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AN EXPERIMENTAL TEST OF CORRIDOR EFFECTS ON
BUTTERFLY DENSITIES

Nick M. HADDAD! AND KRISTEN A. BAUM?
Institute of Ecology, University of Georgia, Athens, Georgia 30602-2202 USA

Abstract. In a large-scale experiment, we found that three habitat-restricted butterfly
species reached higher densities in patches connected by corridors than in similar, isolated
patches. We conducted our study in 27 equal-sized (1.64-ha) patches that varied in whether
or not they were connected to another patch by a corridor. Patches and corridors were open,
early-successional habitat that contrasted strongly with the surrounding pine forest. Of four
butterfly species studied, three open-habitat specialists (Junonia coenia, Euptoieta claudia,
and Phoebis sennae) reached higher densities in patches connected by corridors than in
isolated patches. A fourth species, Papilio troilus, showed no preference for open habitat
or pine forest, and its density did not differ in connected or isolated patches. Although
butterfly densities were often significantly, positively associated with densities of host plant
or flower resources, plant densities did not confound corridor effects on butterfly densities.

Higher densities in patches connected by corridors may have been caused by three
different factors. First, species with higher densities in connected patches also moved more
frequently between connected patches, and higher movement rates may have helped to
sustain higher population sizes. Second, species with higher densities in connected patches
also had higher densities farther from the forest edge. Corridors increased the area of a
patch that was farther from the forest edge, which increased the ** effective area’” of con-
nected patches and may have increased butterfly densities. Third, corridors may have acted
as ‘‘drift fences,” intercepting dispersers from the surrounding forest and directing them
to connected patches. We could not determine the relative contribution of each factor, and
it is possible that all three contributed to higher densities of habitat-restricted butterflies

in patches connected by corridors.
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INTRODUCTION

The primary cause of species endangerment and ex-
tinction is the fragmentation and loss of native habitats
(Wilcove et al. 1998). Even when suitable habitat ex-
ists, small fragments may be isolated and inaccessible
to dispersing plants and animals. Corridorsthat connect
habitat areas might increase movement rates of plants
and animals into otherwise isolated fragments (Wilson
and Willis 1975, Rosenberg et al. 1997). Thus, periodic
population declines and local extinctions in habitat
fragments might be offset by more frequent coloniza-
tion via corridors (Brown and Kodric-Brown 1977,
Fahrig and Merriam 1985). Although theory and in-
tuition suggest that corridors should prevent population
extinctions, few empirical studies demonstrate that cor-
ridors increase interpatch movement and that more fre-
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quent interpatch movement causes higher population
sizes in fragmented |andscapes.

The prediction that patches connected by corridors
have higher densities than isolated patches has been
tested in several studies (MacClintock et al. 1977, Fah-
rig and Merriam 1985, Forney and Gilpin 1989, La
Polla and Barrett 1993, Dunning et al. 1995, Norton et
al. 1995). Higher densities caused by corridors are as-
cribed to higher rates of recolonization after local ex-
tinction, or to higher rates of immigration. Because of
the intense effort needed to obtain data on movement
between patches at large spatial scales, however, little
empirical evidence supports the hypothesis that higher
densities in these studies were caused by higher move-
ment rates between connected patches. Separate studies
have shown that corridors increase interpatch move-
ment rates (Haas 1995, Machtans et al. 1996, Sutcliffe
and Thomas 1996, Haddad 1999a), but these studies
do not document the effects of higher interpatch move-
ment on population sizes.

The hypothesis that higher densities in connected
patches are caused by higher interpatch movement rates
remains untested. Unfortunately, this hypothesis ap-
pearsto have been generally accepted without thorough
consideration of other ways in which corridors might
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cause higher population sizes. Higher interpatch move-
ment rates through corridors would have a strong effect
on population sizes in cases in which dispersal into
isolated patches is extremely limited. However, in ex-
isting, small-scale studies of corridor effects on pop-
ulation sizes, animals often are not dispersal limited.
Other changes to a landscape caused by corridors may
also influence population sizes. In particular, a corridor
increases patch area and changes the shape of a patch.
These two factors have been shown to influence animal
immigration and densities in numerous studies, but
never in relation to corridors. Corridors alter the in-
ternal environment of a patch by increasing the area of
the patch that is farther from the habitat edge. This
could decrease densities of edge species, or increase
densities of edge-avoiding species. Corridors also
change the position and orientation of a patch in the
context of the larger landscape (Anderson and Daniel-
son 1997). For example, corridors may serve as ‘‘ drift
fences,” intercepting dispersing individuals from the
surrounding landscape and directing them toward
patches connected by corridors. These additional ef-
fects of corridors may confound the interpretation that
corridor effects on population sizes are caused by high-
er interpatch movement rates.

