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Abstract The impact of alien species on native organ-
isms is a cause for concern worldwide, with biological
invasions commonplace today. Suppression efforts target-
ing many invasive species have included introductions of
biological control agents. The numerous releases of bio-
logical control agents in the Hawaiian archipelago have
resulted in considerable concern for non-target impacts,
due to high levels of non-target parasitism observed to
occur in some cases. This study investigated the impact of
introduced Hymenoptera parasitoids on a Hawaiian moth.
The endemic Hawaiian moth Udea stellata (Butler) has
seven alien parasitoids associated with it, two purposely
introduced, three adventive, and two of uncertain origin.
The objective of this study was to determine the relative
contribution of the seven parasitoid species to the popula-
tion dynamics of U. stellata by constructing partial life
tables. Marginal attack rates and associated k-values
were calculated to allow comparison of mortality factors
between experimental sites. Sentinel larvae were deployed
on potted host plants and left in the field for 3-day intervals
in open and exclusion treatments. The factors that con-
tributed to total mortality in the open treatment were:
disappearance (42.1%), death due to unknown reasons
during rearing (16.5%) and parasitism (4.9%). The open
treatment incurred significantly higher larval disappearance
compared to the exclusion treatment (7.8%), which sug-
gests that in large part disappearance is the result of
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predation. Adventive parasitoids inflicted greater total
larval mortality attributable to parasitism (97.0%) than
purposely introduced species (3.0%).
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Introduction

International and interregional commerce continues to
break down biogeographical boundaries (Loope and Ho-
warth 2003), and this is accelerating the rate of biological
invasions to a degree without precedent. The practice of
classic biological control for pest management has been
commonly recognized as an effective suppression method
for invasive species, and its use was encouraged to reduce
dependence on insecticides for the management of invasive
insect pests. Biological control is an important component
of any integrated pest management program as it is not
only an option to control invasive species in agricultural
settings but is also a tool for conservation, when it targets
invasive species that threaten native species and natural
habitats (Hoddle 2004; Messing and Wright 2006).
Practitioners of classic biological control have tradi-
tionally regarded their method as environmentally safe
(van den Bosch and Messenger 1973; De Bach 1976;
Simmonds and Bennett 1977; Caltagirone and Huffaker
1980) and even though concerns about the potential neg-
ative effects of purposely introduced species on endemic
fauna were expressed more than a century ago in Hawaii by
Perkins (1897), it is only since the 1980s that there has
been an increase in concerns about the environmental
impact of introduced biocontrol agents on native species in
the USA (Howarth 1983, 1991; Gagne and Howarth 1985;
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Simberloff 1992; Simberloff and Stiling 1996, Henneman
and Memmott 2001).

Retrospective studies on biological control introductions
provide an important tool in the evaluation of potential
non-target effects of future biological control programs.
They help build case histories that can provide patterns to
aid the identification of key biological and ecological
factors that need to be investigated to provide a robust
estimate of the candidate’s non-target potential (Louda
et al. 2003). Adventive species (species that have been
accidentally introduced to a new area) provide a further set
of species for developing a greater understanding of non-
target impacts, because they also offer opportunities to
study impacts of new introductions, albeit accidental, upon
indigenous species.

Hawaii provides an excellent set of circumstances to
study non-target effects from biological control as well as
accidental introductions. The Hawaii archipelago is home
to a greater proportion of endemic species than any other
place of similar size on earth (Kaneshiro 1995), has a
steady rate of arrival of non-indigenous species, and has a
long history of biological control introductions; more than
700 species released in the past 100 years (Funasaki et al.
1988). Hawaii has also been the center of controversy
regarding non-target impacts on native and desirable spe-
cies, and in some cases it has been suggested that
extinctions have resulted from mortality caused by pur-
posefully introduced species (Howarth 1983, 1991; Gagné
and Howarth 1985). However, the actual impacts of
introduced biological control agents on indigenous species
have seldom been quantified.

