. Willis believed that species accumulate over time and that the 

diversity of a region is therefore directly related to its age as well as area. The time 

hypothesis also assumes that communities diversify over time (Margalef 1963). The scales 

in wh

ir host plant has been present in a region. 

Some

re species on British trees in accordance with the "age-

accum

ce 

the fish host arrived in Britain. 

ich the changes in diversity are measured through time vary from seasonal and 

successional (ecological time) to long-term geological time (evolutionary time). Examples 

of how species diversity varies through time at seasonal, successional and long-term 

evolutionary time (fossil record) are reviewed in Signor (1990), Huston (1994), 

Rosenzweig (1995) and Begon et al. (1996), and I will not refer further to this particular 

aspect. 

Geological time was also used in a different situation in what Opler (1974) called the 

"geological time theory". It was suggested that numbers of associated herbivore species 

depend on the length of time during which the

 criticism of this theory has been made by Strong et al. (1977), Connor & McCoy 

(1979) and Gilbert (1980), but Kennedy & Southwood (1984) found new evidence 

supporting the contribution of geological time (quaternary fossil records) in the 

accumulation of insect herbivo

ulation model" (Hart & Horwitz 1991).  

In a recent study of the effect of plant family size and age on Indonesian gall-forming 

species richness, Fernandes (1992) found that, contrary to expectation in the "plant family-

geological age hypothesis", many young plant taxa supported the highest number of gall-

forming species. Leather (1985) also obtained the same result for phytophagous insects 

associated with British Prunus species. When studying insect species richness of the 

British Rosaceae, however, the same author found evidence supporting the importance of 

the plant’s history of establishment (Leather 1986). Therefore, it seems that the "geological 

time theory" as a explanation to the accumulation of herbivores by plants over time has to 

be more comprehensively tested (Birks 1980).  

In addition, Guégan & Kennedy (1993) found that, instead of an area-effect, the 

helminth parasite species richness in British freshwater fish is better explained by the 

colonization time hypothesis, i.e. that helminth species richness is related to the time sin

 



Geological age has also been recently used for explanations of local plant species 

richness by reference to the global regional pool of species. The "species-pool hypothesis" 

(Tayl

er 1960; Ross 1972; Huston 1994; Krebs 1994; Begon et 

al. 19

ents in diversity, since short and long 

term 

.5. Objectives 

et al. 1975; Chovellon 1982). 

Becau

ulative experiments and I therefore 

have to rely on statistical inference to perform the analyses. 

or et al. 1990) predicts that "all else being equal, the larger the local and/or global 

area of a habitat type and the older its geological age, the greater the past opportunity for 

speciation and hence, the greater the number of available species that are adapted to that 

particular type of habitat". Time and ecological stability were used as classical 

explanations for the high species richness in the tropical equatorial areas when compared 

with the temperate latitudes (Fish

96). This is in accordance with the predictions of the "species-pool hypothesis" 

(Taylor et al. 1990; see also Zobel 1992 and Eriksson 1993), since for instance Amazon 

rainforest is both large and old. However, Rohde (1992) claims that the "time hypothesis" 

cannot offer a general explanation of latitudinal gradi

climatic fluctuations have also occurred in the tropics in the last 700 million years. 

 

1

1.5.1. The study area 

This thesis explores the unique characteristics of the Azores, an isolated volcanic 

oceanic archipelago of nine islands differing in their geological age. The islands differ 

from 300,000 years to 8.12 million years (Abdel-Monem 

se of their isolation and wide range of areas and geological ages, the Azorean islands 

provide excellent opportunities for studying some of the factors that affect the species 

diversity of island communities.  

The study was performed in three Azorean islands of different geological ages (Pico 

= 0.300 million years, Terceira = 2 million years and S. Maria = 8.12 million years) in 

order to investigate patterns of species richness in islands available for colonization and 

evolution of arthropods for different periods of time. 

As pastureland is the main habitat in the Azores (see also Chapter 3), two habitats 

were chosen, recent sown pasture and old semi-natural pasture.  

 

1.5.2. The nature of sampling 

This study is an observational ecological experiment with emphasis on large-scale 

patterns. Therefore, it was not possible to do manip

 



To avoid confounding effects of habitat and island features, habitats were properly 

replic ies use an 

incon eaver & 

Kellm

. If the "equilibrium theory" (MacArthur & Wilson 1963, 1967) is 

applic e found per quadrat in a 

large 

icable (Tangney et al. 1990). 

ce of 

partic

ant architecture and plant cover abundance). Moreover, I investigate 

wheth

range size - diet breadth relationship is investigated. For both plants and arthropods 

ated and nested within each island. Most island biogeographic stud

stant sampling area (e.g. Abele & Patton 1976; Deshaye & Morisset 1988; W

an 1981), usually relying on whole-island lists. In the present study, a constant 

quadrat-size /constant habitat sampling was followed. This enables some distinction 

between hypotheses (Tangney et al. 1990) and eliminates confounding effects of sampling 

(Hill et al. 1994)

able then, for a given quadrat size, more species should b

island than in a small island (Rosenzweig 1995). This is because larger islands 

harbour larger populations and have lower extinction rates and therefore species are more 

easily sampled by random. If the number of species found per quadrat is largely 

independent of island area, then the "habitat diversity" or the "passive sampling" 

hypotheses may be appl

 

1.5.3. The questions 

The thesis is organized to answer several questions in a hierarchical way: 

1) Which plant and arthropod species are there, and how are they organized? 

Little is known about the plants and almost nothing is known about the pastureland 

arthropod species composition and ecology in the Azores. In Chapter 3, I use a multivariate 

analysis approach to classify the plant and arthropod communities found in the two habitats 

and three islands; 

2) How are plant and arthropod communities inter-related? 

Chapter 4 focuses on plant-insect interactions and tries to relate the abundan

ular feeding or functional groups of arthropods with plant structural attributes (e.g. 

plant diversity, pl

er plant species richness is a good predictor of arthropod herbivore species richness 

in the habitats studied; 

3) How are the species or functional groups of species distributed? 

Chapter 5 is intended to give an integrated picture of distribution patterns in several 

ecological functional groups in the system under study. Both vascular plants and 

arthropods are investigated. I investigate patterns in the relationship between plant life-

history attributes and range size distribution. For the herbivorous arthropod species, the 

 



(herbivores and predators), I analyse patterns in the relationship between colonization 

status and range size distribution. Moreover, I investigate whether the introduced herbivore 

speci

 arthropods.  

al processes are of less importance in influencing the 

species richness at local sites and regional processes are setting the species diversity. If 

instead, the local/regional species richness relationship is found to be curvilinear, a ceiling 

in the local richness is attained and local richness is independent of regional richness. If so, 

competition, disturbance or other local processes are setting local species richness. 

5) Are there habitat or island effects in arthropod species richness? Which island 

geographical variables are influencing the arthropod species richness?  

Chapter 7 aims to examine the influence of several regional factors such as island 

area, island elevation, island isolation and

diversity. First, the habitat effect is investigated. Then, for those cases where only an island 

effect is found on species richness, the geographical variables are investigated. As only 

three islands were studied, and the geographical variables are highly autocorrelated, I 

analyse them separately. Finally, I inve edator/herbivore species richness 

ratio is related to those aspects? 

 

 

 

 

 

es have wider diet breadths than the autochthonous species. Finally, I investigate the 

non independence between abundance and range size for both plants and

4) What is the relative importance of local and regional processes in setting the 

species diversity? 

In Chapter 6, the "proportional sampling model" (Cornell & Lawton 1992; Cornell 

1993) is tested as the null model in closely related resource-based groups of arthropods. 

Grass-feeding herbivores and web-building spiders were chosen as groups where 

competition for similar resources is more likely to occur. If local richness increases linearly 

with regional richness, then loc

 island geological history in the arthropod 

stigate how the pr

 

 

 

 

 



 

 
CHAPTER 2 

 
MATERIALS AND METHODS 

 

2.1. Experimental design  

Three islands from the Azorean archipelago were selected for the present study. I 

selected the oldest island, St. Maria (8.12 Ma B.P., Abdel-Monem et al. 1975), the youngest 

island, Pico (0.300 Ma B.P., Chovellon 1982) and a middle-aged island, Terceira (2 Ma 

B.P., Queiroz 1990). 

The sample areas within the islands we

ifferent types: a) ecent sown pastu s (3-4 years old); b) wet semi-natural old pastures 

more than 35 years old). The major m of having the two types of pasture was to detect 

cological differen  improved highly productive pastures (originally sown with 

rifolium repens L renne . an her per ial gras  and old semi-natural 

astures. Two 900  replicates of each type were sel

vel. This design  field sites (pastures) to be considered in any of three ways: 

) as 12 replicates ture (four i eac land); b  six lo habitats (two in each 

land) nested with  the islands; c) o a  three islands, if considering the pool of different 

species contributed by the four sites from each island (Table 2-1). 

re cattle-grazed upland pastures of two 

d  r re  

( ai

e ces between

T ., Lolium pe
2

L d ot enn ses)

p  m ected in each island at a high-altitude 

le allows the 12

a  of pas n h is ) as cal 

is in r s

 
Table 2-1. Experimental design and site codes. STM = S. Maria; TER 
= Terceira; PIC = Pico. 

      
    Islands  
      
 Habitat type  STM TER PIC 
      
 Sown pasture  1.1 3.1 5.1 
   1.2 3.2 5.2 
      
 Semi-natural  2.1 4.1 6.1 
 pasture  2.2 4.2 6.2 
      
      

 

 



Having taken into account that the islands have different maximum altitude, the older 

being the low altitude island and the youngest the highest Azorean island, the range of 

altitudes of the 12 field sites lays between 290 and 800 m (see Table 2-2 for more details).  

 



 



 



 



In all the 12 pastures, an area of at least 900 m2 was fenced during January and 

Februa h 

1994 to assess the basic plant species composition. Rabbit fences to avoid differential 

rabbit grazing pressure were erected after this (in April 1994). 
2

 

ry 1994 with posts and barbed wire. A preliminary sample was undertaken in Marc

After the field sites were fenced, in each of them 20 3x3 (9 m ) plots were marked 

with coloured small wood posts. Because of the different geometry of the main pastures, 

the 12 field sites were built with two shapes: seven with the 20 3x3 m plots arranged in a 

5x4 configuration (Figure 2-1); five with three rows of eight plots (Figure 2-2), the last four 

plots being omitted from sampling. In all cases, plot number 1 was assigned to that placed 

in the left corner of the South side. 

 

Figure 2-1. Model of the 20 3x3 m plot grid. 

 

All 12 sites were selected after a careful examination of management regimes 

provided by the owners. All field sites were grazed regularly by dairy and beef cattle, 

thereby maintaining the traditional management of the sites (see Table 2-2 and next section 

for more details). However, I should note that due to the sampling protocol, the number of 

grazing periods per year in the sown pastures was lower than with usual management. 

Moreover, as the number of animals in the field sites of S. Maria was lower than in the 

other islands, although the grazing periods were on average longer. 

 



 
Figure 2-3. Example of a rectangular field site with 24 3x3 m plots. The last four were rejected. 
Note a meteorological station in the top right-corner and the gate in the top left side. 

 

2.2. The sites: short description  

All experiments were conducted in pastureland in three Azorean islands (S. Maria, 

Terceira and Pico). The spatial pasture units are known as "cerrados", usually a field with a 

relatively small area and fenced with volcanic basaltic stones. Sometimes the fences are a 

mixture of a basaltic stone wall with native plants (e.g. Erica scoparia azorica in Pico and 

S. Jorge), with exotic trees as a wind barrier (e.g. Cryptomeria japonica) or exotic plants 

(e.g. Hydrangea macrophylla).  

The main island characteristics are as follows: 

 
S. MARIA 

Geological Age: 8.12 Ma B.P.; Area: 97.18 km2; Altitude: 587 m, 0-300 m = 86%, 

300-590 m = 14%; Temperature: average 17.5° C in the Airport and average 14.3° C in 

Fontinhas (430 m). Max. in August, Min. in February; Rainfall: Max. in January-February, 

Min. in July. Airport (752 mm year): 101 mm in January and 16 mm in July. Fontinhas 

(1386 mm year): 181 mm in January and 45 mm in July. The island is divided into dry 

(west) and wet (east) parts by the Pico Alto (587 m). 

 

TERCEIRA  

 



Geological Age: 0.300 - 2 Ma B.P.; Area: 402.2 km2; Altitude: 1023 m, 0-300 m = 

55.62%, 300-800 m = 42.5%; >800 m = 1.9%; Temperature: average 17.5° C in the low 

altitudes. Max. in August, Min. in February; Rainfall: Max.: January-February, Min.: July. 

Angra do Heroísmo (47 m): 969 mm year (140 mm in January and 4

S. Bárbara (1023m): 3000 mm year. 

 

0 mm in July). Serra de 

 



 



 

 
Figure 2-3. The three Azorean islands where the field work was carried catio S. M out together with the lo n of the field sites. aria: + = Pico 
Alto; * = Casas Velhas II; • = Casas Velhas I;  = 1.1;  = 1.2;  = 2.1 + 2.1 outside;  = 2.2 + 2.2 outside. Terceira: + = Lagoa do 

Negro II; * = Furnas o I; do Enxofre; • = Lagoa do Negr  = 3.1;  = 3.2;   = 4.1 + 4.1 outside;  = 4.2 + 4.2 outside. Pico: + = 

Mistério da Prainha; * ; = Longitudinal; • = Frei Matias   = 5.1;  = 5.2; ♦ = 6.1 + 6.1 outside;  = 6.2 + 6.2 outside. 



 

PICO  

Geological Age: 0.037 - 0.300 Ma B.P.; Area: 447.74 km2; Altitude: 2351 m, 0-300 

m = 41.2%, 300-800 m = 42.4%; >800 m = 16.4%; Temperature: average 17.5° C in the 

low altitudes and average 11.5° C in the 1000 m. Max. in August, Min. in February; 

Rain

and island area. In Pico, the "cerrados" are on average larger than in the other 

islands, not only because of its area (Pico is the largest Azorean island), but also because of 

a less intensive grazing management. 

 Most sites are flat with a clear exception of the field sites in Pico, 

once 

own pastures were established in semi-natural 

pastureland that replaced forest 40-50 years ago. Remains of the indigenous vegetation still 

occur around the skylights of lava tubes. 

fall: Max.: January-February, Min.: July. Madalena (50 m): 956 mm year (128 mm in 

January and 26 mm in July). Lagoa do Capitão (795 m): 5075 mm year. 

 

The 12 main field sites 

Table 2-2 summarizes the characteristics of the 12 main field sites. In Terceira and S. 

Maria, the sown pastures are located at a lower altitude than the semi-natural sites (see also 

Figure 2-3). This was because of constraints in the location of sown pastures in these 

islands. The total area of the main pasture ("cerrado") reflects the type of grazing 

management 

The shape of each field site within a "cerrado" is rectangular. All the field sites in 

Pico are longer and narrower due to the shape of the main “cerrados” and topographical 

features of the ground.

more due to the topographical characteristics of the recent volcanic terrain. Almost all 

the field sites have a consistent exposure within each island. Concerning the micro-

topography, sites from Pico and the semi-natural sites from Terceira are those with higher 

complexity (see Table 2-2). 

The historical management of the sites is also summarized in Table 2-2. In S. Maria 

and Terceira, the sown pastures were set up in old cereal fields and the semi-natural 

pastures occur in areas where, 40 years ago, the natural forest was cleared in order to 

increase the land available for cattle grazing. Some remains of natural forest still persist in 

the area of some of the sown and semi-natural sites (e.g. sites 1.2 and 2.2 in S. Maria; sites 

3.2, 4.1 and 4.2 in Terceira). In Pico, all the sites are located in old natural forest areas but 

on a different time scale. Here, the s

 



The soil type is greatly dependent of the age of the islands. All the sites from Pico 

and t

d number of animals were highly dependent of the natural 

grazin

ied, two of which 

being the outside unfenced part of the two main semi-natural field sites (see Appendix I for 

a short description). It should be remarked that the outside unfenced part of the two main 

semi- spatially independent replicates of semi-natural pasture, 

but a

te “6.1 outs.” in Pico) all the 

other

he two semi-natural sites from Terceira are located in recent volcanic terrain, 

sometimes over lava tubes (e.g. 4.2, 5.2, 6.1). In S. Maria, the soils are old and mature. 

With exception of the sown sites and the semi-natural site 2.2 from S. Maria, all the other 

nine sites have a very low soil pH (more details on the NPK composition and other soil 

characteristics are given in Table 2-2). 

The type of grazing animal differs between and within the islands. In S. Maria, the 

sown pastures were grazed by a bull or a cow and the semi-natural pastures by dairy-cows 

and their calves. In Terceira, the sown pastures were grazed by beef-cattle and the semi-

natural pastures by dairy-cows. In Pico, all the sites were grazed by dairy-cows, but site 6.2 

also by beef-cattle. 

The grazing regime an

g management in the pasture. In S. Maria, and in the sown pastures from Terceira, all 

the grazing occurred with the animals fenced within the area of the field sites. In the semi-

natural sites in Terceira and in all the sites in Pico, the animals were free to graze outside 

the field site fence during the grazing period. This was due to the high number of animals 

and because of grazing management constraints of the owners. 

 

Other sites 

Other field sites of semi-natural pastureland were also selected for determining the 

regional plant species composition in this type of habitat. In each island, together with the 

two main semi-natural pasture sites five other semi-natural sites were stud

natural field sites are not true 

re important for determining if the two 900 m2 fenced sites are representative of the 

main large pasture site (see also Section 2.3.1.1. below and Chapter 3). 

In S. Maria the seven semi-natural sites ranged from 360 m to 500 m, in Terceira 

from 530 m to 560 m and in Pico from 680 m to 810 m (see Figure 2-3 for the location of 

sites). With two exceptions (site “Pico Alto” in S. Maria and si

 sites are more or less flat. Most of the 21 sites have some complex topographic 

characteristics due to the presence of lava tubes (e.g. Terceira and Pico) or a less intensive 

grazing management. All the sites were located in areas where the natural forest was 

 



cleared for pasture implementation, being the site "Mistério da Prainha" at Pico the most 

recent one (nine years). Consistently, all the 21 sites were under low grazing pressure, 

being the sites 4.2 and "4.2 outs." (Terceira) those with the improved grazing management. 

 

2.3. General sampling program  

All the sampling periods occurred at least three weeks after a grazing period, 

allowing regrowth of the vegetation. A total of three complete samples occurred during the 

first year of field work (1994) in the following months: 1) May - June (Spring); 2) July - 

August (Summer); 3) September - October (Autumn). In 1995, two major sampling periods 

occurred: 4) May - June (Spring) and 5) end of July - August - early September (Summer). 

A total of 145 days of field work were performed in the first year and 60 in the 

second year, most of them with the help of a field assistant. In each sampling period, 

several activities were repeated in order to obtain seasonal trends, while others occurred 

only in the most convenient sampling period(s) in terms of logistics or experimental design 

(see below). 

 

2.3.1. Vegetation 

During the five sampling periods, a field herbarium was created in order to have 

vouchers of all the plant species. Most of the species were identified by experts (see 

Acknowledgements).  

Three methods were used to sample the plant species: a) Permanent quadrats, for 

which sampling occurred in Spring and Autumn 1994 and late Summer 1995. This allows a 

within year and a between years comparison; b) Point-quadrats, for which sampling 

occurred four times (Spring, Summer and Autumn 1994 and Summer 1995); c) Direct 

observation, in Summer and Autumn 1994 and Summer 1995 in each plot every vascular 

plant species present, in addition to those recorded by point-quadrats, were searched. The 

search stopped after five minutes without finding a new record. Thus, the rare species were 

better sampled, which takes out that the plant species present in each of the 12 field sites 

are known and a complete list prepared. In the Spring 1995, where no point-quadrat survey 

was performed, a complete survey by direct observation of the plant species present in each 

of the 12 field sites was also performed.  

 

2.3.1.1. Permanent quadrats 

 



The suitability of the method 

Quadrats are the simplest way of studying vegetation and are widely used in 

phytosociology and plant ecology (Kent & Coker 1992; Bullock 1996). The quadrat size is 

very dependent on the type of vegetation and the distribution of plants (e.g. regular, 

clustered, random). For grasslands, usually a 1x1 m or 2x2 m quadrat is adequate to assess 

the vegetation (Kent & Coker 1992). If only frequency data is required (presence/absence 

of each species in each cell), the method is very rapid and gives good unbiased results 

(Bullock 1996). Abundance estimates are sometimes very time consuming (e.g. counting 

the number of individuals of each species in each cell) or highly subjective (e.g. Braun-

Blanquet scale) (Mueller-Dombois & Ellenberg 1974; Slingsby & Cook 1986; Kent & 

Coke

ethod 

 & Ellenberg 

1974; Slingsby & Cook 1986; Kent & Coker 1992; Bullock 1996). The main problem of 

r 1992; Bullock 1996). 

Experimental protocol 

In order to have a more detailed idea of the plant species composition in the Azorean 

semi-natural pastures, 63 permanent quadrats (21 in each island) were demarcated. 

Following partially the methodology of Gibson et al. (1987), a wooden 1 m2 frame, with 

strings to give 25 (20 x 20 cm) cells, was placed over the permanent markers of each 

quadrat (painted posts). In each cell, I recorded the plant species present. The location of 

the semi-natural pastures was partially at random, because their actual distribution in the 

islands is restricted to some areas. Within each "Cerrado", three 1 m2 permanent quadrats 

were marked at random. A total of seven sites were studied in each island, two of them 

being the fenced semi-natural sites used in the main study and another two from the 

surrounding unfenced area (named as “2.1 outside”, “2.2 outside”, etc.). 

 

2.3.1.2. Point-quadrats 

The suitability of the m

The "point-quadrat method" (Goodal 1952, 1953), (= Point intercept method of 

Jonasson (1988)), has some limitations for the study of several types of vegetation (Kent & 

Coker 1992; Bullock 1996). In spite of that, there is no other method that can combine a 

high level of accuracy, absence of problems with edge effects and quick sampling for 

herbaceous vegetation (Mueller-Dombois & Ellenberg 1974). 

In theory, reducing a quadrat to zero, this point will be infinitely small. In practice, 

this sampling-point-quadrat is represented by a metal pin (Mueller-Dombois

 



using

 the main estimate we can obtain with this method (Goldsmith et 

al. 1986; Kent & Coker 1992), but the method is also used as a non-destructive method for 

above

n, a greenhouse to protect from wind and rain are equipment necessary to 

provi

lant species composition, abundance and structure. In each of the 

20 plots, two linear frames were placed at random. The number of touches on each living 

plant species was recorded in 2 cm (below 10 cm) or 5 cm (10 cm and above) height 

intervals, to provide a measure of sward architecture. Thus, a total of 400 pins was used to 

sample each field site.  

 

2.3.2. Arthropods 

During four main sampling periods (Spring, Summer and Autumn 1994; Summer 

1995), two commonly used methods of sampling arthropods were used: pitfall traps and 

suction. Despite the limitations of pitfall trapping, there is no other method that can 

combine a high level of accuracy with low operation costs (Southwood 1978; Adis 1979). 

Taking into account that the suction sampling is an "absolute" method suitable to estimate 

abundances of the vegetation dwelling herbivores (e.g. Homoptera, Heteroptera, 

Thysanoptera, Chrysomeloidea and Curculionoidea and small Lepidoptera larvae) and also 

 this method can be summarized as follows: (1) the diameter of the point-quadrat pins 

should be theoretically zero, and therefore the diameter used will affect the cover estimate 

(Goldsmith et al. 1986), and therefore, (2) as the pin has some thickness, when contacts are 

recorded some overestimation occurs (Wilson 1963; Bullock 1996). However, the method 

is widely used for grasslands and can give accurate results if using a narrow quadrat needle 

(recording contacts with the sharpened point, but not the sides) and applying correction 

factors (Wilson 1963). 

Cover abundance is

ground biomass estimation (Daget & Poissonet 1971; Jonasson 1988; Frank & 

McNaughton 1990). Wilson (1963) has also used it for the acquisition of a foliar area 

index. Recently, Stampfli (1991 and 1992) found that a needle of 3 mm in diameter, an 

apparatus of high rigidity, a water level, guide lines and permanent marks for exact needle 

localizatio

de an exact measure of vegetation. Clearly, this level of sophistication is not practical 

in the current circumstances. 

Experimental protocol 

The same frame, comprising ten equally-spaced vertical 3.00 mm diameter point-

quadrat pins, used by V. K. Brown and colleagues at Silwood Park (cf. Gibson et al. 1987), 

was used to survey the p

 



some pred e pitfall 

was also to sample nocturnal and large diurnal active epigean soil arthropods (e.g. large 

noctu

 fact, results showed that pitfall and 

suction are largely complementary methods in determining species composition, and 

theref neous utilization highly improved the overall knowledge of the 

arthro

ological problems (see revision in Adis 1979). I am aware that distribution of 

speci

fferent places during a 

comp

ators (e.g. web-building spiders, small Staphylinidae), the aim of using th

id larvae, Diplopoda, Chilopoda, some large Heteroptera, wandering spiders, ground-

beetles, rove-beetles, large Curculionoidea, etc.). In

ore, their simulta

pod communities. 

 

 

2.3.2.1. Pitfall traps 

The suitability of the method 

The use of pitfalls as well as the type of killing-preserving agents carry some 

method

mens in pitfall traps may often not reflect relative frequencies of species in the field 

(see Jarosík 1992) and that they do not provide absolute measures of species density 

(Southwood 1978; Topping & Sunderland 1992; Powel et al. 1996). This happens mainly 

because the number of individuals caught depends partly on their locomotory activity. 

However, Baars (1979) considers that, with the help of continuous pitfall sampling, a 

reliable relative measure of the size of carabid populations can be obtained. Moreover, 

Downie et al. (1996) assumed that providing the habitats under study are not too different 

in vegetation structure, pitfall trap samples of a species in di

arable time period can be a reflection of their abundance. Since pitfall trapping was 

neither continuous nor the sown and semi-natural field sites have similar vegetation 

structure and soil topography, it was decided to use pitfall data only for the 

presence/absence data sets. 

The use of different killing-preserving agents may also cause some distortion of the 

pitfall results (Luff 1968; Southwood 1978; Adis 1979). To achieve a better inventory of 

the species in a community, various killing-preserving agents can be used simultaneously 

(Adis 1979). With that aim, three killing-preserving agents (formalin solution, vinegar 

solution and Turquin’s liquid) have been recently used in pitfall traps to study the seasonal 

activity of the epigean soil arthropods from an area of pine woodland (Borges 1992b) and 

ground-beetles (Borges & Serrano 1993; Borges 1995) of Terceira (Azores).  

 



For the present work, it was desirable to have an inexpensive preservative but with 

good neutral qualities. Ethylene glycol was chosen from potential candidates (e.g. 

formaldehyde, alcohol, acetic acid) because is widely used in ecological work and is 

considered a good neutral preservative. However, Holopainen (1990) considers that 

ethylene glycol can be also selective, capturing more ground-beetles than control traps and 

also giving biased estimates of female/male ratio of carabid communities. Following the 

sugge

n the 

12 fie

stions of Hall (1991), I took some precautions in the manipulation of this liquid in 

the field and laboratory. 

Experimental protocol 

The pitfall sampling consisted of seven consecutive days (nights) of sampling i

ld sites. A set of twenty pitfall traps was used, and positioned according to the grid 

structure described. Each trap was dug into the ground flush with the substrate in the corner 

of each plot (30 cm to the inside). All four corners were used, one on each sampling 

occasion. 

A model of the pitfall trap used is presented in Figure 2-4, being a plastic cup with a 

trap diameter of 110 mm and a depth of 70 mm. The killing-preserving agent used was 

ethylene glycol (anti-freeze). Each trap was half-filled with the preservative with a little 

detergent (Teepol) added to lower the surface tension of the solution. Each trap was also 

protected against the rain with a white plastic dish cover fixed to the ground by three pieces 

of wire (see Figure 2-4). 
 

 
 

 



Figure 2-4. Model of pitfall trap used in the present study (see text for further 
explanations). 

 

Each sample was stored in a one-way baby nappy liner in large bottles with 70% 

ethan g. 

ed less extensively in ecological work (but see 

Brow

bration (Pruess & Whitmore 1976), but for the 

Univa

ol with some drops of glycerol prior to sortin

 

2.3.2.2. Suction 

The suitability of the method 

Southwood (1978) made a fine review of several insect suction sampling techniques 

with emphasis on the widely used D-vac and adaptations. A revision in the CABPESTCD 

of the works published since 1973 gives 60 papers on Applied Entomology and Applied 

Ecology that have used the D-vac for sampling mainly Acari, Araneae, Homoptera, 

Heteroptera, Coleoptera (Staphylinidae, Nitidulidae, Chrysomelidae, Curculionidae) in 

crops. 

The D-vac (Dietrich 1961) has been used extensively also in ecological work (see 

Southwood et al. 1979 and V. K. Brown and colleagues succession work since then; but see 

also Morris 1973, 1990a,b and c; Nagel 1979; Good & Giller 1990 and 1991). It has been 

used mainly to sample herbivorous insects (Heteroptera, Homoptera, Thysanoptera, 

Coleoptera (Chrysomelidae, Curculionidae)), but also predators (e.g. Araneae by Gibson et 

al. 1992a), in grasslands. Smaller machines like the "Univac portable insect suction 

sampler" (Arnold et al. 1973) have been us

n et al. 1987; Evans 1988; Gange et al. 1989; Galton 1993). 

For the D-vac, there is an extensive experimental work on its efficiency (see for 

instance Smith et al. 1976; González et al. 1977; Simonet et al. 1979; Törmälä 1982; 

Harcourt et al. 1983; Hand 1986) and cali

c only Henderson & Whitaker (1977) have assessed its efficiency in grassland.  

Recently, several new smaller suction machines developed in order to replace the 

heavy weight non-portable D-vac in ecological work. Good examples are: 1) the ECHO 

(Summers et al. 1984), a lighter backpack unit similar to the Univac, in which the 

arthropods are collected in a cloth net bag; 2) the Ryobi RSV3100E sweeper-vac, described 

in Macleod et al. (1994), and the "Blow & Vac" (Stewart & Wright 1995) are very similar 

light weight suction devices, consisting mainly of modifications of petrol driven machines 

normally used to collect leaf litter; 3) the "Vortis" suction machine is a light weight 

portable suction sampling system developed by Arnold (1994) with many distinct 

 



advantages over previous methods. Arthropods are collected in collecting vessels (several 

sizes and shapes are available) and not in bags or filters, which enables the operator to take 

a high number of replicates in a short period of time. The arthropods collected are sampled 

without damage and may be returned to their habitat if required. The apparatus is light (7.8 

kg) and fully portable (overall height 930 mm) and can be easily operated by one person 

and the collected material does not impede air flow. 

Despite the limitations of suction methods in the sampling of several types of 

arthropods (e.g. large epigean soil-dwelling arthropods like ground-beetles, hunting 

spiders, large lepidopteran larvae) (Ausden 1996), this technique is generally recommended 

for studies of field stratum arthropods in grassland (Southwood 1978; Törmälä 1982). 

The present study was carried out in three different oceanic islands and at high 

altitude pasture sites where in some cases access was difficult. Taking into account these 

constraints, the selection of the "Vortis" brought great advantages, mainly due to it being 

fully portable and fast to operate. During the two years of field work, I had some problems 

with the engine, but these were easily overcome by a technician. The main advantages of 

this machine are undoubtedly its light weight and the ease of retaining and removing the 

samples. This enabled an operator to get 20 two minutes samples (four 30 seconds 

subsamples) in about one hour of continuous work. The amount of debris in the collecting 

vesse

rth, Hertfordshire, England) were used to sample the herbivorous and 

preda

ner of the 

3x3 m 2). The collection nozzle was held in position 

for 30 seconds on each occasion. To simplify the sorting process, the four subsamples were 

l is highly dependent of the type of substrate sampled, but since the pastures have a 

dense cover of perennial grasses the samples were very clean. When loose soil is sampled, 

the samples are very dirty with a mixture of soil and plant debris. It is then necessary for 

them to be placed in Tullgren funnels for easy extraction of the arthropods. Although time 

consuming, this assures greater accuracy. 

Experimental protocol 

Two identical "Vortis" suction apparatus (Burkhard Scientific - Sales - Ltd., 

Rickmanswo

tory arthropod assemblages in the sites. The acquisition of an extra machine reduced 

difficulties in transport between islands. 

The sampling on each occasion was carried out between 11.00 and 18.00, and only 

when the vegetation was completely dry and the wind conditions acceptable. In each of the 

20 plots of each field site, four random subsamples were taken, one in each cor

 square plots (covering a total of 0.8 m

 



taken

 process, a decision was taken concerning 

the arthropod groups to be studied. Taking into account the sampling methods used to 

samp ng herbivores and all the predatory groups 

were 

 successively without changing the collection vial. The samples were stored in tubes 

with 70% ethanol with some drops of glycerol prior to sorting.  

 

2.3.2.3. Species sorting and identification 

A total of 960 pitfall samples (20 pitfall traps x 12 sites x 4 sampling periods) and 

960 suction samples (20 suction samples x 12 sites x 4 sampling periods) were taken during 

the course of the study. Before starting the sorting

le the arthropods, sap-feeding and chewi

chosen for analysis. For the guild assignment of each taxonomic group, I followed 

Moran & Southwood (1982) and Stork (1987). The taxonomic groups belonging to the 

above mentioned guilds in the suction and/or pitfall samples were the following: sap-

feeders (for simplicity, referred to subsequently as suckers) - Heteroptera (Tingidae, 

Miridae, Lygaeidae, Rhopalidae, Cydnidae and Pentatomidae), Homoptera (Cicadellidae, 

Delphacidae, Coccidae, Pseudococcidae, Aphididae), Thysanoptera; chewers - Diplopoda, 

Lepidoptera and Coleoptera (Carabidae, Dryopidae, Elateridae, Nitidulidae, Anaspidae, 

Chrysomelidae, Rhynchophoridae and Curculionidae); predators - Chilopoda, 

Pseudoscorpiones, Opiliones, Araneae, Heteroptera (Nabiidae, Miridae and Anthocoridae), 

Thysanoptera (Aelothripidae), Neuroptera and Coleoptera (Carabidae, Staphylinidae, 

Melyridae, Cucujidae and Coccinellidae).  

" refers to species that use similar resources in a similar manner 

(Root

species identification (see below). I 

identified most of the Coleoptera; 4) The Spring and Summer 1994 pitfall samples (480) 

Since the term "guild

 1967), and clearly this is not the case with the above mentioned groups of species, 

thereafter, I will use the term "assemblage" to indicate co-occurring species in a given 

habitat (see Underwood & Petraitis 1993). 

The sorting process was a major project and divided into several parts. 1) Spring and 

Summer 1994 suction samples were sorted into the major groups (a total of 480 samples); 

2) the morphospecies were defined. The Summer 1994 sample was chosen as more 

appropriate because a great proportion of the specimens were adults and therefore easier to 

identify. It is nowadays very common to use morphospecies in biodiversity studies without 

compromising scientific accuracy (Oliver & Beattie 1996) and with some clear advantages 

due to the difficulty in getting expertise in all taxonomic groups (Gaston 1996a); 3) The 

morphospecies were sent to several taxonomists for 

 



were sorted into the major predatory arthropod groups and assigned to morphospecies. All 

the h

e to difficulties in 

morphological distinction between them. Therefore, for such groups, juveniles can be only 

used  at levels higher than species (e. g. total abundance of 

Linyp

960 suction samples, the remaining 480 pitfall samples and the 960 pitfall herbivore vials 

was undertaken; 6) Finally, all the new morphospecies were sent to taxonomists for 

identification: Diplopoda (H. Enghoff), Heteroptera (J. Hollier and J. Ribes), Homoptera-

Auchenorrhyncha (J. Hollier and J. A. Quartau), Coccoidea (G. Watson), Aphididae (F. 

Ilharco and R. Blackman), Thysanoptera (G. J. du Heaume and R. zur Strassen), 

Lepidoptera (V. Vieira), Chrysomelidae (D. Erber and myself), Curculionidae (R. Booth, 

A. Serrano and myself), other Coleoptera (myself), Chilopoda (myself), Araneae (J. 

Wunderlich) and Neuroptera (V. J. Monserrat). The Opiliones and Pseudoscopiones still 

need identification. 

As a result of the specialists’ identification work, some errors in the morphospecies 

assignment were detected, mainly synonyms between developmental stages of the same 

species. Such type or splitting errors were expected and occurred mainly with the 

Aphididae and Lepidoptera. As a consequence of sexual dimorphism, some spider 

morphospecies were also grouped together. Cases of lumping together two or more species 

as one morphospecies occurred rarely, but I am aware of the fact. As only some specimens 

of each morphospecies were sent for identification some species may have been 

overlooked. 

