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Abstract

Pieris napi oleracea Harris is a native pierid butterfly that has suffered a range reduction in New England that began after the

invasion of its range by the non-native congener Pieris rapae L. and one of its braconid parasitoids, Cotesia glomerata (L.). P. napi

has nearly disappeared from Massachusetts, but remains common in northern Vermont. We investigated food plant abundance and

Cotesia spp. larval parasitism as possible factors to explain the historical changes in P. napi�s distribution. We found that the current

range of P. napi was not explained by the abundance of its key first generation food plant (two-leafed toothwort, Cardamine diphylla

[Michx.]). We also found that levels of Cotesia spp. parasitism in meadows in the second generation were similar in Vermont and

Massachusetts. Further, we found that both C. glomerata and the related introduced Pieris spp. parasitoid Cotesia rubecula

(Marshall) forage for hosts predominantly in sunny meadows and not in woods, where the first generation of P. napi occurs. We

found that under field conditions in meadow habitats, C. glomerata parasitizes P. napi at higher rates than P. rapae. We postulate

that the persistence of P. napi in Vermont and its disappearance in Massachusetts is caused by high parasitism of the second

generation by C. glomerata in meadow habitats, coupled with a north–south cline in the rate of commitment of first generation P.

napi pupae to diapause, such that northern populations act functionally as univoltine species developing in a parasitoid free habitat

(woods), while southern populations acted as a bivoltine species and went extinct due to low survival in the second generation in

meadows due to C. glomerata parasitism.
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1. Introduction

The veined white, Pieris napi oleracea Harris, is a

native bi- or trivoltine pierid butterfly found in both

wooded (first generation) and meadow (subsequent

generations) habitats in New England. It is a member

of the Holarctic superspecies P. napi L., which com-

prises many named forms in Eurasia, Japan and North

America (e.g., Porter and Geiger, 1995; Scott, 1986). P.
n. oleracea (hereafter referred to as P. napi) is limited in

its distribution to the northeastern United States and

eastern Canada. In New York and New England, the

occupied range of this species had decreased since 1860.

In New York, it was formerly found to the western
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border of New York (Erie Co., bordering Lake Erie).
Presently it is restricted to the most mountainous,

forested parts of the state in the Adirondack Forest

Preserve and Tug Hill areas (in the northeastern part of

the state) and the Catskill Forest Preserve (in the

southeastern part of the state) (Shapiro, 1974). In New

England, the species is currently found in northern

Vermont (Chew, 1981) and likely northern New

Hampshire and Maine. In the 1850s it was found in
eastern Massachusetts (Scudder, 1889), but has since all

but disappeared from the state. The last reported oc-

currences (post 1950) were in the western portion of

Massachusetts (unpublished data of Natural Heritage

and Endangered Species Program, Massachusetts Di-

vision of Fisheries and Wildlife, Rt. 135, Westborough,

MA, 01581-3337). In our surveys in 1997–1999, we

recovered two adults in western Massachusetts.
erved.

mail to: vandries@fnr.umass.edu


198 J. Benson et al. / Biological Control 28 (2003) 197–213
Food plants for P. napi include a variety of crucifers,
some native and some invasive Eurasian species, nearly

all of which grow in meadows, riparian areas, or other

full sun, disturbed habitats. One woodland species, the

native two-leafed toothwort, Cardamine diphylla

(Michx.), is of special importance. This species is an

ephemeral, spring perennial that grows only along

brooks in the shade of moist deciduous forests and, in

the more northern parts of New England, in cedar
swamps. It and, to a much lesser degree, several species

of Barbarea (B. vulgaris Ait. f. [invasive] and B. or-

thoceras Ledeb. [native]) were the only important food

plants we observed in Vermont currently being used by

the first generation of P. napi. Consequently, the first

flight and first larval population are confined to wooded

habitats containing these plant species. These plants

develop in May and June and are not available in July
when the second flight of P. napi occurs. One invasive

crucifer, watercress (Rorippa nasturtium–aquaticum [L.])

(formerly Nasturtium officinale) occurs occasionally in

woodland habitats in New England occupied by P. napi

and has fresh foliage in the oviposition periods of both

the first and second butterfly generations. In California,

this plant is used as a host by the related form P. n.

microstriata J.A. Comstock (Shapiro, 1975a), but ap-
pears to receive few if any ovipositions in New England

(Van Driesche et al., unpub.), perhaps because it grows

from standing water that persists through the summer.

Given then that host plants are available in wooded

habitats only in the spring, summer generations of

P. napi must occur in open, meadow habitats.

Food plants in meadows on which larvae of the

summer generations of P. napi in New England develop
include the mustard Brassica rapa L. (invasive) (Chew,

1981) and hedge mustard, Sisymbrium officinale (L.)

Scop. (invasive) (pers. observation, this study), as well as

various cultivated forms of Brassicae oleracea L. (cab-

bage, broccoli, Brussels sprouts) (Chew, 1981; Harris,

1862; Scudder, 1889). Other species of invasive or native

crucifers in meadows may also be physiologically suit-

able as hosts for P. napi, but have not been demon-
strated to be important hosts under field conditions

(Chew, 1974, 1981).

1.1. Hypotheses to explain range reduction of P. napi

Why P. napi �s range in New York and New England

has contracted since 1860 is not known. Several hy-

potheses have been advanced. Scudder (1889) noted
that, in the 1860s and 1870s, he and other observers

associated disappearances of P. napi in Massachusetts,

Maine, New Hampshire, and New York with the inva-

sion of Pieris rapae L., in some cases within as few as six

years post-invasion. This Eurasian butterfly entered

North America near Quebec City, Quebec in approxi-

mately 1860 and reached Boston, Massachusetts by
1869. Scudder presumed that the two species were direct
competitors in some unspecified fashion, perhaps for

food plants. Chew (1981), however, studied sympatric

populations of P. napi and P. rapae in northern Ver-

mont in the 1970s and found no evidence of antagonism

between the species, either among adults seeking mates

or oviposition sites, or among feeding larvae. She con-

cluded that direct competition between the species was

an unlikely cause for disappearance of P. napi from
much of Massachusetts.

Chew (1981) advanced a second hypothesis in which

she postulated that the key factor responsible for the

disappearance of P. napi from eastern Massachusetts

was the disappearance from the region of C. diphylla, the

woodland crucifer that is currently the key host plant for

the first generation of P. napi in northern Vermont. She

postulated that forest clearance destroyed populations
of this plant and that it failed to repopulate the region

even as forests regrew on abandoned farm land after

1850 (see O�Keefe and Foster, 1998 for a forest history

of Massachusetts). However, subsequent to Chew�s
(1981) paper, Sorrie and Somers (1999) compiled a

county checklist for vascular plants of Massachusetts

based on material in all regional herbaria. This compi-

lation found no evidence that C. diphylla ever grew in
the eastern part of the state, except at two sites where it

was known to have been introduced. Given the size, and

showy status of the plant, its absence in herbaria col-

lections in the region (where plant collecting has a long

history) is a reliable indicator that C. diphylla never

occurred in eastern Massachusetts. Furthermore, P. napi

has also either completely disappeared or become ex-

tremely rare in western Massachusetts, a region where
our surveys (this study) show that C. diphylla is wide-

spread and abundant. Loss of this key host plant

therefore fails to explain the observed change in P. napi�s
distribution in southern New England, but may have

been a factor in New York, where conversion of forest

to farmland was more extensive and persistent. Even

there, however, it must be asked why P. napi would not

have been able to exist solely on meadow crucifers
(which become more abundant with forest removal) as it

did in eastern Massachusetts in 1857 when Scudder

(1889) observed the college yard in Cambridge to be

‘‘fairly swarming with P. oleracea.’’

