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Abstract

The arthropod species richness of pastures in three Azorean islands was used to
examine the relationship between local and regional species richness over two years.
Two groups of arthropods, spiders and sucking insects, representing two functionally
different but common groups of pasture invertebrates were investigated. The
local-regional species richness relationship was assessed over relatively fine scales:
quadrats (= local scale) and within pastures (= regional scale). Mean plot species
richness was used as a measure of local species richness (= o diversity) and regional
species richness was estimated at the pasture level (= y diversity) with the ‘first-order-
Jackknife’ estimator. Three related issues were addressed: (i) the role of estimated
regional species richness and variables operating at the local scale (vegetation
structure and diversity) in determining local species richness; (ii) quantification of the
relative contributions of o and B diversity to regional diversity using additive
partitioning; and (iii) the occurrence of consistent patterns in different years by
analysing independently between-year data. Species assemblages of spiders were
saturated at the local scale (similar local species richness and increasing B-diversity in
richer regions) and were more dependent on vegetational structure than regional
species richness. Sucking insect herbivores, by contrast, exhibited a linear relationship
between local and regional species richness, consistent with the proportional
sampling model. The patterns were consistent between years. These results imply
that for spiders local processes are important, with assemblages in a particular patch
being constrained by habitat structure. In contrast, for sucking insects, local processes
may be insignificant in structuring communities.
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Introduction

Regional species richness (RSR) or the pool of available
species is an important factor, known to influence local
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species richness (LSR) (e.g. Cornell, 1993; Ricklefs &
Schluter, 1993; Lawton, 1999; Gaston & Blackburn, 2000).
This differs from the idea that local species richness is solely
determined by ecological processes operating at the local
community scale, such as strong interactions between
species, disturbance, limited niche space and limited
dispersal capabilities (Caley & Schluter, 1997).

Two models have been proposed to explain how local
and regional species richness are related in natural
communities (Cornell, 1985a,b; Ricklefs, 1987; Cornell &
Lawton, 1992; Srivastava, 1999):
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1. The proportional sampling model, in which local species
richness (‘a-diversity’) increases proportionately with
regional species richness (type I model, fig. 1). In this model,
local processes are of minor importance and regional
processes such as historical and biogeographic constraints,
as well as immigration and extinction events (e.g. random
colonization and extinction), can shape the species richness
of local communities.

2. The local saturation model, in which 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 species richness is largely independent of the
pool of species occurring in the region (type Il model, fig. 1).

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. Methodological pitfalls
are common (for a review see Srivastava, 1999) and several
solutions to avoid pseudoreplication and how to chose the
most appropriate model have been proposed (Griffiths, 1999;
Srivastava, 1999).

Particularly striking is the almost complete absence 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 seasonal and annual data, as has been done by
most authors, can carry risk. With some taxa (e.g. corals,
perennial plants) this is probably unimportant, but for
species with short lifespans (e.g. arthropods), if competition
occurs, assessments should be made over shorter time
scales. In order to test rigorously for the existence of
saturation in natural arthropod communities, seasonal or
between-year data should be analysed independently.

Another important methodological aspect relates to the
scales at which regional and local species richness are
quantified. Most empirical studies have investigated the
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Fig. 1. Relationship between local species richness (LSR) and
regional species richness (RSR): type I model — ‘proportional
sampling’; type Il model - ‘local saturation’. The boundary line
represents a situation in which LSR equals RSR (slope = 1)
(redrawn from Cornell & Lawton, 1992; Cornell, 1993).

LSR-RSR relationship over relatively broad geographical
scales, where the ‘proportional sampling model” has been
found to be the primary explanation of local species richness
(see Caley & Schluter, 1997). Moreover, recent empirical and
theoretical work suggests that plotting local-regional species
richness relationships is counterproductive in testing the
strength of interactions in communities (Fox et al., 2000;
Loreau, 2000; Valone & Hoffman, 2002), and recommends
some emphasis should be given to testing the relationship
between o (local) and J components of diversity and to
understand how the processes work at multiple scales
(Loreau, 2000).