However, many of the patterns described were identified before all the 

morphospecies were properly named. This signifies that for particular types of studies and 

for some of the chapters of this thesis (e.g. Chapters 6 and 7), morphospecies could have 

been good surrogates for species (Oliver & Beattie 1996; see also Gaston 1996a). Indeed, 

where taxonomic knowledge is restricted, such as in the tropics, this is the norm. 

 

2.3.3. Meteorological data 

erbivores were stored together in a common vial for subsequent sorting into 

morphospecies. The number of specimens of each morphospecies was recorded, reporting 

whenever possible the developmental stage (nymphs, larvae, juveniles, adults - 

brachypterous, alatae) and sex (males, females). For some species of linyphiid spiders and 

Aphididae, it was not possible to count the number of juveniles du

in estimates of abundance

hiidae); 5) With the experience gained, morphospecies-abundance sorting of all the 

 



Six small meteorological stati in thermometer and a pluviometer 

were used to record the temperature and rainfa  at weekly intervals. The meteorological 

stations were tude, 

where t l 

station were the following: 1.2 and 2.1 in S. Maria; 3.2 and 4.1 in Terceira; 5.1 and 5.2 in 

Pico. Having into account the distribution of the sites (see Figure 2-3), only sites 1.1 and 

2.2 ha

ve an idea of the effect of micro-topographical structure of the field 

sites 

mean

ons with a max-m

ll,

 placed one in each type of pasture and in the extreme ranges of alti

he field sites occurred in each island. Therefore, the sites with a meteorologica

ve no estimate of temperature and rainfall. 

 

2.3.4. Soil samples 

Soil samples were taken during the last sampling period of 1994 and also in the 

equivalent period of 1995. In each field site, three cores were taken from each plot with an 

"Irish lead apparatus". In the laboratory, all samples were homogenized and mixed to 

obtain a "composite sample". The samples were assayed for NPK, organic matter and soil 

pH: for P the Olsen method was used; for K we used the Double Acid Method; for N the 

Macro-Kjedhal method; the Organic matter was obtained by "Loss of weight by 

Calcination". All the analyses were performed at the Soil Section (Universidade dos 

Açores, Dep. de Ciências Agrárias). 

 

 

 

2.3.5. Topography 

In order to ha

on the plant species richness and structure, the topography of each field site was 

investigated. For this survey, modified point-quadrat pins were used. The modified point-

quadrat pin maintained the five 2 cm height intervals (below 10 cm), but from the 6th 

height interval all 5 cm height intervals were divided in two 2.5 cm intervals. Therefore, 

the 6th height interval became 6th and 7th and so on. After sampling the vegetation with 

the 10 pins point-quadrat frame, a ruler (with a level placed on it) was put in the ground 

and the height interval of each pin touching the ruler recorded. Two frames of 10 pins each 

were sampled per plot. The micro-topographical index was calculated using the "weighted 

 height index" described later in Chapter 4. The values presented in Table 2-2 are 

means that were obtained from 20 plots for each site. 

 

 



2.3.6. Data sets 

All primary data (involving seasonal presence/absence data for vascular plants and 

arthropods, Importance Values for vascular plants, arthropod abundance - Suction - and 

arthropod activity density - Pitfall) not presented in the Appendix section, are available 

from Paulo Borges (Universidade dos Açores, Departamento de Ciências Agrárias, 9700 

Angra do Heroísmo, Açores, Portugal; e-mail = pborges@dca.uac.pt).  

 

2.3.7. Statistical analysis 

This is discussed in relation to each chapter. 

 

 



CHAPTER 3 

tance. Thus, pasture is currently the dominant vegetation in this 

volca

unity 

(Dias 1996). Most SNP is located at high altitude in recent infertile acid volcanic soils (e.g. 

Terce ill poor soils (e.g. S. Maria). 

escribed in detail all the plant communities occurring in the Azores, 

although little attention was paid to pasture. Surveys of the vascular plant species 

composition of Azorean pastures are almost confined to the works of Dias (1986) and 

Olive

pastures and two types of SNP. The most important environmental variables influencing 

plant  management and 

altitude (including several climatic factors that are correlated with altitude) (Oliveira 1989).  

ement, but usually 

in the SNP the grazing pressure is concentrated in the late Spring and Summer. In the more 

intensively managed SP, grazing occurs throughout the entire year. These grazing 

 
PLANT AND ARTHROPOD SPECIES COMPOSITION  

OF SOWN AND SEMI-NATURAL PASTURE COMMUNITIES 
 

3.1. Introduction 

More than half of Azorean land is pasture of some kind (Garcia & Furtado 1991). 

Native forests have been destroyed by humans ever since the colonization of the islands for 

agricultural activities. After several economical cycles, and some disastrous experiences 

with different types of monocultures (e.g. wheat Triticum spp.; "Pastel" Isatis tinctoria L.; 

orange-tree Citrus spp.), during the second half of the 20th century cattle milk production 

has grown in impor

nic archipelago: in 1985 the estimated area of arable land in the Azores was 65.3 % of 

the total area; of this, 67.7% is good pastureland used for milk production, although, there 

is also poor arable land, mainly the high altitude, semi-natural pasture (SNP) comprising 

11.2% of the total area (Garcia & Furtado 1991). The latter is a poorly studied comm

ira and Pico), or in more mature but st

Cattle production tends to create a uniform pastureland landscape, with plant 

communities dominated by introduced grasses and leguminous forbs, while native forbs 

(e.g. Lotus uliginosus), grasses, rushes, sedges and ferns are also common in the poorly 

managed old SNP.  

Dias (1996) d

ira (1989). Oliveira (1989) has shown that there are several pasture plant communities 

on the largest Azorean island (S. Miguel) and describes five types of permanent sown 

species composition in the pastures from S. Miguel are grazing

Both sown pastures (SP) and SNP are under cattle grazing manag

 



mana both the vegetation and 

the ar

 ecology of the pastureland plants (but see Dias 1986; 

Oliveira 1989) and, virtually nothing about pa position and 

comm ore detail plant-

arthro istribution of both plants 

and a opods (Chapter 6) and the 

influence of several geographical factors on arthropod species richness (Chapter 7), this 

chapt hropod communities. The 

aims  SNP habitat within each 

island, are the two selected replicates of SN

twelve main sites in terms of plant and arthropod species composition and abundance; 3) to 

search for patterns in the occurrence of species in SP and SNP, or in each of the three 

studie

.2.1. Plant data sets 

 (forbs, 

grasses, sedges, rushes and ferns) occurring in the 12 pasture sites, using point-quadrat and 

obser

resence/absence matrix was created with data obtained 

during three field seasons (Spring, Autumn 1994 and Summer 1995) (Appendix III). Note 

that the records for each of the 21 SNP sites resulted from pooling the data of three 

perma

sian 

vascular plants of Hansen & Sunding (1993). 

gement practices probably have an effect on the structure of 

thropod fauna. 

Relatively little is known of the

stureland arthropod species com

unity structure in the Azores. Therefore, before investigating in m

pod abundance relationships (Chapter 4), patterns in the d

rthropods (Chapter 5), local-regional processes in arthr

er begins with a detailed description of the plant and art

of this chapter are: 1) to evaluate how representative of the

P from each island; 2) to characterize the 

d islands.  

 

3.2. Materials and Methods 

3

A pooled data set (Appendix II) was created for vascular plant species

vational data obtained during five field seasons (Spring, Summer and Autumn 1994 

and Spring and Summer 1995) (see Chapter 2 for details on sampling protocol). The 117 

species were organized as a presence/absence matrix. I collected information on a number 

of characteristics for all species, namely their life-history attributes (annual, monocarpic 

perennial, perennial species) (Franco 1971, 1984) and colonization status (Hansen 1988).  

In order to access whether the SNP sites chosen are representative in the three studied 

islands, another five sites per island were studied (see also Chapter 2 for details on 

methodology). For this purpose a p

nent 1x1 m plots. 

The families and species nomenclature follows the recent checklist of Macarone

 

 



3.2.2. Arthropod data sets 

Arthropod distributions for the 12 field sites were obtained from four complete field 

samples (Spring, Summer and Autumn 1994 and Summer 1995) in which pitfall traps and a 

mechanical suction device were used as complementary methods to survey herbivorous and 

predatory arthropods (see Chapter 2 for details). The presence/absence pooled matrix that 

was obtained (Appendix IV) was enhanced by direct field observations of insect herbivores 

taken during the Spring and Summer 1995, with equal additional sampling effort being 

applie

 being mainly given by taxonomists expert on the Macaronesian fauna 

who i

culated as described in Brown et al. (1987) and Evans (1988): 

      number of subplots containing a species 

 a species = ________________________________ , 

ber of subplots sampled (= 20) 

d to all plots. As a result, some species less prone to being sampled by the above 

mentioned methods were added to the matrix (e.g. some Orthoptera and adult Lepidoptera), 

and the size range of other taxa was increased by these additional records. In sum, the 

pooled data set was based on three different sampling methods, covering three seasons, in 

two different years.  

For each species, information was gathered on colonization status (in cases of doubt, 

a species was assumed to be native). The sources of information were independent for each 

taxonomic group,

dentified the morphospecies (see a detailed list of contributions in Chapter 2).  

 

3.2.3. Species abundance data sets 

For the characterization of the communities in terms of densities of plant and 

arthropod species, the Summer samples were selected, because the vegetation is at its 

maximum productivity at this time. The Summer of 1994 was chosen in preference to that 

of 1995 because the latter was an atypical year (one of the rainiest years in the Azores of 

the last 10 years).  

 

3.2.3.1. Vascular plants 

Plant species dominance-rarity information was characterized using Importance 

Values (I.V.), cal

  

Frequency of
  
      total num
 

 



 
     frequency of a species 
Relative Frequency = _____________________________ , 
     
    sum of the frequency of all species 
 
 
    number of individuals of a species 
Density of a species = ____________________________ , 
     area sampled (= 180 m2) 
 
 
     density of a species 
Relative Density = _______________________________ , 
     
    sum of the densities of all species 
 
 
     number of touches of a species from height profile pins 
Relative Cover = _________________________________________________ , 
     
     total number of touches of all species from height profile pins 

 

I.V. for a species = Relative Frequency + Relative Density + Relative Cover. 

The n Brown et al. 

(1987), the calculation of relative density makes the assumption that, where a height profile 

pin is touched a number of times by a given species, only one individual of that species is 

sampled by that height profile pin. Observatio  de in the field suggested that this 

assumption is realistic for forbs, rushes, sedges and ferns but less so for pastureland 

grasses. Grasses are underestimat  b hi m c rdi ly or grasses every two 

touches on a height profile pin were considered to be an individual. Field observations 

confirmed this to be more realistic.

 

 

 maximum possible importance value for a species was 300. As i

ns ma

ed y t s ethod; a co ng , f

 

3.2.3.2. Arthropods 

Arthropod abundance was assessed with a Vortis suction apparatus and is given as 

the number of specimens per square meter (see Chapter 2 for details on methodology). 

 

3.2.4. Data analysis 

 



Plants and arthropods were classified into one of three colonization categories: 

native, endemic and introduced. Native species arrived by natural long-distance dispersal to 

the Azores and are also known in other archipelagoes and on the continental mainland. 

Endemic species are those that occur only in the Azores either as a result of speciation 

event

tic, cosmopolitan species. 

Two methods were used to assess relationships between sites. The first of these was a 

classification method, TWINSPAN ("two-way indicator species analysis") (Hill 1979). 

TWINSPAN is a powerful method for summarising (Gauch & Whittaker 1981) and 

comparing complex communities (Kikkawa 1986). This divisive hierarchical technique is 

the only procedure that directly identifies indicator species, but it also has some problems 

in the identification of multiple gradients (Groenewoud 1992; Belbin & McDonald 1993). 

Matrices of species’ presence (1) and absence (0) were classified using the default options 

of TWINSPAN.  
The second method used Sörensen’s Index of Similarity, Cs, a simple but reliable 

measure of the extent by which two sites share species in common (Southwood 1978; 
Magurran 1988): Cs = 2J/(A+B), where J is the number of species common to the two sites 

and A and B are the number of species in sites A and B respectively. Three dendrograms 

(one for the vascular plants and the others for the herbivorous and predatory arthropods) 

were constructed using the method described by Southwood (1978), in which only the 

highest values of similarity are used. The similarity values obtained for the herbivorous and 

predatory arthropods were regressed against the similarity values obtained for the vascular 

plant species, and the similarity values obtained for the herbivores regressed against the 

similarity values of predatory arthropods, looking for community resemblance across three 

trophic groups.  

 

3.3. Results 

3.3.1. Species composition 

3.3.1.1. Vascular plants 

In the 21 SNP with permanent quadrats, a total of 84 vascular plant species were 

recorded which included 8 endemic species (forbs = 5; grasses = 1; rushes = 1; ferns = 1), 

s (neo-endemics) or extinction of the mainland populations (palaeo-endemics). 

Introduced species are those believed to be in the archipelago as a result of human 

activities, some of them being exo

 



 

29 native (forbs = 17; grasses 

(forbs = sedges = 1; rushes = 1). No obvious change in species 

comp sition was obtain t d

records (eight for S. Maria and four for Pico) being rare in the p rmanent quadrats. 

Average species richness in S. Maria and Terceira was slightly less in the main SNP sites 

(S. Maria = 31; Terceira = 21) than in th

22.6). The highest difference was in Pico, where 23.5 and 28 species were recorded 

respectively.  

The ontain  a total o 7 different species 

of vascular plants (71 forbs, 27 grasses, 11 sedges, 3 rushes and 5 ferns), belonging to 31 

families ( ix II  tot f 98 d ferent ecies f vascula ants were found in 

the SP and 88 in the SNP. In S. Maria more species were found in the SP (SP = 78; SNP = 

58), b

rushes (R) 
and ferns (Fr) found in sown and semi-natural pastures in the three islands 

  

= 1; sedges = 6; rushes = 1; ferns = 4) and 43 introduced 

26; grasses = 15; 

o  ed wi h the a ditional SNP sites from each island, the 12 new 

e

e additional SNP (S. Maria = 31.4; Terceira = 

 12 main field sites (six SP and six SNP) c ed f 11

see Append ). A al o if  sp  o r pl

ut slightly more species were found in the SNP in Terceira (SP = 37; SNP = 41) and 

Pico (SP = 42; SNP = 48) (see Table 3-1 for more details about numbers of species of 

forbs, grasses, sedges, rushes and ferns found in the SP and SNP of the three islands). A 

total of 27 species were found exclusively on SP (occurring 24 in S. Maria, 5 in Terceira 

and 2 in Pico) and 16 species were only found in SNP (occurring 5 in S. Maria, 7 in 

Terceira and 16 in Pico).  

 
Table 3-1. Number of species of forbs (F), grasses (G), sedges (S), 

studied.  
  
  Sown  Semi-natural   
  F G S R Fr F G S R Fr 
    
 S. Maria 53 21 4 0 0 30 20 5 1 2 
 Terceira 21 14 2 0 0 23 10 3 2 3 
 Pico 20 12 6 3 1 26 10 5 2 5 
 All islands           
 combined 61 26 7 3 1 49 22 9 3 5 

 

From the 113 species where it was possible to determine the colonization status, eight 

(7%) (5 forbs, 1 grass, 1 rush and 1 fern) are Azorean endemics (2 species occurring in S. 

Maria, 4 in Terceira and 6 in Pico) (see Table 3-2); 31 (27%) (21 forbs, 2 grasses, 3 sedges, 

1 rush and 4 ferns) are native to the Azores (17 species occurring in S. Maria, 20 in 

Terceira and 23 in Pico) (see Table 3-2); and 74 (65%) (42 forbs, 24 grasses, 7 sedges and 



 

1 rush) are considered human introductions to the archipelago (66 species occurring in S. 

Maria, 31 in Terceira and 28 in Pico) (see Table 3-2). Most of the endemic and native 

eae)  Gramineae 

ade up of introduced species.  

(0.65 in the SP; 1.1 in the SNP). 

species are forbs, sedges, rushes and ferns. The Compositae (= Asterac and

(= Poaceae) are almost exclusively m

The average ratio native/introduced species is 0.28 for sites from S. Maria (0.25 in 

the SP; 0.3 in the SNP), 0.55 in Terceira (0.2 in the SP; 0.9 in the SNP), and 0.88 in Pico 



Table 3-2. Number of species of forbs, grasses, sedges, rushes and ferns from 
the three main colonization categories (endemic, native, introduced) in the 
three islands studied.  
   

  Forbs Grasses Sedges Rushes Ferns Total 
 S. Maria  
 endemic 2 0 0 0 0 2 
 native 11 1 3 0 2 17 
 introduced 40 22 3 1 0 66 
 Terceira       
 endemic 1 1 0 1 1 4 
 native 12 1 4 1 2 20 
 introduced 16 14 1 0 0 31 
 Pico       
 endemic 3 1 0 1 1 6 
 native 10 2 6 1 4 23 
 introduced 17 10 0 1 0 28 

 

Most of the species are perennial, the annual species occurring mainly in S. Maria, 

where a drier climate favours the occurrence of this life-history group in the pastures. The 

species, Bromus arvensis L., Bromus erectus Huds. and Carex demissa Hornem., are 

probably new records for the archipelago, but their identification has yet to be confirmed. 

Other species are new records for particular islands, such as Digitaria sanguinalis (L.) 

Scop., Elytrigia (= Elymus) repens (L.) Nevski and Carex curta Good. for S. Maria, and 

Dactylis glomerata L. ssp. glomerata  for Pico. 

 

3.3.1.2. Arthropods 

A total of 237 arthropod species (128 herbivores and 117 predators; some species 

were listed as both herbivores and predators) were sampled during this study by means of 

pitfall, suction and direct search (see detailed methodology in Chapter 2). 

Table 3.3 summarizes the data presented in Appendix IV. It shows that the species 

richness of most taxa at a local scale, at a habitat scale and at a island scale is higher on S. 

Maria and lower on Pico. Species richness is always intermediate on Terceira. These data 

and main patterns will be used and discussed in more detail in analyses later in the thesis 

(see Chapter 7). The main trends in introduced species are: S. Maria = 83 spp. (44%); 

Terceira = 54 spp. (43%); Pico = 38 spp. (43%). Endemic species numbers and percentages 

bers were: S. Maria = 18 spp. (17%); Terceira = 10 

spp. (14%); Pico = 5 spp. (10%). 

in relation to the autochthonous num

 



 

  Table 3-3. The numbers of species of herbivores and predators per field site, habitat and island.          
                          

     S. MARIA           TERCEIRA           PICO             
   Sown   Semi-natural Sown   Semi-natural Sown   Semi-natural 
  TAXA  1.1   1.2   2.1   2.2  3.1   3.2   4.1   4.2  5.1   5.2   6.1   6.2 
                          
 ES       
 
  

  
  

   
   6
   
   8
   
   
   1
  28 
 40    

HERBIVOR
 
 
 
 Cicadellidae 

 Delphacidae 
 Sternorrhyncha 
a 
  
 Chrysomelidae 
 Curculionidae 

 (Other) 
Total per fie

Total per h

            
 4  3  4  4  1  3  
 1  2  1  2  1  1  
 8  6  5  7  3  3 
 4  2  4  3  4  3 
 6  4  5  5  2  2 
 12  9  12  11  4  5 
 6  6  7  6  3  2 
 17  12  18  20  11  14 
 2  3  3  1  3  3 
 3  3  3  5  3  2 
 10  8  5  7  5  6 

ld site=   73   58  67   71  40   44  
abitat=    88       86      51     

       
2  2  1  1 
1  1  1  1 
2  2  1  1 
2  1  1  1 
2  3  2  3 

  4  5  5 
1  2  1  2 

  7  10  7 
1  2  2  1 
2  3  1  3 

  1  2  0 
  28  27   25 

36       33   

Diplopoda
Orthoptera

 Heteroptera
 Homoptera,

Homopera,
Homoptera,
Thysanopter
Lepidoptera
Coleoptera,
Coleoptera,
Coleoptera

1 
0 

 2
 2
 3
 5
 1
 7
 2
 3
 1

27 

  

 
 

 
 
 
 
 
 
 
 
 

  

1 
1 

 5
 3
 2
 7
 1
 10
 2
 3
 2

37 

  

 

    Total per island=      104        67     43    
    

   
 piones 0   

 1   
  16   13

 2   
a  0   

 Neur   0  0  
 3  3  

 Cole  Staph  11  14  10
(Othe  0  0  

 ld site 37   39  32 
 abitat   47      

PREDATORS

 

Carabidae 
ylinidae  

rs) 
Total per fie

Total per h

              
 2  3  1  1  3  1 
 0  0  0  0  0  0 
 1  1  1  1  1  2 
 21  23  19  19  16  15 
 2  4  1  2  2  1 
 1  1  1  1  1  0 
 1  1  0  2  1  1 
 9  5  6  7  7  7 
 17  14  13  17  13  12 
 4  4  2  3  2  2 

=   58   56  44   53  46   41  
=    71       68      52     

 
 4
 

 
 3
 0
 1
 16
 2
 0

      
3  1  2  2 
0  0  1  0 
0  0  0  0 

  13  12  11 
2  3  2  2 
0  0  0  0 
0  0  0  0 
4  4  4  3 

  14  11  15 
0  0  0  0 

  35  32   33 

41       38   

 Chilopoda 
Pseudoscor

 Opiliones 
Araneae 

 Heteroptera 
 Thysanopter

optera
 Coleoptera, 

optera,
 Coleoptera 

 island       Total per =     91        63   48    
       

 RB. + d site 63   75  58 

             

s)  125   
11
0  ##   ##  82   83  

      

  60  57   57 HE PRED. (Fiel



 Total per habitat=    153       150      99       86      74       69   
 Total per island=         189               125               88       
                          

 

 



Several of the sampled arthropod species are new records for the Azores or individual 

islands. In summary, 22 species were not previously known from the islands, five of which 

are considered endemic (4 from S. Maria and 1 from Terceira) and are currently being 

described. 61 species are new records for S. Maria, 20 for Terceira and 27 for Pico. S. 

Maria and Pico are islands that have been surveyed less intensively than Terceira (see 

Borges 1992a), so the high number of new records is not surprising. All such data will be 

the subject of a detailed taxonomic and biogeographic study and will be published 

elsewhere. 

 

3.3.2. Classification of the sites (TWINSPAN) 

3.3.2.1. Vascular plants 

The semi-natural  pasture (SNP) sites 

Figure 3-1 shows a classification of the 21 SNP sites from the three islands studied, 

together with the indicator species at each division. The indicators species of S. Maria are 

mostly human introductions, and those of Terceira and Pico are mainly native and endemic. 

A total of seven end groups was recognized by the TWINSPAN analysis. The first 

dichotomy made a clear separation between the 14 sites from the two islands from the 

Central Group (Terceira and Pico) and the seven sites of the older and easternmost island 

(S. Maria). This first division cuts across a gradient of humidity, with the indicator species 

of S. Maria being all introduced forbs and grasses well adapted to drier conditions (e.g. 

Crepis capillaris, Leucanthemum vulgare and Paspalum dilatatum). The indicator species 

of the sites from Pico and Terceira are either native (e.g. Potentilla anglica and 

Hydrocotyle vulgaris) or endemic (Luzula purpureo-splendens) and adapted to wetter 

conditions. In terms of relative abundance, none of the indicator species of the Pico-

Terceira sites was particularly frequent in the permanent plots, but some of the indicator 

species of the seven sites from S. Maria were particularly abundant (e.g. Arrhenatherum 

elatius bulbosum, C. capillaris and P. dilatatum). 

The 14 sites of the Pico-Terceira complex were divided in two groups, one with all 

the sites from Terceira and another with all the sites from Pico, suggesting a strong "island 

effect" on the structure of the vegetation. 

The final seven groups may be interpreted in terms of the ecology of the indicator 

species and the characteristics of the sites as follows: 

 



Group 1: includes only one site from Pico, being the most recently man-made of all 

21 sites. One of the two indicator species is an Azorean endemic fern, Dryopteris 

intermedia azorica, characteristic of wet, slightly exposed habitats (Sjögren 1973) and the 
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other, the native forb Epilobium obscurum, also prefers wet habitats in the Azores 

(Sjögren 1973). Also important, is the fact that this site is on a very recent lava flow 

(Mistério da Prainha), with soil mainly composed of recent basaltic rocks and highly 

drained. 

Group 2: three sites are included, the main 6.2 site and the outside parts of the main 

sites 6.1 and 6.2 from Pico. Two widely distributed and common introduced pasture species 

are indicator species (Cerastium fontanum vulgare and Lolium multiflorum). 

Group 3: the last three sites from Pico are included here, the main 6.1 site and the two 

other sites (Longitudinal and Frei Matias). All these three sites are lightly managed and 

badly drained, with the formation of "hummocks" as an adaptation of plants to periodic 

flooding, topographic conditions, cattle trampling or a combination of some of the former 

together with a fortuitous result of the morphology of some of the dominant species (e.g. 

the mosses Polytrichum spp.). Carex demissa is the indicator species, being one of the 

commonest sedges at these sites. 

In the separation of Groups 4 and 5 (sites from Terceira), there is a difference in 

management. In fact, the three sites in Group 4 are less intensively managed than the four 

sites in Group 5.  

Group 4: includes three sites characterized by a high cover of bryophytes as a 

consequence of a poor management. Scutellaria minor is the indicator species. 

Group 5 : is made up of the two main sites 4.1 and 4.2 and also by the unfenced 

outside parts of those sites. Six species were considered to be indicator species. Sagina 

procumbens, Sibthorpia europaea and Scirpus setaceus are tolerant of drought, occurring 

on lava flows or other dry situations, but they are also commonly found below the water 

level around lakes in the Azores (Sjögren 1973). These three species, together with 

Ranunculus repens (in wet habitats), are commonly found in other native Azorean habitats. 

C. f. vulgare and Trifolium repens are indicators of a more intensive management by 

comparison with the Group 4 sites. S. procumbens is included by Sjögren (1973) in a high 

altitude grassland association that also includes species like Anthoxanthum odoratum, 

Leontodon taraxacoides longirostris, Lotus uliginosus, Plantago lanceolata, Potentilla 

anglica and Prunella vulgaris, all common at these sites. 

In the division of the seven sites of S. Maria (Groups 6 and 7), there are altitude 

(humidity) and exposure differences. In fact, Group 6 includes the four sites located at the 

higher altitude (380-500 m) and protected by Cryptomeria japonica wind barriers, whereas 



 

Group 7 includes three semi-natural sites located at a lower altitude (360 m), but highly 

exposed. 

Group 6: four very wet sites in S. Maria. Rumex obtus ius obtusifolius prefers wet, 

somewhat exposed habitats and is particularly abundant at these sites. 

Group 7

ifol

: three sites characterized by the presence of species adapted to drier 

conditions. Indicator species were the native grass  and the 

anthropochorous species Bromus erectus, Sonchus oleraceus Sporobolus indicus. 

In a phytosociological classification, the SNP sites from Terceira and Pico may be 

classified as "Polytricho-Holcetum" (Oliveira 1989) but with also a predominance of 

Agrostis castellana. The sites from S. Maria do not fit into the phytosociological groups 

defined by Oliveira (1989) for S. Miguel. 

 

The 12 main sites 

The separation obtained between the sites [1.1, 1.2, 2.1, 2.2 (S. Maria), 3.1, 3.2 

(Terceira)] and [4.1, 4.2 (Terceira), 5.1, 5.2, 6.1, 6.2 (Pico)] (Figure 3-2) follows a gradient 

of humidity and altitude. Indeed, the first six sites (1.1 to 3.2) had less rainfall during the 

years of 1994 and 1995 than the remainder (see Chapter 1; Figure 1-3), the values of 

precipitation obtained being highly correlated with the altitude of the sites (log rainfall = 

0.63 + 0.93 log altitude, n = 10, r = 0.75, p = 0.01 for 1994; log rainfall = 0.05 + 1.22 log 

altitude, n = 10, r = 0.94, p = 0.0001 for 1995) (Note that only ten data points were used, 

since in S. Maria only two values were available; see Section 2.3.3. in Chapter 2). From the 

indicator species of the wet sites (Figure 3-2), two are endem  and L. 

purpureo-splendens) and the other four are native species all adapted to moist, acidic 

habitats. The indicator species from the drier sites are com

Four of these species (excluding Cyperus rotundus) are very com on at the four sites from 

S. Maria, but rare at the two drier sites from Terceira (3.1 and 3.2). 

TWINSPAN identified four groups. The drier sites were split also according to 

differences in humidity and elevation, including the high altitude SNP of S. Maria (2.1, 

Fontinhas) together with the two drier sites from Terceira (SP 3.1 and 3.2, Altares), in spite 

of belonging to different pasture habitat types; the other six sites (SNP sites from Terceira 

and all sites from Pico) were grouped in terms of island identity (regional scale).  

Group 1

Vulpia bromoides

 and 

ics (Lysimachia azorica

mon anthropochorous species. 

m

: comprised two SP (1.1 and 1.2) and the driest SNP site from S. Maria (2.2). 

With the exception of V. bromoides, all the indicator speci e exotic anthropochorous es ar



species. All the indicator species are adapted to sandy soils and dry conditions, and are not 

particularly abundant. The most dominant species in terms of Importance Values are 

summarized in Table 3-4. SP site 1.1 is characterized by a high  
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Table 3-4. Summary of the 21 dominant vascular plant species based on Summer 1994 Importance Values (I.V.) (see text). The dominant species (I.V. > 
10) in each site are in bold.  
    
  S. MARIA TERCEIRA  PICO 
  Sown Semi-natural Sown Semi-natural Sown Semi-natural 
  1.1 1.2  2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 
    
 
  
 3 
  
  
  
 
  
 1 
  
  
  
  
 0 
  
  
  
 1 
  
 4 
 7 1 

Agrostis castellana   0 0  53.64 6.21 0 0 127.34 112.9
A. stolonifera 11.49 0  0 0 24.00 13.04 0 0
Anthoxanthum odoratum  2.26 0.74  3.23 8.51 0 0 4.71 25.0
Arrhenatherum e. bulbosum 0 1.48  4.59 2.69 19.58 3.63 0 0
Crepis capillaris   8.30 2.07  18.50 26.89 0 0 0 0
Cyperus rotundus   0 0  0 0 12.13 13.84 0 0
Dactylis g.  glomerata   0 0  0 0 0 0 0 0 
Elytrigia repens  0 87.35  0 0 13.16 0 0 0
Holcus lanatus    0.79 20.46  49.39 38.01 141.95 156.37 30.35 35.3
Hydrocotyle vulgaris  0 0  0 0 0 0 15.73 0
Leontodon t. longirostris 2.81 1.79  9.82 26.56 0 0 7.52 8.53
Lolium multiflorum  48.77 12.90  7.55 32.69 0 1.75 0 4.32
L. perenne  23.49 20.63  0 0.43 7.26 13.44 0 2.34
Lotus uliginosus  0 0  56.77 28.25 21.64 0 36.93 26.0
Mentha suaveolens  0 0  0 0 18.25 25.62 0 0
Paspalum dilatatum  19.50 0  0.47 8.07 0 0 0 0
Plantago lanceolata  57.91 3.59  19.09 41.28 0 5.99 1.59 3.39
Poa trivialis   10.02 4.70  5.97 10.80 8.90 10.58 17.74 17.4
Potentilla anglica  0 0  0 0 0 0 8.23 2.32
Rumex a. angiocarpus  0 0  8.72 0 12.53 6.83 4.35 20.7
Trifolium repens  63.90 10 .22  4.45 20.20 13.35 42.50 10.10 14.2

   

4 79.91 35.12 71.73 61.58 
0 0 0 0 

18.44 19.93 60.43 58.86 
0 0 0 0 
0 0 0 0 
0 0 0 0 

12.62 30.33 0 0 
0 0 0 0 

15.73 44.08 49.48 68.30 
0 0 0 0 

8.03 5.77 15.00 1.74 
3.16 10.14 0 0.62 

60.29 62.98 0 0 
13.54 15.01 36.05 16.30 

0 0 0 0 
0 0 0 0 

2.72 8.00 10.68 11.85 
45.98 27.24 16.32 16.21 
0.59 2.60 3.86 13.16 

0 0 0 0 
38.67 10.94 0.55 0.81 

 
 
 



 

the grasses L. multiflorum  and H. lanatus. 

Group 2

dominance of the weed P. lanceolata, but also by the sown species L. multiflorum and 

T. repens. The legume T. repens together with the grass Elytrigia repens dominate at SP 

1.2. SNP site 2.2 is characterized by a high dominance of the weedy forb P. lanceolata and 

: includes the two SP sites from Terceira and the SNP site from S. Maria 

located at the highest altitude (site 2.1), that is, with similar annual rainfall and mean 

temperature. However, these three sites differ greatly in species richness and relative 

abundance, but were grouped mainly as a consequence of having a different vascular plant 

species composition different to sites 1.1, 1.2 and 2.2. 

SNP site 2.1 is characterized by a high dominance of grasses A. castellana and H. 

lanatus, but also by the native legume L. uliginosus, while the SP 3.1 and 3.2 are dominated 

by the grass H. lanatus (see Table 3-4). The legume T. repens is also an important species 

in site 3.2. 

Group 3: all the sites from Pico were included in this group. Only one of the indicator 

species from Pico is particularly abundant, the introduced species Rubus inermis, but only 

at one site (6.2). All the other four species are native to the archipelago and not particularly 

common at the sites. Two of the indicator species, Anagallis tenella and Calluna vulgaris, 

are included in the phytosociological association "Anagallidetum tenellae" (Sjögren 1973) 

that also includes species commonly found in these sites, such as A. castellana, A. 

odoratum, L. purpureo-splendens, Prunella vulgaris, Scirpus fluitans and Vaccinium 

cylindraceum. Most of the indicator species prefer wet, very exposed habitats. 

SP sites 5.1 and 5.2 are characterized by a high dominance of the grasses A. 

castellana and L. perenne. Poa trivialis and T. repens  in site 5.1 and H. lanatus in site 5.2 

are also dominant species (see Table 3-4). The two SNP from Pico (sites 6.1 and 6.2) are 

characterized by a high dominance of the grasses A. castellana, A. odoratum and H. 

lanatus, and the native legume L. uliginosus (Table 3-4). 

Group 4: the two SNP sites from Terceira were grouped together. The indicator 

species Hydrocotyle vulgaris is a characteristic species from SNP wet sites at Terceira. R. 

a. angiocarpus is quite abundant at site 4.2 (see below). 

SNP sites 4.1 and 4.2 are characterized by high dominance of the grasses A. 

castellana and H. lanatus and the native legume L. uliginosus. Also common are the grass 

A. odoratum  and the weedy forb R. a. angiocarpus (site 4.2) (Table 3-4). 

 



 

3.3.2.2. Arthropods 

As in the classification of vascular plants, four end groups were also derived from the 

TWINSPAN analysis, using the presence-absence matrix of herbivorous arthropods from 
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Figure 3-3. Dendrogram showing the 12 main field sites grouped by TWINSPAN, together with the indicator species. a) Herbivores; b) 
Predators. PIC = Pico; TER = Terceira; STM = S. Maria; N = Native; E = Endemic; I = Introduced. Dipl. = Diplopoda; Orth. = 

 



Orthoptera; Het. = Heteroptera; Cicad. = Cicadellidae; Delph. = Delphacidae; Aph. = Aphididae; Thys. = Thysanoptera; Lep. = 
Lepidoptera; Chrys. = Chrysomelidae; Curc. = Curculionidae; Chil. = Chilopoda; Opil. = Opiliones; Aran. = Araneae; Carab. = Carabidae; 
Staph. = Staphylinidae. 

 



 

Table 3-5. Summary of the 34 most abundant arthropod species (herbivores = 10 species; predators = 14 species) based on Summer 1994 
densities (number of specimens per square meter). The four or five most abundant species of herbivores (a) and predators (b) in each site are in 
bold. 
 
  S. MARIA TERCEIRA  PICO 
  Sown Semi Se  -natural Sown mi-natural Sown Semi-natural
  1.1 1.2 2.1  3.2  6.2 2.2 3.1  4.1 4.2 5.1 5.2 6.1  
 a) HERBIVORES             
 ??
 A
 A
 A
 E
 M
 M
q

 M
 M
 T
 b)
 A
 A
 A
 A
 C
 E
 E
 E
 ??
 L
 O
 O
 O

 Acalypta parvula  0 0 0 3.13 
cyrthosiphon pisum  7.75 2.56 8.94 0.13
noscopus albifrons   0.06 1.06 2.44 2.88
ptinothrips rufus  11.13 10.75 10.38 15.25
uscelidius variegatus  10.38 6.00 0.06 1 0
acrosteles sexnotatus  0 0 2.06  0.06
egamelodes 

uadrimaculatus  
0 0.06 64.19  4.44

uellerianella sp. a 2.06 1.31 62.69 28.69 2.63 
ythimna unipuncta  2.44 1.56 5.56 3.19 2.25 

herioaphis trifolii  2.69 33.94 0.19 1.06 0 
 PREDATORS       
chaearanea acoreensis  0.19 0.25 0.31 0.50 13 0
eolothrips fasciatus  1.25 1.94 0.63 0.63 0
misha analis  0.69 1.75 0 0.44 3.00
theta (Mocyta) fungi  0 0.06 1.81 0 0  
ilea silphoides  1.75 0.25 0.31 0.50 0 0  
rigone atra  0 0 0 0 31 4.75  
rigone autumnalis  1.88 2.00 0 1.13 88 1.75  
rigone dentipalpis  2.63 0.88 0.31 2.19 38 0.25
 Lamyctes fulvicornis  0 0 0 0 06 0.13  

eptyphantes tenuis  2.50 0.81 8.19 2.19 0.50  
edothorax fuscus  0.06 0 0 0 2.81  
ligota parva  0.63 1.06 0 0.06 0 0  
piliones (Gen. sp. a) 0 0 0 0 0  

0 0 
3.31 1.19 2.
4.75 0.25 1.75 
9.13 31.31 21
7.19 14.13 31
0 1.25 0.

