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Intras;peciﬁc variation in feeding preference and
Galerucella nymphaeae (Chrysomelidae:Coleoptera)
on aquatic macrophytes

GREG CRONIN!, THOMAS SCHLACHER?, DaviDb M. LODGE, AND ERIN L. S1sKa2

Department of Biological Sciences, University of Notre Dame, Notre Dame, Indiana 46556 USA

Abstract.  The feeding preferences and performance of a freshwater macrophyte-feeding chryso-
melid beetle (Galerucella nymphasae) were assessed in laboratory experiments. Populations of Galerucella
had a relatively narrow diet breadth, preferring species of Nuphat, Polygontim, and in 1 case Brasenia,
while largely ignoring the remaining macrophytes offered in assays. However, because of interpop-
ulation variation in host preferences, the species G nymphaege should be considered polyphagous.
Distant populations from the Upper Peninsula of Michigan, Indjana, and North Carolina collected
from Nuphar spp. all readily consumed Nuphar spp. and Polygonum spp., but beetles from a site in
south Michigan collected fram 2 amphibium or from Brasenia schreberi treated Nuphar as a low-pref-
erence host. The performance of Galerucella in no-choice assays was clearly related to the behavioral
preferences of the larvae: larvae performed well on 3 macrophyte species that they willingly con-
sumed, but performed poorly when they refused ta consume alternative host plants and presumably
starved to death. It is unknown if the starved beetles could have performed well physiologically if
they had eaten alternative hosts. Performance was also related to the quality of host plant, given that
beetles collected from Nuphar Rutewm or N. adevena reached a larger adult mass on N. litewm than on
N. advena. The feeding preferences of Galerucella were largely non-plastic within a single generation,
althaugh there were sometimes behavioral differences among clutchmates raised on different host
plants. Morphometric and preliminary allozyme data suggest the North American populations used
in this paper are conspecific, but they probably represent a different species than European G. nym-
phaeae. The intraspecific variation of our North American G. nymphaeqe in host preferences and pet-
formance suggests that at least 2 different ecotypes occur in North America.
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The study of plant-herbivore interactions has
been overwhelmingly terrestrial (Rasenthal and
Janzen 1979, Crawley 1983, Rosenthal and Ber-
enbaum 1992). However, evidence is mounting
that herbivory on freshwater macrophytes is of-
ten substantial, contrary to past conventional
wisdom (Lodge 1991, Newman 1991, Lodge et
al. 1998). Thus, opportunities abound to extend
experimental and comparative analyses of
plant-herhivore relationships into a new habitat.
The freshwater habitat might offer new insights
into the ecological and evolutionary questions
central to plant-herbivore studies because fresh
waters have many taxa of macrophytes and in-
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vertebrate herbivares that are evolutionarily in-
dependent, or at least divergent, from their ter-
restrial counterparts.

Although freshwater vascular plants (macro-
phytes) are of terrestrial origin, many are highly
specialized for their aquatic existence and have
few close terrestrial relatives. For example, the
water lily family (Nymphaeacea), which is a fo-
cus of this paper, is entirely aquatic (Voss 1985).
It includes Nuphar and several species known to
have complex secondary compounds (Ostrofsky
and Zettler 1986, Kerfoot 1988). Recent work
demonstrated that Nuphar is defended by these
chemicals against generalist herbivores (Cronin
1998). Despite passessing compounds that deter
feeding, the leaves, seed pods, and rhizomes of
water lilies are consumed by mammals {(eg.,
beavers, D. M. Lodge, personal abservation), pri-
mary aquatic insect larvae {sensu Newman
1991, Cronin et al. 1998), and secondary and
semiaquatic insects (Wallace and O'Hop 1985,
Kerfoot 1988, Otto and Wallace 1989, Juliano
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1988, Setdld and Mikeld 1991, Kouki 1991a,
1991b, 1991c, 1993a, 1993b, Cronin et al. 1998).

Feeding specialization is less common among
aquatic than terrestrial herbivorous insects, al-
though there are several semiaquatic insects that
specialize in feeding on aquatic macrophytes
(Newman 1991, Cronin et al. 1998). Behavioral
responses of insects to their hosts are believed to
be central in maintaining specialized associations
(Futuyma and Moreno 1988). Indeed, a behav-
joral shift in host preferences is thought to be an
initial step that can lead to the formation of sym-
patric host races, local reproductive isolation, and
speciaion (Bush 1975, Diehl and Bush 1989).
Sympatric speciation has reportedly occurred in
northern Europe within the species complex of a
chrysomelid beetle {Galerucella [= Pyrrhalta] mym-
phazae 1..) that feeds on aquatic plants (Hippa and
Koponen 1986, Nokkala and Nokkala 1994). The
differences between G. mymphacae that eats spe-
cies of the water lily Nuphar (Nymphaeacaea) and
Galerucella that eats Rubus or Comarum (both Ro-
saceae) were apparently great enough to warrant
the [atter beetles being designated a separate spe-
cies, G sagittarige (Hippa and Koponen 1986,
Nokkala and Nokkala 1994).

We focus exclusively on North American pop-
ulations of G. nymphaeae (hereatter referred to by
genus only}, which is usually referred to as a
specialist on Nuphar {e.g., Kouki 1991a, Cronin
et al. 1998). The Galerucella-Nuphar system is
prabably the best-studied case of herbivory on
a freshwater plant. Herbivory by Galerucella
causes considerable damage to the leaves of Nu-
phar (e.g., Kouki 1991a, Cronin et al. 1998), re-
duces the longevity of floating leaves (Otto and
Wallace 1989, Kouki 1991a, 1991c, Setdld and
Makeld 1991), alters the production of sub-
mersed vs floating leaves (Kouki 1993b), and
possibly alters nutrient cycling in aquatic habi-
tats (Wallace and O’Hop 1985, Setild and Mék-
eld 1991). Predators can reduce the impact of
Galerucella on host plants by reducing their pop-
ulation size and by decreasing their feeding
rates (T. Schlacher and G. Cronin, unpublished
data). Intraspecific competition among Galeru-
cefla occurs primarily through habitat degrada-
tion (i.e., sinking of leaves resulting from heavy
herbivory; Juliane 1988, Kouki 1991¢, 1993a} and
cannibalism {larvae eat eggs; Scott 1924, G. Cro-
nin, personal observation). Despite this body of
work, no experiments on diet choice or its plas-
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ticity have been conducted on North American
Galerucella populations.

We address the following questions: 1} What
is the diet breadth of North American Galeru-
cella? 2) Does food choice differ among geo-
graphically separated populations? 3) Are food
preferences altered by prior experience with dif-
ferent plants? 4) Are food choice and perfor-
mance (survival and growth) related? The an-
swers to these questions should jlluminate on-
going work on host-race formation and sym-
patric speciation of similar European species
(Nokkala and Nokkala 1994, Nokkala et al.
1998). We evaluated these questions using 4 or
5 populations of Galerucella from different host
plants: 1) North Carolina Gaferucella from Nu-
phar luteumn (L.); 2) Upper Peninsula of Michigan
Galerticella from N. variegata Durand; 3) Indiana
Galerucella from N. advena (Ait.); and 4) or 5)
south Michigan Galeruceila from Polygonum am-
phibium L. or Brasenia schreberi Grmel.

