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Summary

One of the great questions in ecology is what determines and maintains biodiversity. This
question is receiving increased attention as biodiversity is at risk. Species go extinct at such a
high rate that some scientists speak of a man-made mass extinction. As biodiversity is related
to ecosystem functioning also wide ranging consequences of the current species loss on
ecosystem services can be expected.

In addition to habitat loss, habitat fragmentation threatens biodiversity. Small and
isolated fragments are expected to host less species than larger and better connected habitat
patches. Fragmentation also reduces genetic diversity and disrupts interactions between
species. Invertebrates, in particular insects, contribute considerably to species richness of a
habitat.

In the present thesis I focus on the effects of an experimental fragmentation on
invertebrate diversity in calcareous grasslands. These species-rich, extensively used grasslands
have been created by man and are today threatened by changes in agricultural practices and by
fragmentation. In a long-term experiment at the University of Basel, fragments of different size
(0.5 m2, 2.25 m? and 20.25 m?) have been isolated and maintained by regularly moving the
surrounding vegetation. Corresponding control plots were situated in adjacent continuous
grassland. The experimental set-up consisted of 48 fragments and 48 control plots, distributed
over three study sites in the northern Swiss Jura mountains. I examined effects of the
experimental fragmentation on invertebrate population dynamics 3 to 6 years after the
initiation of the fragmentation.

Species richness of grasses increased in fragments while species richness of forbs, ants,
aphids, gastropods and grasshoppers were not affected by the fragmentation. Only in
butterflies, the most mobile animal group examined, a negative response to the fragmentation
was found. The time frame used in the present experiment may have been to short to monitor
extinction processes. However, the experimental fragmentation altered the abundance of single
species and altered interactions between species. As predicted by theory, many common
species were even more abundant in fragments than in control plots. Furthermore, aphids, a

group of herbivorous insects, benefited from the fragmentation. However, the increase in aphid
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density was not a result from reduced parasitation pressure, but rather a result of a higher
degree of ant-tending and an increased plant productivity. The fragmentation also altered
competitive interactions among ant species. With increasing density of the dominant ant
species Lasius paralienus species richness and forager density of the other ant species
decreased in fragments but not in control plots. The densities of foragers of the other species at
natural and artificial sugar resources were not affected by L. paralienus forager density. This
could be a result of an increased density of natural sugar resources in fragments and thus
decreased competition for them. The fragmentation also affected the spatial distribution and
persistence of ant nests. These findings were a result of altered abiotic conditions at the edge of
fragments and were more pronounced for the dominant species than for all ant species
together.

The experimental fragmentation increased plant productivity. Changes at the base of the
food chain could impact higher trophic levels. Therefore, I examined the relationships between
productivity (above-ground phytomass) and plant species richness and between productivity
and species richness and biomass of consumers (gastropods and grasshoppers) at three spatial
scales in two successive years. Only the control plots of the fragmentation experiment were
used. The shape of the relationship between productivity and species richness varied between

groups and depended on the spatial scale of the investigation.



Deutsche Zusammenfassung

Zu den grossen Fragen der Okologie gehort, wie Biodiversitit entsteht und wie sie erhalten
bleibt. Diese Frage gewann in letzter Zeit zusétzlich an Bedeutung, da die Biodiversitét heute
durch den Menschen in zuvor ungekanntem Ausmass bedroht ist. Weltweit fiihren vom
Menschen verursachte Verdanderungen der Lebensrdume zum Aussterben vieler Arten. Das
Verschwinden von Arten kann auch dazu fiihren, dass ein Okosystem nicht mehr alle seine
Dienstleistungen im gleichen Masse erbringen kann.

Der heute beobachtete Artenverlust ist teilweise eine direkte Folge der Zerstdrung von
Lebensrdaumen, aber auch die Fragmentierung von Lebensrdumen tragt zum Artenverlust bei.
Es wird davon ausgegangen, dass kleine, stark isolierte Fragmente weniger Arten beherbergen
als grosse, gut vernetzte Flachen. Fragmentierung reduziert auch die genetische Vielfalt und
stort die Wechselbeziehungen zwischen Arten. Ein grosser Teil der Arten eines Lebensraums
gehort zu den Wirbellosen (vor allem Insekten).

In meiner Dissertation untersuche ich den Einfluss einer experimentellen
Lebensraumfragmentierung auf Wirbellose in Kalkmagerrasen im Schweizer Jura. Diese
halbnatiirlichen Rasen sind aussergewohnlich artenreich. Heutzutage werden Magerrasen
durch verdnderte landwirtschaftliche Praktiken, sowie Lebensraumfragmentierung bedroht. Im
Rahmen eines Langzeit-Experiments der Universitit Basel wurden in drei
Untersuchungsgebieten Fragmente verschiedener Grosse (0.5 m2, 2.25 m?2 und 20.25 m2) durch
Maihen der umgebenden Vegetation isoliert. Im benachbarten, zusammenhédngenden Rasen
wurden Kontrollflaichen gewédhlt. Das ganze Experiment umfasste 48 Fragmente und 48
Kontrollflichen. Ich untersuchte die Einfliisse der Fragmentierung auf die Populationsdynamik
von Wirbellosen drei bis sechs Jahre nach dem Start des Experiments.

Obwohl die Schmetterlinge die mobilste der untersuchten Wirbellosengruppen sind,
wurde bei ithnen eine Abnahme des Artenreichtums in den Fragmenten beobachtet. Der
Artenreichtum der Gréser war in den Fragmenten hoher als in den Kontrollflichen. Der
Artenreichtum von Krautern, Ameisen, Blattlausen, Heuschrecken und Schnecken in den
Fragmenten unterschied sich nicht von dem in den Kontrollflachen. Die Dauer der Studie war

wahrscheinlich zu kurz, um Austerbeereignisse zu beobachten. Trotz der kurzen Zeit seit dem
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Beginn des Experiments wurden jedoch bereits grosse Verdnderungen in den Haufigkeiten
einzelner Arten und in den Wechselbeziehungen zwischen den Arten beobachtet. Viele der
hdufigen Arten waren in den Fragmenten noch haufiger als in den Kontrollflichen. Auch die
Dichte von Blattlausen war in den Fragmenten hoher als in den Kontrollfldchen. Der Anteil
parasitierter Blattlduse unterschied sich nicht zwischen Fragmenten und Kontrollflachen. Die
erhohte Blattlausdichte resultierte wahrscheinlich aus einer intensiveren Wechselwirkung mit
Ameisen, sowie aus einer erhohten pflanzlichen Produktivitét in den Fragmenten. Die
Lebensraumfragmentierung beeinflusste auch die Wechselbeziehungen zwischen
verschiedenen Ameisenarten. Mit zunehmender Dichte der dominanten Ameisenart Lasius
paralienus nahm die Dichte, sowie der Artenreichtum der anderen Ameisenarten in den
Fragmenten ab. In den Kontrollflichen wurde keine solche Beziehung gefunden. Die
Lebensraumfragmentierung beeinflusste auch die rdumliche Verteilung der Ameisennester,
sowie die Zeitspanne wihrend der sie bewohnt waren. Dies war vor allem eine Folge
verianderter abiotischer Faktoren an den Ridndern der Fragmente. Der Einfluss der
Fragmentrander auf die Verteilung der Ameisennester war besonders stark ausgeprigt, wenn
nur die dominante Art beriicksichtigt wurde.

Die experimentelle Lebensraumfragmentierung erhohte die pflanzliche Produktivitit und
beinflusste die Artenzusammensetzung der Pflanzen. Anderungen an der Basis der
Nahrungskette werden weitere Anderungen bei den Konsumenten zur Folge haben. Aus
diesem Grund untersuchte ich auch den Zusammenhang zwischen der pflanzlichen
Produktivitiat und dem Artenreichtum der Pflanzen, sowie dem Artenreichtum und der
Biomasse von Konsumentengruppen (Heuschrecken und Schnecken). Fiir diese Analyse
wurden nur die Kontrollflichen beriicksichtigt. Die Art des Zusammenhangs zwischen
Produktivitdt und Artenreichtum hing von der untersuchten Gruppe, sowie der raumlichen

Skala ab.



General introduction

The biodiversity crisis

One of the great questions in ecology is which mechanisms create and maintain biodiversity.
This question is receiving increased attention as biodiversity is at risk (Western 1992; Sala et
al. 2000; Woodruff 2001). Habitats are destroyed or altered at unprecedented rates and species
extinction rates have increased to previously unknown levels. The frequency of species
extinctions is now estimated to be at 100-1000 times the background rate (Lawton and May
1995). Population extinction rates are estimated to be at maybe a 100 times higher levels
(Hughes et al. 1997). The current situation is referred to by some scientists as a man-made
mass extinction (Chapin et al. 2000; Woodruff 2001). In a recent review Purvis and Hector
(2000) showed that the current rate of species losses is unsustainable, i. e. exceeds the rate new
species are generated.

Even while biodiversity declines, many questions remain unsolved on what determines
the patterns of biodiversity naturally. It is thus of crucial importance to identify the
mechanisms that maintain biodiversity in undisturbed habitats (Huston 1994). At the same
time ecologists world-wide need to examine what the effects of man-made habitat alterations
on biodiversity are. Based on such studies, recommendations to policy makers can be
developed on how a further decline of biodiversity can be best prevented (Chapin et al. 2000;
Woodruff 2001).

Species extinctions are deplorable in themselves. However, as biodiversity has been
shown to be related to ecosystem functioning, also wide ranging consequences of the current
species loss on ecosystem services can be expected (Hector et al. 2001). Still, the relationship
between biodiversity and ecosystem functioning is not yet fully understood. Theory predicts
that ecosystem functioning should increase with increasing biodiversity through niche
complementarity (Engelhardt and Ritchie 2002). However, with increasing species richness
niche overlap of the species increases as well. Thus, adding further species to an already
diverse ecosystem will add little to an ecosystem process. In most experimental studies 20-

50% of species were sufficient to maintain most biogeochemical ecosystem processes (Purvis
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and Hector 2000). However, it has been suggested that the 'redundant' species may render the
ecosystem more stable over time, by providing the right species in the right place at the right
time under varying conditions (Loreau et al. 2001). Furthermore, a high species richness may
make a community more resistant against invasion (Elton 2000).

Other explanations for the often observed increase in ecosystem functioning with
increasing biodiversity than niche complementarity have also been proposed (Engelhardt and
Ritchie 2002). However, in contrast to the niche complementarity theory, they do not predict
that a diverse ecosystem is better than the best monoculture. These theories are partly
influenced by sampling effects. At higher diversity the probability is higher that an area
includes some species with a high effect on an ecosystem process. Thus, the mean of
ecosystem processes increases and the variance decreases as biodiversity increases, while the
upper bound of each ecosystem process remains constant. According to this hypothesis it
would be enough to retain the most productive species with the strongest effect on ecosystem
processes, while other species would be redundant. It is important to note that this theory is
based on the assumption that each species' performance is independent of the other species in
the mixture. If facilitation occurs among species then an increase in biodiversity would lead to
an increase in mean performance (Cardinale et al. 2002; Engelhardt and Ritchie 2002). In
contrast, strong interference competition among species would lead to a decrease in overall

performance with increasing diversity (Engelhardt and Ritchie 2002).

Habitat fragmentation

The presently observed loss of species is not only a consequence of habitat loss but is also a
result of habitat fragmentation (Quinn and Hastings 1987; Saunders et al. 1991). Habitat
fragmentation is now considered as a major threat to biodiversity (Saunders et al. 1991;
Collinge 2000; Simberloff 2000). Small and isolated fragments are expected to host less
species than larger and better connected habitat patches (Andrén 1994). Fragmentation reduces
the total area of suitable habitat and creates isolated subpopulations. These small
subpopulations are more vulnerable to extinction due to demographic processes or through
catastrophic events (Saunders et al. 1991; Rosenzweig 1995). Additionally, many species may
have difficulties to recolonise isolated fragments (Kruess and Tscharntke 1994). A low
immigration rate may reduce genetic diversity in isolated fragments through increased
inbreeding or genetic drift as gene flow between subpopulations is prevented (Lacy and

Lindenmayer 1995). Even species with good dispersal abilities may be affected indirectly by
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fragmentation if they interact with species that have poor dispersal abilities (Kruess and
Tscharntke 1994). The effects of disrupted interactions may vary and be either positive or
negative for a species depending on the species involved and the type of interaction concerned.
Furthermore, within fragments competitive interactions among species may be affected when
the species are differently sensitive to fragmentation-related changes in habitat quality (e.g.
edge effects).

Previous research revealed species-specific responses to habitat fragmentation: some
species decreased in abundance, others became more abundant, while still others seemed to be
unaffected by habitat fragmentation (Kareiva 1984; Kruess and Tscharntke 1994; Davies and
Margules 1998). Consequently, further work was dedicated to the identification of traits that
allow to predict a species' response to fragmentation (Davies et al. 2000). It has been suggested
that species of higher trophic levels should be more vulnerable to fragmentation than groups
like herbivores. Predators and parasites often have a small and fluctuating population size and
are dependent on prey species that are themselves affected by the fragmentation (Holt 1996).
However, even within guilds, different species may respond differently to habitat
fragmentation. It has been suggested that strong competitors, abundant species and generalist
species may benefit from habitat fragmentation while naturally rare species and specialist
species may be lost from fragments (Mac Nally and Brown 2001). Theories on ecosystem
functioning based on niche complementarity or facilitation among species would thus predict a
decrease in ecosystem functioning in fragments. In contrast, theories assuming that ecosystem
processes are mainly driven by the strongest species would expect no effect of habitat
fragmentation on ecosystem functioning as long as the fragments are large enough to retain
vital populations of 'important' species. However, the 'important' species may depend
themselves on many other species, so that a higher diversity is needed to maintain ecosystem
functioning than is at first apparent (Hector et al. 2001).

Numerous biodiversity studies have focused on organism groups that are of commercial
interest or that are conspicuous (e.g. birds (Schmiegelow et al. 1997; Mason 2001) or
butterflies (Hill et al. 2002; Wahlberg et al. 2002; Hawkins and Porter 2003)) or easily
sampled (e.g. vascular plants (Waide et al. 1999; Tilman et al. 2001)). Considering the effect
of habitat fragmentation on biodiversity, the taxonomic bias is even strongly evident among
the relatively well studied vertebrates (Mac Nally and Brown 2001), while experimental
studies on the effects of habitat fragmentation on terrestrial invertebrates are rare (Debinski
and Holt 2000). However, biodiversity is largely composed of invertebrates, in particular

insects. These organisms have an important role in ecosystem functioning. It is widely known
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that insect diversity declined over recent decades and that this affected ecosystem functioning
(Steffan-Dewenter and Tscharntke 2002; Tscharntke et al. 2002). Yet, little is known about the
exact mechanisms by which man-made habitat alterations influence insect diversity. Due to
limitations in expertise, time and funding, inventories of plants or small vertebrates have often
been used as surrogates of total biodiversity. However, invertebrate diversity is often not
directly correlated to those groups and the shape of the relationship may vary depending on the
groups involved (Oliver and Beattie 1993). It is thus of great importance to include
invertebrates in biodiversity studies and to examine how their diversity correlates with that of

frequently examined groups like vascular plants (Oliver and Beattie 1993).

Focus of this thesis

In the present thesis, I focus on the effects of habitat fragmentation on invertebrate diversity in
calcareous grasslands. Calcareous grasslands represent a typical example of a threatened,
species-rich habitat in central Europe. These semi-natural grasslands harbour large numbers of
plant and invertebrate species (Baur et al. 1996; Niemeld and Baur 1998; Balmer and Erhardt
2000; Steffan-Dewenter and Tscharntke 2002). This type of extensively used grassland has
been created by man and became a refuge for open habitat species whose original habitats have
largely been destroyed (Steffan-Dewenter and Tscharntke 2002). Today these grasslands are
threatened by changes in agricultural practices, such as increased fertilisation (Fischer and
Stocklin 1997) or abandonment and reforestation (Zoller and Bischof 1980; Balmer and
Erhardt 2000). For example, in the Passwang region 24 km south of Basel, unfertilised
grasslands decreased by 78% between 1950 and 1985 (Zoller et al. 1986). In addition to habitat
alteration these grasslands are also highly fragmented with remaining patches being often
found at remote and steep slopes that are not suitable for intensive agriculture.

Early studies on the effects of habitat fragmentation on biodiversity mostly examined
habitat remnants that differed in size, shape, time since isolation and degree of isolation.
Recognising the need for replicated and controlled designs, several experiments comprising
different habitat types, different focal groups and different spatial scales were conducted in the
past two decades (Debinski and Holt 2000). However, few replicated studies on the effects of
fragmentation on grassland invertebrates and interactions among different species have been
conducted (Debinski and Holt 2000; Steffan-Dewenter and Tscharntke 2002; Tscharntke et al.
2002).
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In this thesis I examine effects of experimental small-scale grassland fragmentation on
the population dynamics of several groups of invertebrates. In particular, I focus on ants and
aphids and the interactions between them. Effects of the experimental fragmentation on other
insect groups and on gastropods are also reported in this thesis. Instead of merely reporting
fragmentation effects on species richness, I also examine mechanisms by which grassland
invertebrates are affected in the fragmentation experiment. Species richness, intuitively easy to
understand and often easy to measure, may be a less ideal indicator for assessing effects of
fragmentation, as extinctions processes in most organisms take longer than the time covered by
a typical ecological study. This may be the case in many small nature reserves where small
populations of rare species still exist but may ultimately be doomed. Additionally, extinctions
may initially be overlooked when very rare species that are difficult to detect in biodiversity
surveys are the first to go extinct (Gonzalez and Chaneton 2002). As money for long-term
experimental studies is limited and fast results are needed in order to develop management
policies that may prevent further degradation of our threatened ecosystems, ecologists should
therefore move to directly examine effects of fragmentation on interactions among species and
on ecosystem processes. Behavioural patterns may respond much faster to habitat
fragmentation than species richness leading to wide ranging impacts on population dynamics
(Kareiva 1987; Goverde et al. 2002). In the present thesis, effects of an experimental
fragmentation on the population dynamics of different groups of grassland invertebrates and on
interactions between these groups were assessed 3 to 6 years after the initiation of the
experimental fragmentation. Thus, I could not only asses short-term responses but also

examine the response over time.

The study sites
The fragmentation experiment was carried out in three calcareous grasslands situated in the
northern Swiss Jura mountains: in Nenzlingen (13 km south of Basel; 47° 34' N, 7° 35' E),
Movelier (26 km south-west of Basel) and Vicques (26 km south-south-west of Basel) (Fig. 1).
Originally covered by beech forest, these grasslands have been grazed by cattle for many
centuries, leading to the characteristic vegetation of the Teucrio-Mesobrometum (Ellenberg
1986).

The study site in Nenzlingen is situated on a south-west-facing slope with an inclination
of 19-22° at an altitude of 510 m. A deciduous forest borders the study area in the north-east.

Mean annual temperature is around 8.5-9.0 °C (the average July temperature is approximately

-14 -



‘Llestal

-
¥
_.- -

o
i |

I_,._-'mf
Delémon t 7 1

[

gl l"'-. .-!- ...I
g~ f ® Solothurn

Fig. 1. Location of the three study sites near Nenzlingen (BL), Movelier (JU) and Vicques (JU) in the

northern Swiss Jura mountains.

Fig. 2. The study site in Movelier with three experimental blocks. The photograph shows the fragments
with the mown isolation area while the control plots are not distinguishable from the surrounding
continuous vegetation. The isolation area around fragments was frequently mown. Photograph by M.

Wurtz.
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17 °C) and annual precipitation amounts to 900 mm (Ogermann et al. 1994). Snow covers the
area for usually less than one month. Soils are of the rendzina type with an A-horizon varying
in depth from 2 to 27 cm (for details on soil properties and profiles see Ogermann et al.
(1994)). Until 1993, the site was grazed by cattle from May to September with a high stocking
rate. The lower part of the slope was moderately fertilised by cattle dung.

The study site in Movelier is situated on a south-south-east-facing slope (inclination 20-
22°) at an altitude of 770 m (Fig. 2). Half of the site is surrounded by deciduous forest. Snow
covers the site for usually more than one month. The humus layer is thicker than in
Nenzlingen, contains some clay and is moister than at the other two sites. Until 1993, the site
was grazed by cattle and a moderate amount of artificial fertiliser was used.

The study site in Vicques is situated on a south-east-facing slope (inclination 15-27°) at
an altitude of 590 m. There is mixed deciduous forest at the south-west-border of the area.
Snow usually covers the area for a few days only. The humus layer is extremely thin and there
are several patches of exposed bedrock (this type of habitat is lacking at the other sites). Until
1993, the site was exposed to a low grazing pressure by cattle.

The three grasslands had similar numbers of coexisting plant species in the first year of
the experiment (Baur et al. 1996). However, the composition of the plant communities differs
among sites with only 53.8% of all species occurring at all three sites (Baur et al. 1996).
Diversity indices assessed in the first year of the experiment were similar for the three sites,
indicating that similar environmental and ecological factors were influencing these

communities (Joshi 1994).

The fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the experimental fragments. One experimental unit, called block, contained
one large (4.5 x 4.5 m), one medium (1.5 x 1.5 m) and two small (0.5 x 0.5 m) fragments, all
of them separated by a 5-m wide strip of mown vegetation, as well as the corresponding
control plots, which were mirror-symmetrically arranged and surrounded by undisturbed
vegetation (Fig. 3). Within each block, the positions of the different sizes of fragment-control
plot pairs as well as the control and fragment halves were randomised. The experimental set-up
used in the present study consisted of 12 blocks (five in Nenzlingen, three in Movelier and four
in Vicques) with 48 fragments (12 large, 12 medium and 24 small) and 48 corresponding

control plots. The distances between blocks within the sites ranged from 25 to 135 m. The
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blocks were part of larger study areas (1.5 - 2 ha) that were enclosed by fences to exclude large
herbivores. The experimental fragmentation had been maintained since April 1993 by
frequently (6-12 times per year) mowing the area between the fragments in the period from
March to October. The entire experimental area was mown in late autumn every year to
prevent succession (Kienzle 1979). The fragmentation experiment was terminated in October
1999 after seven vegetation periods.

In my thesis I examined effects of the experimental fragmentation on the population
dynamics of different invertebrate groups in the years 1996 - 1999 (3 to 6 years after initiation
of the fragmentation) allowing for the assessment of short-term and longer-term effects of the
fragmentation. As the experiment was run over several years methods were chosen in a way to

minimise the impact of the research on the experimental plots (Fig. 4).

Fragments Control plots
[] []
| |
| |
I N T W O
10m

Fig. 3. Diagram of one block of the fragmentation experiment. A block contained two small (0.5 x 0.5 m),

one medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m) fragment and corresponding control plots.
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Fig 4. Large fragment with a mobile working platform used to minimize trampling in the experimental

plots.

Effects of experimental small-scale grassland fragmentation on invertebrate population
dynamics

Community disassembly following fragmentation may take time (Gonzalez and Chaneton
2002). Additionally, initial responses may differ from long-term responses. Therefore, it is
important to study communities in fragmented ecosystems over time. In Chapter I |
concentrate on short-term effects of the fragmentation on plants (grasses and forbs) and four
groups of invertebrates (ants, butterflies, gastropods and grasshoppers). The species richness
and abundance of those groups was assessed in 1996, 3 years after the initiation of the
experimental fragmentation. Detailed studies focusing on the response of ants and aphids over

time are reported in the Chapters II-1V.
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Different groups of organisms vary in their reaction to fragmentation (Davies et al.
2000). The invertebrate groups examined vary in traits like mobility and trophic position that
may be important in determining their response to the experimental fragmentation.
Furthermore, grassland invertebrates with the exception of butterflies have largely been
ignored in fragmentation studies despite their great diversity and their large impact on
ecosystems (Debinski and Holt 2000; Steffan-Dewenter and Tscharntke 2002). Instead a few
indicator groups - often vascular plants - that are easy to sample or for which experts are
numerous have been used as an estimate of total biodiversity. However, it is doubtful whether
results from studies on vascular plants can be extrapolated to all invertebrate groups (Oliver
and Beattie 1993). Therefore, it is important to know to what extend an indicator groups
reflects the general picture regarding the effect of environmental change on biodiversity and
with which other groups the diversity of the indicator group is correlated. In Chapter I the
response of plants and invertebrates to the experimental fragmentation is examined
simultaneously. In this way, it was possible to test whether general predictions from theory
hold for very different taxonomic groups and in which groups the response to the experimental
fragmentation is correlated.

I compared species richness, diversity and composition of the different groups and the
abundance of single species in fragments with those in corresponding control plots. The
abundances of 19 (29%) of the 65 common species examined were affected by the
fragmentation. However, the experimental fragmentation affected different taxonomic groups
and single species to a different extent. Grass species richness increased in fragments while
species richness of forbs was not affected by the experimental fragmentation. Butterflies, the
most mobile group among the invertebrates studied, reacted most sensitively: species richness
of butterflies was lower in fragments than in control plots. In contrast, species richness of ants,
gastropods and grasshoppers was not affected by the fragmentation. Foraging abundances of
single butterfly species were lower in fragments than in control plots. Of the few single species
of the other groups that were affected by the experimental fragmentation, most had a higher
abundance in fragments than in control plots. This is probably so because the type of
fragmentation used is beneficial to some plants through a decreased competition intensity
along the edge of the fragments, and because some animals may use the fragments as retreats
between their foraging bouts into the mown isolation area. Edge effects may also explain the
observed increased plant productivity in fragments as compared to control plots. In conclusion,

despite the short time frame of this study, some changes in plant and invertebrate abundance
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and species richness were found. For many species however, the period of 3 years between the
initiation of the experiment and the survey was probably to short to show a detectable reaction.

In Chapter I 1 demonstrated that different groups of insects vary in their responses to
habitat fragmentation. In the following Chapters II - IV I report more detailed surveys
focusing on two groups of insects, namely ants and aphids. In these chapters I do not only
report effects of the fragmentation on species richness and the abundance of single species in
greater detail but also examine mechanisms that lead to the observed effects.

Chapter II focuses on the effects of the experimental fragmentation on aphid population
dynamics. Theory predicts that herbivore abundance increases in fragmented habitats as a
consequence of reduced predation and parasitation pressure as species at higher trophic levels
like predators and parasitoids are assumed to be especially vulnerable to habitat fragmentation
due to their often small population size and their dependence on particular prey species (Holt
1996). Using aphids as model organisms, I tested the hypothesis that herbivore abundance
increases in fragmented habitats as a result of reduced parasitoid pressure. However, also other
possible mechanisms that may affect aphid population dynamics were investigated. I examined
the population dynamics of aphids with respect to host plant abundance and the density of
mutualistic ants. The fragments and control plots were examined 1997 - 1999 (4 to 6 years
after the initiation of the fragmentation). Only fragments and control plots in Nenzlingen and
Vicques were examined.

As predicted by theory, aphid density was higher in fragments than in control plots. This
was a combined result of a higher frequency of aphid-infested plants and larger aphid colonies
in fragments than in control plots. Furthermore, a larger proportion of aphid colonies was ant-
attended in fragments than in control plots, though also not ant-attended colonies were more
abundant in fragments than in control plots. Ant-attended aphid colonies were also more
frequently visited by ants in fragments than in control plots in one of the 3 years. In contrast to
theoretical expectations, parasitoid pressure on aphids was not influenced by the experimental
fragmentation. Neither were aphid species richness and diversity affected by the fragmentation.

The observed fragmentation effects on aphid density might be a combined result of
several distinct influences including a higher abundance of mutualistic ants, an increased plant
productivity and altered abiotic factors in fragments. Other potential influences like reduced
predation pressure could not be demonstrated in this study but may also contribute to a higher
aphid density in fragments. The effect on aphid density was consistent over 3 years and two

sites with slightly different aphid communities. Thus, the present experiment shows that even
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small-scale habitat fragmentation can have profound and replicable effects on the abundance of
herbivorous insects.

Fragmentation-related effects are of particular importance in species that interact with
many other species as changes in their abundance or behaviour will further affect the species
with which they interact. Ants species do fulfil this criteria. Ants are mutualists of plant
sucking insects and hosts to a great diversity of insect species (Holldobler and Wilson 1990;
Seifert 1996). Ants play an important role as invertebrate predators (Holldobler and Wilson
1990) and seed distributors (Christian 2001) and are pollinators of some plant species (Schiirch
et al. 2000). Ants also act as ecosystem engineers (Lawton 2000). Their nest construction
behaviour provides free space for plant establishment (Dean et al. 1997) and increases soil
drainage (Holldobler and Wilson 1990) and their foraging behaviour enriches patches with
nutrients (Bestelmeyer and Wiens 2003). Some interactions are species-specific (e.g. some
Maculinea butterfly species rely on a single ant species as host), while other interactions are
less specific. Thus, changes in ant species composition, ant density or the spatial distribution of
ant nests may affect a large number of other organisms as well. Indeed several studies have
found that ant species richness is correlated with that of other invertebrate groups (Oliver and
Beattie 1993; Golden and Crist 2000) In the present experiment ant abundance has been shown
to affect aphid abundance (Chapter II).

In Chapter III I examined the effects of the experimental fragmentation on the density,
persistence and spatial distribution of nests of 15 ant species. Three years after initiation of the
experiment, ant nest density did not differ between fragments and control plots. Six years after
initiation of the experiment, however, ant nest density and density of foraging ants were higher
in large fragments than in large control plots. Ant nests tended to occur more frequently along
the edge of fragments than in the core area. Persistence time of nests of the most abundant
species, Lasius paralienus Seifert, tended to be shorter in fragments than in control plots.
Furthermore, persistence time was longer in nests situated close to the fragment edge than in
nests that were situated in the core area.

Effects on nest density, edge effects on the spatial distribution of nests and the
relationships between nest density and environmental factors were more pronounced when
only nests of L. paralienus were considered. Some of the species in the examined grasslands
prefer cooler and moister sites for their nests than L. paralienus, while the majority prefer dry
and warm nest sites. As a consequence, species-specific responses to the changed

environmental conditions in the fragments can be expected.
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Theory predicts that abundant species like L. paralienus should be less affected by
fragmentation than naturally rare species (Davies et al. 2000; Mac Nally and Brown 2001;
Gibb and Hochuli 2002). Many common species have broad niches and can exist in disturbed
habitat or matrix habitat. Consequently, these species are less affected by the isolation
following fragmentation than specialist species (Andrén 1994). Assuming that abundant
species benefit from habitat fragmentation then their competitive strength may further increase
in fragments. As a result the diversity and density of the other species would decline in
fragments. In Chapter IV I examined the effect of the experimental fragmentation on
competitive interactions among ant species. Ant communities are assumed to be structured
mainly by intra- and interspecific competition for resources such as food or suitable nest sites
and thus are ideal to study effects of fragmentation on competitive interactions.