A third hypothesis exists that may better explain the

disappearance of some P. napi populations is that bi-

ological control agents introduced for the control of

P. rapae may have suppressed P. napi populations
through the mechanism of apparent competition (as in

Holt and Lawton, 1993). Four species of natural ene-

mies have been introduced into North America against

P. rapae : Cotesia glomerata (L.), Cotesia rubecula

Marshall, Pteromalus puparum L. and Trichogramma

evanescens Westwood (Clausen, 1978; Van Driesche

and Nunn, 2002). We did not pursue investigation of
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P. puparum because, while introduced, it has a Hol-
arctic distribution and was recorded in North America

as early as 1844 (Scudder, 1889). Rather, we hypoth-

esized that the parasitoid most likely to have affected

P. napi populations was the braconid larval parasitoid

C. glomerata. For comparison, we included C. rubecula

in our work, although this species was not present in

New England before 1988 (Van Driesche and Nunn,

2002). That parasitoids shared by these species of
Pieris butterflies might be the cause of P. napi�s decline
has been suggested previously (Shapiro, 1981), and

C. glomerata is known as a parasitoid of related forms

of P. napi in Britain (Lees and Archer, 1974) and

Japan (Sato and Ohsaki, 1987). No data, however,

exist to support or refute Cotesia spp. as factors con-

tributing to the decline of P. napi populations in

eastern North America. Indeed, in Britain and other
parts of Europe, P. napi and P. rapae coexist, and

P. napi remains common, despite extensive deforesta-

tion and the common occurrence in meadows of

C. glomerata (Asher et al., 2001).

That shared parasitoids can act strongly to pattern

ranges of herbivorous insects is illustrated by work of

Settle and Wilson (1990), who describe a system with

many similarities to ours. In their work, they document
that following the invasion of the leafhopper Ery-

throneura variabilis Beamer in the San Joaquin Valley of

California a native congener, Erythroneura elagantula

Osborn, declined sharply in abundance. Differences in

the oviposition habitat of the two leafhoppers caused

eggs of E. elagantula, the native leafhopper, to be more

vulnerable to parasitism by a shared native parasitoid,

Anagrus epos Girault. This allowed rates of parasitism
to be higher on the native species, causing it to become

rare where it was sympatric with the invader. In extreme

cases, only the host whose populations can better tol-

erate losses due to parasitism can persist (Bonsall and

Hassel, 1998; Holt and Lawton, 1993).

Mechanisms behind apparent competition can be

varied, but can be divided for illustration purposes into

cases in which parasitism rates are greater on one species
than the other and cases in which levels of the parasitism

are similar. For example, one hypothesis to explain that

disappearance of P. napi would simply be that parasit-

ism rates are higher on P. napi that on P. rapae. This

result could be caused by many factors, including pref-

erence of the Cotesia spp. for P. napi over P. rapae.

Alternatively, even if the attack rates of the parasitoid

are not different between the two butterfly species, the
consequences of the addition a similar amount of new

mortality to the populations of each butterfly might still

be different. This may occur, for example, if the species

differ in their fecundity and, in fact, P. rapae is 2–3-fold

more fecund than other related forms of P. napi in

Europe (Richards, 1940) and Japan (Yamamoto and

Ohtani, 1979).
1.2. Biology of the parasitoids and butterflies

Pieris napi oleracea is a bi or trivoltine butterfly that

overwinters as a pupa associated with the soil or leaf

liter of its host plants, which are various species of na-

tive and introduced crucifers. Adults fly to host plants

and deposit eggs singly, which hatch in 3–6 days and

larvae develop through five instars on the food plant

selected by the adult. Flight times of first generation P.

napi and P. rapae in northern Vermont overlap. Fe-

cundity for P. n. oleracea has not been estimated, but

that of a related form in Japan (P. n. nesis Fruhstorefr)

has been estimated as 153–400, using several methods

(Yamamoto and Ohtani, 1979). The habitat affinities

and host plant relationships of P. n. oleracea (Chew,

1981; Scudder, 1889; Shapiro, 1974) and those of closely

related forms (Lees and Archer, 1974; Sato and Ohsaki,
1987; Shapiro, 1975a) have been studied, but quantita-

tive data on population dynamics of the species are not

available. Life history patterns in P. napi are variable

and adapted to local environments. Facultative diapause

exists in some stocks, such as Pieris napi venosa Scudder

in coastal valleys of California, in which only some first

generation pupae give rise to a partial second genera-

tion, while others enter diapause directly (Shapiro,
1975b). Such risk-spreading life histories may affect the

degree to which P. napi populations contact parasitoids.

Pieris rapae is native to the Palearctic region, from

Britain to Japan. It has invaded a variety of additional

temperate areas, including North America and New

Zealand. In the northeastern United States, it has three

or four generations per year and overwinters as a pupa.

Eggs are laid singly on host plants and there are five
larval instars. Unlike P. n. oleracea, it does not fly in

wooded habitats in search of host plants in any gener-

ation and rarely oviposits in nature on C. diphylla (< 1%

of eggs found by Chew (1981) on C. diphylla were those

of P. rapae). The fecundity of the Japanese form,

P. rapae crucivora Boisduval, is 550–800 eggs, 2–3 times

greater than that of P. napi nesis (Yamamoto and

Ohtani, 1979). No direct comparison of the fecundities
of the forms of these two species as they occur in eastern

North America has been made. Because P. rapae is an

important agricultural pest, its population dynamics

have been studied frequently (Dempster, 1967; Har-

court, 1966; Jones et al., 1987; Parker, 1970; Richards,

1940; Schmaedick and Shelton, 1999). Dense popula-

tions are associated with cultivated forms of B. oleracea

(cabbage and its variations). In addition, uncultivated
crucifers, both native and introduced, that develop in

sunny habitats following disturbances (from slippage

along rivers, overgrazing, or soil plowing) and along

roadsides are also commonly used as food plants by P.

rapae and may support dense populations, particularly

on or near dairy or vegetable farms. Barbarea vulgaris is

a particularly common first generation host (Root and
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Tahvanainen, 1969) in the northeastern United States,
as B. rapa and S. officinale (pers. obs. Van Driesche) are

for the second generation. Other crucifer species, which

exist in lesser numbers, are used as well. Rates of par-

asitism of larvae by the introduced braconid C. glom-

erata in unsprayed cultivated crops or patches of

cruciferous weeds on farms or by roadsides can be very

high (e.g., 60–80% see Van Driesche, 1988; Van Driesche

and Bellows, 1988). In Britain, facultative diapause is
displayed by P. rapae, with the percentage of pupae

entering diapause increasing with the season, from as

low as 17% in the first week of August to 53% in the last

two weeks of August (Richards, 1940).

Cotesia glomerata is a gregarious parasitoid native to

Eurasia that can lay up to 50 eggs in a single host. It

attacks the larvae of several species of butterflies in the

genus Pieris including Pieris brassicae (L.), P. napi, P.
rapae andPieris melete M�een�eetri�ees (Brodeur et al., 1996;
Laing and Levin, 1982; Ohsaki and Sato, 1990, 1994;

Sato and Ohsaki, 1987) and one species of Colias (C.

lesbia [Fabricius]) (Sharkey et al., 2000). Young instars

(first, second) of most host species are the preferred host

stage (Brodeur et al., 1996). In Europe, this wasp attacks

P. rapae secondarily, preferring the large white butterfly,

P. brassicae (Geervliet et al., 2000; Laing and Levin,
1982; Puttler et al., 1970; Wiskerke and Vet, 1994),

which does not occur in North America. In North

America, this parasitoid was introduced in the 1880s for

the biological control of P. rapae, after its 1860 invasion.

The first release of this species was made in 1881, but

establishment was first observed from a release made in

1884 near Washington, DC (Clausen, 1978). It is pos-

sible, however, that this species co-invaded with P. ra-

pae. Scudder (1889) states that he reared C. glomerata

from P. rapae larvae collected near Boston in 1869.

Declines of P. napi recorded by Scudder occurred within

a decade after the arrival of P. rapae to a location (thus,

in the 1870s in eastern Massachusetts). Currently, C.

glomerata is found throughout North America and is a

commonly encountered parasitoid of P. rapae. Follow-

ing the invasion of Chile by P. brassicae, C. glomerata

was also introduced into South America. Subsequently,

native pierids appear to have decreased in abundance

(Herrera, 1982; Shapiro, pers. comm.).

