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Abstract We conducted an experimental landscape study
to test the hypotheses that: (1) habitat removal results in
short-term increases in population density in the remaining
habitat patches (the crowding effect); (2) following habitat
removal, density is higher in landscapes with more,
smaller patches and more habitat edge (i.e., a higher level
of habitat fragmentation per se) than in less fragmented
landscapes, for the same total amount of habitat on the
landscapes; (3) this positive effect of fragmentation per se
on density is larger in landscapes with smaller inter-patch
distances; and (4) these last two effects should be reduced
or disappear over time following habitat removal. Our
results did not support the first hypothesis, but they
provided some support for the other three hypotheses, for
two of the four Coccinellid species studied. As in other
empirical studies of fragmentation per se on population
density, the effects of fragmentation per se were weak and
positive (when they did occur). This is the first study to
document a transient effect of fragmentation per se on
population density, and to show that this effect depends on
inter-patch distances. We suggest that fragmentation per se

increased the rate of immigration to patches, resulting in
higher population densities in more fragmented land-
scapes.

Keywords Crowding effect . Patch size . Patch isolation .
Immigration . Landscape pattern

Introduction

Despite the huge literature on effects of habitat fragmen-
tation on population density (reviewed in Fahrig 2003),
only a handful of empirical studies have evaluated the
effects of habitat fragmentation per se, i.e., the breaking
apart of habitat independent of the loss of habitat, on
population density (McGarigal and McComb 1995;
Collins and Barrett 1997; Wolff et al. 1997; Collinge
and Forman 1998; Flather et al. 1999; Hovel and Lipcius
2001; Caley et al. 2001). Evidence from these studies
suggests that the effects of fragmentation per se on
population density are not ubiquitous; effects have been
found in fewer than half of the cases studied. In addition,
when effects of fragmentation per se have been found,
they were usually weak, typically accounting for <20% of
the variation in population density.

These empirical studies also suggest that when there is
an effect of fragmentation per se on population density it is
usually positive; population density increases with in-
creasing degree of habitat fragmentation, i.e., when a
constant amount of habitat is broken into more, smaller
patches. Authors of three of the studies attribute this
positive effect of fragmentation per se to altered social
interactions, leading to reduced competition for space in
more fragmented landscapes. Collins and Barrett (1997)
argue that because female meadow voles use patch edges
to define territory boundaries, they are better able to
defend territories and consequently have higher reproduc-
tion in more fragmented landscapes. Wolff et al. (1997)
suggest that gray-tailed voles obtained higher densities in
more fragmented landscapes because individuals in
smaller patches are more likely to encounter familiar
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than unfamiliar animals, which they are more likely to
tolerate nearby. In both these studies the experimental
landscapes were enclosed, so movement was not possible
into or out of the landscapes. Caley et al. (2001) argue that
experimentally dividing a coral colony increased the total
number of territories available to trapezoid crabs, because
a single coral colony usually contains no more than two
crab territories, irrespective of its size. Other proposed
explanations for observed positive effects of fragmentation
per se on population density include reduced predation on
juvenile blue crabs in more fragmented landscapes (Hovel
and Lipcius 2001), and increased habitat heterogeneity
leading to higher densities of late-seral forest birds in more
fragmented landscapes (McGarigal and McComb 1995).

Perhaps the simplest explanation was proposed by
Collinge and Forman (1998), who suggest that their
observed positive effect of fragmentation per se on insect
population density could be due to an extension of the
“crowding effect” (Debinski and Holt 2000). When habitat
is removed from a landscape, surviving individuals in the
portion of the landscape that is converted to matrix (non-
habitat) will move into the remaining habitat fragments.
This will result in an increase in population density
relative to the density before habitat removal. As noted by
Collinge and Forman (1998), the increase in density
should depend not only on the amount of habitat removed
from the landscape, but also on the pattern of habitat
removal. Landscapes with a larger number of smaller
patches, i.e., more fragmented landscapes, will have more
habitat edge and should therefore “collect” more of the
stranded individuals, which should produce higher
densities in the habitat in more fragmented landscapes
than in less fragmented landscapes containing the same
total amount of habitat. This argument assumes that the
stranded individuals move at or near ground level and are
not disproportionately attracted to large patches (Bowman
et al. 2002).