Ant density and species composition were assessed 3 and 6 years after initiation of the
experimental fragmentation. The effect of the dominant ant species on the resource use of the
other species was examined at natural sugar resources (aphids and extrafloral nectaries of
Euphorbia cyparissias plants) and at artificial sugar baits. The most abundant species L.
paralienus had 66% of all individuals recorded in pitfall traps and 72% of nests in the
experimental plots. The proportion of L. paralienus foragers at sugar baits was even greater
than that in pitfall traps. As most species foraged at baits this indicates that L. paralienus is not
only numerically but also functionally dominant.

Species richness and forager density in the other species decreased with increasing L.
paralienus density in fragments but not in control plots. This indicates an increased effect of
the density of the dominant L. paralienus on the ant species composition in fragments. Overall,
forager density of the other species was positively related to their habitat niche overlap with L.
paralienus. Thus, competitive interactions may have shaped the ant community on a small-
scale, while external factors may become more important on a larger scale. The density of
foragers of the other species at sugar resources was not affected by L. paralienus forager
density. The experimental fragmentation resulted in an increase in natural sugar resources of
the ants in fragments. This may have reduced the intensity of competition for sugar resources.
The present experiment shows that the grassland fragmentation altered the interactions
between the dominant L. paralienus and the other ant species. As a consequence the ant
species composition in fragments may change in the long-term. A changed ant species
composition would then further affect the species composition of those organisms that interact

with ants.
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The relationship between plant productivity and species richness and invertebrate
diversity

Declining biodiversity, as predicted as a consequence of increasing habitat fragmentation,
represents one of the most dramatic aspects of anthropogenic global change. However, the
ecological implications of this change are poorly understood. Changes induced by the loss of
biodiversity at the base of an ecosystem (i. e. plants) should impact higher trophic levels
(Knops et al. 1999). In order to understand natural patterns of biodiversity ecologists thus need
to examine the relationships between different trophic groups.

The relationships among productivity, species richness and consumer biomass are of
fundamental importance for understanding determinants of biodiversity. However, the shape of
a relationship may depend on spatial scale. Basically, two types of productivity-diversity
relationships have been proposed: (1) monotonic, where diversity increases (but may level off)
as productivity increases, and (2) unimodal, where diversity increases with productivity at low
levels, but eventually decreases at high productivity (Waide et al. 1999; Mittelbach et al.
2001). The decreased diversity at high productivities has often been attributed to increased
competitive exclusion under these conditions (Tilman and Pacala 1993; Rosenzweig 1995).
However, several alternative explanations for the occurrence of unimodal curves have been
proposed (Abrams 1995; Aarssen 2001). Depending on the range of conditions examined, only
a part of the unimodal curve may be expressed (e. g. a negative relationship between
productivity and diversity in areas with a high to very high productivity).

In Chapter V I examined the relationships between productivity (above-ground
phytomass) and plant species richness and between productivity and species richness and
biomass of gastropods and grasshoppers at three spatial scales in two successive years. For this
project, only the control plots of the fragmentation experiment were used. The three spatial
scales were 0.5 m2 (the two small plots of each block combined), 2.75 m2 (the two small plots
and the medium plot combined) and 23 m? (all plots of a block combined).

Species richness of forbs had a unimodal relationship with productivity in sampling units
of 0.5 m? and was negatively correlated with productivity at the other two scales in one year. In
the other year, forb species richness tended to decrease with productivity in sampling units of
23 m2. No similar relationship was found for grasses. Gastropod biomass had a unimodal
relationship with productivity at 0.5 m2 in the first year. Grasshopper species richness was

correlated with forb species richness at scales of 2.75 and 23 m?. This study demonstrates that
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patterns detected between productivity and diversity and between productivity and biomass of

consumers depend on the spatial scale of the investigation and vary among years.
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Abstract

The fragmentation of natural habitats is generally considered to be a major threat to
biodiversity. We investigated short-term responses of vascular plants (grasses and forbs) and
four groups of invertebrates (ants, butterflies, grasshoppers and gastropods) to experimental
fragmentation of calcareous grassland in the north-western Jura mountains, Switzerland. Three
years after the initiation of the fragmentation — which was created and maintained by mowing
the area between the fragments — we compared species richness, diversity and composition of
the different groups and the abundance of single species in fragments of different size (area:
20.25 m2, 2.25 m2 and 0.25 m2) with those in corresponding control plots. The abundances of
19 (29 %) of the 65 common species examined were affected by the fragmentation. However,
the experimental fragmentation affected different taxonomic groups and single species to a
different extent. Butterflies, the most mobile animals among the invertebrates studied, reacted
most sensitively: species richness and foraging abundances of single butterfly species were
lower in fragments than in control plots. Of the few other taxonomic groups or single species
that were affected by the experimental fragmentation, most had a higher species richness or
abundance in fragments than in control plots. This is probably so because the type of
fragmentation used is beneficial to some plants via decreased competition intensity along the
fragments edges, and because some animals may use fragments as retreats between foraging

bouts into the mown isolation area.

Key Words

biodiversity, calcareous grassland, habitat fragmentation, species richness

Introduction

Due to human pressures, many terrestrial habitats are being rapidly changed, destroyed and
fragmented, species are becoming extinct and gene pools are reduced — and all this at an
increasing and historically unprecedented rate. Habitat fragmentation is generally considered to
be one of the major threats to biodiversity (Quinn and Hastings 1987; Bolger et al. 1991;
Harrison 1991; Saunders et al. 1991; Seitz and Loeschcke 1991; Margules and Milkovits 1994;
Diffendorfer et al. 1995b). Fragmentation reduces the total area of original habitat, creates

isolated subpopulations, thus disrupting individual behaviour (e.g. Davies and Margules 1998),
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the exchange of genes between populations (e.g. Lacy and Lindenmayer 1995; Gaines et al.
1997), species interactions (e.g. Kruess and Tscharntke 1994; Arango-Velez and Kattan 1997;
Lei and Hanski 1997) and ecological processes (e.g. Robinson et al. 1992). Thus, habitat
fragmentation can influence an entire suite of processes, ranging from individual behaviour
through population dynamics to ecosystem fluxes.

The response of plant and animal species to habitat fragmentation depends on their
dispersal behaviour, their demography, their competitiveness, and on the size of the fragments
(Kareiva 1987; Saunders et al. 1991; Tilman 1994). Furthermore, habitat fragmentation occurs
on many different spatial scales (Simberloff 1988; Lord and Norton 1990; Kareiva and
Wennergren 1995), and ranges from small breaks in an otherwise homogeneous habitat to
widely scattered fragments in a surrounding area (Wiens 1989). For each species, the relevant
spatial scale is different (Forman and Godron 1986; Wiens 1994).

Up to now, few studies have simultaneously examined effects of habitat fragmentation
on different taxonomic groups (Robinson et al. 1992). However, only multispecies approaches
covering different groups of organisms allow an assessment of species interactions at higher
trophic levels. For example, changing plant diversity due to fragmentation may also influence
parasite and predator foraging efficiency and the interactions between herbivores and their
predators (e.g. Strong et al. 1984; Golden and Crist 1999). Furthermore, most earlier studies of
habitat fragmentation have focused on conspicuous animals like large mammals (Bowers et al.
1996; Peacock and Smith 1997), birds (Schmiegelow et al. 1997) and butterflies (Cappuccino
and Martin 1997; Sutcliffe et al. 1997), or plants (Holt et al. 1995). Experimental studies on
the influence of small-scale fragmentation on less conspicuous animal species are scarce.

The unfertilised calcareous grassland in the north-western Jura mountains in Switzerland
harbours a variety of invertebrates and vascular plants (Zoller 1954; Baur et al. 1996). This
sensitive habitat type has diminished dramatically during recent decades due to changes in
agricultural practices, such as increased fertilisation (Fischer and Stocklin 1997) or
abandonment and reforestation (Zoller and Bischof 1980; Kiichli et al. 1999). For example, in
the Passwang region 24 km south of Basel, unfertilised grasslands have decreased by 78%
between 1950 and 1985 (Zoller et al. 1986). The rapid habitat change and fragmentation of the
grasslands have resulted in significant losses of specialist plant species (Fischer and Stocklin
1997) and the same may be true for invertebrates as well (Baur et al. 1996).

The aim of the present study was to examine effects of habitat fragmentation under
experimental, controlled conditions. Large-scale fragmentation, such as occurs on the

landscape level is hardly amenable to experimental investigations. However, findings obtained
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in a controlled small-scale experiment may to some degree give important insights into the
effects of fragmentation at the landscape level.

We investigated the short-term responses of vascular plants (grasses and forbs) and four
groups of invertebrates (ants, butterflies, grasshoppers and gastropods) to small-scale
experimental grassland fragmentation. In particular, we compared species richness, diversity
and composition, and the abundance of single species between fragments of various sizes and
corresponding control plots 3 years after the initiation of the fragmentation experiment. We
also examined how microclimate and productivity (above-ground biomass) were influenced by
fragmentation, and whether productivity was correlated with species richness in plants and four

invertebrate groups in the fragments and control plots.

Material and methods

Study sites

The fragmentation experiment was carried out in three calcareous grasslands situated in the
region of Basel (47° 34' N, 7° 35' E) in the north-western Swiss Jura mountains: in Nenzlingen
(13 km S of Basel), Movelier (26 km SW of Basel) and Vicques (26 km SSW of Basel).
Originally covered by beech forest, these grasslands have been grazed by cattle for many
centuries, leading to the characteristic vegetation of the Teucrio-Mesobrometum (Zoller 1947;
Schlépfer et al. 1998).

The study site in Nenzlingen is situated on a south-west-facing slope with an inclination
of 19-22° at an altitude of 510 m. A deciduous forest borders the study area to the north-east.
Mean annual temperature is around 8.5-9.0 °C (the average July temperature is approximately
17 °C) and annual precipitation amounts to 900 mm (Ogermann et al. 1994). Snow covers the
area for usually less than 1 month. Soils are of the rendzina type with an A-horizon varying in
depth from 2 to 27 cm (for details on soil properties and profiles see Ogermann et al. 1994).
Until 1993, the site was grazed by cattle from May to September with a high stocking rate. The
lower part of the slope was moderately fertilised by cattle dung.

The study site in Movelier is situated on a south-south-east-facing slope (inclination 20-
22°) at an altitude of 770 m. Half of the site is surrounded by deciduous forest. Snow covers
the site for usually more than 1 month. The humus layer is thicker than in Nenzlingen, contains
some clay and is moister than at the other two sites. Until 1993, the site was grazed by cattle
and a moderate amount of artificial fertiliser was used.

The study site in Vicques is situated on a south-east-facing slope (inclination 15-27°) at

an altitude of 590 m. Snow usually covers the area for a few days only. The humus layer is
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extremely thin and there are several patches of exposed bedrock (this type of habitat is absent
at the other sites). There is mixed deciduous forest at the south-west border of the area. Until

1993, the site was exposed to a low grazing pressure by cattle.

Fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the experimental fragments. One experimental unit ("block"), contains one
large (4.5 x 4.5 m), one medium (1.5 x 1.5 m) and two small (0.5 x 0.5 m) fragments, all of
them separated by a 5-m-wide strip of mown vegetation, as well as the corresponding control
plots, which are mirror-symmetrically arranged and surrounded by undisturbed vegetation (Fig.
1). Within each block, the positions of the different sizes of fragment-control plot pairs as well
as the control and fragment halves were randomised. The experimental set-up consists of 12
blocks with 48 fragments (24 small, 12 medium and 12 large) and 48 corresponding control
plots distributed over the three study sites. Five blocks are situated at Nenzlingen, three blocks
at Movelier and four blocks at Vicques. The distances between blocks within the sites range
from 25 to 135 m. The distance between sites ranges from 9 to 19 km. At each site, the blocks
are part of a larger study area (1.5 - 2 ha) enclosed by a fence to exclude large herbivores. The
experimental fragmentation has been maintained since April 1993 by frequently (6-12 times
per year) mowing the area between the fragments in the period from March to October. The
entire experimental area is mown in late autumn every year to prevent succession (Kienzle

1979).

Field methods

Abundance data on vascular plants, ants, butterflies, grasshoppers and gastropods were
collected between March and October 1996 in all fragments and control plots of every block.
We used exclusively non-destructive methods, i.e. no plants or animals were removed.

To estimate the abundance of the various plant species, the number of grass and
graminoid culms and the number of rooting shoots and rosettes of herbaceous plants were
counted in each plot. A grid (0.5 m x 0.5 m) laid over the plots facilitated the counting. Woody
plants were regularly removed and are therefore not considered. Each plot was examined three
times: in May/June, June/July and August/September. Nomenclature of the vascular plants
follows Binz and Heitz (1990). The term "grasses" includes all true grasses (Poaceae) as well

as sedges (Carex spp.) and rushes (Juncaceae).
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Fig. 1. Diagram of one block of the fragmentation experiment. A block contains two small (0.5 x 0.5 m), one
medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m) fragment and corresponding control plots. The isolation

area between the fragments (shown in white) is frequently mown.

Nest counts were used as a measure for ant abundance. Nests were detected by carefully
searching the whole area of the plots and by setting baits (sugar solution offered in small
plastic caps) and following the attracted ants back to their nests. The plots were searched on
consecutive days until no further nests were detected. Behavioural clues like fighting helped to
distinguish between colonies (nests) of the same species. Ant surveys were made between 12
March and 18 April in Nenzlingen, between 22 April and 17 May in Vicques and between 20
May and 12 June in Movelier. Consequently, seasonal differences in ant activity cannot be
excluded during the period of mapping; however, fragments and their corresponding controls

were mapped on the same or on succeeding days. Nomenclature of ants follows Seifert (1996).
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Butterfly diversity and abundance were recorded at intervals of 10-14 days during the
peak flight period between 3 June and 16 August 1996. In each block, butterflies were
observed during 13 periods of 30 minutes. Both the number of butterflies and the species were
recorded. Observations were conducted only between 10 a.m. and 4.30 p.m. and under the
following weather conditions: cloudiness <30%, air temperature >18 °C and wind speed < 2
m/sec. Within sites, observation periods were randomised with respect to time of day to avoid
any bias due to time-dependent butterfly activity. Nomenclature of butterflies follows Koch
(1991) and Lepidopterologen-Arbeitsgruppe (1987).

A direct census method was used to record the relative abundance of the different
grasshopper species (including bush crickets). The entire vegetation of the plots was carefully
searched for grasshoppers. Plants were slightly moved with a bamboo rod for easier detection
of the insects. The number of individuals observed was recorded for each species. Monitoring
was repeated three times in all blocks between July and early September 1996. Nomenclature
of grasshoppers follows Bellmann (1993).

Wet sheets of cardboard placed in the grassland vegetation attract gastropods (Boag
1981; Oggier et al. 1998). We used this technique to assess the relative abundance of gastropod
species. In the evening of a rainy day, sheets of cardboard (measuring 10 x 10 cm) were placed
at a distance of 50 cm in the vegetation of the plots (1 cardboard sheet in small plots, 9 in
medium plots and 81 in large plots). In the morning of the following day (between 6 and 8
a.m.) the cardboard sheets were checked for adhering gastropods. Specimens were identified in
the field and the number of individuals were recorded for each species. Animals were released
at the same spot where they were found. Field work was done in autumn when gastropods are
most active in dry grasslands (in Nenzlingen on 24-25 September, in Movelier on 6-7 October
and in Vicques on 1-2 October 1996). Nomenclature of gastropods follows Kerney et al.
(1983).

The above-ground plant biomass was used as a measure of productivity. When the whole
study site was mown in late autumn, the plant biomass was clipped at a height of 5 cm above
ground level (to preserve the rosettes of several plant species) in all 12 blocks between 6 and

15 October 1996. In the small plots, the entire vegetation was collected. In the other plots,

subsamples covering 0.25 m? (5 subsamples in medium sized plots and 20 subsamples in large
plots) were randomly chosen and the plants harvested. A total of 648 samples were harvested,

oven-dried and weighed to the nearest 0.1 gram.
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The effect of fragmentation on the ground air temperature was measured using Tinytalk
temperature loggers (Gemini Data Loggers, Chichester, UK). Loggers were placed along six
transects across the edge of large fragments in Vicques. In each transect, nine loggers were
placed at distances of 0, 5, 10, 15 and 25 cm on both sides of the edge of the fragment, i.e. into
the vegetation of the fragment and onto the mown area. Temperature was recorded every 10
minutes for 12 d from 31 August to 12 September 1995, a period with no rain and little cloud
cover. Loggers placed in the mown area measure temperatures which are close to the surface
temperature of the ground (S. Zschokke, unpubl. observations). For comparison, measurements
of air temperature were obtained from a recording thermometer in a standard shaded box, 2 m

above the ground, situated 30 m away from the fragments.

Data analysis

Two different methods were used to examine possible effects of the grassland fragmentation
on species richness, species diversity and productivity. First, species richness (square-root
transformed), species diversity (Shannon diversity index) and productivity (dry weight of
above-ground biomass, log-transformed) were compared between fragments and control plots
using a four-way ANOVA (Table 1). Statistical analyses were performed using the program
package SAS 6.08 (SAS Institute 1990). Second, fragments and control plots were compared
for each plot size separately using paired ¢-tests. Because of the great variation in the field, we
set = 0.10 for all statistical tests. Bonferroni-corrected significance levels for the ANOVAS
were set at 0.10 /7 =0.0143. Similarly, Bonferroni-corrected significance levels for the #-tests
were set at 0.10 /21 = 0.0048. All P-values presented are uncorrected.

To determine the effect of fragmentation on the species composition, we calculated the
similarity of species composition (log-transformed abundance data) among all large and among
all medium plots (fragments and control plots) using the percentage similarity or Renkonen
index (Renkonen 1938; Krebs 1999). The percentage similarity is defined as the sum of the
shared importance values (percentage within a sample) of each species found in both samples.
We compared the percentage similarities between fragments and control plots of the same
block with the similarities among all plots with the same treatment and with the similarities
among all plots with different treatments, excluding the plots of the same block. Bonferroni
corrected significance level was set at 0.10 /6 =0.0167.

The effect of fragmentation on the abundance of the 65 common species distributed over
all groups of organisms (i.e. species present in at least 10 of the 12 blocks) was assessed using

a sign test. The differences were classified either as "strong" (equivalent to a P < 0.01, sign
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test), "moderate" (equivalent to P < 0.05, sign test) or "no difference". This analysis is
descriptive, and therefore no Bonferroni correction was applied. Consequently, differences
found in species abundance cannot be considered as a proof of a real difference. A list of all
species found in this study is given in the Appendix.

The relationships between productivity and species richness and species abundance of
the common invertebrates were examined using a two-way ANCOVA with site and
fragmentation as factors and productivity (log-transformed) as covariate. For this analysis, only
large plots were used, because many species were too rare in medium and small plots.
Bonferroni corrected significance levels were set at 0.10 / 7 = 0.0143 for the relationships with
species richness and at 0.10 / 22 = 0.0046 for the relationships with species abundance.

Air temperatures were analysed in two ways. First, to evaluate edge effects, the average
temperatures and the average minima and average maxima along the transects were compared
between neighbouring loggers using unpaired #-tests. Second, to assess the microclimatic
differences between fragments and the surrounding mown area, data from loggers inside the
fragments were pooled and compared with those from loggers in the mown area using unpaired

f-tests.

Table 1. ANOVA model (Type III) used to analyse the effects of fragmentation on species
richness, species diversity and productivity. The interaction Fragmentation * Plot size

was omitted when P > 0.20.

Source of variation df F Remark

Site S 2  MSS/MSB(S)

Fragmentation F 1  MSF/MS F*B(S)

Block(Site) B(S) 9 MSB(S)/MS F*B(S) random factor
Plot size P 2 MS (P)/ MS Residual

Fragmentation * Block(Site)2 F*B(S) 11  MS (F*B(S)) / MS Residual random factor
Fragmentation * Plot size F*p 2 MS (F*P)/ MS Residual

a this term also includes the interaction fragmentation * site

Results

Species richness and diversity
Species richness differed between fragments and control plots in two taxonomic groups.
Considering all plot sizes, more grass species and fewer butterfly species were found in

fragments compared to the corresponding control plots. Fragments and control plots did not
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Number of species

differ in species richness of forbs, ants, grasshoppers and gastropods (four-way ANOV As,
fragmentation effect, in all cases P>0.18).

Considering plots of the same size, small fragments contained more grass species (¢ =
3.26, n =24, P =0.004) than small control plots. In all plot sizes, fragments contained fewer
butterfly species than the corresponding control plots (small: = 3.47, n =24, P =0.002;
medium: t=4.47,n =12, P=<0.001; large: t =4.20, n =12, P = 0.002). In the other
taxonomic groups, fragments did not differ in species richness from the corresponding control
plots (paired #-test, in all cases P> 0.11). Plot size per se significantly affected species richness

in all taxonomic groups (Table 2, Fig. 2).
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Fig. 2. Species richness (mean + 1 SE, logo(x+1) scale) in grasses, forbs and four
groups of invertebrates in small (S, n = 24), medium (M, n =12) and large (L, n = 12)
fragments (O) and the corresponding control plots (). Asterisks indicate differences
between fragments and control plots. Those in the upper line refer to the overall
difference (ANOVA), those in the lower line to plot size specific differences (paired t-
test). * is equivalent to P < 0.10, ** P < 0.01 (Bonferroni corrected).
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Table 2. Summary of analyses of variance testing the effects of different sites (S), experimental fragmentation (F),
block (B) and plot size (P) on species richness (square-root transformed) in all taxonomic groups. For details of the

model see Table 1. Bonferroni corrected significance levels were set at 0.10 / 7 = 0.0143.

Grasses Forbs Ants Butterflies Grasshoppers Gastropods Vascular plants
combined
df F P F P F P F P F P F P F P
S 14.02  0.002 10.75  0.004 9.12  0.007 4.55 0.043 2.24 0.162 5.01 0.035 3.09 0.095
F 9.13  0.009 2.02  0.183 026 0.622 3423 <0.001 2.07 0.178 0.03 0.874 4.24 0.060

P 174.46 <0.001 &11.73 <0.001 81.22 <0.001 27533 <0.001 176.43 <0.001 12648 <0.001 92195 <0.001
F*B(S) 1 0.85 0.595 1.05 0.417 0.54 0.866 0.73 0.709 0.86 0.585 1.45 0.169 1.35 0.219

2
1
B(S) 9 1.47 0.268 445 0.012 1.63 0.221 3.48 0.028 3.67 0.023 0.63 0.753 2.84 0.053
2
1
F*P 2 1.72  0.188 2.32 0.106

Table 3. Summary of analyses of variance testing the effects of different sites (S), experimental fragmentation (F),
block (B) and plot size (P) on species diversity (Shannon index) in all taxonomic groups. For details of the model see

Table 1. Bonferroni corrected significance levels were set at 0.10 / 7 = 0.0143.

Grasses Forbs Ants Butterflies Grasshoppers Gastropods Vascular plants
combined
df F P F P F P F P F P F P F P
S 2 275 0.117 7.66 0.011 0.83  0.467 0.90 0.440 0.50 0.621 3.73 0.066 12.38 0.003
F 1 2.17  0.169 0.30 0.598 0.01 0921 7.21 0.018 1.10 0.317 0.99 0.341 5.20 0.044
B(S) 9 1.04 0.469 1.80 0.177 2.27  0.100 3.26 0.034 5.21 0.006 0.70 0.699 3.28 0.034

P 2 13.81 <0.001 23939 <0.001 51.18 <0.001 258.83 <0.001 17749 <0.001 120.78 <0.001 94.87 <0.001
F*B(S) 11 084 0.598 1.93 0.049 0.95 0.501 1.05 0.418 0.70 0.732 1.56 0.130  0.73 0.708
F*P 2 2.23 0.115
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We found no significant differences in species diversity between fragments and control
plots (Table 3, Fig. 3). Considering plots of the same size, the diversity of butterflies was lower
in small fragments than in the corresponding control plots (z = 3.51, n =24, P = 0.002). In the
other taxonomic groups, diversity did not differ significantly between fragments and control
plots (paired ¢-test, in all cases P > 0.02). Plot size per se significantly affected species

diversity (Table 3, Fig. 3).
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Fig. 3. Species diversity (mean £+ 1 SE) in grasses, forbs and four groups of invertebrates in small (S, n =
24), medium (M, n = 12) and large (L, n = 12) fragments (O) and in the corresponding control plots (.).
Asterisks indicate differences between fragments and control plots. Those in the upper line refer to the
overall difference (ANOVA), those in the lower line to plot size specific differences (paired z-test). * is

equivalent to P < 0.10, ** P < (.01 (Bonferroni corrected).

Species composition
In general, species composition was more influenced by location of the block than by the

experimental fragmentation. In all taxonomic groups, except in ants, the similarity in species
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composition was higher between large fragments and corresponding control plots than among
all large plots with identical treatment (pairwise comparisons among all large fragments and
among all large control plots; Figure 4, ¢ > 3.66, df =22, P <0.0014 in all cases). This means
that the heterogeneity in species composition within and between the study sites was stronger
than the fragmentation effect. The average similarity of all pairs of large plots with identical
treatments was higher than the average similarity of all pairs of large plots with different
treatments (excluding those within the same block) for the butterflies (¢ = 2.96, df =22, P =
0.007), indicating that the fragmentation had some influence on the species composition only
in this group, even though this effect was much smaller than that of the geographic location.
For medium plots, the results were similar (data not shown). For small plots, no comparisons

were made (not enough data).
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Fig. 4. Comparison of percentage similarities between different large plots for grasses (x), forbs ('l' ), ants

(.), butterflies (. ), grasshoppers (A) and gastropods (v). * is equivalent to P < 0.10, ** P <0.01

(Bonferroni corrected).
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Table 4. List of all common species (present in at least 10 of the 12 blocks) which showed
a difference in abundance between fragments and control plots. An asterisk (*) indicates

species on the Red List for Switzerland (Landolt 1991; Duelli 1994).

Taxonomic Species Small Medium  Large Overall

Group plots2  plots @ plots @ trend 2

Grasses Bromus erectus ++ + ++
Dactylis glomerata ++ +
Danthonia decumbens +

Luzula campestris —

Phleum pratense +
Forbs Ranunculus bulbosus ++ + ++

Sanguisorba minor + ++ ++
Butterflies Coenonympha pamphilus —

Cynthia cardui —
Macroglossum stellatarum —— ——
Maniola jurtina — — — —
Melanargia galathea — — — —
Ochlodes venatus — -
Polyommatus icarus _

Thymelicus sylvestris ——

Zygaena filipendulae __ -
Grasshoppers  Chorthippus biguttulus n
Platycleis albopunctata*™ ++ + T+t

Stenobothrus lineatus — —

2 +/+ + Higher abundance in fragments (moderate/strong); —/— — lower abundance in fragments (moderate/strong)

Species which did not differ in abundance between fragments and control plots:

Grasses: Agrostis tenuis, Brachypodium pinnatum, Briza media, Carex caryophyllea, C. flacca,
Cynosurus cristatus, Festuca ovina, F. pratensis, Koeleria pyramidata*, Poa pratensis

Forbs: Achillea millefolium, Agrimonia eupatoria, Betonica officinalis, Centaurea jacea, Cirsium
acaule, Daucus carota, Helianthemum nummularium, Hieracium pilosella, Hypericum perforatum,
Lathyrus pratensis, Linum cartharticum*, Lotus corniculatus, Medicago lupulina, Plantago
lanceolata, P. media, Potentilla erecta, Prunella grandiflora, P. vulgaris, Teucrium chamaedris,
Trifolium medium, T. montanum*, T. orcholeucon*, T. pratense, T. repens, Veronica officinalis, Vicia
hirsuta

Ants: Lasius paralienus, Myrmica sabuleti
Grasshoppers: Chorthippus parallelus, Metrioptera bicolor*, Omocestus rufipes™®

Gastropods: Cochlicopa lubrica, Deroceras reticulatum, Limax spp., Trichia plebeia, Vertigo

pygmaea
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Abundances and densities of single species

Our results suggest that the abundances of 19 (29%) of the 65 common species examined were
influenced by habitat fragmentation (Table 4, Fig. 5). Butterflies were most affected: all nine
species considered in this analysis foraged less frequently in fragments than in control plots.
The two most abundant species, Melanargia galathea and Maniola jurtina, showed a decrease
in foraging activity of 65% and 81% respectively in the small plots. Of the six grasshopper
species, three (50%) were affected by the fragmentation: two of them showed a higher density
in fragments than in control plots, whereas one species showed a lower density in the
fragments. Of the 15 grass species 5 (33%) were also affected by the experimental
fragmentation. One of them had a lower density in fragments than in control plots, whereas
four had a higher density in the fragments. The density of Bromus erectus was 159% higher in
small fragments compared with control plots. Of the 28 common forbs, however, only 2 (7%)
were affected. Both occurred at a much higher density in the fragments (Ranunculus bulbosus,

small fragments: + 236%; Sanguisorba minor, small fragments: + 184%)).

Plant productivity

The productivity measured as above-ground biomass was significantly higher in fragments of
all three sizes than in corresponding control plots (Tables 5, 6). Small fragments had on
average 80.8% (pairwise comparison) more biomass than the corresponding control plots. In
the medium and large plots, the difference was smaller (30.2% and 22.4% respectively), but
still highly significant.

Productivity was negatively correlated with species richness of forbs and with that of
vascular plants (Table 7, Fig. 6). There was no relationship between productivity and species
richness in any other group (grasses: P = 0.25, ants: P =0.51, butterflies: P = 0.45,
grasshoppers: P = 0.18, gastropods: P = 0.82). Furthermore, there were no significant

relationships between productivity and the abundance of any invertebrate species (P > 0.02).