The species used in our investigation, Udea stellata
Butler (Lepidoptera: Crambidae), is a multivoltine species
endemic to Hawaii and is widely distributed throughout
the state. The larval stages of this moth feed on the
endemic host plants Pipturus spp. (Urticaceae) (common
name, mamaki) which occur in mesic forests, under vari-
able conditions in terms of canopy cover, disturbance
level, presence of invasive plant species and elevation.
A separate study (Kaufman 2008 ) assessed the parasitoid
guild associated with U. stellata and quantified field par-
asitism rates at different sites. Results from these studies
showed that the parasitoid guild associated with U. stellata
larvae includes seven koinobiont solitary endoparasitoids,
all of them polyphagous species. Three of the parasitoids
are of adventive origin: Casinaria infesta (Cresson),
Trathala flavoorbitalis (Cameron) and Triclistus nr. aitk-
eni; two species were purposely introduced for biological
control purposes: Meteorus laphygmae (Viereck) and
Cotesia marginiventris (Cresson); and two are of uncertain
origin. Diadegma blackburni (Cameron), listed as adven-
tive (Nishida 2002) is possibly endemic to Hawaii
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(Oboyski et al. 2004), and Pristomerus hawaiiensis
(Perkins) listed as endemic (Nishida 2002) may be
adventive to the islands (Fullaway and Kraus 1945; Stein
1983). C. marginiventris and M. laphygmae were intro-
duced to Hawaii in 1942 to control the sugar cane pest
Spodoptera exempta (Walker) (Nishida 2002). All adven-
tive species in this study were first observed in Hawaii
before 1942 except for T. nr. aitkeni, which was only
detected in the last decade.

In the 2 years of surveys of field parasitism (apparent
mortality) reported above, 27.55% of the total larvae col-
lected (or 42.92% of the larvae that reached adulthood)
yielded parasitoids, and parasitism rates varied signifi-
cantly across sites (Kaufman 2008). Adventive parasitoids,
notably 7. flavoorbitalis, rather than purposely introduced
species inflicted the majority of the field parasitism
observed in samples. It was also noted that in low and low
to medium elevations (below 850 m) the parasitoid
assemblage was dominated by adventive species, whereas
purposely introduced species where detected only from
sites above 850 m.

Such faunistic surveys provide good background infor-
mation on parasitoid guild composition, levels of
parasitism of samples taken, and seasonal trends in dif-
ferent locations. However, caution should be exercised
when interpreting results from field parasitism since these
data do not often provide an effective measure of parasitoid
impact at the host population level, such as information on
density of the host and the ecological role of the parasitoids
in the population dynamics of the target or non-target hosts
(Van Driesche et al. 1991; Duan and Messing 2000). Field
surveys also do not provide information on the role of
parasitism relative to other mortality factors influencing
fluctuations in population densities. To date, there are some
detailed studies quantifying to what extent non-target
attacks are impacting the populations of non-target species
(Duan et al. 1998; Boettner et al. (2000); Duan and
Messing 2000; Benson et al. 2003a, b; Barron et al. 2003;
Van Driesche et al. 2004; Johnson et al. 2005). This study
aims to determine the relative contribution of parasitoid
species with respect to other mortality factors, to the
population dynamics of U. stellata by constructing partial
life tables, estimating marginal attack rates and their
associated k-values, using artificial cohorts (Carey 2001) in
the field. Life table studies provide important information
on the contribution of different mortality factors for life
stages over a generation and among generations, and
therefore for an understanding of the ecological impact of
the mortality factors in insect populations. The calculation
of marginal attack rates and associated k-values allows
comparison of mortality factors between experimental
sites.
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Materials and methods
Study sites

Field experiments were conducted at six locations on three
of the Hawaiian Islands from August 2005 to October
2006. The Kokee site (22°7'54"N, 159°37'54"W, elevation
981 m), is located at the Ditch Trail at the Kokee State
Park, on the island of Kauai. Three sites were located on
the island of Oahu: Kunia (21°27'46"N, 158°5'44"W, ele-
vation 550 m) and Palikea (21°24'46”N, 158°5'58"W,
elevation 781 m) are located in the Waianae Mountains
and are managed by the Nature Conservancy of Hawaii,
and Tantalus (21°19’48"N, 157°49'21"W, elevation 460 m)
is located near Honolulu. The last two sites were located
on the island of Hawaii, Kipuka Ki (19°26'36” N,
155°18'59"W, elevation 1315 m) at the Hawaii Volcanoes
National Park, and Olaa (19°28'25"N, 155°15'40"W, ele-
vation 1245 m) which is located inside the University of
Hawaii Volcano Experimental Station adjacent to the Olaa
forest. Sites varied in many environmental features such as
elevation, level of disturbance by alien species, type of
overstory, percentage of overstory and type of understory.
All study sites had naturally occurring mamaki plants. We
made an effort to deploy our sentinel plants in the vicinity
of these plants.