Methods
Feeding preferences of field-collected Galerucella

On 25-26 June 1995, Galerucella was collected
from Morris Lake (lat 46.26°N, long 89.52°W) at
the University of Notre Dame Environmental
Research Center in Michigan's Upper Peninsula
{UP Michigan population); from Lake Papakee-
chie (lat 41.37°N, long 85.68°W) near Syracuse,
Indiana (Indiana population); and from Galer-
ucella Pond (lat 34.73°N, long 76.80°W) in More-
head City, North Carolina (North Carolina pop-
ulation) (Fig. 1). Galerucella from these lakes
used spedes of Nuphar as host plants even
though several other species of floating, emer-
gent, or terrestrial plants were available at each
of these sites. Larvae and adults were collected
for assays from each site with the exception of
Lake Papakeechie, which did not have larvae at
this time. Leaves of macraphytes were collected
on the same dates from the same sites from
where Galerucella were collected, or from loca-
tions within 50 km of Galerucella source sites.

On 23 August 1995, larval Galerucella from
Gray Lake (lat 41.81°N, lang 86.08°W) near Ed-
wardsburg, Michigan (south Michigan popula-
tion) (Fig. 1) and another set of macrophytes
were collected. In 1995, this population of Gal-
erucella used only P amphibium as a host plant
in the field, even though other macrophyte spe-
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UP Michigan

1000 km

FiG. 1. The eastern USA showing the location of
Galerucella mymphaeae populations used in this study.
UP = Upper Peninsula.

ces, including N advena, were available. How-
ever, beetles at this site were found on Brasenia
in 1936 (see below).

The plants and animals collected on 25-26
June were used in feeding assays that ran from
27-30 June (62 h) and the organisms collected
on 23 August were used in a feeding assay per-
formed on 23-25 August (42 h). Macrophytes
used in this study are named following Voss
(1972, 1985). For aquatic and semiaquatic plants,
only floating or emergent leaves were offered to
these semiterrestrial beetles. A natural host plant
is the macrophyte species that the beetle was
found on in the field, and a surrogate host plant
was an alternative {(i.e, non-natural) host plant
that an animal developed on in the laboratory.

We then determined the feeding preferences
of different Galerucella populations. Square por-
tions of leaves {22 X 22 mm) were cut from 16
different macrophytes and arranged in a ran-
domized 4 X 4 array on moist paper towels in
covered plastic trays to prevent desjccation. For
narrow leaves, 2-3 pieces of leaves were used to
farm the square, but all 4 edges of the square
were always cut to avoid intraducing a system-
atic bias. Cutting of the leaves did not appear
to alter the feeding pattern of the beetles (eg.,
beetles did not initiate or concentrate feeding
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near the cut edges). The beetles made grazing
scars on the surface of the squares that were
identical to feeding scars an whole leaves in the
field. Only 1 square from any leaf was used per
feeding assay. Generally, 2 animals were added
ta each tray, but because adults were rare at the
UP Michigan site, only 1 animal per replicate
was used for this adult assay. After an assay
was terminated, the leaf area consumed was vi-
sually estimated independently by 2 people;
these 2 estimates were averaged to produce 1
datum per macrophyte per replicate. Visual es-
timates by an experienced observer allowed rap-
id, accurate measurement of leaf damage {(visual
estimate vs digitized measure: r* = 0917, n =
31 representative values >0 and <100%, linear
regression). Consumption data, expressed as
mm? of leaf area damaged per animal per day,
were analyzed with a nonparametric Friedman
test {Conover 1980) because multiple choice
feeding assays violate the assumption of inde-
pendence among treatments, precluding the use
of standard methods for multiple comparisons
{Peterson and Renaud 1989). Leaf squares were
neither damaged nor changed area in the ab-
sence of beetles; hence, controls for changes in
leaf squares not caused by herbivory were not
required (Peterson and Renaud 1989).

In August 1995, eggs, 2nd- and 3rd-instar lar-
vae, and adults were collected from Gray Lake
(south Michigan) and from Lake Papakeechie
(Indiana) to assess feeding preferences for P am-
phibitn and N. advena collected from the beetles’
respective habitats. Egg masses were carefully
removed from the host plants and placed in the
center between 22 X 22 mm squares cut from
Polygonum and Nuphat. When the eggs hatched,
the naive larvae were allowed to feed on the 2
macrophyte species. Second and 3rd-instar (ie,
experienced) larvae and adults from the same
collection were offered the same choice using
the leaf-square method. Data from each of these
assays were analyzed with paired-sample ¢-
tests.

In August 1996, larval and adult Galerucella
were collected from B. schreberi at Gray Lake
(the same lake where we abserved Galerucella on
P amphibium in 1995 and 1996). These beetles
were offered a choice of leaf squares cut from
Brasenia, Polygonum, Nuphar, and Nymphaea col-
lected from Gray Lake using methods described
above. These data were analyzed with a Fried-
man test.
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Performance of Galerucella on different host plants

Galerucella nymphaeae were raised on various
macrophytes (without choice) to determine 1) if
they could survive on alternative hosts, 2) how
well they grew on alternative plants, 3) if the
rearing plant influenced feeding preferences,
and 4) if there were performance differences
among different populations of Galerucella.

Performance experiment [—In July 1995, G.
nymphaeae from North Carolina and Indiana
were raised on N. luteum from Galerucella Pond
(North Carolina) or N. advena from Lake Papa-
keechie (Indiana). Egg masses removed from
leaves collected on 26 June 1995 were kept in a
warm {~28°C) humid environment until they
hatched. Six newly hatched larvae were used
from each cluich of eggs: 3 larvae were placed
in a covered container with a 22 X 22 mm
square of N luteum and 3 were placed in a sep-
arate container with N. advena in the same man-
ner. Each clutch represented a single replicate
from its population. A total of 240 larvae (3 lar-
vae/container X 2 Nuphar spp. X 2 Galerucella
populations x 20 replicates/population) from

40 clutches were used. If a container had no lar-

vae surviving to the 2nd instar, it was excluded
from the experiment because it was difficult to
determine if early mortality was caused by an
unsuitable host plant or handling of the small
larvae; this criterion resulted in a sample size of
15 for North Carolina beetles and of 18 for In-
diana beetles. Food was replaced as required; if
food was replaced in a container, the food of the
clutchmates was also replaced. Because 1 of our
field sites {North Carolina} was ~3000 km from
our labaratory, Nuphar used in this experiment
was collected every 1.5 wk on the same day at
bath field sites, placed in plastic bags, and
stored (or shipped) in coolers at ~5°C until
used. This procedure assured that the 2 Nuphar
species offered to the beetles had been treated
similarly.