Cotesia rubecula is a solitary parasitoid of P. rapae

found in Eurasia. Releases of this species from Europe

were made in Missouri and later in Ontario in the 1960s

(Puttler et al., 1970), but establishment occurred with

difficulty and spread was slow. A second strain, collected
from China was first released in Massachusetts in 1988.

This strain has established in New England and has

spread as far north as northern Vermont (Van Driesche

and Nunn, 2002). This wasp lays only one egg in each

host, but kills the host caterpillar during the fourth in-

star, rather than the fifth instar, as does C. glomerata.

Young instars (first, second) of most host species are the
preferred host stage, although third instars of P. rapae
are also parasitized (Brodeur et al., 1996). Compared to

C. glomerata, C. rubecula has a narrower host range and

field host records are restricted to P. rapae (Brodeur et

al., 1996; Puttler et al., 1970; Sengonca and Peters, 1993)

and P. brassicae (Richards, 1940). In the laboratory in

no-choice tests, it has been observed to also oviposit and

develop successfully in P. napi (Brodeur et al., 1996; Van

Driesche et al., 2003). and P. brassicae (Brodeur et al.,
1996).

1.3. Goal of our study

The goal of this study was to determine if either C.

glomerata or C. rubecula is an important source of

mortality for larvae of P. napi in field populations in

New England. We measured mortality from these par-
asitoids in both of the habitats (deciduous woods and

meadows) occupied by P. napi, and in each habitat we

compared rates of parasitoid attack on P. napi and P.

rapae larvae deployed on potted collard plants in a

choice test design. We made these measurements in two

regions, in both of which P. rapae is common: northern

Vermont where P. napi remains common and is sym-

patric with P. rapae and western Massachusetts, where
P. napi is rare or perhaps absent, but which was the last

part of the state having P. napi populations. The pur-

pose of these experiments was to learn if either of these

parasitoids might be an important constraint on the

geographic range of P. napi. We preceded these experi-

ments with a survey of the abundance and distribution

of C. diphylla, the key host plant of the first generation

of P. napi, contrasting northern Vermont to areas in
western and central Massachusetts, to determine if lack

of this food plant in any region might be an alternate or

complicating factor affecting the range of P. napi in New

England.

Finally, as a caveat to the reader, we note that current

experiments, no matter how extensive, cannot defini-

tively answer questions about historical changes in ani-

mal populations of which only casual records were
made. Rather, we present evidence that strengthens

certain hypotheses and weakens others. Value, however,

exists in such retrospective analyses because they do

synthesize all known influences bearing on the events.
2. Materials and methods

2.1. Overall experimental design

The goal of our study was to determine if introduced

species of braconid wasps in the genus Cotesia have re-

duced the range of the native pierid butterfly P. napi in

New England. We conducted four surveys or experi-

ments: (1) distribution of two-leafed toothwort; (2) sur-
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vey for C. glomerata and C. rubecula in western Massa-
chusetts; (3) effect of habitat and butterfly species on

Cotesia parasitism in the Connecticut River Valley; and

(4) comparison ofCotesia spp. parasitism rates in western

Massachusetts and northern Vermont. Detailed methods

for each follow. For Experiments 2–4, we employed

laboratory-reared caterpillars as sentinels to detect the

parasitoids. Details of this technique are generic for all

three experiments and so we first describe this technique.

2.2. Use of laboratory-reared Pieris larvae as sentinel

hosts

Larvae of P. rapae or P. napi used in Experiments 2,

3, and 4 were obtained by placing adult butterflies in

plexiglas oviposition cages (76� 50� 50 cm) with pot-

ted seedling collards or kale (both forms of Brassica

oleracea L.) under natural light, supplemented with in-

candescent light to maintain a 16L: 8D photoregime. A

sugar-water solution (‘‘Instant Hummingbird Nectar for

Birds’’ Original, Perky-Pet Brand, Denver, Colorado,

USA) in paper cups with cotton dental wicks was pro-

vided as a carbohydrate and water source.

To produce synchronized batches of young larvae for

experiments, oviposition plants were changed every 2–3
days. Eggs on plants were held in a growth chamber at

23 �C and 50–70% r.h. until larvae had hatched and fed

for 1–2 days. Larvae were then either used as sentinel

hosts in experiments or held for rearing to replenish the

butterfly colonies. Larvae of each species were reared on

potted kale and collard plants (B. oleracea) in separate

rearing rooms at 22–28 �C, 30–60% humidity and at

16L:8D photoregime. Since young Pieris spp. larvae do
not leave their plant unless it is defoliated, potted plants

bearing larvae were not caged until larvae were fourth or

fifth instars to increase air circulation and avoid condi-

tions favorable to disease. Pupae were collected 1–2 days

after formation on plants, pots or cage walls and were

placed in clear, plastic boxes (18� 12� 9 cm) over ab-

sorptive paper towels, provided with a nectar source,

and held for adult emergence in an environmental
chamber under the same conditions used for egg hatch.

Use of growth chambers for egg hatch and adult emer-

gence was critical as eggs and emerging adults experi-

enced high rates of mortality or deformation (of adults)

under low or fluctuating levels of relative humidity.

These procedures were used to maintain colonies of both

P. rapae and P. napi. Our P. rapae colony was based on

a mixture of adults collected in various years in Mas-
sachusetts and pupae obtained from Dr. Renwick at

Cornell Univesity in Ithaca, New York. The New York

colony was previously started with adults collected near

Ithaca. For P. napi we obtained pupae from Dr. Ren-

wick from a colony initiated from adults collected pre-

viously in Vermont. We supplemented these pupae with

adults we collected in Vermont.
To measure rates of parasitism in the field in Exper-
iments 2, 3, and 4, we placed first instars of either P.

rapae or P. napi (as needed) from our laboratory colo-

nies on potted collards and placed the plants at field

study sites for 3-day intervals (or, in 1997 and May,

1998, 4-day intervals). We used young potted collard

plants with approximately five leaves and with an artist�s
paintbrush we placed six larvae on each of five leaves.

Larvae were allowed to settle and begin feeding for
several hours in the laboratory (at 24 �C) before being

transported to field study sites.

After three days in the field, plants bearing the sen-

tinel larvae were taken back to the laboratory and ex-

amined. All larvae found on these plants were our

sentinel larvae because larvae of this size do not move

between plants and 3 days was not enough time for any

eggs laid on our plants by field butterflies to have hat-
ched. All sentinel larvae recovered after field exposure

were dissected immediately, or if this was not possible,

stored in petri dishes at 4 �C for no more than one week

before being dissected to detect parasitoid eggs or lar-

vae. The two Cotesia spp. wasps of interest are the only

braconids known to attack Pieris sp. larvae in the study

area. They can be easily distinguished from each other

because C. glomerata is a gregarious parasitoid and C.

rubecula is solitary. Cotesia glomerata lays 20–50 eggs in

each host, which are 0.20–0.32mm in length two days

after oviposition and are slightly curved. Cotesia rube-

cula, in contrast, lays only one egg per host, which is

0.56–0.64mm in length and is straight-sided or peg-

shaped. Larvae of C. rubecula also have a distinctive

anal hook, which is not present on C. glomerata larvae,

and C. rubecula�s first instars (but not older larvae) are
mandibulate, whereas those of C. glomerata are not.

Hosts containing multiple larvae or eggs are nearly al-

ways C. glomerata, while those containing a single egg

or larvae are C. rubecula.

2.2.1. Distribution of two-leafed toothwort (C. diphylla)

This experiment was a field survey of the occurrence

and abundance of C. diphylla, the woodland native
crucifer that is the key host plant for the first generation

of P. napi. We conducted this survey in three areas: (1)

central Massachusetts, where P. napi, if ever present,

disappeared over 100 years ago; (2) western Massachu-

setts, where scattered records of individual P. napi but-

terflies exist from the last 20–30 years, but where we

failed to locate actual populations, and (3) northern

Vermont, where populations of P. napi and P. rapae are
abundant and sympatric.