0.13 0.06 0.

8.44 6.50 
6.13 9.75 

 0 
 

0 0.
 0.13 0 
 4.38 2.56 

0 0 
0 

0.13 0.
 0.06 0.

0.25 0.
0.19 0.

 0.25 0.56 
4.81 8.56 

 0 
0.63 2.13 

0 
31 

.94 

.88 
25
06

0 

0.25 0 0 0 0
 0.38 1.06 1.13 0.94 0.56
 9.69 0.50 0.94 1.75 1.50
 2.06 20.56 17.25 22.38 26.88

 0 0 0 0 0
 0.38 0 0 0 0
 0.50 0.06 2.06 1.25 2.56

0.31 0 0.94 0.75 2.44 
4.00 2.00 1.44 3.00 5.56

0 0 0 0 0 
     

 0.25 0.75 0.13 0.56 0.94 
 0 0 0 0 0

 1.06 5.69 6.88 4.88 3.75
 0 0 0 0 0
 0 0 0 0 0

 2.06 2.31 3.81 1.00 2.25
 3.06 2.06 0.56 0 0.31
 0.13 0.56 0 1.56 0.56 

1.06 0 0 0 0
1.44 2.25 3.25 1.81 2.13

 5.25 0 0 0 0
0 0 0 0 0

 0 0 0 0 0

 
 
 
 

 
 

 

 

 
 



 

 Sunius propinquus  1.56 0.69 0 0.06 0 0 0 0 0 0 0 0 



 

Group 3: contained the two SNP sites from Terceira. Indicator species are the nativ

lace-bug (Acalypta parv

e 

ula), the endemic moth Scoparia sp. b and the introduced leaf-

eding chrysomelid beetle Longitarsus kutscherae paludivagus. The lace-bug and the moth 

are abundant on the sites. The most abundant species in the Summ 199 ere t the 

sa in two site n , A ufu Thy op ), qu ima atu Hom. 

D aci a  p la et. gid  in  4. nd osc s a ron Hom. 

Ci lli an  u nc ep. oct e) ite  we he 

(T  3-

fe

er 4 w  no

me the  s. I fact . r s ( san tera M. adr cul s (

elph dae) nd A. arvu (H Tin ae) site 1, a  An opu lbif s (

cade dae) d M. nipu ta (L  N uida in s 4.2 re t most abundant species 

able 5a). 

Group 4: contained the two SP sites from Terceira. Most of the indicator species are 

hu  in c   e  er u  a se o s . T moth 

Te na a ll a ia e o  w Mentha suaveolens a species 

articularly common at these sites. With the exception of the thrip Heliothrips 

aemorrhoidalis, all the other indicator species (see Figure 3-3) are grass-feeders, which 

reflects the dominance of grasses at the sites. A. rufus (Thysanoptera) and E. variegatus 

(Hom

separate islands. As with the analysis of herbivorous 

species, the first division contrasted the recent islands in the central group (Pico and 

Terceira) with the older, eastern island (S. Maria). The indicator species of the Pico-

Terceira complex contains two very abundant species, the linyphiid spider Erigone atra 

and the ground-beetle Lagarus vernalis (Pitfall data, pers. obs.); the chilopod 

lithobiomorph Lithobius pilicornis is also the commonest of all the centipedes. 

roup 1

man trodu tions to the Azor s and are v y ab ndant t the tw ites he 

ben bjerk ndre a is spec list f eder f the eed 

p

h

. Cicadellidae) were the most abundant species of herbivores in the Summer 1994 in 

these sites, but M. unipuncta (Lep. Noctuidae) and Muellerianella sp. a were also common 

(see Table 3-5a). 

TWINSPAN (Figure 3-3b) identified only three groups based on the predatory 

arthropods. The groups represent the 

G : is formed by the four sites from Pico. The indicator species is a bark rove-

beetle Carpelimus sp. a, probably living in the autochthonous shrubs Calluna vulgaris, 

Erica scoparia azorica and Vaccinium cylindraceum. The most abundant predatory 

arthropods were Amisha analis (Staphylinidae), E. atra (Araneae) and Lepthyphantes tenuis 

(Araneae) in all the four sites, but Erigone autumnalis (Araneae) (site 5.1) and Erigone 

dentipalpis (Araneae) (site 6.1) were also common (see Table 3-5b). 

Group 2

 

: all the sites from Terceira were grouped together. All the three indicator 

species are not particularly abundant and are probably human introductions. The most 

 



abundant predatory arthropods from these four sites were Oedothorax fuscus (Araneae) and 

A. analis (Staphylinidae), but E. atra (Araneae) and E. autumnalis (Araneae) are also 

abundant in the two SNP sites (see Table 3-5b). 

Group 3: finally, the four sites of S. Maria were also grouped together. Four species 

of spiders, two species of ground-beetles and one species of rove-beetle were found only on 

this island and were selected as indicator species. Two species are endemic to the island 

(the wandering spider Trachyzelotes n. sp. and the ground-beetle Olisthopus inclavatus), 

three species are native and two are introduced. All seven indicator species were never 

abundant at the sites, but were sampled on most sampling occasions. The only predatory 

arthropod species common in the four sites was L. tenuis (Araneae). Also abundant were E. 

dentipal  

silphoid and 

Aeolothrips fasciatus (Thysanoptera) and A. analis (Staphylinidae) (site 1.2) (see Table 3-

5b). 

pis (Araneae) (sites 1.1 and 2.2), E. autumnalis (Araneae) (SP 1.1 and 1.2), Cilea

es (Staphylinidae) (site 1.1), Atheta fungi  (Staphylinidae) (site 2.1), 

 

3.3.3. Similarity between sites 

Using the Sörensen’s Index of Similarity the affinity between sites was calculated 

using data for vascular plants (Table 3-6), herbivorous arthropods (Table 3-7) and 

predatory arthropods (Table 3-8). The results are summarized in three dendrograms 

(Figures 3-4, 3-5a and 3-5b).  
 

PIC                     TER            TER                  STM

Vascular 
plants

 
 

Figure 3-4. A dendrogram of similarity (Sörensen’s Index of Similarity) using the vascular plant 
species (data in Table 3.6). PIC = Pico; TER = Terceira; STM = S. Maria. 

 



 

For the vascular plants (Figure 3-4, see also Table 3-6), the two main groups of sites 

are the same as those obtained in the first dichotomy of the TWINSPAN analysis (see 

Figure 3-2). The SNP sites from Terceira are also grouped and separated from the Pico 

sites. The main difference in relation to the TWINSPAN results is the maintenance  

 

 
Table 3-6. Diagram showing the numbers of vascular species in common (upper triangle) and Sörensen’s 
Index ilarity values (lower triangle) between all possible paired sites, using the presence/absence 
list of species (see Appendix II). The similarity values for the comparisons between replicates are shown 
in bold. 
 

 1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 

of Sim

1.1  43 31 43 22 27 18 20 20 20 17 20 
1.2 0.71  23 34 18 23 14 15 17 17 15 15 
2.1 0.56 0.51  32 17 21 15 15 17 16 16 16 
2.2 0.72 0.67 0.71  20 26 15 18 20 19 16 18 
3.1 0.45 0.46 0.51 0.52  23 15 17 15 14 12 15 
3.2 0.52 0.55 0.58 0.63 0.77  15 18 20 18 15 18 
4.1 0.34 0.33 0.40 0.35 0.48 0.44  26 23 26 27 27 
4.2 0.39 0.36 0.42 0.44 0.58 0.55 0.78  20 22 20 22 
5.1 0.38 0.39 0.45 0.47 0.48 0.58 0.65 0.59  30 27 29 
5.2 0.38 0.39 0.42 0.44 0.44 0.52 0.73 0.65 0.83  25 28 
6.1 0.31 0.33 0.41 0.36 0.36 0.42 0.73 0.56 0.72 0.67  30 
6.2 0.37 0.33 0.41 0.40 0.45 0.50 0.73 0.62 0.77 0.75 0.77  

 
Table 3-7. Diagram showing the numbers of herbivorous arthropod species in common (upper triangle) 
and Sörensen’s Index of Similarity values (lower triangle) between all possible paired sites, using th

 1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 

e 
presence/absence list of species (see Appendix IV). The similarity values for the comparisons between 
replicates are shown in bold. 
 

1.1  43 48 53 32 33 19 25 20 17 19 18 
1.2 

21 
 19 

6.2 0.37 0.41 0.41 0.42 0.46 0.46 0.65 0.65 0.72 0.79 0.73  

0.66  43 44 26 25 15 19 18 15 16 17 
2.1 0.69 0.69  52 26 30 19 25 23 19 20 19 
2.2 0.74 0.68 0.75  30 33 20 25 23 20 22 20 
3.1 0.57 0.53 0.49 0.54  33 18 23 18 16 17 15 
3.2 0.56 0.49 0.54 0.57 0.79  17 22 22 18 20 16 
4.1 0.38 0.35 0.40 0.41 0.54 0.48  24 16 18 18 17 
4.2 0.45 0.40 0.48 0.46 0.60 0.54 0.75  20 19 20 20 
5.1 0.40 0.42 0.48 0.46 0.53 0.61 0.58 0.62  20 19 19 
5.2 0.34 0.35 0.40 0.40 0.47 0.50 0.65 0.58 0.71  21 
6.1 0.38 0.38 0.43 0.45 0.51 0.56 0.67 0.63 0.69 0.76 

 
 

 



 
Table 3 g the numbers of predatory arthropod species in common (upper triangle) and 
Sörens

-8. Diagram showin
en’s Index of Similarity values (lower triangle) between all possible paired sites, using the 

presence/absence list of species (see Appendix IV). The similarity values for the comparisons between 
replicates are shown in bold. 
 

 1.1 1.2 2.1 2.2 3.1 3.2 4.1 4.2 5.1 5.2 6.1 6.2 
1.1  43 29 40 34 30 19 24 19 21 18 20 
1.2 0.75  28 38 31 28 18 23 19 20 17 19 
2.1 0.57 0.56  29 23 22 15 19 17 20 16 19 
2.2 0.72 0.70 0.60  31 32 18 24 20 23 20 22 
3.1 0.65 0.61 0.51 0.63  35 25 31 23 25 23 25 
3.2 0.61 0.58 0.52 0.68 0.80  23 29 21 24 21 23 
4.1 0.40 0.39 0.37 0.40 0.60 0.59  29 23 21 20 21 
4.2 0.49 0.48 0.46 0.52 0.73 0.73 0.76  24 25 24 27 
5.1 0.42 0.43 0.45 0.47 0.59 0.58 0.67 0.68  26 24 25 
5.2 0.45 0.44 0.51 0.52 0.62 0.63 0.58 0.68 0.78  24 27 
6.1 0.40 0.39 0.42 0.47 0.59 0.58 0.58 0.68 0.75 0.72  27 
6.2 0.44 0.43 0.49 0.51 0.63 0.62 0.60 0.75 0.77 0.79 0.83  

 
 

 

of island identity for the drier sites, with the two sites from Terceira (3.1 and 3.2) 

being separated from the four sites of S. Maria. However, the most important result is the 

consistently high similarity between almost all the replicates. The exception occurred in S. 

Maria, where the SP and the SNP are still highly similar, but one of the SP (1.1) is even 

more similar to one of the SNP (2.2). 

 

 

 

 

 

 

 

 

 

 
 

 



a) Herbivores

PIC                     TER           TER               STM
 

b) Predators

      PIC                                   TER                       STM
 

Figure 3-5. Dendrograms of similarity (Sörensen’s Index of Similarity) using: a) herbivores (data 
in Table 3-7); b) predators (data in Table 3-8). PIC = Pico; TER = Terceira; STM = S. Maria. 

 

When the herbivores are used, the same dichotomies and groups of sites obtained 

previously in the TWINSPAN analysis (Figure 3-3a) were obtained in the similarity 

dendrogram (Figure 3-5a). Again, S. Maria is isolated from Terceira and Pico, and the SP 

from Terceira are less related to the other six sites (all from Pico and the two SNP sites 

from Terceira). Predatory arthropods also generate a dendrogram (Figure 3-5b) consistent 

with the TWINSPAN analysis (see Figure 3-3b), with Terceira and Pico grouped together 

and S. Maria isolated. Again, there is one exception; whilst the high similarity between 

replicates is noticeable, and there is a clear separation between the two pasture types in 

 



Terceira and Pico, the SNP site 2.1 from S. Maria is obviously different, reflecting the 

occurrence of a large set of unique predatory species at this site. 

In order to investigate the relationship between sites similarities for the vascular 

plants and arthropods, I plotted equivalent values of Sörensen’s index for the plants and 

arthropods in regressions (Figures 3-6a, b and 3-7).  
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Figure 3-6. Regressions of between-site similarity values for arthropods and that for vascular plants using 
values of Sörensen’s Index of Similarity for each between-site comparison (values in Tables 3-6, 3-7 and 3-
8). a) Herbivores (y = 0.12 + 0.81x; r2 = 0.83, p = 0.0001); b) Predators (y = 0.204 + 0.72x; r2 = 0.71, p = 
0.0001); Repl. = replicates; STM = S. Maria; TER = Terceira; PIC = Pico. 

 



The similarity values obtained for each between-site comparison for vascular plants 

and herbivores are highly correlated (r = 0.91, p = 0.0001) (Figure 3-6a); the correlations 

are slightly lower (but still highly significant) for vascular plants and predatory arthropods 

(r = 0.84, p = 0.0001) (Figure 3-6b), and for herbivorous and predatory arthropods (r = 

0.84, p = 0.0001) (Figure 3-7). The three regressions also show that the replicates are 

consistently similar in the three plotted groups, and that the similarities between the sites of 

S. Maria and Pico generally have the lower values. 
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Figure 3-7. Regression of between-site similarity values for predators and that for herbivores using values of 
Sörensen’s Index of Similarity for each between-site comparison (values in Tables 3-7 and 3-8) (y = 0.14 + 
0.82x; r2 = 0.71, p = 0.0001); Repl. = replicates; STM = S. Maria; TER = Terceira; PIC = Pico. 

 

Finally, note that care is required in the interpretation of the correlation coefficients 

and p

n each figure). This is because each site is compared with every other site, to derive 

values for Sörensen’s index, making the individual data points within any one taxon 

(vascular plants, or herbivores, or predators) non-independent. Nevertheless, the main 

pictur

robability levels in Figures 3-6 and 3-7, because the individual data points are clearly 

not independent (there are only 12 actual sample sites - the true replicates - but 66 data 

points i

es that emerge from Figures 3-6 and 3-7 are clear and unambiguous. 

 

 

 



3.4. Discussion 

Analysis of the variation in composition of the vascular plants from 21 semi-natural 

pasture (SNP) sites showed unequivocally that the seven sites from each island form 

natural groups. In fact, the first TWINSPAN divisions grouped the sites by islands. Thus, 

differences in vegetation composition within an island were less important than differences 

between islands, implying that the two main sites of SNP on each island provided good 

repres

ther. The two main SNP sites from Terceira were 

grouped together with the respective outside field-site pasture permanent plots, which also 

plies that the 900 m2 fenced sites are representative of the main large pasture site. A 

similar pattern was found in S. Maria, but not in Pico. In Pico, despite sites 6.2 and "6.2 

outside" being grouped together, site 6.1 is not in the same end group as "6.1 outside". This 

is probably a reflection of the topographical heterogeneity of site 6.1, where the occurrence 

of lava tubes and respective "skylights" creates different communities within the site, some 

more inaccessible to grazing and others more intensively grazed. 

The overall percentage of autochthonous (native + endemic) vascular plant species 

found in the 12 main studied sites (34%) is consistent with the overall pattern found in the 

archipelago, where only one third of the species of vascular plants are considered to be 

autochthonous from the Azores (see Hansen 1988; Dias 1996). However, when the islands 

are individually analyzed, the patterns differ: endemic and native species are better 

represented in the field sites from Terceira and Pico and most of the species found in the 

sites from S. Maria (78%) (56% in Terceira; 49% in Pico) are human post-colonization 

introductions. The small island of S. Maria has been heavily impacted by people, no doubt 

resulting in this very high proportion of anthropochorous plant species. Moreover, the drier 

and more seasonal climate of S. Maria also favours colonization by introduced annual 

and/or ruderal plants.  
The effects of man are more evident in the plant species composition of the islands 

than in arthropod species composition. In fact, for the arthropods, the proportions of 

introduced species are lower overall, and quite similar among the three islands. Thus, 

habitat destruction through land clearance, which is more evident in S. Maria, was not 

entative "samples" of these SNP habitats in general. Two main end groups per island 

were obtained in the TWINSPAN analysis, the main two SNP being included, one in each 

group in S. Maria and Pico. In Terceira, the fact that the three new SNP sites selected for 

this analysis are under a less intensive grazing management created a management 

discontinuity and grouped them toge

im

 



reflected in the arthropod fauna of the four study sites on this island. Further discussion on 

patterns of arthropod diversity are reserved until Chapter 7. 

The study sites are not particularly rich in arthropod species when compared with 

continent ff et al. 

198  - 

Araneae). However, the species richness of the study communities (237 species of 

arthro  five periods on three islands and 12 sites involving two types of 

pastur

ge 

inputs

tween sites), medium scales 

(betw  

vascu

atory arthropods, and it was necessary to consider the regional scale (islands) to 

find inter-community variation in indicator species composition. In the herbivore 

al pastures (see for comparison Luff & Eyre 1988 - Curculionidae; Lu

9 - Carabidae; Cherrill & Rushton 1993 - Auchenorrhyncha; Downie et al. 1995

pods sampled over

e) must be compared with other data sets with caution because of differences in the 

types of habitats, sampling methods and numbers of sampling events.  

There is a prevalence of common anthropochorous species, but also striking is the 

occurrence of numerous endemics. Three endemic species were classified as indicator 

species in the TWINSPAN analyses (see Figure 3-3). The fact that the SNP from S. Maria 

have a large proportion of introduced plant species, was not itself an obstacle to the 

occurrence of endemic arthropod species. Even a slow moving forest-dwelling species like 

the endemic, predatory Colydiidae Tarphius depressus were collected from site 2.1 (St. 

Espírito) (preliminary sampling period in March 1994) in pitfall traps. It is known that the 

inputs of fertilizers and pesticides and several other management practices are important in 

defining the quality of the pasturelands for the arthropods (Rushton & Luff 1988; Eyre et 

al. 1989, 1990; Rushton et al. 1989, 1990, 1991; Luff et al. 1990; Curry 1994). The input 

of fertilizers to Azorean pastureland is, on average, about three times lower than avera

 to pastures on the European mainland (Garcia & Furtado 1991). This fact, together 

with generally low inputs in pesticides in the Azores, may mean that both SP and SNP are 

reasonably benign habitats for arthropods. Therefore, endemic arthropods were able to 

occur in the two pasture habitats, probably because they have similar levels of disturbance, 

i.e., low N inputs, similar numbers of grazing events, no pesticides.  

TWINSPAN analyses showed that over local scale (be

een habitats) or regional scales (between islands), the variation among pasture

lar plants and among arthropod assemblages was very different. In contrast to the 

plants, the arthropods showed a surprisingly homogeneous intra-island pattern. The 

altitude-climatic gradient, evident in the vascular plants, appears not to affect the 

arthropods, at least the predators. In fact, differences between habitats were not evident in 

the pred

 



assem

s present in the presence-absence data sets. In fact, TWINSPAN appears to 

have 

 are 

chara

semblages. This result points to a high 

correl

blage, the end group formed by the SP from Terceira (sites 3.1 and 3.2), however, is a 

reflection of the plant species composition and probably of the altitude-humidity gradient.  

Differences in herbivorous arthropod species composition between SP and SNP in 

Terceira are not surprising. Due to more intensive and improved grazing management by 

the owners, the SP sites differ greatly in plant species composition and structure from SNP 

sites in Terceira. The fact that most of the indicator species of the SP sites from Terceira 

are human introduced grass-feeding species, probably reflects improved management 

practices. 

Problems in the identification of multiple gradients using TWINSPAN referred by 

Groenewoud (1992) and Belbin & McDonald (1993) seem to have been latent because of 

the strong trend

performed very well in the analyses, with the main gradients being very clear, and 

consistent with the main patterns obtained in other parts of this thesis (see Chapters 6 and 

7). 

The Importance Values for the vascular plants also showed some clear trends. The 

SNP of the three islands are dominated, in terms of relative frequency + relative density + 

relative cover (i.e. Importance Value) by the grass species A. castellana and H. lanatus and 

the native legume L. uliginosus. The only species common in most of the SP is the legume 

T. repens.  

There is also a difference between SP and SNP in terms of densities of arthropod 

species. In fact, it is possible to group all the six SP sites by the occurrence of higher 

densities of the herbivore insect species A. pisum (Aphididae) and A. rufus (Thysanoptera; 

>> 10 m-2) and the predator A. analis (Staphylinidae; >> 1.7 m-2). The SNP

cterized by high densities of four herbivore species (the leafhopper A. albifrons 

(Cicadellidae; >> 1.5 m-2), the delphacids M. quadrimaculatus and Muellerianella sp. a 

(Delphacidae) and A. rufus (Thysanoptera; >> 2 m-2)) and the predators L. tenuis (Araneae; 

>> 1.4 m-2) and A. analis (Staphylinidae; >> 1.0 m-2). 

The results support the contention that the most similar sites in terms of plant species 

composition also have similar arthropod species as

ation between community structure of the vegetation and community structure of the 

arthropod assemblages. The present analyses highlight the role of plant species 

composition in invertebrate species composition. In the next Chapter (Chapter 4) the 

 



importance of vegetation structure in the structure of arthropod communities will be also 

investigated. 

Patterson & Atmar (1986) coined the term "nested subset" to describe situations 

where species comprising a depauperate fauna should constitute a proper subset of those in 

richer faunas. There are a number of studies that have shown the importance of nested-

subset analyses in community structure (see the review by Worthen 1996). An analysis of 

nestedness using the random models described in Patterson & Atmar (1986) and Cutler 

(1991) is beyond the scope of the present thesis, although there are indications in the data 

that the fauna of Terceira is a nested subset (sensu Patterson & Atmar 1986) of the fauna of 

S. Ma

at such constraints of altitude and climate are much less evident in the arthropod 

fauna than in the flora. For arthropod assemblages, regional factors (the island itself) 

appea in more detail in Chapter 7. 

Obviously, as already referred to above, plant species composition is important in defining 

arthro

.5. Summary 

n to be well suited to reveal distinct within island trends 

in sem

ria and that the fauna of Pico is a nested subset of the fauna of Terceira. Clearly, in 

these three Azorean islands similarity and nestedness reflect geographic proximity, but 

additional factors need also to be considered in deciding what determines the overall 

composition of the biotas (e.g. geological history; and will be returned to in Chapter 7).  

In conclusion, the fact that S. Maria is a much arid island, with a maximum altitude 

of only 587 m (86% of its area is under 300 m), is reflected mainly in plant species 

composition, where the high altitude sites (semi-natural pastures - SNP) were more similar 

to the low altitude sites from Terceira located at a similar absolute altitude but of a different 

habitat type (sown pastures - SP). One of the most important results of this chapter is the 

fact th

r to be more important. This result will be discussed 

pod species composition (but see Chapter 4), but the regional arthropod pool of 

species is also important (see more details on this subject on Chapter 6). 

In the present study, the vegetation may be regarded as a template for the arthropod 

species. In the following chapters, arthropod communities will be investigated in more 

detail. 

 

3

Semi-natural sites were show

i-natural pasture communities. 

Variation in the composition of the vascular plants follows an altitudinal gradient, 

that is, a dry-wet gradient, and also human influences. It is in S. Maria, as well as in the 

 



recent sown pastures of Terceira, that the influence of human activities on vascular plant 

communities is most dramatic. However, for arthropods these factors seem to be less 

important. Variation in the species composition of arthropod assemblages within each 

island is less evident, and the composition of sites reflects more regional (biogeographic) 

factors. The results also emphasize the importance of non intensive pasture management 

practices in the Azores for the colonization of this habitat by endemic arthropod species. 

Both the vascular plant and arthropod data, subject to analysis using Sörensen’s 

Index of Similarity reveal that, with minor exceptions, there is a clear separation of habitats 

only within islands. Moreover, similar overall patterns are obtained using TWINSPAN, 

reinforcing the importance of regional processes that will be investigated in more detail 

later in this thesis (Chapters 6 and 7). 
 

 
 

 

 



 
CHAPTER 4 

 
HROPOD DIVERSITY AND ABUNDANCE 

R

3, 1990a). Pastureland vertebrate herbivores remove large quantities of plant 

biomass and maintain the pasture system in a steady state ("plagioclimax"), thus "putting a 

brake" on plant succession (Brown 1984a). Herbivory may also enhance plant diversity, if 

the s

btle (Crawley 

1990 but ot r stud s dem strat sect herbivory is a major determinant of plant 

Brown 1989; Brown et al. 1990; Brown & 

es are responsible for production losses in 

grassland systems (Henderson 1978; Curry 1994) and can significantly alter community 

little strong evidence for this hypothesis (Stilling 1988; Curry 1994). For instance, there is 

no theory predicting when natural enemies will exert significant mortality in polycultures 

(Andow 1991). Moreover, there is no evidence th

ortality in prey populations (Wise 1995). 

The density and diversity of grassland invertebrates depends on a number of factors: 

1994); 

PLANT-ART
ELATIONSHIPS IN SOWN AND SEMI-NATURAL PASTURES 
 

4.1. Introduction 

Herbivory is considered to have a major impact on the structure and dynamics of 

managed and unmanaged grasslands and pasturelands (Belsky 1986; McNaughton 1986; 

Crawley 198

trongest plant competitors are preferentially grazed, or through the effects of trampling 

that create new spaces for seedling colonization (Crawley 1983; Pacala & Crawley 1992). 

The role of invertebrates in grassland dynamics was considered to be su

b), he ie on e that in

community structure and composition (Gange & 

Gange 1992). Moreover, invertebrate herbivor

composition and productivity in ecosystems (Huntly 1991; Tscharntke & Greiler 1995). 

Grassland arthropod predators may also have some importance in shaping the 

community structure of their food source, including invertebrate herbivores, but there is 

at the spider populations cause significant 

density-dependent m

1) The abundance of invertebrates changes with the seasonal mean temperature in 

temperate grasslands (Usher 1978). Physical features of the environment (e.g. temperature, 

moisture) may, therefore, act directly on the physiology of the invertebrates, but may also 

have indirect effects through the supply of plant food and the quality of habitats (Curry 

 



2) Concentration of resources is also important (Strong et al. 1984). The "resource 

concentration hypothesis" (Root 1973) predicts that "herbivores are more likely to find and 

remain on hosts that are growing in dense or nearly pure stands". Thus, according to this 

hypothesis, the abundance of specialist herbivores will be lower in polycultures since it is 

less l

) Management of pastureland has an important impact on arthropod species 

composition, density and diversity (e.g. Rushton et al. 1989; Morris 1973; 1990a, b and c; 

Brow

rown 1991a and b; Denno & Roderick 1991; Gardner et al. 1995) were 

shown to be very important in determining the diversity and abundance of phytophagous 

insects. In fact, the relationship between diversity and habitat complexity is viewed as a 

gener

rtant determinants of invertebrate 

divers

ikely that specialist herbivores will be able to locate their host-plant in a diverse 

mosaic (Bach 1980; Andow 1991). A practical prediction of this model is that arthropod 

pest outbreaks are more likely to occur in monocultures than in polycultures (Andow 

1991). Moreover, as specialist and generalist natural enemies are more diverse in 

polycultures (Root 1973; Bach 1980; Andow 1991), the "enemies hypothesis" (Root 1973) 

also predicts that herbivore population densities are lower in polycultures than in 

monocultures.  

3

n et al. 1990; Good & Giller 1991). Grazing induces changes in habitat structure that 

influence the diversity and density of pasture arthropods (Brown et al. 1992; Gibson et al. 

1992a and b; Curry 1994). Plant architecture (Lawton 1983; Stinson & Brown 1983; Strong 

et al. 1984) and habitat structure (Southwood et al. 1979; Lawton & Strong 1981; Brown & 

Southwood 1987; B

al pattern in community ecology (Schluter & Ricklefs 1993a). For instance, predators 

such as web-building spiders, might also be expected to have relatively predictable 

assemblages based on habitat structure (Uetz 1991; Gibson et al. 1992a; Wise 1995).  

A marked correlation between the number of invertebrate herbivore species and the 

number of plant species occurs in several communities (Otte 1976; Lawton & Price 1979; 

Southwood et al. 1979; Buse 1988; Becker 1992; Gaston 1996b) and generally, the more 

plant species, the more invertebrate herbivore species (Gibson et al. 1992a). Moreover, it 

has been argued that the longer the time a sward is maintained for grazing, the richer is the 

invertebrate fauna inhabiting it (Henderson 1978). 

Lawton (1987) suggested that the diversity of plant species, their spatial distribution 

and architectural complexity within the habitat are impo

ity. There are, therefore, two aims in this chapter. First, to test the hypothesis that 

plant species richness predicts patterns of arthropod herbivore species richness in sown and 

 



semi-natural pastures in the Azores. Secondly, to investigate the structural characteristics of 

the vegetation that are, potentially, responsible for the observed densities of pastureland 

arthropods. Three groups of arthropod assemblages are investigated in this chapter: insect 

forb-feeders, insect grass-feeders and web-building spiders, since these assemblages are the 

main feeding groups in the studied pasture habitats, and present a sample of feeding 

strategies. 

 

4.2. Materials and Methods 

4.2.1. The arthropod assemblages 

The arthropod assemblages studied comprised: grass-feeders - all the sucking and 

chewing herbivorous insect species sampled that were reported to feed on grasses; forb-

feeders - all the sucking and chewing herbivorous insect species sampled that were reported 

to feed on forbs.; web-building spiders - all the species of Tetragnathidae, Araneidae, 

Linyphiidae, Theridiidae, Dictynidae and Oecobiidae. Diet information for the insect 

herbivores was given by different specialists (see Chapter 2). For the spiders, families were 

assigned to the web-building assemblage following Roberts (1995) and Wise (1995). 

Species within the Mimetidae and Agelenidae may also be included (see Chapter 6), but no 

specie amilies were collected by the suction method (see Chapter 2) employed 

here. 

five data sets were 

the S

 pitfall traps and suction were used as 

s from these f

 

4.2.2. Plant/herbivore species richness relationships 

4.2.2.1. Plant data set 

Five presence/absence species data sets were created for vascular plants (forbs, 

grasses, sedges, rushes and ferns) occurring in 12 pasture sites (six sown and six semi-

natural pastures), using point-quadrat pins and observational data. These 

pring, Summer and Autumn 1994, Summer 1995 and a pooled data set. The pooled 

data set, comprises the four sampling periods and includes information from Spring 1995 

(see Chapter 2 for more details). 

 

4.2.2.2. Arthropod data set 

The species presence/absence matrices for the total herbivorous arthropods and forb- 

and grass-feeding insects were obtained for four complete field seasons (Spring, Summer 

and Autumn 1994 and Summer 1995) in which

 



comp

s of 

insec

Ordinary linear least-squares (OLS) regression analyses were performed between the 

total number of vascular plant species, the number of forb species, and the number of grass 

species against, the total number of herbivorous arthropod species, the number of insect 

forb-feeding species, and the number of insect grass-feeding species respectively. All the 

explanatory and response variables were logarithmically transformed, since the log-log 

model conformed to the assumptions of the model better than the untransformed data, and 

because it yielded the highest r2 values. The experimental design outlined in Chapter 2 

(Table 2.1) was a split-plot design (2 sites/habitat x 2 habitats/island x 3 islands/sampling 

event x 4 sampling events). For each of the above mentioned explanatory and response 

variables, Generalized Linear Interactive Modelling (GLIM) procedures (Crawley 1993) 

were used to investigate the potential differences between sampling events, between islands 

nested within sampling events and between habitats nested within islands. OLS regression 

statistics were performed using the STATVIEW 512+ Macintosh statistical package. 

Graphs were created using a Macintosh package (Cricket Graph III). 
 

4.2.3. Vegetation structure - arthropod abundance relationships 

Whole vegetation and perennial-forb and perennial-grass structural data were 

obtained with point-quadrat pins. The abundance of forb- and grass-feeding insects and 

web-building spiders was obtained with an absolute population estimate method (sensu 

Southwood 1978), a suction apparatus (Vortis) (see Chapter 2 for more details). Data were 

collected in the Spring, Summer and Autumn 1994 and Summer 1995. 
 

4.2.3.1. Point-quadrat data 

lementary methods to survey herbivorous and predatory arthropods (see Chapter 2 for 

details). The presence/absence pooled matrix was enhanced by direct field observation

t herbivory on plants made during Spring and Summer 1995, with equal additional 

sampling effort being applied to all plots. As a result, some species less prone to being 

sampled by the above methods were added to the matrix (e.g. some Orthoptera and adult 

Lepidoptera species). The pooled data set was, therefore, based on three different sampling 

methods covering three seasons in two different years.  
 

4.2.2.3. Data analysis 

 



The vegetation structure was described using several types of information gathered 

from point-quadrat pins: 
 

Cover abundance 

This was calculated as the total number of touches of a species on 400 height-profile 

ate of cover abundance for a species 

l. 1988), and can lated to bi s. As m nd gra cies in the 

rennial, the per  forb cover abundance (PEFca) and the perennial grass 

nce (PEGca) w elected as tial ex variab arthropod 

bund

 is a measure nt structu he we an hei  the total 
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samp

s, including adults and juveniles, were included in estimates of 

species abundance. 

plant 

structural explanatory variables and in the arthropod abundances between sampling events, 

betwe ested within islands.  

ing the abundance of grass-feeding insects. A 

prelim

until none could be removed without causing an increase in deviance with p < 0.05. The 

ling occasion. This index is the most commonly used of the parametric indices 

(Magurran 1988). 

 

Mean plant species richness per plot 

The mean number of vascular plant species touching the point-quadrat pins 

("Sprich") was used as a measure of the plant species richness. Species touching all the pins 

in each plot are clearly the more frequent species in the sites. As the two habitats are 

recently sown and old semi-natural pastures, this measure may give an indication of 

differential plant species richness patterns. This measure was calculated for the total 

vascular plant species and means were estimated from 20 plots for each site on each 

sampling occasion. 

 

4.2.3.2. Suction data 

The abundance of forb-feeding insects, grass-feeding insects and web-building 

spiders was assessed with the Vortis suction apparatus and is given as the mean number of 

individuals per square meter in each field site (see Chapter 2 for details of the sampling 

protocol). All specimen

 

4.2.3.3. Data analysis 

As above, GLIM procedures were used to investigate differences in the 

en islands nested within sampling events and between habitats n

Multiple regressions were also performed using GLIM to obtain the minimal 

adequate model explaining the greatest variation in density of insect forb-feeders, density 

of insect grass-feeders and density of web-building spiders. A maximal model was fitted, 

including the following explanatory variables: Willa, PEFca, PEF-Height, total forb species 

("tFspp") in predicting the abundance of forb-feeding insects; Willa, PEGca, PEG-Height, 

total grass species ("tGspp") in predict

inary analysis indicated that the best variables in predicting the abundance of web-

building spiders were Willa, PEGca, tHeight and Sprich. 

Model simplification was achieved by deleting non-significant terms from the model, 

 



response variables were consistently logarithmically transformed in order to equalize 

variance and improve normality of errors. Transformation (logarithmic or square root) of 

the explanatory variables was used where necessary to improve normality of errors. 

The observations for the different sampling occasions arise from the same 

experimental plots and were not, therefore, independent in time. Thus, each sampling event 

was analysed independently. As will be shown below, there was a habitat effect in several 

of the response and explanatory variables. Each habitat was, therefore, also analysed 

independently. As there are three response variables (insect forb-feeding density, insect 

grass-feeding density and web-building spider density), two habitats (sown and semi-

natural pastures) and four sampling occasions (Spring, Summer and Autumn 1994, Summer 

1995), twenty four (3x2x4) multiple regression analyses were performed.  

Only six points and four degrees of freedom are available in each multiple regression. 

Moreover, multiple regression is a statistical method with some limitations, good 

predictability alone does not allow inference of causation (James & McCulloch 1990). This 

is an observational study with no manipulative experiments, and therefore, the results 

obtained are discussed in terms of their biological soundness. 