Plant material

Potted Pipturus spp., locally known as mamaki, grown
from seed were used as substrate for sentinel larvae
exposed in the field. Plants for each experiment were
grown from seeds that were collected from the respective
island in 2004 and 2005. Plants used at all sites were
planted in 3.8-1 pots and were approximately 50-cm tall
when they were deployed at study sites.

We chose to use potted plants instead of wild plants in
the field to avoid unobserved “recruitment” of wild larvae
that could bias the data collected. Plants were grown at
Kauai Research experimental station on Kauai, Gilmore
Hall greenhouse facility at the University of Hawaii at
Manoa on Oahu, and at the USDA Forest Service facility at
Hawaii Volcanoes National Park on Hawaii.

Insect material

To ensure they were not parasitized before field exposure,
larvae of U. stellata were reared in the laboratory [22°C (£2)
and ~62% (£10) relative humidity (RH)] on mamaki
plants, until exposed to create artificial “cohorts” in the
field. Since the experiments were conducted on three dif-
ferent islands, we maintained three colonies of U. stellata,
each initiated from field-collected larvae from the

respective island; this was to ensure parasitism or other
mortality factors measured in each study site were not
influenced by the origin of the colonies. To produce larvae of
specific instars, we caged host plants with moths that
emerged from field-collected larvae and replaced oviposi-
tion plants every 2-3 days. Larvae emerging from eggs laid
were used to initiate colonies. From quantification of larval
morphometrics in the laboratory, it is known that U. stellata
undergoes six larval stages (Kaufman and Wright, in press).
All six larval instars of U. stellata were used for field
experiments. Stages were differentiated by head capsule
diameter (Kaufman and Wright, in press).

Field experiments

We deployed sentinel larvae on potted host plants in the
field, where they were exposed to parasitoids and other
sources of mortality for a 3-day interval. This interval was
based on an estimate of the time that larvae take to molt to
the next instar under laboratory conditions (Kaufman and
Wright, in press). Potted plants with larvae were randomly
placed into one of two treatments: exposed to natural
enemies (open treatment) and caged to exclude natural
enemies (exclusion treatment). Exclusion of predators and
larval parasitoids was accomplished by placing a fine
mesh bag over the plants (covering foliage and soil). The
exclusion treatment served to estimate predation levels
and as a control for mortality due to transportation and
stress during infestation of the plants. A total of nine
deployments were conducted in a total of six sites, and
each of them considered to constitute a “generation”
(Table 3).

To quantify mortality at each larval instar, we exposed
groups of larvae of all instars at the same time, at a density
of four larvae of similar instar per plant (comparable to the
density in the Palikea site, which was the one with the
highest density of larvae per plant). Instars were kept
separate on different plants. Twenty to 40 larvae of each
instar were exposed at deployment time (deployment time
refers to a particular time X site combination) in the open
treatment, and four to eight larvae in the exclusion treat-
ment. The differences in number of larvae exposed at a
particular time were dictated by the availability of larvae.
Plants in the open and enclosed treatments were randomly
placed within natural stands of mamaki at all sites. The
total area where sentinel plants were placed in the field was
between 30 and 40 m”. Since the fifth and sixth instar
larvae are very mobile, plastic basins painted with fluon at
the rim and provisioned with small drainage holes, were
placed under each pot to facilitate recovery of larvae, in
case they attempted to migrate to pupation sites. After 3
days sentinel plants were inspected in the field, and larvae
found were retrieved and returned to the laboratory. Larvae
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Table 1 Partial life table for Udea stellata combining all sites and all generations by larval instar for open (O) and exclusion (E) treatment