To compare the abundance of two-leafed toothwort

(C. diphylla) in northern Vermont to that in central and

western Massachusetts, we chose three study regions,

each defined as a set of contiguous topographic maps (in

either the 7:5� 7:5 or 7:5� 15min series, US Geological

Survey). Within each region�s study area, we estimated
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the relative abundance of this plant by visiting 50 ran-
domly selected sites chosen from within two-leafed

toothwort�s habitat (i.e., riparian areas along brooks

within mesic deciduous forests). To choose sample lo-

cations, we examined each of the 9 or 10 maps covering

the study region and we marked and numbered all road-

by-stream intersections (including unpaved automobile

roads) in forested areas (as suggested by green map

color). We then used random numbers to choose 10 sites
in each quadrat, the first five as the intended sample

locations and the others as alternate sites if any in the

first group were found to be unsuitable when actually

seen. Sites were rejected only if they were no longer

forested, if we could not reach them by car, or if access

to the land was legally restricted.

At each sample site, the surveyor walked a 500m

transect along the stream, stopping at each of 25 prede-
termined random distances and noting the presence or

absence of two-leafed toothwort within 1m forward or

backward along the transect, and as far to the sides as the

plants could be seen and recognized (approximately 5m).

Thus the fundamental sample data were the presence or

absence of the plant in 20m2 areas arranged randomly

along transects within two-leafed toothwort habitat.

The central Massachusetts study region was defined
by nine US Geological Survey topographic maps named

Athol a, Athol b, Fitchburg, Barre a, Barre b, Sterling a,

Sterling b, North Brookfield a, North Brookfield b (at

either the 1: 24,000 or 1: 25,000 scales for 7:5� 7:5 or

7:5� 15min maps, respectively), where a and b refer to

the western and eastern halves of a 7:5� 15min map.

The western Massachusetts study area was defined by 10

maps (all for areas west of the Connecticut River)
named North Adams b, Rowe a, Rowe b, Bernardston

a, Cheshire b, Ashfield a, Ashfield b, Greenfield a, Go-

shen a, Goshen b. The study area in northern Vermont

was approximately 35 km northeast of St. Johnsbury,

Vermont, and was covered by nine 7:5� 7:5min maps

named Lowell, Irasburg, Orleans, Albany, Craftsbury,

Crystal Lake, Wolcott, Caspian Lake, and Stannard.

2.2.2. Survey for C. glomerata and C. rubecula in western

Massachusetts

In 1997, we used sentinel larvae to sample for the

presence or absence of Cotesia spp. parasitism of Pieris

spp. larvae in meadow and wooded habitats in the

Connecticut River Valley where P. napi is clearly absent

and in the Berkshire hills of western Massachusetts,

where scattered individuals of this butterfly have been
collected over the last several decades.

On a weekly basis, we placed three potted collard

plants, each with 20 P. rapae larvae, at each of 12 sites in

western Massachusetts where suitable host plants (cole

crops, toothwort in woods, or wild crucifers in ‘‘old

field’’ meadows) were present (720 larvae placed in field

weekly) and left them in place for 4 days. Agricultural
and meadow sites were surveyed weekly from 8 May–16
August. Wooded sites were only surveyed with sentinel

hosts until C. diphylla senesced in mid-June. After field

exposure, plants with sentinel larvae were retrieved and

larvae dissected to detect parasitism as described above.

Five sites were in the Berkshire hills region of the

western part of the state, where little farming remains

and most land (circa 80%) is hilly and covered with

deciduous forest. This was the last part of Massachu-
setts where P. napi butterflies were recorded, with scat-

tered captures into the 1990s. Pieris rapae is present in

this region, but numbers are lower than in the Con-

necticut River Valley. Of the five sites in the Berkshire

hills, one was a meadow where P. napi had been previ-

ously captured and four were wooded sites with stands

of C. diphylla. P. napi was collected (one specimen) by us

at one of these wooded sites in 1997.
Seven sites were in the Connecticut River Valley,

where substantial acreage is farmed and there are lar-

ger populations of P. rapae and its associated parasi-

toids. Two of these locations were agricultural sites

with cole crop plantings (the Hadley Food Bank Farm,

an organic vegetable farm, and Northampton Com-

munity Gardens, a public plot for vegetable garden-

ing). Three sites were meadows habitats, of which one
was adjacent to an organic vegetable farm (Hadley

Food Bank) and two were not adjacent to agricultural

plantings. The last two sites were wooded areas in the

Valley with dense populations of two-leafed toothwort

(C. diphylla).

2.2.3. Effect of habitat and butterfly species on Cotesia

parasitism in the Connecticut River Valley

2.2.3.1. Effect of habitat. In 1998 and 1999, we used

sentinel larvae to compare rates of parasitism by Cotesia

species in three habitats (agricultural field, old meadow,

and forest) at organic vegetable farms in the Connecti-

cut River Valley. Populations of P. rapae were present at

the study sites. We measured parasitism rates in: (1)

vegetable crop fields, (2) surrounding untilled meadows,

and (3) nearby deciduous forests. In 1998, we conducted
the experiment four times at each of two sites: Hadley

Food Bank Farm, Hadley, Massachusetts (13–17 May,

26–29 June, 24–27 July, and 25–28 August) and

Brookfield Farm, Amherst, Massachusetts (13–17 May,

16–19 June, 17–20 July, 12–15 August). In 1999, to re-

duce the potential effect of poor synchrony between

experiment dates and timing of parasitoid flight at study

sites, the experiment was repeated weekly for 21 weeks
(11 May–8 October), but only at one site (Hadley Food

Bank Farm). In the first trial (13–17 May 1998), plants

bearing sentinel larvae were left in the field for 4-day

intervals, but we subsequently reduced field exposure

times to three days for the rest of the study to decrease

problems with desiccation of soilless media in pots.



J. Benson et al. / Biological Control 28 (2003) 197–213 203
In 1998, at each of the two study sites, we laid out
three transect lines that originated in a planting of cole

crops (such as cabbage, broccoli, collards: host plants of

P. rapae) and extended across untilled hay meadows, and

ended in deciduous woods. In 1999, only two transect

lines were established at the single study site. Transect

lines varied in length due to the arrangement of habitats

at each site (varying from 36 to 42m at Brookfield Farm

and from 125 to 367m at Food Bank Farm). Along these
transects, we placed potted collards within each of the

three habitats being examined. At each sample point, we

placed two plants, each bearing 30 sentinel P. rapae

larvae. Plants with sentinel larvae were placed within a

habitat every 20m along these transects. Number of

sample points, plants, exposed larvae, and recovered

larvae within each habitat, summed over the whole sea-

son varied from 38–67, 74–134, 2190–4020, and
956–1949, respectively (see Table 1 for summary of

numbers of sentinel larvae by habitat and month). Var-

iation in numbers of sentinel larvae was due in part to

different sizes of the habitats and in part due to the loss of

some plants to grazing vertebrates (deer and cows).

Sample sites in the woods were located from 1 to 30m

into the woods beyond the edge of the adjacent meadow.