Air temperature on ground surface

Along the transect across the edge of a large fragment, the average ground air temperature did
not differ significantly within distances of 5-10 cm (Fig. 7). When temperature data measured
in the mown area were pooled and compared with those measured in the fragment vegetation,
the average temperature in the mown area (15.6 °C, SD = 0.3) was slightly (0.7 °C) higher than
that in the fragment vegetation (14.9 °C, SD=0.3; r=7.13, n =22, P <0.001). However,
average daily maximum ground air temperatures differed strongly between the fragment and

the surrounding mown area with a sharp change at the edge of the fragment (Fig. 7). Overall,
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the average daily maximum temperature was lower inside the fragments (pooled data: 26.2 °C,
SD = 2.6) than in the mown area (36.5 °C, SD=1.9; t =14.92, n =22, P <0.001). Similarly,
the average daily minimum temperatures changed abruptly at the edge of the fragment (Fig. 7).
The daily minimum temperature in the fragment (pooled data: 10.5 °C, SD = 0.6) was higher
than the corresponding value in the mown area (8.5 °C, SD =0.5; t=12.48, n =22, P <0.001).
The minimum temperatures measured on the ground surface were lower than the minimum air
temperatures recorded under standard conditions, whereas the maximum temperatures on the
ground surface were higher than those measured under standard conditions, indicating the large

temperature variations on the ground surface.

Table 5. Summary of ANOVAs testing the effects
of different sites (S), experimental fragmentation
(F), block (B) and plot size (P) on above-ground

biomass (g/m2, log-transformed).

Source of  df MS F P
variation

S 2 0.714 3.98 0.058
F 1 2.130 30.51 <0.001
B(S) 9 0.179 2.54 0.074
P 2 0.103 1.67 0.196
F*B(S) 11 0.071 1.15 0.336
F*P 2 0.257 4.20 0.019

Table 6. Above-ground biomass (mean + SE, in g/m? dry weight) in small,
medium and large fragments and the corresponding control plots. 7-values

were calculated using a paired #-test on log-transformed data.

Plot size Control plot Fragment n t P

Small 2274+ 15.7 379.0+259 24 589  <0.001
Medium 261.8+18.7 336.4+294 12 3.74 0.003
Large 234.6 +13.3 2847175 12 589  <0.001
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Fig. 5. Pairwise comparison of the density of all common species (present in at least 10 of the 12 blocks)

which showed a difference in abundance between fragments (F: small [S], medium [M] and large [L]) and

corresponding control plots (C). Lines connect fragments with the corresponding control plots in the same

block. In butterflies the total number of foraging individuals observed over a period of 6.5 hours is shown.
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Table 7. Results of a two-way ANCOVA examining the relationship between

productivity (R, measured as above-ground dry biomass, log-transformed) and

species richness of forbs and of vascular plants combined (square-root

transformed). The factors site (S) and fragmentation (F) were considered.

Bonferroni corrected significance levels were set at 0.10 /7 = 0.0143.

Source of variation Forbs Vascular plants combined
df MS F P MS F P

S 2 170 1006 0001 136 910 0002
1 037 221 0153 283 317 0091

R 2 122 728 0014 040 803 0011

Number of forb species

150 200 250 300 350 400

Productivity
(g/m2 above-ground dry mass)

Fig. 6. Relationship between forb species richness (square-root transformed) and productivity (log-

transformed) in large patches. Empty symbols refer to fragments, filled symbols denote control plots.

Triangles refer to patches in Nenzlingen, squares to patches in Movelier and dots to those in Vicques. The

lines shown are the regression lines based on the two-way ANCOVA (Table 7). The small symbol at the

right hand side indicates to which group each line belongs.
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Discussion

This study shows that the experimental fragmentation over three years affected different
species and groups to a different extent. Butterflies, the most mobile group examined, reacted
most sensitively: both species richness and foraging abundance of single species were lower in
fragments than in corresponding control plots. Most of the other groups or species that were
influenced by the fragmentation had a higher species richness or abundance in the fragments.
This can be explained by a so-called "retreat effect". For several animal species, the mown area
surrounding the fragments is no longer the preferred habitat, but it may still function as

foraging area. Thus the animals spend most of their life in a fragment, but leave it to forage.
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Ambush predators like the sand lizard Lacerta agilis and workers of various ant species are
examples (G.H. Thommen, unpubl. data; B. Braschler unpubl. data). As a consequence, the
species richness and abundance in the fragments will increase in these species. Reactions to
habitat fragmentation were in most cases species-specific, as found in other studies (Margules
and Milkovits 1994; Diffendorfer et al. 1995a; Davies and Margules 1998).

Habitat patches are parts of a landscape mosaic and the presence of plant species may
depend on the initial composition of the plant community, history of the patch, patch size, type
of neighbouring habitat, isolation, and other factors (Andrén 1996). The calcareous grasslands
at the three study sites had similar numbers of coexisting plant species (Baur et al. 1996).
However, the composition of the plant communities differs among sites with only 53.8% of all
species occurring at all three sites (Baur et al. 1996). Diversity indices assessed in the first year
of the experiment (1993) were also similar for the three sites, indicating that similar
environmental and ecological factors were influencing these communities (Joshi 1994, J. Joshi
personal communication).

Three years after the initiation of the experiment, we recorded more grass species in
fragments, especially in the small ones, than in the corresponding control plots. No such
differences were found in forbs. This suggests that fragmentation influenced plant
communities at the level of the smallest plots within a period of 3 years. The abundance of 5 of
the 15 common grasses differed between fragments and control plots. This difference was most
pronounced in Bromus erectus which seems to benefit from the conditions in the fragments,
most probably because of a reduced competition for light. Another factor that could positively
influence B. erectus is the change of grassland management from grazing to mowing at the
beginning of the experiment. Tufts of B. erectus grow better on mown than on grazed
grasslands (Zoller 1954; Schldpfer et al. 1998). Dactylis glomerata also occurred in higher
densities in fragments than in control plots. However, in contrast to B. erectus, the density of
D. glomerata decreased in the control plots since the beginning of the experiment in 1993
(Joshi 1994, J. Joshi personal communication).

Only two forb species, Sanguisorba minor and Ranunculus bulbosus, both typical
species of calcareous grasslands, differed in abundance between fragments and control plots.
Both occurred in higher densities in fragments than in control plots. Compared with the
densities at the beginning of the experiment, the densities of S. minor increased in the
fragments, whereas the density of R. bulbosus decreased in the control plots. The increase of
the density of S. minor in the fragments can be explained by better light conditions in the

fragments in combination with the ability of S. minor to overcome summer droughts with its

- 48 -



long tap-root (Grime et al. 1988). In contrast, R. bulbosus prefers grasslands where shading is
prevented by heavy grazing (Grime et al. 1988), a situation no longer present in the control
plots.

In ants and gastropods, we neither detected any difference in species richness and
diversity nor in the abundance of single species between fragments and control plots. A few ant
species (e.g. Lasius paralienus and Solenopsis fugax) seemed to benefit from mowing, but
most ant species are too rare in the study sites (of three species only a single nest was found) to
allow statistical analysis. In gastropods, between-site differences in species composition were
more pronounced than the effects of habitat fragmentation. A more detailed study using mark-
release-recapture techniques showed that habitat fragmentation affected plot occupancy,
extinction and colonisation rates and population sizes in land snails (Oggier 1999). Three of
six snail species were found less frequently in fragments than in control plots, whereas three
other species were not affected by the experimental fragmentation.

A total of 19 butterfly species were recorded foraging in the fragments and 29 species in
the control plots. This indicates that even small-scale fragmentation reduces butterfly species
richness. The decline in species richness in the fragments was rather unexpected, since
butterflies are the most mobile species investigated in the present study. Of the 29 species 14
were rare, with less than 20 individuals recorded during the entire observation period.
Individuals of these rare species were patchily distributed in the investigation area, but
preferred to forage in the continuous grassland (control plots). Since species richness of
butterflies is mainly determined by rare species, the observed decline in species richness in the
fragments concerns particularly rare species. Thus, fragmentation had a particularly adverse
effect on rare butterfly species.

Several studies have shown that the abundance and distribution of larval host plants and
nectar source plants determine the abundance and distribution of butterfly species (Murphy et
al. 1983; Lortscher et al. 1995). In our study, however, the composition and abundance of
larval food plants and nectar plants did not differ between fragments and control plots and we
recorded an increase in flower offer (forbs had more flowers per individual) in the fragments
(H.—P. Rusterholz, unpubl. data). Consequently, we expected to observe more butterflies in the
fragments. The smaller number of foraging butterflies in the fragments was probably caused by
behavioural inhibition of the butterflies crossing the mown isolation areas or by reduced
attractiveness of the fragments as a result of their small size compared with the control area.
Even though butterflies have the physical ability to disperse over long distances, their reduced

flower visitation rate in spite of an increased flower offer in the fragments shows that an
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unsuitable matrix surrounding the fragments can become an effective barrier for the movement
of butterflies as well as of other animals (Mader 1984).

Separate analyses of the nine common butterfly species showed a reduced foraging
abundance in the fragments. Moreover, different butterfly species differed in the observed
response to fragmentation. In the statistical analysis, the most abundant species Maniola
Jjurtina and Melanargia galathea showed the strongest reaction, whereas the less abundant
species Cynthia cardui and Coenonympha pamphilus exhibited the weakest responses to the
experimental fragmentation (Table 4). However, this difference may well be the result of a
sample size artefact. The among-species difference in response to fragmentation is partly due
to differences in foraging abundance (cf. Fig. 5). Detailed field observations revealed that
butterflies exhibit different foraging behaviours in the fragments and the control plots (H.—P.
Rusterholz, unpubl. data). Our results parallel findings in the skipper butterfly Hesperia
comma, which showed an increasing probability for re-colonisation of suitable habitat (and a
declining probability for extinction) with increasing patch size (Thomas and Jones 1993).
Furthermore, the observed response of butterflies to small-scale fragmentation may well be an
example of the foraging patterns of other animals that need larger areas for foraging, such as
migrating birds. Thus, fragmentation and reduction of foraging grounds will generally affect
and reduce foraging in animals and hence reduce their fitness and population size, which in
turn might lead to inbreeding and the accompanying deleterious effects as was recently
observed in Glanville fritillary butterflies (Melitaea cinxia; Saccheri et al. 1998). Island size
and the degree of plant specialisation affected also pollination success in hummingbird
pollinated plants. Pollination in a generalised plant (Justicia secunda, Acanthaceae) was not
affected by island size, whereas in the specialised Mandevilla hirsuta (Apocynaceae)
pollination and hence fruit set were significantly reduced in a small compared with a large
island (Linhart and Feinsinger 1980). Jennerston (1988) also found a reduced pollinator
activity and hence reduced seed sets in fragmented, small populations of Dianthus deltoides in
Sweden.

A significant effect of fragmentation was also found in the bushcricket Platycleis
albopunctata, the most efficient flyer among the orthopterans studied. In contrast to butterflies,
however, P. albopunctata occurred more frequently in the fragments. Since P. albopunctata
had a somewhat higher abundance in plots with low productivity, we can conclude that it does
not prefer fragments because of their higher productivity. We rather suggest that this species
uses the fragments as retreats and forages in the mown isolation area. P. albopunctata is a

thermophilic species that prefers dry habitats with a mosaic of varying plant densities and

-50 -



heights (e.g. Harz 1957). This type of diverse habitat is better represented in fragments
surrounded by mown area than in the more homogeneous control area. A similar, but less
pronounced influence of fragmentation was observed in the grasshopper Chorthippus
biguttulus in 1994-1996. This very common species occupies a much wider niche
(temperature, air humidity and vegetation structure) and was also found in relatively high
densities in the mown area between the fragments.

Habitat fragmentation affects the ecology of plants in many ways. For example, rain
forest fragments in central Amazonia were found to experience a dramatic loss of above-
ground tree biomass that was not offset by recruitment of new trees (Laurance et al. 1997). In
our experiment, fragments had an increased above-ground biomass which was most likely the
result of an edge effect. In large and medium fragments, the above-ground biomass was on
average 6% higher in samples collected at the edge than in samples from the centre of the
fragments (C. Dolt, unpubl. data). Plants at the edge may experience less competition for light
and nutrients. It is also possible that interactions among plants are altered at the fragment edge
due to differences in microclimatic conditions. The observed negative correlation between
productivity and species richness of forbs can be explained by competitive interactions
between grasses and forbs. High productivity was associated with a high density of grasses
which displaced many forbs.

The average air temperatures differed only slightly between fragments and the
surrounding mown area. However, temperature fluctuations were more pronounced in the
mown area than in the fragments. We found no differences among the temperatures measured
inside the fragment or among those measured inside the mown area. This indicates that the
temperature change at the edge of the fragment occurred within less than 5 cm from the
fragment edge. Inside the fragments, temperature was mainly influenced by the vegetation
cover.

To summarise, taxonomic groups and single species which benefited from the conditions
in the mown isolation area (e.g. some plants and grasshoppers) were more abundant in the
fragments, whereas species for which the isolation area was disadvantageous (e.g. butterflies)
occurred less frequently in fragments. Within groups of organisms, reactions to experimental
habitat fragmentation were species-specific. For many species, the period of 3 years between
the initiation of the experiment and the present study was probably too short to show a
detectable reaction.

The extremely low abundance of rare species does not allow any statistical analysis of a

single rare species. However, since rare species are the main determinant of species richness,
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we may conclude that the experimental fragmentation had an adverse effect on rare
invertebrates, especially butterflies.

In conclusion, despite the short time frame of the present study, we did find some
changes in plant and invertebrate abundance and species richness. The study also revealed
pronounced edge effects which could cause the increase in plant productivity in the fragments.
Interestingly, the most mobile organisms investigated in our study, the butterflies, showed the
strongest negative effect to small-scale habitat fragmentation. This shows (1) that butterflies
are sensitive indicators of habitat change, and (2) that they may serve as model organisms for

potential reactions of other species (e.g. birds) to large-scale habitat fragmentation.
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Appendix

Species list

Each line contains the species name (with authority). Asterisks (*) indicate species on the Red
Lists of Switzerland (Landolt 1991; Duelli 1994). The number of blocks (out of 12) in which
each species was found and the sites (N Nenzlingen, M Movelier, V Vicques) are also

indicated.

Grasses

¥Agrostis stolonifera L. 1 M

¥4. tenuis Sibth. 12 N,M,V
¥nthoxanthum odoratum L. 7 N,M,V
¥venula pubescens Dumortier 5 N
YBrachypodium pinnatum P. B. 12 N.M,V
¥Briza media L. 12 N,M,V

¥Bromus erectus Hudson 12 N,M,V
YCarex caryophyllea La Tourrette 12 N,M,V
YC. flacca Schreber 12 N,M,V

YC. piluliferaL. 1 M

YCynosurus cristatus L. 12 N,M,V
Yactylis glomerata L. 12 NM,V
¥Danthonia decumbens DC. 12 N,M,V
¥Festuca ovina L. 12 NM,V

Y. pratensis Hudson 10 N,M,V

¥ rubra L. 5 N.\M

¥Holcus lanatus L. 5 N

¥Koeleria pyramidata P. B. * 10 N,M,V
¥ olium perenne L. 9 N,M,V

¥ uzula campestris DC. 11 N,M,V

YPhleum pratense L. 11 N\M,V

YPoa compressa L. T N.M,V

¥YP. pratensis L. 12 NM,V

¥P. trivialis L. 6 NM,V

Forbs

¥Achillea millefolium L. 10 NM,V
¥4cinos arvensis Dandy 2 V

¥4 grimonia eupatoria L. 12 N,M,V
¥juga reptans L. 1 N

¥qlchemilla agg. L. * 1 M

¥Allium oleraceum L. 2 M,V
¥nacamptis pyramidalis Rich. * 3 M
¥4nemone nemorosa L. 1 N
¥dnthericum ramosum L. 1 M

¥ nthyllis vulneraria L. 3 N,V

¥ sperula cynanchica L. * 6 M,V
¥dster amellus L. 1 M

¥Bellis perennis L. 4 N

¥Betonica officinalis L. 12 N\M,V
YCampanula glomerata L. * 3 M
YC. rotundifolia L. 5 NM,V
¥Cardamine hirsuta L. 1 N

¥Carlina acaulis L. 3 M
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YC vulgaris L. * 1V
YCentaurea jacea L. 11 N,M,V
YCentaurium erythraea Rafn * 4 N,V

Y¥Cerastium fontanum Baumg. 7 N.M

YChamaespartium sagittale P. Gibbs 7 N,M,V

YCirsium acaule Scop. 12 N,M,V
¥Colchicum autumnale L. 2 N, M
YConvolvulus arvensis L. 1 V
Y¥Crepis biennis L. 3 N, M

YC. taraxacifolia Thuill. 2 M
¥Daucus carota L. 11 N, MY
Yuphorbia cyparissias L. 9 N,V
Y. verrucosa L. * 1 M

¥Galium album Miller 4 N,M,V
¥G. pumilum Murray 1 M

¥G. verum L. 9 NM,V

YGenista tinctoria L. * 1 V
YGentiana cruciata L. * 1 V

¥G. verna L. * 1 M

YGentianella ciliata Borkh. * 1 M
¥G. germanica Borner * 2 M
YGeranium dissectum L. 1 N

YGymnadenia conopsea R. Br. 3 M

¥Helianthemum nummularium Miller 11 N.M,V

YHieracium pilosella L. 12 N,M,V
¥Hippocrepis comosa L. 6 N,V
¥Hypericum perforatum L. 12 N,M,V
YHypochoeris radicata L. 7T N,M,V

¥Knautia arvensis Duby 9 N.M,V

¥ athyrus pratensis L. 10 N,M,V

¥ eontodon hispidus L. 7 N,M,V

¥ eucanthemum vulgare Lam 8 N,M,V
M.inum catharticum L. * 12 N\M,V
M otus corniculatus L. 12 N\M,V
Wledicago lupulina L. 10 NM,V
YOnonis repens L. 9 N,M,V

YOrchis militaris L. * 1 M

YO. morioL. * 1 M

YO. ustulata L. 3 N.M

YOriganum vulgare L. 5 N\M,V
YPimpinella saxifraga L. 6 N,V
YPlantago lanceolata L. 12 N,M,V
YP. major L. 2 N, M

¥P. media L. 12 N.M,V

YPlatanthera chlorantha Rchb. * 1 M
YPolygala amarella Crantz 4 N,M,V
¥P. comosa Schkuhr * 6 N.M,V
¥Potentilla erecta Rauschel 11 NM,V
¥P. neumanniana Rchb. 8 NN M,V

YP. reptans L. 1 N

¥P. sterilis Garcke 8 N,M,V

¥Primula veris Hudson 9 N,M,V

¥Prunella grandiflora Scholler 11 N,M,V

YP. vulgaris L. 12 N,M,V
YRanunculus acris L. 1 N
¥R. bulbosus L. 12 N\M,V
. repens L. 2 N,V

YRumex acetosa L. 4 N
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¥Salvia pratensis L. * 8 N,V
¥Sanguisorba minor Scop. 12 N.M,V
Xcabiosa columbaria L. * 8 N,M,V
YSedum sexangulare Grimm 5 N,V
¥Senecio erucifolius L. 9 N,M,V
¥Silaum silaus Sch. et Th. * 2 M
¥Spiranthes spiralis Chevallier * 1 M
¥Succisa pratensis Moench 4 N,M
¥laraxacum officinale Weber 1 N
¥letragonolobus maritimus Roth * 3 M
¥leucrium chamaedrys L. 10 N.M,V
¥ montanum L. 1 M

¥Thlaspi perfoliatum L. 1 M
¥Thymus serpyllum L. 9 N,M,V
¥Trifolium campestre Schreber 8 N,V
M. medium L. 11 NNM,V

M. montanum L. * 11 NM,V

¥ ochroleucon Hudson * 11 N,M,V
¥I. pratense L. 12 N,M,V

¥ repens L. 11 NNM,V

Weronica arvensis L. 5 N, M

Y. chamaedrys L. 7T N,V

. officinalis L. 12 NM,V

Y. prostrata L. * 3 N

Y. serpyllifolia L. 8 N,M,V

Y. teucrium L. * 1V

Yicia cracca L. 1| M

Y. hirsuta S. F. Gray 11 N,M,V

Y. sativa L. 6 N,V

Wiola hirta L. 2 V

Ants

¥Formica cunicularia Latreille 1798 3 N.M,V
¥F. rufibarbis Fabricius 1793 3 N,M,V
¥Lasius flavus (Fabricius 1781) 6 N,M

¥.. paralienus Seifert 1992 12 N,M,V
YMyrmecina graminicola (Latreille 1802) 1 N,
YWlyrmica sabuleti Meinert 1860 10 N,M,V
¥M. scabrinodis Nylander 1846 1 M

WM. schencki Emery 1894 2 N.M

WM. specioides Bondroit 1918 * 1 V
¥Solenopsis fugax (Latreille 1798) 3 N,M
¥apinoma ambiguum Emery 19252 V

¥T. erraticum (Latreille 1798) 6 N.M

¥letramorium caespitum (L. 1758) 4 N,M,V

Butterflies
¥dphantopus hyperantus (L. 1758) 1 N

¥Argynnis paphia (L. 1758) * 4 M,V

¥ricia agestis (Denis & Schiffermiiller 1775) 1 V

¥Brintesia circe (Fabricius 1775) * 7 N,M,V
YClossiana dia (L. 1767) * 3 M
YCoenonympha pamphilus (L. 1758) 11 N,M,V
YCupido minimus (Fuesslin 1775) * 4 N,M,V
YCynthia cardui (L. 1758) 11 N,M,V

Yrrebia aethiops (Esper 1777) * 1 M
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YGonepteryx rhamni (L. 1758) I N

YHesperia comma (L. 1758) 6 N,M,V

¥nachis io (L. 1758) 3 M,V

¥ asiommata megera (L. 1767) * 4 NM,V

¥ ycaena tityrus (Poda 1761) * 1 M

¥ ysandra coridon (Poda 1761) * 8 N,M,V
Wlacroglossum stellatarum (L. 1758) 11 N,M,V
Wlaniola jurtina (L. 1758) 12 N,M,V

Wlelanargia galathea (L. 1758) 12 N,M,V
Wlellicta parthenoides (Keferstein 1851) * 2 M
YOchlodes venatus (Bremer & Grey 1803) 10 N,M,V
YPapilio machaon (L. 1758) 1 M

YPieris brassicae (L. 1758) 6 N,M,V

YP. rapae (L. 1758) 9 N.M,V

YPlebicula dorylas (Denis & Schiffermiiller 1775) * 1
M

YPolyommatus icarus (Rottemburg 1775) 10 N,M,V
YPyronia tithonus (L. 1771) * 1 M

YSpialia sertorius (Hofmannsegg 1804) 6 N,M,V
¥hymelicus sylvestris (Poda 1761) 10 N,M,V

Yygaena filipendulae (L. 1758) 12 N,M,V

Grasshoppers

YChorthippus biguttulus (L. 1758) 12 N,M,V

YC. parallelus (Zetterstedt 1821) 12 N,M,V
YChrysochraon brachyptera (Ocskay 1826) 7 N.M
YDecticus verrucivorus (L. 1758) * 6 M,V
YGomphocerus rufus (L. 1758) 8 NM,V

YGryllus campestris L. 1758 * 2 N

WWetrioptera bicolor (Philippi 1830) * 12 N,M,V
WM. brachyptera (L. 1761) * 1 M

¥M. roeselii (Hagenbach 1822) 5 N,.M

YOmocestus rufipes (Zetterstedt 1821) * 10 N,M,V
YPholidoptera griseoaptera (De Geer 1773) 6 N.M
YPlatycleis albopunctata (Goeze 1778) * 11 N.M,V
¥Stenobothrus lineatus (Panzer 1796) 11 N,M,V
¥lettigonia cantans (Fuessly 1775) 1 M

M. viridissima L. 1758 5 NM,V

Gastropods

¥rion lusitanicus Mabile 1868 2 N

YCochlicopa lubrica (O.F. Miiller 1774) 11 N,M,V
¥Cochlodina laminata (Clessin 1882) 1 N
¥Deroceras reticulatum (O.F. Miiller 1774) 11 N\M,V
YHelicella itala (L. 1758) 5 N,M,V

¥imax spp. 10 NM,V

YPunctum pygmaeum (Draparnaud 1801) 5 M,V
YPupilla muscorum (L. 1758) 5 N,V

YSuccinea oblonga (Draparnaud 1801 1 M
¥lrichia plebeia (Draparnaud 1805) 12 N,M,V
Wertigo pygmaea (Draparnaud 1801) 12 N,M,V

Yitrina pellucida (O.F. Miiller 1774) 4 M,V
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Abstract

Theory predicts that at higher trophic levels species are especially vulnerable to habitat
fragmentation due to small population size and dependence on particular prey species. Using
aphids as model organism, we tested the hypothesis that herbivore abundance increases in
fragmented habitats as a result of reduced predator and parasitoid densities. In a 3 year-study,
we examined the population dynamics of aphids with respect to host plant abundance and ant
nest density in experimentally fragmented calcareous grasslands at two sites in the northern
Jura mountains. Fragments of different size (area: 20.25 m2, 2.25 m? and 0.25 m?2) were
isolated by a 5-m wide strip of frequently mown vegetation and corresponding control plots
were situated in the adjacent undisturbed grassland. Aphid density was higher in fragments
than in control plots. This was a combined result of a higher frequency of aphid-infested plants
and larger aphid colonies in fragments than in control plots. Furthermore, a larger proportion
of aphid colonies was ant-attended in fragments than in control plots. Aphid colonies were also
more frequently visited by ants in fragments than in control plots in one of the 3 years.
Parasitoid pressure on aphids was not influenced by the experimental fragmentation. Neither
were aphid species richness and diversity affected by the fragmentation. Our study shows that
even small-scale habitat fragmentation can have profound effects on the abundance of
herbivorous insects. The effect on aphid density was consistent over 3 years and two sites with

slightly different aphid communities.

Introduction

Habitat fragmentation is considered as a major threat to biodiversity (Saunders et al. 1991,
Collinge 2000, Simberloff 2000). Fragmentation reduces the area suitable to the organisms and
creates isolated subpopulations by disrupting the exchange of individuals and preventing gene
flow (Lacy and Lindenmayer 1995). Fragmentation also influences interactions among species
(Kruess and Tscharntke 1994, Groppe et al. 2001, Goverde et al. 2002) and ecological
processes (Robinson et al. 1992).

Habitat fragmentation affects different species and different trophic groups to a different
extent (Davies and Margules 1998, Debinski and Holt 2000, Zschokke et al. 2000). Theory
predicts that at higher trophic levels species are especially vulnerable to fragmentation due to
their small population size and dependence on particular prey species which itself may be

affected by fragmentation (Holt 1996). There is some experimental evidence supporting this
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hypothesis. Aphids reached higher population densities in experimentally fragmented patches
of goldenrod than in continuous habitat as a result of the predator's (ladybird beetles) delay to
colonise the fragments (Kareiva 1984, 1987). Herbivorous insects occurred at increased
densities in experimental patches of red clover as some of their predators and parasitoids failed
to colonise the patches (Kruess and Tscharntke 1994).

We examined the effect of experimental small-scale habitat fragmentation on the
population dynamics of aphids in two calcareous grasslands. In contrast to other studies on the
dynamics of one or a few herbivore species in patches of a single host plant we investigated a
naturally diverse host plant-herbivore-predator system in a controlled field experiment.

Aphids are particularly useful model organisms because many species show high rates of
population growth through parthenogenetic reproduction. Outbreaks may occur in the absence
of predators and under favourable climatic conditions. Habitat fragmentation may affect aphid
populations either directly or via their host plants, predators or mutualists. Firstly, migrating
foundresses of aphid colonies may be differently attracted by small vegetation patches
(fragments) and continuous habitat. The number of aphid colonies may increase in fragments
when colonising females prefer small habitat patches. However, the contrary may occur when
foundresses prefer continuous habitat. Secondly, fragmentation may affect the distribution and
abundance of host plants (Robinson and Quinn 1988, Holt et al. 1995). As many aphid species
depend on one or a few host species, the distribution of host plants will influence aphid species
composition in fragments. Thirdly, plants growing along the edges of fragments are exposed to
altered microclimatic conditions (Laurance and Yensen 1991). In addition, plants at the edges
of fragments may benefit from reduced competition for light and nutrients. These factors may
increase host plant quality which in turn enhances aphid population growth (Breton and
Addicott 1992, Kindlmann and Dixon 1992, Stadler 1995). Indeed, several studies revealed
positive effects of habitat edges on the dynamics of insect species (Roland and Kaupp 1995,
Cappuccino and Martin 1997). Fourthly, many aphid species interact with ants. In our long-
term experiment fragmentation affected the density and species composition of ants (B.
Braschler, unpubl. data). Fragmentation also influenced other food resources of ants. Thus, ant-
tending intensity should increase and ant predation on attended aphids decrease when
alternative sugar resources like extrafloral nectaries (Offenberg 2000, 2001, Sakata and
Hashimoto 2000) or other homopteran colonies are in short supply (Cushman and Addicott
1989). Changes in ant species composition due to fragmentation could influence aphid
populations as different ant species attended aphids in different ways (Addicott 1978, 1979).
Changes in ant attendance may further affect parasitoid pressure on aphids (Volkl 1992). In
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general, ant-attended aphids benefit from an increased ant density. Finally, some predators and
parasitoids may be absent in fragments and thus release herbivores from top-down control and
potentially allow outbreaks (Kruess and Tscharntke 1994, 2000).

In the present paper we tested these hypotheses using data on aphid density and species
composition, host plant abundance, interactions among aphids and attending ants and

parasitoid pressure collected over 3 years in a controlled field experiment.

Material and methods

Study sites

The fragmentation experiment was carried out in two calcareous grasslands situated in the
northern Swiss Jura mountains: in Nenzlingen (13 km S of Basel; 47° 34' N, 7° 35' E) and
Vicques (26 km SSW of Basel). Originally covered by beech forest, these grasslands have been
grazed by cattle for many centuries, leading to the characteristic vegetation of the Teucrio-
Mesobrometum (Zoller 1947, Ellenberg 1986). A description of the sites is given in Zschokke
et al. (2000).

Fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the experimental fragments. One experimental unit, called block, contained
one large (4.5 x 4.5 m), one medium (1.5 x 1.5 m) and two small (0.5 x 0.5 m) fragments, all
of them separated by a 5-m wide strip of mown vegetation, as well as the corresponding
control plots, which were mirror-symmetrically arranged and surrounded by undisturbed
vegetation (Fig. 1). Within each block, the positions of the different sizes of fragment-control
plot pairs as well as the control and fragment halves were randomised. The experimental set-up
used in the present study consisted of 9 blocks (five in Nenzlingen and four in Vicques) with
36 fragments (9 large, 9 medium and 18 small) and 36 corresponding control plots. The
distances between blocks within the sites ranged from 25 to 135 m. The blocks were part of
larger study areas (1.5 - 2 ha) that were enclosed by fences to exclude large herbivores. The
experimental fragmentation had been maintained since April 1993 by frequently (6-12 times
per year) mowing the area between the fragments in the period from March to October. The
entire experimental area was mown in late autumn every year to prevent succession (Kienzle

1979).
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Fig. 1. Diagram of one block of the fragmentation experiment. A block contained two small (0.5 x 0.5 m),
one medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m) fragment and corresponding control plots. The

isolation area between the fragments (shown in white) was frequently mown.

Fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the experimental fragments. One experimental unit, called block, contained
one large (4.5 x 4.5 m), one medium (1.5 x 1.5 m) and two small (0.5 x 0.5 m) fragments, all
of them separated by a 5-m wide strip of mown vegetation, as well as the corresponding
control plots, which were mirror-symmetrically arranged and surrounded by undisturbed
vegetation (Fig. 1). Within each block, the positions of the different sizes of fragment-control
plot pairs as well as the control and fragment halves were randomised. The experimental set-up
used in the present study consisted of 9 blocks (five in Nenzlingen and four in Vicques) with
36 fragments (9 large, 9 medium and 18 small) and 36 corresponding control plots. The
distances between blocks within the sites ranged from 25 to 135 m. The blocks were part of

larger study areas (1.5 - 2 ha) that were enclosed by fences to exclude large herbivores. The
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experimental fragmentation had been maintained since April 1993 by frequently (6-12 times
per year) mowing the area between the fragments in the period from March to October. The
entire experimental area was mown in late autumn every year to prevent succession (Kienzle

1979).

Field methods

Above-ground aphid density was assessed in the years 1997-1999 by recording the number of
aphids on infested plants growing in fragments and control plots. Aphid density was calculated
as number of aphids per 0.25 m2. Aphid colony size was defined as number of aphids of the
same species occurring on a single plant. Most colonies were small enough to count all
individuals. In large colonies (> 100 individuals) the area covered by aphids on a plant was
determined and a subsample from a defined area was collected using a paintbrush. The number
of individuals counted in the subsample was then extrapolated to the entire area occupied by
the colony. The number of aphid mummies was also recorded as a measure of parasitoid
pressure.

The species of aphid-infested plants were determined. The density of infested plants was
calculated as number of infested plants per 0.25 m2. To assess infestation rates, we recorded
the numbers of both infested and non-infested plants in the three species most frequently
infested by aphids and in another nine frequently infested species in 1999. The plant species
were chosen according to the following four criteria: presence in both study sites, infestation
with aphids in 1997 or 1998, easy to determine when not flowering, only one species per
genus. Nomenclature of the plants follows Binz and Heitz (1990).

In 1997, aphid density was assessed in 32 fragments and 32 control plots (five blocks in
Nenzlingen and three blocks in Vicques). In small patches (fragments and control plots) we
determined aphid number on each host plant. In medium-sized patches we assessed aphid
number in five subplots measuring 50 x 50 cm. One of these subplots was located in the centre
of the patch and four at the edge. In large patches, aphid number was determined in twelve
subplots: four in the centre and eight at the edge.

In 1998 and 1999, aphid density was assessed in 36 fragments and 36 control plots (five
blocks in Nenzlingen and four blocks in Vicques). In small patches the aphids were recorded
on each infested plant. In medium-sized patches we recorded aphids in three subplots (one in

the centre and two at the edge). In large patches, aphid density was assessed in 27 subplots,
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which corresponded to one third of the entire area. Sixteen subplots were randomly chosen
from the centre area and eleven at the edge.

Aphid density was recorded between 2 and 29 July 1997, 18 and 30 May 1998 and 1 and
24 July 1999. The order of field work followed the stage of the vegetation period: plots in
Nenzlingen were studied before those in Vicques. The order in which fragments and control
plots of the same block were studied was randomised.

The present study was part of a larger project to examine effects of grassland
fragmentation on plants and different groups of invertebrates over several years. For this
reason we used non-destructive sampling methods whenever possible. In 1998, however, up to
17 aphids (most frequently one to six individuals) were collected from each colony and
preserved in 70% alcohol for later species identification. Whenever possible the majority of
individuals of a colony was left on the plants to minimise the impact of sampling. On some
plants only one or very few aphids were found. Some aphids dropped from the plant before
sampling. Species identification was not always possible when only nymphs or alatae (winged
aphids) were present. Thus, some colonies were not considered in a few analyses.

The aphids were mounted for species identification. This was done by first removing all
embryos and then embedding the aphids into a mixture of polyvinylalcohol and lactophenol
following the method of Heinze (1952). All aphids collected were identified by one of us (GL).
Nomenclature of the aphids follows Remaudiére and Remaudiere (1997).

Ant-tending intensity was assessed as the number of ants that tended aphids when the
colony was surveyed for the first time. Visitation rate was estimated as number of ants tending
a colony within 2 min.. Colonies not visited during 2 min. were classified as not visited. In the
case of a misclassification this procedure makes our interpretations more conservative.

The density of ant nests was recorded in large experimental plots between 29 July and 10
September 1999 to examine whether differences in ant-tending intensity were a result of
differential ant density. Nests were identified by carefully searching the plots for visual signs
and following the workers from baits (plastic caps 2.9 cm in diameter filled with sucrose
solution) back to their nests. Fragments and control plots of the same block were examined on
the same day to avoid any confounding influence of the season. Similarly, foraging activity of
ants (number of ants recorded in 2 min. on a bait, 1 h after it was offered) was recorded in
large experimental plots in 1999. In each patch we placed 181 baits (sucrose solution baits as
above). Ant species were identified on site, but in some cases a few specimens were removed
for later identification in the lab using a binocular microscope. Nomenclature of the ants

follows Bolton (1995).
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Statistical analyses

A repeated measurement ANOVA (type III) was used to examine the effects of fragmentation,
study site (Nenzlingen or Vicques), block (nested in site, random factor) and patch size (large,
medium, small) on aphid density over all years. Due to missing data in four fragments and four
control plots in 1997, only a reduced data set could be used for this analysis. An ANOVA (type
IIT) was used to evaluate the data from each year separately. Using the same ANOVA model,
fragmentation effects on colony size and density of aphid-infested plants were evaluated. To
examine whether aphid density differed between the edge zone (a 50-cm wide strip along the
edge) and the interior (core area) of fragments and control plots, an ANOVA with the
additional factor 'edge' was used. Possible edge effects were only analysed in medium-sized
and large plots (small plots consisted exclusively of edge zone). Unpaired t-tests were used to
examine fragmentation effects on the densities of the two most abundant aphid species. As
variances were unequal between groups approximate degrees of freedom were calculated
following Satterthwaite (1946). Aphid densities of single species were calculated on the basis
of plots occupied by the particular species (Appendix A).

Differences in infestation rate between fragments and control plots were examined in 12
plant species using Fisher's exact tests. As aphid species composition differed between study
sites, data from each site were analysed separately. Similarly, the effect of fragmentation on the
frequency of ant-attended aphid colonies and on parasitoid pressure were analysed using
Fisher's exact tests. To eliminate confounding factors such as different weather conditions,
paired t-tests were used to examine differences in ant nest density and forager activity between
large fragments and corresponding control plots. Ant-tending intensity depended on aphid
colony size. Differences in ant-tending intensity between fragments and control plots were
examined by comparing the residuals of the logarithmic regression of ant-tending intensity =
0.53 - 0.094 x log(mean aphid colony size) using Mann-Whitney U-tests (data did not fit
normal distributions).

Unpaired t-tests were used to analyse differences in aphid diversity (Shannon-Wiener
diversity index) between large fragments and control plots. Statistical analyses were performed
using SAS 6.08 (SAS Institute 1990) for linear models and StatView 5.0 (SAS Institute 1998)
for Fisher's exact tests and correlations. Data on aphid colony size and ant density were log-
transformed, those on aphid density and density of infested plants log(y+1). In the text and
figures mean values are presented with 95% confidence intervals (note that backtransformed

values have asymmetric error bars (Sokal and Rohlf 1995)).
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Fig. 2. Among-year variation in aphid density (number of individuals per 0.25 m2, mean + 95% confidence
interval) in fragments and control plots. 32 fragments and 32 control plots were examined in 1997. In 1998

and 1999, 36 fragments and 36 control plots were examined. For statistical tests see Table 1.

Results

Effect on aphid density
The experimental fragmentation affected the number of aphids (Fig. 2; Table 1). Aphid density
was higher in fragments than in control plots (repeated measurement ANOVA, F'y 44 = 12.71,

p =0.0009). However, aphid density varied also among years (Fig. 2; repeated measurement
ANOVA, F; g8 =60.43, p < 0.0001) and between study sites (#7144 = 7.15, p = 0.0105). Aphid

density was higher in Nenzlingen than in Vicques in 1999. Aphid density was also affected by
patch size (F2 44 = 3.80, p = 0.0300). However, this effect was differently pronounced in

different years (Fig. 3; Table 1). Furthermore, there was a significant interaction between
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Table 1. Summary of ANOVAs (type III) testing the effects of experimental fragmentation (T), study sites (S), block (B,
nested in S) and patch size (P) on density of aphids. B(S) and the interaction T*B(S) were entered as random factors. In
1997 only 8 out of 9 blocks were examined.

1997 1998 1999

Source df MS F p df MS F )4 df MS F )4

T 1 3.7712  3.1279  0.1105 1 25.6100 29.2567 0.0001 1 11.6695  6.0954 0.0334
S 1 9.8291 43564  0.0819 1 6.8154  3.4462 0.1058 1 7.0968  6.4919 0.0382
B(S) 6 22562 1.9279  0.2064 7 1.9777  2.5837 0.1035 7 1.0932  0.5725 0.7617
P 2 7.7633 52199  0.0092 2 8.4070 4.5091 0.0158 2 1.9174  0.9787 0.3829
T*B(S) 7 1.1744  0.7896  0.5998 8 0.7655 0.4106 0.9092 8 1.9095  0.9746  0.4665
T*P 2 0.4504 03029 0.7402 2 3.4066 1.8271 0.1715 2 7.5181  3.8374  0.0282
Error 44 1.4873 50 1.8645 50 1.9592
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experimental fragmentation and patch size in 1999 (Table 1). No consistent edge effects on
aphid density were found. In 1998, we determined all aphid species. Considering the density of
single species, contrasting results were found for the two most abundant species.
Acyrthosiphon malvae poterii Prior et Stroyan was more abundant in fragments than in control
plots (aphids/0.25 m2: fragments: 0.27 (0.06, 0.53); control plots: 0.02 (0.00, 0.04); r =2.48, df
=35.7, p = 0.0181), while no difference in the density of Aphis stachydis Mordvilko between
fragments and control plots was found (aphids/0.25 m2: fragments: 0.18 (0.02, 0.36); control
plots: 0.22 (-0.06, 0.57); t = 0.22, df = 55.9, p = 0.83). Species other than 4. malvae
contributing to the overall higher aphid density in fragments were: Aphis craccivora Koch,
Aphis euphorbiae Kaltenbach, Aphis helianthemi Ferrari, Myzus langei (Borner) and Aphis sp.
on Origanum vulgare L.. These species were abundant in some fragments, but no individuals
were found in control plots (Appendix A). Furthermore, Macrosiphum rosae (Linnaeus)
mainly occurred in fragments. Some species represented by a few individuals were recorded
either in fragments or in control plots (Appendix A).

The higher aphid density in fragments was mainly a result of a larger number of plants
infested by aphids in fragments than in control plots (Fig. 4). Fragments contained a larger
number of infested plants in all years, although in 1999 there was only a tendency (ANOVA,
1997: F1,924 = 6.80, p = 0.0278; 1998: F'y 10.11 = 11.82, p = 0.0063; 1999: F'| 9.66 = 3.46, p =
0.0935). A larger number of infested plants could result from a higher density of potential host
plants or a higher rate of infestation. To distinguish between these two explanations, the
infestation rate was measured in twelve plant species which were frequently infested by aphids
in 1999. Considering data from both study sites separately, this would result in 24 different
fragment-control plot comparisons. However, no individuals of the plant species Lathyrus
pratensis L. were found in Vicques, reducing the total number of comparisons to 23. In five
out of 23 fragment-control plot comparisons, potential host plants showed a higher infestation
rate in fragments than in control plots, in a further comparison there was a tendency (Table 2).
No plant species was significantly more often infested by aphids in control plots than in
fragments after sequential Bonferroni correction. This indicates an enhanced infestation risk
for some plants in fragments. Most plant species showed no difference in abundance between
fragments and control plots. In only two comparisons a plant species was more abundant in
fragments than in control plots (Agrimonia eupatoria L. and Knautia arvensis Duby, both in
Vicques) and in another two comparisons a plant species was more abundant in control plots

than fragments (Betonica officinalis L. in Vicques and Salvia pratensis L. in Nenzlingen) after
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Fig. 3. Effect of patch size on the density of aphids (number of individuals per 0.25 m2, mean £ 95%

confidence interval) in 1997 - 1999. In 1997, we examined 16 small, 8 medium and 8 large fragments and

control plots each. In 1998 and 1999, the sample size was 18 for small, 9 for medium and 9 for large

fragments and control plots each. For statistical tests see Table 1.
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Fig. 4. Effect of habitat fragmentation on the density of plants infested by aphids (number of infested

plants per 0.25 m2, mean £ 95% confidence interval) in 1997 - 1999. 32 fragments and 32 control plots

were examined in 1997. In 1998 and 1999, 36 fragments and 36 control plots were examined.

sequential Bonferroni correction. However, in only one of these cases (K. arvensis in Vicques)
the infestation rate differed between fragments and control plots. This indicates that the higher
infestation rates of some plant species in fragments were not a result of differences in
abundance.

Aphid colonies in fragments were larger than those in control plots in 1999 (mean
number of individuals: fragments: 15.91 (10.69, 23.67), control plots: 10.12 (7.29, 14.04);
ANOVA, F1 955 =6.63, p=0.0287), while in the other 2 years no significant difference was
found (1997: F1,13.50 = 1.31, p = 0.27; 1998: F'y 16.77 = 0.01, p = 0.93). Considering all years,
large aphid colonies (> 100 individuals) occurred more frequently in fragments (5.6% of
colonies) than in control plots (1.9%; Fisher's exact test: p = 0.0006). The majority of species
were represented by only one or a few individuals. This prevented any comparisons between
fragments and control plots. In the two most abundant species, Aphis stachydis with ant-

attendance and Acyrtosiphon malvae poterii without ant-attendance, no difference in colony
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size between fragments and control plots was found (mean number of individuals: 4.
stachydis: 7.89 (3.18, 19.61) vs. 10.94 (2.46, 48.62), t = 0.48, df = 13, p = 0.64; A. malvae:
1.57 (1.14, 2.15) vs. 1.78 (0.95, 3.34), t = 0.46, df = 18, p = 0.65).

Aphid species diversity

A total of 24 aphid species were recorded on 19 different plant species in 1998 (Appendix A).
Most aphid species were rare; in 14 species only a single individual or a single colony were
found. The species composition differed between the two study sites. Six of the 24 species
(25%) were found at both sites. Considering the diversity of plant species infested by aphids,
further 13 plant species were infested by aphids in 1997 and 1999 (Appendix B).

Considering large plots, experimental habitat fragmentation did not affect aphid species
richness (fragments: 4.11 (2.81, 5.41), control plots: 3.11 (1.70, 4.52), t=1.20,df =16, p =
0.25) and diversity (Shannon-Wiener index, fragments: 1.09 (0.90, 1.27), control plots: 0.92
(0.42,1.41),t=0.74 ,df =16, p = 0.47).

Effects on aphid-ant interactions

The densities of ant nests and foragers were assessed in large fragments and the corresponding
control plots in 1999. Fragments had a higher density of ant nests than control plots (number of
nests per 0.25 m2: fragments: 0.23 (0.20, 0.26), control plots: 0.17 (0.13, 0.22); paired ¢ = 2.62,
df =8, p=0.0306). Forager density (number of ants counted per bait in 2 min) was larger in
fragments than in control plots (1.46 (0.99, 2.12) vs. 0.61 (0.33, 1.12); paired t =3.73,df =8, p
=0.0058).

Most aphid species recorded were ant-attended. Exceptions were some rare species and
Acyrthosiphon malvae poterii of which numerous colonies occurred at both study sites
(species without ant-attendance accounted for 35% of colonies and 6% of individual aphids in
1998). The majority of ants that attended aphids belonged to Lasius paralienus Seifert. L.
paralienus was also the most abundant ant species in the study sites (60 - 80% of ant nests
recorded in the experimental plots and 97% of the aphid-attending ants). Other aphid-attending
ants were in order of decreasing abundance: Myrmica sabuleti Meinert, Myrmica scabrinodis
Nylander, Myrmica schencki Emery, Lasius flavus (Fabricius), Formica pratensis Retzius,
Formica rufibarbis Fabricius, Formica cunicularia Latreille and Lasius niger (Linnaeus).
Considering data from 1997-1999, a larger proportion of the aphid colonies in fragments were
attended by ants than in control plots (fragments: 41.4%, control plots: 32.4%; Fisher's exact
test, p = 0.0009). Ant-attended aphid colonies were larger than aphid colonies not visited by
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ants (mean number of individuals: 28.9 (23.7, 35.2) vs. 4.7 (3.9, 5.7); t = 12.90, df =211, p =
0.0001). The larger proportion of ant-attended colonies may contribute to the higher aphid
density in fragments than in control plots, though both ant-attended and unattended colonies
were more numerous in fragments than in control plots (Fisher's exact test, p <0.0001 in both
cases). Considering data collected in large plots in 1999, aphid density tended to be correlated
with ant nest density in fragments (» = 0.60, n =9, p = 0.0893), but not in control plots (» = -
0.46, n =9, p = 0.22). In contrast, aphid density was not correlated with ant forager density in
large experimental plots in 1999 (fragments: » = 0.34, n =9, p = 0.39, control plots: » =-0.12,
n=9,p=0.77). In 1998, attended colonies were more intensively visited by ants in fragments
than in control plots (Mann-Whitney U-test, p = 0.0477). In 1997 and 1999, there was no
difference in frequency of visiting ants between fragments and control plots (1997: p = 0.96;

1999: p = 0.59).

Parasitoid pressure

As a measure of parasitoid pressure we counted the number of aphid mummies. Mummified
aphids were found both in fragments and control plots in 1997 and 1999. In 1998, no
mummified aphids were found either in fragments or in control plots. The proportion of aphid
colonies with mummies was higher in 1997 (23.8%) than in 1999 (4.1%; Fisher's exact test, p
<0.0001). A total of 730 mummies were found in 1997 and 391 in 1999. Thus, the number of
mummies was twice as large in 1997 than in 1999, even though the total number of recorded
aphids was smaller in 1997 than in 1999 (3174 vs. 22773 individuals). However, the
experimental habitat fragmentation neither affected the proportion of aphid colonies that were
parasitised (considering data from 1997 and 1999, Fisher's exact test, p > 0.99) nor the number
of mummies (ANCOV As with fragmentation as fixed factor and mean aphid colony size as

covariate; 1997: F1 3=2.83,p =0.19; 1999: Fy 13 = 0.86, p = 0.37).

Discussion

The present study shows that the experimental habitat fragmentation caused an increased aphid
density in fragments over 3 years at two sites with different aphid and plant species
compositions. Thus, the fragmentation effect was temporarily and spatially replicated. The

weather conditions may vary between sites and among years. However, the fragmentation
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Table 2. Number of aphid-infested and aphid-free individuals in 12 plant species in fragments and control plots in Nenzlingen (N) and Vicques (V) in 1999.

Lathyrus pratensis was not recorded in Vicques. * indicates a higher infestation rate in fragments than in control plots, p < 0.05 after sequential Bonferroni

correction, T indicates a trend for a difference (p < 0.1).

Plant species Study site Fragments Control plots Fisher's
Number of plants Number of plants exact test
with aphids without aphids with aphids without aphids p
Agrimonia eupatoria L. N 1 20 4 20 0.35
A% 12 59 2 27 0.34
Betonica officinalis L. N 86 39 36 52 <0.0001 *
v 80 100 116 139 0.85
Centaurea jacea L. N 0 2 0 6 >0.99
v 4 37 9 43 0.37
Helianthemum nummularium Miller N 3 10 2 15 0.63
v 0 18 0 30 >0.99
Hypericum perforatum L. N 8 8 9 16 0.52
v 20 25 15 19 >0.99
Knautia arvensis Duby N 49 22 27 46 0.0001 *
Lathyrus pratensis L. N 22 3 11 0 0.54
Lotus corniculatus L. N 25 33 13 20 0.83
v 15 73 0 110 <0.0001 *
Plantago media L. N 4 11 3 13 0.69
v 3 40 12 36 0.0249
Salvia pratensis L. N 2 14 7 134 0.23
v 0 7 0 17 >0.99
Sanguisorba minor Scop. N 188 267 93 292 <0.0001 *
v 31 294 18 285 0.10
Scabiosa columbaria L. N 7 3 1 17 0.0007 *
\Y 0 0 0 4 >0.99
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effect was consistent despite variation in environmental conditions which influence local aphid
density.

The experimental fragmentation resulted in a larger number of aphid colonies and a
higher infestation rate of some host plants, but also in a trend towards larger colonies in
fragments. Large aphid colonies can seriously harm their host plant (Dixon 1985). In our field
experiment, most colonies were relatively small. However, sampling later in the year would
have revealed larger colony sizes as some aphid species reach their peak colony size later in
the season. The fragmentation seemed to promote aphid colony growth. Large aphid colonies
were found more frequently in fragments than in control plots. Furthermore, mean aphid
colony size was larger in fragments than in control plots in one year.

In most of the plant species examined only a minority of individuals were infested by
aphids. However, more plants may have become infested later in the season. Alatae (= winged
aphids) production can be caused by crowding (Robert 1987). Indeed, a larger proportion of
colonies with alatae occurred in fragments than in control plots (B. Braschler, unpubl. data).
Thus, there were more alatae in fragments to colonise new plants. Furthermore, it has been
shown that apterous (= unwinged) aphids may be able to colonise neighbouring plants, though
the frequency with which apterae migrate to other plants differs among species (Edson 1985,
Cappuccino 1987). In some species the apterae's tendency to migrate increases with crowding
(Robert 1987). Combined, the higher proportion of alatae and the larger colony size in
fragments may indicate a relatively high risk of future infestation for potential host plants that
were not colonised at the sampling date.

In 1999, the final year of the aphid survey, no significant fragmentation effect on species
richness and species composition of plants was found (H.-P. Rusterholz, unpubl. data). In the
plant species examined the infestation rate was not related to the relative abundance in the
plots. Plant quality can promote population growth of aphids (Breton and Addicott 1992). We
did not asses plant quality. However, Dolt (2001) found an increased above-ground plant
biomass in fragments in the years 1996-1998. Furthermore, in fragments plant biomass tended
to be larger in the edge zone than in the core area (Dolt 2001). Plant productivity may be an
indirect indicator of plant quality as many aphids grow best under conditions of high nutrient
transport (like in growing and wilting plants). Indeed, aphid density increased with plant
biomass in experimental plots in 1997 (B. Braschler, unpubl. data). However, our results
showed no consistent edge effect on aphid density in fragments.

The experimental fragmentation did not reduce the parasitation rate of aphids. This

contrasts predictions from theoretical models (Holt 1996) and findings from other
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fragmentation studies (Kruess and Tscharntke 1994, 2000). The isolation distance of fragments
(5 m) used in our field experiment seems to be small for flying parasitoids. However, previous
results showed that the abundance of foraging butterflies was negatively affected by this type
of fragmentation (Zschokke et al. 2000). Furthermore, Goverde et al. (2002) found that the
abundance of a bumblebee species was negatively affected by the fragmentation and that the
bumblebee's foraging behaviour was changed in fragments. In another fragmentation
experiment, ladybird beetles arrived later in fragments of 1 m?2 than in control plots (Kareiva
1984, 1987). In this experiment the isolation distance of 1 m between fragments was even
smaller than that in our study. Thus, the discontinuity in favourable habitat appears to affect
the movement and foraging pattern even in mobile organisms.

Ants are important mutualists of numerous aphid species in the grasslands examined. In
our study, ants were more abundant in fragments than in control plots and a greater proportion
of the aphid colonies was ant-attended in fragments. Ant-attended colonies in fragments were
also more intensively visited by ants than colonies in control plots in one year. The importance
of ants for aphids varies among species. Most species in our study are ant-tended but may also
live without tending ants. A. malvae and some others are rarely or never visited by ants. The
better services provided by ants in fragments such as the removal of honeydew and protection
from predators (Sudd 1987) may contribute to the success of ant-tended aphid species.
Furthermore, extrafloral nectaries of Euphorbia cyparissias L. were more frequently visited by
ants in fragments than in control plots (B. Braschler, unpubl. data). This may indicate a greater
demand for sugar resources by ants in fragments or, alternatively, be a side effect of the
increased ant density. The increased demand for sugar should lead to a more intensive tending
of the aphids (Offenberg 2000, 2001). However, non-attended aphid colonies were also more
numerous in fragments. This suggests that other factors than enhanced ant services contributed
to the increased aphid density found in fragments.

Our study shows that small-scale fragmentation can lead to an increased density of
herbivores. It is noteworthy that this effect was found in slightly different aphid communities
which consisted predominantly of specialists for single host plant species. Furthermore, the
experimental fragmentation affected the mutualistic aphid-ant interaction. Not all aphid species
were ant-attended. The effect on the mutualistic aphid-ant interaction may therefore change the
competitive interaction between attended and non-attended aphids. Similarly, other studies
demonstrated fragmentation effects on species interactions, mostly on parasitism and predation

(e.g. Kareiva 1984, 1987, Kruess and Tscharntke 1994, 2000, Lei and Hanski 1997).
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The observed fragmentation effects on aphid density might be a combined result of
several distinct influences including a higher abundance of mutualistic ants, an increased plant
productivity and altered abiotic factors in fragments. Other potential influences like reduced
predator pressure could not be demonstrated but may also contribute to a higher aphid density

in fragments.
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Appendix A. Aphid species and density (individuals/ 0.25 mz) recorded in experimental plots in 1998. In a few cases the aphid species could not be determined (only
nymphs or alatae were found). Frequency indicates in how many experimental plots (fragments and control plots) a particular species was recorded at the two study
sites (N: Nenzlingen, 40 plots; V: Vicques, 32 plots). Aphid densities of single species were calculated on the basis of plots occupied by the particular species (means +

1SD). The number of plots is given in parentheses. Ant species observed at aphid colonies: Lf: Lasius flavus (Fabricius), Lp: L. paralienus Seifert, M: Myrmica sp.

Aphid species Host plants Frequency Aphid density Ant species
N \ Fragments Control plots

Acyrthosiphon loti (Theobald, 1913) Lotus corniculatus 1 - 0.01 )] -

A. malvae poterii Prior et Stroyan, 1964 Sanguisorba minor 13 6 1.50 +£2.37 (13) 0.12+0.10 (6) -

Aphis acetosae Linnaeus, 1761 Rumex acetosa 1 0.30 (D - Lp

A. confusa Walker, 1849 Knautia arvensis, 11.25+9.93 4) 13.79+11.93 2) Lp
Scabiosa columbaria

A. craccivora Koch, 1854 Lotus corniculatus 1 3 16.50 £29.12 4) - Lp,M

A. euphorbiae Kaltenbach, 1843 Euphorbia cyparissias 1 3.64 (D - Lp

A. helianthemi Ferrari, 1872 Helianthemum 2 7.96 £5.71 2) - Lp,M
nummularium

A. plantaginis Goeze, 1778 Plantago lanceolata 2 1.05 (D 0.21 (D Lp
Plantago media 1 0.89 )] - Lp

A. pomi DeGeer, 1773 Crataegus monogyna 1 0.14 )] - Lp

A. sanguisorbae Schrank, 1801 Sanguisorba minor 2 0.03 +£0.02 2) - Lp

Aphis sp. Salvia pratensis 4 446+7.12 3) 0.07 €8 Lp

Aphis sp. Senecio erucifolius 1 - 0.25 )] -

Aphis sp. Origanum vulgare 1 504 )] - Lp

A. stachydis Mordvilko, 1929 Betonica officinalis 9 6 1.37+1.67 ) 12.78 £ 29.03 (6) Lf, Lp

Brachycaudus sp. (alatae and nymphs) unknown 1 0.05 )] - Lp

Dysaphis (Pomaphis) plantaginea (Passerini, 1860) Plantago media 1 5 0.07 £0.10 3) 0.02+£0.01 3) -

Macrosiphum rosae (Linnaeus, 1758) Knautia arvensis 6 22.15+31.17 ®)] 25.00 )] Lp
Rosa sp. 1 - 0.10 )] -

Myzaphis rosarum (Kaltenbach, 1843) Rosa sp. 1 0.01 )] - -

Myzus (Galiobium) langei (Borner, 1933) Galium verum 1 44.44 )] - Lp

Myzus sp. (alatae) unknown 1 - 0.01 )] -

Semiaphis sp. unknown 1 - 0.06 )] Lp

unidentified species (escaped) Veronica sp. 1 - 0.01 )] -

unidentified species (nymph) Hieracium pilosella 1 - 0.01 )] -

unidentified species (alatae) unknown 1 - 0.01 (1) -
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Appendix B. Plant taxa infested by aphids in Nenzlingen (N)
and Vicques (V) in the years 1997-1999.

Plant species 1997 1998 1999
Agrimonia eupatoria L. N NV
Anthyllis vulneraria L. N
Betonica officinalis L. N V N V N V
Centaurea jacea L. \% \%
Chamaespartium sagittale P. Gibbs N
Crataegus monogyna Jacq. N v

Daucus carota L. NV
Euphorbia cyparissias L. N N
Galium verum L. N A% N V
Genista tinctoria L. \%
Helianthemum nummularium Miller A% N
Hieracium pilosella L. A% N V
Hypericum perforatum L. N V NV
Knautia arvensis Duby N V N N V
Lathyrus pratensis L. N N
Lotus corniculatus L. N V N V N V
Ononis repens L. N N
Origanum vulgare L. N A% N V
Plantago lanceolata L. \Y N

Plantago media L. N N V N V
Prunella grandiflora Scholler \Y N V
Prunus spinosa L. NV
Rosa sp. v

Rumex acetosa L. N

Salvia pratensis L. N V N V N
Sanguisorba minor Scop. N N V N V
Scabiosa columbaria L. N N
Senecio erucifolius L. N A%
Thymus serpyllum L. N
Trifolium sp. N V
Veronica sp. N N N
Viola hirta L. N
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Abstract. 1. Grassland fragmentation is expected to influence the abundance of different
invertebrate species to a different extent. Fragmentation-related effects are of particular
importance in species that interact with many other species.