Larval stage I, Mortality factor (dF) d, g my k-value
(¢} E (¢} E (¢} E (0} E (0] E
First 322 53 Disappeared 158 8 0.491 0.151 0.569 0.170 0.366 0.081
Unknown death 64 11 0.199 0.208 0.289 0.227 0.148 0.112
Trathala flavoorbitalis 3 0 0.009 0.000 0.016 0.000 0.007 0.000
Total 225 19 0.699 0.358 0.874 0.397 0.521 0.193
Second 425 48 Disappeared 180 5 0.424 0.104 0.492 0.114 0.294 0.053
Unknown death 75 8 0.176 0.167 0.246 0.177 0.123 0.084
T. flavoorbitalis 16 0 0.038 0.000 0.058 0.000 0.026 0.000
Casinaria infesta 1 0 0.002 0.000 0.004 0.000 0.002 0.000
Meteorus laphygmae 1 0 0.002 0.000 0.004 0.000 0.002 0.000
Total 273 13 0.642 0.271 0.804 0.291 0.447 0.137
Third 392 54 Disappeared 157 4 0.401 0.074 0.448 0.080 0.258 0.036
Unknown death 50 8 0.128 0.148 0.172 0.154 0.082 0.073
T. flavoorbitalis 15 0 0.038 0.000 0.055 0.000 0.025 0.000
C. infesta 2 0 0.005 0.000 0.008 0.000 0.003 0.000
Total 224 12 0.571 0.222 0.683 0.234 0.368 0.109
Fourth 338 48 Disappeared 134 2 0.396 0.037 0.467 0.040 0.274 0.020
Unknown death 59 6 0.175 0.111 0.242 0.151 0.120 0.059
T. flavoorbitalis 4 0 0.012 0.000 0.019 0.000 0.008 0.000
C. infesta 0 0.003 0.000 0.005 0.000 0.002 0.000
Triclistus nr. aitkeni 15 0 0.044 0.000 0.068 0.000 0.031 0.000
Pristomerus hawaiiensis 1 0 0.003 0.000 0.005 0.000 0.002 0.000
Cotesia marginiventris 1 0 0.003 0.000 0.005 0.000 0.002 0.000
Total 215 8 0.636 0.185 0.810 0.191 0.439 0.079
Fifth 302 46 Disappeared 111 3 0.368 0.065 0.445 0.070 0.256 0.032
Unknown death 50 6 0.166 0.130 0.233 0.135 0.115 0.063
T. flavoorbitalis 0 0.003 0.000 0.005 0.000 0.002 0.000
C. infesta 3 0 0.010 0.000 0.016 0.000 0.007 0.000
Triclistus nr. aitkeni 28 0 0.093 0.000 0.138 0.000 0.064 0.000
M. laphygmae 1 0 0.003 0.000 0.005 0.000 0.005 0.000
Total 194 9 0.642 0.196 0.842 0.205 0.447 0.095
Sixth 196 46 Disappeared 91 1 0.464 0.022 0.518 0.023 0.317 0.010
Unknown death 28 5 0.143 0.065 0.201 0.110 0.098 0.051
T. nr. aitkeni 4 0 0.020 0.000 0.032 0.000 0.014 0.000
Total 123 6 0.628 0.130 0.751 0.133 0.429 0.061
K =2.651 K = 0.684

I, Number of larvae that enter each stage, d, number dying during each stage, g, proportion dying at each larval stage (apparent mortality), m,

marginal attack rate, K total mortality

that were not found during the retrieval were classed as
“disappeared”. Once returned to the laboratory (22°C and
~62% RH), each larva was placed individually into a
labeled plastic container. Feces and old plant material were
removed and new plant material was added to the con-
tainers every day or every other day depending on the rate
of feeding. All larvae were reared to the adult stage, or
until they died or parasitoids emerged. Emerging parasit-
oids were pinned for identification. Specimens were
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identified by using unpublished keys to the Hawaiian
Ichneumonidae (Beardsley, unpublished) and also by
comparing adult voucher specimens with specimens at the
Hawaii Department of Agriculture insect collection, Uni-
versity of Hawaii Insect Museum and Bishop Museum.
Identifications were confirmed by Dr David Wahl at the
American Entomological Institute. Voucher specimens
are deposited at the American Entomological Institute,
Gainesville, Florida.
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Partial life table construction

The number of larvae deployed at each stage and mortality
data for each stage for both treatments were used to construct
partial life tables. Partial life tables were constructed using
the method described by Morris and Miller (1954) and
Morris (1963), where [, denotes the number of larvae that
enter each stage (in our case numbers deployed at each
stage), d,F is the mortality factor acting during each stage,
and d, the numbers dying during each stage. Proportion
dying at each larval stage or g, (also known as apparent
mortality) was obtained by diving d, by the corresponding /.

Calculation of marginal attack rates and associated
k-values

We used life table data to calculate marginal attack rates,
k-values and to conduct key factor analysis.