The crowding effect following habitat removal is
typically transient, as the inflated densities settle down
to levels that can actually be supported by the remaining
habitat (Debinski and Holt 2000). Collinge and Forman
(1998) argue that the crowding effect due to habitat
fragmentation per se (increasing the number of patches,
while removing the same total amount of habitat) should
also be transient. Although in their study of grassland
insects the positive effect of habitat fragmentation per se
on population density did not disappear over time, they
suggest that this is because they did not sample for a long
enough time period following the establishment of their
experimental grassland landscapes.

On the other hand, Bowman et al. (2002) suggest that
inflated densities in more fragmented landscapes might be
maintained in situations where there is a high rate of
immigration from outside the landscape. Immigrating
individuals that “land” in the matrix will be more likely
to encounter habitat in more fragmented landscapes
because, again, these landscapes contain more habitat
edge per area of habitat. If the rate of immigration to the
landscape declines over time, the inflated densities in the

more fragmented landscapes should decline leading, again,
to a transient effect of fragmentation per se on population
density.

However, an increase in the amount of habitat edge in
the landscape could also result in an increase in the rate of
emigration from patches (Bevers and Flather 1999; Grez
and Prado 2000). In the absence of immigration from
outside the landscape, this could result in a negative effect
of habitat fragmentation per se on population density.
Therefore, in the absence of other possible fragmentation
effects (above), the effect of habitat fragmentation per se
on population density should depend on the net result of
its positive effect through increased immigration and its
negative effect through increased emigration.

This net effect should depend on the distances among
the habitat fragments, relative to the movement range of
the organism (Fahrig and Paloheimo 1988). If the
remaining patches are close together, individuals that
emigrate from patches are likely to be “captured” by
another patch in the same landscape, so emigration from
the whole landscape should be lower than when patches
are farther apart. Therefore, the positive effects of
fragmentation per se on population density should be
larger when patches are closer together than when they are
farther apart. The distance will depend on the organism’s
movement speed in the matrix and on its giving up time,
i.e., the amount of time it spends looking for habitat,
before leaving the landscape altogether. Note this assumes
that the organisms within a patch cannot detect the
distance to the next patch, and do not “decide” to remain
in a patch, if that distance is large (e.g., Jonsen and Taylor
2000) .

We tested for a transient positive effect of fragmentation
per se in a landscape-scale experiment (sensu Brennan et
al. 2002) of the population responses of Coccinellid
beetles to removal of a constant amount of alfalfa habitat
to create landscapes with different habitat spatial patterns,
i.e., different levels of fragmentation per se, and different
inter-patch distances. Our experiment was an open system
situated in a larger region containing other alfalfa fields.
This reduces the likelihood of fragmentation effects
through mechanisms such as intra-specific and inter-
specific interactions (above). Our intention was to test
predictions resulting from the hypothesized effects of
fragmentation per se on inter-patch movement described
above. The treatment landscapes represented all four
combinations of low and high levels of fragmentation per
se (four fragments vs. 16 fragments), with small and large
inter-patch distances (2 m vs. 6 m; Fig. 1), but with the
same amount of habitat removal. We estimated densities of
four Coccinellid species: (1) before the treatment land-
scapes were created through alfalfa removal (week −1), (2)
during the first few weeks following creation of the
treatment landscapes (weeks 1–7), and (3) several months
later (weeks 13 and 15). We tested the following
predictions: (1) Coccinellid densities should increase
more in all treatment landscapes immediately following
alfalfa removal (from week −1 to week 1) than in
landscapes with no habitat removal, due to the crowding
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effect; (2) landscapes with a higher degree of fragmenta-
tion per se (16 smaller fragments) should have higher
Coccinellid densities than the less fragmented landscapes
(four larger patches) during the first few weeks following
alfalfa removal (weeks 1–7); (3) this effect of fragmen-
tation should depend on inter-patch distances such that the
positive effects of fragmentation on Coccinellid density
should be larger when inter-patch distances are small (2 m)
than when inter-patch distances are large (6 m); and (4)
these last two effects should be reduced or disappear
during the later sampling period (weeks 13 and 15), when
population processes other than immigration, such as
reproduction and mortality, will be the main determinants
of population density.