The amount of macrophyte consumed (esti-
mated by surface area of leaf damaged by the
larvae), life stage, and the number of surviving,
anjmals were monitored 10-11 times through-
out their development. The size of larvae
(length, thorax width, and head width) was
measured periodically with a stereomicroscope
equipped with an acular micrometer. All 3 mea-
sures gave similar results and we only report
thorax width. Newly emerged adults were
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weighed to the nearest 0.1 mg. One to five days
elapsed between monitoring periods. Animals
from the same clutch were always monitored on
the same day. Data for surviving clutchmates in
each treatment were averaged because we did
not track individual ¢luthmates, and to avoid
pseudoreplication within independent repli-
cates. Sample sizes for some measurements var-
ied because of mortality or because some ani-
mals completed a life stage between monitoring
intervals,

The same individuals were measured numer-
ous times during this experiment, so data are
not strictly independent. However, we per-
formed ANOVA rather than a repeated-mea-
sures ANOVA for easier comparisons of the dis-
tinctive life stages. Therefore, development time
and survivorship measures of later life stages
are cumulative, and are dependent on the de-
velopment and survivorship of earlier instars.
Life-stage-specific comparisons between the 2
populations of Galerucetia and a test for a pop-
ulation X host plant interaction were made with
a 2factor ANOVA with Galerucella populations
and Nuphar spp. as the 2 fixed factors. When
comparing the performance of 1 population of
Galerucella on the 2 species of Nuphar, paired-
sample f-tests were used to take advantage of
our paired design (i.e, larvae from the same
clutch were raised on 2 different species of Nu-
phar).

Adult Galerucella were offered a choice be-
tween leaf squares cut from N. luteum and N,
advena within 2 d of emergence from their pupal
case. Feeding data were analyzed with paired-
sample {-tests (paired by herbivare).

Performance experiment I —In the final rearing
experiment (August 1995}, south Michigan Gal-
erncetla from Gray Lake were raised on P am-
phibium (their natural host plant, # = 7} or N.
advena (n = 6) collected from Gray Lake, and
Indiana Galerucella from Lake Papakeechie were
raised on B amphibium (n = 3) or N. advena (their
natural host plant, # = 3) collected from Lake
Papakeechie. Whole clutches of eggs were care-
fully removed from leaves and placed on ejther
Polygonum or Nuphar in a covered plastic con-
tainer with a moist paper towel. The develop-
ment, survivorship, and feeding preference of
animals were monitored after the eggs hatched.
Fresh leaves were added ad libitum and
changed every 2-3 d.

Third-instar larvae raised on the different
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macrophyte species were offered a choice be-
tween Polygonum and Nuphar collected from
their natal site using methads described above
Animals used in this assay were not used in
further experiments. South Michigan adults
raised on the different macrophytes were also
offered a choice between Polygonum and Nuphar.
These assays allowed us to determine if rearing
host influenced feeding preferences, and to
compare the host preferences of labaratory-
reared animals with field-collected animals of
the same populations.

Data from the 2-choice feeding assays were
analyzed with paired-sample f-tests. Life-stage-
specific comparisons between the 2 populations
of Galerucella and a test for a population x host
plant interaction were made with a 2-factor AN-
OVA. with Galerucella populations and host spe-
cies as the 2 fixed factors.

Resuits
Feeding preferences of field-collected Galerucella

Galerucella nymphaese larvae and adults from
all sites usually preferred species of Nuphar and
Poiygonum over all other macrophytes in 1995,
although this pattern was not always statistical-
ly significant (Figs 2 and 3). However, marked
differences in feeding preferences existed
among the 4 populations of Galerucella, and to a
lesser extent, between larvae and adults within
populations.

Larval North Carolina G. nymphaeas preferred
Polygonum sp., N. aduena, and their natural host
plant N. luteum, and consumed very little of the
remaining 12 food choices (Fig. 2A). Similarly,
North Carolina adults consumed Polygonum sp.,
N. advena, and N. huteum (Fig. 2B). Although not
statistically different, adults consumed <C1/2
the amount of their natural host plant N. luteum
than of Polygonum sp. or 1 population of N. ad-
vena {Fig. 2B).

The means in Fig. 2C show that larval UP
Michigan Galerucella were willing to consume
Polygonum sp., N. luteum, N. advena collected
from Papakeechie (but not N. advena collected
from Gray Lake), and some Alnus rugosa, but
they did not eat much, if any, of the remaining
species, including their natural host plant N. zar-
iegata. Adult UP Michigan Galerucella consumed
significant amounts of Pelygonum sp., N. advena,
Lythrum salicaria, and A. rugosa (Fig. 2D). Similar
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to the larvae, the adults treated their natural
hast plant N. sariegata and the remaining mac-
rophytes as low-preference food items.

Adult Indiana Galerucella collected from N. ad-
vena ate large amounts of Polygonum sp. and N.
advena, small amounts of N. Iufeum and L. sali-
caria, and very little, if any, of the remaining
macrophytes (Fig. 2E).

Larval south Michigan Galerucetla (1995) fed
almost exclusively on their host P amphibium
and P hydropiperoides during a feeding assay
(Fig. 3}. They largely ignored the remaining
macrophytes, although the Friedman test did
not detect a difference between the amount ¢on-
sumed of Polygonum spp. collected from Gray
Lake and L. salicaria collected from Painter Lake
(Fig. 3).

The different populations of G, nymphaeae usu-
ally preferred N. advena from Lake Papakeechie
over the same species growing in Gray Lake.
Consumption of N. adwena from Papakeechie
Lake was significantly greater than consump-
tion of N advena from Gray Lake (p = 0.039, «
= 5) when the mean consumption of N. advena
from Papakeechie vs Gray from each of the as-
says shown in Fig. 2 {(appreciable amounts of N.
advena were not consumed by south Michigan
Galerucella, Fig. 3) were compared using a
paired-sample t-test. In addition to this different
response to different populations of N. advena,
Galerucella also discriminated among species of
Nuphar For example, N. variegata was consumed.
little (Fig. 2), even by the UP Michigan animals,
whase natural host plant it is (Figs 2C and 2D).

When naive larvae, experienced larvae, and
adults were offered a choice between Polygonum
and Nuphar (the 2 most palatable plants), all
stages of south Michigan beetles collected from
Polygonum preferred Polygorum, whereas all
stages of Indiana beetles collected from Nuphar
preferred Nuphar (Fig. 4).

Larval and adult south Michigan Galerucella
collected from Brasenia (a plant that has never
been listed as a host for Galerucetla) in 1996 pre-
ferred Brasenia over Polygonuni, Nuphar, and
Nymphaea (Fig. 5). Intermediate amounts of Fo-
lygonum were also eaten, but no Nuphar or Nym-
phaga were eaten.