In 1999, we simplified the design. Rather than placing
plants at fixed distances along the transect, we chose: (1)

four sample points (¼ 8 plants, 240 larvae put out) in the

vegetable field, (2) six sample points in meadow habitat

(three on each transect, one sample point next to the

agricultural field, one halfway between the agricultural

field and the woods, and the last, 1 m from the woods)

(¼ 12 plants, 360 larvae put out), and (3) four sample

points in woods (two on each transect, one each at 1m
and 10m into the woods) (¼ 8 plants, 320 larvae put
Table 1

Numbers of sample points at which pairs of potted collard plants bearing P

organic vegetable farms in the Connecticut River Valley in 1998 and numb

exposure

Food Bank Farm (Hadley, Massachusetts)

Agricultural field Meadow

No.

ptsa
No.

pltsb
Hosts

out

Hosts

back

No.

pts

No.

plts

May 10 20 600 181 4 8

June 3 6 180 72 17 34

July 3 6 180 87 9 18

August 3 6 180 97 12 24

Total 19 38 1140 437 42 84

Brookfield farm (Amherst, Massachusetts)

May 3 6 180 51 3 6

June 4 8 240 118 9 18

July 3 6 180 113 9 18

August 3 6 180 125 7 14

Total 13 26 780 407 28 56

aNumber of sample points.
bNumber of potted plants (two per sample point).
out), for a total of 14 sample locations in the experiment.
In 1999, to avoid the losses to herbivores that occurred in

1998, plants placed in the meadow or forest (areas where

grazing problems occurred in 1998) were placed in wire-

mesh (5 cm dia. spacing) cylinder-shaped cages, which

were staked to the ground to exclude deer. In addition, in

the woods we removed debris and vegetation from

around each cage and poured table salt (NaCl) in a ring

to protect the plants temporarily from slugs.

2.2.3.2. Effect of species. In both 1998 and 1999, we also

examined the effect of butterfly species on parasitism

rates. To do this, we simultaneously exposed sentinel

larvae of both P. rapae and P. napi in the vegetable fields

of organic farms in the Connecticut River Valley in

Amherst or Hadley, Massachusetts. These were the same

sites used for the test on the effect of habitat on para-
sitism rates. Tests were conducted in vegetable fields, the

habitat in which Cotesia spp. densities were greatest.

The design of this experiment changed over time. It

began with placement of three potted collard plants with

P. napi larvae at the Food Bank Farm site in June

(26–29) to confirm that this species would be attacked in

the field by C. glomerata. These plants were placed 20 m

from the nearest plant with sentinel P. rapae larvae. In
July, 1998, three collard plants bearing P. napi larvae

were placed at both field sites (Food Bank Farm [24-27

July] and Brookfield Farm [17–20 July]) and rates of

attack on these larvae contrasted to that on P. rapae

larvae deployed at these sites for the habitat experiment

(see Table 1 for numbers of P. rapae exposed). In

August, 1998, the experiment on effect of butterfly spe-

cies was conducted independently of the experiment on
effect of habitat, at the same sites, but on different dates
. rapae larvae as sentinel hosts were exposed in three habitats at two

ers of larvae recovered for dissection to estimate parasitism after field

Forest

Hosts

out

Hosts

back

No.

pts

No.

plts

Hosts

out

Hosts

back

240 64 4 8 240 79

1020 381 6 12 360 97

540 350 2 4 120 65

720 299 8 16 480 175

2520 1094 20 40 1200 416

180 0 5 10 300 153

540 263 12 24 720 323

540 339 12 24 720 368

420 253 6 12 360 184

1680 855 35 70 2100 1028
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(Food Bank Farm, 12–15 August; Brookfield Farm 25–
28 August). On these dates, we placed three plants

bearing 30 P. napi larvae and three plants bearing 30 P.

rapae larvae, arranging the plants in pairs, separated by

0.5m between plants in a pair, with 20 m between pairs.

In all tests, larvae of the two species used as sentinel

hosts were matched for size (first or at most early second

instars on day one of exposure), so that both species

were equally suitable for parasitism.
In 1999, species preference exposures of P. napi and

P. rapae larvae were done at only one site, Hadley Food

Bank Farm, but the experiment was repeated weekly

from 11 May to 8 October. Each week, a pair of plants

(one plant with larvae of each species) were placed at

each of four sites in the vegetable fields at this organic

farm, with 0.5m between plants within a pair and 30

larvae per plant.

2.2.4. Comparison of Cotesia spp. parasitism rates

between western Massachusetts and northern Vermont

We used laboratory-reared Pieris spp. larvae as sen-

tinels to estimate the risk of Cotesia spp. parasitism at

dairy farms in northern Vermont (where P. napi remains

common) and western Massachusetts (where P. napi has

disappeared). Parasitism rates were measured for both P.

napi and P. rapae in both meadow and deciduous forest

habitats. In 1998, this study was conducted only in

northern Vermont; in 1999, it was done in both northern

Vermont and westernMassachusetts. The two study sites

were extremely similar, in terms of the nature of the land

and its management. They each have been managed as

family dairy farms for several generations. Both farms

are located in hilly, generally forested regions that are
well removed from vegetable farming. Both sites have

similar crucifer species in the their meadows (prinicipally

S. officinale) and adjacent woods (C. diphylla). However,

at the dairy farm in northern Vermont both P. napi and

P. rapae live sympatrically, whereas at the farm in

Massachusetts, P. rapae is present and P. napi is not.

The 1998, 1999 study site in northern Vermont was on

the Atwood family dairy farm in Craftsbury. The site
consisted of a hillside meadow grazed by cows where

there were several large summer stands of hedge mustard

(S. officinale). C. diphylla was present along a stream 10–

20m into a deciduous woods from the pasture. The 1999

study site in western Massachusetts was located on the

Herron family dairy farm in the towns of Deerfield and

Shelburne. The site consisted of a recently reseeded

hillside alfalfa field, where several species of summer
crucifers were present, including hedge mustard, wild

radish (Raphaus raphanistrum L.), and a Barbarea species

(probably B. vulgaris) seen as rosette plants. A dense

stand of C. diphylla was present along a stream 5–10m

inside a wooded area adjacent to the pasture.

In 1998, sentinel P. rapae larvae were deployed once

each month in June and August and twice in July at the
dairy farm in Vermont. In June, we deployed only P.

rapae larvae; in July and August both P. napi and P.

rapae were deployed. As in other experiments there were

30 larvae on each potted collard plant and these plants

were left at field sites for 3-day. Plants with P. rapae

larvae were placed in pairs at each of four sample points

(total¼ 8 plants, 240 larvae) in both the meadow and

the woods in each experiment. Two of the sample points

were in the center of the meadow and two were at the
edge of the meadow (1m outside the adjacent woods). In

the woods, two sample points were located 1m inside

the woods, one was 10m into the woods, and the last at

20m. Plants with P. napi larvae were placed singly, two

in the meadow and two in the woods. Plants with P. napi

larvae were 10m from plants with P. rapae larvae in the

middle of the meadow. In the woods, plants with P. napi

larvae were located 1 and 10m into the woods from its
edge. Each plant had 30 P. napi larvae.

In 1999, we repeated our experiment on a weekly

basis (for better overlap with parasitoid adult flight pe-

riods) and ran the experiment at the same two dairy

farms, one in western Massachusetts and the other,

again, in northern Vermont. Plants with sentinel larvae

were paired, with one plant in each pair bearing P. rapae

larvae and one P. napi larvae. Plants within pairs were
placed 0.5m apart at sample points in both woods and

meadow habitats at both sites. All plants were enclosed

in large mesh (2 cm) wire cages to exclude herbivores

(i.e., cows), and, in the woods, cages and plants were

ringed by salt to exclude slugs. Three pairs of trap host

plants were placed in each habitat type. In Vermont, in

the meadow, one pair of plants was placed in each of

three parts of the meadow (lower, mid, and upper sec-
tions). In the woods, one pair of plants was placed in a

dense stand of toothwort along a nearby stream (ap-

proximately 10m from wood edge), one pair in a more

diffuse stand of toothwort under a dense stand of co-

niferous forest (approximately 6 m from woods edge),

and one pair in woods adjacent to the lower meadow

where there was no D. diphylla (approximately 20m

from woods edge). In western Massachusetts, meadow
plants were placed in an alfalfa field. One pair was ap-

proximately 5m from the edge of a woods where

toothwort was present. Two other pairs of plants were

placed in the same alfalfa field, at 15 and 25m from the

woods edge. Three pairs of plants were placed in the

woods, at 5, 10, and 20m from the woods-meadow

boundary.
3. Results

3.1. Distribution of two-leafed toothwort

Two-leafed toothwort (C. diphylla) was found at

more sample sites in northern Vermont (67%, 30/45)
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than in western Massachusetts (54%, 27/50), but this
difference was not significant (v2 ¼ 1:58, df ¼ 1,