2. We examined the density and spatial distribution of nests of 15 ant species in
experimentally fragmented calcareous grasslands at three sites in the Northern Swiss Jura
mountains. Fragments of different size (0.25 m2, 2.25 m2 and 20.25 m2) were isolated by a 5 m
wide strip of frequently mown vegetation. Control plots of corresponding size were situated in
adjacent undisturbed grassland.

3. Three years after initiation of the experiment, ant nest density did not differ between
fragments and control plots. Six years after initiation of the experiment, however, ant nest
density and forager abundance were higher in large fragments than in large control plots. Ant
nests tended to occur more frequently along the edge of fragments than in the core area.
Persistence time of nests of the most abundant species, Lasius paralienus, tended to be shorter
in fragments than in control plots. Furthermore, persistence time was longer in nests situated
close to the fragment edge than in nests in the core area.

4. Effects on nest density, edge effects on the spatial distribution of nests and the
relationships between nest density and environmental factors were more pronounced when
only nests of L. paralienus were considered. Implications of these findings for plant and other

invertebrate species are discussed.

Key words. Abiotic factors, ants (Hymenoptera: Formicidae), calcareous grasslands, density,

habitat fragmentation, nest dispersion, nest persistence

Introduction

Habitat fragmentation is considered as a major threat to biodiversity (Saunders et al., 1991;
Collinge, 2000; Simberloff, 2000). Fragmentation reduces the area suitable to the organisms
and creates isolated subpopulations by disrupting the exchange of individuals and preventing
gene flow (Lacy & Lindenmayer, 1995). Fragmentation also influences interactions among
species (Kareiva, 1987; Kruess & Tscharntke, 1994; Groppe et al., 2001; Goverde et al., 2002;
Braschler et al., 2003) and ecological processes (Robinson ef al., 1992).

Previous research revealed species-specific reactions to habitat fragmentation: some

species decreased in abundance, others became more abundant, while still others seemed to be
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unaffected by the fragmentation of their habitat (Kareiva, 1984; Davies et al., 2000; Zschokke
et al., 2000). Consequently, further work was dedicated to the identification of traits that allow
to predict a species' response to fragmentation (Davies et al., 2000). However, even within
guilds, different species may show different responses towards habitat fragmentation.

In the present study, we examined effects of small-scale grassland fragmentation on the
dynamics of ants, a group that is characterised by a variety of interactions with species from
very different taxonomic groups (Holldobler & Wilson, 1990). Ant communities are mainly
structured by intra- and interspecific competition for suitable nest sites and food resources. An
overdispersed or regular nest distribution, which can most frequently be observed in nature, is
generally explained as a result of competition (Levings & Traniello, 1981; Ryti & Case, 1984,
1986; Holldobler & Wilson, 1990). However, aggregated and random distributions of ant nests
have also been reported (Ryti & Case, 1984; Herbers, 1985, 1989; Soares & Schoereder,
2001). An aggregated pattern can result from spatial heterogeneity of the substrate or colony
budding (Soares & Schoereder, 2001). Ant nests may persist at the same place for a few days
up to many years. The suitability of a nest site is determined by a range of abiotic and biotic
environmental conditions including degree of shading (vegetation cover), soil moisture, soil
depth, availability of nesting materials (stones, branches, litter, cavities etc.), temperature,
availability of food resources in the neighbourhood and positions of neighbouring ant nests.
Many of these factors may be affected by habitat fragmentation.

The present study was undertaken to examine the effect of small-scale habitat
fragmentation on the spatial distribution and density of ant nests in nutrient-poor, semi-dry,
calcareous grasslands in the Swiss Jura mountains. Fragmentation could influence ant nest
distribution and density in several ways. In the present long-term fragmentation experiment,
above-ground plant biomass increased in fragments (Zschokke et al., 2000; Dolt, 2001).
Increased shading of nests may lead to nest relocation (Carlson & Gentry, 1973; Smallwood,
1982). However, the increase in vegetation cover may also provide more food resources and
thus support a higher ant density. On the other hand, ant density could be reduced in fragments
as the surrounding (mown) isolation area offers little food. Furthermore, some ant species may
benefit from the conditions prevailing in fragments and become stronger competitors, while
others may suffer from the altered conditions. Any change in ant species composition may be
reflected by a different nest distribution pattern.

We examined ant nest distribution 3 and 6 years after the initiation of the experiment.
The following questions were addressed: (1) does the experimental fragmentation affect

density, spatial distribution and persistence time of ant nests, (2) are the spatial distribution and
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persistence time of nests influenced by the edge of fragments, and (3) do fragmentation effects

increase with the duration of the experiment?

Material and methods

Study sites

Ant nest distribution was assessed in three calcareous grasslands situated near the villages of
Nenzlingen (10 km S of Basel; 47° 34' N, 7° 35' E), Movelier (26 km SW of Basel) and
Vicques (26 km SSW of Basel) in the Northern Swiss Jura mountains. Originally covered by
beech forest, these grasslands have been grazed by cattle for many centuries, leading to the
characteristic vegetation of the Teucrio-Mesobrometum (Ellenberg, 1986). A description of the

sites is given in Baur et al. (1996) and Zschokke et al. (2000).

Fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the fragments (Zschokke et al., 2000). One experimental unit, called block,
contained two small (0.5 x 0.5 m), one medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m)
fragment, all of them separated by a 5-m wide strip of mown vegetation, as well as the
corresponding control plots, which were mirror-symmetrically arranged and surrounded by
undisturbed vegetation (Fig. 1). Within a block, the positions of the different sizes of fragment-
control plot pairs as well as the control and fragment halves were randomised. The
experimental set-up consisted of 12 blocks (five in Nenzlingen, three in Movelier and four in
Vicques) with 48 fragments (24 small, 12 medium and 12 large) and 48 corresponding control
plots. The distances between blocks within the sites ranged from 25 to 135 m. The blocks were
part of larger study areas (1.5 - 2 ha) that were enclosed by fences to exclude large herbivores.
The experimental fragmentation had been maintained since April 1993 by frequently (6-12
times per year) mowing the area between the fragments in the period from March to October.

The entire experimental area was mown in late autumn every year to prevent succession.
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Fig. 1. Diagram of one block of the fragmentation experiment. A block contained two small (0.5 x 0.5 m),
one medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m) fragment and corresponding control plots. The

isolation area between the fragments (shown in white) was frequently mown.

Field methods

Spatial distribution and density of ant nests

The positions of ant nests were mapped in all fragments and control plots between 12 March
and 12 June 1996 (3 years after the initiation of the experimental fragmentation). Nests were
identified by carefully searching the plots for visual signs and by following the workers at baits
(sugar solution in plastic caps measuring 2.9 cm in diameter) back to their nests. Nest positions
were again mapped in large fragments and control plots between 29 July and 16 October 1999
(6 years after initiation of the fragmentation). Fragments and control plots of the same block
were examined on the same or succeeding day to avoid errors due to seasonal differences in ant

activity.
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Forager abundance

To examine the relationship between nest density and forager abundance, foragers were
counted at baits the day before mapping the nest positions in 1999. We placed 181 baits (sugar
solution in plastic caps) in each large fragment and control plot. After an exposition of 1 h, at
each bait ants were counted for 2 min. Foragers of most species were observed at sugar baits
including individuals of the predominantly subterranean species Lasius flavus (Fabricius) and
Solenopsis fugax (Latreille). Additional baits were placed around the plots examined. These
baits attracted foragers from the surroundings of the experimental plots and thus reduced the

error of the focal count (i. e. number of foragers from nests in the plots).

Nest persistence

The positions of randomly-chosen nests of the most abundant species, Lasius paralienus
Seifert, were checked every 3 weeks between 2 June and 28 October 1997. At the end of the
survey only three ant colonies (5%) were still active. Nest persistence was only studied in
Nenzlingen (39 nests in large and medium-sized fragments and 21 in control plots). Persistence
time was defined as number of weeks active ants were observed at a nest site plus 1.5 weeks.
In a few deserted nests, active ants were observed at a later date. In some cases the nest site

was later used by another species. These cases were recorded as nest reopening.

Environmental factors

Above-ground plant biomass was estimated by clipping the plants at a height of 5 cm above
ground level (to preserve rosettes) between 6 and 15 October in 1996 (Dolt, 2001). In small
plots, the entire vegetation was collected. In large and medium plots, randomly chosen
subsamples of 0.25 m2 were harvested (20 subsamples in large plots and 5 subsamples in
medium plots). In 1999, 17 subsamples of 0.0625 m? were harvested in large plots (H.-P.
Rusterholz, unpubl. data). Plants were oven-dried (60°C for 2 days and 80°C for 2 hours) and
weighed. In both years presence/absence lists of plant species were compiled for all
experimental plots by examining each plot three times during the season.

To examine whether ant nest density was influenced by abiotic factors we used the
indicator scores of Landolt (1977) calculated from presence/absence data of the plant species
for temperature (scale from 1, indicator for cold conditions found only in alpine zones, to 5,
thermophilous species), soil humidity (1, arid land plants to 5, wetland plants), soil humus
content (1, species on soil without humus layer, to 5, species on soils with high humus

content), light (scale from 1, species of deep shade, to 5, plants of full sun), soil acidity (a
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gradient of soil acidity and lime content from 1, calcifuges (pH =3 - 4.5), to 5, calcicoles (pH
> 6.5)), and soil nutrients (1, species with little requirements for soil nitrogen to 5, species with

high requirements for soil nitrogen).

Statistical analyses

Data were analysed in two steps. First, the nests of all species were considered. Second, only
nests of the most abundant species, L. paralienus, were considered. In analyses on nest density
also the second (L. flavus) and the third most abundant species (Myrmica sabuleti Meinert)
were analysed separately. All other species were rare or did not occur in some of the study sites
(Appendix). A two-way ANOVA was used to examine the effects of fragmentation and plot size
on nest density in 1996. In 1999, unpaired t-tests were used to analyse differences in nest
density between large fragments and control plots. As variances were unequal between groups
approximate degrees of freedom were calculated following Satterthwaite (1946).

To examine the spatial distribution of ant nests in large fragments and control plots
nearest-neighbour distances were calculated for both 1996 and 1999 (Clark & Evans, 1954).
As the positions of nests in the surrounding area were not recorded in 1996, a modification was
used (Donnelly, 1978). c-values were calculated from observed and expected distances (Clark
& Evans, 1954). Positive c-values indicate overdispersion of nests while negative values
indicate an aggregated nest distribution. Departure from zero (random distribution) was tested
using one-sample 7-tests with combined data from all fragments and all control plots. A two-
way ANOVA was used to examine the effects of year and fragmentation on nearest-neighbour
distances. For the analysis of L. paralienus nests only plots containing 5 and more nests were
considered.

For each nest the distance to the nearest edge of the experimental plot was measured. A
possible edge effect was examined by comparing the number of nests in edge zones of
increasing width (10-70 cm, in steps of 10 cm) and in the remaining core area in large
fragments with the number of nests in edge and core zones of control plots using 2 x 2
independence tests. Persistence time of L. paralienus nests was analysed by ANCOVA.
Fragmentation was considered as fixed factor and nest distance to the nearest edge was entered
as covariate.

To examine the relationships between nest density and plant biomass and species
richness simple and quadratic regressions were calculated using residuals from ANOVAs (type

III, factor size (medium or large), calculated separately for fragments and control plots) in
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1996. In 1999, normal simple and quadratic regression analysis was used as nest density was
only assessed in large plots.

Data on species richness of grasses and forbs were square root-transformed and those on
plant biomass, forager density and nearest-neighbour distances were log-transformed. Data on
ant nest density and nest distance to the edge were log(y+1)-transformed. Mean values + 1 SE
are presented throughout. The six Landolt indicator scores were all derived from the same
plant species composition and thus cannot be considered independent. Therefore, a sequential
Bonferroni correction with a significance level of = 0.05/6 was applied in tests using
indicator scores. Statistical analyses were performed using SAS 8.2 (SAS Institute, 2000) for
general linear models and StatView 5.0 (SAS Institute, 1998) for 2 x 2 tests of independence.

Results

Ant species richness and composition

In all, nests of 15 ant species belonging to 7 genera were found in the experimental plots
(Appendix). Workers of Formica pratensis Retzius and F. sanguinea Latreille were observed
to forage in the experimental plots, although no nests were found in these plots. Workers of 7
further species were observed in the surroundings of the experimental plots. In all sites, the

most abundant species was Lasius paralienus followed by L. flavus and Myrmica sabuleti.

Ant nest density and forager abundance

In 1996, 3 years after the initiation of the experiment, ant nest density did not differ between
fragments and control plots (ANOVA; all species: F1 99 = 0.02, P = 0.90; L. paralienus: F 9o =
0.04, P=0.83; L. flavus: F1 9o = 0.15, P =0.70; M. sabuleti: F| o9 = 1.51, P = 0.22). Neither
plot size nor the interaction fragmentation x plot size did affect nest density (ANOVA; P > 0.25
in all cases). In 1999, however, large fragments contained a higher density of L. paralienus
nests than control plots (fragments: 0.54 + 0.03 nests/m2, control plots: 0.41 £ 0.05 nests/m?2; ¢
=2.35,d.f. =16.5, P=0.0316), while no significant difference in nest density was found when
all species were considered (fragments: 0.83 + 0.06 nests/m2, control plots: 0.68 + 0.07

nests/m?2; ¢ =1.70, d.f. =22, P =0.10) or when nests of L. flavus (fragments: 0.12 +
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Fig. 2. Zz-values resulting from 2 x 2 independence tests that examined the proportion of nests in the edge
strip and the remaining interior area of fragments in relation to the proportion of nests in the assumed

edge strip and core area of control plots. The width of the assumed edge zone was increased from 10 to 70
cm in steps of 10 cm. Zz-values above the broken line indicate a significantly larger proportion of ant nests

in the edge strip than in the core area of fragments compared to the distribution of nests in control plots. +

P<0.1,* P<0.05.

0.13,control plots: 0.10 = 0.19; ¢t = 0.45, df =22, P = 0.66) or M. sabuleti (fragments: 0.06 +
0.02, control plots: 0.06 £ 0.02; = 0.00, df =22, P> 0.99) were considered. In 1999, forager
abundance was larger in fragments (number of foragers counted per bait in 2 min; 1.29 + 0.24)
than in control plots (0.64 = 0.13; t=2.53, d.f. =22, P=0.0191). This was mainly a result of
the higher forager abundance of the dominant species L. paralienus in fragments (1.17 £ 0.23)

compared with that in control plots (0.52 £ 0.11; 1 =2.74, d.f. =22, P=0.0121).

Spatial distribution of ant nests
In fragments and control plots ant nests were either overdispersed or randomly distributed

(Table 1). The experimental fragmentation did not affect the nearest-neighbour distance
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(ANOVA; F 44 =0.21, P =0.65). Neither did the nearest-neighbour distance differ between
years (F1 44 = 1.83, P =0.18) nor was there an interaction between the two factors (/' 44 =
0.31, P=0.58). A similar result was obtained when exclusively nests of L. paralienus were
considered (fragmentation: F 33 = 0.03, P = 0.86, year: [} 33 = 0.00, P = 0.95, fragmentation x
year: F'; 33 = 1.01, P=0.32).

Considering the spatial distribution of ant nests in relation to the edge of large
experimental plots, ant nests tended to occur more frequently in a 10 cm wide strip along the
edge of the fragment than along the assumed edge of control plots in 1996 (Fig. 2). For L.
paralienus, the effect was significant for 20-40 cm wide edge zones (Fig. 2). In 1999, the edge
effect was less pronounced. Lasius paralienus nests tended to occur more frequently in 20 cm
wide edge zones of fragments than in control plots (Fig. 2). This suggests that the edge affects

the spatial distribution of ant nests over a distance of up to 40 cm.

Nest persistence in fragments and control plots

Nest persistence time of L. paralienus tended to be lower in fragments than in control plots
(F156=2.89, P=10.0947). Mean persistence time was 9.9 + 0.9 weeks for L. paralienus nests
in fragments and 12.0 + 0.9 weeks for nests in control plots. There was a significant interaction
between fragmentation and nest distance to the plot edge (£ 59 = 5.04, P = 0.0287). Nests
situated close to the edge of fragments persisted longer than those in the core area of fragments
(r2=0.12, F1 37=5.21, P = 0.0283). No relationship between nest persistence time and
distance to the assumed edge was found in control plots (2 = 0.08, F 37 =1.57, P=0.23). In
44 of 114 (38.6%) abandoned nests, the site was at least temporarily reoccupied by either L.
paralienus (21 nests, 18.4%) or another species (23 nests, 20.2%). Reopening frequency did
not differ between fragments and control plots (42 = 0.08, d.f. =2, P =0.96).

Ant nest density and environmental factors

Above-ground plant biomass was larger in fragments than in control plots in 1996 (large plots:
fragments: 284.7 + 17.5 g/m2, control plots: 234.6 + 13.4 g/m2, paired-t = 4.53, P = 0.0009;
medium plots: fragments: 336.4 + 29.4 g/m2, control plots 261.8 + 18.7 g/m2, paired-t = 3.74,
P =0.0033; d.f. = 11 in both cases). In 1999, the difference was not significant (fragments:
472.1 + 18.6 g/m2, control plots: 422.6 + 24.8 g/m2, paired-t = 2.13, d.f. = 11, P = 0.0564).
Plant biomass increased both in large fragments and control plots from 1996 to 1999 (paired-¢

=16.72,d.f. =11, P <0.0001; control plots: paired-f = 14.28, d.f. = 11, P <0.0001). Species
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richness of grasses and that of forbs did not differ between fragments and control plots in
either year. Plant species richness did not change between 1996 and 1999. Comparing
Landolt's indicator scores in fragments and control plots yielded no significant differences after
sequential Bonferroni correction in large and medium plots in 1996 and in large plots in 1999.
However, fragments became dryer between 1996 and 1999 (Wilcoxon ranked sign: humidity:
P =0.0076, significant at = 0.05 after Bonferroni correction). In control plots Landolt
indicator scores did not change over the same period.

Ant nest density of all species together was neither related to plant biomass nor to species
richness of grasses or forbs in 1996. However, ant nest density tended to increase with species
richness of grasses and decreased with species richness of forbs in fragments in 1999 (grass
species richness: y =-0.017 + 0.074x, 2 =0.25, t = 1.82, P = 0.0992; forb species richness: y =
0.527 - 0.043x, 72 =0.41, t=2.63, P =0.0253; d.f. = 10 in both cases). No similar relationship
was found in control plots in 1999. Lasius paralienus nest density tended to decrease with
above-ground plant biomass and decreased with species richness of grasses and forbs in
fragments in 1996 (plant biomass: y = 2.44*10-¢ - 0.464x, r2=0.16, t = 2.01, P = 0.0580; grass
species richness: y = 1.393*%10-6 - 0.164x, 2 = 0.20, t = 2.29, P = 0.0326; forb species
richness: y = 1.328%106 + 0.102x, 2 = 0.22, t = 2.43, P = 0.0242; d.f. = 21 in all cases). In
1999, L. paralienus nest density in fragments was neither related to plant biomass nor to plant
species richness. Lasius paralienus nest density in control plots was not related to plant
biomass in either year. However, L. paralienus nest density in control plots tended to decrease
with species richness of grasses and forbs in 1996 and increased with species richness of forbs
in 1999 (grass species richness 1996: y=2.013*%10-¢ - 0.104x, 2 =0.13,t=1.75,d.f. =21, P =
0.0944; forb species richness 1996: y = 0.045 - 0.022x - 0.104x2, r2=0.15, t = 1.88, d.f. = 21,
P =0.0738; forb species richness 1999: y =-0.118+ 0.041x, 2 =0.35, t=2.30, d.f. = 10, P =
0.0442). Considering Landolt indicator scores, nest density of all species tended to increase
with decreasing soil pH in fragments in 1999 (v =-0.78, n = 12, P < 0.1 after sequential
Bonferroni correction). In contrast, L. paralienus nest density decreased with decreasing soil
pH and tended to increase with light intensity in medium-sized fragments in 1996 (soil acidity:
rs =0.80, P <0.05; light: ;= 0.74, P <0.1; P- values after sequential Bonferroni correction, n
= 12 in both cases). No correlation between ant nest density and any of the Landolt indicator

scores was found in control plots in either year (after Bonferroni correction).
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Table 1. Density and nearest-neighbour distances of ant nests in large fragments and control plots for nests of all ant species (All) and for

nests of L. paralienus (Lp). Only plots containing 5 and more nests were considered. c-values were calculated after Clark & Evans (1954).

Positive c-values indicate overdispersion while negative c-values indicate an aggregated nest distribution. One-group z-tests were used to

examine deviations of c-values from zero (random distribution). Means = 1 SE are shown. » indicates the number of experimental plots.

Year Treatment n  Number of  Nearest-neighbour distance (cm) c t P Spatial distribution
nests/ m>
Observed Expected
1996 Fragments All 12 0.74+0.12 65.1+£4.0 64.1 +4.7 0.55+0.13 1.61 0.13 Random
Lp 10 0.65+0.12 72.8 £6.3 68.8+5.9 046+0.27 172 0.12 Random
Control plots  All 12 0.77+0.10 73.2+£8.0 62.7+5.2 0.99+0.38 2.59 0.0253 Overdispersed
Lp 9 0.61+0.10 77.1+£5.8 69.6 £5.6 0.90+0.33 2.69 0.0274 Overdispersed
1999 Fragments All 12 0.83+0.06 61.3+3.9 563£25 0.60+0.29 2.11 0.0582 Overdispersed (tendency)
Lp 12 0.54+0.03 78.5+4.6 68.7+1.8 0.83+0.32 259 0.0252 Overdispersed
Control plots  All 12 0.68 £0.07 61.2+44 62.8 +3.0 -0.17+0.31 -0.56 0.59 Random
Lp 11 0.44+0.04 73.6+7.9 77.8 £3.5 -0.22+0.51 -0.44 0.67 Random
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Discussion

The experimental fragmentation affected the density and spatial distribution of ant nests in
several ways. Nest density of the most abundant species L. paralienus was higher in large
fragments than in large control plots in 1999. Furthermore, ant nest distribution was influenced
by the fragment edge. Fragmentation effects were most pronounced in nests of L. paralienus.
This can be explained by species-specific habitat requirements. Lasius paralienus is a
xerothermophilous species, which builds its nests in the soil or under stones (Seifert, 1992).
Foragers frequently climb on plants and bushes attending aphid colonies and extrafloral
nectaries (for details on the biology see Seifert (1992)).

In the experimental plots nests of 15 species were recorded (Appendix). Some of these
species prefer cooler and moister sites for their nests than L. paralienus, while the majority
prefer dry and warm nest sites. As a consequence, species-specific responses to the changed
environmental conditions in the fragments can be expected.

The experimental fragmentation altered a variety of environmental factors that may
determine the suitability of ant nest sites. Above-ground plant biomass was higher in fragments
than in control plots in the years 1996-1999 (Dolt, 2001). More shading of nests through higher
vegetation may lead to nest relocation in some species (Carlson & Gentry, 1973; Smallwood,
1982). A higher plant productivity may also increase herbivore and detrivore abundance and
thus enhance food resources for ants. In the grasslands examined the abundance of some
invertebrate groups was influenced by plant productivity and plant species richness (Braschler
et al., in press). Furthermore, the density of aphids, an important food resource for most ant
species in the examined grasslands, was higher in fragments than in control plots (Braschler et
al., 2003). This could partly be a result of a higher density of tending ants as the proportion of
aphid colonies with ant-attendance was increased in fragments. However, aphid colonies
without ant-attendance were also more numerous in fragments than in control plots (Braschler
et al., 2003).

Effects of fragment edges on the nest distribution ranged from a few cm (nests of all
species together) to a maximum of 40 cm (nests of L. paralienus). This corresponds with the
findings of Zschokke et al. (2000) who recorded significant temperature changes over a
distance of a few cm along the fragment edges. Most of the ant species present in the localities
examined prefer dry and warm grasslands. This may explain both the slightly increased nest

density in the edge zone of fragments and the higher ant density in fragments 6 years after the
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initiation of the fragmentation experiment. Indicator scores of plants showed that the
conditions in fragments became dryer during the experimental period of 6 years. Lasius
paralienus nests situated near the edge of fragments persisted longer than those in the centre of
fragments. This could be a result of a limited number of alternative nest sites or of favourable
conditions in the edge zone of fragments. The latter explanation is supported by the higher nest
density in this species in the edge zone of fragments.

There was no clear fragmentation effect on the nearest-neighbour distance between ant
nests. Nests distribution in the experimental plots tended towards overdispersion. In the
literature overdispersed, aggregated and random patterns of ant nest distribution have been
reported (Levings & Traniello, 1981; Herbers, 1985, 1989; Soares & Schoereder, 2001; Cerda
et al., 2002). Overdispersion of ant nests is generally considered to result from competition for
food between ant colonies (Traniello, 1989). Overdispersion of nests can result from space
preemption when established colonies prey on founding queens and thus prevent the
establishment of young colonies near old nests (Deslippe & Savolainen, 1995). Furthermore,
asymmetric competition between colonies of different size can result in a reduced survival of
small colonies near large colonies (Deslippe & Savolainen, 1995). Other factors like predation
may also contribute to a regular nest distribution (Ryti & Case, 1986; Holldobler & Wilson,
1990; Deslippe & Savolainen, 1995).

As ant colonies often persist for years, changes in nest densities are expected to take
longer than changes in abundance in other arthropod groups. In contrast, behavioural patterns
like nest relocation frequency and the small-scale distribution of ant nests may adjust faster to
the altered conditions. In our field study, persistence time of L. paralienus nests tended to be
shorter in fragments, though nests close to the edge persisted for longer than those in the core
area of fragments. Nest density was affected by the fragmentation 6 years after the initiation of
the experiment. The ability of ants to adjust their nest structure to changing environmental
conditions and the potentially long life of ant colonies makes it necessary to study effects of
habitat change on ant populations over several years.

Experimental studies on habitat fragmentation are highly biased with regard to taxa and
type of habitat considered (Debinski & Holt, 2000). Regardless of their abundance and
diversity, the response of grassland insects to fragmentation has hardly been examined
(Steffan-Dewenter & Tscharntke, 2002). Ants with their crucial role in this ecosystem are of
particular interest as changes in ant abundance are expected to affect a variety of other species.
In the present fragmentation experiment, changes in the population dynamics of aphids - a

group with a close association to ants - could partly be explained by changes in ant abundance
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and ant-tending intensity of aphid colonies (Braschler ef al., 2003). Changes in ant density may
further affect numerous prey species of the ants and may also influence ant services like seed
distribution and pollination in some plant species. Furthermore, numerous arthropod species
spend at least part of their life cycle in ant nests. A change in nest persistence time may affect
guest species. Moreover, changes in nest persistence time or nest density may affect soil
properties. Many of the observed changes in ant nest density, the spatial distribution of ant
nests and nest persistence time were relatively small. However, they translated into strong
differences in the number of ant foragers observed on baits and the number of ants tending

aphids. Thus, even subtle changes in nest density may have a large impact on ant services.
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Appendix. Nest density of ant species in fragments and control plots in 1996 and 1999. The number of nests per m’ (mean = SE) and number of plots occupied (in
parenthesis) are given. Nomenclature follows Seifert (1996). Sites: N: Nenzlingen, M: Movelier, V: Vicques. x indicates species nesting in experimental plots, + indicates

species that occur in the site but not in the experimental plots. Densities are calculated on the basis of occupied plots. In 1999, only large plots were mapped.

N M V Density

1996 1999

Fragments

Control plots

Fragments

Control plots

Myrmicinae
Myrmecina graminicola (Latreille 1802)
Myrmica ruginodis Nylander 1846
Myrmica scabrinodis Nylander 1846
Myrmica sabuleti Meinert 1860
Myrmica schencki Emery 1894
Myrmica specioides Bondroit 1918
Solenopsis fugax (Latreille 1798)

Tetramorium caespitum (Linnaeus 1758)

Dolichoderinae
Tapinoma ambiguum Emery 1925

Tapinoma erraticum (Latreille 1798)

Formicinae
Formica cunicularia Latreille 1798
Formica rufibarbis Fabricius 1793
Lasius flavus (Fabricius 1781)
Lasius niger (Linnaeus 1758)

Lasius paralienus Seifert 1992

0.05 (1)

0.57+0.32 (12)
0.05 (1)

0.05 (1)

0.05 (1)

0.07 +0.03 (2)

0.07 £0.03 (2)
0.25 +0.20 (2)

0.07 £0.03 (2)

0.28 £0.16 (8)

2.04 £0.41 (32)

0.05 £ 0.00 (2)
0.17 £0.05 (8)
0.05 (1)

0.25 +0.20 (2)
0.32£0.12 (2)

0.10 (1)
0.16 £0.10 (4)

0.05 + 0.00 (3)
0.05 + 0.00 (3)
0.67 +0.43 (9)
0.05 (1)

1.91 +£0.33 (33)

0.05 (1)

0.10 + 0.02 (7)
0.06 +0.01 (4)
0.05 + 0.00 (4)
0.07 +0.02 (3)
0.05 + 0.00 (2)

0.15 (1)
0.10 £0.00 (2)

0.05 (1)
0.10 (1)
0.17 £0.04 (9)

0.54 +0.03 (12)

0.05 + 0.00 (2)
0.12 + 0.02 (6)
0.05 (1)

0.05 + 0.00 (2)
0.05 + 0.00 (4)
0.07 £ 0.03 (2)

0.08 £0.03 (3)
0.06 £ 0.01 (4)

0.07 +0.02 (3)
0.05 (1)
0.25+0.10 (5)
0.05 (1)

0.41 +0.05 (12)
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Abstract

Different species may respond differently to habitat fragmentation. Theory predicts that
abundant generalist species should be less affected by fragmentation than specialist species. In
ant communities, the most abundant species is often also behaviourally dominant. Thus,
habitat fragmentation could alter competitive interactions between the dominant ant species
and the other species. We tested this hypothesis in a long-term grassland fragmentation
experiment. Fragments of different size (20.25 m? and 2.25 m?) were isolated by a 5-m wide
strip of frequently mown vegetation. Control plots were situated in adjacent undisturbed
grassland. Ant density and species composition were assessed 3 years and 6 years after
initiation of the experimental fragmentation. The effect of the dominant ant species on the
resource use of the other species was examined at natural sugar resources (aphids and
extrafloral nectaries) and at artificial sugar baits. Lasius paralienus was the most abundant ant
species (72% of nests) in the grasslands examined. Species richness and forager density in the
other species decreased with increasing density of L. paralienus in fragments but not in control
plots. The overall forager density of the other species was positively related to their habitat
niche overlap with L. paralienus. The density of foragers of the other species at sugar
resources was not affected by L. paralienus forager density. The experimental fragmentation
resulted in an increase in natural sugar resources in fragments. This may have reduced the
intensity of interspecific competition for sugar resources. Our study shows that the grassland
fragmentation altered interactions between the dominant L. paralienus and the other ant

species.