To test corridor effects on butterfly densities, we de-
veloped an experimental network of large patches and
corridors (see Haddad 1999: Fig. 1). Within open hab-
itat patches that were either isolated (i.e., surrounded
by pine forest) or connected to another patch by an
open-habitat corridor, we measured butterfly densities
and evaluated the hypothesis that densities are higher
in patches connected by corridors than in isolated
patches. Because species may differ in their responses

to corridors, we studied four butterfly species that var-
ied in their movement abilities and in their preferences
for open habitat.

Using the results of this and other studies (Haddad
1997, 1999a, b), we evaluated five mechanisms that
might change densities in patches connected by cor-
ridors. Changes in density may result from changes in:
(1) interpatch movement rates (MacClintock et al.
1977); (2) the densities of essential host plants or flower
resources (e.g., Kuussaari et al. 1996); (3) edge-related
densities, i.e., corridors increase the area of a patch
that is far from the edge, increasing the effective area
of a patch for edge-avoiding species (Sisk et al. 1997);
(4) immigration rates into a patch, i.e., a corridor may
intercept moreindividual s dispersing through thelarger
landscape (Taylor 1987); or (5) emigration rates, which
may be dependent on a patch’s edge: area ratio (Kar-
eiva 1985).

METHODS
Sudy site

The experiment, conducted at the Savannah River
Site, South Carolina, is described in detail in Haddad
(1999a). Experimental patches and corridorswere open
habitats, created by harvesting pinetreesin large stands
of managed pine forest. Pine were grown at high den-
sities, creating a strong contrast between forest that
supported little understory development and early suc-
cessional clearings that supported dense herbaceous
vegetation. A total of 27 equal-sized (1.64-ha) square
patches were created within five contiguous stands of
pine forest, of which 19 were connected to other patch-
es and eight were isolated (see Haddad 1999a: Fig. 1).
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TaBLE 1. Study species, their flight phenologies, and most common host plants and flower resources.

Butterfly

species Common name

Adult flight periods

Host plant(s)t Nectar plant(s)t

Junonia coenia buckeye

3 Aug-16 Sep 1995
23 Apr—3 Jun 1996

Linaria canadensis,
Gerardia purpurea

L. canadensis, Rubus sp.,
G. purpurea

4 Jun-30 Jun 1996

Euptoieta claudia variegated fritillary

21 May—16 Sep 1995

Passiflora incarnata  Asclepias tuberosa, Rubus

30 Apr—30 Jun 1996 sp.

Phoebis sennae cloudless sul phur

Papilio troilus spicebush swallowtail

23 Jul-16 Sep 1995
4 Apr—28 Apr 1996 sp.

21 May—16 Sep 1995
4 Apr—25 May 1996

Cassia sp., Crotolaria Cassia sp., Crotolaria sp.,
Gelsemium sempervirens

Carduus repandus, G. sem-
pervirens

Sassafras albidum

26 May—30 Jun 1996

T Not al host and nectar plants are available for all flight periods; these columns simply list species important to the

butterflies.

Corridors were 32 m wide, or one-fourth the width of
a patch. A grid system was established within each
patch to enable rapid assessment of spatial locations.
Sixteen meters from the edge of each patch, a3 X 3
grid was demarcated using a laser transit (Fig. 1). Grid
cells were 32 X 32 m and the corners were marked
with 3.3 m tall polyvinyl chloride pipes. Within the
larger grid, a second system of 8 X 8 m grid subcells
allowed determination of spatial locations and esti-
mates of butterfly densities at a resolution of 8-m in-
tervals (Fig. 1).

Study species

We studied four butterfly species (Table 1) that var-
ied in movement ability and habitat preference. Junonia
coenia (Lepidoptera: Nymphalidae) and Euptoieta
claudia (L epidoptera: Nymphalidae), both open-habitat
species, were the least vagile (Scott 1975a, b), and
typically remained within an experimental patch for
several days (Haddad 1999a). Phoebis sennae (L epi-
doptera: Pieridae) and Papilio troilus (L epidoptera: Pa-
pilionidae) were more vagile, and were likely to leave
the patch within minutes after being encountered. P.
sennae strongly preferred open habitats, whereas P.
troilus showed no habitat preference (Haddad 1999b).
All of the study species were able to rapidly colonize
newly created experimental patches. Because the
patches, corridors, and surrounding forests were
burned, we assumed that butterflies colonized patches
from outside the experiment after the patches were cre-
ated.