Performance of Galerucella on different host plants

Performance experiment | —North Carolina and
Indiana populations of Galerucella raised on N
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FiG. 2. Leaf area consumed by field-collected larval (A, C) and adult (B, D, E) Galerurella nymphaeas collected
from Galeruce]la Pond, North Carolina (A and B), Marris Lake, Upper Peninsula (UP) Michigan (C and D),
and Lake Papakeechie, Indiana (E). Bars represent the mean (+1 SE) area of each macrophyte type consumed.
Shaded bar represents the natural host of the heetles (for C, host plant is Nuphar variegata). Numbers helow
each bar correspond to the numbered macrophyte in the key below. Lines below bars cannect means that are
not statistically different (e = 0.05, Friedman test). Macrophyte codes, species, and collection sites are: 1—
Polygorum sp., Kickapoo Lake, UP Michigan; 2—N. aduena, Lake Papakeechie, Indiana; 3—N. advenq, Gray Lake,
south Michigan; 4—N. luteum, Galerucella Pond, North Carolina; 5—N. variegata, Morris Lake, UP Michigan;
6—Lythrum salicaria, Painter Lake, south Michigan; 7—Alnus rugosa, Tenderfoot Lake, UP Michigan; 8- Ulmus
americang, Notre Dame, Indiana; 9—Nywmphaen odorata, Lake Papakeechie; 10—N. odorata, Gray Lake; 11—Brasenia
schreberi, Gray Lake; 12—Potamogeton amplifolivs, Gray Lake; 13—Typha latifolis, Granger Pond, Indiana; 14—
Peltandra virginica, Painter Lake; 15—Pontederia cordata, Lake Papakeechte; 16—Salix longifolia, Lake Papakeechie.
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nymphaeae collected from Polygonum at Gray Lake,
south Michigan in 1995. Bars represent the mean {+1
SE} area of each maerophyte type consumed. Shaded
bar represents the natural host of the heetles, Polyga-
num amphibium. Numbers below each bar correspond
to the numbered macrophyte in the kay below. Lines
below bars connect means that are not statistically dif-
ferent (o = 0.05, Friedman test}). Macrophyte codes,
species, and collection sites are: 1—F amphibium., Lake
Papakeechie, Indiana; 2—P amphibium, Gray Lake,
south Michigan; 3—P fydrapiperaides, Gray Lake; 4—
Lythrum salicaria, Painter Lake, south Michigan; 5—
Nuphar advena, Lake Papakeechie; 6—N. adoena, Gray
Lake; 7—Nymphaea odorata, Lake Papakeechie; 8—N.
odorata, Gray Lake; 9—Brasenia schreberi, Gray Lake;
10—DPotarmagetan amplifolivs, Gray Lake; 11—Typha la-
tifolin, Lake Papakeechie; 12— Peltandra virginica, Paint-
er Lake; 13—Pontederia cordata, Lake Papakeechie; 14—
Salix nigra, Gray Lake; 15—Impatiens capensis, Gray
Lake; 16—Lirindendron tulipifera, Notre Dame, Indiana.

Iuteum (from North Carolina) or N. advena (from
Indiana) consumed similar amounts of leaf ma-
terial of each species of Nuphar. There were no
significant differences in the amount of food
caten between 2 populations of beetles (p >
0.08), between the 2 species of Nuphar (p > 0.30),
or for a population X Nuphar species interaction
(p > 0.13). However, there was a significant dif-
ference in the amount of food consumed by each
instar (p << 0.0001): instars 1, 2, and 3 consumed
32 203,167 £ 1.4, and 628 = 2.9 mm? leaf
area per larva per day, respectively. Early de-
velopment of the larvae of both Galerucella pop-
ulations was significantly faster on N. advena
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FIG. 4. Feeding preference of (A) naive larvae, (B}
experienced larvae, and (C) experienced adults from
Gray Lake {south Michigan; natural host Pofygorum)
and Lake Papakeechie (Indiana; natural host Nuphar)
when offered a choice between Polygonum amphibiim
and Naphar advena collected from the same lake from
which the beetles were collected. The sample size of
each assay is at the base of each pair of means (+1
SE). Paired bars were compared with paired-sample
t-tests.

than on N, futeum, but both populations reached
adulthood in similar time regardless of rearing
host (Fig. 6A). There was a nonsignificant (p =
(.056) trend towards early instars from North
Carolina surviving better on N. advena, but this
trend was not apparent for adults (Fig. 6B). For
all measures, there was never a significant pop-
ulation ¥ host plant interaction.

Both populations of Galerucella attained a
greater adult mass when raised on N. luteum
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FiG. 5. Feeding preferences of (A} larval and (B}
adult Galerucelln nymphacas collected from Brasenia at
Gray Lake, south Michigan in 1996, Bars represent the
mean (+1 SE) area of each macrophyte type con-
sumed. Shaded bar represents the natural host of the
beetles. Lines below bars connect means that are not
statistically different (@ = 0.05, Friedman test).
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than when raised on N. aduvena, although the size
of instars did not differ significantly with re-
spect to rearing host (Fig. 6C). The size of in-
stars 1 and 2 did not differ with respect to pop-
ulation. However, instar 3 and adults of the In-
diana Galerucells were significantly larger than
conspecifics from North Caralina (Fig. 6C).
Labaratory-reared adult Indiana beetles pre-
ferred N. luteum aver their natural host plant N,
advena regardless of the Nuphar species on which
they were raised (Fig. 7). This preference dif-
fered from the preference observed when field-
callected adults were offered N futeum, N ad-
zeng, and 14 other macrophyte types (Fig. 2E).
Adults from North Carolina also preferred N
luteumn over N. advena when they were raised on
N. Iuteum (Fig. 7), a preference that differed
from field-collected adults (from N luteum)
when offered 16 macrophytes (Fig. 2B). Adults
from North Carolina raised on the surrogate
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host N. advena showed no significant preference
between the species of Nuphar (Fig. 7). Overall,
the preferred foodplant N. luteum was also the
plant on which animals attained the greater
adult mass (Fig. 6C).

Performance experiment I1.—Galerucella collect-
ed from south Michigan and Indiana that were
subsequently raised on N. advena or P amphibium
showed more differences in larval performance
than did Indiana and North Carolina Galerucella
raised on different Nuphar species {Performance
experiment [). South Michigan Galerucella devel-
oped more rapidly (Fig. 8A) and survived better
(Fig. 8B) on Polygosum than on Nuphar. In con-
trast, development rate and survivorship of In-
diana Galerucella, which were raised on Polygo-
num vs Nuphar, did not differ significantly (Fig.
8), but their development was monitored only
through the 2nd instar. Sugvivorship to instar 2
was higher for Indiana beetles than for south
Michigan beetles {p = 0.006} mostly because of
the paor performance of the latter on Nuphar.
Survivorship to instar 2 varied with respect to
rearing host differently for the 2 populations of
Galerucella as indicated by a significant popula-
tion X host plant interaction (p = 0.00002):
south Michigan larvae survived better on Polyg-
onumn and Indiana larvae tended to survive bet-
ter on Nuphar (Fig. 8B).