Materials and methods

Experimental landscapes

The study was conducted at Antumapu Experimental
Research Station, University of Chile, Santiago, Chile (33°
34′S, 70°37′W), during the 2002–2003 growing season.
On 4 September 2002, we ploughed the entire study area
and then sowed alfalfa (Pioneer 5683) in each of fifteen
30×30-m plots, which became our experimental land-
scapes. The landscape size for our study was selected
based on other studies dealing with similar questions using
similar organisms (Kareiva 1987; Ives et al. 1993; Banks
1999; With et al. 2002). The landscapes were separated
from each other by at least 20 m. Alfalfa was irrigated
every 2 weeks and no insecticides were used. On 25
November, the alfalfa was cut to a height of 20 cm. On 12
December, we created our treatment landscapes by
ploughing up 84% of the alfalfa in each of 12 of the
experimental landscapes. We created three replicates of
each of four combinations of two fragmentation levels
(four 6×6-m fragments, or sixteen 3×3-m fragments) and
two inter-patch distances (2 m or 6 m) (Fig. 1). No alfalfa
was removed from the remaining three control landscapes.
The alfalfa was cut again on 21 January and 20 February
to 20 cm, to encourage growth of fresh leaves and
maintain habitat quality. The matrix (non-alfalfa) areas
within the treatment landscapes were maintained free of
vegetation throughout the experiment by herbicide
application and ploughing as needed.

The two inter-patch distance levels used (2 m and 6 m)
were based on movement and dispersal experiments with
three of the Coccinellid beetle species in our study (Grez et
al., in press). These experiments suggested that 15–20% of
Coccinellid beetles placed on bare ground will walk at
least 2 m without taking flight, whereas almost all
individuals took flight before reaching 6 m. Therefore,
between-patch movements should be much more common
in landscapes in which patches are separated by 2 m than
in landscapes with patches separated by 6 m. This was
confirmed in mark-recapture experiments using Eriopis
connexa (Germ.).

Insect sampling

Adults of four species of Coccinellid beetles were sampled
in the landscapes, E. connexa, Hippodamia variegata
(Goeze), Hippodamia convergens (Guerin), and Hyper-
aspis sphaeridioides (Mulsant). These insects eat mainly
aphids, but also other small insects, Lepidopteran eggs,
and pollen (Ferran and Dixon 1993). Adults lay eggs in
early to mid summer. Development to adulthood takes
about 4 weeks for E. connexa and about 6 weeks for H.
convergens (Montes 1970; Etchégaray and Barrios 1979;
Ferran and Dixon 1993). Development times for the other
two species are likely similar but they have not been
documented. Adults can survive for several months.
Previous studies close to our study site indicate that E.
connexa appears earlier in the field than H. variegata and
H. convergens, with the former species having its peak
abundance in December while the latter two species peak
in January and March, respectively (Grez 1997).

Adult Coccinellids were sampled by sweep-netting at
16 points in each landscape. In the landscapes with four
fragments, four samples were taken in each fragment and
in the landscapes with 16 fragments one sample was taken
in each fragment. For each sample, we passed the sweep
net 4 times, covering a total area of approximately 2 m2.
To reduce spatial autocorrelation of the data in the 6×6-m
fragments, samples were taken at least 3 m apart (A. A.
Grez et al., unpublished data). All samples were taken
between 0900 and 1300 hours on warm, sunny days.
Insects were counted and released back into the location
where they were collected. Sampling was conducted once
before alfalfa removal, on 5 December (week −1).

Fig. 1 A–E Illustration of the five types of experimental land-
scapes. Each 30×30-m plot represents a landscape with alfalfa (black
areas) and bare ground (white areas; the matrix). B–E Landscapes
contain 16% alfalfa at two fragmentation levels [16 or four