In this study, and similar to those of Winkler &
Kampichler (2000) and Soares et al. (2001), the LSR-RSR
relationship is assessed over relatively fine scales: quadrats
(= local scale) and within pastures (= regional scale). This
paper aims to:

1. Assess whether variables other than regional species
richness may explain local species richness. Hierarchical
multiple regression is used to evaluate the relative
importance of several local vegetation structure variables,
regional species richness and geographical regional
variables in determining local species richness. As biotic
interactions between species are more likely to occur in
assemblages of functionally similar species, eventually
competing for a common resource, sucking insect herbivores
and vegetation-dwelling spiders were chosen as study
groups. Spiders may compete for resources (Wise, 1995), but
also for space where they can build their webs (Brown,
1991a,b; Uetz, 1991). The absence of competing interactions
between herbivorous arthropods is commonly reported
(Strong et al., 1984; but see Denno et al., 1995 and Moon &
Stilling, 2002 for some new insights on competitive
processes in herbivore insects). It is predicted that regional
species richness should explain local species richness of
herbivorous insects (‘proportional sampling model’). On the
other hand, because competition in predators is more likely
to occur (Cornell & Karlson, 1997), it is predicted that
spiders are locally saturated (‘local saturation model’) either
by competition or other local processes, and that vegetation
structure variables should explain local species richness.

2. Quantify the relative contributions of o and B diversity
to regional diversity using additive partitioning.

3. Evaluate the importance of analysing independently
between-year data in testing the above mentioned models
looking for consistent patterns between years.

Materials and methods
Sites and experimental design

This study was carried out in the Azores, an isolated
northern Atlantic archipelago that comprises nine islands, as
well as several islets and seamounts distributed from north-
west to south-east, roughly between 37° and 40° N and 24°
and 31° W. Extending for about 615 km, the Azorean islands
are situated across the Mid-Atlantic Ridge, which separates
the western group (Flores and Corvo) from the central (Faial,
Pico, Sao Jorge, Terceira and Graciosa) and the eastern (Sao
Miguel and Santa Maria) groups. All these islands are of
volcanic origin and more than half of current Azorean land
is pasture of some kind (Garcia & Furtado, 1991; Martins,
1993). The climate is temperate oceanic, i.e. strongly
influenced by the proximity of the ocean, which produces
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high levels of relative atmospheric humidity that can reach
95% in high altitude native semi-tropical evergreen laurel
forest, as well as restricting temperature fluctuations
throughout the year.

A detailed description of the sites is presented elsewhere
(Borges, 1997, 1999a,b; Borges & Brown, 1999). Two 900 m?
replicates of upland, recently-sown pastures (3—4 years old)
and upland wet semi-natural old pastures (more than 35
years old) were selected in three Azorean islands (Santa
Maria, Terceira and Pico) totalling 12 sites (3 islands x 2
habitats x 2 replicates). To minimize effects other than those
due to the factors under investigation, the selected pastures
had continuity of management intensity for at least four
years (sown pastures) and more than 15 years (semi-natural
pastures). There was no consistent habitat effect on
arthropod species richness but a clear island effect (Borges,
1999a; Borges & Brown, 1999). Therefore, the 12 pastures
were not independent regional samples and a hierarchical
regression model was used (see data analysis). To
manipulate and standardize the periods of cattle grazing, all
12 pastures were fenced during January and February 1994,
with additional rabbit fences erected in April of the same
year. Twenty 3 x 3 m quadrats were demarcated, in each of
the 900 m? replicates. All the fenced sites were grazed
regularly by dairy and beef cattle, thereby maintaining the
traditional management of the sites. Grazing regime was
random and grazing intensity was 10-20 cattle per site
allowing complete grazing of the vegetation. Duration of
grazing was inversely proportional to the number of animals
introduced.

Vegetation and arthropod sampling

Sampling occurred at least three weeks after a grazing
period, to allow regrowth of the vegetation. Vegetation and
arthropod data were collected on several occasions, but for
current purposes the summer samples for two consecutive
years are analysed (1994 and 1995). The vegetation was
sampled by point-quadrat and the arthropods by suction. In
each of the 20 quadrats, two linear 10 pin frames (pin height
= 1.10 m) were placed at random. A total of 400 point-
quadrat pins, were used for each field site on each sampling
occasion. The number of touches of each living plant species
was recorded at 2 cm (below 10 cm) or 5 cm (10 cm and
above) height intervals, to provide a measure of sward
architecture (see Borges 1999a,b and Borges & Brown, 1999,
2001 for details).

Invertebrate sampling was carried out between 11.00 and
18.00 h on warm, sunny days when the vegetation was dry.
In each of the 20 quadrats in each field site, four random
subsamples were taken, one in each corner of the 3 x 3 m
square quadrat (a total area of 0.8 m?). The collection nozzle
was held in position for 30 s on each occasion. To speed up
sampling (important in the changeable weather in the
Azores) and simplify sorting, the four subsamples in a plot
were pooled. The samples were stored in 70% ethanol with
glycerol prior to sorting.