Key words: Community composition, Dominance, Euphorbia cyparissias, Formicidae, Nest

density

Introduction

Habitat fragmentation is considered as a major threat to biodiversity (Saunders et al. 1991;
Collinge 2000; Simberloff 2000). Fragmentation reduces the area suitable to the organisms and
creates isolated subpopulations by disrupting the exchange of individuals and preventing gene

flow (Lacy and Lindenmayer 1995). Fragmentation affects species and their interactions on
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different spatial scales, ranging from small breaks in an otherwise homogeneous habitat to
widely scattered units of remnant habitat in a surrounding area (Lord and Norton 1990). The
scale on which a given species responds strongest to habitat fragmentation depends on its
biology and thus is species-specific. In the present paper we focus on the effects of habitat
fragmentation on the scale of individual isolated fragments using a controlled field experiment.

Theory predicts that generalists should be less influenced by habitat fragmentation than
specialists (Mac Nally and Brown 2001; Gibb and Hochuli 2002). Similarly, species of low
trophic rank should be less affected than species of high trophic rank (Holt 1996; Davies et al.
2000; Tscharntke et al. 2002). Most of the common species have broad niches and can exist in
disturbed habitat or matrix habitat. Consequently, these species are less affected by the
isolation following fragmentation (Andrén 1994). Assuming that abundant species benefit
from habitat fragmentation then their competitive strength may further increase in fragments.
As aresult the diversity and density of the other species would decline in fragments. Several
studies have shown that habitat fragmentation can alter biotic interactions (Steffan-Dewenter
and Tscharntke 1999; Groppe et al. 2001; Goverde et al. 2002; Braschler et al. 2003). For
example, interspecific competition might be more intensive in fragments than in undisturbed
habitat, because edge effects further reduce the area of undisturbed habitat in fragments.
Furthermore, it is often more difficult to emigrate from fragments than to disperse in
continuous habitat.

In the present paper we examined the effect of experimental small-scale grassland
fragmentation on competitive interactions among ant species. Ant communities are assumed to
be structured mainly by intra- and interspecific competition for resources such as food or
suitable nest sites (Holldobler and Wilson 1990). In dry, calcareous and nutrient poor
grasslands of the Swiss Jura mountains the majority of ant species are generalist consumers
constructing soil nests. An important food resource of these ant species is honeydew from
plant-sucking insects but arthropod prey is also required (Seifert 1996). Some species
complement their diet by foraging for nectar. The relative importance of the different food
resources in the diet varies between species (S1). A few, mostly rare species have more
specialised diets. Species with a high overlap either in nest site requirements or diet are
expected to compete for these resources (Ryti and Case 1984, 1986; Holldobler and Wilson
1990).

Ant communities often consist of one or few dominant species, a few subdominant
species, several competitively inferior species and some rare specialists (Andersen 1992).

Dominant ant species are often very abundant in a given habitat. In the grasslands examined,
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Lasius paralienus Seifert, a xerothermophilous species, building nests in the soil or under
stones, is the most abundant ant (Braschler and Baur 2003). Lasius paralienus foragers
frequently climb on plants and bushes attending aphid colonies and extrafloral nectaries (for
details on the biology see Seifert (1992)). As a generalist it has a food overlap with several
other ant species. Thus, when the competitive strength of L. paralienus increases in fragments,
negative effects on the resource use and population density in other ants can be expected.

In this paper we tested this hypothesis in a grassland fragmentation experiment that ran
for 7 years. In particular, we addressed the following questions: (1) Does fragmentation affect
the interaction of the dominant species L. paralienus with other ant species? (2) Are species
with similar preferences for nest sites and food as L. paralienus more affected by the dominant
species than those with different nest site and food requirements? And (3) does the density of

L. paralienus affect the resource use in other ant species?

Material and Methods

Study sites

The fragmentation experiment was carried out in three calcareous grasslands situated in the
region of Basel (47° 34' N, 7° 35' E) in the Northern Swiss Jura mountains: in Nenzlingen (13
km S of Basel), Vicques (26 km SSW of Basel) and Movelier (26 km SW of Basel). Originally
covered by beech forest, these grasslands have been grazed by cattle for many centuries,
leading to the characteristic vegetation of the Teucrio-Mesobrometum (Ellenberg 1986). Site

descriptions can be found in Baur et al. (1996) and Zschokke et al. (2000).

Fragmentation experiment

The experimental fragmentation of the grasslands was created in spring 1993 by mowing the
vegetation around the experimental fragments. One experimental unit, called block, contained
one large (4.5 x 4.5 m), one medium (1.5 x 1.5 m) and two small (0.5 x 0.5 m) fragments, all
of them separated by a 5 m wide strip of mown vegetation, as well as the corresponding
control plots, which were mirror-symmetrically arranged and surrounded by undisturbed
vegetation (Fig. 1). Within each block, the positions of the different sizes of fragment-control
plot pairs as well as the control and fragment halves were randomised. The distances between
blocks within the sites ranged from 25 to 135 m. The distance between sites ranged from 9 to
19 km. The blocks were part of larger study areas (1.5 - 2 ha) that were enclosed by fences to
exclude large herbivores. The experimental fragmentation was maintained from April 1993 to

November 1999 by frequently (6-12 times per year) mowing the area between the fragments in
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the period from March to October. The entire experimental area was mown in late autumn
every year to prevent succession. In the present study, only the large and medium fragments
and control plots were considered. The experimental set-up thus consisted of 12 blocks (five in
Nenzlingen, four in Vicques and three in Movelier) with 24 fragments (12 large and 12

medium) and 24 corresponding control plots.

Fragment Control

10

Fig. 1. Diagram of one block of the fragmentation experiment. A block contained two small (0.5 x 0.5 m),
one medium (1.5 x 1.5 m) and one large (4.5 x 4.5 m) fragment and corresponding control plots. In the
present study, only the large and medium fragments and control plots were used. The isolation area

between the fragments (shown in white) was frequently mown.
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Field methods

Density of ant nests

Ant nest density was assessed in large and medium fragments and control plots between 12
March and 12 June 1996 (3 years after the initiation of the experimental fragmentation). Nests
were identified by carefully searching the plots for visual signs and by following the workers at
baits (sugar solution in plastic caps) back to their nests. Fragments and control plots of the
same block were examined on the same or succeeding day to avoid errors due to seasonal

differences in ant activity.

Abundance of ant workers

In 1999 (6 years after the initiation of the experimental fragmentation), two pitfall traps were
placed in each large and medium-sized fragment and control plot. The traps were cylindrical
plastic beakers 6.7 cm in diameter and 7 cm deep filled with 10% glycerol solution. The

animals were removed every second week between 6 May and 12 August.

Effects of L. paralienus on resource use by other ant species

Ant visitors were observed at an artificial and two natural carbohydrate resources. In 1999, 181
baits (sugar solution in plastic caps measuring 2.9 cm in diameter) were placed uniformly at a
distance of 25 cm in each large experimental plot on single days between 28 July and 15
October. Ants were counted at each bait during 2 min, 1 hour after the bait was set. Fragments
and control plots of the same block were examined on the same day. Additional baits placed
around the plots attracted foragers from the surroundings and thus reduced the error of the
focal count (i. e. number of foragers from nests in the plots). Some baits were displaced and
emptied by crickets, reducing the number of counts to 155 in one plot and to 172 - 181 per plot
in the other plots.

Ants of several species regularly visit extrafloral nectaries of plants, e.g. inflorescences
of Euphorbia cyparissias L. in Nenzlingen and Vicques. Ants were counted at each extrafloral
nectary of all flowering E. cyparissias for 2 min. in large and medium plots. To estimate the
size of this resource the number of nectaries of each inflorescence was counted. Data were
obtained between 13 and 28 May 1998 and between 7 and 19 May 1999.

Most of the ant species in the grasslands examined collect honeydew of aphids. The

number of ants visiting aphid colonies were counted in large and medium plots in Nenzlingen
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and Vicques. Aphid colonies were examined in 27 subplots of 50 x 50 cm in large plots and in
three subplots in medium plots (in both cases one third of the plot area). Both the number of
aphids in that colony was counted and the number of ants attending this aphid colony in 2 min.
was counted. Data were obtained between 18 and 30 May 1998 and between 1 and 24 July
1999.

To prevent disturbance, ants were only observed but not collected at the food resources.
Thus, identification was not always possible at the species level. We therefore assigned all ants
other than L. paralienus to the group "other species". In only one plot a nest of L. niger, a

species that looks similar to L. paralienus, was found.

Statistical analyses
ANOVAs with the fixed factors treatment (fragment or control plot), plot size (large or
medium, where applicable) and the random factor site were used to compare nest density,
worker abundance, resource use and availability of resources in fragments and control plots.
These analyses were performed separately for each year. The relationships between nest
density or abundance of L. paralienus foragers with species richness, nest density or
abundance of foragers of the other ant species were examined in two steps. First, we performed
ANOVAs with the random factor site and the fixed factor size (where applicable) separately
for fragments and control plots of each year. Second, residuals from these ANOVAs were used
to calculate partial regressions. This approach combines the advantages of an ANOVA to
eliminate the variation by the confounding factors site and plot size with the advantage of
regression (analysis of the shape of the relationship). Ant species richness and density are
expected to increase with habitat quality. However, the strength of competitive interactions can
also vary with habitat quality leading to an overall nonlinear response. In the present paper we
studied both the effects of habitat characteristics and of competition on ant communities.
Therefore, we used both simple and quadratic regression for the analyses. When the quadratic
term was significant the quadratic regression is reported while when both the quadratic and the
simple regression were not significant only the simple regression is given.

Niche overlap indices between L. paralienus and all other species were calculated to
assess whether there is any relationship between the niche overlap in habitat requirements or
food preference with the dominant species L. paralienus and the abundance of the other ant

species. Data on resource use of single ant species were compiled from the literature (see S1
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details and references). Niche overlap was calculated using the formula by Pianka (Krebs
1999):
Ojic = (Ti"(pij * pi)N(Ei"pi” * Ti"pac’)

where Ojy is the measure of niche overlap between species j and species k. pj; is the proportion
that resource i is of the total resources used by species j and pjy is the proportion that resource 1
is of the total resources used by species k. n is the total number of resource states. Simple and
quadratic regression analyses were used to examine the relationship between the number of ant
nests or worker abundance of each species in all fragments combined and in all control plots
combined with the niche overlap indices.

To examine the effect of L. paralienus abundance on the resource use by other species
estimates of two natural resources (flowering Euphorbia cyparissias plants and aphid colonies)
were pooled. This yielded a more comprehensive picture of above-ground carbohydrate
resource use by ants. An aphid colony was considered as one resource unit that equals one
flowering E. cyparissias plant. As aphids were only assessed in subsamples measuring 33% of
the total area of a plot the number of aphid colonies was multiplied by 3. In a second estimate
information on aphid colony size and number of nectaries per flower were considered. In this
estimate each single aphid and each nectary were considered as a resource unit. Data from the
two years were analysed separately. Similar analyses were conducted to examine the effect of
L. paralienus abundance on the percentage of sugar baits visited by the other ant species.

Data on ant nest density, abundance at the resources and resource abundance were log (y
+ 1)-transformed. Data on ant forager abundance (number of workers captured in pitfall traps)
were squareroot (y + 0.5)-transformed. Statistical analyses were performed using proc mixed
of SAS v 8.2 (SAS Institute 1999) for mixed model ANOVAs and StatView 5.0 (SAS Institute
1998) for all other statistics. Means = 1 SE are presented throughout.

Results

Species richness and composition

Ant species richness did not differ between fragments and control plots (nests in 1996:
fragments: 2.3 = 0.3, control plots: 2.3 = 0.3; F'; 43 = 0.03, P = 0.86; pitfall traps in 1999:
fragments: 8.5 = 0.4, control plots: 8.1 = 0.4; Fj 50 = 0.05, P = 0.83). Similarly, neither
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diversity expressed as Shannon-Wiener index nor equitability differed between fragments and
control plots (in all cases P > 0.20).

In the three most abundant ant species, nest density did not differ between fragments and
control plots in 1996 (number of nests per m2; L. paralienus: fragments: 0.89 + 1.51, control
plots: 0.79 £ 0.14; F 43 = 0.36, P = 0.55; L. flavus: fragments: 0.09 £ 0.06, control plots: 0.08
+0.04; F'y 43 =0.03, P = 0.87; Myrmica sabuleti: fragments: 0.12 + 0.05, control plots: 0.06 +
0.02; F 43 =1.16, P =0.29). In the remaining species nest density was too low for a species-
specific analysis.

Abundance of ant workers in pitfall traps was assessed 6 years after the initiation of the
experiment in 1999. In none of the 17 species examined a significant difference in abundance

between fragments and control plots was found after sequential Bonferroni correction.

Table 1. Nest density, number of workers sampled per pitfall trap and number of
foragers recorded per natural food resource (nectaries of flowering Euphorbia plants or
aphids combined for analyses) or artificial food resource (sugar baits). Means + 1 SE are

given. Values in brackets indicate the percentage of L. paralienus on the total figures.

Year Fragments Control plots Overall

Nest density (m-2) 1996 1.01 £0.17 1.15+0.16 1.08 £0.12

(76.1) (67.6) (72.2)
Foraging density (workers 1999 94.19 +£7.23 104.88 + 7.69 99.53 £5.28
collected per pitfall trap) (67.0) (65.9) (66.4)
Use of natural resources 1998 0.11 £0.04 0.07 £0.02 0.09 £ 0.02
(number of foragers per unit of (91.2) (91.0) (91.1)
resource (E. cyparissias
nectary or aphid)) 1999 0.05+0.00 0.05+0.01 0.05+0.01

(86.1) (76.3) (81.3)
Use of artificial resources 1999 1.33+0.26 0.65+0.13 0.99+0.16
(number of foragers per bait) (90.0) (80.8) (87.0)
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Abundance of L. paralienus

Lasius paralienus was the most abundant species both in nest counts (1996) and in pitfall traps
(1999) (Table 1). The proportion of L. paralienus was even higher when foragers at food
resources were considered (Table 1). In 1999, a larger proportion of L. paralienus workers
visited natural resources (Euphorbia nectaries and aphids combined) than were found in pitfall
traps both in fragments and control plots (fragments: 86.1 +4.7 % (at resources) vs. 61.2 + 5.3
% (in pitfall traps), paired-t;7 = 6.11, P < 0.0001; control plots: 76.3 £ 7.1 % vs. 59.5 £ 5.6 %,
paired-#17 = 3.18, P = 0.0058). Similarly, among the ants foraging at artificial sugar baits L.
paralienus occurred in a larger proportion than expected from the proportion of L. paralienus
workers found in pitfall traps (fragments: 89.1 + 1.9 % vs. 59.3 = 7.3 %, paired-¢;; =4.43, P =
0.0010; control plots: 77.7 £ 5.0 % vs. 59.4 + 6.9 %, paired-t;; = 3.46, P = 0.0053). This
indicates that L. paralienus was both numerically and functionally the dominant ant species in
the plots examined. The figures for L. paralienus worker abundance in pitfall traps presented
in this paragraph (resource use) differ slightly from those presented in Table 1 (data from all

pitfall traps).

Effect of L. paralienus abundance on the remaining ant species

Considering nest counts, species richness of ants decreased with increasing L. paralienus nest
density in fragments, while no such relationship was found in control plots (Fig. 2). Similarly,
ant species richness represented by workers captured in pitfall traps, tended to decrease with
increasing abundance of L. paralienus workers in fragments (Fig. 2). No relationship between
ant species richness and L. paralienus worker abundance was found in control plots.

The relationship between nest density of L. paralienus and that of the other species was
U-shaped in fragments (Fig. 3). No relationship was found in control plots. The abundance of
workers in the other species decreased with increasing abundance of L. paralienus workers in
fragments, while no relationship between the two variables was found in control plots (Fig. 3).

Nest density of both the second and the third most abundant ant species tended to
decrease with increasing nest density of L. paralienus in fragments, but not in control plots (L.
flavus in fragments: #19 = 1.89, P = 0.074; in control plots: t;9 = 0.33, P = 0.75; M. sabuleti in
fragments: #19 = 1.88, P = 0.076; in control plots: #;9 = 0.69, P = 0.50).
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Residuals of L. paralienus abundance in pitfall traps

Fig. 2. Relationship between the abundance of the dominant species Lasius paralienus and species richness
of the other ants in fragments and control plots. The abundance of L. paralienus is indicated by the
residuals of the number of ant nests found in 1996 (upper plots) and by the residuals of number of workers
captured in pitfall traps in 1999 (lower plots). Plots show the residuals from ANOV As with the random
factor site and the fixed factor plot size that were separately calculated for fragments and control plots.

Partial regressions are shown as full line when P < 0.05 and as dashed line when P < 0.1. N =24 in all cases.
The regressions are: fragments 1996: y = 4.219 * 10° - 2.532x; = 0.32,1=-3.21, P = 0.0040; control plots
1996: y = 1.521 * 10°° — 0.674x; 2 =0.01, t=-0.45, P = 0.65; fragments 1999: y = 1.707 * 10 — 0.048x; 2=

0.16,¢=-1.94, P = 0.067; control plots 1999: y =2.507 * 10° - 0.018x; = 0.02, r=-0.56, P = 0.58.
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Fig. 3. Relationship between the abundance of the dominant species Lasius paralienus and that of the other

ant species in fragments and control plots. Abundances are indicated by the residuals of the number of ant

nests found in 1996 (upper plots) and by the residuals of the number of workers captured in pitfall traps in

1999 (lower plots). Plots show residuals from ANOVAs with the random factor site and the fixed factor

plot size that were separately calculated for fragments and control plots. Partial regressions are shown

when P < 0.05. For the quadratic regression the r and P-values refer to the quadratic term. N =24 in all

cases. The regressions are: fragments 1996: y =-0.009 — 0.102x +2.752x2; = 0.31, = 3.00, P = 0.0069;

control plots 1996: y = -1.894 * 107 — 0.273x; 2= 0.05, 7 =-1.05, P = 0.31; fragments 1999: y = 4.468 * 10~

—0.464x; = 0.20, r =-2.18, P =0.0422; control plots 1999: y =-2.364 * 10° - 0.325x; = 0.08,r=-1.30, P

=0.21.
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Habitat niche overlap with L. paralienus

Fig. 4. Relationship between number of nests (upper plots), number of workers captured (lower plots) and
the species habitat niche overlap with the dominant species Lasius paralienus. Only significant regressions
are shown (P < 0.05). For the quadratic regressions the 7 and P-values refer to the quadratic term. The
regressions are: fragments 1996: y =-0.693 + 4.217x — 3.236x2; = 0.23, t=-1.61, P = 0.14; control plots
1996: y = -0.761 + 5.847x -4.878x2; r2 = 0.35, t = -2.41, P = 0.0349; fragments 1999: y = 0.193 + 1.714x; 2 =
0.50, £ =4.49, P = 0.0002; control plots 1999: y = 0.241 + 1.793x; = 0.52, 1 =4.65, P = 0.0002. Species are
indicated as follows: Cl: Camponotus ligniperda, ¥Fc: Formica cunicularia, Fp: F. pratensis, Frufa: F. rufa,
Frufi: F. rufibarbis, Fs: F. sanguinea, Lf: Lasius flavus, Lni: L. niger, Lny: Leptothorax nylanderi, Mg:
Myrmecina graminicola, Mrub: Myrmica rubra, Mrug: M. ruginodis, Msa: M. sabuleti, Msc: M. scabrinodis,
Msch: M. schencki, Msp: M. specioides, Pr: Polyergus rufescens, Pc: Ponera coarctata, St: Solenopsis fugax,

Ta: Tapinoma ambiguum, Te: T. erraticum, Tc: Tetramorium caespitum.
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No relationship between the total number of nests of each ant species in the experimental
plots and its habitat niche overlap with the dominant L. paralienus was found in fragments
(Fig. 4). In control plots, however, the species' abundance was related to their habitat niche
overlap with L. paralienus (Fig. 4). The relationship was hump-shaped as both the second and
the third most abundant species (L. flavus and M. sabuleti) have an intermediate habitat
overlap with L. paralienus. In contrast, species with a high habitat overlap with L. paralienus
were less abundant. Considering the number of workers collected in pitfall traps, the species'
abundance was positively correlated with habitat niche overlap with L. paralienus both in
fragments and control plots (Fig. 4). This indicates that the species composition was strongly
influenced by habitat characteristics.

No relationship between the food niche overlap with L. paralienus and the abundance of

single species was found.

Effect of L. paralienus on resource use by other species
The experimental grassland fragmentation affected the abundance of food resources for ants.
Natural resource density was higher in fragments than in control plots (flowering Euphorbia
plants per m2 and aphid colonies per m? combined for analysis; in 1998: fragments: 3.2 + 0.6,
control plots: 1.6 = 0.3, F'; 31 = 5.42, P =0.0266; in 1999: fragments: 16.3 + 2.6, control plots:
7.0+0.7, F1 31 = 18.78, P=0.0001). A similar result was found when single nectaries and
aphids were considered as resource units.

L. paralienus visited more baits in fragments than in control plots (fragments: 36% +
4%, control plots: 22% + 3%, F'j 20 = 8.45, P = 0.0087). In the remaining ant species, no
difference in the number of baits visited was found between fragments and control plots
(fragments: 9% = 2%, control plots: 9% = 2%, F 20 = 0.01, P = 0.94). In both years, neither L.
paralienus nor the other ant species differed between fragments and control plots regarding the
percentage of natural resources used (flowering Euphorbia plants and aphid colonies combined
for analysis; P> 0.23 in all cases). However, as a consequence of enhanced food abundance in
fragments, the total number of L. paralienus foragers that were recorded at flowering
Euphorbia plants and at aphid colonies was still larger in fragments than in control plots
(number of workers visiting Euphorbia plants or aphids per m2; in 1998: fragments: 9.0 + 3.7,
control plots: 1.8 £ 1.0, F'1 31 = 6.93, P=0.0131; in 1999: fragments: 13.9 £ 2.6, control plots:
3.8+0.7, F1 31 =21.80, P <0.0001). A similar result was obtained for foragers of the other ant
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species (in 1998: fragments: 0.20 = 0.09, control plots: 0.04 + 0.03, F; 31 =4.61, P=0.0397;
in 1999: fragments: 1.5 + 0.5, control plots: 0.5 £ 0.1, F'j 31 =4.22, P = 0.0486).

Neither the percentage of baits visited by foragers of the other species nor the number of
foragers of the other species per bait were related to bait use by L. paralienus (P> 0.31 in all
cases). No relationship between the percentage of Euphorbia plants and aphid colonies visited
by L. paralienus and that visited by the foragers of the other species was found either in
fragments or in control plots in 1998. In 1999, however, the percentage of Euphorbia plants
and aphid colonies visited by the other species tended to decrease with the percentage visited
by foragers of L. paralienus in control plots (¢;3 = 2.06, P = 0.060) but not in fragments (¢;3 =
1.19, P =0.26). No relationship between the percentage of resources used by L. paralienus and
by the other species was found when single nectaries or single aphids were considered as

resource unit (P > 0.15 in all cases).

Discussion

The present study showed that Lasius paralienus was the most abundant species in the
grasslands examined. The species' relative abundance was even greater at sugar resources than
in pitfall traps. Sugar baits were attractive to almost all of the species caught in pitfall traps. In
contrast, not all species found in pitfall traps forage for nectar or tend aphids. This indicates
that L. paralienus was both numerically and functionally dominant and excluded most other
ant species from the natural resources examined. Even species known to forage for nectar like
M. sabuleti and M. schencki were never observed at E. cyparissias nectaries. However, a few
individuals of these species were found to forage on extrafloral nectaries of Vicia sp. in the
plots.

In the present study two methods were used to assess ant species richness and density. In
some ant species colonies, which are the reproductive units of ants, can be split into several
nests (Holldobler and Wilson 1990). However nest density is frequently assumed to correlate
with colony density. In contrast, pitfall traps yield information about forager density and
individuals from species that have their nests in the surroundings but forage in the
experimental plots. Forager density determines the strength of interaction with other
organisms. Pitfall traps are widely used in studies on ant diversity (Agosti et al. 2000).

However, their use has been questioned because different species differ in trapability (Seifert
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1990). This limits the use of pitfall traps when comparing the absolute abundances of different
species, although the design of our field experiment allows comparisons between fragments
and control plots. In the present study ant species composition assessed by nest counts and
pitfall traps was compared for large plots in 1999. Individuals of all species with nests in the
plots were caught by pitfall traps and foragers of additional species whose nests were located
in the surroundings. Only a few species with large foragers moved large distances to forage in
fragments. The high species richness found in pitfall traps was most probably a result of long
exposition of the traps (14 weeks).

Numbers are of central importance in determining the outcome of competitive
interactions in ants (Holldobler and Wilson 1990; Holway 1998; Holway and Case 2001).
Dominance at food resources by the most abundant ant species has been shown in several
studies covering a range of habitats (Andersen 1992). In our experiment, ant species richness
of other ant species in fragments was negatively correlated with the density of the dominant
species. No similar relationship was found in control plots. This indicates an increased effect
of L. paralienus density on the ant species composition in fragments. The composition of the
ant community in control plots may be the result of past competition that is no longer apparent.
However, the changed conditions in fragments alter the relative competitive strength of some
species and thus the community composition in the fragments is no longer at equilibrium. This
imbalance results in the now apparent competitive interactions.

Non-dominant species in control plots may reduce or even escape competition by using
less preferred resources. These alternative resources may have been affected by the
experimental grassland fragmentation. In our experiment, the density of L. paralienus did not
affect the food resource use in other ant species. This contrasts findings of Andersen (1992)
and Andersen and Patel (1994) who found negative relationships between the abundance of
dominant ants and the abundance and species richness of other ant species at tuna baits in
Australian savannahs. In our experiment the increased density of natural sugar resources in
fragments could have reduced the competition for them. The increase in natural sugar
resources was mainly due to the enhanced aphid density in fragments and may in part have
been a result of changes in the ant-aphid interaction. The proportion of ant-attended aphids was
larger in fragments than in control plots and tended aphids were more intensively visited in one
out of three years of study (Braschler et al. 2003). Other ant food resources like arthropod prey
have not been examined.

Although ant communities are commonly considered to be mainly structured by

competition, other mechanisms may contribute, e. g. habitat specialisation (Johnson 2001;
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Soares et al. 2001; Ribas and Schoereder 2002). In our experiment, species showing a high
habitat niche overlap with the dominant L. paralienus were more frequently found in pitfall
traps than species with a low niche overlap. This indicates that the ant community in the
grasslands examined was mainly structured by habitat characteristics. However, species
richness in single fragments decreased with the density of the dominant species. Thus,
competitive interactions may have shaped the ant community on a small-scale, while external
factors may become more important on a larger scale.

The negative relationship between the density of L. paralienus workers and that of other
ant species in pitfall traps might be a result of competition for suitable nest sites rather than for
food. The suitability of a habitat for ants is primarily determined by temperature and humidity,
with most ant species preferring relatively warm and dry localities (Holldobler and Wilson
1990; Seifert 1996). Both factors were affected by the experimental grassland fragmentation.
Temperature was increased in the edge zone of fragments (Zschokke et al. 2000) and the
fragments soil tended to become drier in the course of the experiment (Braschler and Baur
2003). Ant diversity can be expected to increase when unsuitable cold and moist habitat
becomes warmer and drier and thus favourable for more species. However, weak competitors
can only coexist with stronger competitors when they are able to use patches with suboptimal
conditions. In uniformly favourable habitat, competitive exclusion of weak competitors
through the dominant species is expected (Connell 1978; Andersen 1992). The negative linear
relationships between L. paralienus forager density and species richness and forager density of
the other species may thus be interpreted as the declining part of a hump-shaped relationship
where ant diversity originally increases with habitat quality but declines under favourable
conditions due to competitive exclusion of weak competitors. Hump-shaped relationships
between the density of a dominant species and species richness and density of the remaining
species have been predicted for sessile organisms like plants and corals (Connell 1978). For
terrestrial invertebrates such hump-shaped relationships were observed for ants, whose nests
can be compared to sessile organisms (Andersen 1992). Both competitive interactions and
habitat characteristics affected ant community composition in the study sites. The relationship
between measurements of habitat quality (e.g. productivity) and species richness and density
has been best studied in plants. Positive linear relationships between plant diversity and
productivity or hump-shaped relationships between diversity and productivity as a
consequence of increased competition at higher productivities are most often predicted.

However, also negative linear and U-shaped relationships have been widely reported in the
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literature (Mittelbach et al. 2001). Similarly, a wide range of responses in different habitats can
be expected for ants.

A high overlap in resource use was found between most of the ant species occurring in
the grasslands examined. However, the species differ in their effectiveness to use the common
resources and in the use of additional resources (S1). Ant species may also differ in their
impact on ecosystem services like enriching soil with nutrients. While, some interactions with
other taxa are species-specific, many interactions can involve a large number of ant species, e.
g. tending of aphids, visiting extrafloral nectaries and distributing seeds with elaiosomes.
However, ant species differ also with regard to the benefit they provide to other taxa in a
partnership (Addicott 1978, 1979). Lasius paralienus is a generalist species that is involved in
numerous interactions with other taxa. However, to what degree L. paralienus is able to
provide ecosystem services remains to be examined. For example, ants pollinate flowers of E.
cyparissias while visiting the extrafloral nectaries and they disperse E. cyparissias seeds
(Schiirch et al. 2000).

Flowering Euphorbia plants and aphid colonies represent food resources at certain places
for some time. Ants have been shown to return to stable food resources over a time span of
some days to several weeks. The flowering period of E. cyparissias overlaps with the period
aphids are available. The quality of these two resources was not compared but the attractivity
for ants can be expected to differ (Engel et al. 2001). Euphorbia nectar is also consumed by a
range of winged insects that are potential competitors for the ants (Pfunder and Roy 2000).
Winged insects were more effective pollinators of E. cyparissias than ants (Schiirch et al.
2000). Ants may repel other insects. Thus, a change in ant densities at Euphorbia flowers
could indirectly affect pollination success. Furthermore, ants may provide protection against
some groups of herbivorous insects (Oliveira and Branddo 1991; Engel et al. 2001). The
degree of this protection may partly depend on ant density. However, species-specific
characters like the ants' body size, their aggressiveness and time of foraging also influence the
degree of protection. Thus, a change in ant species composition may affect the protection of
plants from herbivores.