 

4.3. Results  

4.3.1. Plant - herbivore species richness relationships 

There was a significant island effect, rather than a sampling event or habitat effect in 
total vascular plant species richness (F8,12 = 4.77, p < 0.01), in total herbivorous species 

richness (F8,12 = 19.59, p < 0.001) and in forb-feeding insect species richness (F8,12 = 

12.53, p < 0.001). On average, the sites from S. Maria and Pico have more species of 

vascular plants than Terceira. The herbivorous species richness and the forb-feeding insect 

species richness was highest in S. Maria then Terceira and, finally Pico. 
Both an island and habitat effect occurred in the richness of grass species (F8,12 = 

3.47, p < 0.05; F12,24 = 2.47, p < 0.05) and in the grass-feeding insect species richness 

(F8,12 = 2.99, p < 0.05; F12,24 = 2.77, p < 0.05). There was, on average, more grass species 

in the sown pastures than in the semi-natural pastures, and more grass species in the sites 

of S. Maria, followed by Pico and Terceira in decreasing order. Concerning the grass-

feeders, there were, on average, more species in S. Maria followed by Terceira and Pico, 

the sown pastures having more species in Terceira, but the semi-natural pastures having 

more grass-feeding species in S. Maria and Pico. 

 



The forb species richness showed only a habitat effect (F12,24 = 2.49, p < 0.05), with 

more forb species occurring in the semi-natural pasture sites than in the sown pastures. 

The local species richness of three assemblages of arthropod herbivores was 

regressed against the corresponding plant host species richness (Table 4-1). Thirty 

regressions were performed, most of them being non significant. Five of the thirty 

regressions were statistically significant, this result being expected by chance. However, all 

the significant correlations were obtained not scattered but between the grass-feeding 

insect species and grass species richness, which has some biological sense. Therefore, no 

corrections were performed (e.g. Bonferroni correction). 

 



Table 4-1. Results of linear regression of the logarithm of total herbivore species against the logarithm 
of total plant species (1), of the logarithm of forb-feeding insect species against the logarithm of total forb 
species (2) and of the logarithm of grass-feeding insect species against the logarithm of total grass species 
(3), in sown (a) and semi-natural (b) pastures. 
 
 Season Intercept Slope F r2 
   
 1) Total herbivore species against total plant species  
 a) Sown   
 Spring 1994 1.05 2.24 0.16 (n.s.) 0.038 
 Summer 1994 1.206 0.102 0.02 (n.s.) 0.005 
 Autumn 1994 0.478 0.607 1.07 (n.s.) 0.211 
 Summer 1995 0.77 0.456 0.701 (n.s.) 0.149 
 Pooled 0.306 0.825 4.64 (n.s.) 0.537 
 b) Semi-natural     
 Spring 1994 0.057 0.889 0.757 (n.s.) 0.159 
 Summer 1994 1.228 0.061 0.001 (n.s.) 0.0003 
 Autumn 1994 0.38 0.657 0.272 (n.s.) 0.064 
 Summer 1995 -0.914 1.54 2.078 (n.s.) 0.342 
 Pooled -1.399 1.878 2.206 (n.s.) 0.355 
      
 2) Forb-feeding insect species against forb species   
 a) Sown      
 Spring 1994 0.483 0.518 0.437 (n.s.) 0.098 
 Summer 1994 0.332 0.521 0.362 (n.s.) 0.083 
 Autumn 1994 0.428 0.41 0.238 (n.s) 0.056 
 Summer 1995 0.472 0.482 1.213 (n.s.) 0.233 
 Pooled 0.412 0.639 2.535 (n.s.) 0.388 
 b) Semi-natural    
 Spring 1994 -1.403 2.079 2.553 (n.s.) 0.39 
 Summer 1994 -1.386 1.855 1.501 (n.s.) 0.273 
 Autumn 1994 -0.685 1.38 0.524 (n.s.) 0.116 
 Summer 1995 -0.374 1.141 1.009 (n.s.) 0.201 
 Pooled -1.645 2.191 4.477 (n.s.) 0.528 
      
 3) Grass-feeding insect species against grass species  
 a) Sown     
 Spring 1994 0.8 0.141 0.048 (n.s.) 0.012 
 Summer 1994 0.862 0.057 0.003 (n.s.) 0.001 
 Autumn 1994 0.224 0.712 0.693 (n.s.) 0.148 
 Summer 1995 0.716 0.249 0.248 (n.s.) 0.058 
 Pooled 0.154 0.891 28.27 (**) 0.88 
 b) Semi-natural     
 Spring 1994 0.51 0.406 0.973 (n.s.) 0.196 
 Summer 1994 0.025 1.027 7.28 (*) 0.645 
 Autumn 1994 0.067 0.941 12.124 (*) 0.752 
 Summer 1995 0.189 0.887 15.694 (*) 0.797 
 Pooled 0.213 0.885 29.89 (**) 0.88 
   
n.s. = not significant; *p < 0.05; **p < 0.01. 

 



Figure 4-1 shows that there is no correlation between total numbers of herbivore 

arthropod species and total vascular plant species richness in the two pasture habitats under 

study. On all four sampling occasions and in the pooled data all regressions were non-

significant. Also there were no significant correlations when regressing the number of forb-

feeding insects against the number of forb species (Figure 4-2). However, when regressing 

the number of grass-feeding insect species against the number of grass species some 

significant relationships were obtained, mainly in the semi-natural pastures (Figure 4-3). 

Significant correlations were obtained in both habitats in only the pooled data (Figures 4-3i 

and j), although in the semi-natural pastures a positive significant correlation between 

grass-feeder species richness and grass species richness occurred in the Summers of 1994 

(Figure 4-3d) and 1995 (Figure 4-3h) and in the Autumn 1994 (Figure 4-3f). 

It is a moot point whether I would have been justified in combining data from semi-

natural and sown pastures in these analyses. By increasing the number of degrees of 

freedom, the number of significant correlations would be likely to increase. Putting aside 

from the question of whether it makes biological sense to combine data from two very 

different habitats, the fact remains that plant species richness is still a very poor predictor of 

insect species richness.  

 

4.3.2. Vegetation structure - arthropod abundance relationships 

Appendix V gives the values of the response and explanatory variables used as y-

variates in nested analyses of variance and as y and x-variates in multiple regressions. 

 

4.3.2.1. Patterns in the explanatory and response variables 
Only three variables showed a sampling event effect, namely tHeight (F3,8 = 4.45, p 

< 0.05), PEF-Height (F3,8 = 5.21, p < 0.05) and PEG-Height (F3,8 = 5.14, p < 0.05). All 

three variables showed neither an effect of island nested within sampling event effect nor 

an effect of habitat nested within island. This is a consequence of seasonal and between 

year differences in the height of the pasture sward due to climatic factors. In most sites, the 

vegetation height peaked in the Summer. 

The results showed a significant island effect for several variables. The vegetation 

diversity ("Willa") was slightly higher in S. Maria and lower in Terceira on all sampling 
occasions (F8,12 = 2.83, 0.05 < p < 0.1), while the abundance of web-building spiders 

 



(F8,12 = 4.13, p < 0.05), tended to be higher in Pico (Spring and Summer 1994) or Terceira 

(Autumn 1994, Summer 1995) and lower in S. Maria. 

 



 



 



 



In two variables, there were both island and habitat effects: PEFca (F8,12 = 3.14, p < 

0.05; F12,24 = 2.66, p < 0.05) and the abundance of forb-feeding insects (F8,12 = 5.07, p < 
0.01; F12,24 = 2.16, 0.05 < p < 0.1), in spite of the habitat effect in the forb-feeding insect 

abundance being marginally significant. The result obtained with PEFca was a consequence 

of a higher cover of forbs in the semi-natural pastures and on average also higher in S. 

Maria than Pico and Terceira in decreasing order. Concerning the forb-feeding insects, 

their abundance was usually higher in S. Maria than in the other two islands, but there were 

no consistent patterns between habitats. 

The three remaining variables had a significant habitat effect only. The Sprich (= 

Mean number of vascular plant species touching the point-quadrat pins per plot) was 

consistently higher in the semi-natural pastures than in the sown pastures particularly in S. 
Maria and Terceira (F12,24 = 3.18, p < 0.01). The PEGca (F12,24 = 4.86, p < 0.001) and the 

bundance of grass-feeding insects (F12,24 = 5.27, p < 0.001) also had a highly significant 

habitat atural 

pasture e cover 

bundance of grasses tended to be higher in the semi-natural pastures of the three islands, 

the highest differences occurring in Terceira. 

 

4  Predicting the abund -feed

The forb-feeding insects found in the two habitats (see Appendix IV) were dominated 

by leg eders (e.g. the aphids, A siphon pisu  Therioaphis trifolii; 

caterpillars of the noctuid moths, A ramm  seg ; adults of the 

curculi Sitona spp.), as a consequence of the high cover abundance of Lotus 

uligino  Trifolium repens in most sites. Also comm Dysaphis 

aucupariae ( lanceolata), caterpillars (e.g. Chrysodeixis chalcites, Cyclophora 

puppillaria granti) and adults (e.g. Scop p.) of sever ies o Lepidoptera and 

adult c  (e.g. Chaetocnema hor Chrysolina
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positively correlated with the numb s of s (P ) and with the 

archite f perennial forbs (PEF-Heig  the Spring tum 994, and to the 

ers of 1994 and 1995 (Table 4-2). 

Significant negative correlations were obtained with total forb species (tFspp) in the Spring 

and Autumn 1994 (Table 4-2). The following are the minimal adequate models (parameters 
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± 1 SE): log AFF = 7.35 (±0.349) + 2.04 (±0.0014) PEFca - 8.50 (±0.47) log tFspp + 0.36 

(±0.0

rpreted 

very c

icant terms, beginning from 
the maximal model. Codes for explanatory variables as defined in text. 

 
 Explanatory variable Deviance F Significance 

78) PEF-Height, for the Spring 1994; log AFF = - 3.007 (±0.21) + 4.78 (±0.02) 

square-root Willa, for the Summer 1994; log AFF = 1.74 (±0.226) + 0.65 (±0.0006) PEFca 

- 2.47 (±0.14) log tFspp + 1.11 (±0.12) PEF-Height, for the Autumn 1994; log AFF = - 

2.80(±2.1) + 0.25 (±0.004) Willa, for the Summer 1995. Obviously, with the small number 

of degrees of freedom available, all these minimal adequate models must be inte

autiously. 
 

Table 4-2. Forb-feeding insects in sown pastures; analysis of deviance (ANODEV) table 
for multiple regression with step-wise omission of non-signif

   
 Spring 1994   
 PEFca 272448.000 1993035.845 *** 
 tFspp 48.910 -357.791 ** 
 PEF-Height 2.970 21.726 * 
 Willa 0.144 1.106 n.s. 
 Summer 1994   
 Willa 1228702.000 56233.501 *** 
 tFspp 28.830 1.477 n.s. 
 PEF-Height 3.361 0.122 n.s. 
 PEFca 1.195 0.022 n.s. 
 Autumn 1994   
 PEFca 187745.000 1177823.087 *** 
 tFspp 49.350 -309.598 ** 
 PEF-Height 12.690 79.611 * 
 Willa 0.090 0.395 n.s. 
 Summer 1995   
 Willa 81418.000 2856.772 *** 
 tFspp 2.545 0.089 n.s. 
 PEF-Height 56.060 3.806 n.s. 
 PEFca 8.495 0.405 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
 

The abundance of forb-feeding insects (AFF) in semi-natural pastures was 

significantly positively correlated with PEFca in the three samples of 1994, and with Willa 

in the Summers 1994 and 1995 (Table 4-3). Significant negative correlations were obtained 

with tFspp in the Spring and Autumn 1994, and with PEF-Height in the Summer 1994 

(Table 4-3). 

The following are the minimal adequate models (parameters ± 1 SE): log AFF = 2.07 

(±0.76) + 0.86 (±0.0007) PEFca - 3.08 (±0.003) log tFspp, for the Spring 1994; log AFF = - 
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 Exp Deviance F 
   
 Spring 1994   
 PEFca 330585.000 143483.073 *** 
 tFsp
 PEF-H

p 3304051.000
5.684

-1434049.913
9.257 

 *** 
n.s. eight 

Summer 1994 
126.200 4

 Willa 0.320 0.353 n.s. 
   
 Willa 3.487 * 
 PEF
 PEF-H

ca 104.200
eight 

 n.s. 
Autumn 1994 

25149

35.906
-35.872 

 * 
104.100 * 

 tFspp
 

0.019 0.003 
  

 PEFca 2952270.000 1 2.158 *** 
 184727.003 *** 
 Willa 0.779 0.247 n.s. 
tFspp 2794771.000 -1

 PEF-Height 0.159 0.026 n.s. 
 Summer 1995   
 Willa 2904193.000 1014033.869 *** 
 PEF-Height 41.870 1.071 n.s. 
 PEFca 96.950 9.552 n.s. 
 tFspp 0.388 0.019 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
 

4.3.2.3. Predicting the abundance of grass-feeding insects 

The list of grass-feeding insect species (see Appendix IV) includes grass foliage-

chew

anthopper Muellerianella sp. a, the root feeding aphids 

ing insects (Orthoptera, Lepidoptera), grass root-chewing insects (Lepidoptera -

Noctuidae and Coleoptera - Curculionidae) and leaf and root sap-feeders (Heteroptera - 

Miridae; Homoptera, Auchenorrhyncha - Cicadellidae and Delphacidae; Homoptera, 

Sternorrhyncha - Aphididae; Thysanoptera). The most abundant species found in the twelve 

studied sites were two grassland leafhopper species (Anoscopus albifrons, Euscelidius 

variegatus), the delphacid pl
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The abundance of grass-feeding insects (AGF) in sown pastures was significantly 

positively correlated with the diversity of e whole veg ation (Willa) on all the sampling 

occasions, and to the architecture of grasses (PEG-Height) in the Summ r of 1995 (Table 

4-4). Significant negative correlations were obtained with the total grass species (tGspp) in 

the S f 1995 (Table 4-4). 

eding insects in sow es; analysis of  (ANO V) table 
ltiple regression with step-wise  of non-signif s, beginning from 

aximal model. Codes for explanato bles as defined 
 

able Devia F Significance 

ecia corni and Rhopalosiphum insertum), the common yellow pasture 

othrips rufus, and larvae of the armyworm (Mythimna unipuA

 th et

e
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Table 
for mu

4-4. Grass-fe n pastur
omission

 deviance
icant term

DE

the m ry varia in text. 

 Explanatory vari nce 
   
 Spring 1994   
 Willa 49404452.000 839070.177 *** 
 tGspp 
 PEG

92.660
56.300

1.574 
0.93

n.s. 
n.s. -Height 

a 
6 

 PEGc 7.411 0.160 n.s. 
 

a 
Summer 1994 

12784937.000 220810
  

 Will 65.630 *** 
 PEGca 

0.300 n.s. 
 Autumn 1994   

0.026 0.034 
4.559 

n.s. 
n.s.  tGspp 1.591

 PEG-Height 0.161

 Willa 5956209.000 1641281.000 *** 
 tGspp 0.468 0.100 n.s. 
 PEGca 12.010 11.775 n.s. 
 PEG-Height 0.620 0.437 n.s. 
 Summer 1995   
 Willa 3168376.000 264031.333 *** 
 tGspp 38.010 -35.194 * 
 PEG-Height 36.690 33.972 * 
 PEGca 0.121 0.059 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p<0.001. 

(±0.34) + 0.77 (±0.00016) W

 

The following are the minimal adequate models (parameters ± 1 SE): log AGF = -

6.86 (±3.67) + 7.63 (±0.0089) square-root Willa, for the Spring 1994; log AGF = 0.41 

illa, for the Summer 1994; log AGF = 1.085 (±0.85) + 0.64 

(±0.0005) Willa, for the Autumn 1994; log AGF = 0.39 (±0.63) + 0.37 (±0.0002) Willa - 

0.007 (±0.001) log tGspp + 7.23 (±0.124) log PEG-Height, for the Summer 1995 (The 

previous caveats about degree of freedom apply, and will not be repeated thereafter). 

 



The abundance of grass-feeding insects (AGF) in semi-natural pastures was 

significantly positively correlated with Willa on all the sampling occasions, and with the 

total 

lanatory variable Deviance F Significance 

grass species richness (tGspp) in the Summers of 1994 and 1995 and in the Autumn 

1994 (Table 4-5). Significant negative correlations were obtained with the PEG-Height in 

the Summer and Autumn 1994, and with the cover abundance of grasses (PEGca) in the 

Summer 1995 (Table 4-5). The following are the minimal adequate models (parameters ± 1 

SE): log AGF = - 0.6 (±0.51) + 1.04 (±0.0002) Willa, for the Spring 1994; log AGF = 0.33 

(±1.106) + 1.73 (±0.00039) Willa + 0.005 (±0.0006) log tGspp - 14.4 (±2.04) log PEG-

Height, for the Summer 1994; log AGF = - 0.012 (±0.65) + 1.56 (±0.003) Willa + 0.103 

(±0.0.02) log tGspp - 1.015 (±0.185) PEG-Height, for the Autumn 1994; log AGF = 0.25 

(±0.096) + 1.22 (±0.0001) Willa -3.33 (±0.169) log PEGca + 0.0013 (±0.00007) log tGspp, 

for the Summer 1995. 

 
Table 4-5. Grass-feeding insects in semi-natural pastures; analysis of deviance 
(ANODEV) table for multiple regression with step-wise omission of non-significant 
terms, beginning from the maximal model. Codes for explanatory variables as defined in 
text. 

 
 Exp
   
 Spring 1994   
 Willa 56059256.000 32976032.941 *** 
 PEG-Height 0.134 0.078 n.s. 
 PEGca 0.365 0.153 n.s. 
 tGspp 4.473 14.910 n.s. 
 Summer 1994   
 Willa 70528352.000 22040110.000 *** 
 tGspp 165.900 51.844 * 
 PEG-Height 159.200 -49.750 * 
 PEGca 3.671 1.345 n.s. 
 Autumn 1994   
 Willa 21498240.000 24155325.843 *** 
 tGspp 26.660 29.955 * 
 PEG-Height 26.610 -29.899 * 
 PEGca 1.680 16.568 n.s. 
 Summer 1995   
 Willa 2176379.000 122959265.537 *** 
 PEGca 6.867 -387.966 ** 
 tGspp 6.557 370.452 ** 
 PEG-Height 0.001 0.035 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p<0.001. 

 
 

 



4.3.2.4. Predicting the abundance of web-building spiders 

The most abundant species were mainly linyphiids (e.g. Eperigone fradeorum, 

Erigone atra, Erigone autumnalis, Erigone dentipalpis, Lepthyphantes tenuis, Oedothorax 

fuscus and Ostearius melanopygius) and Achaearanea acoreensis (Theridiidae). All such 

species are well adapted pasture dwelling spiders, while E. atra, E. dentipalpis and O. 

fuscus normally occur in heavily grazed pastures (De Keer & Maelfait 1987, 1988). 

The abundance of web-building spiders (AWBS) was significantly positively 

correlated with the cover abundance of grasses (PEGca) on all the sampling occasions in 

both sown and semi-natural pastures (Tables 4-6 and 4-7). 

 



Table 4-6. Web-building spiders in sown pastures; analysis of deviance (ANODEV) table 
for multiple regression with step-wise omission of non-significant terms, beginning from the 
maximal model. Codes for explanatory variables as defined in text. 

 

 Explanatory variable Deviance F Significance 
   
 Spring 1994   
 PEGca 100.100 720.144 *** 
 Willa 1.785 -12.842 * 
 Sprich 0.045 0.241 n.s. 
 
 
tHeight 0.111 0.427 n.s. 

Summer 1994   
 PEGca 12770071.000 2029250.119 *** 
 Willa 10.480 2.141 n.s. 
 Sprich 10.790 5.542 n.s. 
 tHeight Aliased 0.000 n.s. 
 Autumn 1994   
 PEGca 5954213.000 29534786.706 *** 
 tHeight 0.469 3.349 n.s. 
 Sprich 
 

0.110 0.964 n.s. 
Willa 0.109 0.922 n.s. 

 Summer 1995   
 PEGca 10.930 130.119 ** 
 Willa 3.985 -47.440 * 
 Sprich 3.687 43.893 * 
 tHeight 0.064 0.615 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p<0.001. 

 

The abundance of web-building spiders was also significantly positively correlated 

with the mean number of vascular plant species per plot as recorded by the point-quadrat 

pins (Sprich) in the sown pastures in the Summer 1995 (Table 4-6), and with the total 

vegetation diversity (Willa) in the semi-natural pastures in the Spring and Autumn 1994 

(Table 4-7). Significant negative correlations were obtained with Willa in the Spring 1994 

and Summer 1995 in the sown pastures (Table 4-6), and also with Willa in the Summer 

1994 in semi-natural pastures (Table 4-7). 

The following are the minimal adequate models (parameters ± 1 SE) for the sown 

pastures: log AWBS = - 0.096 (±0.2) + 1.69 (±0.06) PEGca - 0.76 (±0.21) square-root 

Willa, for the Spring 1994; log AWBS = 2.51 (±1.12) + 0.77 (±0.0005) PEGca, for the 

Summer 1994; log AWBS = 1.26 (±0.2) + 0.64 (±0.00011) PEGca, for the Autumn 1994; 

log AWBS = 0.96 (±0.2) + 0.76 (±0.06) PEGca - 0.82 (±0.12) Willa + 0.45 (±0.07) log 

Sprich, for the Summer 1995. 

 

 



Table 4-7. Web-building spiders in semi-natural pastures; analysis of deviance (ANODEV) 
table for multiple regression with step-wise omission of non-significant terms, beginning from 
the maximal model. Codes for explanatory variables as defined in text. 

 

 Explanatory variable Deviance F Significance 
   

 Spring 1994   
 PEGca 27.400 25.277 * 
 Willa 23.440 21.624 * 
 tHeight 2.206 4.242 n.s. 
 Sprich Aliased 0.000 n.s. 
 Summer 1994   
 PEGca 187.000 138.827 ** 
 Willa 49.710 36.904 ** 
 Sprich 3.484 12.532 n.s. 
 tHeight Aliased 0.000 n.s. 
 Autumn 1994   
 Willa 1698664.000 418906.042 *** 
 74.810 18.449 * 
 Sprich 
 

PEGca 
3.301 0.745 n.s. 

tHeight Aliased 0.000 n.s. 
 Summer 1995   
 PEGca 31667642.000 14593383.410 *** 
 tHeight 5.684 5.695 n.s. 
 Willa 2.645 15.149 n.s. 
 Sprich Aliased 0.000 n.s. 

 n.s. = not significant; *p < 0.05; **p < 0.01; ***p<0.001. 

 

In the semi-natural pastures, the minimal adequate models (parameters ± 1 SE) are as 

follow: log AWBS = - 0.036 (±0.67) + 0.54 (±0.1) PEGca + 0.95 (±0.1) square-root Willa, 

for the Spring 1994; log AWBS = - 0.99 (±0.74) + 1.14 (±0.096) PEGca - 1.085 (±0.18) 

square-root Willa, for the Summer 1994; log AWBS = - 3.18 (±1.80) + 13.26 (±3.086) log 

PEGca + 3.51 (±0.005) square-root Willa, for the Autumn 1994; log AWBS = - 1.95 

(±0.66) + 1.22 (±0.0003) PEGca, for the Summer 1995. 

 

4.4. Discussion 

There are some consistent patterns, but also some differences in the plant/arthropod 

relationships in both sown and semi-natural pastures. 

Significantly, the results are not in com  agreement with other work relating plant 

and insect diversity. Most previous studies (see review in Gaston 1996b) show a correlation 

between plant species richness and phytophagous insect species richness, which was not 

always the case in the current study. However, there was an exception: in that grass species 

plete

 



richness is a good predictor of grass-feeding insect diversity especially in the semi-natural 

pastures.  

Arguably, these different patte o the fact that the whole arthropod 

herbivore and forb-feeding species richness a ple 

of the regional r food source 

diversity at the local scale. W ist between these arthropod 

taxa, however, is unclear. Interestingly, if only the data from two of the islands (S. Maria 

and Terceira) are analysed, there is some relationship between herbivore species richness 

and v

een plant and 

insec

ence of a regional 

effec

of degrees of freedom constrained by the logistics of the study, 

name

rns may be due t

t the local scale are probably a passive sam

pool of species, whilst the grass-feeding insects track thei

hy these differences should ex

ascular plant species richness in the sown pastures (Figures 4-1a, c, e, g and i), and 

between forb-feeding insects species richness and forb species richness in sown pastures 

(Figures 4-2a, g and i). It appears, therefore, that the poor relationship betw

t species richness apparently emerges as a consequence of a depauperate herbivorous 

arthropod fauna in Pico (see Chapter 7) and because of a depauperate herbivorous 

arthropod fauna in the semi-natural pastures from Terceira (see also Chapter 7). That is, 

local diversity in these systems may be strongly influenced by the size of the regional pool 

(Cornell & Lawton 1992, but see also other references and a discussion on this subject on 

Chapter 6).  

Thus, patterns and processes observed in local herbivore assemblages are probably 

determined not only by local mechanisms, but also from processes operating at a larger 

(regional) spatial and temporal scales (see Chapters 6 and 7). The preval

t was consistent in most variables of species richness (e.g. total number of vascular 

plant species, total number of grass species, total number of arthropod herbivore species, 

insect forb-feeders, insect grass-feeders) with an island effect also occurring in the alpha-

diversity of the vegetation (In Chapters 6 and 7, this subject is explored further). 

Analyses of these relationships between plant diversity and arthropod diversity 

clearly indicate the importance of monitoring both plants and related plant herbivores 

collected at the same spatial and time scales, a situation not commonly achieved in 

previous studies (see Gaston 1996b). 

One of the aims of this chapter was to identify predictors of invertebrate densities in 

sown and semi-natural pastures. The effort was moderately successful, although hampered 

by the small number 

ly the inclusion of only three islands. Several related vegetation structural indices 

single or in combination (total vegetation William’s alpha diversity, "Willa"; perennial forb 

 



cover abundance, "PEFca"; perennial grass cover abundance, "PEGca"; perennial forb 

weighted mean height index, "PEF-Height"; perennial grass weighted mean height index, 

"PEG-Height") predicted arthropod abundances (Table 4-2 to 4-7). The possibility that 

other variables, not accounted for in the present analyses, could have influenced the 

abundance of the arthropod assemblages cannot be excluded. However, in spite of the fact 

that no manipulative experiments were performed, the results are biologically sensible.  

Although variation in total density of forb-feeders and web-building spiders differed 

between islands, a habitat effect was also obtained for forb- and grass feeding insect 

densities. The density of forb-feeders tracked the cover abundance of perennial forbs, both 

variables having significant island and habitat effects. The same occurred with the 

abundance of grass-feeders and the cover abundance of perennial grasses, both displaying a 

habitat effect. Similarly, the diversity of grasses and grass-feeders was determined by an 

island and a habitat effect. 

The perennial grass cover abundance and the perennial grass Height index were not 

good predictors of the abundance of grass-feeders in both habitats. Another structural index 

of the vegetation, the vegetation alpha-diversity, was the main predictor of the grass-

feeding insect abundance. Taking into account that simplification of the vegetation 

structure by grazing or cutting has some effect on grass-feeders density (Morris 1973; 

Gibson et al. 1992b), the reason for these results are difficult to interpret and may simply 

reflect the poor predictive value of the Height index in these pasture systems. This is, 

perhaps, not surprising since the Azorean pastures are grazed more frequently than the 

habitats studied by Morris and Gibson, which may cause further disruption to the 

relationship. 

Grasses are architecturally, not as complex as forbs (Tscharntke & Greiler 1995) but 

still host a variety of insect species. Indeed, grass-feeding species were the most abundant 

herbivores in the field sites (e.g. Anoscopus albifrons, Muellerianella sp. a, Aptinothrips 

rufus, Mythimna unipuncta). The reason that the abundance of grasses (PEGca) was not a 

good predictor of grass-feeder density may indicate the fact that many species in a 

community apparently occur independently of plant species composition, while relatively 

few occur in direct relation to the abundance of plant species (Brown et al. 1992). 

Alternatively, the low number of species may make the variability in the data such that 

consistent trends may be masked. 

 



Similar plant-insect abundance patterns were found in the Spring and Autumn 1994 

and in the Summers 1994 and 1995 for the forb-feeding insects in sown pastures. The 

vegetation diversity seemed to be a good predictor of the density of forb-feeders in the 

Summers 1994 and 1995, in both sown and semi-natural pastures. Moreover, there is a 

paucity of forb-feeding species in Pico, despite the availability of forb species (see also 

Chapter 7). For the forb-feeding insects, both the cover abundance of forbs and the alpha-

diversity of the vegetation were good predictors of forb-feeding insect density.  

Concerning the web-building spiders, there was a strong association between the 

abundance of this predatory assemblage and the cover abundance of perennial grasses in all 

seasons in both habitats. Several non-independent mechanisms may be involved in causing 

more web-building spider individuals to occur in dense and structurally diverse grass 

swards. For example, the amount of living space for both web attachment and shelter may 

well affect their density. This will also influence the availability of prey.  

If the relationship is causal and not spurious, it has obvious implications in terms of 

pasture management. Spiders are well known biological control agents in agroecosystems 

and usually need a complex sward architecture for web attachment (Uetz 1991; Gibson et 

al. 1992a; Curry 1994; Wise 1995). Grazing reduces sward structural complexity and also 

spider numbers (Gibson et al. 1992a; Curry 1994). In the present study, the density of 

spiders was determined three to four weeks after a grazing event, thereby allowing the 

regrowth of the vegetation. As the spider density was related to the abundance of perennial 

grasses, this implies that management favouring a diverse and complex perennial grass 

sward also favours the assemblage of web-building spiders and consequently the biological 

control of potentially damaging phytophagous insects.  

Other studies (see Brown & Gange 1989; Brown 1991a and b) have considered the 

weighted mean height index (Height) to be a reliable measure of habitat structure. In the 

present work, this index (e.g. tHeight, PEF-Height and PEG-Height) was seldom a good 

predictor of the density of the three assemblages studied. Moreover, the three measures of 

vegetation Height mentioned above showed a significant sampling event effect, but no 

island or habitat effects. This result implies that for the two habitats under study, these 

indices are strongly dependent on the seasonal vegetation growth and are of less value as 

predictors of arthropod density. Also something which is important is the fact that in the 

Azores vegetation grows very quickly, so there would be a lot of temporal variability in the 

index which would "destroy" its use as a predictor.  

 



In summary, the various effects of pasture management may have profound effects on 

local arthropod assemblages. Important predator assemblages such as the web-building 

spiders seem to respond positively to a well developed and complex grass sward. However, 

grass

by generalist feeders on legume species usually of great importance for cattle. As 

noted

 shown to be poor 

predi

d, it appears that 

struc

 

 

 

 

-feeding insects also increase in diverse vegetation, creating a trade-off between 

having a diverse grass sward for web spider attachment and a less diverse grass sward to 

decrease the diversity and density of grass-feeding insects. The positive relationship 

between forb cover abundance and the abundance of forb-feeders implies that good pasture 

management, which avoids invasion by forb weedy species, is one way of decreasing 

herbivory 

 by Gibson et al. (1992b): "...the value of management is only relevant with reference 

to clearly defined goals"  

 

4.5. Summary 

Total vascular plant species richness and forb species richness were

ctors of total arthropod herbivore and forb-feeding insect species richness, 

respectively. Grass species richness was, however, a good predictor of grass-feeding insect 

species richness in two kinds of habitats, namely sown and semi-natural pasture. Three 

vegetation structural indices (cover abundance of perennial forbs, cover abundance of 

perennial grasses and the total vegetation alpha-diversity) are good predictors of 

invertebrate abundance in the studied sown and semi-natural pastures. Habitat structure, 

defined by a Height index, was of minor predictive value. The three above mentioned 

vegetation indices reflect the pasture structure. Since arthropod density depends on the 

structural habitat complexity, both in sown and semi-natural pasturelan

turally complex pasture sites support more individual insect forb-feeders, grass-

feeders and web-building spiders, per unit area than less heterogeneous sites. 

 

 

 

 

 



 

 
CHAPTER 5 

 
DISTRIBUTION PATTERNS IN PLANT AND  

THROPOD SPECIES 

ht 

hand mode generated by the widespread group of species that occur in almost all sampled 

sites. The "hollow curve" pattern has important implications in terms of conservation 

biolo

AR
 

5.1. Introduction 

Since the classic work of Andrewartha and Birch (1954) on the distribution and 

abundance of animals, the study of distribution has become one of the key issues in 

ecological studies, and is intrinsic to the concept of "Ecology" (Krebs 1994).  

One way to examine patterns of distribution is to plot the frequency histogram of 

species distributions, that is, a species-range-size distribution (Gaston 1994a, 1996c; 

Brown 1995). The results of most previous studies suggest that, within a particular taxon or 

assemblage of species, the untransformed geographic ranges of species are distributed 

according to a "hollow curve" (Schoener 1987; Gaston 1994a, 1996c). Thus, most species 

have a narrow range while a few are more widespread, distributed throughout all the 

measured range. Although this highly "right-skewed" curve pattern was firstly described by 

Willis (1922) in his classic book, Age and Area, only recently has the pattern been 

investigated in more empirical and theoretical terms (see Gaston 1996c). 

In some cases, the species-range-size distribution shows a bimodal pattern (Hanski 

1982; Gaston 1994a; Brown 1984b, 1995), in which to the left hand mode is added a rig

gy, since a large set of the species in any community showing it can be regarded as 

rare in terms of the extent of their distribution (Gaston 1996c). As restricted distribution 

and low abundance are commonly positively correlated (see also below) (Hanski 1982; 

Brown 1984b, 1995; Gaston & Lawton 1988, 1990; Hanski et al. 1993; Lawton 1993; 

Lawton et al. 1994; Gaston 1994a, 1996d; Gaston et al. in press), a great proportion of the 

species of a particular assemblage are therefore likely to be prone to extinction (Lawton 

1993; Gaston 1996c). 

Range size is commonly correlated with several other variables. Gaston et al. (in 

press) list and discuss eight mechanisms that have been proposed to, or might possibly, 

 



generate positive relationships between the local abundance and regional distribution of 

species. In the “sampling artefact” model the relationship arises as a consequence of a 

systematic under-estimation of the range sizes of species with lower local abundances. Rare 

species are by definition difficult to sample and sensitive to the sampling method used 

(Gaston 1996a); consequently, the left-hand mode is overestimated. Moreover, if the sites 

are h

finding that a few species are regionally 

comm

993; Lawton et al. 1994; Gaston 1994a, 1996d and references 

there

ighly homogeneous throughout all the measured range, the right-hand mode is 

overestimated by the inclusion of widespread habitat specialist species. Thus, bimodality 

may occur only as a sampling artefact (Gaston 1994a). The “phylogenetic non-

independence” model, also considers that the positive relationship between abundance and 

distribution of species might be artefactual and results from non-independence of species as 

data points for statistical analysis (i.e. phylogenetic relatedness) (Harvey 1996). The "core 

and satellite species hypothesis" (Hanski 1982) and the "resource usage model" (Brown 

1984b, 1995) were proposed to explain the 

on (widespread) and locally abundant (the "core" species in Hanski’s model; the 

generalists or broad-niched species in Brown’s model), while most species can be regarded 

as having low ranges and low local abundances (the "satellite" species in Hanski’s model; 

the specialists or narrow-niched species in Brown’s model). In Brown’s model (“breadth of 

resource usage” sensu Gaston et al. in press) there is an attainment of higher local 

abundances and wider distributions by species with greater resource breadths. A positive 

abundance - range size relationship is an assumption of the "core and satellite species 

hypothesis" (Hanski 1982; Hanski et al. 1993), but other metapopulation models also 

predict this pattern (Gaston et al. in press) (see empirical examples of Brown’s and 

Hanski’s models in Hanski 1982; Brown 1984b, 1995; Gaston & Lawton 1988, 1990; 

Hanski et al. 1993; Lawton 1

in).  

Recently, two new models were proposed to explain the range size - local abundance 

relationship: the "habitat availability model" (Venier & Fahrig 1996), in which the positive 

relationship between abundance and distribution arises on a patchy landscape if individual 

species have differences in habitat use and consequently different amounts of habitat are 

available to them on the same landscape (“habitat selection” model sensu Gaston et al. in 

press); the "population model" (Holt et al. 1997) (= “vital rates” sensu Gaston et al. in 

press) in which, assuming that all species are similar in their response to density-dependent 

factors but differ to their response to density-independent factors affecting birth and death 

 



rates, then a positive relationship between distribution and abundance is obtained using a 

simple demographic model. To the six models already listed, two other are also 

summarized in Gaston et al. (in press): “range position”, i.e. species closer to the edges of 

their 

he observed tendencies being strongly scale dependent (Gaston & Blackburn 

1996

d 

that t

latitudes due to higher 

number of species ("the competition hypothesis"). However, Stevens (1996) considers as 

an alternative explanation for the origin of Rapoport’s rules the fact that a species found at 

high nge of climatic conditions imposed on it by 

contemporary seasonal change ("the seasonal variability hypothesis"); d) a poorly studied 

geographic ranges have lower abundances in, and occupy a smaller proportion of, 

study areas; “resource availability”, i.e. attainment of higher local abundances and wider 

distributions by species with greater resource availability (see also Gaston 1994a). 