The arthropod assemblages studied comprised: sucking
insects — all insect species reported to feed on grasses and
forbs (Hemiptera, Thysanoptera); spiders — all species of
web-building  spiders  (Tetragnathidae, Araneidae,
Linyphiidae, Theridiidae and Dictynidae), plus three species
of hunting spiders (Lycosidae: Pardosa acorensis Simon;
Thomisidae: Xysticus cor Canestrini and Xysticus nubilis

Simon). Details of species identification are available in
Borges & Brown (1999) and the list of species is given in
Borges (1999a).

Vegetation structure variables

Vegetation data were collated to give a range of potential
explanatory measures (see also appendix II in Borges &
Brown, 2001 for data acquisition). Each measure was
assessed for the summer sample for two consecutive years.
Two measures are strictly descriptors of vegetation structure
(cover abundance and height), whereas William'’s o diversity
(W-0) and several measures of vegetation species richness
measured at quadrat (Iocal) scale were also used as potential
surrogates of local arthropod species richness. The plant
diversity variables described below were also used as
potential descriptors of vegetation structure since William'’s
o diversity (W-o) uses point-quadrat touch data and it is
expected that the probability of additional plants having
new structural characteristics suitable for spider-web
attachment will increase in proportion to the number of
plant species.

Cover abundance (ca)

This was calculated as the number of touches of a species
on a set of 20 height-profile point-quadrat pins (20 quadrats
x 20 pins). This measure gives a reliable estimate of cover
abundance (also referred to as cover) for a species and can be
related to biomass (Brown et al., 1988). As most forb and
grass species in the sites were perennial, the mean perennial
forb cover abundance (PEFca) per quadrat and the mean
perennial grass cover abundance (PEGca) per quadrat were
selected as potential explanatory variables of quadrat
arthropod richness.

Height (ht)

A measure of plant structure. The weighted mean height
of the total vegetation (V-ht), the perennial forbs (PEF-ht)
and the perennial grasses (PEG-ht) was calculated for each
quadrat (20 pins) using the expression:

N N
> (yxn) /X (@)
i=1 i=1

where h = the midpoint of the height class i, n; = number of
touches at height class i and N = number of height classes
represented in the sample (Gibson et al., 1987). Means were
taken from 20 quadrats for each site.

William’s o diversity (W-o)

Plant diversity was measured using the Williams’s o
index (o) (see Southwood, 1978; Southwood & Henderson,
2000):

S=oln(1+ N/ o)

Plant structural diversity was assessed from the multiple
touch data, using the above formula, where « is the « of the
log series, S is the summation of the number of species in
each height class and N the total of number of touches in the
sample (see Brown & Gange, 1989). This index (W-o) was
only calculated for the total vegetation in each plot. Means
were taken from 20 quadrats for each site.
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Species richness (Sprich)

The mean number of vascular plant species touching the
point-quadrat pins (Sprich) was used as a measure of plant
species richness. This measure was calculated for all
vascular plant species and means were estimated from 20
quadrats for each site. Clearly, species touching all pins are
the most frequent species in the sites. In addition, two other
measures of species richness were used: total forb species
(‘tFspp’) and total grass species (‘tGspp’). In both cases,
species richness was obtained by pooling the 20 quadrats (y-
diversity).

Local and regional species richness estimates

Each pasture was considered as one region (n = 12), while
each of the twenty 9-m? quadrats, was considered a local
area. A 9-m? plot was small enough to permit all spiders and
sucking insect species living in the square to interact
potentially. Similar to the procedure of other workers (Tonn
et al., 1990; Hawkins & Compton, 1992; Valkenburgh &
Janis, 1993; Dawabh et al., 1995), local species richness (LSR)
(= o-diversity) in each pasture was calculated as the mean
number of species per quadrat using 20 quadrats. This is
equivalent to Whittaker’s point diversity (Whittaker, 1972;
Whittaker et al., 2001).

Since not all species in the pasture (region) could be
sampled, regional species richness (RSR) for each pasture
was obtained using the ‘first-order-Jackknife estimator’
(Colwell & Coddington, 1995; Colwell, 1997; Henderson &
Seaby, 1998):

S nax = Sobs_ +a(n-1/n)

in which, S . = pooled number of species actually
sampled in the 20 quadrats, n = number of samples
(quadrats) (n = 20) and a = number of species only found in
one sample (quadrat) (= uniques). Therefore, S , . is the same
as y-diversity sensu Whittaker (1972).