The present study showed that grassland fragmentation alters interactions between the
dominant L. paralienus and the other ant species. As ants interact with many other organisms
and the outcome of these interactions frequently depends on the species involved, the observed

changed interactions between ant species may also affect other invertebrates and plants.
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S1. Habitat and food preferences of the ant species and presence at the investigation sites (N = Nenzlingen, M = Movelier and V = Vicques).

Habitats are: F = forest, H = forest edge or hedgerow, W = wetlands or tall forbs, MG = moist grasslands, SD = semidry grasslands (including

those with shrubs), D = dry grasslands (including those with shrubs), R = rock, gravel or bare soil, U = urban habitats. Food resources are: N

= nectar or other plant juices, HS = honeydew from subterranean plant-suckers, HA = honeydew from above-ground plant-suckers, PS =

subterranean prey, SP = small above-ground prey or carrion, MP = medium-sized above-ground prey or carrion, LP = large above-ground

prey or carrion, S = seeds without elaiosomes, E = seeds with elaiosomes. Values refer to the proportion of the resource used (0.05 was used as

minimum value). Data from studies in Central European countries (Switzerland (a, b, k, p, q), Austria (i), France (f, 1) and Germany (c, r, s, t,

u, v, w)) were preferentially used to minimize geographical differences in niche use.

Species Site Habitats Food resources References
N MYV F H WMG SD D R U N HS HA PS SP MP LP E

Camponotus ligniperda X 0.40 0.20 0.20 0.20 0.10 0.50 0.10 0.15 0.15 a,c,k, v

(Latreille 1802)

Formica cunicularia X X X 0.05 0.05 0.05 040 0.35 0.10 0.05 0.50 0.10 0.20 0.10 0.05 a, f,h,i,k,q,v

Latreille 1798

F. pratensis Retzius 1783 X X 005 0.10 0.05 0.80 0.05 0.50 0.10 020 0.10 0.05 b,d, h,k,q, v

F. rufa Linnaeus 1758 X 0.40 0.60 0.05 0.60 0.05 0.15 0.10 0.05 b,c,d,j, kv, x

F. rufibarbis Fabricius 1793 x x 0.05 0.40 050 0.10 0.05 0.50 0.10 020 0.10 0.05 h,i,k, v

F. sanguinea Latreille 1798 X 0.14 0.14 0.14 0.14 0.15 0.15 0.14 0.05 0.50 0.10 020 0.10 0.05 a,c,d, h, i,k v

Lasius flavus (Fabricius X X 0.05 0.05 0.05 030 045 0.05 0.05 0.75 0.25 a, ¢, h, i,k o0,v

1781)

L. niger (Linnaeus 1758) X 0.05 0.10 0.05 0.10 0.40 0.05 0.05 0.20 025 045 0.10 0.10 0.05 0.05 a,c,d, f,h, i,k n,0,5u,v
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L. paralienus Seifert 1992 #
Leptothorax nylanderi
(Forster 1850)

Myrmecina graminicola
(Latreille 1802)

Myrmica rubra (Linnaeus
1758)

M. ruginodis Nylander 1846
M. sabuleti Meinert 1860
M. scabrinodis Nylander
1846

M. schencki Emery 1894

M. specioides Bondroit 1918
Polyergus rufescens
(Latreille 1798) $

Ponera coarctata (Latreille
1802)

Pyramica baudueri (Emery
1875) ¥

Solenopsis fugax (Latreille
1798)

Tapinoma ambiguum Emery
1925 T

0.70

0.10

0.05

0.60

0.05

0.05

0.05

0.05

0.15

0.05

0.20

0.10

0.05

0.05

0.15

0.10

0.05

0.05

0.05

0.05

0.05

0.20 0.25

0.10 0.10

0.25 0.25

0.05

0.05 0.10

0.25

0.20

0.15

0.10

0.45

0.40

0.30

0.30

0.33

0.20

0.20

0.35

0.55

0.05

0.40

0.05

0.05

0.30

0.05

0.50

0.60

0.67

0.20

0.60

0.40

0.20

0.10 0.05

0.05 0.20

0.05

0.20 0.20

0.15

0.05
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0.15

0.15

0.15

0.10

0.10

0.05

0.15

0.05

0.10

0.15

0.05

0.05

0.05

0.05

0.05

0.20

0.40

0.35

0.10
0.20

0.05

0.05
0.05

0.50

0.05

0.40

0.05

0.05

0.05

0.05

0.05

0.05

0.95

1.00

0.80

0.15

0.80

0.40

0.10

0.15

0.20

0.30

0.15

0.30

0.10

0.05

0.05

0.20

0.15

0.30
0.25

0.35

0.30
0.45

0.20

0.10

0.20
0.10

0.10

0.20
0.15

0.10

0.40 030 0.15

0.05 i,q,u, v

0.05 i,k,v

0.05 a,d,h,i,k, m, v, w

0.05 a,i,m, t, v, w

0.05 a,h,i,m,t,v,w

0.05 a,c,h,i,m, t,v,w

0.05 a,i,m, t, v, w

0.05 f,hym,t,k, v, w

0.05 a,d,c,h, k, v

CJ g7 h7 k’ V

eﬁg

aﬁc7ﬂg5h5i7kﬁv

0.05 (a,h),i,r,v



T. erraticum (Latreille 1798) x x 0.05 0.05 0.10 035 040 0.05 0.10 0.35 030 0.20 0.05 (a,h),k,1,r,v

T

Tetramorium caespitum X X X 0.05 0.05 0.05 0.15 045 0.15 0.10 0.25 0.05 0.15 0.55 a,c,d, fhik v
(Linnaeus 1758)

# L. paralienus was not distinguished from the sibling species L. alienus and L. psammophilus until recently.

1 The two Tapinoma species are frequently not distinguished in the literature (references in brackets), but seem to have very similar habitat
requirements (r, v). Therefore the same niche was assumed for both species.

$ The slave-making species Polyergus rufescens does not forage. Therefore, the food preferences of the two slave species F. cunicularia and F.
rufibarbis were used for niche calculation.

¥ No information on habitats available.

References are: a Agosti (1983); b Agosti and Cherix (1994); ¢ Bellmann (1995); d Carroll and Janzen (1973); e Dejean (1985); f Du Merle et al.
(1978); g Emery (1876); h Gall¢é (1986); 1 Glaser (1998); j Holldobler and Wilson (1990); k Kutter (1977); 1 Lachaume and Meudec (1987); m
Lepidopterologen-Arbeitsgruppe (1991); n Pontin (1961); o Pontin (1963); p Savolainen and Vepséldinen (1988); q Schiirch et al. (2000); r Seifert
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Abstract

The relationships among productivity, species richness and consumer biomass are of
fundamental importance for understanding determinants of biodiversity. These relationships
may depend on grain size. We examined the relationships between productivity (above-ground
phytomass) and plant species richness and between productivity and species richness and
biomass of gastropods and grasshoppers using sampling units of different sizes (0.5, 2.75 and
23 m?) in nutrient-poor, calcareous grasslands in north-western Switzerland in two successive
years. Species richness of forbs had a unimodal relationship with productivity in sampling
units of 0.5 m2 and was negatively correlated with productivity at the other two plot sizes in
one year. In the other year, forb species richness tended to decrease with productivity in
sampling units of 23 m2. No similar relationship was found for grasses. Gastropod biomass
had a unimodal relationship with productivity at 0.5 m? in the first year. Grasshopper species
richness was correlated with forb species richness at plot sizes of 2.75 and 23 m2. This study
demonstrates that patterns detected between productivity and diversity and between
productivity and biomass of consumers depend on the grain size used in the investigation and

vary among years.

Die Zusammenhénge zwischen Produktivitét, Artenreichtum und Biomasse von Konsumenten
sind wichtig, um zu verstehen, was Biodiversitit beeinfluBt. Diese Zusammenhinge konnen
von der Grofle der Untersuchungsflache abhiangig sein. Wir untersuchten wihrend zwei
aufeinanderfolgenden Jahren die Zusammenhange zwischen Produktivitit (oberirdische
Pflanzenbiomasse) und Artenreichtum von GefaBBpflanzen, sowie zwischen Produktivitdt und
Artenreichtum und Biomasse von Schnecken und Heuschrecken beziiglich dreier rdumlicher
Skalen (0.5, 2.75 und 23 m?2) in Kalkmagerrasen in der Nordwestschweiz. Der Zusammenhang
zwischen dem Artenreichtum von Kriutern und der Produktivitét war unimodal in
Flidcheneinheiten von 0.5 m2 und negativ in Flicheneinheiten von 2.75 und 23 m2 im ersten
Jahr und war tendenziell negativ in Flacheneinheiten von 23 m? im zweiten Jahr, wihrend kein
solcher Zusammenhang bei Griasern gefunden wurde. Der Zusammenhang zwischen
Produktivitit und Biomasse von Schnecken war unimodal in Flacheneinheiten von 0.5 m2 im
ersten Jahr. AuBlerdem bestand ein Zusammenhang zwischen dem Artenreichtum von Kréautern
und Heuschrecken in Flacheneinheiten von 2.75 und 23 m2. Diese Arbeit zeigt, daf3

Zusammenhinge zwischen Produktivitit und Diversitit sowie zwischen Produktivitdt und
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Biomasse von Konsumenten von der Grof3e der Untersuchungsfldche abhidngen und zwischen

Jahren variieren.

Key words: above-ground plant biomass - biodiversity - grasshoppers - Swiss Jura mountains

- terrestrial gastropods

Introduction

The patterns and theories of biodiversity provide a sound, scientific basis for the study and
management of natural resources (Huston 1994, Rosenzweig 1995). Of particular interest are
the relationships among resource productivity and the diversity of plants and coexisting
consumer species. Basically, two types of productivity-diversity relationships have been
proposed: (1) monotonic, where diversity increases (but may level off) as productivity
increases, and (2) unimodal, where diversity increases with productivity at low levels, but
eventually decreases at high productivity (Waide et al. 1999, Mittelbach et al. 2001).
Numerous authors attributed the decreased diversity at high productivities to increased
competitive exclusion under these conditions and argued that high productivity may lead to a
decrease in spatial heterogeneity of limiting resources (e.g. Tilman & Pacala 1993,
Rosenzweig 1995). However, there are several alternative explanations for the occurrence of
unimodal curves (Abrams 1995, Aarssen 2001). Besides productivity, disturbance, spatial
heterogeneity and large-scale processes (both in time and space) are major factors regulating
small-scale species richness in plant communities (Huston 1994, Grace 1999). However, the
relationships between species richness and productivity, disturbance and spatial heterogeneity
may have different shapes and may be expressed differently when the data are collected at
different grain sizes.

It has been suggested that plant diversity should be important for animal diversity
(herbivores and detrivores; e.g. Southwood 1973, Tilman 1988, Knops et al. 1999). Correlative
and experimental studies showed that increasing plant diversity increases arthropod herbivore
diversity (Lawton 1983, Siemann 1998). However, these studies were often confounded by
changes in plant community composition that correlate with changes in plant diversity
(Siemann et al. 1998). The current debate on most aspects of diversity regulation suffers from a
failure to explicitly consider the relationship between the spatial scales (grain or geographical
extent) at which phenomena (e.g. species richness) are evaluated and the spatial scales at

which the hypothesised causes of these phenomena operate (Huston 1999, Whittaker et al.
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2001). Critical questions concern the appropriate grain size for looking at the effects of local
processes and how regional processes are manifested at the grain sizes normally used in
ecological measurements.

Biodiversity patterns are strongly affected by the size of the mapping unit. Usually only a
small portion of any landscape or habitat patch can be sampled. The minimum mapping unit is
not only a problem for vascular plant diversity, it might be quite different in various animal
groups as a result of species-specific mobilities and habitat requirements. Thus, a grain size
suitable for the assessment of plant diversity might not be suitable for the assessment of
invertebrate diversity. To circumvent this problem sampling methods at multiple grain sizes
are required.

The present study examines the relationships among productivity, plant species richness
and species richness and biomass of gastropods and grasshoppers in calcareous grasslands at
three grain sizes in two successive years. Nutrient-poor dry calcareous grasslands are among
the most diverse plant communities in Europe (Fischer & Stocklin 1997, Baur et al. 1996).
These extensively used semi-natural habitats are highly threatened by non-sustainable
agriculture and abandonment (Fischer & Stocklin 1997).

The species composition of invertebrate communities in grasslands is affected by
numerous abiotic and biotic factors (Siemann 1998). In many cases these factors can be related
to obvious proximal habitat components such as the structure and species composition of
vegetation on which they live (e.g. in caterpillars and leathoppers) or to soil conditions (e.g. in
ground beetles). The relative contribution of environmental factors (including the vegetation
community) in determining the species composition of invertebrate communities may vary
among different animal groups. One might expect that a relationship between productivity and
invertebrate diversity exists in groups with a close association to plants (e.g. specialised
herbivores), whereas such a relationship might be less obvious in groups consisting of
generalist feeders including detrivores. The invertebrates considered in the present study
represent different groups (detrivores and generalist herbivores: gastropods; generalist
herbivores: grasshoppers). Moreover, the relationship between plant productivity and
invertebrate diversity might occur at a different spatial scale than the relationship between
productivity and plant diversity and it might vary among animal groups due to differences in
mobility.

In the present study, we addressed the following questions: (1) Does the size of the

sampling unit affect the possible relationships among productivity and species richness of
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plants and invertebrates in nutrient-poor, calcareous grasslands, and (2) at which grain size is

invertebrate biomass related to plant productivity and plant species richness.

Materials and Methods

Study sites

Species diversity and abundance of different groups of organisms were assessed in three
calcareous grasslands situated near the villages of Nenzlingen (10 km S of Basel), Movelier
(26 km SW of Basel) and Vicques (26 km SSW of Basel) in the northern Swiss Jura
mountains. Originally covered by beech forest, these grasslands have been grazed by cattle for
many centuries, leading to the characteristic vegetation of the Teucrio-Mesobrometum
(Ellenberg 1986). For a detailed description of the sites see Zschokke et al. (2000).

In spring 1993, 12 experimental blocks measuring 29 x 32 m were set-up (five blocks in
Nenzlingen, three in Movelier and four in Vicques) to examine small-scale effects of grassland
fragmentation (Zschokke et al. 2000). The distances between the centres of the blocks ranged
from 25 to 135 m within each site; the distances between sites were between 9 and 19 km. At
each site the entire investigation area was fenced to exclude large herbivores. The grasslands
were mown at the end of October and the plant biomass was removed.

For the present study we exclusively used data collected in the undisturbed control plots
of each block in 1996 and 1997. Each block contained two small (0.5 x 0.5 m), one medium
(1.5 x 1.5 m) and one large (4.5 x 4.5 m) plots of undisturbed grassland.

Field methods

Productivity and abiotic environmental factors
Above-ground plant biomass was used as a measure of productivity. The plants were clipped at
a height of 5 cm above ground level (to preserve rosettes) between 6 and 15 October both in
1996 and 1997. In small plots, the entire vegetation was collected. In the other plots,
subsamples covering 0.25 m2 (5 subsamples in medium plots and 20 subsamples in large plots)
were randomly chosen and the plants harvested. The samples were oven-dried (60 C for 2 days
and 80 C for 2 hours) and weighed.

To relate plant productivity to abiotic environmental factors we used the indicator scores

of Landolt (1977) for soil humidity (1, arid land plants to 5, wetland plants) and soil nutrients
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(1, species with little requirements for soil nitrogen to 5, species with high requirements for
soil nitrogen). Indicator values of species were weighted by their abundance in each block.
Ground air temperature was measured using Tinytalk temperature loggers (Gemini Data
Loggers, Chichester, U.K.). In each block, two loggers were placed in the vegetation.
Temperature was recorded every 10 minutes from 22 September to 4 October 1995 (autumn),
from 23 January to 6 February 1996 (winter), from 7 May to 19 May 1996 (spring) and from
16 July to 28 July 1996 (summer). From these data we calculated the average temperature over

all four seasons.

Species richness, density and biomass of invertebrates

Diversity and abundance data on forbs, grasses, gastropods and grasshoppers were recorded in
four permanent plots (two small, one medium and one large plot; see above) in each block.
This resulted in sampling areas of 0.5 m2 (area of both small plots within a block combined),
2.25 m? and 20.25 m? per block. No plants or animals were removed from the plots.

To estimate the abundance of the various plant species, the number of grass and
graminoid culms and the number of rooting shoots and rosettes of herbaceous plants were
counted in each plot in 1996. Trees and shrubs were regularly removed and are therefore not
considered. Each plot was examined three times: in May/June, June/July and
August/September. The term 'grasses' includes all true grasses (Poaceae) as well as sedges
(Carex sp.) and rushes (Juncaceae). In 1997, the abundance of plant species was assessed in
four subsamples of 0.5 x 0.5 m in large plots and two subsamples in medium plots. In small
plots plant species abundance was assessed in the whole area.

In the evening of a rainy day, sheets of cardboard (measuring 10 x 10 cm) were placed
50 cm apart in the vegetation of the plots. In the morning of the following day the cardboard
sheets were checked for gastropods (Oggier et al. 1998). Specimens were identified in the
field. Field work was done in autumn when most gastropod species are active in grasslands.
Gastropod biomass was calculated using size-dry weight relationships obtained from Mason
(1970), South (1992) and B. Baur (unpubl. data).

The entire vegetation of the plots was carefully searched for grasshoppers (including
bush crickets and true crickets). Plants were slightly moved with a bamboo rod for an easier
detection of the insects. Inactive and moving individuals were identified in situ. Monitoring

was repeated three times between July and early September 1996 and two times in August in
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1997. Grasshopper biomass was calculated using size-dry weight relationships obtained from

Sage (1982). Data on body length were obtained from Bellmann (1993).

Data analysis

Data collected in 1996 were used to determine species-area curves. The first three points of the
species-area curves (0.5, 2.75 and 23 m?) are based on the average species richness of each
group in small plots combined, small and medium plots combined and all plots of a block
combined. The following points (multiples of 23 m2 up to the whole area sampled (276 m?2))
are based on a rarefaction analysis (cf. Simberloff 1978). We randomly chose subsamples of
blocks and counted the number of species occurring in these blocks. Simulations were repeated
100°000 times. As 'regional' species pool we considered all species recorded in the three
grasslands in 1993-1996 (Baur et al. 1996, Zschokke et al. 2000).

Possible relationships among plant biomass and diversity of plants and invertebrates
were analysed in two steps. First, the effect of locality (n = 3) on species richness and diversity
was evaluated. Second, the relationships among plant biomass and species richness and
diversity of grasses, forbs, gastropods and grasshoppers were examined for sampling areas of
different size using blocks (n = 12) as units.

One-way ANOVAs were used to examine possible site effects on plant biomass, species
richness and diversity (Shannon-Wiener index) of all groups of organisms considered. Tukey-
Kramer tests were applied to examine differences between pairs of sites.

To examine possible relationships between plant biomass and species richness of
grasses, forbs, all plants combined, gastropods and grasshoppers and density and biomass of
gastropods and grasshoppers we used partial regressions to eliminate the confounding factor
site. In a first step we calculated ANOVAs (type III) with the random factor site and the
variables listed above as dependents. The ANOV As were calculated separately for the three
grain sizes and the two years to avoid autocorrelation. Data on plant biomass were log-
transformed, those on species richness of grasses, forbs and all plants combined were square
root-transformed and those on species richness, density and biomass of gastropods and
grasshoppers were square root (y + 0.5)-transformed. In a second step the residuals of all
dependent variables were used to calculate regressions. The degrees of freedom for these
partial regressions were reduced by 2 as these degrees of freedom were used in the ANOVAs
(dfeorrected = 8)- We used the regression coefficient divided by the corrected standard error of

the regression as a test value, which is assumed to follow a t-distribution under Hy. The
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corrected standard error was calculated as SEcorrected = V(SEq1a2 * 10/ 8). Quadratic regressions
are presented when the quadratic term was significant, else linear regressions are presented.

A similar technique was used to calculate partial correlations between species richness of
grasses or forbs and species richness of gastropods or grasshoppers. We used the residuals of
the ANOVAs described above to calculate the correlations. The t-value corresponding to the r-
value of the correlation was calculated as t = * V((n-2)/ (1-r2)). The degrees of freedom were

reduced by 2 as described above.

Results

Among-site differences in productivity and species richness

Productivity, measured as above-ground plant biomass, ranged from 152 to 303 g dry weight
per m? (grand mean = 237 g) among blocks in 1996 and from 158 to 366 g per m? (grand mean
=260 g) in 1997. The three sites differed in plant biomass in 1996 (Table 1). Nenzlingen and
Movelier had a larger plant biomass than Vicques in 1996. In 1997 there were no significant
among-site differences in plant biomass. Above-ground plant biomass was correlated between
1996 and 1997 at all grains considered (0.5 m2: r=0.78, P =0.0019; 2.75 m2: r=0.76, P =
0.0026; 23 m2: r = 0.63, P =0.0268; n = 12 in all cases).

Species richness of grasses and species richness and diversity of gastropods differed
among sites in 1996 (Table 1). In contrast, grasshopper species richness and diversity did not
differ among sites (Table 1). Species richness of grasses and forbs were positively correlated
between years (grasses: 0.5 m2: r=0.65, P =0.0204; 2.75 m2: r=0.61, P = 0.0320; 23 m2: r =
0.84, P =0.0002; forbs: 0.5 m2: r=0.80, P=0.0011; 2.75 m2: r = 0.58, P =0.0456; 23 m2: r =
0.87, P <0.0001; n= 12 in all cases). Gastropod species richness was not correlated between
1996 and 1997. In contrast, species richness of grasshoppers was correlated between years in
sampling areas of 23 m2 (r=0.68, n= 12, P = 0.0139).

Above-ground plant biomass decreased with increasing average air temperature in the
vegetation (ry =-0.77, n =12, P = 0.0107). Furthermore, above-ground plant biomass was
positively correlated with indicators of soil humidity and nutrient content (soil humidity: ry =

0.60,n =12, P =0.0461; nutrients: rs=0.69,n =12, P = 0.0217).
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Species-area curves and 'regional’ species pool

The species-area curves of grasses levelled off at an area of approximately 100 m2, those of

gastropods and grasshoppers reached a plateau at an area of about 200 m2, whereas the species-

area curve of forbs still increased when cumulative data of all sampling plots were considered

(276 mZ; Fig. 1). The 'regional' species pools of all groups except grasses contained species not

found in the plots examined.

Table 1. Among-site comparisons of above-ground plant biomass and species richness

and diversity (Shannon-Wiener index) of grasses, forbs, gastropods and grasshoppers in

1996. Mean values of blocks + 1 SD are shown, F- and P-values result from one-way

ANOVAs. Means with different letters are significantly different by Tukey-Kramer tests.

Nenzlingen Movelier Vicques Fao P
(n=5) (n=3) (n=4)

Above-ground plant biomass (g / m2)

268.9+275a 2483+552 189.0+33.6% 10.20 0.0049
Species richness (number of species)
Grasses 182+1.62 17.3+0.62b 13.5+£290b 6.47 0.0181
Forbs 39.6+9.62 50.3+4.02 452+5.02 2.11 0.18
Gastropods 52+0.82ab 6.7+0.6b 40+0.82 10.04 0.0051
Grasshoppers 7.0£1.92 9.0£1.72 6.8+£0.52 2.20 0.17
Diversity (Shannon-Wiener index)
Grasses 1.47+0322 1.46+0.18 2 1.40+0.132 0.10 0.91
Forbs 278+£023a  291+0.202 294+0.24a 0.64 0.55
Gastropods 1.23+£0.182 1.58+0.05b 1.30+0.15ab 538 0.0289
Grasshoppers 1.46+0.372 1.60+0.29 2 1.51+0.092 0.21 0.81
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Fig. 1. Species-area curves of plants and two groups of invertebrates in calcareous grasslands in north-

western Switzerland in 1996.

Species richness in sampling areas of different size is shown in Table 2. Small sampling
areas (0.5 m2) contained 19-22 % of the species recorded in the total sampling area of 23 m2 in
all groups except in grasses, where small sampling areas contained 43 %. Sampling areas of
2.75 m2 contained 70 % of the grass species found in the total area of 23 m2. The
corresponding figures were 60 % for gastropods, 58 % for grasshoppers and 51 % for forbs. In
all groups, species richness varied considerably among blocks (Table 2). Data from 1997
allowed similar analyses only in gastropods and grasshoppers. Sampling areas of 0.5 m?2
contained 20 % of gastropod and 10 % of grasshopper species recorded in areas of 23 m2. For
sampling areas of 2.75 m? the corresponding figures were 42 % for gastropods and 35 % for

grasshoppers.
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Productivity and species richness

Plant biomass was not affected by the size of the sampling plots (1996: 0.5 m?2: 227 +
62g/m?2; 2.75 m2: 256 + 57 g/m2; 23 m2: 237 + 44 g/m?; F5 33 = 0.82, P = 0.45; 1997: 0.5 m?2:
244 £ 41 g/m?2; 2.75 m%: 263 + 76 g/m2; 23 m2: 260 + 57 g/m?%; F5 33 = 0.35, P = 0.71). Species
richness of grasses was independent of plant biomass. However, species richness of forbs
showed a unimodal relationship with plant biomass in sampling areas of 0.5 m? and decreased
with plant biomass in areas of 2.75 and 23 m2 in 1996 (Fig. 2). In 1997, species richness of
forbs tended to decrease with productivity in areas of 23 m2. The relationship between species
richness of all plants together and productivity was similar to that between forbs and

productivity at all grain sizes examined (Fig. 2). Gastropod species richness tended towards a

Table 2. Species richness of grasses, forbs, gastropods and
grasshoppers in sampling areas of different size in 1996. Mean values *

1 SD with ranges in brackets are given (n = 12 in each case).

Sampling area (m?)

0.5 2.75 23
Grasses 7.1+2.5 11.5+£23 16.4+28
[4-13] [8-16] [10 - 20]
Forbs 8.8+3.6 224+6.7 442+ 8.0
[3 - 14] [13 - 34] [32 - 54]
Gastropods 1.0+£1.3 3.1+1.8 52+1.3
[0 - 4] [0 - 6] [3-7]
Grasshoppers 1.6+ 1.1 43+1.7 74+1.7
[0 - 3] [1-7] [5-10]

unimodal relationship with productivity at 0.5 m? in 1996 (Fig. 2) and towards a positive
relationship at the same grain size in 1997. Species richness of grasshoppers tended to decrease

with plant biomass in areas of 2.75 m? in 1996 (Fig. 2).
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Grasshopper species richness was positively correlated with species richness of forbs in areas
of 2.75 m? (r=10.69, df=8,t=2.99, P =0.0174) and 23 m? (r=0.76, df = 8, t =3.68, P =
0.0062), whereas gastropod species richness was neither correlated with species richness of

forbs nor with that of grasses.

Plant productivity and invertebrate density and biomass

Gastropod density tended towards a unimodal relationship with productivity at 0.5 m? in 1996
(y=0.532 +1.162x - 58.031x2; 12 = 0.46, df = 8, t = 2.27, P = 0.0528) and tended to increase
with productivity at the same grain size in 1997 (y =-1.942 * 105 + 5.075x; r2 = 0.34, df =8, t
=2.04, P =0.0760). Grasshopper density tended towards unimodal relationships with plant
biomass in plots of 0.5 m? (y = 0.419 +2.292x - 45.739x2; r2 = 0.44, df =8, t=1.86, P =
0.0994) and 2.75 m2 (y = 0.303 - 3.583x - 29.87x2; r2 = 0.46, df = 8, t = 1.94, P = 0.0878) in
1996. Gastropod biomass showed a unimodal relationship with productivity in plots of 0.5 m?
(y=0.231-0.404x - 25.156x2; r2 = 0.44, df = 8, t = 2.35, P = 0.0470) and grasshopper
biomass showed a trend towards a unimodal relationship with productivity at 2.75 m? (y =
0.047 - 0.462x - 4.671x2; 12 = 0.46, df = 8, t = 2.22, P = 0.0570) in 1996. Grasshopper density
was not affected by the size of the sampling plots (Table 3). Gastropod density tended to be

higher in sampling areas of 0.5 m2 and 2.75 m? than in areas of 23 m2 (Table 3).

Table 3. Densities of gastropods and grasshoppers (ind./m?) in sampling areas of

different size in two successive years. Mean values = 1 SD are given (n =12 in each

case).
Year Group Sampling area (m?2)
0.5 2.75 23
1996 Gastropods 25+33 22+1.6 1.2+0.7
Grasshoppers 4.0£3.0 46+2.4 33£1.3
1997 Gastropods 25+2.1 20+£1.0 1.4+0.7
Grasshoppers 1.5+19 1.6+1.0 1.3+0.6
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» Fig. 2. Scale-dependent relationships between above-ground plant biomass and species richness of all
plants, grasses, forbs, gastropods and grasshoppers in 1996. Regressions were calculated with residuals
from ANOVAs with the random factor site. Regressions are shown when P < 0.05 as full lines and P < 0.1

as dashed lines. For unimodal relationships the significance tests refer to the quadratic term. Regression
lines are: all plants, 0.5 m2: y = 0.339 - 0.02x - 37.003x2, r2 = 0.48, t = 2.53, P = 0.0354; all plants, 2.75 m?:
y =-1.233 * 1073 - 2.7x, r2 = 0.43, t = 2.44, P = 0.0408; all plants, 23 m2: y = -1.809 * 10~ - 6.904x, r2 =
0.47, t = 2.65, P = 0.0294; forbs, 0.5 m2: y = 0.282 - 0.615x - 30.816x2, r2 = 0.53, t = 2.87, P = 0.0210; forbs,
2.75 m2: y =-1.266 * 10°5 - 3.047x, r2 = 0.42, t = 2.38, P = 0.0442; forbs, 23 m2: y = 1.741 * 10~ - 6.962x, r2
=0.42, t = 2.40, P = 0.0432; gastropods, 0.5 m2: y = 0.271 + 0.607x - 29.571x2, t = 1.94, P = 0.0890;
grasshoppers, 2.75 m2: y = -6.93 * 1070 - 1.829x, r2 = 0.33, t = 1.96, P = 0.0852 (df = 8 in all cases).

Discussion

An important step in understanding the productivity-diversity relationship is the careful
examination of the spatial and ecological scales at which patterns are detected (Rosenzweig
1995). The present study showed that relationships between productivity, species richness and

biomass of invertebrates varied among animal groups, different local spatial scales and years.