Larval and adult Gaierucella from south
Michigan preferred their natural host Polygo-
num to Nuphar when raised on Polygonum (Fig.
9. Poor survivorship of the beetles raised on
Nuphar (Fig. 8B) limited the sample size and
statistical power for feeding assays. Yet, south
Michigan larvae that were raised on Nuphar
showed a nonsignificant preference for Nuphar
over their natural host Polygonum (Fig. 9A).
This trend was completely reversed with meta-
morphosis because the 4 surviving adults
raised on Nuphar ate only Polygonum (Fig. 9B),
but different animals were used in these 2 as-
says. Larval Galerucells from Indiana showed
no statistically significant preference for either
Polygonum or Nuphar, but trends suggested that
these larvae ate moare Nuphar than Polygonum
(Fig. 9A). The feeding preferences of field-cal-
lected Galerncelta from south Michigan (on Po-
lygonum) and Indiana Galerucella (on Nuphar)
were similar to the preferences of animals
reared in the lab on their respective natural
hosts. All stages of Galerucella from both sites
preferred their natural host (Fig. 4).
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FiG. 6. Performance of Indiana (IN) and North Carolina (NC) Galerucella raised on Nuphar advena or N,
Iuteum. A —MNumber of days required to teach various stages of development. B —Mean survivorship of the
beetles te each stage. C.—Larval thorax width and adult wet mass. Bars are mean +1 SE of the measure, + =
the natural field host. The number belaw each bar is the sample size. Pairs of bars (i.e, same population raised
on different host plants) were compared with paired-sample t-tests. ns = p > 0.1, * = 001 < p < 0.05, ** =
0.005 < p < 0.01. p-values between .05 and (.1 are provided.? indicates that statistical analysis was not possible

because of low sample size.
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Fic. 7. Feeding preference of Indiana and North
Carolina Galerucells adults, raised on either Nuphar he-
teum or N gduena, when offered a choice hetween the
2 species of Nuphar. The sample size of each assay is
at the base of each pair of means (+1 SE). t = the
natural field host. Paired bars were compared with
paired-sample {-tests.

Discussion
Feeding preferences and performance of Galerucella

Our results provide the 1st experimental con-
firmation that North American Galerucella are
specialized feeders, but reveal interpopulation
differences in host preferences not previously
described. Qur populations of G. wymphaeae had
a narrow diet breadth and strongly preferred
Polyganum, Nuphar, and in 1 case, Brasenia (Figs
2, 3, 4, and 5). However, feeding preferences of
Galerucella varied greatly among populations;
animals from the south Michigan population
even avoided N. advena (Figs 3, 4, and 5), a pre-
ferred food of the other populations (Figs 2 and
4). Feeding behaviar of Galerucella was not great-
ly influenced by past diet within a single gen-
eration (Figs 7 and 9). Overall, our results sug-
gest the narrow diet breadth of G. nymphaeae is
largely genetic and non-plastic during a single
generation.
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and Lake Papakeechie (Indiana [IN]; natural host Nu-
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tles' respective lake + = the natural field host. The
number below each bar is the sample size. Pairs of
bars {i.e, same population raised on different host
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In addition to the intraspecific variation in the
palatability of N. advena collected from Lake Pa-
pakeechie vs Gray Lake (Fig. 2), temporal
changes in the preferences of Galerucella for N
litewre and N. advena indicate temporal variation
in the preferences of the beetle and/or palat-
ability of the plants. Indiana Galerucella pre-
ferred N. advena from Lake Papakeechie aver N.
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Fic. 9. Feeding preference of larval (A) and adult
(B} south Michigan (from Pofygonum) and Indiana
(from Nuphar) Galerucella, raised on either Polygorum
amphibitem or Nuphar aduena, when offered a choice be-
tween these 2 species of macrophytes. t = the natural
field host. The samgple size of each assay is at the base
of each pair of means (+1 SE). Paired bars were cam-
pared with paired-sample ¢-tests.

futeum from North Carolina on 27-30 June (Fig.
2E), but preferred N, luteum over N. advena in late
July—early August (Fig. 7). Given that popula-
tions of Galerucella ate on average more N. advena
than N. luteum on 27-30 June (Fig. 2} and that
adult mass was higher on the more preferred N,
luteurn during Performance experiment [, dis-
crepancies in preferences in Figs 2 and 7 were
maost likely a result of changes in the quality of
the plants.

Performance on a surrogate host ranged from
dismal (Fig. 8) to similar to or better than the
performance on the natural host (Fig. 6). Poor
survivorship an alternative host plants was usu-
ally caused by behavioral avoidance of plants
and apparent starvation. Galerucelln mymphaeae
usually performed well on Nuphar spp. and B
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amphibiuni, with the exception that south Mich-
igan Gualerucelln had extremely poor survivor-
ship on N adwvena, again, because of avoidance
and starvation (T. Schlacher, personal observa-
tion). We do not know whether the anjmals
were physiologically capable of growing on al-
ternative host plants had they consumed the
plants. When animals consumed similar
amounts of an alternative host, their develop-
ment times (Fig. 6A) and survivership to adult-
hood (Fig. 6B} were similar to animals raised on
the natural host. Differences in the quality of
different Nuphar spp. as a host plant is suggest-
ed by the fact that animals, even ones collected
from N. advena, attained a heavier adult mass
when raised on N. luterm than on N. adeena (Fig.
6), even though similar amounts of each plant
species were consumed.

Iraplications for host vace formation

Several ecological and evolutionary theories
have been proposed to account for the high di-
versity and host specialization of herbivorous
insects (Futuyma 1983, Futuyma and Mareno
1988, Courtney and Kibota 1990}, but a consen-
sus has yet to be reached about factors that ini-
tiate narrow diet breadth. However, it is widely
accepted that behavioral responses to unique
plant traits (often secondary chemistry) are im-
portant in maintaining specialized insect-host
relations (Futuyma 1983, Bernays and Chapman
1987, Courtney and Kibota 1990, Futuyma and
Keese 1992}

Conventional wisdom holds that most host
shifts occur from the original host to a closely
related plant or a plant with similar traits (e.g.,
chemistry) because only minor physiological or
behavioral modifications in the insect would be
necessary (Futuyma and Keese 1992). Thus, re-
lated insects tend to use related plants (Strong
et al. 1984, Farrell and Mitter 1930, Bowers et al.
1992}, However, North American G. nymphaeae is
listed as being associated with native plants in
3 unrelated genera: Nuphar spp. (Blatchley 1910,
Baving 1929, Dillon and Dillen 1972, Wallace
and O'Hop 1985} Polygonum spp. (Blatchley
1910, Béving 1929, Dillon and Dilion 1972, Stehr
1991, Manguin et al. 1993); and Myrica (Man-
guin et al. 1993). North American G. mymphaeae
has also been found on purple loosestrife L. sal-
icaria (Manguin et al. 1993, Nechols et al. 1996,
Cronin 1997), an exotic weed introduced into
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North America from Europe ~200 y ago. Trapa
natans and Nymphaea odorata have also been list-
ed as hosts (Schmidt 1985, cited in Nechols et
al. 1996). Thus, although G. nymphaeae has a re-
stricted diet compared to most herbivores of
aquatic plants (Lodge et al. 1998), its diet is rath-
er diverse compared to most herbivarous ter-
restrial insects (Bernays 1989).