Curves obtained when estimating the ‘first-order-
Jackknife” estimates were the average of 100 randomizations
and were tested for heterogeneity using the Coleman test,
that compares the mean randomized species accumulation
curve with the curve expected if all the individuals caught
over all the samples were randomly assigned to the samples

obs.

Alpha and beta diversity

Gamma diversity

(Colwell & Coddington, 1995). Based on that index, it was
confirmed for all pastures that the species accumulation
curve was derived from a homogeneous (stable) community,
i.e. the expected curve did not rise more steeply from the
origin than the accumulation curve, implying that
heterogeneity was not greater than could be explained by
random sampling error alone (Colwell & Coddington, 1995).
The computations were performed using the software
Species Diversity and Richness version 2.3 (Pisces
Conservation) (see Henderson & Seaby, 1998). The ‘first-
order-Jackknife” estimator also allows the maintenance of
statistical independence between response (LSR) and
explanatory (RSR) variables. This is because RSR is not
obtained directly from the accumulating number of species
in local quadrats (equivalent to y-diversity), but includes a 3-
diversity component given by the species richness estimator
(for similar procedures see Winkler & Kampichler, 2000;
Soares et al., 2001).

Data analysis
LSR-RSR relationship: contributions of a and b diversities

There is a recent movement to encourage authors to use
the additive form of B-diversity in which y-diversity = o. +
(i.e., B =v- @) (see Loreau, 2000; Gering & Crist, 2002; Veech
et al., 2002), instead of the traditional Whittakers’s
multiplicative format. In this case, y-diversity is the
accumulated number of species in a pasture (region), not the
estimated RSR previously described.

To evaluate the contribution of both local (o) and -
diversity to regional (y) richness (see Gering & Crist, 2002)
the additive forms of P and o-diversity (= LSR) were plotted
against y-diversity. When the type I model applies to the
data both o and the additive form of B-diversity will
increase proportionally with y-diversity (fig. 2a), but when
local saturation (type II model) applies to the data, o-
diversity stays constant when 7y-diversity increases, and
consequently B-diversity has to increase (fig. 2b) (see Loreau,
2000).

Vegetation variables and RSR to predict LSR

When the regional number of species is zero, the local
number of species must also be zero and, therefore, in some

Alpha and beta diversity

Gamma diversity

Fig. 2. Relationship between both alpha (- - - -) and beta (——) diversities and gamma diversity. (a) When type I model — “proportional
sampling’ applies to data both alpha and the additive form of beta-diversity will increase proportionally with gamma diversity; (b)
when type II model - ‘local saturation” applies to data alpha-diversity stays constant when gamma diversity increases and consequently

beta-diversity has to increase (see also Loreau, 2000).
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empirical studies relating LSR to RSR the fitted lines are
obtained by a conservative test of linearity forcing the
regression line through the origin. However, there are
pitfalls in doing this (see Griffiths, 1999; Srivastava, 1999). In
the present case, the relevance of the intercept is treated in
the modelling process (see below). Most tests of
local-regional relationships are based on the standard linear
least-squares (OLS) regression of both untransformed and
double (log-log) transformed variables. However, data are
hierarchical, with pastures nested within habitats (semi-
natural vs. sown) and habitats nested within islands.
Therefore, both habitat and island are grouping factors that
could be included in the model as dummy variables coded
in a binary fashion, 1 or 0. One dummy variable is needed
for each of the categories except one, since the last is
predictable from the others (Zar, 1996). Since our data
comprise three islands and two habitats, two dummy
variables are needed for island type (D, - pastures from
Santa Maria (1) vs. other pastures (0); D, — pastures from
Terceira (1) vs. other pastures (0)) and one dummy variable
for habitat type (D, — semi-natural (1) vs. sown (0)). These
variables can be used to obtain group differences in a
hierarchical linear model (see Gering & Crist, 2002).
Therefore, the ability of local vegetation variables and RSR
to predict LSR is tested using a hierarchical linear model. By
integrating ‘effects’ of all variables in a particular model, the
relative strength of local and regional factors on local species
richness was assessed. A multiple regression with dummy
variables was used, since a hierarchical method is adequate
when there is the need to remove the effect of one or more
predictor variables (island and habitat effect) on the
dependent variable (Myers, 1990; Drapper & Smith, 1998). If
there is a particular hypothesis to test, such as that one
variable of interest will be predictive over and above the
standard set of predictors, then the standard explanatory
variables set should be entered first in the model, and
afterwards the critical variable(s) to see if they contribute
significantly to the final model (the hierarchical method) (see
Myers, 1990). Thus, first a multiple regression was
performed with the empirical explanatory (= independent)
variables and later the dummy variables entered one by one
in the final model (forward selection):

y=a+b.x;+b,x,+......+b.x;+e+cD; +dD,+eD,,

If, for instance, variable D, and D, contribute
significantly to the model then:

y,=(@+0) +b.x
y,=(@+d) +b.x
y;=a+b.x;