fragments (fr)] and two inter-patch distances (6 m or 2 m). The
five types of landscapes were replicated 3 times in the field, for a
total of 15 landscapes, with a 20-m buffer zone between landscapes
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Sampling was also conducted 4 times during the 7 weeks
immediately following alfalfa removal, on 19 December, 2
January, 16 January and 30 January (weeks 1, 3, 5, and 7
respectively). The Coccinellids collected during this time
period represented mainly insects that immigrated into our
study area after having survived the winter elsewhere,
although since E. connexa colonizes earlier than the other
species, it was already reproducing at the time of alfalfa
removal, as confirmed by the presence of their larvae at
that time (unpublished data). We refer to this first period of
sampling (weeks 1–7) as the “early sampling period”.
Sampling was also conducted twice during a second
period of sampling over 3 months following alfalfa
removal, on 12 March and 25 March (weeks 13 and 15),
i.e., at the beginning of fall in the southern hemisphere.
The Coccinellids collected during this time period
represented mainly insects arising from eggs laid during
the summer of our experiment. We refer to this period of
sampling as the “late sampling period”. For each sample
date, we calculated the mean density per 2 m2 of each of
the four species in each landscape, i.e., three mean values
from three replicate landscapes per species per treatment.
We used these mean values as the data points in all
statistical analyses (below).

Statistical analyses

To test our first prediction we compared, for each species,
the density in the sample immediately preceding alfalfa
removal (week −1) to the density in the sample
immediately following alfalfa removal (week 1) in the
treatment landscapes. To account for the possibility that
any increase in density was simply due to area-wide
colonization, we included the control landscapes in the
analysis. We conducted repeated measures ANOVAs of

beetle density on week (week −1 vs. week 1), habitat
amount [0% habitat removal (controls) vs. 84% habitat
removal (treatments)] and their interaction. Area-wide
colonization of the alfalfa plots between 5 and 19
December would result in an effect of week on population
density. Our prediction of increased density due to habitat
removal (crowding effect) would be confirmed by a
significant interaction effect between week and habitat
amount, i.e., the increase in density between weeks −1 and
1 should be greater for landscapes with habitat removal
than for landscapes with no habitat removal.

To test our second and third predictions we conducted
four analyses, one for each of the four species, of the
density data during the early sampling period following
alfalfa removal (weeks 1–7). We used the 12 treatment
landscapes only, because we were evaluating the effect of
habitat fragmentation per se, given a constant amount of
habitat (16% in our case). For each species, we conducted
a repeated measures ANOVA of density on fragmentation
level (four or 16 fragments), inter-patch distance level
(2 m or 6 m), and their interaction, where the density
measures were repeated 4 times (weeks 1, 3, 5, and 7). Our
predictions would be confirmed by: (1) a significant
positive effect of fragmentation level on density, and (2) a
significant interaction effect between fragmentation level
and inter-patch distance, such that fragmentation level
should have a stronger positive effect on density when
inter-patch distance is 2 m than when inter-patch distance
is 6 m.

To test our fourth prediction, we conducted a similar set
of four repeated measures ANOVAs of density during the
late sampling period on fragmentation level, inter-patch
distance, and their interaction, where the density measures
were repeated twice (weeks 13 and 15). We predicted that
any significant effects of fragmentation level or interac-
tions between fragmentation level and inter-patch distance

Fig. 2 Density (per 2 m2) of
four Coccinellid species, aErio-
pis connexa, bHippodamia
convergens, cH. variegata,
dHyperaspis sphaeridioides,
over time in alfalfa within five
experimental landscapes (see
Fig. 1). Treatment landscapes
were created at week 0 by
removal of alfalfa. Densities in
the control landscapes (no al-
falfa removal) were compared to
those in the treatment land-
scapes in weeks −1 and 1 to test
for the crowding effect. Densi-
ties in the treatment landscapes
were used to test for fragmen-
tation and inter-patch distance
effects during the early sampling
period (weeks 1, 3, 5, and 7) and
the late sampling period (weeks
13 and 15). SE bars are based on
three data points, i.e., three
replicate landscapes for each
landscape type

447



that we had found in the analyses of the early sampling
period (described above; weeks 1–7) would be much
smaller or absent in the late sampling period.

Results

In all, we sampled 6,209 adult Coccinellids: 2,112 E.
connexa, 3,443 H. variegata, 376 H. convergens, and 278
H. sphaeridioides. The time trends for the four species are
shown in Fig. 2.

Three of the four species showed a significant increase
in density in the week immediately following alfalfa
removal (Table 1; compare week −1 to week 1 in Fig. 2).
However, contrary to our first prediction, there were no
significant interaction effects between week (week −1 vs.
week 1) and level of habitat loss (0 vs. 84%) for any of the
four species (Table 1).