However, there are some pitfalls in the range size - local abundance relationship (Gaston 

1996d), and in some particular cases a negative relationship or no correlation were also 

found (Gaston & Lawton 1990).  

Range size has also been related to other ecological variables: a) range size - body 

size relationships have been the subject of several studies (Gaston 1994a; Brown 1995; 

Gaston & Blackburn 1996 and references therein), with the relationship being in most cases 

positive. Large-bodied species tend to have larger geographic range sizes than small bodied 

ones. However, the relationship can also be negative or in some cases there is no 

relationship, t

). The five published models that have been suggested to explain geographic range 

size - body size relationships are summarized in Gaston & Blackburn (1996); b) range size 

usually shows a strong positive relationship with altitudinal breadth (Gaston 1994a; Brown 

1995; Gutiérrez & Menéndez 1995; Gabriel & Sérgio in press), perhaps because a species 

that occurs throughout a wide elevational gradient should be more tolerant to a wider range 

of ecological conditions and occupy more sites than a species restricted to a particular 

altitudinal boundary. Moreover, Stevens (1992) observed that low elevation organisms tend 

to have smaller elevational ranges than high elevation organisms; c) range size can also be 

related to latitudinal distributions (Brown & Maurer 1989; Brown 1995; but see Smith et 

al. 1994 for an exception). "Rapoport’s rule" (Rapoport 1982) states that geographical 

range sizes decrease from the poles towards the tropics. Brown (1995) recently suggeste

his pattern is probably a consequence of the Pleistocene climatic changes that have 

selected for broadly tolerant wide ranging species at high latitudes ("the differential 

extinction hypothesis"), together with increasing competition in low 

latitude must be able to tolerate a full ra

 



relati

arthropods are investigated. In addition, I 

investigate patterns in the relationship between plant life-history attributes (annual and 

introduced) of a species is a very important attribute of isolated oceanic islands (see also 

Chap

endence between abundance and range size is tested for both plants and 

arthr

.2.1. Plant data set 

The same presence/absence pooled data set built for vascular plant species (forbs, 

grasses, sedges, rushes and ferns) described in Chapter 3 (see Appendix II) was used in this 

onship is that between range size and diet breadth (as a measure of niche width), but 

recently Fraser (1995) found that more wide ranging macrolepidopteran species have 

broader diet breadths.  

Recent interest in the investigation of patterns in ecology has re-emerged (Lawton 

1996). Moreover, experimental investigations at large scales are often impractical because 

the resources are not available and manipulative experiments are almost impossible. The 

macroecological approach (sensu Brown 1995) assumes that is possible to test hypothesis 

about small-scale processes using large-scale geographic data, to discover and describe 

patterns.  

The purpose of the current chapter is to give an integrated picture of distribution 

patterns in several ecological functional groups in the system under study. The species-

range-size distributions for vascular plants and 

m nocarpic perennial vs. perennial species) and range size distribution.  

For the herbivorous arthropod species, the range size - diet breadth relationship is 

investigated separately for suckers and chewers. The colonization status (autochthonous vs. 

o

ters 1 and 7). Thus, for both plants and arthropods (herbivores and predators), I 

analyse patterns in the relationship between colonization status and range size distribution. 

An important question to address is the existence or absence of a direct relationship 

between diet breadth and colonization ability in herbivorous arthropods. I expect that high 

invasibility is correlated with generalist feeding habits in herbivores. Thus, the introduced 

species should have wider diet breadths than the autochthonous species.  

Range size can be measured at different scales (Gaston 1994a and b). I look for the 

relationship between the range size of the arthropod species at a meso-range (the 12 sites in 

three islands) and at a macro-range (the nine islands of the Azorean archipelago). Finally, 

the non indep

opods.  

 

5.2. Materials and Methods 

5

 



chapter. In order to investigate the effect of increasing the sampling effort on the bimodal 

frequency distribution the presence/absence matrix of vascular plant species occurring in 

21 semi-natural pastures in the three studied islands used in Chapter 3 was also used here 

(see Appendix III). 

 

5.2.2. Arthropod data set 

The main data set with the arthropod distributions in the 12 studied field sites used in 

Chapter 3 was also used here (Appendix IV). For each of the 237 arthropod species (128 

herbivores and 117 predators; note that some species were listed as both herbivores and 

predators), information was gathere  herbivores, together with the 

informat he 

sources by 

the taxonomists that identified the morphospecies who are experts in the Macaronesian 

fauna

ber of specimens per square meter. The range size 

obtained for each species is that obtained from presence/absence data matrices generated 

from uadrat pins for the plants and the Vortis 

suction machine for the arthropods, and is given as the number of occupied sites from a 

d on diet breadth for the

ion on colonization status already available for all species. As stated before, t

of information were independent for each taxonomic group, being mainly given 

s (see a detailed list of contributions in Chapter 2). Information about the distribution 

of each species across the nine Azorean islands was obtained from several sources: 

Diplopoda (H. Enghoff pers. comm.); Heteroptera (Sousa 1979; J. Ribes pers. comm.); 

Cicadellidae (Quartau 1982); Delphacidae (J. A. Quartau pers. comm.); Aphididae (Ilharco 

1982, pers. comm.); Thysanoptera (Zur Strassen 1973, pers. comm.); Lepidoptera (Vieira 

& Pintureau 1993); Chilopoda (Eason & Ashmole 1992); Araneae (Wunderlich 1991); 

Neuroptera (Aspöck et al. 1980) and Coleoptera (Borges 1990). These faunistic studies 

were upgraded with new distribution records, as several of the arthropod species collected 

are new for the archipelago or some of the studied islands (see comments on Chapter 3). 

 

5.2.3. Species abundance data sets 

For the study of the relationship between abundance and range size, the Summer 

samples were selected, for reasons already explained in Chapter 3. The plant species 

abundance was given by the number of touches of a species in 400 height-profile point-

quadrat pins. This measure gives a reliable estimate of cover abundance for a species 

(Brown et al. 1988). The arthropod abundance was assessed with the Vortis suction 

apparatus and is given as the num

 the Summer 1994 samples, using the point-q

 



maxi

s of plants and arthropods were measured in terms of number of 

sites occupied. For the plants, as two different data sets were used, the maximum number of 

sites occupied can be 12 for the main experiment and 21 for the permanent plots in semi-

natural pastures. For the arthropods, distribution was measured as the number of occupied 

sites, with a maximum occupancy of 12. To have a measure of the shape of the frequency 

distribution of species, its skewness and kurtosis were calculated. As numbers of species 

differ between groups of species, proportion of species was used instead of number of 

species occurring in each range size category. 

The range size - diet breadth relationship is investigated separately for sucking and 

chewing herbivores. Each species of herbivore was allocated to one of four diet categories, 

species or genus monophages, family monophages, oligophages and polyphages. In the 

cases where information was not available, the species was not used in the analysis. Plants 

and arthropods were also classified to one of three colonization categories, natives, 

endemics and introduced. Native species arrived by long-distance dispersal to the Azores 

and are also known in other archipelagoes and on the continental mainland. Endemic 

species are those that occur only in the Azores as a result of either speciation events (neo-

endemics) or extinction of the mainland populations (palaeo-endemics). Introduced species 

are those believed to be in the archipelago as a result of human activities, some of them 

being cosmopolitan species. 

For the 2x2 contingency table analysis, the range size, colonization status and diet 

categories were simplified in order to avoid overdispersion of the data. Without such 

modification, some cells would have had expected frequencies less than five. For such 

smaller samples, the recommended statistical test is the Fisher’s exact test. However, as in 

most cases the expected frequencies were so small that they may be easily a result of 

chance, a more robust test was used. The G-test was chosen since is the most reliable 

means of analysing frequency data (Crawley 1993). The new categories were: a) range size

mum of 12. Therefore, for the range size - abundance relationship, the range sizes do 

not include the information obtained from the direct search carried out in the 20 plots for 

the plants and the pitfall data for the arthropods.  

 

5.2.4. Data analysis 

Species range size

 

- small range (0-4 sites) and wide range (5-12 sites). To be in five sites, a species must be 

on at least two of the three studied islands; b) colonization status - the endemic and native 

 



species were grouped into a new category, autochthonous species; c) diet breadth- the four 

categories mentioned above were reduced to only two by grouping the species/genus and 

family monophages as "specialists" and the oligophages and polyphages as "generalists".  

As data obtained on the distribution of species on the Azorean islands and on the 12 

studied sites was not normally distributed, a non parametric test was used to get an index of 

the strength of the relationships between within archipelago distribution and site 

occurrence. Spearman’s rank correlation was chosen instead of Kendall’s rank correlation 

procedure, since the former is better when n is large as in the present study (Zar 1984). For 

this analysis, both variables were logarithmically transformed and OLS curves were also 

fitted to the data. Only arthropods were studied, since plant species regional and local 

distributions are highly dependent of the management of pastureland. In fact, a great 

proportion of the vascular plant species surveyed in the 12 sites are known on all islands, 

mainly a consequence of human introductions. Two functional groups (herbivores and 

predators) and two taxonomic groups (Araneae and Coleoptera) were selected for 

comparison. 

For each plant species, abundance was measured as the logarithm of the mean number 

of touches in 400 point-quadrat pins in each field site, and for the arthropods as the 

logarithm of the mean number of individuals per square meter in each field site. As the 

frequency distribution of abundance within each species was shown to be right skewed, the 

geometric mean was chosen instead the arithmetic mean, since it provides a much more 

accurate representation of the central tendency (Zar 1984). The sites used to calculate the 

regressions were only those where a species occurred. I examined the relationship between 

abundance and range size for all plant and arthropod species, herbivores, predators and 

spiders with ordinary least-squares (OLS) regression and compared the fits using range size 

with both untransformed and logarithmic transformed values. The best fit was considered 

to be that resulting in the higher r2 value. Finally, I plotted the data from the best model.  

All statistics, including G-test, Spearman’s rank correlation and OLS regression 

analyses were performed using the STATVIEW 512+ Macintosh statistical package. The 

graphs were created using a Macintosh package (Cricket Graph III). 
 

5.3. Results 

5.3.1. Species-range-size distributions 

 



 

Most plant species occurred in only a small proportion of the sites sampled (Figures 

5-1 and 5-2), and thus only a few species were widespread in the studied pasture 

communities. The former can be regarded as either habitat specialists or sink species in the 

studied habitats. The apparent anomaly with the frequency distribution for the grasses and 

rushes+sedges+ferns (Figures 5-1c and d) may reflect the limited number of species studied 

plant groups. In the six basic communities under 

i-natural pastures in each of three separate islands), grass species are 

inantly perennial and some of them grown for cattle grazing purposes. Therefore, 

odal pattern in the grass species (Figure 5-1c) is explained by the fact that a high 

pled do occur natura

Agrostis castellana, Anthoxanthum odoratum, Holcus lanatus, Lolium 

, Lolium multiflorum and Poa trivialis). 
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Figure 5-1. Frequency histograms showing the proportion of species of vascular plants occupying the 12 field 
sites. Fig. 5-1a gives the distribution for all such plant species, and Figs. 5-1b-5-1d give the distributions for 
the main plant groups. "n" gives the number of species. Values of skewness (s) and kurtosis (k) are given for 
each frequency distribution. 



 

The reason for the atypical range size distribution of the rushes+sedges+ferns may be 

because most of the species have very particular soil, moisture and pH preferences, which 

are available only on a subset of the sites. So, a rich sedge, rush and fern flora is 

represented only in the six more acidic sites, the semi-natural sites from Terceira and all 

sites from Pico. Forbs are particularly striking in their distribution with a very typical 

"hollow curve" with a high value of skewness, but especially the greater value of kurtosis 

(Figure 5-1b). Thus, the forb species are generally less widely distributed than the grasses 

in the studied pasture sites. The slightly bimodal pattern present in the frequency histogram 

plotted for all plant species (Figure 5-1a) is clearly a consequence of the distribution of 

grass species. 

Increasing the number of sites surveyed, but not the range breadth, by increasing the 

sampling effort in a particular habitat (semi-natural pastureland) within the three islands, 

maintained the slightly bimodal pattern (Figure 5-2). 
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Figure 5-2. Frequency histogram showing the proportion of species of vascular plants (a total 
of 84 species) occupying 21 field sites of semi-natural pasture in the three studied islands. 
Values of skewness (s) and kurtosis (k) are given for the frequency distribution. 

 

All the frequency histograms plotted for the arthropods (Figure 5-3) showed a slight 

tendency for a bimodal distribution. The reason for this is probably because the two studied 

habitats are very homogeneous, comprising similar sets of species which occur throughout 

the area (see also Chapter 3). Spiders, chewers and predatory insects showed particularly 

 



interesting range size distributions. Almost half of the 50 species of Araneae occurred at 

only one site, giving the highest skew and kurtosis values in comparison with the other 

groups of species studied. This is due to the presence of very rare endemic species and 

because a high proportion of the species can be considered as vagrants (sensu Gaston 

1996 g periods with very low abundance. Chewers 

and 

kew and kurtosis obtained for chewers and predatory insects mean not only that 

those groups are more widely distributed but also that the proportion of species in each 

range s

a), occurring only in one of the samplin

predatory insects showed an inverse pattern with a high proportion of the species 

having a wide range. This is due to the broad distribution of most species of moths, 

carabids, staphylinids and chrysomelids, which tend to occur in three or more sites. Most of 

them are polyphagous herbivores (noctuid moth larvae) and polyphagous predators 

(carabids and staphylinids) with high vagility and colonization abilities. The smallest 

values of s

ize category is more similar. 

 

5.3.2. Range size at different spatial scales 

The relationships between range size in the 12 sites (meso-range scale) and 

geographical range size in the Azorean archipelago (macro-range scale) are shown in 

Figure 5-4 for four groups of arthropods. A positive correlation is observed in all the four 

cases, but the amount of the variation explained is always rather small (fitting a curve on 

the data the r2 values are: 0.114 for beetles; 0.116 for herbivores; 0.137 for all predators; 

and 0.152 for spiders).  
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Figu the proportion of species of several groups of re 5-3. Frequency histograms showing 
arthropods occupying the 12 field sites. "n" gives the number of s alpecies. V ues of skewness 
(s) a quency dnd kurtosis (k) are given for each fre istribution. 
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Figure 5-4. Relationships between the geographic range sizes of groups of arthropod species in the 12 field 
sites and in the whole Azorean archipelago (expressed as the logarithm of the number of the islands each 
species is known to occur). Note, several data points overlie one another. "n" gives the number of species. 
a) Herbivores (y = 0.19 + 0.43x, r2 = 0.116, p = 0.0003; b) Predators (y = 0.13 + 0.54x, r2 = 0.137, p = 
0.0002); c) Spiders (y = 0.14 + 0.54x, r2 2 = 0.152, p = 0.001); d) Coleoptera (y = 0.18 + 0.47x, r = 0.114, p 
= 0.005). 

 

Moreover, there were no strong correlations between site occupancy and island 
occu

e beetles. Spiders (Figure 5-4c) and predators (mainly spiders, 

staph

rrence, in spite of all the correlations being significant: rs = 0.318, p = 0.0011 for the 

herbivores; rs = 0.386, p = 0.001 for the predators; rs = 0.39, p = 0.012 for the spiders; and 

rs = 0.344, p = 0.0048 for th

ylinids and carabids) show the higher r2 values. This may be because these groups are 

better studied at the macro-range, and so have more reliable checklists available (e.g. 

Borges 1990 for the staphylinids and carabids; Wunderlich 1991 for the spiders). The 

 



herbivores include groups less well surveyed in the Azores (61% of the new records for the 

three islands are herbivores - see Chapter 3). Nevertheless, the species geographic range in 

the nine Azorean islands is a generally poor predictor of its range in the 12 field sites. 

 

5.3.3. Range size and plant life-form 

There is a change from annual/monocarpic perennial to perennial dominance as the 

range size of the plant species increases (Figure 5-5). This pattern is highly significant (G= 

16.571, d.f. = 1, p = 0.0002), and arises for two reasons. First, it arises as a consequence of 

a habitat effec  only in the 

sown pastures; 34% in sown and semi-natural pastures; and 3% in only semi-natural 

pastures). 
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(measured as the number of sites occupied). m. p. = monocarpic perennial.  

 

Therefore, the maximum number of sites where they may occur is six. Moreover, it is 

impo monocarpic perennial species are introduced 

- ano

ecies, as they are restricted in 

appe

rtant to recognize that 79% of the annual/

ther habitat effect. Second, annuals are mainly fugitive species, occurring very 

sporadically (see Figure 5-6) and in few sites, being dependent on the availability of gaps 

in the pasture to colonize. As shown in figure 5-6 for one of the sown pastures (S. Maria: 

field site 1.1), perennial species are persistent throughout all sampling occasions, whereas 

the annual/monocarpic perennial species have a bimodal pattern, with some species 

occurring throughout all sampling occasions but most being transient. Therefore, sampling 

artefacts may occur with annual/monocarpic perennial sp

arance and are not so consistently represented in the samples as the perennial species. 
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Figure 5-6. The number of sampling occasions in which each species occurred in at least one of the twenty 9 
m2 plots on the sown pasture 1.1 (S. Maria). "n" gives the number of species; m. p. = monocarpic perennial. 

 

5.3.4. Range size and herbivore diet breadth 

Figure 5-7 shows that most chewer species in the studied communities are 

polyphagous. In the sucker species, there is a more even distribution of diet types. In both 

assemblages, there are very few species in the most specialist diet category. 
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Figure 5-7. Number of species of suckers (a) and chewers (b) in each diet breadth category. Spp. = Species; 
Olig. = Oligophage; Poly. = Polyphage. 

 

Table 5-1 shows the distribution of the number of species in each diet category 

throughout three range size categories. In the suckers, lumping the species into specialists 

and generalist, the distribution is contrary to the theoretical expectation (see Introduction), 

since a high proportion of specialist species have a wide range, while a large proportion of 

the generalists occupy few sites (G = 5.638, d.f. = 1, p = 0.02). For chewers, there is no 

significant pattern in the distribution of the specialist-generalist species among the range 

size categories (G = 0.331, d.f. = 1, n.s.). 

 

 

 

 

 



 
Table 5-1. Distribution of the number of herbivore species in each diet category throughout 
three range size categories. a) Suckers; b) Chewers. 

     
   Diet breadth   
   Specialists Generalists  
   Genus and Family Oligophage  Polyphage 
   species monophage monophage    
 Range size       
 a) Suckers      

 1 to 4  1 13 14  13 
 5 to 8  0 7 3  0 
 9 to 12  0 4 2  0 
 b) Chewers    

 1 to 4  5 6 4  19 
 5 to 8  0 3 3  6 
 9 to 12  0 2 0  6 

 

All the sucker and chewer species of species/genus monophages consistently occurred 

in less than five sites, but there are few species and they are mainly restricted, so this 

distribution may not differ from random expectation (Table 5-1a and b). 

 

5.3.5. Herbivore diet breadth and colonization status 

Lumping the data in Tables 5-2a and 5.2b, I found an independence in the distribution 

of the diet breadth categories (specialists or generalists) in the two colonization status 

categories (introduced or autochthonous) for suckers (G = 0.99, d.f. = 1, n.s.) and chewers 

(G = 0.434, d.f. = 1, n.s.). When analysing all herbivorous species (suckers plus chewers), 

the statistical result is also not significant (G = 2.43, d.f. = 1, n.s.). This occurs because the 

generalists are evenly distributed in the two colonization categories, despite 67% of the 

specialist herbivores being autochthonous. If only the three broader diet categories are 

used, most of the family monophages and oligophages are autochthonous species and most 

polyphages are introduced species (G = 9.29, d.f. = 2, p = 0.01) (see Table 5-3).  

 

 



Table 5-2. Distribution of the number of herbivore species in each diet category over three 
colonization status categories. a) Suckers; b) Chewers. 
     
   Diet breadth   
   Specialists Generalists  
   Genus and Family Oligophage  Polyphage 
   species monophage monophage    
 Colonization status       
 a) Suckers      

 Introduced  1 6 6  7 
 Native  0 17 12  6 
 Endemic  0 1 1  0 
 b) Chewers    

 Introduced  2 7 3  22 
 Native  0 3 3  5 
 Endemic  3 1 1  4 

 
Table 5-3. Distribution of the total (suckers plus chewers) number of herbivore 
species in each of three main diet categories in relation to the two main 
colonization status categories. 

  
 Diet breadth  
 Family Oligophage Polyphage 
 monophage   
 Colonization status    
    
 Introduced 13 9 29 
 Autochthonous 22 17 15 

 

Moreover, if I consider oligophagy as a kind of "marginal specialization", then 

grouping family monophages with oligophages results in a G-test that is highly significant 

(G = 9.25, d.f. = 1, p = 0.0025). This suggests that for the herbivore assemblage, the 

autochthonous species tend to be more specialized and that introduced species are 

generally polyphagous.  

 

5.3.6. Range size and colonization status 

To assess whether breadth of distribution is related to colonization status, contingency 

tables were built for vascular plants, arthropod herbivores and arthropod predators (Table 

5-4a, b and c respectively). 

All G-tests were non-significant (G = 2.192, d.f. = 1, n.s. for the vascular plants; G = 

0.06, d.f. = 1, n.s. for the herbivores; G = 0.242, d.f. = 1, n.s. for the predators). In all cases, 

a "hollow curve pattern" was clear, implying that in both colonization categories most 

 



species are narrow distributed and a few have broader ranges. Therefore, the frequency 

distributions of the introduced and the autochthonous group of species are similar to those 

presented in Figures 5-1, 5-2 and 5-3. However, table 5-4 also shows that most of the 

endemic species have a restricted distribution, occurring in less than five sites and 

frequently in only one or two. In fact, summing the three studied groups only 18% of the 

endemic species occur in more than five sites, whereas 37% of the introduced and 35% of 

the native species have wider distributions. 

 
Table 5-4. Distribution of species in each three main colonization status 
categories throughout three range size categories. a) Plants; b) Herbivores; 
c) Predators.  

  
 Colonization status  
 Native Endemic Introduced 
 Range size    
 a) Plants    
 1 to 4 29 6 43 
 5 to 8 8 2 15 
 9 to 12 2 0 12 
 b) Herbivores    
 1 to 4 37 13 35 
 5 to 8 15 2 10 
 9 to 12 7 1 8 
 c) Predators    
 1 to 4 35 9 30 
 5 to 8 12 0 11 
 9 to 12 10 1 8 

 

 

5.3.7. Range size and local abundance 

As Table 5-5 and Figures 5-8 and 5-9 show, for both plants and arthropods, there is a 

clear positive relationship between the range size of a species and its local abundance. 

Wide-ranging species tend to be, on average, more abundant locally, while narrowly 

distributed species tend to have low densities where they occur. The log-linear model 

explained slightly more variance than the log-log model for plants, all arthropods and 

herbivores (Table 5-5). In the predators and spiders, the fit of the log-log and log-linear 

models was very similar, but slightly better in the former.  

For plants, the relationship between abundance and range size is given in Figure 5-8 

and despite a low r2 = 0.21, is highly statistically significant (p < 0.0001). 

 

 



 
Table 5-5. Statistics for linear regressions between abundance and range size 
distribution in the Summer 1994 for plants, all arthropods, herbivores, all predators 
and spiders. The higher r2 values are in bold. “n” gives the number of species. 

 
 Regression type Equation r2 F 

  
 Plants (n = 71)    
 log-untransformed 

model
log y= 1.07+0.10x  0.21  18.41*** 

 log-log model log y= 1.07+0.90 log x  0.2 16.86*** 
  
 All arthropods (n = 96)     
 log-untransformed 

model
log y= -1.06+0.094x  0.41 64.93*** 

 log-log model log y= -1.07+0.86 log x  0.38 58.06*** 
  
 Herbivores (n = 50)     
 log-untransformed 

model
log y= -1.098+0.112x  0.46 41.26*** 

 log-log model log y= -1.108+1.02 log x  0.42 34.43*** 
  
 All predators (n = 50)     
 log-untransformed 

model
log y= -1.043+0.079x  0.37 28.50*** 

 log-log model log y= -1.106+0.73 log x  0.39 30.38*** 
  
 Spiders (n = 22)     
 log-untransformed 

model
log y= -1.013+0.082x  0.48 18.47** 

 log-log model log y= -0.99+0.74 log x  0.484 18.76** 
 **p < 0.001; *** p < 0.0001  
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Figure 5-8. Relationship between the logarithm of the mean cover abundance within occupied 
sites and the number of sites occupied for vascular plant species in the Summer 1994 (71 
species). Note, several data points overlie one another. Statistics are presented in Table 5-5. 

 

For arthropods (Figure 5-9) the range of the r2’s is 0.39-0.48 (Table 5-5), with the 

best fit for spiders (Table 5-5; see also Figure 5-9d). Within each model, the slopes of the 

arthropods curves look very similar (pairwise t-tests for the differences between these 

slopes showed that none is significant), suggesting that there is no difference in the way 

that the species’ local abundance scales with distribution in the five groups of species 

studied. Moreover, in the arthropods, there are no differences in the average abundance of 

species within each group (geometric mean of mean species abundances: all species = 0.21; 

herbivores = 0.22; predators = 0.19; spiders = 0.22).  
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Figure 5-9. Relationship between the logarithm of the geometric mean abundance within occupied sites and 
the number of sites occupied for a) all arthropods, b) herbivores, and the logarithm of the geometric mean 
abundance within occupied sites and the logarithm of the number of sites occupied for c) predators and d) 
spiders, in the Summer 1994. Note, several data points overlie one another. Statistics are presented in Table 
5-5. “n” gives the number of species. 

 

Of course, there are some outliers. Some species occur in only a small proportion of 

sites, but are very abundant where they occur. This is the case for certain introduced 

species that occur in only some sites in the pastureland (e.g. the weed Mentha suaveolens, 

the linyphiid spiders Erigone atra  and Oedothorax fuscus). However, there are no cases of 

species occurring in only one site and being locally abundant. Moreover, all species that are 

widespread (occurring in 11 and 12 field sites of a maximum of 12) are locally abundant. In 

plants, there are also some cases where species occurring in most sites are not particularly 

abundant (e.g. Cerastium fontanum vulgare), which may be related to grazing management 

or competition processes. In fact, the dominance of the perennial grasses in these cattle 

 



grazed sites precludes the possibility of forbs attaining high densities even when they 

occur. 

5.4. Discussion 

The present study considers patterns in regional occurrences of plant and arthropod 

species (see also Chapter 6) rather than the entire geographic range of species (a more 

biogeographic approach). Therefore, this work covers only part of the geographic range of 

the species ("partial analyses" sensu Gaston & Blackburn 1996), as range size was 

measured in terms of number of sites occupied by each species. The general result was a 

"hollow curve", repeated for several taxonomic, ecological (e.g. feeding groups) and 

biogeographical (e.g. colonization categories) functional groups. The bimodal pattern was 

not tested statistically, but the right-hand mode was clearly generated by the high 

uniformity of the studied habitats in terms of plant species composition (see also Chapter 3) 

and because the work was performed at a meso-scale (only three islands) (Gaston 1994a). 

Moreover, the observed bimodal pattern is unlikely to be a consequence of the small 

number of sites (but see Brown 1995), since the same pattern arose for plant species in 21 

semi-natural pasture sites. The frequency distributions obtained for the grasses and 

rushes+sedges+ferns, and those found in different arthropod groups, clearly illustrate the 

importance of splitting the distribution of all species present in a community into several 

separate taxonomic or ecological distributions in order to elucidate the individual 

contribution of each group of species.  

Narrowly distributed arthropod species are mainly endemic and tourist (or vagrant) 

species (note that some endemics can also be considered as tourists in the studied habitats). 

Moreover, for both endemics and tourists, local density is generally low (Gaston 1994a), a 

rule that was also confirmed in the present study. The low densities of endemics are 

probably due to a lack of adaptation to pasture management. However, some endemic 

species are persistent throughout the sampling periods, and some were indicator species of 

pasture communities (see Chapter 3). Nevertheless, endemic species are doubly at risk of 

extinction, because occupy few sites and attain low densities where occur (Lawton 1993). 

One possibility is that the real range of those species considered here as rare is larger than 

obtained in the present study, and therefore my results may be a consequence of a sampling 

artefact. This is probably true for the tourist species, a large group of species which are 

either habitat generalists (occupy several habitats in the islands) (e.g. some millipedes, 

moths, spiders and beetles) or habitat specialists (e.g. Olisthopus inclavatus and Tarphius 

 



depressus endemic forest dwellers) that accidentally colonize pastureland. Another 

interesting case is the distribution of the coccid and pseudococcid species. The sampling 

protocol was not designed to sample these "scale insects" and "mealy bugs", but at least the 

mobile males of four morphospecies were sampled by suction and pitfall. To some extent, 

for some of the other groups, the range size measured is probably dependent on the 

sampling methods employed (see Gaston 1996a). For endemic species, at least in S. Maria, 

the pastureland seems to be an alternative habitat as a result of the virtual absence of true 

natural areas. Hence, the observed range probably accurately reflects their actual range. 

That is, those species genuinely occupy few sites at low densities. Concerning the tourist 

species, there are difficulties in correctly identifying them without having a total picture of 

their distribution in all the available habitats in the studied islands. Their dynamics as "sink 

species" (Shmida & Wilson 1985) greatly increases the number of rare species in the 

community, which creates an artefactual increase in the left-hand mode of the frequency 

distributions of species (Gaston 1994a). 

Species with wider distributions are predominantly habitat generalists, namely species 

that have wide environmental tolerance or species with high dispersal capacities (Brown 

1984b; Hanski et al. 1993; Gaston 1996c; Gaston & Kunin 1997). a) Habitat generalists: 

most of these species were also found to be abundant in both sown and semi-natural 

pastures, but there are exceptions. For instance, the endemic lycosid spider Pardosa 

acoreensis occurs in all the 12 sites but is mainly abundant in the semi-natural sites of S. 

Maria and Pico ("source populations" sensu Shmida & Wilson 1985). Moreover, most of 

the species/genus monophage herbivores occur in a few sites, where they are never 

abundant. This result supports the "resource usage theory" (Brown 1984b, 1995), but 

cannot rule out the 5th (resource availability) and 6th (habitat selection) models of Gaston 

et al. (in press), i.e. how generalist would a species have to be in these habitats to occupy 

all ?; b) Species with wide environmental tolerance: the present study includes one habitat 

subject to high grazing pressure (sown pastures) and another with lower grazing 

management (semi-natural pastures); it also includes drier pastures (sown sites of S. Maria 

and Terceira) and highly moist soils of low pH (natural sites from the three islands); 

therefore in accordance with the positive relationships found between range size and local 

abundance, plant and arthropod species that are spatially ubiquitous (occur in 10-12 sites) 

and temporarily persistent (occur in all the seasons and in the two years) must be highly 

tolerant to a wide array of environmental conditions. Such species also conform with the 

 



predictions of the "resource usage theory", being the generalist or broad-niched species of 

Brown (1984b, 1995); c) Species with high dispersal capacities: most of the widespread 

and abundant predator species in these pasture communities are linyphiid spiders and 

staphylinids known for their good dispersal capacities. In the herbivores, dominant species 

are flying insects (e.g. leafhoppers, aphids and moths) also having good dispersal abilities. 

The geographic range of the arthropod species in the nine Azorean islands was a poor 

predictor of their range in the 12 field sites within three of the islands. Such nested 

relationships are typically weak (Gaston 1996d), but in some cases high correlations have 

been obtained (see Owen & Gilbert 1989). In the present study, these regressions seem to 

be weakened as a consequence of: a) the presence of vagrant species, that is, species that 

are widespread in the archipelago in other habitats but occur only occasionally in some of 

the studied habitats (e.g. species that are recorded for several islands but that were found in 

only one field site). Gaston et al. (1993) refer to such species as "tourists", suggesting that 

they may play a minor role in the community. However, this remains to be proven for all 

communities as these species may also contribute to a potentially large number of between-

species’ interactions in a community (Gaston 1994a). Thus, further empirical investigations 

are needed before excluding tourists from studies of community structure (Gaston et al. 

1993; Gaston 1996a); b) the presence of species that are known from only one or two 

islands in the archipelago but are very common throughout all the pasture land within those 

islands (e.g. the chrysomelid Longitarsus k. paludivagus known only from Terceira and 

occurring in all the four studied field sites; the spider Trachyzelotes n.sp. known only from 

S. Maria and occurring in all the four studied field sites; the ground-beetle Olisthopus 

inclavatus endemic from S. Maria and occurring in three field sites in the respective 

islands). These are the local introductions and island endemic species, that can greatly 

reduce the amount of variance explained by such types of relationship between large-scale 

(between islands) and local (within islands) occurrence. 

I related range size to plant life form, herbivore diet breadth, and colonization status 

and abundance in both plants and arthropods. The only consistent pattern was a positive 

relationship between range size and abundance, thereby confirming that this positive 

relationship is very much a rule in ecological communities (Hanski 1982; Brown 1984b, 

1995; Hanski et al. 1993; Gaston 1994a, 1996d, 1997; Gaston et al. in press). The higher r2 

obtained for the spiders in the range size/abundance relationship (Figure 5-9d) is a 

consequence of the fact that spiders are a more closely related ecological group of species 

 



than the predator or herbivore assemblages (Brown 1984b; Gaston & Lawton 1990; Gaston 

1994a and 1997). In fact, within the spider assemblage, there are only two main ways of 

using resources, the "web-building way" and the "wandering way" (Wise 1995). The 

predator assemblage, as it was designed in the present study, includes the spider foraging 

strategies mentioned above and also the feeding behaviours of centipedes, ground-beetles 

and rove-beetles. The herbivore assemblage includes sucker and chewer species and within 

these two main groups there are different ways of using resources (e.g. root-feeders, leaf-

feeders, xylem sap feeders, phloem sap feeders, pollen feeders, etc.). However, the fact that 

the correlation obtained with the predators was the weakest of the four computed 

correlations for the arthropods may reflect a sampling artefact, since estimates of 

abundance were based on a suction method (Vortis machine) that is not suitable for the 

larger predatory species (e.g. centipedes, night-dwelling ground-beetles and rove-beetles, 

and larger spiders). The weakest result was obtained with the vascular plants, with only 

21% of the variance explained. Collins and Glenn (1990), obtained much higher r2 values 

for this relationship, and at different scales. In the present study, there are several species 

that are restricted to a limited number of sites within a particular habitat (sown or semi-

natural pasture) or island, because of some ecophysiological constraints (see Chapter 3). 

Despite their restricted local distribution, these species exhibit a wide range of abundances 

(see Figure 5-8), thereby decreasing the amount of variance explained by the regression. 

Gaston et al. (in press) proposed eight mechanisms that govern the positive 

relationship between abundance and range size (see Introduction). Metapopulation models 

assume that distance between patches (or sites) should be small enough in order for all 

species to move between them (Gaston 1994a). This condition is not fulfilled in the case of 

oceanic islands separated by sea, where over-water dispersal is very low. Moreover, this 

study was not designed to test the phylogenetic non-independence, range position, habitat 

selection and vital rate models, and I will not consider them further. I have already 

suggested that the "resource usage model" fits very well with the characteristics of the 

species/genus monophage herbivores and wide ranging species. Brown’s (1984b) model 

also predicts that consumers (e.g. predators) should use the environment on a larger spatial 

scale with lower densities but wider distributions than producers (e.g. herbivores). Despite 

the fact that on average the widespread herbivores are more abundant than the widespread 

predators (geometric mean of the mean abundances of the species that occur in eight or 

more sites: herbivores = 1.31 m-2; predators = 0.51 m-2), which conforms with the model, 

 



when the slopes of curves are compared, there was no evidence to suggest that the 

predators have a wider distribution than the herbivores. Moreover, looking for Figures 5-3d 

and 5-3g, and for the skew and kurtosis values therein, contrary to the prediction herbivore 

species are more widely distributed than the predators. However, this is largely a 

consequence of the spider distribution pattern, since the predatory insects showed very low 

values of skewness and kurtosis and therefore some tendency for wider distributions. As a 

great proportion of the spiders can be considered tourist species (sensu Gaston et al. 1993), 

and therefore playing a minor role in the community (but see Gaston 1994a, above and 

Chapter 6), probably Brown’s (1984b) predictions are best applied to the community under 

study. 

As mentioned above, the slopes of the regression lines relating abundance to range 

size were very similar for five different assemblages of species. This is a very important 

result (K. Gaston pers. comm.). Since the slope of the regression line relating distribution 

to abundance increases as the number of resources per locality increases (Maurer 1990), the 

similar slopes obtained for five assemblages of species may imply a tight connection 

between the different trophic groups. 