Because the sample size was relatively small (N = 12
sites) and the number of explanatory variables in the
multiple regression models was large (10 empirical
variables), data were examined for multicollinearity. A
correlation analysis of all explanatory variables was
performed looking for covariation and to indicate which
variables might generate multicollinearity in multiple
regression models. Some predictor variables were largely
correlated with one another and the less significant
variables, as indicated by simple regressions between LSR
and each explanatory variable, were not included in the
maximal model at this stage. Multiple regressions were
performed using EXCEL (validated by SPSS) to obtain the
minimal adequate model explaining the greatest variation in

LSR of the two invertebrate groups. Model simplification
was achieved by deleting non-significant terms from the
model, until none could be removed without causing an
increase in deviance with P < 0.05. The intercept was also
removed in the end, looking for the necessity for its
inclusion in the final model. Transformation (logarithmic or
square root) of the response and explanatory variables was
used where necessary to improve normality of errors.
Normality of variables was checked using Q-Q plots and
Blom’s proportional estimation formula (Kotz et al., 1988)
and evaluating residual plots in SPSS.

Results
General community patterns

The suction samples for two summers totalled 29,194 and
3249 specimens of 55 species of sucking insect and 25 species
of spider, respectively. The number of singletons totalled
four species of spider (15%) and 13 species of sucking insects
(24%). Doubletons added four species to spiders and three
species to the sucking insect assemblages. Among the
spiders, 13 species (52%) were common (occurring in at least
25% of the 2 years x 12 regional samples), whereas among
the sucking insects, 15 species (27%) were common. For
sucking insects, the most common species accounted for 98%
of the overall abundance and belonged mainly to the
families  Thripidae  (Thysanoptera),  Delphacidae,
Cicadellidae and Aphididae (Hemiptera). In spiders, there
was a clear dominance of the Linyphiidae, with common
linyphiid species comprising 99% of total abundance.

LSR-RSR relationship: contributions of ocand B-diversities

In spiders, there was no correlation of between years
values of RSR (rs =0.55; P = 0.06) and LSR (rS =0.12; P =0.72)
in the 12 pastures, while in sucking insects there was a
significant correlation of both variables (RSR: r, = 0.67; P =
0.01; LSR: r, = 0.66; P = 0.02). The plots relating LSR with
RSR indicated a type II model (ceiling effect) for spiders
(fig. 3a,c) and a type I model (proportional sampling) for
sucking insects (fig. 3b,d). The contribution of B-diversity to
v-diversity (regional richness) far outweighs the contribution
of a-diversity in spider assemblages (fig. 4a,c). Thus, there
was no evidence of proportional sampling between local and
regional species richness in either year, which agrees with
the type II model (fig. 2b). In sucking insects, there was a
tendency for B-diversity to increase in importance in richer
regions, particularly in year 2 (fig. 4d). However, a-diversity
was correlated positively with y-diversity (fig. 4b,d), which
agrees with the type I model (fig. 2a).

Vegetation variables and RSR to predict LSR

The local species richness (LSR) of spiders was
significantly positively correlated with the cover abundance
of grasses (PEGca), the total number of forb species (tFspp)
and RSR (plus quadratic term) in the summer of year 1 and
with the total number of grass species (tGspp) and perennial
grass height (PEG-ht) in the summer of year 2 (table 1a). The
intercept was only needed in the final model in year 1. The
dummy variables did not contribute significantly to the final
models. The LSR of sucking insects was consistently and
significantly positively correlated only with the RSR for both
sampling occasions (table 1b). The intercept was not needed
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Fig. 3. Plotting local species richness against regional species richness for spiders (a, ¢) and sucking insect herbivores (b, d), in year 1 (a,
b) and year 2 (¢, d) in Azorean pastures.

Table 1. Predicting local species richness (LSR) of spiders (a) and sucking insects (b) in pastures on the Azores; analysis of deviance
(ANODEYV) table for hierarchical multiple regression with step-wise omission of non-significant terms, beginning from the maximal model.