Other genera of North American Nymphae-
acea are typically not listed as hosts and the
beetle avoided other water lilies (Nymphaea and
Brasenia) in feeding assays performed in 1995
{(Figs 2 and 3). However, a population of Galer-
ucetla in Gray Lake that used Brasenia as a host
was found in 1996 (3. Johnson, University of No-
tre Dame, personal communication). Both [arvae
and adults preferred Brasenin over Polygonum,
Nuphar, and Nyniphaea (Fig. 5). To our knowl-
edge, the Galerucellns population found on Bra-
senia in 1996 is the 1st known to occur on this
macrophyte. All of our populations of Galerucetla
readily used Polygonum (Polygonaceae) as food
and 2 populations (Gray Lake and some Lake
Papakeechie individuals) used this genus as a
host in the field, yet Polygonum is not closely
related to Nuphar spp. It is not known how sim-
ilar Nuphar, Brasenia, Nymphaea, Trapa, Polygomem,
Muyrica, and Lythrum (all genera are hosts for
Galerucella) are chemically, but they all share an
affinity for shallow aquatic habitats, possess
floating or emergent leaves, have a widespread
distribution in eastern North America, and they
are often locally abundant. A shift onto a chem-
ically dissimilar host is more likely if the plants
are ecologically similar (Courtney and Kibota
1990).

We can only speculate about the ancestral
host of North American Galerucells and what
host shifts have occurred in the past. Given the
terrestrial habits of the Galerucella clade, it is
most likely that a terrestrial relative of G. nym-
phaeae moved onto aquatic plants prior to spe-
ciation. Our results suggest that Polygonum was
colonized prior to Nuphar, Brasenia, or Lythrum:
Polygonum was readily eaten by all of our pop-
ulations of Galerucella, whereas other macro-
phytes were not. Additionally, Polygonum lies
closer to the terrestrial end of the terrestrial-
aquatic continuum than does Nuphar or Brasenia.
Perhaps Polygonum served as a stepping stone
for Galerucella to reach Nuphar, which typically
occurs in deeper water than Polygonum. The
shift onto L. salicaria has occurred within the
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last 200 y in North America. The apparently re-
cent shift onto Brasenia was observed at a site
inhabited by a non-Nuphar-feeding population
previously (and currently) found on Polygonum.

Preferences of the Indiana population were
more similar to the preferences of the UP Mich-
igan and North Carclina populations than to the
south. Michigan population located just 67 km
away {Figs 1, 2, and 3). Galerucella collected from
the same lake, but from different hosts in dif-
ferent years, had very different preferences (Fig.
3 ¢f 5). Thus, there does not appear to be a
cling, and geographic proximity is a poor pre-
dictor of host preferences in Galerucella.

The G. nymphaeae species complex is broadly
distributed in the northern hemisphere and has
been the subject of taxonomic study for 2 cen-
turies; yet, species assignments within this
group remain uncertain (Hippa and Koponen
1986, Wallace and O'Hop 1985, Manguin et al.
1993, Nokkala and Nokkala 1994, Nokkala et al.
1998). Northern European G. nymphaeae special-
izes on N. luteum {(as does our North Carolina
population). However, there is uncertainty about
whether Galerucella that occur on Rubus chamae-
morus (Rosaceae) or Comarum palustre (Rosa-
ceae) represent conspecifics to those on Nuphar
{i.e, different host races) or justify consideration
as the separate species G. sagittariae (Hippa and
Koponen 1986, Nokkala and Nokkala 198%a,
1989b, 1989¢, 1994, Nokkala et al. 1998). These
sibling species of Galerucella have the same num-
ber of diploid chromosomes (2n = 34) and suc-
cessfully hybridize in the lab to produce fully
viable and fertile offspring (Hippa and Koponen
1986, Nokkala and Nokkala 1994). However,
they differ morphometrically (Hippa and Ko-
ponen 1986, Otto and Wallace 1989), have dif-
ferent frequencies of B-chromosome and large Y-
chromosome carrying individuals (Nokkala and
Nokkala 1989a), have fixed differences in cho-
rion palypeptides {Nokkala and Nokkala 1989b,
1989c), and are reproductively isolated in na-
ture. Both Hippa and Koponen (1986) and Nok-
kala and Nokkala (1994) concluded that G. nym-
phaeae and G. sagittariae are closely related, but
distinct, sympatric species.

Although North American and European bee-
tles from both locations were treated as G. aym-
phaeae, Otto and Wallace {1989) suggested that
these allopatric beetles might represent different
species. More recently, chorion palypeptide
analysis suggests that North American G. nym-
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phaeae are more closely related to European G.
sagittarige than to European G. nymphaeae (Nok-
kala et al. 1998). Recent analyses of mtDNA
suggest that European G. nymphaeae and G. sag-
ittarige are maore closely related to each other
than either is related to North American G. nym-
phaeae, although European G. sagiftarize and
North American G. nymphaeae successfully breed
in the lab (J. Feder and co-workers, University
of Notre Dame, personal communication).
Clearly much phylogenetic work remains to be
done on this group of species. Whatever species
the animals used in our experimentis represent,
preliminary allozyme analyses of our popula-
tions of Galerucella indicated that they were all
the same species (]. Feder and U. Stolz, Unjver-
sity of Notre Dame, personal communication).
Likewise, allozyme analyses of 3 North Ameri-
can populations of G mymphaeae examined by
Manguin et al. {1993) revealed only minor
among-population differences.