Butterfly surveys

Data were collected from May to September 1995
and April to June 1996. In both years, surveys covered
the entire patch, were conducted between hours 1000
and 1700, and were suspended during rain. However,
census techniques differed between years. In 1995,
each survey consisted of 5-min observations in each
of the nine cells within a patch (Fig. 1). This method
assumed detection of all butterflies within 16 m, adis-
tance that we realized was too large to encounter all

Junonia coenia. A transect approach was implemented
in 1996 that assumed an 8-m detection distance. Patch-
es were divided into eight 128 m long transects, each
separated by 16 m. During a survey, we walked each
transect in 6 min. In both years, observation time ex-
cluded time spent observing and marking butterflies
and recording data. In each year, data were collected
consistently among patches, permitting valid analyses
of corridor effects on butterfly densities. However, dif-
ferences in 1995 and 1996 survey methods prevented
comparisons between years.

Locations of individual butterflies were recorded at
the resolution of a patch subcell (Fig. 1). To avoid
double counting, we captured individual Junonia coen-
ia and Euptoieta claudia and marked them with a
unique identification code (Ehrlich and Davidson 1960,
Haddad 1999a). Double-counting was not a problem
with Papilio troilus and Phoebis sennae. These species
were highly mobile and were usually followed until
they left the patch. To obtain an unbiased estimate of
spatial location for P. troilus and P. sennae, we re-
corded the location where the butterfly was first en-
countered. Because an equal amount of time was spent
observing butterflies in each area of a patch, we as-
sumed that individuals were first encountered in pro-
portion to their density in any given areawithin apatch.
Only 20 patches were surveyed in 1995 (10 patches
for three consecutive days, followed by the other 10
patches for three consecutive days). In 1996, all patches
were surveyed once before any patch was surveyed a
second time; on average, 23 surveys were completed
each day.

Vegetation surveys

Vegetation surveys for specific host plants and flow-
ers (used as nectar resources by adult butterflies) were
conducted several times each year. No butterfly species
used more than two species or genera as larval host
plants (Table 1). All were generalists with respect to
nectar resources; however, each exhibited a preference
for certain flowers. Data were collected on the abun-
dances of all larval host plants and of the most im-
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Fic. 2. Density contours in relation to the forest edge. In this example, density increases with distance from the edge to
the center of a patch, a relationship similar to the one found for three open-habitat species in this study. A corridor changes
the edge effects on density, as well as the distribution of densities within a patch. When integrated over the entire patch,

densities are higher in the connected patch.

portant flowering plants for each butterfly species (Ta-
ble 1).

For most plant species, the quantity of host plants
or flowers was estimated on a log scale. Within each
cell or subcell, the number of plants or flowers was
recorded as: O, O plants or flowers; 1, 1-10; 2, 10-100;
and 3, >100 plants or flowers. In September 1995, each
patch was surveyed for Cassia sp., Crotolaria sp., and
Gerardia purpurea (see Table 1 for butterfly—plant as-
sociations), and data were recorded within each cell.
In March 1996, each patch was surveyed for Gelsem-
ium sempervirens flowers and data were recorded with-
in each subcell. In May 1996, each patch was surveyed
for Linaria canadensis and for Rubus sp. flowers, and
data were recorded within each subcell.

For two particularly important flowers, Asclepias
tuberosa and Carduus repandus, flower locations were
recorded to the nearest subcell during each butterfly
survey. Finally, the density of Sassafras albidum was
measured monthly in June-August 1995 and in April
and July 1996. The abundance of Passifloraincarnatum
was manipulated as part of another study and was not
measured here.

Analysis

The response variables used in statistical analyses
were counts of each butterfly species within each patch
at 8-m intervals from the forest edge (Fig. 1). The
response variable was weighted by the area of the 8-m
interval and the number of surveys per patch. Inde-
pendent variables included a class variable that indi-
cated the presence or absence of a connecting corridor,
a class variable that indicated the experimental region

(one of five forest stands that contained patches), dis-
tance from the forest edge (0-56 m in 8-m intervals),
and abundances of essential plant resources.