For the pasture plant species, the range size of perennial species is larger than that of 

the annual and monocarpic perennial species. However, this result is largely an artefact. 

The factors contributing to it are: a) the type of communities involved, grazed pasture, 

where grazing pressure gives advantage to perennial species over annual and monocarpic 

perennial species; b) the biological attributes of annual and monocarpic perennial species  

make them less likely to be surveyed as a consequence of their non-persistence in the 

communities under study; c) the particular ecological requirements of some of the annual 

and monocarpic perennial species, restricted to the drier sites (see Chapter 3).  

The independence between range size and the colonization status of plant and 

arthropod species was unexpected. As introduced species are largely dependent on recent 

historical human activities, I expected that the introduced species would show particular 

distribution patterns, whether wide or narrow, but different from the native species. Given 

the results presented here, it appears that the "hollow curve pattern" is a general 

phenomenon which occurs in a wide range of plant and animal taxa (Gaston 1996c), but 

also in functional biogeographic groups of species, such as introduced and autochthonous 

species. Consequently, for the pasture communities in the Azores, the plant and arthropod 

native and introduced species distributions may be ruled by the same ecological and 

 



historical processes. This implies that ecology and biogeography can be "two faces of the 

same coin" (Ricklefs & Schluter 1993). Moreover, historical constraints are likely to be 

shaping some of the distribution patterns obtained in the present survey, since those species 

found on only one of the islands (e.g. endemics, natives that were able to colonize only the 

older island, accidentally introduced species) can occupy only four of the 12 sites. 

I also suggest that confounding historical factors, such as different agricultural 

practices and land management between islands, make it very difficult to generalize about 

the range size/ diet breadth relationship in the sucker and chewer herbivore species. The 

unexpected result obtained with the sucker species (viz. a high proportion of specialist 

species have a wide range, while a large proportion of the generalists occupy few sites), 

may be explained because a great proportion of the sucker species are family monophages 

adapted to feed on Leguminosae and perennial grasses common throughout all the 

measured range. Hence, patterns in the distribution of the lower trophic level are 

constraining the distribution of herbivore sucker species. On the other hand, the reason why 

a large proportion of the generalist sucker species occupy few sites may be related to the 

fact they need a variety of resources not available in all the measurable range, and 

therefore, they have a more limited distribution (Gaston 1994a). This conforms with the 

“resource availability model” (Gaston et al. in press), that is, attainment of higher local 

abundances and wider distributions by species with greater resource availability. 

I predicted that the introduced herbivore species should have wider diet breadths than 

the autochthonous species. This relies on two assumptions: first, diet breadth is positively 

correlated with establishment ability of a species, so that a successful invader is generally 

polyphagous (Ehrlich 1986); second, endemic and native species should be ecologically 

more specialized as a result of evolutionary and ecological forces working through time. 

Diet breadth and colonization status were independent for suckers and chewers. However, 

when taking the herbivore species as a whole and considering oligophagy as a marginal 

specialization, most introduced species have wider diet breadths than the autochthonous 

species. The vulnerability of islands to exotic species is well documented (Carlquist 1974; 

Williamson 1981, 1996). In fact, more than two thirds of the vascular plant species from 

the Azores can be considered as human introductions (Hansen 1988) (see also Chapter 3), 

and Borges (1992a) considers that only 40% of the Azorean beetle fauna is autochthonous 

(while 60% are introductions). Most of the polyphagous herbivore species are chewers, 

mainly noctuid moth larvae and beetles, well adapted to the pasture environment and 

 



human activities. In some cases, those species are serious pests causing major economic 

problems in the Azores, like the armyworm (Mythimna unipuncta) and the Japanese-beetle 

(Popillia japonica). The former species is also one of the most abundant species in my field 

sites. This result also supports the "resource usage model" (Brown 1984b), since most of 

the polyphagous generalist chewer species are widespread in the islands, have good 

invasibility abilities and attain high densities in the pastures, as predicted by the model. 

 

5.5. Summary 

I was able to show that the "hollow curve" is a consistent pattern in the range size 

distribution of taxonomic, ecological and biogeographic groups of species. Many of the 

inconsistent results relating range size to herbivores diet breadth are probably due to 

historical constraints in the colonization of the islands and particular characteristics of the 

habitats studied (e.g. types of resources available). There was a lack of strong patterns with 

colonization category, but some evidence also suggests that most introduced species have 

wider diet breadths than the autochthonous species. The positive relationship between 

range size and abundance may be explained by the "resource usage model" (Brown 1984b). 

The slope of the regression line relating distribution to abundance was similar for different 

groups which suggests there is no difference in the way that the species’ local abundance 

scales with distribution in the five assemblages of species studied and that there is a close 

relationship between the trophic groups studied. More work needs to be done on other 

Azorean islands to evaluate the generality of some of the patterns, and to clarify some 

others. In fact, such work needs to be conducted in order to evaluate the relationship 

between diet breadth, habitat specialization and range size in the islands 

 

 

 

 



CHAPTER 6 
 

RELATIONSHIP BETWEEN LOCAL AND REGIONAL SPECIES 
RICHNESS IN PASTURE  

ARTHROPODS 
 

6.1. Introduction 

Since the influential work of Whittaker (1972), species richness in communities has 

been measured in several ways. Comprehensive revisions of the way later authors used 

such measures are available in Schluter & Ricklefs (1993a), Huston (1994) and Bisby et al. 

(1995). Here, I summarize the more relevant aspects. The simplest measure of species 

richness is its local component usually known as "alpha-diversity" and defined originally 

by Whittaker (1972) as the number of species found in a homogeneous sample representing 

a community. "Alpha-diversity" refers, therefore, to the number of species found within a 

homogeneous area of a given size (Huston 1994), usually a field site. Another important 

measure of species richness is at a regional scale, a measure known as "gamma-diversity", 

and defined as the total number of species pooled from different communities found in a 

particular region (Whittaker 1972). The rate at which species composition varies between 

local communities in a region is known as "beta-diversity". "Beta-diversity" is commonly 

used as a measure of heterogeneity, with high values of it implying low similarity of 

species composition between different communities in a region (Magurran 1988; Huston 

1994). "Beta-diversity" can also be regarded as a measure of the turnover of species along 

a gradient (Whittaker 1972). "Beta-diversity" is generally highest in species rich regions. 

There are several ways of measuring this diversity (see Magurran 1988). 

An interesting issue, frequently addressed in the recent literature, concerns the way 

local and regional processes are structuring natural communities (see for instance Ricklefs 

& Schluter 1993, a whole volume devoted to the subject). Two models were proposed to 

explain how local and regional species richness are related in natural communities (Cornell 

1985a and b; Ricklefs 1987; Cornell & Lawton 1992; Cornell 1993; Cornell & Karlson in 

press):  

a) the proportional sampling model, in which local richness ("alpha-diversity") is 

independent of local processes and increases proportionately with regional richness (model 

I in Figure 6-1). In this model, regional processes such as historical and biogeographic 

 



constraints, as well as immigration and extinction events, can shape the species richness of 

local communities;  

b) the local saturation model, local species richness reaches a ceiling in richer 

regions. In this model, local processes (e.g. biotic interactions between species, abiotic 

characteristics of the habitat, disturbance) limit the number of species that can coexist in a 

local community. Thus, local richness is largely independent of the pool of species 

occurring in the region (model II in Figure 6-1). 
 

 
 

Figure 6-1. Relationship between local species richness and regional species richness. Model 
I - "proportional sampling "; model II - "local saturation". The boundary line represents a 
situation in which local species richness equals regional species richness (slope = 1) (redrawn 
from Cornell & Lawton 1992; Cornell 1993). 

 
Reviewing the available empirical tests of these two models, Cornell & Lawton 

(1992), Cornell (1993), Hawksworth et al. (1995) and Cornell & Karlson (in press) 

concluded that the "proportional sampling model" is an "assembly rule" in natural 

communities and, therefore, local assemblages are a proportional sample of the regional 

pool of species (Lawton 1996). In fact, most experimental work (e.g. Opler 1974; Cornell 

1985a and b; Ricklefs 1987; Compton et al. 1989; Lawton 1990; Hawkins & Compton 

1992; Cornell 1993; Gaston & Gauld 1993; Lawton et al. 1993; Schluter & Ricklefs 

1993b; Dawah et al. 1995; Hugueny & Paugy 1995; Cornell & Karlson 1996 and in press; 

Griffiths 1997 and others) supports the "proportional sampling model".  

 



However, Valkenburgh & Janis (1993) found that local saturation may have limited 

regional enrichment of American large herbivores and carnivores. Chown (1992) found 

evidence supporting the idea that local, between-species interactions, are important in 

structuring weevil assemblages in the Sub-Antarctic islands. Local saturation was also 

found to occur in helminth parasite richness in British freshwater fish (Kennedy & Guégan 

1994), while Aho & Bush (1993) found no consistent evidence supporting either regional 

or local processes in determining species richness, in spite of the fact that their results 

appeared more consistent with saturation. Earlier studies (e.g. Terborgh & Faarborgh 1980; 

Tonn et al. 1990) also suggested saturation in tropical bird and freshwater fish assemblages 

respectively, but the patterns were largely artefacts of the type of the analyses performed 

(Cornell 1993). However, Griffiths (1997) disagrees and considers that the data of 

Terborgh & Faarborgh (1980) is consistent with saturation. 

All the above studies involved animal communities. In a few cases, the same type of 

analyses have been undertaken in plant communities, and the results support both the 

"proportional sampling model" (Pärtel et al. 1996; Wisheu & Keddy 1996) and the 

"saturation model" (Richardson et al. 1995). 

Despite the available empirical and theoretical data, an examination of the literature 

reporting local-regional species richness patterns reveals a distressing lack of uniformity in 

the way local and regional richness are estimated and in the type of statistical procedures 

used. Local richness is defined by most authors as the total number of species occurring at 

a particular site (= "alpha-diversity") pooled over several sampling occasions. Species 

accumulation curves are commonly generated at each site and local richness is the number 

of species at which the accumulation curve reaches an asymptote (e.g. Hawkins & 

Compton 1992; Gaston & Gauld 1993). The same procedure is applied for regional 

estimates. Regional richness is the cumulative number of species pooled over all sites. 

Local richness estimates can also be obtained from the literature, and pooled over season or 

year (e.g. Cornell & Karlson 1996).  

Regional richness (= "gamma-diversity") is usually estimated as the number of 

species pooled over all sites in a region (Cornell 1985a and b; Ricklefs 1987; Compton et 

al. 1989; Tonn et al. 1990; Hawkins & Compton 1992; Aho & Bush 1993; Lawton et al. 

1993; Valkenburgh & Janis 1993; Dawah et al. 1995). Alternatively, estimates are obtained 

from accurate checklists of a particular taxon or assemblage for a particular region (e.g. 

Terboorgh & Faarborgh 1980; Kennedy & Guégan 1994; Hugueny & Paugy 1995; 

 



Richardson et al. 1995; Cornell & Karlson 1996; Griffiths 1997), or a literature search 

updated with the experimental work by the author (Gaston & Gauld 1993). Difficulties 

arise when literature surveys are used, since several different methods of sampling a 

particular taxon are used in different literature sources. In such cases, local estimates can 

be corrected for differences in sampling method prior to analysis (e.g. Cornell & Karlson 

1996). 

Even more varied are the ways authors perform the statistical analyses. Cornell & 

Lawton (1992) suggested that the regression line of local on regional species richness 

should be forced through the origin. This is because if there are no species present at a 

regional scale, no species can be found at a particular site within such a region. Therefore, 

when the "x" value is 0 the "y" value also has to be 0. However, only few studies forced the 

regression line through the origin (e.g. Tonn et al. 1990; Hugueny & Paugy 1995; 

Richardson et al. 1995; Cornell & Karlson in press). Hawkins & Compton (1992) 

suggested that there are some pitfalls in using a regression anchored at the origin (see also 

Fry 1992). They argue that with such a procedure saturation curves are artefactually 

obtained when no data have been collected near the origin, that is, in poor regional 

communities. However, this is really a problem of insufficient sampling in species rich 

communities, and should be corrected at the data collection stage rather than at the analysis 

stage of the investigation (Cornell & Karlson in press). Moreover, in some cases, the data 

were plotted but no regression analyses performed (Ricklefs 1987; Compton et al. 1989; 

Lawton 1990; Gaston & Gauld 1993; Lawton et al. 1993) and in others, the curves were 

fitted by eye (e.g. Terborgh & Faarborgh 1980). 

Particularly striking is the almost complete absence from the literature of tests of the 

"proportional sampling " or "local saturation" models in different seasons of the year or 

between different years (but see Hugueny & Paugy 1995). In fact, taking into account that 

biotic interactions between species occur in space (local scale) and time (the length of the 

life cycle), lumping the seasonal and annual data, as had been done by most authors, can 

carry some risks. With some taxa this is probably unimportant (e.g. corals, perennial 

plants), but for species with short lifespan (e.g. arthropods), if competition is occurring, it 

should be measured over shorter time scales. Therefore, in order to test rigorously for the 

existence of saturation in natural arthropod communities, I suggest that seasonal data 

should be analyzed independently. 

 



 

Frequently, some island biogeography studies have yielded ambiguous results as a 

consequence of focusing only on local communities without considering their regional 

processes (Blondel & Vigne 1993). There are three aims in this chapter. First, to test the 

"proportional sampling model" as the null model (Cornell & Lawton 1992; Cornell 1993; 

Cornell & Karlson in press) in closely related groups of arthropods. As biotic interactions 

between species are more likely to occur in assemblages of species competing for a 

common resource, grass-feeding herbivores and web-building spiders were chosen as study 

groups. Grass-feeders share a common resource, the pasture grass species. Web-building 

spiders may compete for resources (Wise 1995), but also for space where they can build 

the webs (Brown 1991b; Uetz 1991). The absence of competing interactions between 

herbivorous arthropods is commonly reported (Strong et al. 1984; but see Denno et al. 

1995 for some new insights about competitive processes on herbivore insects). I predict, 

therefore, that the "proportional sampling model" will explain the relationship between 

local and regional numbers in grass-feeding herbivorous insects. Because in predators 

competition is more likely to occur (Cornell & Karlson in press), I predict that web-

building spiders are locally saturated. Second, I evaluate the importance of analyzing 

independently seasonal, between-year and pooled data in testing the above mentioned 

models. Third, the tested models can only be investigated within matched habitats (Cornell 

1993). As recent sown pastures and old semi-natural pastures were studied, and, young 

communities are less likely to be structured by competition than older ones (Arthur 1987), 

I predict that evidences of saturation in local species richness will occur mainly in the 

semi-natural pastures.  

 

6.2. Materials and Methods 

6.2.1. The data sets 

For the present chapter, five data sets were built for herbivorous grass-feeders and 

web-building spiders. These data sets were the Spring, Summer and Autumn 1994, 

Summer 1995 samples, and a pooled data set (see Appendix IV) comprising the data 

obtained in all the seasonal samples. Data were collected using pitfall traps, a suction 

machine (Vortis) and direct search, and for five seasonal samples in two years (see detailed 

experimental protocol in Chapter 2).  

The taxononic composition of each of the studied assemblages comprised the 

following: grass-feeders - all the sucking and chewing herbivorous species sampled that 



were reported to feed on grasses. The dietary information was given by different specialists 

(see Chapter 2); web-building spiders - Tetragnathidae, Araneidae, Linyphiidae, 

Theridiidae, Dictynidae, Oecobiidae, Mimetidae and Agelenidae. For the spiders, families 

were assigned to the web-building assemblage following Wise (1995) and Roberts (1995). 

The Mimetidae are not true web-builders. They are found in low vegetation as they search 

for webs of comparable size to invade (Roberts 1995). They may, therefore, interact with 

other web spiders.  

 

6.2.2. Local and regional species richness estimates 

One method of obtaining the local richness component is by calculating the mean 

species richness of several local communities (e.g. Tonn et al. 1990; Hawkins & Compton 

1992; Valkenburgh & Jarnis 1993; Dawah et al. 1995). Most authors, however, use all the 

individual local samples, usually individual field sites. For the four seasonal data sets, local 

richness (= "alpha-diversity") was calculated as the number of species sampled at each 

field site in each season. As the pitfall traps sampled the arthropods over seven days in 

each season, and suction was performed in the best weather conditions, estimates of local 

richness are probably reliable, with few species being missed. For the pooled data set, local 

richness was calculated as the cumulative number of different species present in each field 

site pooled over all sampling occasions. This measure of local richness is the estimate used 

by most authors. 

Regional richness (= "gamma-diversity") was calculated in the same way for the four 

seasonal samples and for the pooled data set. It is given as the number of different species 

pooled over all sites in a region. Each island is a region which subsumes four sites, two of 

sown pasture and two of semi-natural pasture. Therefore, this regional species richness 

estimate gives the pool of species that can potentially occur in pastureland (sown and semi-

natural pastures) in each of the three studied regions (islands). However, there are some 

constraints imposed by this way of calculating regional species richness, i.e. pooling sites 

may not give a complete record. Wisheu & Keddy (1996) recently referred to this method 

of obtaining the regional pool of species as the "grouping method". In spite of the fact that 

four sites may be considered too few sites to estimate the regional richness of pasture, a 

spurious linear relationship can eventually be generated between alpha and gamma 

diversities (Hawksworth et al. 1995), no additional information was gathered from 

checklists as most are not sufficiently reliable. Thus, it is assumed that only the species 

 



 

sampled occur in the studied habitats. My estimate of regional richness is equivalent to the 

definition of "plant species pool" of Pärtel et al. (1996): "...the limited set of species 

capable of growing under certain habitat conditions within a territory". 

 

6.2.3. Data analysis 

Species accumulation curves were built for each assemblage in each region (islands). 

Data from the five sampling periods (see Chapter 2) were used for this purpose. 

As the "proportional sampling" and "saturation" models predict that when the 

regional number of species is zero the local number of species should also be zero (Cornell 

& Lawton 1992; Cornell & Karlston in press), the fitted lines were obtained following a 

conservative test of linearity forcing the regression line through the origin. The standard 

ordinary linear least-squares (OLS) regression was applied in both untransformed and 

double (log-log) transformed variables. As there are only three independent regions 

(islands), few degrees of freedom are available and no quadratic term can be added in order 

to test rigorously for curvilinearity. Therefore, the fitted lines should not be considered a 

rigorous statistical test. Additionally, the local estimates of species richness are not truly 

independent of the regional estimates of species richness, since regional richness was 

obtained from the local samples. However, it is still appropriate to plot local richness 

against regional richness and look for patterns of proportional increase or curviliniarity on 

the relationship between local species richness and regional species richness. Obviously, 

with the small number of degrees of freedom available all the regressions performed must 

be interpreted with caution. If consistent patterns are found in all the seasonal and pooled 

samples, some inferences may be made about the mechanisms involved. All OLS 

regression statistics anchored through the origin were performed using Microsoft Excel 5.0 

Macintosh statistical package. The graphs were created using a Macintosh package 

(Cricket Graph III). 

 

 

6.3. Results 

Species accumulation curves for the three islands (S. Maria, Terceira and Pico) are 

steep and only become asymptotic in the species poor island (Pico) and also in Terceira for 

the web-spinning spiders (Figures 6-2a and b). A different pattern was obtained for the 

richest island (S. Maria), where no plateau was reached for either of the assemblages. The 



latter also occurred with the herbivorous grass-feeders in Terceira (Figure 6-2a). This 

combined indicates that with more sampling further species are likely to be added to the 

regional pool of species in S. Maria and Terceira. However, as the last point is the only 

consistent complete sample in the second year, it represents an expected between year 

random variation with the inclusion of vagrant species. Moreover, after the third sampling 

event the slope of the curve becomes less steep, thereby suggesting that the censuses are 

almost complete.  
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Figure 6-2. Species accumulation curves for grass-feeding herbivores (a) and web-building spiders (b) in 
the three Azorean islands: S. Maria (triangles), Terceira (squares) and Pico (diamonds). The sampling 
events were as follow: 1 = Spring 1994; 2 = Summer 1994; 3 = Autumn 1994; 4 = Spring 1995; 5 = 
Summer 1995.  

 

Only on two occasions (Autumn 1994 and pooled data) did the number of local 

species seem to be proportional to the number of regional species for the grass-feeding 

herbivores in sown pastures (see Table 6-1; Figure 6-3). On the other three sampling 

occasions, there is some tendency for local richness of sown-pasture grass-feeders to reach 

a ceiling (Figures 6-3a, b and d). For the grass-feeders in the semi-natural pastures, in all 

cases except Spring 1994 (Figure 6-4a; see also Table 6-1) there was a proportional 

increase of the local richness with regional richness. However, even in Spring 1994 there 

was no evidence of an asymptote in the curve.  

For the web-building spiders similar OLS regressions of alpha on gamma diversities 

showed, with few exceptions, a non significance of the null model (Table 6-2; Figures 6-5 

and 6-6). Only in the Spring and Autumn 1994, in the semi-natural pastures, was the null 

model supported (Figures 6-6a and c). However, as only four out of the twenty regressions 

 



were statistically significant (see Table 6-2), this result is expected to be obtained purely by 

chance. In all 1994 samples in the sown pastures, the low interval between the boundary 

curve and the data points for the web-building spiders occurring in the local sites from the 

poorest region (Pico) (Figure 6-5) is notorious. This suggests very low values of "beta-

diversity", almost all of the species that occur regionally also occur locally. Therefore, the 

data suggest that local species richness of web-building spider predators does not increase 

linearly with regional species richness in the sown pastures trend also shown to some 

extent in the semi-natural pastures. 

 

 

 

 



 

Table 6-1. Statistics for linear and log-log regressions of local against regional species richness for grass-feeding insects in sown (a) 
and semi-natural (b) pastures. See text for further details. 

 
 Regression type  Equation r2 F Regression type  Equation r2 F 

      
 a) SOWN PASTURES   b) SEMI-NATURAL PASTURES   

 Spring 1994    Spring 1994    

 Linear model  y= 0.74x 0.29 n.s. Linear model  y= 0.62x  0.38 n.s. 
 log-log model  log y= 0.87 log x 0.29 n.s. log-log model  log y= 0.79 log x  0.37 n.s. 
        
 Summer 1994     Summer 1994      
 Linear model  y= 0.72x 0.53 n.s. Linear model  y= 0.68x  0.8 20.2* 
 log-log model  log y= 0.85 log x 0.45 n.s. log-log model  log y= 0.85 log x  0.85 15.58* 
        
 Autumn 1994     Autumn 1994      
 Linear model  y= 0.64x 0.46 n.s. Linear model  y= 0.60x  0.64 9.03* 
 log-log model  log y= 0.84 log x 0.71 12.20* log-log model  log y= 0.81 log x  0.52 n.s. 
        
 Summer 1995     Summer 1995      
 Linear model  y= 0.64x 0.15 n.s. Linear model  y= 0.67x  0.73 13.48* 
 log-log model  log y= 0.85 log x 0.37 n.s. log-log model  log y= 0.83 log x  0.57 n.s. 
        
 Pooled     Pooled      
 Linear model  y= 0.76x 0.83 25.2** Linear model  y= 0.67x  0.68 10.55* 
 log-log model  log y= 0.91 log x 0.89 41.28** log-log model  log y= 0.86 log x  0.6 7.54* 
        
 n.s.= not significant; *0.01<p<0.05; **p<0.01   
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Figure 6-3. Relationship between local and regional species richness for grass-feeding herbivores of sown 
pastures (open symbols) in three Azorean islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). The dashed line represents the condition where every species occurs at every site. a), b) and c) 
give a seasonal perspective during 1994; b) and d) permit a between-year comparison; e) gives the pooled 
data. Data for Figure (c) is logarithmically transformed. A line is given only in the cases where a linear 
relationship between local and regional species richness was found at p = 0.05. See text for further details.  
 

 



 
GRASS-FEEDING HERBIVORES 

SEMI-NATURAL PASTURES 
 

0

5

10

15

0 5 10 15

a) Spring 1994

2x2x

0

5

10

15

20

0 5 10 15 20

b) Summer  1994

 

0

5

10

15

20

Lo
ca

l r
ic

hn
es

s

0 5 10 15 20

c) Autumn  1994

0

5

10

15

20

25

0 5 10 15 20 25

d) Summer  1995

 

0

5

10

15

20

25

0 5 10 15 20 25

Pico (Semi-natural)

Terceira (Semi-natural)

S. Maria (Semi-natural)

e) Pooled

 
Regional richness 

 
Figure 6-4. Relationship between local and regional species richness for grass-feeding herbivores of semi-
natural pastures (filled symbols) in three Azorean islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). The dashed line represents the condition where every species occurs at every site. a), b) and c) 
give a seasonal perspective during 1994; b) and d) permit a between-year comparison; e) gives the pooled 
data. A line is given only in the cases where a linear relationship between local and regional species richness 
was found at p = 0.05. See text for further details. 

 



 

Table 6-2. Statistics for linear and log-log regressions of local against regional species richness for web-building spiders in sown (a) and semi-
natural (b) pastures. See text for further details. 
 

 Regression type  Equation r2 F Regression type  Equation r2 F 

      
 SOWN PASTURES   SEMI-NATURAL PASTURES   

 Spring 1994    Spring 1994    

 Linear model  y= 0.64x -0.87 n.s. Linear model  y= 0.62x  0.73 13.48* 
 log-log model  log y= 0.84 log x -0.45 n.s. log-log model  log y= 0.82 log x  0.81 21.13* 
        
 Summer 1994     Summer 1994      
 Linear model  y= 0.72x -0.02 n.s. Linear model  y= 0.61x  0.35 n.s. 
 log-log model  log y= 0.87 log x 0.16 n.s. log-log model  log y= 0.81 log x  0.46 n.s. 
        
 Autumn 1994     Autumn 1994      
 Linear model  y= 0.69x 0.32 n.s. Linear model  y= 0.69x  0.79 19.11* 
 log-log model  log y= 0.86 log x 0.42 n.s. log-log model  log y= 0.85 log x  0.77 16.90* 
        
 Summer 1995     Summer 1995      
 Linear model  y= 0.79x -0.01 n.s. Linear model  y= 0.64x  -0.55 n.s. 
 log-log model  log y= 0.90 log x 0.08 n.s. log-log model  log y= 0.82 log x  -0.39 n.s. 
        
 Pooled     Pooled      
 Linear model  y= 0.63x -0.45 n.s. Linear model  y= 0.59x  0 n.s. 
 log-log model  log y= 0.86 log x -0.09 n.s. log-log model  log y= 0.84 log x  0.41 n.s. 
        
 n.s.= not significant; *0.01<p<0.05   
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Figure 6-5. Relationship between local and regional species richness for web-building spiders of sown 
pastures (open symbols) in three Azorean islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). The dashed line represents the condition where every species occurs at every site. a), b) and c) 
give a seasonal perspective during 1994; b) and d) permit a between-year comparison; e) gives the pooled 
data. See text for further details. 
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Figure 6-6. Relationship between local and regional species richness for web-building spiders of semi-natural 
pastures ((filled symbols) in three Azorean islands: S. Maria (triangles), Terceira (squares) and Pico 
(diamonds). The dashed line represents the condition where every species occurs at every site. a), b) and c) 
give a seasonal perspective during 1994; b) and d) permit a between-year comparison; e) gives the pooled 
data. A line is given only in the cases where a linear relationship between local and regional species richness 
was found at p = 0.05. See text for further details. 
 

 



6.4. Discussion 

This study was conducted over two years, using the same sampling protocol, thereby 

allowing a comparison between seasons and between years in the local-regional species 

richness relationship. The results show the importance of using seasonal data for a realistic 

interpretation of the relative importance of local and regional processes. The species 

accumulation curves showed that seasonal differences in species composition during the 

first year were more important, with a lesser contribution from the second year to the 

overall regional pool of species. It should also be emphasized that the "core" species, that 

is, those that persisted in the community in high abundance throughout all sampling 

occasions, have only slight effects on the curves. Therefore, the accumulation curves are 

due mainly to the addition of species with particular seasonal requirements, and also rare 

and vagrant species. It can be also argued that the inclusion of rare and vagrant species 

may overestimate the number of species in the species richer islands. However, such 

species are also likely to have a role in the communities (Gaston 1994a). The higher values 

of "beta-diversity" usually observed in the richer regional faunas may also account for the 

steeper curves in Terceira and S. Maria.  

A major purpose of this chapter was to test the "proportional sampling hypothesis" as 

a null model explaining the relationship between local and regional species richness. In 

spite of recent evidence to the contrary (see Chown 1992; Denno et al. 1995; Stewart 1996; 

McGeoch & Chown 1997), I predicted that assemblages of herbivorous arthropods would 

not be structured by competition (see Strong et al. 1984). Grass-feeding herbivores showed 

a consistent proportional increase in local species richness with increasing regional 

richness mainly in semi-natural pastures from three Azorean islands. Some evidence of 

curvilinearity in the relationship was found, but mainly in local sown pasture assemblages.  

Competition may be more likely to occur between closely related taxa, because of 

similarity in feeding niche (Denno et al. 1995). In this study, grass-feeders were selected 

regardless their taxonomic composition and are composed of very different taxonomic and 

ecological groups with different dynamics and particularly feeding behaviours (chewers 

and sap-feeders both above- and belowground). Grasses are not so varied in plant 

architecture and secondary compounds as forbs (Tscharntke & Greiler 1995) and 

herbivores may compete more as a consequence of a limiting niche space. However, I 

suspect that the evidence of saturation is probably largely an artefact. It appears that the 

patterns are mainly a consequence of the variation in local species richness within the 

 



species richer island (S. Maria), surpassing in importance the differences in regional 

richness. In all 1994 samples in the sown pastures, the low interval between the boundary 

curve and the data points for the grass-feeders occurring in the local sites from Terceira 

(Figure 6-3) is remarkable. Therefore, almost all of the species that occur regionally also 

occur locally, which does not suggest competition. Moreover, considering that high levels 

of disturbance may confuse the interpretation of empirical studies relating local and 

regional diversity (Caswell & Cohen 1993; Cornell & Karlson 1996), and that pastures can 

be considered a system under high disturbance regimes (grazing), it can be considered that 

the evidence of saturation obtained may be a consequence of the grazing management 

imposed to the experimental sites. Alternatively, both the occurrence of high proportions of 

"satellite" species coupled with high levels of species turnover throughout the seasons 

sampled in S. Maria, also support a ceiling generated by a stochastic equilibrium (see 

Cornell 1993). Therefore, the number of species in each field site may not be limited by 

interspecific interactions, but by a balance between colonization and extinction processes.  

In a previous section of this thesis (Chapter 4) I showed that grass species richness 

was a good predictor of grass-feeding insect species richness at local scale. Thus, the 

results obtained in the present analyses are not only a consequence of a regional effect. 

Instead, there are probably two processes operating: first, local grass-feeding insect 

assemblages are a collection of individuals representing those species that are available 

around (regional pool), i.e. this corresponds to the process of "proportional sampling" 

(Ricklefs 1987; Cornell & Lawton 1992; Cornell 1993; Cornell & Karlson in press); 

second, local grass species composition may act as a selective force in determining the 

success of establishment of the colonizers. Moreover, the relative and absolute area of 

occupancy of the habitats in the three islands cannot be used to explain the local species 

richness of grass-feeders, since in all the three islands, pastureland is the most common 

habitat and the relationship between area of pastureland and local species richness of 

herbivorous arthropods is negative and not significant (log no. spp. herbivores = 3.44 - 

0.39 log area of pastureland; r2 = 0.60; n.s.).  

Most of the experimental work already performed with herbivorous assemblages also 

supports the "proportional sampling hypothesis", that is, local richness is dependent upon 

the richness of the regional pool and independent of biotic interactions occurring at the 

local scale (Opler 1974; Cornell 1985a and b; Hawkins & Compton 1992; Lawton et al. 

1993; Westoby 1993). Therefore, I suggest that the mechanisms underlying the species 

 



richness patterns in local assemblages of sucking and chewing grass-feeding herbivores are 

mainly regional.  

A typical "ceiling pattern" (sensu Cornell & Lawton 1992; Cornell 1993; Cornell & 

Karlson in press) was obtained for web-building spiders in both habitats, local species 

richness being independent of regional species richness. However, finding an asymptotic 

relationship is by itself not evidence for saturation (Hawkins & Compton 1992; Cornell & 

Karlson in press). Earlier evidence of saturation in animal assemblages, was reported for 

island birds in the Caribbean (Terborgh & Faaborgh 1980) and fish assemblages in lakes 

(Tonn et al. 1990), but these were later refuted (Cornell 1993). Recently, Cornell & 

Karlson (in press) re-analyzed most of the earlier studies data and found that saturation 

does occur, but mainly in helminth parasites. Griffiths (1997) re-analyzing the data of 

Terborgh & Faaborgh (1980) also suggest saturation for Caribbean bird assemblages. 

Cornell & Lawton (1992) and Cornell (1993) state that if a ceiling is found, additional 

observations and/or experiments should be performed to discern true saturation from 

stochastic equilibrium or pool exhaustion. The data do not support the pool exhaustion 

explanation for the observed ceiling pattern. In fact, the regional pool was obtained directly 

from species composition of the local assemblages, thus, the inclusion of non-pasture 

dwellers was avoided and regional richness not overestimated. The stochastic equilibrium 

will be investigated below. 

Natural experiments have shown clearer evidence of the impact of interspecific 

competition over short time scales in web-building spiders (Wise 1995). Moreover, the 

spiders are considered a good taxonomic group for investigating the way in which species 

accumulate in differently aged and managed areas (Rushton et al. 1989; Gibson et al. 

1992a). Spiders might also be expected to have relatively predictable assemblages based on 

habitat structure (Brown 1991b; Uetz 1991; Gibson et al. 1992a) (see also Chapter 4). If 

competition is actually occurring in the web-building spiders, different features of the 

assemblages could be explained by the architecture of the vegetation of the habitats studied 

(Brown 1991b; Uetz 1991). I showed, in a previous section (Chapter 4), that two measures 

of vegetation structure ("perennial grass cover abundance" and total vegetation "Williams’s 

alpha diversity") were positively correlated with the abundance of web-building spiders. In 

sown pastures, the structure of the vegetation given by the "perennial grass cover 

abundance" was also less complex than in the semi-natural pastures (see also Chapter 4). 

The analyses performed here suggested that sown-pastures are consistently more frequently 

 



saturated than semi-natural pastures (the "proportional sampling model" was rejected in all 

the seasons and in the pooled data in the sown pastures). However, the statistically 

significant correlations obtained in the semi-natural pastures (see Table 6-2) were expected 

to be obtained purely by chance, and should not be over-interpreted. These results did not 

confirm my initial predictions that competition would be more evident in the more mature 

habitat (see Arthur 1987), no evidence have been found that this is so in the studied 

habitats.  

Grazing management also affects the community structure of spider assemblages 

(Gibson et al. 1992a). Thus, the "ceiling effects" obtained in the spider assemblage may 

also be explained by disturbance effects of grazing. It could be hypothesized that, after a 

grazing event, higher extinction rates depressed the populations and that the time the 

vegetation had to recover before the sampling was performed was not enough to allow the 

populations recover through immigration from the surrounding landscape. However, this 

seems unlikely, since most of the field sites were surrounded by a mosaic of pastures 

grazed in rotation. Plenty of source populations were, therefore, potentially available for 

recolonization ("mass effects" sensu Shmida & Wilson 1985). Moreover, most of the web-

building spiders are linyphiid spiders, engaged in aerial dispersal by "ballooning" (Wise 

1995). Because of their great dispersability, local extinctions are likely to be rare (Halley et 

al. 1996).  

Another possible explanation for the evidence of saturation found in the web-

building spiders may be related to the family composition of the assemblage in the three 

islands: 79% of the web-building spiders found in Pico and 81% of the same group of 

species found in Terceira are linyphiids. In S. Maria, linyphiids represent only 31% of the 

web-building assemblage (41% in the Spring 1994; 53% in the Summer 1994; 50% in the 

Autumn 1994; 57% in the Summer 1995). The mechanisms producing these differential 

patterns in the pastureland of the three islands are most probably regional and related to 

long-distance dispersal, the age of the islands (see next chapter), human interference 

(introductions) and speciating events (some of the non-linyphiid species found in S. Maria 

are endemic).  

Having accounted for the above patterns in family composition of the web-building 

spiders, two possible explanations can be proposed to explain the observed ceiling effect. 

First, as most of the non-linyphiids are less abundant and in some cases, very rare, the 

saturation evidence found for S. Maria could be an artefact. If this is true, the regional pool 

 



is overestimated by the inclusion of vagrant and rare non-linyphiid species, and together 

with great differences in species composition between sites (high "beta-diversity") in S. 

Maria, a saturation curve is artefactually generated. Second, non-linyphiid species belong 

to several families, having probably different spatial and ecological requirements. 