Not only are herbivorous insects more likely
to use related than unrealted host plants, but
related insects are more likely than unrelated
insects to have similar host plant preferences
(Futuyma 1983, Bernays and Chapman 1987,
Futuyma and Keese 1992). Lythrum salicaria was
1 of the more commonly sampled plants during
1995 feeding assays (Figs 2 and 3). Consistent
with the knowledge that related insects prefer
similar plants, other species of Galerucetla, G. cal-
mariensis and G. pusilla, are natural herbivores
of L. salicaria in Eurcope. However, G. nymphaeae
and G. sagittariae are not herbivores of L. salicaria
in European habitats (C. Nokkala, University of
Turku, personal communication). The US Fish
and Wildlife Service has racently released G. cal-
mariensis and G. pusitla in the USA in a biocon-
trol effort {Malecki et al. 1993). Given that native
North American G. nymphaeae shows some in-
clination to use L. salicaria as a host (Nechols et
al. 1996, Tauber et al. 1996, Figs 2 and 3) and
can grow from egg to adult on a monospecific
diet of L. salicaria {G. Cronin, personal observa-
tion}, it seems wiser to attempt biocontral with
a native herbivore befare resorting to the use of
exotic species to control another exotic species
{Cronin 1997). Other attempts to control exotic
weeds with native insects (Creed and Sheldon
1995, Sheldon and Creed 1995, Newman et al.
1998) or to alter the behavior of native herbi-
vares to preferentially use exotic weeds (Solarz
and Newman 1996) show potential for biocon-
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trol of exotic nuisances without resorting to fur-
ther intraductions. Efforts such as these will
provide apportunities to study the effects of en-
vironment on insect populations, the effects of
herbivory on plant performance, the occurrence
of host shifts, and possibly to abserve speciation
on short time scales.

Acknowledgements

Funding for this project was provided by NSF
DEB 94-08452 (ta DML). We are grateful to Mel
Schmitz, Matt Nielsen, Sarah Johnson, and Romi
Snively for helping with experiments. Mark Hay
and Robin Bolser supplied organisms from
North Carolina. Thomas and Patricia McCauslin
allowed access to Gray Lake. Galerucella was il-
lustrated by Robin Bolser. Discussions with Jeff
Feder, Uwe Stolz, Kristen Lewis, Christina Nok-
kala, and several anonymous reviewers were
valuable for preparing the manuscript.

Literature Cited

BERNAYS, E. A. 1989, Hast range in phytophagous in-
sects: the potential role of generalist predators.
Evalutionary Ecology 3:299-312.

Berways, E. A, anD R. E CHapman., 1987, Plant
chemistry and acrideid feeding behavior. Pages
100-141 in ]. B. Harborne (editor). Coevolution of
plants and animals. Academic Press, New York.

BLATCHLEY, W. 5. 1910. On the Coleaptera known to
oceur in Indiana. W B. Burford, Indianapolis.

Baving, A. G. 1929. Beetle Jarvae of the subfamily
Galerucinae. Praceedings of US National Museum
75:149.

Bowers, M. D, N. E. STamp, aND 5. K. COLLINGE.
1992. Early stage of host range expansion by a
specialist herbivore, Euphydryss phestan (Nym-
phalidae). Ecology 73:526-536.

Busy, G. L. 1975. Modes of animal speciation. Annual
Review of Ecology and Systematics 6:339-364.

ConNaver, W. ]. 1980. Practical nonparametric statis-
tics. 2nd edition. John Wiley and Sons, New Yark.

Courtney, 5. B, ano T T. KiBoTa. 1990. Mother
doesn’t know hest: selection of hasts by ovipos-
iting insects. Pages 161-188 in E. A. Bernays (ed-
itor}. Insect-animal interactions, Vol. II. CRC
Press, Baca Ratan, Florida.

CrawLEY, M. (EDITCR). 1983. Herbivory. The dynamics
of animal-plant interactions. Blackwell Scientific
Publications, Oxford., UK.

CreeD, R. B, aND S. P. SHELDON. 1995. Weevils and
watermilfoil: did a North American herbivore
cause the decline of an exotic plant? Ecological
Applications 5:1113-1121.



404

Cromin, G 1997, Native insect is purple loosestrife
biocontral candidate. Restoration and Manage-
ment Nates Summer: 92-93.

CroniN, G. 1998, Influence of macrophyte structure,
nutritive value, and chemistry on the feeding
choices of a generalist crayfish. Pages 307-317 i
E. Jeppesen, Ma. Sondergaard, Mo. Sondergaard,
and K. Christoffersen (editors). The structuring
role of submerged macrophytes in lakes, Ecolog-
ical Studies Vol 131. Springer-Verlag, New York.

Croniy, G, K. D. Wissing, anD D. M. LoDGe. 1998
Comparative feeding selectivity of herbivarous
insects on water lilies: aquatic vs. terrestrial in-
sects and submersed vs. floating leaves. Fresh-
water Biology 39:243-157.

DiedL, S. R, aND G. L Busd. 1989. The role of habitat
preference in adaptation and speciation. Pages
345-365 in D. Otte and ]. A. Endler (aditors). Spe-
ciation and its consequences. Sinauer, Sunderland,
Massachusetts.

Dion, E 5, anp L. 5. DILLON. 1972 A manual of
common beetles of eastern North America, Vol. IL.
Dowver Publications, New York.

FARRELL, B, aND C. MITTER. 1990, Phylogenesis of in-
sect/ plant interactions: have Plaliohrotica leaf bee-
tles {Chrysomelidae) and the Lamtinles diversified
in parallel? Evolution 44:1389-1403.

Futuyma, D. J. 1983. Evolutionary interactions among
herbivorous insects and plants. Pages 207-231 in
D. [. Futuyma and M. Slatkin (editors). Coevolu-
tion. Sinauer Associates, Sunderland, Massachu-
setts.

Futuyma, D. [, ano M. C. Kegse. 1992, Evolution and
caevalution of plants and phytophagous arthro-
pods. Pages 439475 in G. A. Rosenthal and M.
R. Berenbaum {editors). Herbivores: their inter-
actions with secondary metabalites. Vol. 2: Evo-
lutionary and ecglogical processes. 2nd edition,
Academic Press, New York.

FuTtuyma, D. [, aNDO G. MORENO. 1988, The evolution
of ecological specialization. Annual Review of
Ecalogy and Systematics 19:207-233.

Hirpa, H., anD S. Karonen. 1986. Morphalogical, cy-
tological, ecological and ethological evidence of
repraductive isolation between Galerucella nym-
phaeas (L) and G. sagittariae (Gyll) (Coleoptera,
Chrysamelidae) in Fennoscandia. Annales Ento-
mologici Fennici 52:49-62.

TULIANG, S. A. 1988, Chrysomelid beetles on water lil-
ies: herbivore density, leaf survival, and herbivore
maturation. Ecology 69:1294-1293.

KerrooT, W C. 1988. Role of endogenous (chemical)
defenses in plant-herbivore interactions. Pages
3147 in Proceedings of the 22nd Annual Meet-
ing, Aquatic Plant Cantrol Research Program, US
Army Corps of Engineers, 16-19 November 1997,
Portland, Oregon. Miscellaneous Paper A-88-5.
Environmental Laboratory, US Army Engineer

G. CRONIN ET AL.

[Volume 18

Waterways Experimental Station, Vicksburg, Mis-
sissippi.

Kauky, J. 1991a. The effect of the water-lily beetle, Gal-
erucella nymphaeas, on leaf production and leaf lon-
gevity of the vellow water-lily, Nuphar [ufea.
Freshwater Biology 26:347-354.