Because count data followed a Poisson distribution,
we analyzed our data with Poisson regression (SAS
Institute 1996). The significance of each variable was
evaluated with a chi-square test. The Poisson mean was
characterized by the following equation:

N = E(Y) = tAFexp(Bo + BiXy + ...+ BpXy)

where Y, denotes the number of butterflies observed
after t surveys in one of the 8-m intervals within a
patch of area A, (X, X,, . . . , X,) were model variables,
(Bo» By, - - ., By) were estimated constants for those
variables, and (t* A) was a scaling factor, which weight-
ed the counts by the number of surveys and the area
surveyed. An expanded model (i.e., one with additional
independent variables) was accepted over a reduced
model when the likelihood ratio statistic (=2{log like-
lihood of expanded model — log likelihood of reduced
model}) was greater than x3 s with the degrees of free-
dom equal to the number of dropped variables.

Using empirical estimates of butterfly densities in
connected and isolated patches, we tested the hypoth-
esis that higher densities could be attributed to the ef-
fects of edges on patch quality for each butterfly spe-
cies. The potential effects of edges on butterfly den-
sities are diagrammed in Fig. 2. In the example, higher
densities at greater distances from the forest edge in-
dicate an edge-avoiding species (i.e., one that prefers
habitat near the center of the patch). We predicted den-
sities in connected patches by applying the Effective
AreaModel (Sisk et al. 1997) and using empirical data
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TaBLE 2. Type Il likelihood ratio statistics for all significant variables retained in best-fit Poisson regressions of butterfly
density for each adult flight period (SAS Institute 1996). Nonsignificant (Ns) variables were not retained in the final model.

No.

indi- Forest region Corridor Distance to edge Plant density
Species Flightt viduals X2 P X2 P X2 P X2 P
Junonia coenia 1995 333 61.50 0.001 - NS 165.47  0.001 96.65% 0.001
1996a 2928 4559  0.001 428 0.04 403.24  0.001 86.958 0.001
1996b 2469 182.17 0.001 12.01 0.001 255.25  0.001
Euptoieta claudia 1995 190 NS NS 194.44  0.001
1996 333 5475 0.001 11.62 0.001 255.25  0.001 8.15|| 0.004
Phoebis sennae 1995 1090 69.25 0.001 6.07 0.01 102.49 0.001 B | NS
1996 103 21.78 0.001 - NS NS o NS
Papilio troilus 1995 633 11.60  0.009 NS 97.22 0.001 11.24tt  0.001
1996a 680 1241 0.01 NS 33.60 0.001 RE:: NS
1996b 274 27.83  0.001 NS 6.98  0.008 80.82tt  0.001

Notes: Ellipses indicate that data were not included in the final model because they were not significant. Blank cellsindicate

that no data were collected.
T a, first flight period; b, second flight period.
¥ Gerardia purpurea.
§ Linaria canadensis (density > 10 plants/cell).
|| Rubus sp.
9 Cassia sp. and Crotolaria sp.
# Gelsemium sempervirens.
11 Carduus repandus.

from isolated patches. This was done by multiplying
the area of each 8-m interval in a connected patch (as
shown in Fig. 2) by densities estimated for that interval
in an isolated patch. We summed the estimates from
each interval to obtain a density estimate for the entire
connected patch. Edge effects would explain the entire
effect of corridors on densities if the estimate were to
equal actual densities in connected patches. We pre-
dicted the influence of edge effects on butterfly den-
sities for each flight period of each butterfly species
that had higher densities in patches connected by cor-
ridors.

We al so analyzed the effects of corridors on the abun-
dances of important plant resources. The response vari-
able was either plant or flower density, or the propor-
tion of cells or subcells in which density was greater
than or equal to 1, 10, or 100 plants or flowers. Plant
and flower abundances in connected and isolated patch-
es were analyzed as a single-classification ANOVA.

REsULTS
Butterfly densities

In 1995, 700 butterfly surveys were conducted, for
an average of 35 surveys per patch. In 1996, 1464
surveys were conducted, for an average of 54 surveys
per patch. To evaluate the seasonal effects of different
plant resources on butterfly densities, 1996 data were
divided into flight periods, based on adult emergence
patterns (Tables 1 and 2). Although flight periods over-
lapped in some cases, we determined the beginning and
end of flight periods at times when adults reached their
lowest seasonal abundances.