However, if competitive interactions between species are actually occurring, they are likely 

to occur between the core species, mainly linyphiids. On the other hand, bodies of 

linyphiid specimens from S. Maria appeared to be larger (Borges pers. obs.) than those of 

specimens of the same species in the other two islands. This observation is contrary to the 

interactive model, since if competition is occurring in S. Maria I would not expect larger 

individuals there. However, the great proportion of core linyphiid species, together with 

low turnover in those species, may also indicate potential competitive interactions and true 

saturation.  

Having in account the few degrees of freedom available in all the regression analyses 

performed all the above mentioned results should be interpreted very cautiously. Moreover, 

until further field experiments are carried out in order to test community-level effects of 

competition, the possible saturation pattern observed in the web-building spiders should 

not be taken as conclusive evidence that local competitive interactions are the main factor 

shaping the community structure of this assemblage in the Azorean pastures. What the 

results with this predatory assemblage suggest is that, even in cases where the local 

communities are saturated, history still exerts an influence (see Cornell, 1993). In this case, 

such influence is through differential family composition in the pool of web-building 

spider species in pastureland between the old island (S. Maria) and the recent islands 

(Terceira and Pico).  

An increasing number of recent empirical studies suggest that species assemblages 

are random samples drawn from a pool of potential colonists (e.g. Dawah et al. 1995; 

Hugueny & Paugy 1995; Cornell & Karlson 1996 and in press; Niemelä et al. 1996; Pärtel 

et al. 1996; Wisheu & Keddy 1996; Griffiths 1997). Such studies support the results that I 

obtained with the sucking and chewing grass-feeding herbivores and partially the web-

building spider assemblage. In fact, web-building spider assemblages at a particular site are 

probably a contingent collection of individuals representing those species that are around, 

but under habitat structure constraints. Regional processes are of overwhelming importance 

in shaping community processes (e.g. Ricklefs 1987; Caswell & Cohen 1993; Cornell 

1993; Lawton et al. 1993; Ricklefs & Latham 1993; Schluter & Ricklefs 1993a and b; 

 



Westoby 1993; Oberdorff et al. 1995). For oceanic islands, the results imply that local 

species richness is controlled by regional processes like evolution (speciation) and 

colonization/extinction processes. In the next chapter these will be considered in more 

detail. 

 

6.5. Summary 

The relationship between local and regional species richness was examined in respect 

of grass-feeding insect herbivores and web-building spider communities in sown and semi-

natural pastures from three Azorean islands. There is some indication that assemblages of 

web-building spiders are saturated with species at the local scale (same number of species 

in the field sites of the two older islands) in both habitats. Explanations for the "ceiling 

effect" obtained with this assemblage are discussed, but competition is probably not 

involved. A mixture of regional patterns in family composition and history of the islands, 

together with local processes like grazing disturbance and spatial heterogeneity, may be 

determining local richness in web-building spiders. The grass-feeding insect herbivores, in 

contrast, appear to be regionally enriched and show little evidence of saturation. Seasonal 

data seem to be as informative as pooled data in investigating local and regional species 

richness patterns. In conclusion, local richness seems to depend upon regional richness or 

at least is shaped by regional processes in sown and semi-natural pasture grass-feeding 

insects and web-building spiders. For oceanic islands, this implies that local species 

richness is controlled by regional processes, such as evolution (speciation) and 

colonization/extinction. In the next chapter, these will be considered in more detail.  

 
 

 

 



 
CHAPTER 7 

 
THE ROLE OF GEOLOGICAL AGE IN INFLUENCING 

ARTHROPOD SPECIES RICHNESS PATTERNS 
 

7.1. Introduction 

7.1.1. General remarks 

Because of their special features of easily measured size and degree of isolation, 

islands are frequently used as model systems for the prediction of species richness, 

speciation and immigration and extinction processes. Research into island species richness 

patterns requires a correct assessment of both biological and geographical data. In fact, 

island features like area, elevation, distance from the nearest mainland, geological history, 

climate and number of habitat types have frequently been shown to be of overwhelming 

importance in shaping an island’s species diversity. 

The development of the "Theory of Island Biogeography" (MacArthur & Wilson 

1963, 1967) led to the creation of several methods for studying island biotas and an 

extensive literature on the subject has been produced (see also Chapter 1, section 1.3 for a 

summary). Hence, there is a large and comprehensive literature on the area-effect in 

relation to the distribution of animals and plants in oceanic and habitat-islands (see revision 

in Connor & McCoy 1979 and Rosenzweig 1995; some critical analyses are available in 

Gilbert 1980).  

It is now more or less accepted that the area of the islands per se does not explain all 

the variation in species number. The elevation, number of soil types, substrate types, plant 

species richness, number of habitats, habitat diversity, habitat structure and habitat 

heterogeneity were frequently used to explain the species area curve (see Hamilton et al. 

1963; Weissman & Rentz 1976; Williamson 1981; Buckley 1985; Deshaye & Morisset 

1988; Rydin & Borgegard 1988; Kelly et al. 1989; Hart & Horwitz 1991; Becker 1992). In 

fact, many factors which could affect either immigration and extinction were not included 

in the original equilibrium model of MacArthur & Wilson (1963, 1967). 

The role of time as a variable in explaining species richness patterns in islands is still 

poorly explored in ecological work. Moreover, in spite of some tentative suggestions (see 

 



section 7.1.2 below), no study has addressed statistically the influence of the time islands 

have been available for colonization and speciation in relation to their species-area curve.  

 



7.1.2. Volcanic islands and geological age 

Time is an important variable when measuring the accumulation of species in any 

environment (see Chapter 1, section 1.4 for a summary). For remote oceanic islands like, 

Hawaii, the Galápagos or the Azores, where the islands are of volcanic origin and have 

different ages, geological age should have some ecological and evolutionary importance 

(Williamson 1981). 

The island’s geological age may have an effect on species accumulation in terms of 

time available for colonization (i.e. immigration) and time available for evolutionary 

processes to occur (i.e. speciation). Wilson & Taylor (1967) (see also Wilson 1969) 

presented a model assuming that evolution is a process likely to increase the number of 

species on an island (see Figure 7-1). In this model, Wilson (1969) predicts that an 

"evolutionary species equilibrium" is attained as a consequence of the lowering of the 

extinction curve of the native species, with little effect on the immigration curve. A new 

equilibrium number of species is achieved (N2) that is higher than an equilibrium without 

taking evolution into consideration. The lowering of the extinction curve is only possible 

assuming that native species improve adaptation through evolution (Wilson & Taylor 

1967; Wilson 1969). However, no model is available to explain the shape of the species-

geological age curve during the island "evolutionary species equilibrium" phase (sensu 

Wilson 1969). 
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Figure 7-1. An equilibrium model of island biogeography including evolutionary time (E). IR = 
immigration rate; ER = extinction rate; N1 = equilibrium number of tramp species; N2 = 
equilibrium number of species obtained after a reduction of the ER by means of evolution 
(redrawn from Wilson & Taylor 1967; Wilson 1969). 

 



In fact, there are relatively few adequate analyses of the geological age of islands 

relative to their species diversities. Carlquist (1974) in his book "Island Biology" 

emphasized the role of island geological age in the distribution patterns of plant species 

richness in the Hawaiian and Canarian archipelagoes. The author pointed out the fact that, 

if using area per se, more species of plants are expected in the larger Big Island (Hawaii). 

Therefore, the relative youth of Big Island (Hawaii) and La Palma (Canary Islands) would 

explain some species impoverishment in the fauna and flora (Carlquist 1974). Juvik & 

Austring (1979) emphasized the importance of evolutionary time in the species richness of 

drepanidid birds in the Hawaiian archipelago and suggested that the species-area 

equilibrium had been reached through autochthonous speciation. Other authors have also 

referred to the importance of geological age in islands, but no regression analyses were 

performed. For instance, Heaney (1986) reported the importance of the geological age of 

the Philippine islands for endemic mammal species richness, older islands having more 

endemics and speciation being a major variable in mammal island biogeography. Losos 

(1996) also claims that the species-area relation of the Caribbean anoline lizards in the 

larger islands is a consequence of evolutionary diversification. Brattstrom (1990) found 

that endemism and success of establishment by reptiles of the Islas Revillagigedo (Mexico) 

seems to be favoured according to the age of the islands, rather than by their areas. The 

higher percentage of endemic spiders (Baert & Jocqué 1993) and Drosophilidae (Begon et 

al. 1996; Hollocher 1996) in the Hawaii was reported to be a consequence of its old age 

and thus the long period of isolation of the archipelago. In the Canarian Pimelia 

(Tenebrionidae) beetles, there is linear relationship between divergence of mitochondrial 

DNA lineages and geological age of the islands, which easily allows the calculation of the 

time of colonization of each species (Juan et al. 1995). Cameron et al. (1996), studying the 

land-snails of Porto Santo island (Madeiran archipelago), claim that Porto Santo island in 

spite of being 18-fold smaller and lower than Madeira is the most species-rich of the 

archipelago, a consequence of it’s older geological age. Deshaye & Morisset (1988) 

referred to the potential importance of island age throughout the increase of habitat 

diversity in older islands.  

However, an absence of island age effect on species richness was recently reported 

by Peck (1996) for the orthopteroid insects of the Galápagos Islands, species richness in 

this study being significantly positively correlated with ecological diversity and area. For 

"island habitats" like lentic systems, Hildrew & Townsend (1987) reported different 

 



patterns, either an insensitivity of species-richness to lake age, or outbursts of speciation in 

very ancient deep lakes. The African Tanganyikan Lake cichlid species flock is considered 

to be morphologically and behaviourally more diverse than the flocks of Lakes Malawi and 

Victoria probably as a direct consequence of its older age (Verheyen et al. 1996). Rohde 

(1986), in a study of gyrodactylid teleost fishes, concluded that the differences in species 

richness between Indo-Pacific and Atlantic oceans are mainly due to the greater age of the 

former. 

One example of detailed analysis of the species richness/geological age relation was 

performed by Borges (1992a) using a revised checklist of the Azorean beetles (Borges 

1990). There was a positive relationship between the geological age of the islands and the 

species richness of beetles, the correlation being higher when using the species endemic to 

each island (r = 0.83; p = 0.005), but was also significant when using the autochthonous 

species (r = 0.63; p < 0.05). This suggests that the relationship is not spurious, but has 

some ecological and evolutionary background. Moreover, Williamson (1983) claims that 

time was important in the evolution of Scaptomyza flies from Tristan da Cunha archipelago 

in the South Atlantic. I performed a regression on his data on the endemic species of 

Scaptomyza flies in four islands of different geological age and the result was a significant 

positive relationship between the logarithm of species richness and logarithm of age of the 

islands (r = 0.99, p = 0.019), and a negative relationship with logarithm of islands area (r = 

-0.99, p = 0.01). Thus, older islands in the Azorean and Tristan da Cunha archipelagoes 

accumulated more species as a result of either immigration/extinction and speciation over 

evolutionary time. An interesting result of the above mentioned studies was the strong 

negative relationship between endemic species richness and the area of the islands. This is 

a consequence of the fact that older oceanic volcanic islands are smaller, having in general 

a low relief as a result of erosion. These analyses illustrate the principle that the amount of 

time since oceanic volcanic islands arose above sea level may be an important determinant 

of species richness, which is decoupled from island area (Williamson 1988). However, it 

remains to be tested whether the species-geological age curve behaves similarly to the 

species-area curve with similar slopes around 0.2-0.3 (Preston 1962a and b). 
 
7.1.3. Aims 

The chapter examines the results of a field study which tested the prediction that 

arthropod species richness within two habitats (sown pasture and semi-natural pasture) of a 

 



remote recent oceanic archipelago (the Azores) would be influenced primarily by the 

geological age of the islands. Taking into account the fact that: a) island habitats can be 

viewed as passive samplers of their respective species pools (the island itself) (Deshaye & 

Morisset 1988); b) there is no correlation between total numbers of herbivorous arthropod 

species and plant species richness in the pasture communities under study (see Chapter 4); 

c) in oceanic islands, the chances of arrival of colonists and total speciation would increase 

with time (Carlquist 1974; Williamson 1981; Harris 1984; Heaney 1986; Peck & Peck 

1990; Borges 1992a) and d) more detailed and extensive analyses should be undertaken to 

determine the quantitative effects of island age (Harris 1984; Heaney 1986); the hypothesis 

that increasing geological age increases the rate of species accumulation, either by 

immigration or speciation, is tested and contrasted with three other models, the "species-

area hypothesis", the "altitude range hypothesis" and the "isolation hypothesis" (see Figure 

7-2). 
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Figure 7-2. Four possible hypotheses in which species diversity (S) relates to geographical variables in 
oceanic volcanic islands.  
a) Species-area hypothesis (Preston 1962a, b; MacArthur & Wilson 1963, 1967): this hypothesis predicts 
that island assemblages will be more species rich in larger islands. Several explanations for the pattern are 
available and are reviewed in Chapter 1 (Figure 7-2a);  
b) Altitude range hypothesis: maximum island elevation may be indicating environmental richness in 
addition to ecological diversity (see for instance Johnson & Raven 1973; Baez 1987; Sjögren 1990 and Baert 
& Jocqué 1993). Thus, a positive relationship between maximum elevation and species richness is predicted 
(Figure 7-2b); 

 



c) Isolation hypothesis: this hypothesis is part of the "Theory of Island Biogeography" (MacArthur & 
Wilson 1963, 1967), and predicts that for a given taxonomic group an island located near the source 
mainland should have more species than a remote oceanic island (Figure 7-2c). On the other hand, a remote 
island would have more endemic species than a less isolated island (Williamson 1981; Baert & Jocqué 1993; 
Adsersen 1995; Rosenzweig 1995; Begon et al. 1996) (Arrow-ended line in Figure 7-2c); 
d) Time hypothesis: advanced by Willis (1922) this hypothesis proposes that species accumulate over time 
and that the diversity of a region is therefore directly related to its age. Recent remote island archipelagoes 
may not be saturated with species due to the fact that there has been insufficient time for colonization and 
speciation (Harris 1984; Begon et al. 1996). Therefore, in such conditions, it is predicted that the number of 
species in each island within a recent volcanic oceanic archipelago like the Azores is a function of its 
geological age. 

 



The "geological age hypothesis" will be tested using two sets of geological ages for 

the subaerial shield phase of the recent island (Pico). This island is currently separated from 

the nearest one (Faial) by a shallow 5 km wide channel with zones of 40 m deep. In the 

peak of the last glaciation (18,000 years B.P.) and probably earlier in the Pleistocene, the 

lowering of the sea level could have permitted a terrestrial passage between these islands 

(Borges 1992a; Eason & Ashmole 1992). The presence of some endemic lava tube cave 

species on both islands (Eason & Ashmole 1992; Borges & Oromí 1994) gives support to 

the hypothesis that the shallowest part of the channel between Pico and Faial formed a 

broad subaerial isthmus sometime during the last glaciation. At that time, Faial was once 

connected to Pico (Martins 1993), and therefore, it is probably correct to consider the age 

of the older island (Faial) also as a predictor of the fauna present in Pico. 

Based on lists of beetle species, it has been shown by several authors (Becker 1975; 

Peck & Peck 1990; Borges 1992a) that in some oceanic islands (e.g. Azores, Madeira, 

Canaries, Seychelles and Galápagos), predators are relatively better represented than 

herbivores in terms of number of species. This pattern is also investigated in the three 

islands studied by testing for trends in the relative proportion of predatory arthropod 

species in islands available for colonization for different periods of time. 

 

7.2. Materials and methods 

7.2.1. Data collection  

The pooled data set (see Appendix IV) used in previous chapters is used here in order 

to have the largest set of arthropod species available (N = 237) and to look for large scale 

patterns in species richness. For each species, information is available on their presence 

and absence in the two sites of each habitat within the three islands (12 sites) (Appendix 

IV), and a summary of the total species richness of herbivorous and predatory arthropods 

per field site, habitat and island is presented in Table 3-3 (see Chapter 3). Islands were 

sampled with a constant quadrat size within each habitat (see methods in Chapter 2). This 

is the preferred way of estimating the number of species in islands when testing the 

species-area models (Kelly et al. 1989; Tangney et al. 1990; Holt 1992, 1993; Hill et al. 

1994; Kohn & Walsh 1994). In fact, if the species-area equilibrium theory model fits the 

data, a given standard area should have more species in a large island than in a small island 

(Rosenzweig 1995). This is because there is a lower probability of extinction of the larger 

populations which tend to be sustained by larger islands (Kohn & Walsh 1994). This 

 



standard area has to be large enough to avoid sampling bias like those found in Kelly et al. 

(1989). I used 900 m2, which is a much larger area than those applied in earlier studies 

(e.g. Kelly et al. 1989; Holt 1992; Kohn & Walsh 1994). 

Therefore, the data allow two types of estimates of island species richness: a) mean 

species richness per island within each habitat, obtained by averaging the number of 

species in the two sites of constant size from each habitat within each island (equivalent to 

alpha-diversity); b) total species per island, obtained by compiling all the different species 

found in the four sites of each island (equivalent to gamma-diversity).  

Each species was assigned to one of three possible colonization categories 

(introduced, native or endemic) as described previously (Chapters 3 and 5). In cases of 

doubt, a species was assumed to be native. 

The sucking and chewing herbivores, the total herbivore species (suckers + chewers), 

the spiders, the total predatory species (including the spiders) and the total arthropod 

species (herbivores + predators) were selected as study groups. Some species of 

Heteroptera, Thysanoptera and Carabidae were considered as having both predatory and 

phytophagous feeding habits and therefore were included in the two major assemblages. 

The geographical data are summarized in Chapter 2. Two values were used for the 

age of the recent island: its estimated minimum age of 300,000 years B.P. (Chovellon 1982) 

and the minimum age of the nearby island Faial of 730,000 years B.P. (Feraud et al. 1980) 

(see Introduction). 

 

7.2.2. Data analysis 

Obviously, the islands cannot be replicated. Therefore, the experimental design as 

shown previously in Chapter 2 (Table 2.1) is a split-plot design. In order to investigate 

whether the two studied habitats (sown and semi-natural pastureland) differ in species 

richness, or if there is only a difference between islands, the procedures of GLIM 

(Generalized Linear Interactive Modelling) (nested analysis of variance) were used (see 

Crawley 1993). For a given arthropod species group, if an island effect is found to occur 

rather than a habitat effect, then the four sites of each island were taken to estimate the 

mean number of species per island. 

In the ordinary linear least-squares (OLS) regression analysis, three groups of species 

were used as dependent variables: total species = introduced + native + endemic species; 

autochthonous species = native + endemic species; and the true endemics. 

 



Several geographical variables are commonly used as explanatory variables in 

ecological and biogeographical work. The more important ones, shown in Figure 7-2 were 

selected: area of the islands and distance from the nearest mainland, because they are 

important factors in the equilibrium model of island biogeography; altitude of the islands, 

because maximum elevation is usually used as a surrogate of ecological diversity; and 

finally, geological age of the islands as the main factor to be tested.  

After an exploratory analysis, where all explanatory variables were regressed with 
numbers of species, it was decided to use log10 transformed geographical variables and 

transformed numbers of species for several reasons: a) to cure the non-constant variance 

and non-linearity of the data; b) because, higher r2 values were consistently obtained when 

using the log-log model; c) the residuals appeared to show no pronounced particular 

patterns in the log-log model; d) moreover, the biological and ecological interpretations 

available from the intercept and slope were obtained from log-log curves.  

All regressions were performed on island species richness means and on "gamma-

diversities". As only three points are available with few degrees of freedom, the results are 

mainly interpreted in terms of trends in the slope of the curves (see Introduction) rather 

than in the significance levels or in the r2 values. When testing the area and altitude 

hypotheses, the total species were used as the dependent variable. When the isolation and 

geological age hypotheses were tested, only the autochthonous and endemic species were 

chosen as dependent variables. The reason for this lies in the fact that introduced species 

are a result of recent human activities and therefore their species richness cannot possibly 

be explained by island isolation or age.  

In this study, the predator/herbivore ratio is not directly equivalent to the 

predator/prey ratios of studies of the relationships between trophic levels using 

predator/prey ratios either in food web studies or using faunal lists (Warren & Gaston 1992; 

Rosenzweig 1995; Wilson 1996). In fact, here the predators do not include the parasitoids, 

herbivores do not include leaf-miners and gall-formers, and the scavengers and fungivores 

usually included in the prey assemblage are not considered. Moreover, the predator species 

here are not obligatorily feeding on the herbivore species. However, in the current context 

these facts are probably unimportant, since the study examines factors influencing diversity 

upon a group of predatory and herbivorous species where their trophic links are less 

relevant. In the predator/herbivore species ratio analysis, the proportion of predators was 

arcsin transformed. As neither the predators nor the herbivores can be considered as being 

 



obviously the independent variable (Warren & Gaston 1992), a correlation analysis was 

chosen to study their species richness relationship. As no information is available on the 

error structure of both variables, a non-parametric test was used to correlate them 

("Spearman’s rank correlation").  

The OLS regression and correlation statistics were performed using the STATVIEW 

512+ Macintosh statistical package. The graphs were created using a Macintosh package 

(Cricket Graph III). 

 

7.3. Results 

7.3.1. Island or habitat effect? 

Before investigating the factors that may be shaping the species richness patterns at 

the regional scale, a Nested Anova was performed on the alpha-diversities of fifteen groups 

of species and on the ratio of predator/herbivore species richness (Table 7-1). With few 

exceptions (see below), the results clearly show an island effect, that is, the average number 

of species in each habitat is more similar within an island than between the islands. 

Regional processes are thus shaping the number of arthropod species that were found in the 

12 field sites of sown and semi-natural pasture. For the autochthonous chewers (Table 7-

1d) and the ratio predatory/herbivorous autochthonous species (Table 7-1q), no island or 

habitat effects were found. Seventeen Nested Anova analyses were performed, most of 

them with an island effect. This result cannot be obtained only by chance. Therefore, no 

corrections were performed (e.g. Bonferroni correction). 

However, for the total species richness of spiders (introduced + native + endemic 

species) in addition to an island effect, habitat type also affected the number of species 
found in the four sites of each island (F3,6 = 7.66, p < 0.05) (Table 7-1h). Nevertheless, 

there is evidence that habitat plays only a minor role in shaping the number of arthropod 

species found within each island. Therefore, in the following analyses, habitats are not 

analyzed separately. 

 

 



 
Table 7-1. Nested ANOVA for 15 groups of species and the ratio predators/herbivores.  
 

 Source ss d.f. MS F Significance
  
 a) Suckers (all species)  
 Islands 928.50 2 464.25 428.54 *** 
 Habitats within islands 3.25 3 1.08 0.12 n.s. 
 Field sites within habitats 56.50 6 9.42  
 Total 988.25 11  
 b) Suckers (autochthonous)  
 Islands 438.00 2 219.00 109.50 ** 
 Habitats within islands 6.00 3 2.00 0.71 n.s. 
 Field sites within habitats 17.00 6 2.83  
 Total 461.00 11  
 c) Chewers (all species)  
 Islands 837.50 2 418.75 11.80 * 
 Habitats within islands 106.50 3 35.50 3.33 n.s. 
 Field sites within habitats 64.00 6 10.67  
 Total 1008.00 11  
 b) Chewers (autochthonous)  
 Islands 168.20 2 84.10 7.82 n.s. 
 Habitats within islands 32.25 3 10.75 2.11 n.s. 
 Field sites within habitats 30.50 6 5.08  
 Total 230.92 11  
 e) Herbivores (all species)  
 Islands 3514.00 2 1757.00 45.36 ** 
 Habitats within islands 116.20 3 38.73 1.29 n.s. 
 Field sites within habitats 180.50 6 30.08  
 Total 3810.30 11  
 f) Herbivores (autochthonous)  
 Islands 1145.00 2 572.50 84.81 ** 
 Habitats within islands 20.25 3 6.75 0.76 n.s. 
 Field sites within habitats 53.50 6 8.92  
 Total 1218.90 11  
 g) Herbivores (endemics)  
 Islands 30.17 2 15.09 10.65 * 
 Habitats within islands 4.25 3 1.42 3.40 n.s. 
 Field sites within habitats 2.50 6 0.42  
 Total 36.92 11  
 h) Spiders (all species)  
 Islands 137.20 2 68.60 17.90 * 
 Habitats within islands 11.50 3 3.83 7.67 * 
 Field sites within habitats 3.00 6 0.50  
 Total 151.67 11  
 i) Spiders (autochthonous)  
 Islands 68.67 2 34.34 51.50 ** 
 Habitats within islands 2.00 3 0.67 0.67 n.s. 
 Field sites within habitats 6.00 6 1.00  
 Total 76.67 11  
n.s. = not significant; *p < 0.05; **p < 0.01; ***p < 0.001 

 



Table 7-1. continued. 
  
 Source ss d.f. MS F Significance
  
 j) Predators (all species)  
 Islands 792.20 2 396.10 11.48 * 
 Habitats within islands 103.50 3 34.50 3.34 n.s. 
 Field sites within habitats 62.00 6 10.33  
 Total 957.67 11  
 k) Predators (autochthonous)  
 Islands 132.70 2 66.35 199.05 *** 
 Habitats within islands 1.00 3 0.33 0.07 n.s. 
 Field sites within habitats 30.00 6 5.00  
 Total 163.67 11  
 l) Predators (endemics)  
 Islands 22.17 2 11.09 22.17 * 
 Habitats within islands 1.50 3 0.50 3.00 n.s. 
 Field sites within habitats 1.00 6 0.17  
 Total 24.67 11  
 m) Herb.+Pred. (all species)  
 Islands 7000.00 2 3500.00 52.90 ** 
 Habitats within islands 198.50 3 66.17 1.39 n.s. 
 Field sites within habitats 285.00 6 47.50  
 Total 7483.70 11  
 n) Herb.+Pred. (autochthonous)  
 Islands 2141.00 2 1070.50 191.73 *** 
 Habitats within islands 16.75 3 5.58 0.28 n.s. 
 Field sites within habitats 121.50 6 20.25  
 Total 2278.90 11  
 o) Herb.+Pred. (endemics)  
 Islands 101.20 2 50.60 35.72 ** 
 Habitats within islands 4.25 3 1.42 2.43 n.s. 
 Field sites within habitats 3.50 6 0.58  
 Total 108.92 11  
 p) Ratio Pred./Herb. (all species)  
 Islands 0.41 2 0.21 9.70 * 
 Habitats within islands 0.06 3 0.02 1.21 n.s. 
 Field sites within habitats 0.11 6 0.02  
 Total 0.58 11  
 q) Ratio Pred./Herb. (autochthonous)  
 Islands 0.98 2 0.49 8.38 n.s. 
 Habitats within islands 0.18 3 0.06 2.36 n.s. 
 Field sites within habitats 0.15 6 0.02  
 Total 1.30 11  
n.s. = not significant; *p < 0.05; **p < 0.01; ***p < 0.001 
 
7.3.2. The role of geographical variables: area, distance from the nearest 

mainland, maximum altitude and geological age  

To investigate the relationship between the geographical explanatory variables, a 

correlation analysis was performed (Table 7-2). The result is a high intercorrelation 

between all the geographical variables. Geological age is highly negatively correlated with 

 



all the other variables. This is a consequence of two facts: a) the older island (S. Maria) is 

also the smallest, with the lowest maximum altitude and the nearest from the nearest 

mainland; b) the most recent island (Pico) is also the largest, having the highest elevation 

and is farthest from the nearest mainland. On the other hand, all the other geographical 

variables are highly positively intercorrelated. Log-transformation altered the correlation 

coefficients slightly, but did not change the basic patterns of correlation.  

 
Table 7-2. Correlations among the explanatory variables. Lower triangle was obtained 
using log-transformed variables and the upper triangle for untransformed data. *p < 
0.05; **p < 0.01; ***p < 0.001. GA = geological age of the islands; AREA = area of 
the island; DML = distance from the nearest mainland; MAI = maximum altitude of 
the islands. 
 

  GA AREA DML MAI 

 GA 1.00 -0.99*** -0.99*** -0.83*** 

 AREA -0.84 *** 1.00 0.96*** 0.75** 

 DML -0.96 *** 0.96*** 1.00 0.90*** 

 MAI -1.00 *** 0.84*** 0.96*** 1.00 

 
The high autocorrelation between the explanatory variables impose difficulties in the 

interpretation of their individual contribution in a multiple regression analysis. Therefore, 

the effect of each one will be analyzed individually following the model presented 

previously in Figure 7-2. 

 

7.3.2.1. Area effect 

The two larger islands (Terceira and Pico) have very similar areas and the smallest 

island (S. Maria) is one quarter the size of the former two islands. Therefore, it is to be 

expected that if an area-effect does occur that Pico and Terceira would have a similar 

number of species in the constant quadrat-sized local sites and in the regional scale, and 

greater than S. Maria. However, the results showed the reverse (Figure 7-3). In fact, the 

largest numbers of suckers, chewers, herbivores, spiders, predators and these groups 

combined were found in the smallest island. In any case statistical significance was found 

(see Appendix VI). 

 

7.3.2.2. Altitude effect 

 



As mentioned previously, the altitudinal range of oceanic islands can be an important 

geographical factor in influencing species diversity. It is expected that Pico, with the 

highest elevation in the archipelago, would have more habitat diversification and resources 

and therefore more species. The results showed the opposite trend, that is, a negative 

relationship between arthropod total species richness and the maximum altitude of each 

island as a measure of altitudinal range (Figure 7-4). 
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Figure 7-3. Linear regression between the logarithm of total number of species of sucking insects (a), 
chewing insects (b), total herbivorous arthropods (c), spiders (d), total number of predatory arthropods (e), all 
species combined (f) and the logarithm of area of the three islands: S. Maria (triangles), Terceira (squares) 
and Pico (diamonds). Sown pastures are represented by open symbols and semi-natural pastures by slightly 
larger filled symbols. The filled larger circle gives the cumulative number of different species found in the 
four sites of each island ("gamma-diversity"). See text for further details.  
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Figure 7-4. Linear regression between the logarithm of total number of species of sucking insects (a), 
chewing insects (b), total herbivorous arthropods (c), spiders (d), total number of predatory arthropods (e), all 
species combined (f) and the logarithm of maximum altitude of the three islands: S. Maria (triangles), 
Terceira (squares) and Pico (diamonds). Sown pastures are represented by open symbols and semi-natural 
pastures by slightly larger filled symbols. The filled larger circle gives the cumulative number of different 
species found in the four sites of each island ("gamma-diversity"). Regression line indicates a significant 
linear relationship at p = 0.05. See text for further details.  
 

 



The diversity was greater in the island with the lowest maximum altitude (S. Maria) 

and decreased with increasing altitude. A statistically significant negative relationship was 

obtained only between the regional diversity of chewing arthropods and maximum altitude 

of the islands (log y = 3.47 - 0.63 log x; r2 = 0.995; p = 0.05) (Figure 7-4b). All the other 

relationships were not statistically significant (Appendix VI). 

 

7.3.2.3. Distance hypothesis 

Isolated islands are expected to have depauperate faunas and few species. The results 

obtained and summarized in Figure 7-5 are consistent with the hypothesis that islands more 

distant from the source pool of species (Pico and Terceira) have fewer autochthonous 

species than the island located nearest to the mainland (S. Maria). However, only the 

average number of local species of autochthonous chewing arthropods is significantly 

negatively correlated with distance (log y = 17.7 - 0.52 log x; r2 = 0.999, p = 0.02) (Figure 

7-5b). All the other relationships are not statistically significant (see Appendix VI).  

 

7.3.2.4. Geological age hypothesis 

It was predicted that older islands should have more species because they were 

available for colonization and speciation for longer than recent islands. The results 

obtained indeed show a trend of autochthonous species richness increasing with island age, 

both in the constant sized quadrats and in the regional scale (Figures 7-6a-f). However, due 

to the low degrees of freedom (only three islands) in only one regression the pattern is 

statistically significant. This is the case of the autochthonous herbivore species (chewers + 

suckers) gamma-diversity that increases with the geological age of the islands (log y = -

0.14 + 0.27 log x; r2 = 0.99, p = 0.05) (Figure 7-6c). 

Another interesting pattern revealed predominantly by the herbivores (Figure 7-6c), 

predators (Figure 7-6e) and all species combined (Figure 7-6f) is a more linear increase of 

regional richness with the geological age of the islands and a more curvilinear increase at 

the local sites. This pattern is due to the fact that the number of autochthonous species of 

herbivores, predators and the sum of the former in the constant sized field sites (local scale) 

does not increase linearly from the recent (Pico) to the middle aged (Terceira) island. As 

this proportional increase occurs at the regional scale, some local factors are limiting the 

autochthonous species richness in the middle aged island, or alternatively and perhaps more 

 



likely, the number of local species in the recent island is higher than expected by the model. 

These patterns imply also a higher beta-diversity in the autochthonous species in Terceira. 

 



 
DISTANCE HYPOTHESIS 
(AUTOCHTHONOUS SPECIES) 

 

        

0.6

0.8

1

1.2

1.4

1.6

3.18 3.2 3.22 3.24 3.26 3.28

a) Suckers

0.6

0.8

1

1.2

1.4

3.18 3.2 3.22 3.24 3.26 3.28

b) Chewers

 

1

1.2

1.4

1.6

1.8

lo
g 

(n
um

be
r o

f s
pe

ci
es

)

3.18 3.2 3.22 3.24 3.26 3.28

c) Herbivores

0.8

0.9

1

1.1

1.2

1.3

1.4

3.18 3.2 3.22 3.24 3.26 3.28

d) Spiders

 

        

1.2

1.3

1.4

1.5

1.6

1.7

1.8

3.18 3.2 3.22 3.24 3.26 3.28

e) Predators

1.4

1.5

1.6

1.7

1.8

1.9

2

2.1

3.18 3.2 3.22 3.24 3.26 3.28

f) All species

 
 

log (distance from the nearest mainland in km) 
 

Figure 7-5. Linear regression between the logarithm of total number of species of sucking insects (a), 
chewing insects (b), total herbivorous arthropods (c), spiders (d), total number of predatory arthropods (e), all 
species combined (f) and the logarithm of the distance from the nearest mainland of the three islands: S. 
Maria (triangles), Terceira (squares) and Pico (diamonds). Sown pastures are represented by open symbols 
and semi-natural pastures by slightly larger filled symbols. The filled larger circle gives the cumulative 

 



number of different species found in the four sites of each island ("gamma-diversity"). Regression line 
indicates a significant linear relationship at p = 0.05. See text for further details.  
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Figure 7-6. Linear regression between the logarithm of total number of species of sucking insects (a), 
chewing insects (b), total herbivorous arthropods (c), spiders (d), total number of predatory arthropods (e), all 
species combined (f) and the logarithm of the geological age of the three islands: S. Maria (triangles), 
Terceira (squares) and Pico (diamonds). Sown pastures are represented by open symbols and semi-natural 
pastures by slightly larger filled symbols. The filled larger circle gives the cumulative number of different 
species found in the four sites of each island ("gamma-diversity"). Regression line indicates a significant 
linear relationship at p = 0.05. See text for further details. 

 



 

The patterns revealed in Figure 7-6 possibly indicate that, even with few degrees of 

freedom, there is a consistent signal that the geological age of the islands is correlated to 

the species richness patterns at the local and regional scale.  
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Figure 7-7. Linear regression between the logarithm of "gamma-diversity" of autochthonous species of total 
herbivorous arthropods (a), spiders (b), total predatory arthropods (c), all species combined (d) and the 
logarithm of geological age of the three islands: S. Maria (triangles), Terceira (squares) and Pico-Faial 
(diamonds). In the these figures, the geological age of Pico is given by the geological age of its nearest 
"sister" island Faial. Regression lines indicate a significant linear relationship at p = 0.05. See text for further 
details. 

 

Even more interesting are the results presented in Figure 7-7, where the geological 

age of the recent island was replaced by the geological age of its nearest and probably 

 



sister older island (Faial). Strong positive correlations were obtained between the gamma-

diversities of autochthonous herbivores (log y = -0.82 + 0.37 log x; r2 = 0.99, p = 0.05) 

(Figure 7-7a), autochthonous spiders (log y = -0.75 + 0.31 log x; r2 = 1, p = 0.0016) 

(Figure 7-7b), autochthonous predators (log y = -0.14 + 0.23 log x; r2 = 0.999, p = 0.02) 

(Figure 7-7c) and all autochthonous species combined (log y = -0.11 + 0.31 log x; r2 = 

0.997, p = 0.04) (Figure 7-7d) and the geological age of the islands. However, the average 

number of autochthonous species per site of the above mentioned groups of species was 

not significantly correlated with geological age, nor were the alpha and gamma diversities 

of autochthonous sucking and chewing herbivores (see Appendix VI). 

Therefore, at least at the regional scale, there is some evidence that the geological 

age of the three studied islands is a good predictor of the number of species for some 

groups of pasture autochthonous arthropods. 