P > 0:10). Although wooded, road/stream intersections

were common in central Massachusetts, no toothwort

was seen in that survey area (Worcester Co., between

Mt. Wachuset and the Quabbin Reservoir), although the

plant has been recorded in some sites in this county

(Sorrie and Somers, 1999). At the level of sample points

along transects, the density of toothwort was greater in
western Massachusetts than in northern Vermont. In

western Massachusetts, toothwort was seen at 30.8% of

transect sample points at positive sites (i.e., ones where

toothwort was present) compared to only 16.5% in

Vermont (Table 2). This difference was also observed

when all sample sites, including ones where toothwort

was not present, were considered. For that data set, the

average number of sample points with toothwort per
single transect (of 25 possible points) was 4.2 (0.76 SE)

in western Massachusetts which was significantly higher

than in northern Vermont 2.8 (0.45 SE) (v2 ¼ 15:13,
df ¼ 1, P < 0:005).
Table 2

Densities of two-leafed toothwort (C. diphylla) in northern Vermont where

P. napi persists as a rare butterfly, and central Massachusetts where P. napi

Central Massachusetts

% Sample sites with toothwort 0% (0/52)

% Points positive for toothworta (No toothwort)

Average # points/transectb 0

a Summed over only the transects where toothwort was present; points ar
b Summed over all transects, with 25 points per transect.

Fig. 1. Percentage parasitism (with 95% CI error bars) by Cotesia spp. parasi

different habitats in western Massachusetts in 1997 (where n¼ number of la
3.2. Survey for C. glomerata and C. rubecula in western

Massachusetts

In our 1997 survey, rates of Cotesia spp. parasitism

(pooled over all sample dates) were highest in the two

agricultural fields in the Connecticut River Valley

(34� 4.9% and 25� 4.7%, both 95% CI) (Fig. 1). These

sites both had populations of P. rapae and both C.

glomerata and C. rubecula were detected. Both Cotesia

spp. parasitoids were also found in some of the non-

agricultural open fields surveyed in the valley region.

However, the wasps were not detected in either of the

wooded sites in the Connecticut River Valley, or in open

or wooded areas in the Berkshire hills region, except at

one wooded site, along a roadside, where we captured a

single P. napi. P. rapae was present in all survey areas,

both in the valley and the forested hill towns, but den-
sities were much lower in non-agricultural habitats.

Summed over all dates, levels of Cotesia spp. parasitism

in trap hosts at particular field sites correlated

ðR2 ¼ 0:8031Þ with the average number of adult P. rapae
P. napi is common, compared to that in western Massachusetts where

is now absent but formerly occurred

Western Massachusetts Northern Vermont

54% (27/50) 67% (30/45)

30.8% (208/675) 16.5% (124/750)

4.2 (0.76 SE) 2.8 (0.45 SE)

e 20 m2 areas arranged randomly along 500m transects at sample site.

toids of P. rapae larvae exposed as sentinel hosts for 4-day intervals in

rvae per site recovered after exposure, summed over all dates).



Fig. 2. Relationship between (1) percentage of Cotesia spp. parasitism in P. rapae larvae exposed for 4-day intervals at sites in Massachusetts in 1997

(data pooled for all dates) and (2) numbers of adult P. rapae seen flying at the sites (averaged within sites for all dates when a site was visited).
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butterflies seen flying at sites (averaged for each site for
all days when trap host sites were visited) (Fig. 2).

3.3. Effect of habitat and butterfly species on Cotesia

parasitism in the connecticut river valley

3.3.1. Effect of habitat

In 1998, Cotesia spp. parasitism of P. rapae sentinel

larvae varied both by month and site. By month, para-
sitism was highest in May, which would correspond to

the first butterfly generation. Parasitism by C. rubecula
Table 3

Effect of habitat on levels of parasitism by two introduced braconids of P. r

River Valley in 1998

Food Bank Farm (Hadley, Massachusetts)

C. glomerata parasitism

Agricultural field Meadow Forest

May 3% (181)a 2% (64) 0% (79)

June 0% (72) 0% (381) 0% (97)

July 14% (87) 3% (350) 3% (65)

August 3% (97) 0% (299) 0% (175)

Total 5% (21/437) 1% (11/1094) 0.5% (2/416)

Brookfield Farm (Amherst, Massachusetts)

May 0% (51) — 8% (153)

June 4% (118) 0.8% (263) 0.3% (323)

July 6% (113) 1% (339) 0% (368)

August 0% (125) 0% (253) 0% (184)

Total 3% (12/407) 0.7% (6/855) 0.1% (14/102

aNumber of P. rapae larvae recovered after field exposure and dissected t

Cotesia species.
was 75 and 61% in the agriculture field and meadow,
respectively, at Food Bank Farm, where early spring

cole crops were planted (Table 3). At Brookfield Farm,

cole crop vegetables were not planted until later in the

year and in May 1998 parasitism was only detected in

the forest (8%). Very little parasitism was detected at

either test site in the June experiment because of un-

seasonably cold and rainy weather during the exposure

period. Parasitism was detected in July and August,
principally in the agricultural field at the Food Bank

Farm site.
apae larva exposed at two organic vegetable farms in the Connecticut

C. rubecula parasitism

Agricultural field Meadow Forest

75% 61% 5%

0% 0% 0%

10% 0% 0%

13% 0% 0%

36% (158/437) 4% (39/1094) 1% (4/416)

0% — 1%

0% 0% 0.9%

0.9% 0% 0.5%

0% 0% 0%

8) 0.2% (1/407) 0% (0/855) 0.7% (7/1028)

o detect parasitism. The same samples were used for detection of both



Fig. 3. Effect of habitat on parasitism rates of P. rapae by C. glomerata and C. rubecula at the Hadley Food Bank Farm (Hadley, Massachusetts) in

1998.
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At Food Bank Farm, rates of parasitism differed

among the three habitats when summed over the four
months of the full experiment (Fig. 3) for both

C. glomerata (v2 ¼ 31:53; df ¼ 2, P < 0:005) and

C. rubecula (v2 ¼ 409:5, df ¼ 2, P < 0:005). Total

parasitism at this site (both species combined) was 41%

in the agricultural field, 5% in the meadow, and 1.5% in

the forest.What parasitism that did occur in the forest

was confined mostly to the edge (1m inside forest).
Fig. 4. Weekly trend in percentage parasitism in a vegetable field habitat by C

day intervals in cole crops at an organic vegetable farm (Hadley Food Bank
In 1999, C. glomerata parasitism rates in P. rapae

larvae deployed in the agricultural field (at Hadley Food
Bank Farm) as sentinels showed monthly peaks in June,

July, August and September that ranged from 30 to

50%. Rates of parasitism by C. rubecula under the same

conditions were lower, with monthly peak values in the

range of 10–35% (Fig. 4): There was a strong habitat

effect in 1999 since we saw no parasitism outside of

the agricultural field by either parasitoid in either the
. glomerata and C. rubecula in sentinel larvae of P. rapae exposed for 3-

Farm, Hadley, Massachusetts) in 1999.
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meadow or forest despite having deployed over the 21
weeks of the experiment, 7560 larvae in the meadow and

6720 in the forest, compared to 5040 larvae in the ag-

ricultural field.