Densities of three species, Junonia coenia (1996;
Fig. 3B,C), Euptoieta claudia (1996; Fig. 4B), and
Phoebis sennae (1995; Fig. 5A), were higher in patches

connected by corridors than in similar, isolated patches
during one or more flight periods (Table 2). In 1995,
the analysis of J. coenia density was influenced strong-
ly by two patches, one connected and oneisolated, with
densities an order of magnitude higher than in other
patches. We suspect that this was due to high densities
of unmeasured flowers in these patches. When these
patches were excluded from the analysis, J. coenia den-
sity was significantly, positively dependent on the pres-
ence of a corridor (x? = 38.03; P = 0.001; full model:
df = 6, 137). Corridors also had no significant influence
on P. sennaein 1996, when its densities were depressed
by late spring frosts. No differencesin density between
connected and isolated patches were detected for Pap-
ilio troilus in either year (Fig. 6).

In several cases, butterfly densities were signifi-
cantly, positively correlated with abundances of host
or nectar plants (Table 2). In 1995, Junonia coenia
density was significantly, positively related to the num-
ber of cells containing Gerardia purpurea. In its first
1996 flight period, J. coenia density was significantly,
positively related to the proportion of subcells con-
taining >10 individual Linaria canadensis. In 1996,
Euptoieta claudia density was significantly, positively
related to the proportion of subcells containing Rubus
sp., and weakly, positively related to Asclepias tub-
erosa flower density (x? = 2.78; P = 0.09; full model:
df = 8, 207). In 1995 and 1996, Papilio troilus density
was significantly, positively related to Carduus repan-
dus flower density. Other plant resources were not sig-
nificant covariates in models of butterfly densities.

Except in one flight period of Papilio troilus, region
was always a significant variable in models of butterfly
densities (Table 2). Regional clusters of patches dif-
fered in soil types, histories of forest management, and
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surrounding landscapes. These factors were not quan-
tified as part of this study. However, even after ac-
counting for regional differences, the effects of corri-
dors on densities were still significant for Junonia
coenia, Euptoieta claudia, and Phoebis sennae.

Predicting the effects of edges on butterfly densities

Densities increased with distance from the forest
edge for all species, except for Phoebis sennae in 1996
(Table 2). Densities of Junonia coenia, Euptoieta clau-
dia, and P. sennae (1995) increased sharply with dis-
tance from the forest edge (Figs. 3-5). Densities of
Papilio troilus were low near the forest edge and high
near the patch center, but showed little change at in-
termediate distances (Fig. 6).

Using data from isolated patches, we estimated the
effects of edges on butterfly densities in connected
patches. In Table 3, we present the actual mean den-
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sities in isolated and connected patches, as well as our
density estimates for connected patches for all species
that showed a significant, positive response to corri-
dors. The Effective Area Model predicted densities 8—
19% higher in connected patches. Actual densitieswere
17-155% higher in connected patches. The prediction
for 1995 Junonia coenia density was the only case for
which our prediction matched actual densities.

Vegetation densities

Although densities of several butterfly species were
significantly, positively correlated with the abundances
of important plant resources, only one plant species
had different abundances in connected and isolated
patches (Table 4). In 1996, Gelsemium sempervirens
flowers were more abundant in isolated patches. Be-
cause the abundance of one in 20 plant species would
be expected to differ by chance alone, we conclude that
there was no significant effect of corridors on abun-
dances of host or nectar plants.

DiscussioN

This large-scale experiment demonstrates that cor-
ridorsincrease densities of habitat specialist butterflies.
During one or more adult flight periods, densities of
three open-habitat butterfly species were higher in
patches connected by corridors than in similar, isolated
patches. Our results corroborate most other studies that
also show higher animal densitiesin patches connected
by corridors (i.e., MacClintock et al. 1977, Fahrig and
Merriam 1985, LaPolla and Barrett 1993, Dunning et
al. 1995), and add support to the emerging consensus
that corridors increase densities of habitat-restricted
Species.

For each open-habitat species, results from one flight
period did not agree with the prediction that corridors
increase butterfly densities. Four factors may have con-
tributed to the variability in our results. First, in all
cases when corridors had no effect on densities of open-
habitat butterflies, there were far fewer individuals
compared to other flight periods. For instance, total
densities of Phoebis sennae in spring 1996 were de-

TaBLE 3. Effects of edges on butterfly densities in connected and isolated patches.