The repeated measures ANOVAs from the early sam-
pling period, i.e., the first 7 weeks following alfalfa
removal, comparing only the treatment landscapes,
revealed a marginally significant effect of fragmentation
level, and a marginally significant effect of the interaction
between fragmentation level and inter-patch distance for
H. variegata, and a marginally significant effect of the
interaction between fragmentation level and inter-patch
distance for H. convergens (Table 2). These species
showed the predicted higher density in the more
fragmented landscapes (16 patches) than in the less
fragmented landscapes (four patches), when the inter-
patch distance was small (2 m; Fig. 3). This effect of
fragmentation per se can also be seen by comparing the
early part (weeks 1–7) of the curves in Fig. 3. The 16fr-
2 m curves for H. variegata and H. convergens rise above
the other curves during the early sampling period for these
two species, indicating positive effects of fragmentation
per se.

As predicted, the effects of fragmentation per se and its
interaction with inter-patch distance that we found in the
early sampling period (weeks 1–7) had disappeared by the
late sampling period (weeks 13 and 15). There were no
effects of fragmentation level or inter-patch distance or
their interaction on Coccinellid densities in the late
sampling period (Table 2).

Discussion

In some respects, our results are consistent with previous
empirical studies of the effect of habitat fragmentation per
se on population density (McGarigal and McComb 1995;
Collins and Barrett 1997; Wolff et al. 1997; Collinge and
Forman 1998; Flather et al. 1999; Hovel and Lipcius 2001;
Caley et al. 2001). First, as in previous empirical studies,
the effect of habitat fragmentation per se was not
ubiquitous; it was only detected in two species of four.
When an effect of fragmentation per se did occur, the
effect was weak, explaining only 5 and 8% of the variation
in population density, or 12 and 16% of the variation in
density for the sum of the main effect of fragmentation
level and the interaction effect between fragmentation
level and inter-patch distance (for H. convergens and H.
variegata, respectively).

In our analyses of the effects of fragmentation per se,
i.e., including only the 12 landscapes from which alfalfa
had been removed, habitat amount was held constant
among treatments at 16% of the landscape. This habitat

Table 1 F-values and associated P-values (in parentheses) for each
of four repeated measures ANOVAs comparing the densities of each
of four Coccinellid species the week before (week −1) vs. the week
immediately after (week 1) alfalfa removal, and between treatment
(84% habitat loss; n=12) and control landscapes (no habitat loss;

n=3). Response variables are in the first column and predictor
variables are in the first row. The interaction term between week
(week −1 vs. week 1) and habitat loss tests the prediction that the
increase in density following alfalfa removal should be greater in the
treatment landscapes than in the control landscapes

Time period (before/after landscape creation) Habitat loss (0 or 84%) Time period×habitat loss interaction

Eriopis connexa 15.5 (0.002) 0.59 (0.46) 0.96 (0.35)
Hippodamia variegata 5.7 (0.033) 0.03 (0.86) 0.15 (0.71)
H. convergens 9.41 (0.009) 0.00 (0.99) 0.06 (0.81)
Hyperaspis sphaeridioides 2.11 (0.17) 1.99 (0.18) 2.11 (0.17)

Table 2 F-values and associated P-values (in parentheses) for each
of four repeated measures ANOVAs (for each of four species) of
Coccinellid density during each of two time periods following
alfalfa removal. Response variables are in the first column and
predictor variables are in the first row. The interaction term between
fragmentation (Frag) and inter-patch distance (Distance) tests the
hypothesis that the effect of fragmentation on Coccinellid density
depends on inter-patch distance. The total number of landscapes is
12, i.e., three replicates of each of the four combinations of Frag and
Distance. All landscapes contained 16% alfalfa