Koukr, [. 1991b. Small-scale distributional dynamics
of the yellow water-lily and its herbivare Galeru-
cella mymphocas (Coleaptera: Chrysomelidae). Oec-
alogia 88:48-54.

Kouki, ]. 1991c. Tracking spatially variable resources:
an experimental study on the oviposition of the
water-lily beetle. Qikos 61:243-249.

Kourr, . 1993a. Female’s preference for aviposition
site and larval performance in the water-lily bee-
tle, Galerucetla myntphaeae (Coleaptera: Chrysome-
lidae). Oecologia 93:42-47.

Kouki, J. 1993b. Herbivory modifies the production of
different leaf types in the yellow water-lily, Nu-
phar lutea (Nymphaeaceae). Functional Ecology 7:
21-26.

LanGe, D. M. 1991. Herbivory on freshwater macra-
phytes. Aquatic Botany 41:195-224,

Looce, D. M., G. CranNiN, E. vaN DoNK, aND AL ]
FROELICH. 1998. [mpact of hetbivory on plant
standing crop: comparisons among biomes, be-
tween wvascular and nonvascular plants, and
among freshwater herbivore taxa. Pages 149-174
in E. Jeppesen, Ma. Sondergaard, Mo. Sonder-
gaard, and K. Christoffersen {editors). The struc-
turing role of submerged macrophytes in lakes.
Ecological Studies Val. 131, Springer—Verlag, MNew
York.

MarLEck), R. A., B. Buossey, S, D, HIGHT, D. SCHROE-
DER, L. T. Kok, anp [. R. Courson. 1993, Biolog-
ical control of purple loasestrife. BioScience 43:
680-686.

ManNGuin, 5., R. WHITE, B. BLossey, AND S. [ HIGHT.
1993. Genetics, taxonamy, and ecology of certain
species of Galerucefla (Coleoptera: Chrysomeli-
dae). Annals of the Entomological Saciety of
America §6:397-410.

NecHous, [ R., I I Osryckl, C. A. TaUBER, anD M. [
TauBER. 1996. Potential impact of native natural
enemies on Galerucella spp. (Coleoptera: Chryso-
melidae) imported tor biclogical control of purple
loosestrife: a field evaluation. Biological Control
7:60-66.

Newnan, R, M. 1991, Herbivory and detritivory on
freshwater macrophytes by invertebrates: a re-
view. Journal of the North American Benthologi-
cal Saciety 10:89-114.

Newman, R. M., D. C. THomrson, ano D. B, RicH-
MAN. 1998, Canservation strategies for the biolog-
ical control of weeds. Pages 371-396 in [°. Barbosa
{editor). Conservation bhiclogical contro]. Academ-
ic Press, New York.

Nokkara, C., AND S. NokKaLA. 1989a. Characteristics



1999]

of B-chromosomes in Galerucetla nymphaeae species
complex {Coleaptera, Chrysomelidae). Hereditas
111:175-1482.

NokkaLa, C., AND S. NOKkaLA. 1989b. Chromosomal
polymorphism in Galerucella sagittariee (Gyll.}
{(Chrysomelidae, Coleaptera) in Finland. Heredi-
tag 111:189-200.

NokkaLa, C., AND 5. NokkaLA. 1989c. Chromasomal
polymorphisms in Galerucella nymphacae (L.}
(Chrysomelidae, Coleoptera) in Finland. Heredi-
tas 111:133-144.

NokkaLa, C., aND 5. NOkKaLa. 1994, Sympatric spe-
ciation in Galerucelln. Pages 259-262 in P. H. Joliv-
et, M. L. Cox, and E. Petitpierre (aditars). Navel
aspects of the biclogy of Chrysomelidae. Kluwer
Academic Publishers, Dordrecht, The Nethet-
lands.

NokraLa, C., S. NOKKALA, AND A. NORDELL-PaAvO-
L. 1998. European and North American popu-
lations of Galerucella nymphacaz (Chrysomelidae:
Coleoptera): two separate species revealed by
chorion polypeptide analysis. European Journal
af Entomalagy 95:269-274.

OsTrROFSKY, M. L, AND E. R. ZeTTLER. 1986. Chemical
defences in aquatic plants. Journal of Ecology 74:
279-287.

Otra, C., aND [. B. WALLACE. 1989, Life cycle variation
and habitat longevity in the waterlily leaf beetles.
Halaretic Ecology 12:144-151.

PETERSON, C. H., aND P E. RENAUD. 1989. Analysis of
feeding preference experiments. Qecologia 80:82-
86.

RosentHAL, G. A., aND M. R. BERENBAUM (EDITORS).
1992. Herbivores: their interactions with second-
ary plant metabolites. Vol. II. Ecological and Evo-
lutionary Processes. 2nd edition. Academic Press,
New York.

RosenTHAL, G A, aND D. H. JaNZEN (EDITORS). 1979.

GALERUCELLA NYMPHAEAE-MACROPHYTE INTERACTIONS

405

Hetbivoares: their interaction with secondary plant
compounds. Academic Press, New York.

ScotT, H. M. 1924. Observations on the habits and life
history of Gallerucella nymphaeae (Coleoptera).
Transactions of the American Microscopical So-
clety 43:11-16.

SETALA, H. aND [ MAKELA. 1991, Galerucella mym-
phazae (Coleoptera: Chrysomelidae) grazing in-
creases Nuphar leaf praduction and affects carbon
and nitrogen dynamics in ponds. Oecologia 86:
170-176.

SHELDON, S. P, anD R. P Creep. 1995. Use of a native
insect as a hiological control for an introduced
weed. Ecological Applications 5:1122-1132.

SoLARZ, 8. L, anD R, M. NEwMAN. 1996. Oviposition
specificity and behaviar of the watermilfoil spe-
cialist Euhrychigpsis lecontei. Qecolagia 106:337-
344.

STEHR, E W. 1991. Immature Insects. Vol. 2. Kendall/
Hunt, Dubuque, fowa.

StronGg, D R, I H. Lawtown, anp T. R. E. SouTH-
wooD. 1984, Insects on plants: community pat-
terns and mechanisms. Harvard University Press,
Cambridge, Massachusetts.

Tauser, M. [, C. A TAUBER, aND [. R. NecHOLS. 1994.
Life histary of Gaierucella nymphaeae and implica-
tions of reproductive diapause for tearing uni-
voltine chrysomelids. Physiological Entomology
21:317-324.

Vass, E. G. 1972. Michigan flora: gymnosperms and
monacats. Cranbrook Institute of Science, Bloom-
field Hills, Michigan.

Vass, E. G. 1985. Michigan flora: dicots. Regents of
the University of Michigan, Ann Arbor, Michigan.

WALLACE, ]. B, anD [. O'Haor. 1985. Life on a fast pad:
watetlily leaf heetle impact an water lilies. Ecol-
agy 66:1534-1544.

Recetved: 27 fune 1999
Accepted: 19 August 1999