: : Predicted Actual

Density (no. butterflies/ha) offect of  effect of

Isolated Connected corridors  corridors
Species (by flight period) patches Estimate patches (%) (%)
Junonia coenia (1995) 0.90 1.04 1.05 16 17
J. coenia (May 1996) 1.71 2.03 3.80 19 122
J. coenia (June 1996) 1.37 1.63 3.50 19 155
Euptoieta claudia (1996) 0.22 0.26 0.45 18 105
Phoebis sennae (1995) 1.82 1.97 2.32 8 27

Notes: For all butterflies and flight periods in which density showed a positive response to
corridors, we estimated densities in patches with corridors using the Effective Area Model
(Sisk et al. 1997; see Fig. 2). The predicted effect of corridors = (estimated density in connected
patch — actual density in isolated patch)/(actual density in isolated patch) X 100%. The actual
effect of corridors = (actual density in connected patch — actual density in isolated patch)/

(actual density in isolated patch) X 100%.
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TaBLE 4. Abundances of essential plant resources in connected and isolated patches. Means
were compared in a single-classification ANOVA.

Abundance (mean = 1 sg)

Connected |solated
Plant species patches patches F P

1995 (n = 13) n=7)
Gelsemium sempervirenst 0.188 *= 0.102% 0.224 = 0.101 0.30 NS
Cassia sp. 0.622 = 0.272% 0.571 = 0.289 0.15 NS
Crotolaria sp. 0.243 + 0.258% 0.189 + 0.332 0.17 NS
Gerardia purpurea 0.217 *= 0.300% 0.245 = 0.178 0.06 NS
Carduus repandus 12.85 + 5.468 27.86 + 9.88 2.11 NS
Asclepias tuberosa 3.92 = 1.53| 2.14 + 1.35 0.59 NS
Sassafras albidumf 144 + 58 121 + 44 0.92 NS

1996 (n = 19) (n=18)

G. sempervirenst 0.279 + 0.262%f 0.530 * 0.262 4.46 <0.05

Linaria canadensis 0.299 + 0.223ff 0.150 * 0.109 3.20 NS
Rubus sp. 0.140 = 0.132%+ 0.139 =+ 0.093 0.00 NS
C. repandus 26.37 = 9.578 30.75 + 11.82 0.07 NS
A. tuberosa 26.52 + 9.498 52.5 + 32.57 1.50 NS
S. albidumtt 86.7 = 7.6 90.9 + 16.7 0.07 NS

T Corridor, n = 6; no corridor, n = 4.
¥ Mean proportion of cells per patch.
§ Mean no. flowers per patch.

[ Mean no. plants per patch.

9 July measurements: connected, n = 11, isolated, n = 8.

#df = 1, 25.

11 July measurements: connected, n = 17; isolated, n = 7.

F1+ Mean proportion of subcells per patch.

pressed by late frosts. During that time, sampling ef-
fects may have been introduced by extremely low but-
terfly encounter rates. Second, outliers, caused by ex-
tremely high flower densities in two plotsin fall 1995
obscured a significant, positive effect of corridors on
Junonia coenia densities in the other patches. Third,
because only 20 patches were surveyed in 1995, sample
sizes may have been too small to detect real differences
in densities. Finally, the results may indicate seasonal
differences in responses to corridors. Seasonal differ-
ences may have arisen from changes in butterfly flight
patterns, which were only observed for P. sennae, a
migratory species (Haddad 1997), or from changes in
the spatial distribution of host plants or flowers.

Studies conducted at the same time and in the same
experimental patches as this study provide support for
the hypothesis that higher butterfly densities were
caused by higher interpatch movement rates. In amark—
release—recapture study, Haddad (1999a) demonstrated
that Euptoieta claudia and Junonia coenia move more
frequently between connected patches than between
unconnected patches. In behavioral studies, Haddad
(1999b) showed that Phoebis sennae use corridors
more frequently than expected by random movement,
whereas Papilio troilus do not.

Can we conclude that, by increasing interpatch
movement, corridors increase densities in the patches
they connect? Given the difficulty in obtaining empir-
ical evidence for movement through corridors (Rosen-
berg et al. 1997), a relationship between corridor use
and population density would provide a straightfor-
ward, less intensive method for evaluating the conser-

vation potential of corridors. However, the hypothesis
that corridors increase densities by increasing inter-
patch movement rates should not be accepted without
thorough consideration of alternative hypotheses. In
particular, corridors have what are perhaps unintended
effects: they increase the area of the patch that is far
from the habitat edge and modify the shape of the patch
in the context of the surrounding landscape. In doing
so, corridors may have additional consequences for an-
imals or their resources. We consider four alternative
explanations for higher butterfly densities in patches
connected by corridors.