Fraga Distanceb Frag×distance

Data collected during the first 7 weeks following alfalfa removal
E. connexa 0.41 (0.54) 0.44 (0.53) 0.15 (0.71)
H. variegata 4.61 (0.064) 0.92 (0.36) 4.47 (0.062)
H. convergens 2.92 (0.13) 0.11 (0.75) 4.00 (0.081)
H. sphaeridioides 0.48 (0.51) 0.43 (0.53) 0.00 (0.99)
Data collected during the 13th and 15th weeks following alfalfa
removal
E. connexa 0.06 (0.81) 0.06 (0.81) 0.96 (0.36)
H. variegata 0.56 (0.48) 0.00 (0.96) 0.11 (0.75)
H. convergens 0.18 (0.68) 0.15 (0.71) 0.07 (0.79)
H. sphaeridioides 1.88 (0.21) 1.29 (0.29) 0.54 (0.48)
aEither four or 16 patches (Fig. 1)
bEither 2 or 6 m (Fig. 1)
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amount is under the threshold level of 20–30%, below
which theoretical studies predict that habitat fragmentation
per se should have its largest effect on population density
(Fahrig 1998; Flather and Bevers 2002). Note that three
other experimental studies of the effect of fragmentation
per se on density used habitat amount levels of 16, 30 and
25% (Collins and Barrett 1997; Wolff et al. 1997; Collinge
and Forman 1998, respectively). Our results and these
other studies suggest that the effect of fragmentation per se
on population density is not strong, even in the range of
habitat amount values where it is predicted to be strongest.

The second major way in which our results are
consistent with previous empirical studies of fragmenta-
tion per se on population density is that the effect of
fragmentation, when it did occur, was positive, i.e.,
population density was higher in the landscapes containing
16 small patches than in the landscapes containing four
larger patches. All other experimental studies of the effects
of fragmentation per se on population density have
similarly found positive effects (Collins and Barrett

1997; Wolff et al. 1997; Collinge and Forman 1998;
Caley et al. 2001; Bancroft and Turchin 2003). Note,
however, that this result is not consistent with most current
theory, which predicts negative effects of fragmentation
per se on population density (Fahrig 1998, Burkey 1999;
With and King 1999; Hill and Caswell 1999; Urban and
Keitt 2001).

We suggest the following interpretation for our results.
First, immediately following habitat removal, insect
densities were not higher in landscapes where habitat
had been removed than in the control landscapes. This
suggests that many or most of the insects that had been in
alfalfa before it was converted to bare ground were either
killed during plowing, or engaged in immediate long-
distance movements and therefore did not enter the
remaining fragments of alfalfa in significant numbers.
However, we did observe a weak positive effect of the
level of fragmentation on density of H. variegata, i.e.,
higher density in the landscapes with 16 patches than in
the landscapes with four patches, during the early
sampling period following alfalfa removal (Table 2). We
suggest that increased fragmentation per se increased the
ability of migrating adults arriving at our experimental
area to find alfalfa habitat. These insects were more likely
to find alfalfa in landscapes containing 16 small fragments
than in those containing four large fragments (with the
same total amount of habitat), because the more
fragmented landscapes had more habitat edge. This is
consistent with the hypothesis of Bowman et al. (2002).
Some animals, including many insects, make long-
distance movements aerially, but when they alight on the
ground they move in a random pattern until they intercept
habitat (e.g., Fahrig and Paloheimo 1987; Gillespie 1987).
Such animals are more likely to intercept habitat in
landscapes containing more habitat edge, i.e., more
fragmented landscapes. This is also true for animals with
directed walking, unless large patches disproportionately
attract moving individuals. We suggest that this sort of
behavior led to the small positive effect of fragmentation
per se on the density of H. variegata (higher density in
landscapes with 16 patches than in landscapes with four
patches) during the early sampling period.

Our results support our hypothesis that the effect of
habitat fragmentation should depend on inter-patch
distances. The positive effect of fragmentation per se
was stronger in landscapes where the inter-patch distances
were smaller (2 m) than where inter-patch distances were
larger, for both H. variegata and H. convergens (6 m;
Fig. 3). To our knowledge, this study is the first
demonstration of this interaction effect between fragmen-
tation per se and inter-patch distance. Coccinellids are
more likely to emigrate from patches with a higher
perimeter to area ratio (Grez and Prado 2000); therefore, in
our experimental landscapes the emigration rate from
patches should be higher in the more fragmented land-
scapes (16 patches) than in the less fragmented landscapes
(four patches). However, when the distance between
fragments is small, emigrants from fragments are more
likely to find new fragments within the landscape.