3.3.2. Effect of species

In 1998, C. glomerata parasitism of P. napi larvae

exposed as sentinel larvae in agricultural fields at two

organic vegetable farms in June through August was
consistently higher than parasitism of P. rapae at both

sites and in each test period (Table 4). Overall, 61.7%

(150/243) of P. napi larvae were parasitized byC. glom-

erata, compared to only 9.6% (37/384) of P. rapae larvae

(v2 ¼ 180:67, df ¼ 1, P < 0:0001). Parasitism by C.

rubecula also was significantly different between butter-

fly species, with no parasitism of P. napi larvae in any

test period at either site, versus parasitism of P. rapae
that ranged from 0 to 10.4% (Table 4). Overall, 0% (0/

243) of P. napi sentinel larvae were parasitised by C.

rubecula versus 5.5% (21/384) of P. rapae (v3 ¼ 13:6,
df ¼ 1, P < 0:005).
Table 4

Effect of host species on levels of parasitism by two introduced braconids in P

the Connecticut River Valley in 1998

Test period-site Parasitism of sentinel larvae

By C. glomerata

P. rapae P. napi

June-site 1a 0% (0/72) 15.4% (6/39)

July-site 1 13.8% (12/87) 60.0% (33/55

July-site 2b 6.2% (7/113) 71.4% (35/49

August-site 1 7.7% (5/65) 67.7% (42/62

August-site 2 27.7% (13/47) 89.5% (34/38

Total 9.6% (37/384) 61.7% (150/2

a Site 1 is Food Bank Farm, Hadley, Massachusetts.
b Site 2 is Brookfield Farm, Amherst, Massachusetts.

Fig. 5. Weekly trend in host species preferences of C. glomerata as measure

exposed for 3-day intervals in a cole crop field at an organic vegetable farm
In 1999, in weekly samples, P. napi larvae were con-
sistently parasitized at higher rates than were P. rapae

larvae throughout the season, except for two periods

(22–25 June and 17–20 August) (Fig. 5). In contrast, C.

rubecula parasitized only P. rapae larvae (Fig. 6). Sum-

med over the whole 1999 season, P. napi larvae were

parasitized by C. glomerata at a significantly higher rate

(37� 3.5, n ¼ 725) than were larvae of P. rapae

(11� 2.1%, n ¼ 868) (v2 ¼ 154:65, df ¼ 1, P � 0:0005)
(Fig. 7). However, P. napi was never parasitized by C.

rubecula in contrast to a 10% (� 2.0%, n ¼ 868) rate of

parasitism of P. rapae by C. rubecula.

3.4. Comparsion of Cotesia spp. parasitism rates between

western Massachusetts and northern Vermont

3.4.1. Effect of habitat

In 1998 and 1999, we found that both species of

Cotesia parasitoids were present in northern Vermont

(Tables 5, 6), where P. napi populations persisted. In

both years, parasitism of both butterfly species occurred
. rapae versus P. napi larvae exposed at two organic vegetable farms in

By C. rubecula

P. rapae P. napi

0% (0/72) 0% (0/39)

) 10.4% (9/87) 0% (0/55)

) 0.9% (1/113) 0% (0/49)

) 13.9% (9/65) 0% (0/62)

) 4.3% (2/47) 0% (0/38)

43) 5.5% (21/384) 0% (0/243)

d by percentage parasitism in sentinel larvae of P. napi and P. rapae

(Hadley Food Bank Farm, Hadley, Massachusetts) in 1999.



Fig. 6. Weekly trend in host species preferences of C. rubecula as measured by percentage parasitism in sentinel larvae of P. napi and P. rapae exposed

for 3-day intervals in a cole crop field at an organic vegetable farm (Hadley Food Bank Farm, Hadley, Massachusetts) in 1999.

Fig. 7. Host species preferences of C. glomerata and C. rubecula as reflected in pooled seasonal levels of parasitism in sentinel larvae of P. napi and P.

rapae exposed for 3-day intervals in an agricultural field in Hadley, Massachusetts in 1999.

Table 5

Effect of butterfly species on rates of parasitism by two Cotesia sp. parasitoids in 1998 in a meadow on a dairy farm in northern Vermont where both

P. rapae and P. napi were present

Larval exposure P. rapae P. napi

C. glomerata C. rubecula C. glomerata C. rubecula

9–12 June 0% (0/84) 32% (27/84) 0% (0/7) 0% (0/7)

7–10 July 0% (0/142) 9% (12/142) 32% (7/22) 0% (0/22)

21–24 July 0% (0/48) 0% (0/48) 0% (0/52) 0% (0/52)

18–21 August 0% (0/89) 0% (0/89) 20% (15/75) 0% (0/75)
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Table 6

Effect of habitat on rates of Cotesia spp. parasitism in P. rapae and P. napi at a site occupied by P. napi (northern Vermont) and a site where P. napi

has disappeared (western Massachusetts)

Test location Meadow habitat Forest habitat

P. rapae P. napi P. rapae P. napi

Vermont 1998a 11� 3.2% 14� 5.4% 0% 1� 1.6%

(n ¼ 363) Rc (n ¼ 156) Gc (n ¼ 286) (n ¼ 132) G

Vermont 1999a 5� 1.6% 9� 2.7% 0% 0%

(n ¼ 751) R+Gc (n ¼ 443) G (n ¼ 699) (n ¼ 290)

Massachusetts 1999b 1� 0.6% 2� 1.2% 0% 0%

(n ¼ 938) (n ¼ 504) (n ¼ 852) (n ¼ 379)

aVermont site was dairy farm of Atwood family in Craftsbury, Vermont in northern part of state.
bMassachusetts site was dairy farm of Heron family in Shelburne, Massachusetts, in the western part of the state.
cR means that all parsitoids recovered were C. rubecula, G that all were C. glomerata, and R+G that a mixture were recovered.
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nearly exclusively in meadow habitats (Table 6), and this

difference was significant for both P. rapae (v2 ¼ 73:7,
df ¼ 1, P < 0:005) and P. napi (v2 ¼ 43:6, df ¼ 1,

P < 0:005), for both species of parasitoids combined.
In 1999, the rate of parasitism (for both Cotesia spp.

combined, for both butterfly species combined) ob-

served in the meadow at the Vermont site was higher

than that seen at the Massachusetts site (v2 ¼ 47:02,
df ¼ 1, P < 0:0005). Pieris rapae was present at both

sites, but densities were higher at the Vermont site.

3.4.2. Effect of species

In 1998, sentinel larvae of P. napi and P. rapae in a

meadow habitat in Vermont were parasitized at rates of

up to 32% (Table 5). Rates of parasitism summed over

the whole experiment did not differ between butterfly

species (11 vs. 14%, see Table 6) (v2 ¼ 1:3, df ¼ 1,

P ¼ 0:25). In 1999, P. napi was parasitized at a signifi-

cantly higher rate (9� 2.7%) than P. rapae (5.3� 1.6%)

(v2 ¼ 6:12, df ¼ 1, P < 0:025) (Table 6). However, in
both years there was a strong difference in the pattern of

which parasitoids were responsible for parasitism of

each host species. In 1998, parasitism of P. rapae

(11� 3%) was due solely to C. rubecula and parasitism

of P. napi (14� 5%) only to C. glomerata In 1999, par-

asitism of P. napi (9� 3%) was again due solely to

C. glomerata, while parasitism of P. rapae was due to

attacks of both parasitoids.
4. Discussion

Our results demonstrate that C. diphylla, the key first

generation woodland host plant of P. napi, is equally

abundant in some areas where the butterfly has disap-

peared (western Massachusetts) as where it persists
(northern Vermont). We show that the introduced

Cotesia parasitoids attack Pieris spp. larvae principally

in crop fields and meadows, rather than in forests and

that under field conditions C. glomerata attacks P. napi

more frequently than P. rapae when presented with both
species. Furthermore, we show that parasitism was not

lower in Vermont (where the butterfly has persisted)

compared to western Massachusetts (where the butterfly

hasvirtually disappeared), and indeed in our tests, par-
asitism in Vermont was actually higher. Furthermore,

both species of Cotesia parasitoids were detected at our

study sites in both states.

In light of these findings, we believe historical changes

in P. napi populations in eastern Massachusetts, western

Massachusetts, and northern Vermont have been de-

termined in the following ways:

In eastern Massachususetts, P. napi was known to be
abundant in the Boston area in 1857, and to even be a

minor pest of vegetable gardens before the 1869 arrival

of P. rapae to the area (Harris, 1862; Scudder, 1889).