Vegetation resources and butterfly densities

Densities of several plant species, particularly adult
nectar resources, were important variables in explain-
ing butterfly densities (Table 2). This finding corrob-
orates results of several other studies that report an
association between densities of adult butterflies and
their nectar resources (Murphy et al. 1984, Gross-
mueller and Lederhouse 1987, Kuussaari et al. 1996).
However, only for Papilio troilus was density signifi-
cantly, positively related to plant density, but not to
the presence of a corridor. In addition, corridors did
not increase host plant or flower abundances (Table 4).
Therefore, resource densities did not confound the pos-
itive effect of corridors on densities of open-habitat
butterflies.

Edge effects and butterfly densities

Species with higher densities in connected patches
also had higher densities at greater distances from the
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forest edge (Figs. 3-5). A similar response to habitat
boundaries has been shown for an endangered habitat
specialist butterfly, Icaricia icarioides fenderi (Schultz
1998). For such species, the addition of a corridor to
an otherwise isolated patch may change the density
within an entire patch (i.e., by changing the ** effective
area’ of a patch; Sisk et al. 1997), even if corridors
do not increase interpatch movement rates. As exem-
plified by the study by Sisk et al. (1997) of birds in
patchy landscapes, accounting for species-specific re-
sponses to edges may improve predictions of densities
within the entire patch. Schmiegelow et al. (1997)
found that changesin the effective area of small patches
caused by an experimental corridor could account for
higher bird diversity when compared to similar, isolated
patches.

The Effective Area Model predicted higher densities
in patches connected by corridors due to edge effects.
However, predictions underestimated the actual
changes in densities (Table 3). One explanation for this
may be that a simple density estimate based on linear
distance to the nearest edge may not account for more
complex changesin the effective area of apatch caused
by the addition of a long corridor. More likely, edge
effects may be only one of several factors contributing
to higher butterfly densities in patches connected by
corridors.

Corridors and colonization probability

Butterflies in this study were capable of moving dis-
tances far greater than the largest interpatch distance
(Haddad 1999a). Immigration into a connected patch
strictly through a corridor may be far less than im-
migration into patches from outside the experimental
areas. If immigration from the surrounding landscape
is high, then corridors may act as **drift fences,” cap-
turing more immigrants than similar, isolated patches
(Taylor 1987). This effect of corridors on immigration
assumes that the probability of a disperser reaching a
patch is a function of the angle the patch subtends in
the horizon (MacArthur and Wilson 1967:127, Taylor
1987, Fahrig and Paloheimo 1988, Harrison 1989, Tur-
chin 1998).

Our experiment does not directly test the ** drift fence
effect’” of corridors on immigration. However, the pre-
diction that corridors increase immigration from the
surrounding landscape can be demonstrated concep-
tually. Consider a dispersing butterfly that is equidis-
tant from four equal-sized patches, where two of the
patches are connected by a corridor (Fig. 7). The angle
subtended by two connected patches is greater than the
angle subtended by two isolated patches; in this case,
the angle is proportionately greater than the area added
by the corridor. The effects of corridors on immigration
can be solved numerically by averaging the angle sub-
tended by two connected and two isolated patches over
all possible butterfly locations in a landscape.

The effects of corridors onimmigration will translate
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Fic. 7. Conceptual diagram illustrating the ‘‘drift fence
effect’”” of corridors on immigration rates, assuming that im-
migration is proportional to the angle subtended in the ho-
rizon. The angle subtended by a single isolated patch in the
horizon is less than the angle subtended by two connected
patches (0, > 20,). When compared to two isolated patches,
the angle subtended by two connected patches may be pro-
portionately greater than the area added by a corridor.

into higher colonization of the patches if corridors in-
tercept dispersing individuals and then direct them to
the patches. In simulation models, Haddad (1997; un-
published manuscript) has shown how corridors might
increase immigration into patchesin thisway. Butterfly
movement was simulated as a correlated random walk
using behavioral data for Phoebis sennae and Papilio
troilus. Movement paths were initiated in the area sur-
rounding three patches, two of which were connected
by a corridor. The corridor increased immigration into
patches by as much as 15%. Importantly, as corridor
length increased, the effect of corridors on immigration
increased. These model results suggest that the *“ drift
fence effect”” of corridors on immigration must be con-
sidered, along with increased interpatch movement and
increased effective patch area, as apossible factor caus-
ing higher population sizes in connected patches.