Explanatory variable Deviance F Significance Explanatory variable Deviance F Significance

(a) Spiders (b) Sucking insects

Summer 1994 Summer 1994
Intercept 0.0312 7.72 P<0.05 Intercept 0.0070 0.73 ns.
log tFspp 0.0409 10.13 P<0.05 log RSR 0.0863 10.0 P<0.05
sqrt PEGca 0.0407 10.09 P<0.05 sqrt PEGca 0.0187 2.17 ns.
RSR 0.0245 6.07 P<0.05 V-ht 0.0113 1.37 ns.
RSR? 0.0226 5.60 P<0.05 log tFspp 0.0068 0.80 ns.
sqrt PEGca? 0.0016 0.37 n.s. sqrt PEFca 0.0095 1.15 n.s.
W-a 0.0012 0.24 ns. W-a 0.0042 0.46 n.s.
sqrt PEFca 0.0014 0.23 n.s.
Dummy Var. 1 (S. Maria) 0.0064 1.77 n.s. Dummy Var. 1 (S. Maria) ~ 0.0115 1.25 ns.
Dummy Var. 3 (Habitat) 0.0014 0.32 ns. Dummy Var. 2 (Terceira) 0.0032 0.32 ns.
Dummy Var. 2 (Terceira) 0.0003 0.07 n.s. Dummy Var. 3 (Habitat) 0.0031 0.31 ns.

log LSR = —1.16 (+0.41) + 0.54 (+0.17) log tFspp + 0.0033 log LSR = 0.59 (x0.03) log RSR; P< 0.0001; r? = 0.66

(+0.00107) sqrt PEGca + 0.17 (+0.07) RSR —0.0087(+0.0037)
RSR?; P = 0.043; 12 =0.71

Summer 1995 Summer 1995
Intercept 0.074 0.59 n.s. Intercept 1.59 1.70 n.s.
tGspp 1.383 11.17 P<0.01 RSR 12.16 13.38 P<0.01
PEG-ht 1.079 8.72 P<0.05 V-ht 117 1.28 ns.
sqrt (PEFca) 0.071 0.55 ns. sqrt (PEFca) 0.56 0.59 ns.
RSR, 0.123 0.94 n.s. tGspp 0.16 0.15 ns.
RSR 0.019 0.13 ns.
Dummy Var. 1 (S. Maria) 0.182 1.47 n.s. Dummy Var. 2 (Terceira) 3.63 4.98 P=0.05
Dummy Var. 2 (Terceira) 0.09 0.72 ns. Dummy Var. 1 (S. Maria) ~ 1.07 1.54 ns.
Dummy Var. 3 (Habitat) 0.06 0.43 n.s. Dummy Var. 3 (Habitat) 0.04 0.05 ns.
LSR = 0.15 (+0.04) tGspp + 0.198 (+0.04) PEG-ht; LSR = 0.26 (+0.016) RSR + 1.02 (+0.46) D2 ; P = 0.0005; r? = 0.80

P =0.00026; r*> = 0.82

Dummy variables in italics entered in the minimal adequate model in a second stage using forward selection (see text for explanation).
For each analysis the minimal adequate model (parameters + 1 SE), the significance and the r? are shown. RSR, Regional species
richness; PEFca, perennial forb cover abundance; PEGca, perennial grass cover abundance;V-ht, weighted mean height of all plant
species; PEG-ht, weighted mean height of the perennial grasses; W-a, total vegetation William’s alpha diversity; tFspp, total forb species;
tGspp, total grass species.

Dummy Var. 1, 2, and 3 are k-1 dummy variables for k different islands or habitats in the study.
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in the final models. Only in the second year, one dummy
variable entered the final model, the Terceira island effect
(D,) (table 1b).

Discussion

This study was conducted over two years, using the same
comprehensive sampling protocol, allowing a comparison
between years, in the LSR-RSR relationship. Data for spiders
were consistent with the predictions of the saturation model
(type II model) while data from sucking insects were
consistent with the predictions of the proportional sampling
model (type I model). The results showed consistent
patterns between years but also some slight differences,
which allow a more realistic interpretation of the relative
importance of local and regional processes.