Yet, declines and disappearance of P. napi in this area

were reported by Scudder to have occurred in the 1870s

and 1880s, following the invasion of P. rapae. The

presence of P. napi in this region before 1870 had to

have occurred despite the absence of C. diphylla. The
historical absence of this plant in eastern Massachusetts

is supported by our failure to observe it in central

Massachusetts (approx. 75 km west of Boston) and by

data in the recent county check list of plants of Mas-

sachusetts, which indicates no historical records of the

plant in the eastern part of the state except two popu-

lations known to have been planted (Sorrie and Somers,

1999). The disappearance of P. napi from this region in
the 1870s (Scudder, 1889) cannot be accounted for by a

change in the status of D. diphylla as this plant likely

never naturally occurred in eastern Massachusetts. The

historic absence of toothwort from eastern Massachu-

setts suggests that P. napi in the early 1800s must have

depended entirely on native and introduced crucifers

growing in open meadow habitats for all of its genera-

tions. We believe that upon the invasion of the region by
P. rapae and C. glomerata, P. napi in eastern Massa-

chusetts suffered rapid population decline and ultimately

disappeared because all of the habitat used by P. napi,

including that for the first generation, was also suitable

for the parasitoid. This impact was facilitated by the
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preferential attack of C. glomerata on P. napi under field
conditions, when given a choice between P. napi and P.

rapae. That C. glomerata was present in eastern Mas-

sachusetts in the 1870s is documented by the reported

rearing of it from P. rapae in Boston ca. 1869 by

Scudder (1889). This same record implies that C. glom-

erata had successfully invaded and established itself in

North America 14 years before ever being released as a

biological control agent, which did not occur until 1881–
1884, and then only in Maryland and the Washington,

DC, area, approximately 650 km to the SW of Boston.

In western Massachusetts and northern Vermont, the

presence of two-leafed toothwort in the forest (as doc-

umented by our survey) created more favorable cir-

cumstances for P. napi survival. Specifically this plant,

growing in a forested habitat, provided the first gener-

ation of P. napi with a refuge from parasitoid attack,
such that first generation P. napi larvae escaped para-

sitism almost completely. That C. glomerata prefers to

forage in open agricultural fields and uncultivated

meadows and rarely enters forests is well demonstrated

by our results. Historical records indicate that, unlike in

eastern Massachusetts, in the western part of the state P.

napi populations survived at reduced levels for at least

an additional hundred years. We attribute this pro-
longed presence in western Massachusetts to a habitat-

based separation from parasitism for larvae of the first

generation. Decline, while slower paced, did still occur

because the summer generations of P. napi had to re-

produce in meadows, as no summer woodland host

plants were available. Larvae developing in meadows

were at risk of Cotesia spp. parasitism.

In northern Vermont, in contrast to western Massa-
chusetts, P. napi was abundant at our study area near

Craftsbury. Food plant abundance (of C. diphylla) for

the first generation of P. napi, however, was not different

in this area from that in western Massachusetts and so

does not account for the virtual disappearance of P. napi

in one area versus its abundant persistence in the other.

If present, differential levels of parasitism (high in

Massachusetts and low in Vermont) between these two
locations might explain these different outcomes. How-

ever, we did not find evidence supporting consistently

lower levels of parasitism in Vermont. Rather, we found

both species of parasitoids to be present in Vermont and

we found levels of parasitism in 1998 and 1999 at our

Vermont dairy farm site to be higher than those at our

western Massachusetts dairy farm site (in 1999). Levels

of parasitism in sentinel P. napi larvae in meadow
habitats in July (second butterfly generation) in Crafts-

bury, Vermont in 1998 were observed to be as high as

32%, in a 3-day exposure. Lifetime parasitism risk is

likely have been even higher as the full period of vul-

nerability of P. napi larvae would be 6–8 days (devel-

opmental time for the first two instars combined) at field

temperatures. In later experiments in 2000 and 2001
(to be published separately), for lifetime (7 day) expo-
sures, we found C. glomerata parasitism of P. napi

sentinel larvae placed on field hedge mustard plants at

natural densities (1 larva per plant) to be 66% at

Craftsbury, Vermont, during the second P. napi flight)

and 100% at the study site in Shelburne, Massachusetts,

for the same time period. These data indicate that at

least in some years, there is little or no survival of second

generation P. napi larvae in meadows. Consequently, we
believe that some additional factor must be acting to

produce the differences seen in P. napi populations

(survival in Vermont and disappearance in western

Massachusetts).

We see two such possible additional factors. On one

hand, it is possible to formulate a variation on the host

plant limitation hypothesis of Chew, in terms not of

hosts for the spring generation (C. diphylla in the
woods), but in terms of host plants in meadows for the

second generation. Such summer host plants may be

more common in our Vermont study area due to a

greater number of dairy farms, as compared to western

Massachusetts, where the landscape as a whole has

largely shifted to forest interspersed with limited acreage

of uncultivated, ungrazed old meadows, which contain

few crucifers.
Alternatively, we propose that the differences in P.

napi persistence between western Massachusetts and

northern Vermont may be due to differential levels of

commitment of first generation pupae to diapause. We

postulate that a north–south cline exists in this diapause

rate. Cases in which insects commit differing percentages

of newly formed pupae to diapause in different genera-

tions or time periods are known. Richards (1940), for
example, records rates of diapause in P. rapae pupae in

England increasing from 0% in June and July, to 17% in

early August, 35% in mid-August, 53% in late August

and 100% thereafter. Similarly, for the tenthredinid

sawfly Fenusa pusilla (Lepeletier), a distributed diapause

over the three generations in southern New England

exists, such that 73 and 82% of the first and second

generation pupae, respectively, remain in diapause,
making both the second and third cycles merely partial

generations (Van Driesche et al., 1997). Shapiro (1975b)

recorded a facultative diapause response in coastal

populations of P. n. venosa in California, with some

pupae of the first generation entering diapause and

others developing to yield a partial second generation of

adults in summer.

We argue that if first generation P. n. oleracea in New
England commit a fraction of first generation pupae to

diapause and if this fraction increases from south to

north in response to the physical environment, perhaps

interacting with effects of host plant quality, then there

may be a zone north of which the species� between-year
survival can be maintained solely by diapausing pupae of

the first generation. South of such a zone, reproductive
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success from subsequent (second or third) generations
would be essential for between-year maintenance of the

species at replacement numbers. Since these subsequent

generations would occur in meadows, parasitism acting

with equal intensity on the second or third generations of

P. napi at such a northern and southern site would lead

to opposite results. In the south (here postulated as being

the case for western Massachusetts), poor survival of

second generation larvae in most years would lead to
population decline and disappearance, but in a variable

manner, depending on actual levels of pupae produced in

meadows in given sites and years. In contrast, in the

northern locations (here postulated as northern Ver-

mont), the fate of the partial second generation would

not strongly affect the abundance of the first generation

in the following year, as sufficient overwintering dia-

pause pupae would be produced annually by the first
generation to sustain the population. Larvae of the sec-

ond generation being thus expendable from a population

point of view, it would make no difference if most or even

all larvae perished due to high parasitism combined with

other factors. We have preliminary evidence (Van Drie-

sche, to be published separately) in support of this hy-

pothesis in that we observed 46 and 51% diapause of 48

and 51 first generation P. napi pupae reared in field cages
on two-leaf toothwort or collards at our Craftsbury,

Vermont research site, in 2000 and 2001, respectively.

While not yet conclusive (data for Massachusetts are not

yet available), these data suggest, that diapause in

Vermont may be high enough for P. napi to function

essentially as a univoltine woodland species in a

parasitoid-free refuge with a dispensable partial sec-

ond generation subject to high parasitism rates in
meadows.

In summary, we have presented evidence consistent

with the hypothesis that populations of P. rapae in

agricultural or other open habitats can harbor high

enough populations of parasitoids to potentially ex-

clude populations of P. napi. In addition, there is evi-

dence that C. glomerata prefers P. napi to P. rapae.

Finally, the observation that C. rubecula never attacked
P. napi in the field in our experiments suggests that this

parasitoid may be relatively specific to P. rapae viz a

viz P. napi.
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