Patch size and butterfly densities

In this study, two connected patches can be viewed
as asingle, larger patch. Several studies have reported
higher insect densities in larger patches (e.g., Kareiva
1985, Turchin 1986, Bach 1988, Hill et al. 1996). Our
previous discussion addresses two possible effects of
larger patches on butterfly densities: those caused by
changes in the effective area of a patch and by changes
in immigration from the surrounding landscape. One
conclusion from previous studiesis that larger patches,
due to their smaller edge: area ratios, have lower rates
of emigration. Because more individuals remain within
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large patches, densities are higher (Kareiva 1985, Tur-
chin 1986, Bach 1988). In our study, the edge: area
ratio of two connected patches is higher than the edge:
arearatio of asingle, isolated patch. Thus, viewing two
connected patches as a single, larger patch does not
explain higher densities in connected experimental
patches in ways that are not already explained by
changesin effective patch areaand in immigration from
the surrounding landscape.

Application to management

Corridors are typically implemented in management
on the assumption that they will increase population
densities by increasing movement to otherwise isolated
patches. Our study suggests that corridors may increase
densities by one of three mechanisms: by increasing
interpatch movement, by modifying the effective area
of a patch, and by increasing immigration from the
larger landscape. The two final effects of corridors on
density could be obtained without the addition of a
corridor. Larger habitat areas could also change edge
effects and immigration rates, and could increase re-
gional population densities. In casesin which corridors
do not increase interpatch movement rates, habitat ar-
eas other than corridors should be considered that are
potentially less costly, but more effective at increasing
animal population sizes (Fahrig 1996).

The potential for corridors to serve as habitat that
supports animal populations, independent of the area
and isolation of the patches that they connect, should
also be considered among the benefits of corridors.
Corridors in our experiment contained host and flower
plant resources and probably served as habitat for our
study species. However, low butterfly densities at dis-
tances <16 m from the edge suggest that narrow cor-
ridors may be less preferred habitat for our study spe-
cies. Instead, butterflies may have used corridors pri-
marily as a dispersal conduit. Andreassen et al. (1996)
showed that small mammals moved more frequently
through intermediate-width corridors than through nar-
row or wide corridors. In general, wider corridors
would provide better habitat for habitat-restricted spe-
cies.

The conservation value of corridors must be eval-
uated in the context of their effects on speciesthat vary
in movement behaviors and life history characteristics.
Corridors may have positive, neutral, and even negative
effects (Simberloff et al. 1992, Rosenberg et al. 1997).
Most studies have focused on the positive effects of
corridors on interpatch movement and population size
(i.e., MacClintock et al. 1977, Haas 1995, Sutcliffeand
Thomas 1996). In the same experimental patches and
corridors as this study, Bowne et al. (1998) showed
that cotton rats (Sgmodon hispidus) preferred leaving
connected patches through corridors, but that corridors
did not promote emigration or increase interpatch
movement rates. Schultz (1998) concluded that corri-
dors would have little if any benefit for an endangered
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butterfly species, even though corridors were proposed
as aconservation strategy to protect the butterfly’s pop-
ulations. Rosenberg et al. (1998) found that, except
under drought conditions, corridors had no effect on
movement rates of a salamander, Ensatina eschscholt-
Zii. In a microcosm experiment, Burkey (1997) found
that corridors have negative effects on predators, de-
creasing their time to extinction. Our study examined
several different butterfly species in the same experi-
ment, and demonstrated that corridors should increase
densities of habitat-restricted species.

Our conclusion that corridors increase densities of
habitat-restricted species should apply generally to dif-
ferent species in other managed landscapes. Corridors
are most often proposed to connect forest patches in
open, agricultural landscapes. In this study, corridors
were effective at increasing densities of open-habitat
species because of the strong contrast between the open
habitat and surrounding pine forest. Similarly, forest
habitats contrast strongly with open, agricultural land-
scapes that surround them. Based on our results, we
predict that forest corridors in those landscapes should
increase densities of forest species. In general, habitat-
restricted species will be most likely to benefit from
corridors in fragmented landscapes.
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