The correct estimation of local and regional species
richness has been considered critical for determining the
shape of the relationship between local and regional species
richness (Srivastava, 1999). In this study, the sampling method
was uniform in all quadrats within each region (pasture).
Further, the pastures (regions) can be considered a
homogeneous habitat, thereby avoiding the occurrence of
several habitat specialists in a particular plot (local), which
may create spurious asymptotes as a result of overestimation
of regional richness through the inclusion of plot specialists
(i.e. ‘restricted singletons’). The data analysed here include an
even higher percentage of singleton and doubleton species in
the non-saturated assemblage (sucking-insects) than in the
saturated community (spiders), and consequently the ‘ceiling’
effect obtained for spiders (fig. 3a,c) could not be explained by
overestimation of RSR. However, rare and vagrant species are
also likely to have a role in the communities (Gaston, 1994).

Despite some recent evidence to the contrary (see
Chown, 1992; Denno et al., 1995; Stewart, 1996; McGeoch &
Chown, 1997; Moon & Stilling, 2002), it was predicted that
assemblages of herbivorous arthropods are not structured by
competition (see Strong et al., 1984). The proportional
increase of LSR with RSR, documented on several scales and
for many taxa (see revision in Cornell & Karlson, 1997;
Srivastava, 1999), also emerges in our fine-scale study of
pasture sucking herbivores. Multicollinearity among the set
of predictor variables was minimal, which strengthens the
interpretation that RSR was the only important predictor
variable of LSR in sucking insects. In one of the final models
(see table 1b), a different scale of regional richness was also
retained, which shows that a broad range of regional scales
may influence local processes (see Huston, 1999).
Competition may be more likely to occur between closely
related taxa, because of the similarity in feeding niches
(Denno et al., 1995). The functional group of sucking insects
studied here comprises very different taxonomic and
ecological taxa, with different dynamics and feeding
behaviours (sap-feeders both above and below ground) and
host-plant preferences (both grass and forb-feeders). This
may explain the small impact of interspecific interactions as
shown in figs 3b,d and 4b,d. Most of the experimental work
already performed with assemblages of herbivores also
supports the ‘proportional sampling hypothesis” (Opler,
1974; Cornell, 1985a,b; Hawkins & Compton, 1992; Lawton
et al., 1993; Westoby, 1993). Therefore, it is suggested that the
available pool of species (RSR) mainly dictates the species
richness patterns of sucking herbivores at the local fine-
scale. The biological mechanisms that allow a regional

enrichment of sucking insects at the local fine-scale need
further investigation. Total abundance of sucking insects
increased with LSR (year 1: log (abund.) = 0.6181 + 1.437 log
LSR, 12 = 0.74, P = 0.0003; year 2: log (abund.) = 0.94 + 0.87
log LSR, r? = 0.43, P = 0.02) and consequently there was a
similar probabilistic recruitment between species and no
resource limitation. No such relationship between
abundance and LSR occured in the spider assemblage.

In the spiders, plot richness (LSR) was found to be
independent of pasture richness (RSR) and well explained
by fine-scale vegetation diversity and structure. In fact, RSR
was only retained in one of the models (year 1; 1994) and
accounted for less of the explained variation in LSR than did
vegetation structure. Moreover, none of the higher rank
regional variables were retained in the final hierarchical
models. Other evidence showed that there was an increase
of B-diversity with y-diversity and no-increase of a-diversity
with y-diversity (fig. 4a,c), which is suggestive of niche
packing and strong species interactions at the local fine-
scale. Although some pastures were richer in species, the
average number of species per plot was small, with the
largest part of RSR being explained by B-diversity. The
ecological interpretation of B-diversity is not straightfor-
ward. It might be expected that $-diversity should increase
with pasture heterogeneity. In fact, more structurally
complex pastures harbour more spider species per plot (see
table 1a), probably due to more niches being available.

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). Cornell &
Lawton (1992) and Cornell (1993) stated that if a ceiling is
found, additional observations and/or experiments should
be performed to discern true saturation from stochastic
equilibrium or pool exhaustion. Recently, Soares et al. (2001)
showed that there is a pattern of saturation in LSR of ant
communities in tropical forest litter, but concluded that
species saturation in ground-dwelling ant communities was
produced by habitat specialization and/or by stochastic
equilibrium and not by interactive processes. Winkler &
Kampichler (2000) also found saturation at a local scale in
grassland Collembola suggesting that the pattern could be
explained by local interactions. Both these studies (Winkler
& Kampichler, 2000; Soares et al., 2001) were performed at
scales similar to this study and found saturation patterns,
which could indicate pseudo-saturation due to a fine-scale
effect (see Loreau, 2000). However, sucking insects showed a
non-saturating LSR-RSR pattern at the same scale and
Gering & Crist (2002) also obtained a type I model in a fine-
scale study of a canopy beetle assemblage. Indeed, there is a
considerable advantage in the fine-scale used in this study,
since the probability of species interactions is higher and the
interpretation of patterns more easily related to processes
operating at the local scale, such as vegetation heterogeneity
and diversity (see also Collins et al., 2002).