 

7.3.3. Endemic species  

In Figure 7-8, the numbers of endemic species at local and regional scale were 

plotted against distance from the nearest mainland and geological age of the islands. More 

isolated islands usually have more endemic species and the same is thought to occur with 

older islands (see Introduction). The results are only consistent with the geological age 

hypothesis. In fact, Figures 7-8b, d, and f show that there is a clear tendency for a positive 

relationship between endemic species richness and geological age of the islands. However, 

the relationship is only statistically significant for the all species combined (herbivores + 

predators) regional diversity (log y = -1.43 + 0.39 log x; r2 = 0.998, p = 0.02) (Figure 7-

8f). There is also a negative significant relationship between average endemic herbivore 

species richness per site and isolation (log y = 21.92 - 6.61 log x; r2 = 0.997, p = 0.03) 

(Figure 7-8a). This result shows, that contrary to the prediction the isolated islands have 

fewer endemic species, probably because they are also the younger islands.  

Also remarkable is the high beta-diversity in the endemic species found in Terceira 

with the local sites contributing with different species to the regional pool. 

 

7.3.4. Predator/herbivore species ratio 

Figures 7-9a and b show that for all species and for autochthonous species the 

number of species of predators in the two habitats exceeds the number of species of 

herbivores only in the two recent islands, Terceira and Pico. However, an island effect in 

 



the ratios obtained was found only when all the species were taken in consideration (see 

Table 7-1p). For the autochthonous species, only a marginal island effect was obtained 
(F2,3 = 8.46, 0.05 < p < 0.1). No habitat effect was found in the either group of species 

(Table 7-1p, q). 
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Figure 7-8. Linear regression of the logarithm of the total endemic species of herbivorous arthropods (a, b), 
total predatory species (c, d), all species combined (e, f) against the logarithm of the distance from the nearest 
mainland (a, c, e) or the logarithm of geological age (b, d, f) of the three islands: S. Maria (triangles), Terceira 
(squares) and Pico (diamonds). Sown pastures are represented by open symbols and semi-natural pastures by 
slightly larger filled symbols. The filled larger circle gives the cumulative number of different species found 

 



in the four sites of each island ("gamma-diversity"). Regression lines indicate a significant linear relationship 
at p = 0.05. See text for further details. 
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Figure 7-9. Average (± SE) of the ratio of number of species of predatory arthropods/ number of species of 
herbivorous arthropods in sown (open bars) and semi-natural pastures (filled bars) in three islands: STM = S. 
Maria, TER = Terceira; PIC = Pico. a) All species; b) Autochthonous species. 
 

There is also a significant tendency for large communities to have lower proportions 

of autochthonous predators (arcsin y = 1.78 - 0.73 log x; r2 = 0.88, p = 0.0001) (Figure 7-

10). Therefore, in the sites on the older island a greater proportion of herbivore 

autochthonous species is usually found, which suggest that herbivore richness increases 

slightly faster than predator richness in the communities studied. The mean 

predator/herbivore ratio for S. Maria is 0.78 (SE = ± 0.039), for Terceira is 1.27 (SE = ± 

0.15) and for Pico 1.45 (SE = ± 0.06). The predator and herbivore autochthonous species 
numbers are proportional in the twelve sites (rs = 0.83, p = 0.006), which also suggest some 

community structure constancy. 
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Figure 7-10. Relationship between proportion of autochthonous predatory species (arcsin 
transformed) and the logarithm of the total autochthonous species at local scale. Symbols for 
sites as in previous figures, but all with the same size. 

 



Moreover, the isolation and the geological age of the islands seems also to influence 

the predator-herbivore species richness ratio. Figure 7-11a shows that the mean local 

proportion of predators increases linearly with island isolation (arcsin y = -9.09 + 2.99 log 

x; r2 = 1, p = 0.012), and Figure 7-11b shows that the regional proportion of predators 

decreases linearly with island age (arcsin y = +1.11 - 0.089 log x; r2 = 0.999, p = 0.016).  
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Figure 7-11. Relationship between proportion of autochthonous predatory species (arcsin 
transformed) and the logarithm of the distance from the nearest mainland (a) and the logarithm 
of geological age (b). Symbols for sites as in previous figure. The proportion of "gamma-
diversities" are given by the large open circle. In (a) the curve goes through the average of local 
proportions of predators, and in (b) the curve goes through the proportion of "gamma-
diversities". 

 

 

 



7.4. Discussion 

When analyzing the independent effects of habitat and island at the sites (local) scale 

through a nested analysis of variance, the results showed that for most arthropod groups, 

old semi-natural pastures supported as many species as recent sown pastures in the three 

islands. This may signify that the four selected sites represent a true sample of the species 

available in each island in habitats studied (see also Chapter 6). Consistently, an island 

effect was found to occur for almost all the groups of species investigated. This signifies 

that regional factors are of overwhelming importance in structuring local species richness 

(Ricklefs & Schluter 1993). 

Because the high degree of covariance between area, maximum altitude, geological 

age and distance from the nearest mainland, it was not possible to separate clearly the 

individual contributions of these variables through a multiple regression analysis. 

Consequently, each variable was tested independently to test for patterns in species 

richness, consistent with the predictions of each model.  

Tests of hypotheses 

a) Species-area hypothesis: First, it was clear from the analysis performed that the 

largest island did not have more species in sown and semi-natural pastures either in the 

standard sized sites or at the regional scale. As a result, this hypothesis is not supported for 

the assemblages studied and none of the species-area models (see revision in Chapter 1) are 

applicable. 

b) Species-altitude range hypothesis: Island elevation is considered to be one 

possible measure of habitat and ecological diversity (Buckley 1982) and may also promote 

endemicity (Adler 1994). However, there is no available study that shows in these islands 

that higher maximum altitude equates to more habitat types (see Borges 1992a). A negative 

relationship was found between maximum elevation of the islands and species richness. In 

spite of the fact that the sites are not located in the same altitude in the three islands, of 

particular importance is the existence of a high positive correlation between the altitude of 

the sites within each island and the maximum elevation of the islands (r = 0.93, p < 0.001 

for the untransformed variables; r = 0.89, p < 0.001 for the log-log transformed variables). 

This suggests that the sites are located in the same altitude ecological zone in each island 

(see also Chapters 2 and 3). Decreasing faunal diversity with increasing altitude due to 

increasingly harsh, variable and unpredictable environments at higher altitudes has been 

shown to occur in several communities (e.g. bracken insects, Lawton et al. 1987; galling 

 



species, Fernandes & Price 1992; see also reviews in McCoy 1990 and Rahbek 1995). In 

addition, it was shown in Chapter 1 that the temperatures and precipitation in Terceira and 

Pico high altitude sites were very similar during the first year of this study (Note: the 

second year of the study was an unusually rainy year and the climatic patterns obtained 

were not typical). Moreover, in S. Maria the sites located at the highest altitude (semi-

natural pastures) were not particularly poor in species. Thus, the "harsh environment 

hypothesis" is not a convincing explanation for these results, and the "altitude-hypothesis" 

can also not explain the species diversity in the pastureland of the three studied Azorean 

islands. 

c) Distance hypothesis: In spite of the fact that a negative trend was found to occur 

between autochthonous species richness and distance of each island to the nearest 

mainland, this result is probably largely an artefact. In fact, mainland-island distances in 

the present system are so large (more than 1400 km) related to the dispersal abilities of 

biota in general, that inter-island dispersal is likely to be more important (see Kobayashi 

1983 and Harvey 1994). The three studied islands emerged sequentially in time and space, 

the older being located near the mainland and the recent furthest away (see Chapter 1, 

Figure 1-2). Moreover, the more isolated and recent islands (Terceira and Pico) are close 

together in the Azorean Central Group and have more similar arthropod species 

composition (see Chapter 3). The species composition of Terceira also appears to be a 

subset of the fauna of the less isolated old island (S. Maria). The results obtained here, 

together with the "nested" species composition patterns (see Chapter 3), support the 

hypothesis that the colonization in the three islands followed a colonization sequence from 

the nearest, old island to the more isolated recent islands. Terceira was probably colonized 

through a "stepping-stone" process from S. Maria and S. Miguel, the old eastern islands. 

Terceira, S. Jorge and most probably Faial (located very near Pico) may have acted as 

"stepping-stones" to Pico, the most recent island of the archipelago. Moreover, the results 

showed that, contrary to the predictions of the "equilibrium model of island biogeography" 

(MacArthur & Wilson 1967), the more isolated islands (Terceira and Pico) had fewer 

endemic species than the less isolated island (S. Maria). Therefore, isolation alone cannot 

also be used to explain the species richness patterns found in the pastureland arthropod 

species of the three Azorean islands, and the "equilibrium model of island biogeography" 

(MacArthur & Wilson 1963, 1967) can not be applied to this system. 

 



d) Geological age hypothesis: This system of three islands of very different 

geological age presents a unique opportunity to investigate ecological and evolutionary 

patterns in species richness. A consistent pattern of increasing species richness with island 

age was found to occur for all the groups of autochthonous and endemic arthropods studied 

at the regional and local scale. This suggests that a mixture of ecological (accumulation of 

species with immigration) and evolutionary factors (speciation) are operating in the pasture 

arthropod species composition and richness in the three studied islands.  

The fact that the average number of species in constant size quadrats also increased 

with island age reinforces the relationship between diversity and island age. Similar 

patterns of increasing species richness in standard sized quadrats, but with island area, 

were found by other workers (Tangney et al. 1990; Kohn & Walsh 1994), and are usually 

viewed as a evidence that the immigration and extinction processes of the MacArthur & 

Wilson’s (1963, 1967) equilibrium model are a realistic explanation for island species 

richness (Tangney et al. 1990; Kohn & Walsh 1994; Rosenzweig 1995). However, in the 

present study, it is geological age rather than area which is the explanatory variable, so this 

result probably means that time is in some way influencing the extinction and immigration 

rates in the islands. I suggest that, as the islands become old and eroded, the overall 

landscape changes to become more diversified (e.g. flattened areas, volcanic cones with 

differential erosion, more types of soil are available for different plant communities, etc.), 

thereby increasing the niches available for colonization and diversification of species.  

Following the "evolutionary species equilibrium model" of Wilson (1969) (see also 

Wilson & Taylor 1967) (Figure 7-1), the extinction rate decreases in the native fauna by 

means of evolution, and with a negligible effect of the immigration curve there is an 

increase in species. However, the results obtained with the endemic species should be 

interpreted cautiously, because most of the endemics found in the pasture habitats are 

endemic to the Azores as a whole rather than to individual islands. Therefore, the positive 

trend found between endemic species richness and geological age does not imply a direct 

relationship between island age and speciation within each island. However, the trend 

seems to be somewhat similar when using the exclusive endemic species of each island, 

since four exclusive endemics were found in the pastureland of the older island S. Maria 

(the lepidopteran Cyclophora puppillaria granti, the weevil Donus n.sp., the spider 

Trachyzelotes n.sp., and the ground-beetle Olisthopus inclavatus), one in the middle aged 

island Terceira (the linyphiid spider Minicia n.sp.) and two in the recent island Pico (the 

 



Miridae Pinalitus oromii and the linyphiid spider Minicia picoensis). Therefore, the fact 

that S. Maria was available for colonization for 8 million years, Terceira for 2 million years 

and Pico for only 300,000 years was shown to be more important than their distances from 

mainland (1588, 1764 and 1860 km respectively), or area and elevation.  

The geological ages used are from the old volcanic complexes on these three islands. 

They provide an estimate of the maximum times for the colonization of species. However, 

since their formation, these islands have had periodic volcanic activity with some historical 

eruptions having occurred in the two recent islands (Terceira and Pico) (see also Chapter 

1). S. Maria has experienced a long period of volcanic stability in contrast with the other 

two islands. The Feteiras Formation was the last eruptive phase recorded in S. Maria (5 to 

2 Ma B.P.) (Serralheiro & Madeira 1993). Assuming that the ash emitted by the three 

subaerial spatter cones of the Feteiras Formation did not cause the extinction of all the S. 

Maria fauna, then S. Maria was truly available for colonization for at least 8 million years. 

When the last volcanic activity in S. Maria took place neither Pico and probably nor 

Terceira were available for colonization. Both Terceira and Pico have had very recent 

historical eruptions that may also have caused extinction of species. The significant results 

obtained between regional species richness and age of the islands when considering the age 

of the "Faial-Pico" complex deserve some attention. The proximity of those islands, 

together with the eustatic lowering of sea level at the peak of the last glaciation, with an 

eventual connection of the two islands probably promoted the free movement of species 

between them. 

 

To conclude that a geographical factor alone can influence the number of species, 

one must identify a species-geographical factor effect in a truly homogeneous habitat 

(Connor & McCoy 1979). In this study, two homogeneous habitats with replicates of a 

standard size within each island were chosen in islands differing in area, elevation, distance 

from the nearest mainland and geological age. In spite of limitations in the type of 

statistical procedures used, I suggest that the results obtained are more consistent with the 

geological age hypothesis. This hypothesis is strengthened by two facts: first, the higher 

values of autochthonous and endemic species richness were consistently found in the older 

island that as a consequence of erosion and subsidence processes is also the smallest and 

flattest one; second, the lowest values of species richness were consistently found in the 

recent island (also the largest and steepest island).  

 



Another way of interpreting the species richness patterns is by analyzing the slope of 

the regression curves, which usually helps to understand the underlying species-area 

ecological processes (Connor & McCoy 1979; Williamson 1981; Coleman et al 1982; 

McCoy & Mushinsky 1994; but see Sfenthourakis 1996 for some cautionary notes). 

Connor & McCoy (1979), in an analysis of 100 species-area studies, reported that most z-

values were between 0.2 and 0.4 in the log/log model. In the present study, the slope (z-

value) of the autochthonous herbivore species - geological age relationship was 0.27 which 

agrees with the above results. Therefore, a tenfold increase in the geological age of the 

islands roughly doubles the number of autochthonous herbivore species. The slopes 

obtained when using the geological age of the "Faial-Pico" complex range from 0.23 for 

the predators to 0.37 for the herbivore species. Once more, these values are within the 

above empirically derived interval. It seems that autochthonous species richness of both 

predators and of herbivores increase in slightly different ways with island age, which 

means that their dispersal abilities are probably not similar. The lowest slope was obtained 

with the predators, and low z-values are consistent with high colonization rates (McCoy & 

Mushinsky 1994), low extinction rates, and a low rate of increase in additional habitat with 

increasing area (Connor & McCoy 1979), or in the present case, geological age. The 

colonization rate can be assumed to be higher for the Azorean predatory arthropods than 

for the herbivores (Borges 1992a). Moreover, predators are less prone to extinction in 

oceanic islands (Becker 1975; Peck & Peck 1990; Borges 1992a) (see also below). 

The slope values obtained in the present study for the species-geological age 

relationship are consistent with the isolation of the Azorean archipelago, confirming the 

results obtained by Williamson (1981) by plotting Azorean log species of vascular plants, 

birds and native pteridophytes against log area. Probably the older island reached an 

"evolutionary species equilibrium" (sensu Wilson 1969) and the other two are still 

experiencing a dynamic interactive equilibrium (see below). 

Striking also is the result obtained when relating the number of predatory species 

with herbivore diversity. An island effect on the ratio predator/herbivore species richness 

was only evident for the total species richness (including the introduced species), but there 

is also evidence that the communities with more autochthonous species (older island) have 

a lower proportion of autochthonous predators. This result contrasts with that obtained by 

Warren & Gaston (1992) who found an opposite trend, that is, a tendency for small 

communities within a particular habitat to have a lower proportion of predators. However, 

 



Rosenzweig (1995) found results that are in accordance with the patterns I obtained, 

suggesting that ratio of predators to prey species declines as diversity increases. The same 

pattern was also noted by Jeffries & Lawton (1985) for freshwater communities.  

In fact, although the number of predatory species is usually related to that of potential 

prey species (but see a critique about the constant predator/prey ratios by Wilson 1996), for 

the communities under study the number of predatory species declines as the number of 

herbivorous species rises. It can be argued that inter-specific competition is occurring and 

there is a limit in the number of predatory species that can occur in the communities 

studied, but this is hard to prove. Another possible explanation is that predators speciate 

slowly, but there is no evidence for more endemics among the herbivores of S. Maria. 

Moreover, Becker (1975) suggested that trophic generalists (like predators) are more likely 

to establish themselves on islands than are trophic specialists (like phytophagous insects). 

Peck & Peck (1990) and Borges (1992a) already found results supporting Becker’s 

hypothesis using the beetle checklists of the Galápagos and Azores, respectively.  

In the present study, the proportion of predators is related linearly with isolation and 

age of the islands, recent isolated western islands (Terceira and Pico) having a greater 

proportion of predators and the older less isolated eastern island (S.Maria) having a greater 

proportion of herbivores. S. Maria has a regional proportion of predators to herbivores of 

0.88 for both total richness and autochthonous species. Terceira has a ratio of 0.94 for total 

richness and 1.03 for the autochthonous species, whereas Pico has a ratio of 1.12 for total 

richness and for 1.26 autochthonous species. Therefore the older island has ratios that are 

nearest to the continental patterns, whereas the recent islands have a more "island like" 

ratio (sensu Becker 1975; Borges 1992a). 

This probably means that predators are better at arriving faster and have more success 

in establishing themselves on recent islands. As the islands become older, plant 

communities also become more complex and species rich and more opportunities are 

available for specialized herbivores. To test this last hypothesis, I examined Appendix IV 

and raw data analysed previously in Chapter 5 and found that 22 species of autochthonous 

specialized herbivores were sampled in S. Maria, 12 in Terceira and 8 in Pico. These 

numbers give a significant relationship between the regional number of specialized 

autochthonous herbivores and the age of the islands when using the "Pico-Faial" age (log y 

= -1.57 + 0.42 log x; r2 = 1, p = 0.013). Therefore, it seems that the build-up of a more 

diverse herbivore assemblage is also related to the geological age of the islands. The higher 

 



slope value is consistent with co-evolved insect faunas on mainland habitat-islands (see 

Opler 1974), which means that when evolutionary time is taken into account the 

"equilibrium theory of island biogeography" is not relevant (MacArthur & Wilson 1967; 

Williamson 1981; Haila 1990).  

The fact that the Azores are near the outer limit of the dispersal range of some taxa 

(Williamson 1981), together with the nested distribution of species suggested in a previous 

section (Chapter 3), point clearly to a phenomenon of speciation and exchange of newly 

arrived indigenous species within the archipelago islands (see MacArthur & Wilson 1967; 

Harvey 1994). This means that the eastern older islands (S. Maria and S. Miguel) are 

behaving as stepping stones for the recent western islands. Some good evidence of this 

process is found in a number of endemic groups of species (see Borges 1992a; Borges & 

Serrano 1993; Sousa in press). However, I cannot affirm that in the Azores evolution is 

faster than immigration. This is probably true for the Hawaiian archipelago (Juvik & 

Austring 1979; Williamson 1981), while in the Azores immigration still exerts its influence 

on the fauna with a low percentage of endemic species. 

Thus, island age and probably differential disturbance regimes (probably 

autocorrelated with the former) rather than area and isolation, explain the distribution of 

species in the Azores.  

Without any preconceived notion, one has to admit that the empirical evidence 

suggests that the islands are not saturated with species, especially the recent ones. As a 

consequence of the dispersal difficulties imposed by the isolation of the archipelago, far 

from the dispersal abilities of a wide range of taxa (Williamson 1981), together with the 

vicissitudes of the Pleistocene environment (Eason & Ashmole 1992; S. Carlquist pers. 

comm.; but see Coope 1986 for an opposing view), as well as the destroying influence of 

volcanic activity and more recently of human activities (see a revision of this aspects in 

Chapter 1), the islands are probably in a non-equilibrium condition (see Whittaker 1995). 

An adequate analysis of any ecological systems in the Azorean archipelago should take 

into account the complicated and intricate mixture of the above processes together with 

autochthonous speciation and history of the islands.  

Therefore, I agree with Cornell (1993), Holt (1993) and Losos (1996) that regional 

processes, such as history and evolution within the archipelago, should be clearly 

integrated in the analysis of local community processes. 

 

 



7.5. Summary 

Species richness of six arthropod assemblages (sucking and chewing herbivores, total 

herbivore species, spiders, total predatory species and total arthropod species) were 

regressed against several geographical variables (area, distance from the nearest mainland, 

maximum elevation and geological age of the islands) of three Azorean islands (S. Maria, 

Terceira and Pico).  

In spite of the few degrees of freedom, results obtained are more consistent with the 

geological age hypothesis, i.e. the species richness of the six autochthonous arthropod 

assemblages increases with the geological age of the islands, both at local and the regional 

scale. Higher values of autochthonous and endemic species richness were consistently 

found in the older island which as a consequence of erosion and subsidence processes is 

also the smallest and flattest one. In addition, the lowest values of species richness were 

consistently found in the most recent island (also the largest and steepest island). Some 

evidence was also found that, when considering the age of Faial (an older island probably 

once connected with Pico) as a estimate of the age of Pico, the correlations between species 

richness and island age were improved, which strengthens the relationship.  

The older island (S. Maria) also has more specialized herbivores and a greater 

proportion of herbivores in relation to predatory arthropods. This suggests that predators 

are colonizing faster and/or have more success in establishing themselves on recent islands. 

As the islands become older, plant communities also become more complex and species 

rich, providing more opportunities for specialized herbivores. 

Any ecological study in the Azores should take into account the combining effects of 

the time each island has been available for colonization and evolution, together with the 

vicissitudes of the Pleistocene environment. In addition, the destructive influence of 

volcanic activity and more recently of human activities, need to be considered. 

 

 

 

 

 



 
CHAPTER 8 

 
CONCLUSIONS 

 

This study has focused on aspects of diversity of pastureland arthropod assemblages 

in an isolated volcanic oceanic archipelago, the Azores. Detailed studies of the community 

structure of arthropod assemblages on islands are not common. Moreover, the sampling of 

a constant quadrat size within one habitat is rare in island biogeographical studies (but see 

Kelly et al. 1989; Tangney et al. 1990; Holt 1992; Hill et al. 1994; Kohn & Walsh 1994). 

Here, I have studied three trophic levels, vascular plants, herbivorous arthropods (suckers 

and chewers) and predatory arthropods, in constant sized quadrats in sown and semi-

natural pastures from three Azorean islands (S. Maria, Terceira and Pico). 

It was clear that the species richness of arthropods in these Azorean pastures was 

poor when compared with similar habitats in other temperate regions. In addition, there is a 

clear need for more effort to be put into surveys of the species occurring on these islands, 

as illustrated by the new taxa and new records found during the study. 

However, the main goal of this thesis was to investigate patterns in species richness 

as a function of the geological age of three Azorean islands. In this final chapter, I will 

review the main findings of the thesis and identify some areas that need further work. 

In the review presented in Chapter 1, I set the scene for the thesis by describing 

aspects of the geography, geology, climate, past climatic changes, vegetation and 

biogeography of the Azores. More specifically, detailed geological descriptions of several 

aspects of the genesis of the archipelago and of the three study-islands are of particular 

relevance for understanding the main results of this study. Chapter 1 also provides a 

summary of several relevant aspects of Island Biogeography Theory and the importance of 

Time. Completing the introductory part of the thesis, Chapter 2 presents a detailed 

description of the experimental design and of the methods used to sample plants 

(permanent quadrats, point-quadrat) and arthropods (suction, pitfall) as well as some 

environmental data. 

In Chapter 3, I first considered the validity of the six semi-natural sites as good 

representatives of the islands’ semi-natural pasture communities, studying five additional 

semi-natural sites per island. For these comparisons, TWINSPAN was used as a method 

 



that emphasises on the overall structure of the  data (Gauch & Whittaker 1981). A 

consistent island separation was obtained, which also gives emphasis to the importance of 

some regional aspects (see below). The fact that differences between sites or habitats were 

not evident when applying the TWINSPAN method to the arthropod presence/absence 

data, highlights the importance of the regional patterns I intended to study. Moreover, the 

results obtained for between-site similarity in the arthropods, reinforced the island’s unity. 

More intricate local ecological factors shaped the patterns obtained with the vascular 

plants, shown by using the two above mentioned methods of classification. There was also 

a close relationship between the between-site similarity values for vascular plants, and the 

two arthropod assemblages, that is, the more similar sites in terms of plant species 

composition were also more similar in terms of herbivorous and predatory arthropod 

species composition. In summary, the analyses confirmed the similarity between Pico and 

Terceira, the recent islands, that are also similar in several ecological and biogeographical 

features, and the uniqueness of S. Maria, the older island.  

The results obtained in Chapter 4 showed that plant species richness is a poor 

predictor of insect species richness in the communities studied. Once more, a local factor, 

number of plant taxa at local sites, seems to have little impact on arthropod species 

richness. The Azorean climate (very humid and with moderate temperatures) allows 

several grazing events in a short period of time, making the use of structural height indices 

difficult for characterizing the structure of the sward. Nonetheless, I was able to show that 

more heterogeneous pasture sites support more individual forb-feeding and grass-feeding 

herbivorous insects, and more web-building spiders, per unit area than less heterogeneous 

sites. 

Chapter 5, shows that several aspects of these communities follow some well studied 

ecological patterns, in particular evidence of the positive correlation between range size 

and abundance. The range attained by species can potentially be limited by a number of 

factors (Gaston 1996c). Therefore, the poor relationships that were obtained when relating 

range size to herbivore diet breadth may well be a consequence of chance events in the 

natural colonization of, or in human introductions to, the islands, as well as in particular 

characteristics of the habitats studied. This subject deserves further empirical studies in the 

archipelago, adding new habitats and investigating in more detail the actual feeding 

behaviour of native and introduced taxa. 

 



Also interesting was the lack of a clear relationship between range size and 

colonization category, which signifies that both introduced and autochthonous assemblages 

contain some species able to occupy most sites, while most species occur in only a small 

proportion of the sites. Therefore, geographical rarity is a characteristic not only found in 

taxonomic (e.g. Arthropoda, Insecta) and ecological (e.g. suckers, chewers, predators) 

assemblages but also in biogeographical (e.g. introduced, autochthonous) groups of 

species. 

Also in Chapter 5, I suggest that the positive relationship between range size and 

abundance may be explained by the "resource usage model" (Brown 1984b, 1995). 

However, it is possible that many insects are polyphagous at the species level, but not at 

the individual level (K. Gaston pers. comm.), which may invalidate the application of the 

"resource usage model" to my results. Nonetheless, my personal observations on the 

feeding behaviour of the phytophagous insects occurring in the twelve sites indicate that, 

for most of the common polyphagous species, individuals feed on many plant species. 

Therefore, in the present communities, if I was able to control for the number of 

individuals of rare and common species used to determine their host specificity, I would 

still probably find a relationship between host specificity and either local abundance and 

range size. 

More work needs to be done on other Azorean islands to evaluate the generality of 

some of the patterns, and to clarify others. Not least, such work needs to be conducted in 

order to clarify the relationship between diet breadth, habitat specialization and range size 

for the arthropod species of these islands. 

Patterns in species richness of arthropod taxa in the Azorean pastures at both local 

and regional scales are tentatively investigated in Chapter 6. Two assemblages of 

potentially interacting species were selected, grass-feeding herbivores and web-building 

predatory spiders, in order to test the influence of local or regional processes in setting 

species richness at a local scale. In spite of only three regions being available (i.e. three 

islands), the results obtained are consistent with the current idea that local communities are 

not ecologically saturated (see Ricklefs & Schluter 1993), at least in the herbivore 

assemblage. In fact, in both habitats studied, there was a proportional increase of the local 

number of species with the increase of the regional pool of species ("proportional sampling 

model" sensu Cornell 1985a and b; Ricklefs 1987; Cornell & Lawton 1992; Cornell 1993; 

Cornell & Karlson in press).  

 



Taking into account the constraints imposed by the method I used to calculate 

regional species richness (i.e. pooling sites), relatively low levels of recording (only four 

sites) may have resulted in an underestimation of the regional number of species. However, 

if this is true, and also assuming that the local species-richness estimates are not 

underestimated, the "ceiling effect" obtained with the web-building spiders suggests, for 

this assemblage at least, the importance of local processes in setting local species richness. 

Trying to address the potential local processes producing the observed patterns, I suspect 

that inter-specific competition is probably not involved. A mixture of regional patterns in 

family composition and history of the islands, together with local processes like grazing 

disturbance and spatial heterogeneity, may cause an upper limit to local richness in web-

building spiders. To clarify the patterns obtained with the spider assemblages, more 

regional areas (islands) should be studied. I suggest that future studies should also control 

for landscape aspects. Given that species usually replace one another geographically 

(Schluter & Ricklefs 1993a), more heterogeneous landscapes (like those found in S. Maria) 

may result in an overestimate of the regional number of species available or able to 

colonize local sites, because of high beta-diversity (species turnover) along habitat-

gradients. 

The importance of regional historical processes is also apparent in the results 

obtained in Chapter 6. I suggest that the more diverse family composition in the spider 

assemblage from S. Maria is a consequence of the older geological history of the island, 

and therefore, more time available for community assembly, via immigration and 

speciation. 

Chapter 7, expands on the role of island history, and shows that there is a consistent 

increase in species richness of herbivorous and predatory arthropods with the geological 

age of the three islands, both at local and regional scales. As shown in Chapter 3, there is 

some evidence that the fauna of Pico is a subset of the fauna of Terceira and that the fauna 

of Terceira is partly a subset of the fauna of S. Maria. Thus, following the evolutionary 

model of Wilson & Taylor (1967), the fauna of the young island (Pico) is composed of 

"tramp species" (e.g. Linyphiidae) and the fauna of the older islands is already enriched by 

other more specialized taxa, i.e., they have a more harmonic family - species composition.  

Diamond (1969) suggested that the effects of distance and area on equilibrium 

species numbers on islands may be masked if islands differ in other important parameters. 

In spite of only studying three islands, and hence few degrees of freedom being available, 

 



geological age of the islands was shown to be a very important factor in the present study. 

Climatic differences between the three islands may also have an impact on arthropod 

diversity, mainly between the drier island (S. Maria) and the wetter ones (Terceira and 

Pico). However, the differences in species between Terceira and Pico cannot be explained 

by climate, as the two islands actually have very similar climatic patterns (see Chapters 1 

and 3). Further, differences in habitat availability cannot be used to explain the observed 

diversity patterns, since pastureland is the main habitat on all the Azorean islands (see 

Chapters 1 and 3) and the study used comparable sites on the three islands. The results also 

showed a general tendency for a higher beta-diversity on Terceira. Usually, beta-diversity 

varies with local habitat heterogeneity suggesting that high beta-diversity on Terceira may 

be a consequence of the fact that the sown and semi-natural pastures on this island differed 

more in plant species composition (see Chapter 3) than on the other two islands. None of 

the observed patterns can be considered to be the direct consequence of a general 

phenomenon, such as the balanced equilibrium between island colonization and species 

extinction (MacArthur & Wilson 1963, 1967), since the "equilibrium model" assumes that 

species richness remains constant through time despite a turnover in species composition. 

The patterns obtained can be interpreted in terms of differential time available for the 

arrival of long-distance immigrants and for the occurrence of speciation in the three islands 

studied.  

Moreover, several factors may have combined to maintain species richness on the 

older island (S. Maria) in spite of its small area and elevation. First, as S. Maria is the 

southernmost Azorean island, the effects of climatic changes during the Pleistocene 

glaciations, if they occurred (see Chapter 1 for a discussion on this subject), are more likely 

to have affected S. Maria less than more northern islands. Second, the longer period over 

which S. Maria has been volcanically stable (see Chapter 1) has probably reduced 

extinction rates compared with the western, more recent islands. However, S. Maria may 

also have experienced a higher rate of extinction for a different reason. Goodfriend et al. 

(1994) found that a high proportion of the land-snail extinctions in Madeira occurred after 

human colonization, 550 years ago, and a low proportion during the last 330,000 years. If 

this pattern can be generalized to other taxa and to the Azores, then a higher proportion of 

extinctions on S. Maria might be expected, with emphasis on the extinction of herbivorous 

species, because a greater proportion of the island’s natural vegetation was cleared in 

comparison with Terceira and Pico. Borges (1991) found that the Azorean endemic 

 



predatory Tarphius (Coleoptera, Colydiidae) species occupy non-native or highly modified 

habitats, which is probably not possible for the phytophagous insects. Furthermore, A. F. 

Martins (pers. comm.) considers that the land-snail fauna of S. Maria is the richest of all 

the Azorean islands (with more endemic species than in the other islands combined), and 

many of them also occupy non-native or highly modified habitats. On balance, therefore, 

climatic, geological and biological processes may have favoured S. Maria more than 

Terceira and Pico. In fact, the length of time each island has experienced some sort of 

environmental stability must have become decisive in setting current levels of faunal 

diversity (see Wilson & Taylor 1967).  

The higher proportion of predatory arthropod species on the two younger islands is 

another curious result. I called the pasture sites from Pico "silent pastures", because in the 

field there was almost no herbivore insect activity evident, in contrast to the pastures from 

S. Maria. There is no other satisfactory explanation for the higher proportion of predators 

on the recent islands other than their age, since a diverse flora is available on all islands for 

phytophagous insects. The inclusion of more islands and habitats and a detailed study of 

habitat specialization is needed in order to clarify this pattern, and search for the processes 

involved. 

Invertebrate colonization of the Azores probably occurred in several phases. Firstly, 

8 to 5 million years ago S. Maria was probably the only island available for colonization 

(Figure 1-2, Chapter 1), and probably received fauna coming from the Western Palaearctic 

region as well as from Madeira which acted as a "stepping-stone". When the northeast part 

of S. Miguel arose 4 million years ago, S. Maria was also a source of species for this newly 

emerged land. Volcanic activity imposed high rates of extinction on the floras and faunas 

during this time, but still some palaeo-endemic species survived and were able to colonize 

the western isolated island of Flores 2-3 million years ago. In that time, colonization by 

new species was largely a function of the age of the islands, but also probably a function of 

their target area and isolation. The older islands in the Central Group (Terceira and 

Graciosa) emerged 2 million years ago and probably received fauna from several sources 

including the western island (Flores), since the main winds and sea currents are from the 

west. At that time, S. Maria, Flores and the older part of S. Miguel were stable in terms of 

volcanic activity and more diverse floras and faunas were building up. The more recent 

islands, S. Jorge, Faial and Pico emerged during the last 1 million years. Volcanic activity 

occurred until recently and the advantages of receiving propagules coming from the older 

 



stable near-by islands were probably largely negated by the disturbance caused by the 

volcanic regime. In the Pleistocene, the northernmost islands may also have suffered 

harsher environmental conditions. In the last 500 years, human colonization was the 

primary source of disturbance, with the eventual extinction of a large number of taxa. 

Molecular ecological studies are badly needed in order to confirm and clarify colonization 

and evolutionary processes on the Azorean islands. Several taxa are potential candidates 

for such studies (e.g. the endemic butterflies Hipparchia spp., and endemic species in the 

beetle genera Trechus spp., Calathus spp. and Tarphius spp.). 

In several chapters of this thesis, common patterns emerge across two or three trophic 

levels (i.e. vascular plants, herbivores and predators). First, similar end groups were 

obtained in the TWINSPAN analyses for both herbivores and predators, but not vascular 

plants (Chapter 3). Second, the most similar sites in terms of vascular plant species 

composition were also the most similar sites in terms of herbivore and predator species 

composition (Chapter 3). Third, a "hollow curve" pattern was obtained in the distribution 

of the introduced, native and endemic categories for the three assemblages (Chapter 5). 

Fourth, the slope of the regression line relating distribution to abundance was similar for 

the three assemblages (Chapter 5). Fifth, in both herbivore and predatory assemblages, 

species richness seems to be related to the geological age of the islands. I suggest that 

similar patterns in different trophic levels are a consequence of similar regional constraints. 

MacArthur & Wilson (1967) wrote: "Of course the history of islands remains crucial to the 

understanding of the taxonomic composition of species". I suggest that age of islands is an 

important factor determining the island diversity. However, it remains to be tested if the 

species-time curve mimics the species-area curve on a log-log plot. My results suggest that 

this is so, at least in the Azores, but there is need for a more statistically satisfactory test. 

Nonetheless, the overwhelming importance of regional processes was emphasized in 

almost all the analyses performed. The historical factor (geological age), but also 

differential dispersal capacities in the biota, and different rates of speciation and/or 

extinction in the herbivore and arthropod assemblages are all important aspects that should 

have constrained diversity on the three islands. Even in cases where the local communities 

are saturated with species, history should still exert an influence (Cornell 1993). In fact, in 

the most recent island (Pico), few exclusive arthropod species were found, which 

reinforces the importance of geological age in modelling the community structure of these 

pasture communities.  

 



In terms of conservation management, this study has indicated the important role of 

adjacent natural grasslands in the plant and arthropod species recruited by recently sown 

pastures, at least on Pico. On S. Maria, several endemic arthropod species were 

consistently sampled mainly in semi-natural pastures. A conservation strategy consistent 

with the results obtained in this study is to maintain semi-natural pasture areas in order to 

preserve a large set of the grassland dwelling arthropods on these islands.  

The Azores is the northernmost and the most recent Macaronesian archipelago. These 

nine islands, isolated in the middle of the Atlantic, with different geological histories, are 

wonderful ecological laboratories. I strongly suggest carefully planned studies on the 

ecology and evolution of their autochthonous biota and native habitats. 
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