Fig. 3 Interaction effect between the level of habitat fragmentation
and inter-patch distance on density (individuals per 2 m2±1 SE) of
two Coccinellid species, H. variegata (a) and H. convergens (b)
during the early sampling period, i.e., the first 7 weeks following
alfalfa removal. Within landscapes the values were averaged across
the four weeks (1, 3, 5, and 7); the SE bars are based on the three
replicate temporal means for each treatment
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Coccinellids are more likely to fly when they are on bare
ground than when they are in alfalfa (A.A. Grez et al.,
unpublished data). We hypothesize that beetles leaving
habitat patches by walking were more likely to find nearby
patches than more distant patches, before taking flight.
Therefore, when small patches were close together, the
positive effect of fragmentation per se on immigration was
not countered by an increase in emigration from the
landscape.

As we predicted, the effects of fragmentation per se on
population density, i.e., the higher densities in the
landscapes with 16 fragments than in the landscapes
with four fragments, were only apparent during the early
sampling period. This is the first demonstration of which
we are aware, of the predicted transient effect of
fragmentation per se on population density. Most of the
adult Coccinellids captured during the late sampling
period were from a second generation and likely originated
largely from reproduction within our plots, and not from a
continuing immigration process. Most species of Cocci-
nellids in temperate regions hibernate in different places
than where they feed and reproduce (Dixon 2000).
Therefore, every year they colonize new habitats during
spring and early summer, feed, reproduce, and in fall the
adults from the summer generation seek overwintering
habitats. Our results, along with these life history traits,
suggest that, at longer time scales, when immigration had
decreased, factors affecting reproduction and mortality had
a much larger effect on population density than any
possible effect of habitat fragmentation per se on density.
This is particularly likely for species with high fecundities
such as H. variegata and H. convergens (With and King
1999; Fahrig 2001). By 3 months following alfalfa
removal, the effect of the level of fragmentation (four
patches vs. 16 patches) on immigration was probably so
small relative to these demographic effects, that it was not
detectable.

If, as we propose, immigration was the main cause of
the observed positive effect of fragmentation per se on
Coccinellid density, then the timing of alfalfa removal
relative to the immigration period of each species likely
determined whether or not such an effect was detected for
that species. Based on the temporal dynamics of the
Coccinellid species reported here and in previous studies
(Grez 1997), it seems likely that in our experiment alfalfa
removal occurred before the bulk of immigration for
Hippodamia species, and after the bulk of immigration for
E. connexa. We hypothesize that this difference in timing
resulted in our observation of a positive effect of
fragmentation for the Hippodamia species, but no effect
for E. connexa. We do not have a clear idea of when
immigration occurs for Hyperaspis.

There are other possible mechanisms that could produce
positive relationships between fragmentation per se and
population density (Fahrig 2003; L. Tischendorf et al.,
unpublished data). These include release from competitors
or predators, improved access to other resources on the
landscape (“landscape complementation”), and higher
reproduction or lower mortality at habitat edges. If these

mechanisms were operating in our system we would have
expected the positive effect of fragmentation per se to
persist over time. Since it did not, we believe a temporary
increase in immigration rate caused by the larger amount
of habitat edge in the more fragmented landscapes, as
discussed above, is the most likely explanation for our
results, although we cannot definitively reject the
possibility that other mechanisms were also operating.

In summary, we found that habitat fragmentation per se
(controlling for habitat amount) had a weak positive effect
on the population density of two of four Coccinellid
species, in the short term following habitat removal. There
was no effect of fragmentation per se on the other two
species. The positive effect of fragmentation level
depended on inter-patch distances; it occurred only
where fragments were close together. The effect was
also transient; it had disappeared 3 months following
habitat removal. This is the first study to document a
transient positive effect of fragmentation per se on
population density, and to show that this positive effect
depends on inter-patch distances. Our results are consistent
with the hypothesis that fragmentation per se can increase
population density through an increase in immigration
rate. Theoretical work is needed to determine the
conditions under which this mechanism is most likely to
cause positive effects of fragmentation per se on popula-
tion density. Also, more empirical studies of the effect of
fragmentation per se are needed, to determine whether this
is an important mechanism in nature.
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