The data do not support the pool exhaustion explanation
for the observed ‘ceiling pattern” in spiders. The regional
pool was assessed directly from species composition of the
local assemblages, and thus, the inclusion of non-pasture
dwellers was avoided and RSR not overestimated. The
stochastic equilibrium explanation implies that there is a
balance between local colonization and extinction rates,
which is independent of interspecific relationships (Cornell
& Lawton, 1992). Frequent extinctions at the local scale,
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balanced by constant immigration rates, could be expected
in the spider assemblage due to their high mobility.
However, the high frequency and density of some spider
species does not support extinction at the local scale and the
high B-diversity suggests eventual extinction of rare, less
competitive species, at the local scale. In addition, there is an
increase in mean plot species occurrence (MPSO) with
increasing LSR (year 1: log MPSO = 0.32 + 1.09 log LSR, 12 =
0.44, P = 0.017; Year 2: MPSO = - 0.2939 + 2.28239 LSR, r? =
0.82, P < 0.0001) (see fig. 5), which does not suggest local
extinction but rather within-pasture spatial spread of
common dominating species. In sucking insects, there is no
such correlation in either year.

Natural experiments have shown clear evidence of the
impact of interspecific competition over short time scales in
web-building spiders (Wise, 1995). Spiders might also be
expected to have relatively predictable assemblages based
on habitat structure (Brown, 1991b; Uetz, 1991; Gibson ef al.,
1992; Borges & Brown, 2001). If competition is occurring in
the spiders (mainly 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), leading to some niche assortment between species.
Borges & Brown (2001) showed that two measures of
vegetation structure (“perennial grass cover abundance’ and
total vegetation ‘Williams’s o diversity’) were positively
correlated with the abundance of web-building spiders.
Moreover, as shown here, some vegetation variables also
explain LSR. Consequently, the non-linear relationship
obtained between LSR and RSR might reflect some sort of
niche saturation within the spider assemblage at the plot
scale, as a consequence of strong interspecific interactions.

Grazing management also affects the community
structure of spider assemblages (Gibson et al., 1992), and so

disturbance effects of grazing may explain the saturation
patterns obtained in the spider assemblage. It could be
hypothesized that, after a grazing event, higher extinction
rates depressed the populations and that the regularity of
grazing events in the Azorean pastures did not allow
populations to recover through immigration from the
surrounding landscape. However, this seems unlikely, since
pastures are grazed in rotation and therefore provide a
mosaic of vegetation structures. Thus, source populations
were potentially available for recolonization (‘mass effects’
sensu Shmida & Wilson, 1985). Moreover, most of the web-
building spiders were linyphiid spiders, engaged in aerial
dispersal by ‘ballooning” (Wise, 1995). Because of their high
dispersal ability, local spider extinctions are likely to be rare
(Halley et al., 1996). Results also showed that there was some
within-pasture range increase in locally richer pastures (fig.
5). The explanation of saturation found in the spiders may
be related to competition between species within the
dominant family (Linyphiidae), which have similar spatial
and ecological requirements. Such species include
Tenuiphantes tenuis (Blackwall), Erigone atra (Blackwall) and
Oedothorax fuscus (Blackwall). Moreover, no relationship was
found between spider abundance and LSR in either year,
which implies niche limitation.

In summary, the results confirm the predictions of recent
empirical studies suggesting that species assemblages are
random samples drawn from a pool of potential colonists,
and also that spider communities may be largely structured
by interspecific competition or local features of the habitat
(Wise, 1995). Spider assemblages, in a particular small patch,
probably represent a collection of individuals of the species
present, under the constraints of habitat structure and
limited niche space. Pasture management may also have
profound effects on local spider assemblages, since local
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spider richness seems to be related to well-developed and
complex vegetation.

It is also important to consider the potential utility of o, B
and y measures of species richness in pasture management
and conservation-management of semi-natural grasslands. If
saturation occurs at the local scale, then y-diversity could be
of limited value in identifying levels of mean species
richness at the local scale. An investment in standardized
sampling within regions, to obtain measures of o and J3-
diversity, would greatly enhance the understanding of
processes operating at local and regional scales.
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