There is a wide agreement that diversity of plant species in grasslands is influenced by
productivity (Mittelbach et al. 2001). The present study showed a unimodal relationship
between productivity and forb species richness in small plots of nutrient-poor calcareous
grasslands in one of two years confirming the findings of earlier studies in grasslands (Waide
et al. 1999). For vascular plants at geographical scales smaller than continents, unimodal
relationships occur most frequently (Mittelbach et al. 2001). However, most of the studies
reviewed by Mittelbach et al. (2001) compared productivity in several types of grassland. A
unimodal relationship may result from a series of linear relationships including absence of a
relationship in differently productive communities if the slope of the relationship decreases
with mean productivity. Thus, a unimodal relationship seems more probable in studies
covering several plant communities. Furthermore, different studies applied different methods,
potentially confounding a review on scale-dependence of the productivity-diversity
relationship. In a recent study that considered both grain size and extent, the relationship
between productivity and plant species density (number of species per m2) depended on both

(Gross et al. 2000). In our study, the unimodal relationship between productivity and forb
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species richness was only observed at the smallest grain size examined, whereas at the other
two grain sizes a negative relationship was observed in one year and a trend towards a negative
relationship at 23 m? in the second year. Scale-dependence of the productivity-diversity
relationship can result when the differences in species composition increase with productivity
(Chase & Leibold 2002). Higher dissimilarity between local species compositions with
increasing productivity could result from a larger degree of heterogeneity in environmental
factors (including productivity itself) at higher average productivities, both spatially and
temporarily. A test of these hypotheses is beyond of the scope of our study (three sites, two
years).

It has been argued that species richness at one scale is primarily determined by the
number of available species at the next larger scale. In our study, the 'regional' species pool of
all groups except grasses contained species not found in the sampling plots. The increase in
species richness at the regional level can partly be explained by an enhanced habitat diversity.
Our sampling plots were chosen to represent homogeneous grassland vegetation. However,
slightly different managed grassland areas in the neighbourhood, exposed limestone bedrock,
isolated rocks and vegetation adjacent to forest edge contained additional species.

Plant species richness and above-ground biomass are relatively simple to measure in
grasslands, even for small sampling areas. However, assessing the relationships between plant
productivity and species richness and biomass of invertebrate groups remains a problem for
several reasons. Firstly, there is no simple scaling function of plant productivity that applies to
the biomass of different invertebrate groups. Secondly, different invertebrate species may show
different patterns of microdistribution in the grasslands. Different species react differently to
the spatial heterogeneity in the physical environment (e.g. soil depth, moisture and structure).
Furthermore, species differ in their abilities of using resources and in their metabolic
requirements. Thus, rather than one factor or mechanism determining the patterns of
invertebrate species richness, it may be the cumulative or interactive effect of different factors.
An inappropriate size of sampling units may give misleading results.

In our study, grasshopper species richness was affected by both plant biomass and forb
species richness. Plant species richness is expected to affect species richness of herbivorous
insects as they often are specialist feeders (Knops et al. 1999). However, this explanation
probably does not explain the observed relationships between forb species richness and that of
grasshoppers as they are generalist feeders. It is possible that forb species richness is an

indicator of structural diversity of the grasslands examined. In an experiment with manipulated
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plant species richness, Siemann et al. (1998) found that not only the diversity of herbivorous
arthropods but also that of predacious arthropods was affected by plant species richness.

Individuals of terrestrial gastropods occur often aggregated within population. The size
of these aggregations vary with the scale of structural heterogeneity of the habitat. Patches of
high soil moisture may contribute to an overlap of aggregations of different species, whereas
different food and resting-site preferences and species interactions (e.g. interspecific
competition) may cause a separation of interspecific aggregations. The combination of these
partly subtle influences and interactions - most of them working at different spatial scales -
could cause the observed patterns of distribution of individuals.

The relationships among productivity and species richness and density of gastropods and
grasshoppers differed between the two groups. In plots of 0.5 m2, gastropods, mainly
detrivores and generalist herbivores, showed a trend towards a unimodal relationship with
plant productivity in one year and tended to increase with plant productivity in the other year,
but appeared not to be directly affected by species richness of forbs or grasses. In contrast,
species richness of grasshoppers, a group of generalist herbivores, tended to decrease with
plant productivity, but was positively correlated with species richness of forbs in plots of 2.75
m? in one year. Furthermore, ants, a group of general feeders without strong plant-associations,
was neither influenced by productivity nor by species richness of forbs or grasses in 1996 (B.
Braschler, unpubl. data). In contrast, the density of aphids, a group of specialised herbivores,
was positively correlated with species richness of forbs and tended to be correlated with
species richness of grasses in plots of 23 m? in 1997 (B. Braschler, unpubl. data). These
findings support the hypothesis that productivity and plant diversity have a higher impact on
the diversity of invertebrates with close associations to plants than on that of invertebrates with
no direct association to plants.

The invertebrate groups examined also differed in mobility. Most grasshopper species
can be considered as rather mobile compared to gastropod species. Nonetheless, the
grasshoppers seemed to be affected by plant richness and biomass even at the grain size of 2.75
m2.

It is generally recognised that area and environmental heterogeneity have strong effects
on species richness (Huston 1994, Rosenzweig 1995). Determining the causes of variation in
species diversity and productivity requires linking the scales at which variation is measured to
the scales at which the processes hypothesised to affect diversity and productivity actually
operate. Theoretical and empirical approaches suggest that the form of the relationship

between species richness and productivity depends both on the grain size and the geographical
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extent of the study. Considerable controversy remains concerning the general form of the
relationship, which organisms fit particular relationships, the spatial scale at which these
patterns occur, and what mechanisms produce these pattern. The present study showed that
productivity-species richness patterns in grassland invertebrates depend on plot size even in

very small areas.
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Appendix

Species list. Figures indicate the particular blocks (1-12) in which a species was found
(Nenzlingen: 1-5, Movelier: 6-8, Vicques: 9-12). Plants were only identified in 29 % of the

area of the blocks in 1997.

1996: Grasses: Agrostis stolonifera L.: 8; A. tenuis Sibth.: 1-12; Anthoxanthum odoratum L.:
1-5, 7; Avenula pubescens Dumortier: 1-3, 5; Brachypodium pinnatum P. B.: 1-12; Briza
media L.: 1-12; Bromus erectus Hudson: 1-12; Carex caryophyllea La Tourrette: 1-2, 4-12; C.
flacca Schreber: 1-12; C. pilulifera L.: 8; Cynosurus cristatus L.: 1-9, 11-12; Dactylis
glomerata L.: 1-10, 12; Danthonia decumbens DC.: 1-2, 4-12; Festuca ovina L.: 1-2,4-12; F.
pratensis Hudson: 1-9, 11; F. rubra L.: 1-3, 5; Holcus lanatus L.: 1-5; Koeleria pyramidata P.
B.: 2, 4-12; Lolium perenne L.: 1-3, 5-7,9; Luzula campestris DC.: 1-9, 11; Phleum pratense
L.: 4,6-9, 11-12; Poa compressa L.: 6-7, 12; P. pratensis L.: 1-9, 12; P. trivialis L.: 1,3, 5, 9;
Forbs: Achillea millefolium L.: 1-2,4-7, 9-12; Acinos arvensis Dandy: 9, 11; Agrimonia
eupatoria L.: 1-12; Ajuga reptans L.: 4; Alchemilla agg. L.: 8; Allium oleraceum L.: 8-9;
Anacamptis pyramidalis Rich.: 7; Anthericum ramosum L.: 6; Anthyllis vulneraria L.: 1-2, 10;
Asperula cynanchica L.: 9-11; Bellis perennis L.: 1-2, 4; Betonica officinalis L.: 1-2, 4-12;
Campanula glomerata L.: 6-8; C. rotundifolia L.: 2, 8, 10-11; Carlina acaulis L.: 6-7; C.
vulgaris L.: 11; Centaurea jacea L.: 1-2, 4-12; Centaurium erythraea Rafn: 9, 11; Cerastium
Sfontanum Baumg.: 1-7; Chamaespartium sagittale P. Gibbs: 7-12; Cirsium acaule Scop.: 1-12;
Colchicum autumnale L.: 5; Convolvulus arvensis L.: 10; Crepis biennis L.: 3; C. taraxifolia
Thuill.: 8; Daucus carota L.: 1-2, 4, 6-12; Euphorbia cyparissias L.: 2-5, 9-12; E. verrucosa
L.: 8; Galium album Miller: 10-11; G. pumilum Murray: 7; G. verum L.: 1-3, 5-6, 9-12;
Genista tinctoria L.: 10; Gentiana verna L.: T; Gentianella ciliata Borkh.: 7; G. germanica
Borner: 7-8; Geranium dissectum L.: 3; Gymnadenia conopsea R. Br.: 6-8; Helianthemum
nummularium Miller: 2, 4, 6-12; Hieracium pilosella L.: 1-2, 4-12; Hippocrepis comosa L.: 4,
9-10; Hypericum perforatum L.: 1-2, 4-5, 7-12; Hypochoeris radicata L.: 2, 6-10; Knautia
arvensis Duby: 1-3, 6, 9-11; Lathyrus pratensis L.: 1-3, 6-8; Leontodon hispidus L.: 2, 6-11;
Leucanthemum vulgare Lam: 1-2, 4, 6-8, 10, 12; Linum catharticum L.: 1-12; Lotus
corniculatus L.: 1-12; Medicago lupulina L.: 1-4, 6-7, 9-11; Ononis repens L.: 5-12; Orchis
militaris L.: 6; O. ustulata L.: 6-7; Origanum vulgare L.: 1-2, 10, 12; Pimpinella saxifraga L.:
1-2, 9-12; Plantago lanceolata L.: 1-12; P. major L.: 1; P. media L.: 1-2, 4-12; Platanthera
chlorantha Rchb.: 8; Polygala amarella Crantz: 8-9; P. comosa Schkuhr: 2, 8-10; Potentilla
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erecta Rauschel: 2-3, 5-8, 10-12; P. neumanniana Rchb.: 4, 6-12; P. reptans L.: 5; P. sterilis
Garcke: 1-5, 9; Primula veris Hudson: 1-2, 6-8; Prunella grandiflora Scholler: 1-2, 4, 6-12; P.
vulgaris L.: 1-12; Ranunculus bulbosus L.: 1-12; R. repens L.: 2, 12; Rumex acetosa L.: 1-2;
Salvia pratensis L.: 1-2, 9-11; Sanguisorba minor Scop.: 1-12; Scabiosa columbaria L.: 1-2, 6-
7, 10; Sedum sexangulare Grimm: 1, 9-11; Senecio erucifolius L.: 2-3, 7-8; Silaum silaus Sch.
et Th.: 7-8; Spiranthes spiralis Chevallier: 7; Succisa pratensis Moench: 6-8; Taraxacum
officinale Weber: 3; Tetragonolobus maritimus Roth: 6-8; Teucrium chamaedrys L.: 2-4, 6-12;
Thlaspi perfoliatum L.: T; Thymus serpyllum L.: 1-2, 4, 6-11; Trifolium campestre Schreber: 1-
4,9-12; T. medium L.: 1-3, 5-12; T. montanum L.: 3-12; T. ochroleucon Hudson: 1-12; T.
pratense L.: 1-12; T. repens L.: 1-12; Veronica arvensis L.: 1-3, 5, 8; V. chamaedrys L.: 1-3, 5,
9; V. officinalis L.: 1-12; V. prostrata L.: 2; V. serpyllifolia L.: 1-3, 5, 8, 11; Vicia cracca L.: 7;
V. hirsuta S. F. Gray: 1-2, 4-12; V. sativa L.: 1-3, 5, 12; Gastropods: Arion lusitanicus Mabile
1868: 3; Cochlicopa lubrica (O. F. Miiller 1774): 1-2, 4, 6-8, 10-12; Deroceras reticulatum
(O. F. Miiller 1774): 1-9, 12; Helicella itala (L. 1758): 9; Limax spp.: 1-6, 8; Punctum
pygmaeum (Draparnaud 1801): 7-8, 12; Pupilla muscorum (L. 1758): 1-2, 9-11; Succinea
oblonga (Draparnaud 1801): 6; Trichia plebeia (Draparnaud 1805): 1-8, 10-12; Vertigo
pygmaea (Draparnaud 1801): 1-8, 10-12; Vitrina pellucida (O. F. Miiller 1774): 6-8;
Grasshoppers: Chorthippus biguttulus (L. 1758): 1-12; C. parallelus (Zetterstedt 1821): 1-12;
Decticus verrucivorus (L. 1758): 10, 12; Gomphocerippus rufus (L. 1758): 1-2, 4-8, 12;
Euthystira brachyptera (Ocskay 1826): 1-3, 6-8; Gryllus campestris L. 1758: 2; Metrioptera
bicolor (Philippi 1830): 1-12; M. brachyptera (L. 1761): 8; M. roeselii (Hagenbach 1822): 3,
6-8; Omocestus rufipes (Zetterstedt 1821): 1, 7-12; Pholidoptera griseoaptera (De Geer 1773):
2,4, 7; Platycleis albopunctata (Goeze 1778): 2, 4, 6-11; Stenobothrus lineatus (Panzer 1796):
1-5, 7-12; Tettigonia viridissima L. 1758: 2, 9.

1997: Grasses: Agrostis stolonifera L.: 8; A. tenuis Sibth.: 1-12; Anthoxanthum odoratum L.:
1-5; Avenula pubescens Dumortier: 1, 3, 5; Brachypodium pinnatum P. B.: 1-6, 8, 10-12; Briza
media L.: 1-12; Bromus erectus Hudson: 1-12; Carex caryophyllea La Tourrette: 1, 4-5, 7-11;
C. flacca Schreber: 2, 4-12; Cynosurus cristatus L.: 1-6, 8-9, 12; Dactylis glomerata L.: 1-8;
Danthonia decumbens DC.: 4-5, 8-12; Festuca ovina L.: 1-2, 4-10, 12; F. pratensis Hudson: 1-
7,9; F. rubra L.: 2; Holcus lanatus L.: 1-3, 5; Koeleria pyramidata P. B.: 2, 6-10; Lolium
perenne L.: 3, 6; Luzula campestris DC.: 1-5; Phleum pratense L.: 6, 11; Poa compressa L.: 6-
7, 12; P. pratensis L.: 1-4,7-9, 12; P. trivialis L.: 3, 5, 9; Forbs: Achillea millefolium L.: 1-2,
5,7, 11; Acinos arvensis Dandy: 9; Agrimonia eupatoria L.: 2-8, 10-12; Asperula cynanchica

L.: 8, 10-11; Aster amellus L.: 6; Bellis perennis L.: 1; Betonica officinalis L.: 1, 4-12;
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Campanula glomerata L.: 6-7; Carlina acaulis L.: 10; Centaurea jacea L.: 2,4, 7,9-12;
Centaurium erythraea Rafn: 12; Chamaespartium sagittale P. Gibbs: 4-5, 7-12; Cirsium
acaule Scop.: 1-2, 4-8, 10, 12; Daucus carota L.: 1-2, 6-12; Euphorbia cyparissias L.: 1-2, 4-
5, 9-12; Galium album Miller: 10; G. pumilum Murray: 6-7; G. verum L.: 1, 6-7,9, 11-12;
Genista tinctoria L.: 10; Gentianella germanica Borner: 7-8; Geranium dissectum L.: 3;
Helianthemum nummularium Miller: 2, 4, 7-8, 12; Hieracium pilosella L.: 1-12; Hippocrepis
comosa L.: 10; Hypericum perforatum L.: 2-4, 6-7, 10, 12; Hypochoeris radicata L.: 3, 6-8,
10; Knautia arvensis Duby: 1-4, 6, 9-10; Lathyrus pratensis L.: 1-5, T; Leontodon hispidus L.:
2, 5-9, 11-12; Leucanthemum vulgare Lam: 1-2, 4, 6-8; Linum catharticum L.: 2, 6-7, 9-12;
Lotus corniculatus L.: 1-2, 4, 6-12; Medicago lupulina L.: 1-2, 8, 11; Ononis repens L.: 6-12;
Origanum vulgare L.: 1, 10; Pimpinella saxifraga L.: 1, 9-10; Plantago lanceolata L.: 3-4, 6-
9, 11-12; P. media L.: 2, 4, 6-7, 9-12; Polygala comosa Schkuhr: 8, 10; Potentilla erecta
Rauschel: 2, 5-8, 10-12; P. neumanniana Rchb.: 2, 6-7, 9-12; P. sterilis Garcke: 2, 4-5;
Primula veris Hudson: 1-2, 6-7, 9, 11; Prunella grandiflora Scholler: 4, 6-11; P. spp.: 1-11; P.
vulgaris L.: 1-2, 6-8, 12; Ranunculus acris L.: 7; Salvia pratensis L.: 1-2, 9-11; Sanguisorba
minor Scop.: 1-12; Scabiosa columbaria L.: 1-2, 6, 8; Sedum sexangulare Grimm: 2, 11;
Senecio erucifolius L.: 8, 12; Silaum silaus Sch. et Th.: 7; Succisa pratensis Moench: 1, 6-8;
Tetragonolobus maritimus Roth: 6-8; Teucrium chamaedrys L.: 7, 9-12; T. montanum L.: 11;
Thlaspi perfoliatum L.: 1; Thymus serpyllum L.: 1-4, 6-9, 11; Trifolium medium L.: 1; T.
montanum L.: 4, 7-8, 10, 12; T. pratense L.: 1-10, 12; Veronica arvensis L.: 1; V. chamaedrys
L.: 1-5,7-8, 11; V. officinalis L.: 1-3, 5-6, 9-12; V. serpyllifolia L.: 1, 11; Vicia hirsuta S. F.
Gray: 5-8, 10-12; V. sativa L.: 1-2, 10; Gastropods: Abida secale (Draparnaud 1801): 4; Arion
hortensis Férussac 1819: 2-3; Arion lusitanicus Mabile 1868: 2, 5-6, 8; Candidula unifasciata
(Poiret 1801): 10-11; Cochlicopa lubrica (O. F. Miiller 1774): 1, 4, 6-7, 9, 12; Deroceras
reticulatum (O. F. Miller 1774): 1-12; Helicella itala (L. 1758): 2, 4, 6-11; Helix pomatia L.
1758: 6-7; Punctum pygmaeum (Draparnaud 1801): 3; Pupilla muscorum (L. 1758): 9; Trichia
plebeia (Draparnaud 1805): 2, 4-12; Vertigo pygmaea (Draparnaud 1801): 2-4, 7, 9-11; Vitrina
pellucida (O. F. Miller 1774): 2, 5-6, 8; Grasshoppers: Chorthippus biguttulus (L. 1758): 1-
4,7-12; C. dorsatus (Zetterstedt 1821): 8; C. parallelus (Zetterstedt 1821): 1-6, 8, 10, 12;
Decticus verrucivorus (L. 1758): 9; Gomphocerippus rufus (L. 1758): 1-8, 12; Euthystira
brachyptera (Ocskay 1826): 1-8; Metrioptera bicolor (Philippi 1830): 1-12; M. brachyptera
(L. 1761): 7; M. roeselii (Hagenbach 1822): 3; Omocestus rufipes (Zetterstedt 1821): 2, 9-12;
Platycleis albopunctata (Goeze 1778): 2, 8-11; Stenobothrus lineatus (Panzer 1796): 2, 4-5, 7,
9-10, 12.
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General discussion and conclusions

The aim of this thesis was to examine the effects of an experimental small-scale grassland
fragmentation on invertebrate population dynamics. Invertebrates, in particular insects, fulfil
important functions in most terrestrial ecosystems and make up a large part of the biodiversity.
Even so they have only rarely been the focus of studies examining the effects of habitat
fragmentation on biodiversity (Debinski and Holt 2000; Steffan-Dewenter and Tscharntke
2002; Tscharntke et al. 2002). In this thesis I tested predictions from theory on the effects of
habitat fragmentation on biodiversity by using different insect groups and gastropods as model
organisms. In this way I hope to have contributed to our understanding of how habitat
fragmentation affects this often neglected part of biodiversity.

The response to habitat fragmentation varied among the different groups of organisms
examined and even within groups. Similar species-specific responses have been reported from
other fragmentation studies (Kareiva 1984; Davies and Margules 1998). In a study on
Australian forest beetles, Davies et al. (2000) even report that closely related species differ in
their response to fragmentation. In the present experiment most common species that were
affected by the fragmentation were more abundant in the fragments than in control plots. The
exceptions were the butterflies whose abundances were lower in fragments than in control
plots (Chapter I). Considering ants, none of the common species differed in abundance
between fragments and control plots 3 years after the initiation of the experimental
fragmentation, but 3 years later the most abundant species was even more abundant in
fragments than in control plots (Chapter III). Ants may have reacted slower to the
fragmentation than some other groups of insects as ant abundance was measured as nest
density. Ant nests can persist for several weeks to many years, though in some species nests
are frequently relocated. Furthermore, the founding of a new nest at locations with many
already established nests is rarely successful (Deslippe and Savolainen 1995). The relevant
generation time in ants (i. e. that of nests) is thus longer than that of solitary grassland insects.

In vascular plants (Chapter I) and ants (Chapter III) the increase in abundance in some
species were in part the result of edge effects. Plants growing in the edge zone of fragments

may profit from reduced competition for light and nutrients. Above-ground plant biomass was
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increased in fragments in the period 1996-1999 (Chapter I; Dolt 2001; H.-P. Rusterholz
unpubl. data). This increase in productivity was mainly an edge effect. Similarly, thermophilic
ants may profit from the slightly increased temperature in the edge zone of fragments and also
indirectly from a higher food supply in fragments mediated through the increased plant
productivity. At least one important food resource of the ants, namely mutualistic aphids, was
more abundant in plots with a higher plant biomass. Consumer diversity and biomass were also
related to plant productivity in other invertebrate groups in the examined grasslands (Chapter
V). However, the shape of the relationship varied among groups of organisms and depended on
the scale of the sampling units.

Because the response of species to habitat fragmentation varies so much, several
hypotheses have been proposed to predict a species' response to fragmentation. Among the
most frequently suggested hypotheses are the following. Species have been assumed to be
particularly vulnerable to fragmentation when they are: (1) Naturally rare (Davies et al. 2000),
in particular when they have not only a small but also a fluctuating population size (Kruess and
Tscharntke 1994; Holt 1996), (2) when species are habitat specialists or specialist feeders
(Zabel and Tscharntke 1998; Steffan-Dewenter and Tscharntke 2000), (3) when they have a
large body size (Davies et al. 2000), (4) when they are already living in strongly isolated
populations (Davies et al. 2000), and (5) when they belong to higher trophic groups (Kruess
and Tscharntke 1994; Holt 1996; Zabel and Tscharntke 1998). Consequently, naturally
abundant and generalist species that easily migrate between patches and are herbivores rather
than predators should be most likely to benefit from fragmentation. In this thesis some of the
predictions could be confirmed. However, the mechanisms that caused these results differed in
some cases from the predictions of the theory.

Contrasting results were obtained considering the natural abundance of particular
species. Most of the common plant and grasshopper species that showed a difference in
abundance between fragments and control plots were indeed more abundant in fragments
(Chapter I). In ants, the species that is naturally the most abundant in the examined grasslands
became even more abundant in the fragments (Chapter I1I). However, the increase in ant
density was observed 6 years after the initiation of the fragmentation. Three years after the
initiation of the fragmentation no difference in ant nest density between fragments and control
plots was found. In aphids, one of the two most abundant species benefited from
fragmentation, while the other was not affected by the fragmentation (Chapter II). The
common butterfly species were all negatively affected by the fragmentation as were the rare

butterfly species (Chapter I). In other groups some rare species exclusively or mainly occurred
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in control plots, while others were exclusively or mostly found in fragments (Chapters I- III).
However, the results from rare species are descriptive as in this group there were not enough
data for separate analyses. As biodiversity is largely composed of rare species their reaction to
habitat fragmentation is of particular concern for conservation efforts.

The species reaction to the experimental fragmentation was not explicitly examined with
regard to the degree of habitat or food specialisation. In the few other studies that examined the
relationship between food specialisation of insects and their response to fragmentation the
outcome varied. In a study considering insects on stinging nettles, monophagous herbivores
were more often absent from small patches than polyphagous herbivores thus supporting
theoretical expectations (Zabel and Tscharntke 1998). In another study, monophagous butterfly
species increased in abundance in small plots while the density of oligophagous and
polyphagous species decreased with plot area (Steffan-Dewenter and Tscharntke 2000).

The influence of body size was not examined in the present experiment. However, body
size was not correlated with response to fragmentation or the effect of body size was unclear in
other studies on fragmentation effects on insect diversity (Davies et al. 2000; Steffan-Dewenter
and Tscharntke 2000; Tscharntke et al. 2002).

Contrary to theoretical expectations, it was the most mobile animal group considered,
namely butterflies, that showed the most negative response to fragmentation (Chapter I).
Furthermore, bumblebees changed their foraging patterns and visited fragments less frequently
than control plots (Goverde et al. 2002). In contrast, the common gastropods species seemed to
be unaffected by the fragmentation despite of the low mobility of the small snails (Chapter I).
However, a more detailed study using mark-recapture techniques showed that three out of six
snail species examined were less abundant in fragments than in control plots (Oggier 1999).
Many ant and grasshopper species also used the matrix and thus were probably less affected by
isolation.

Aphids, a group of herbivorous insects, benefited from the fragmentation as predicted by
theory (Chapter II). This corresponds well with other studies showing that herbivorous insect
density increased in fragments because of a reduced predation or parasitation pressure (Kareiva
1987; Kruess and Tscharntke 1994; Zabel and Tscharntke 1998; Davies et al. 2000). Indeed,
the hypothesis that species at the top of the food chain may be most likely to be absent from
small fragments thus releasing their prey species from predation pressure may to date be the
best supported hypothesis. However, in our fragmentation experiment the increase in aphid
density was not a result from reduced parasitation pressure but rather a result of changes in

plant productivity and a higher degree of ant-tending in fragments. Thus, contrary to theoretical
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predictions, the herbivore density increased as a result of an increased resource availability
(bottom-up effect) rather than as a result of release from top-down control.

Not only species richness and abundance but also interactions between species and
between groups of organisms were affected by the experimental fragmentation. Considering
ants, the relationship between the density of the most abundant species and species richness
and density of other ant species was negative in fragments while no relationship was found in
control plots (Chapter IV). The frequency of ant-tending of aphids was increased in fragments
(Chapter II). Similarly, the reluctance of pollinators like butterflies and bumblebees to cross
the mown isolation area led to fewer pollinator visits in fragments and to a higher degree of
visiting of nearby flowers in fragments (Goverde et al. 2002; H.-P. Rusterholz unpubl. data).

Studies examining the effects of habitat fragmentation on biodiversity have often
concentrated on easy to assess measurements like species richness of certain indicator groups,
most often plants and vertebrates. If mechanisms were studied in greater detail then often
experimental systems involving only a small number of species were used. The results
presented in this thesis show the value of field studies that simultaneously examine several
groups of organisms and thus allow to compare the response of the different groups and to
relate them to characteristics that differ between groups. By studying overall abundances of
aphids and ants in the fragments and control plots general trends for these groups could be
demonstrated. When examining the responses of single species of those groups and of
interactions among species and among different groups of organisms to the fragmentation
mechanisms can be detected that may help to explain species-specific responses even in
closely related species or in members of the same guild. Studies that are restricted to species
richness or overall density would fail to detect effects on small-scale spatial distribution like
the edge effect on ant nest distribution reported in Chapter III. Similarly, studies restricted to
a single survey would miss many responses. Neither the effect of the experimental
fragmentation on ant nest persistence within a season nor the effect on overall ant nest density
that only occurred at the end of the fragmentation experiment would have been detected using
a short-term single survey experimental design. However, such subtle responses to
fragmentation can, when involving groups of organisms that interact with many other groups
of organisms, have a large impact on the whole ecosystem in the long-term. In groups like the
aphids that consistently had a higher density in fragments than in control plots the multiple
surveys increase our confidence that the observed increase in density is indeed a result of the

fragmentation.

- 157 -



Most fragmentation studies measure species richness as an indicator for the changes
imposed by the fragmentation. However, species extinction takes time. In many recently
created fragments small populations will survive for some time but are doomed to go extinct at
a later time. Thus, recently created fragments as used in many fragmentation studies have an
extinction debt. This may also be the case in many small nature reserves that contain small
remnant populations of protected species. Also it is the naturally rare species that are at the
highest risk of extinction. Those rare species, however, are easily missed in surveys even
though they are often of high conservation concern. Species richness may thus be of limited
value as an indicator of disturbance in short-term ecological studies using recently created
fragments. In the present experiment grassland invertebrates and plants in small fragments
were examined over seven growing seasons. Even though many of these organisms have
generation times that are short as compared to forest trees or vertebrates that are often the
focus of fragmentation studies, no decrease of species richness in fragments could be
demonstrated for most of the examined groups (Chapters I-I1I1). However, even though
species richness was not (yet) affected by the experimental fragmentation, the density of
several of the examined groups and interactions among the species were strongly affected by
the fragmentation (Chapters II-IV). In the long-term the altered interactions among species
and among different groups of organisms may lead to changes in species composition and
species richness.

The present experiment has shown the beginning of community disassembly following
fragmentation. In order to understand the mechanisms through which man-made environmental
change like habitat fragmentation affects single species we have to look at interactions and at
ecosystem functioning. While ecosystem services may be more difficult to measure than
species richness they may actually react to disturbance much faster as they are affected by the
relative abundance of the involved species and by changes in behavioural patterns. For policy
makers it is often the ecosystem services of an ecosystem that are easiest to translate into
monetary value. To protect a species in its own right will fail to rally a majority of people in
the case of many small invertebrates. It is thus necessary to also demonstrate the value of a
diverse ecosystem per se to convince more people that the threat to biodiversity through
manmade environmental change is truly a threat. For this purpose ecologists need to further
examine how biodiversity is naturally created, how it persists, how it is related to ecosystem
functioning and through which factors it is threatened. Many questions remain unresolved
regarding the relationship between the diversity of different groups and the relative properties

of naturally diverse ecosystems compared to impoverished systems. With my thesis I hope to
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contribute to our understanding of the manifold ways one of the most striking changes in our
landscape, namely habitat fragmentation, affects invertebrates in calcareous grasslands, one of
the most diverse ecosystems in Europe. Patterns observed in this small-scale experiment may
also be at work at a larger scale and in other groups of organisms. However, the variation in
response to fragmentation among different groups of organisms that could be demonstrated in
this thesis shows the need for careful testing of the hypothesis when considering different

habitats and species.
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