Marginal attack rates

Since assessing the strength of individual mortality factors
which act contemporaneously is not usually possible from
simple analysis of numbers observed dying, we calculated
marginal attack rates, defined as the levels of mortality that
would have occurred if the agent had acted alone (Royama
1981; Bellows et al. 1992; Elkinton et al. 1992). Marginal
attack rates were calculated as:

mi=1—(1-q)"",

where m; is marginal probability of attack from the ith
cause, g; is apparent mortality from the ith cause and ¢ is
mortality rate from all causes combined (Elkinton et al.
1992).

k-values

“Killing powers” or k-values were estimated as the nega-
tive logarithm of the estimated proportion surviving in each
stage:

ki = —log 10(1 — m;),

where k; is the k-value for the ith cause. The sum of all
successive mortality factors (k; — k;) equals the total
generational mortality (K). The major advantage of k-val-
ues as compared to percentages of organisms dying is that
k-values are additive: the k-value of a combination of
independent mortality processes is equal to the sum of
k-values for individual processes.

Proportion of larvae “disappearing” or dying from
unknown causes was compared between exposed and
exclusion treatments using two-way contingency table

analysis, pooling data from all exposures. The null
hypothesis that disappearance and mortality from unknown
causes were not associated with exclusion or exposure was
tested.

Results

The mortality factors that contributed most to the total
generation mortality were: disappearance, unknown cause
of mortality during rearing, and parasitism. From the 1,975
larvae deployed across all sites in the open treatments, we
were able to retrieve 1,144 (57.9%) larvae, while 831
(42.1%) disappeared. Of the larvae retrieved, 28.5% (326/
1,144) died due to unknown causes during rearing, 8.5%
(97/1,144) were parasitized and 63.0% (721/1,144) com-
pleted their life cycle and emerged as moths. Six parasitoid
species were reared from the larvae recovered. Of the
larvae parasitized, 1.0% (1/97) were P. hawaiiensis, 1.0%
(1/97) Cotesia marginiventris, 2.1% (2/97) M. laphygmae,
7.2% (7/97) Casinaria infesta, 40.2% (39/97) Trathala
flavoorbitalis and 48.5% (47/97) Triclistus nr. aitkeni.

In the exclusion treatment we deployed a total of 295
larvae across all sites. Of these, 23 (7.8%) disappeared and
272 (92.2%) were recovered. Since this treatment excluded
predators, and Udea larvae are not cannibalistic, it is rea-
sonable to say that our search efficiency exceeded 90%. Of
those recovered, 16.2% (44/272) died for indeterminate
reasons during rearing and 83.8% (228/272) emerged as
moths. The open treatments incurred significantly higher
“disappearance” compared to the exclusion treatment
(f* = 127.06; df = 1; P < 0.0001). Death due to unknown
causes was not significantly different in the exclusion
treatment compared to the open treatment (3> = 0.367;
df =1; P =0.545). In the exclusion treatment, total
mortality, as well as the impact of individual mortality
factors decreased with increasing larval stage. The major
mortality factor for all larval instars in exclusion cages was
death by unknown causes during rearing. This unknown
death can be attributed to natural mortality (which was
comparable to natural mortality in our laboratory colony)
but was possibly also due to unknown bacterial and fungal
infections.

Life table data, marginal attack rates and k-values across
all sites by larval stage for the open and exclusion treat-
ments are presented in Table 1. In the open treatment, the
major mortality factor across all sites in all larval stages
was disappearance, which accounted for >57% of the
mortality. The highest observed k-values due to disap-
pearance were in the first and sixth instar (0.366-0.317,
respectively). The highest attack rates and k-values due to
parasitism were incurred in the fourth and fifth larval instar
(0.045-0.078, respectively) in which T. nr. aitkeni had the
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highest individual k-values (0.031 and 0.064, respectively).
Triclistus nr. aitkeni and Trathala flavoorbitalis were the
species with the greatest k-values summed over all larval
instars. Individual k-values for T. flavoorbitalis were the
highest in second and third larval instar. The killing power
due to parasitism by the purposely introduced species
M. laphygmae and C. marginiventris summed across all six
larval stages were 0.007 and 0.002, respectively, and
together with P. hawaiiensis (k = 0.002), these were the
species that contributed the least to the total mortality
(K = 2.651).

Table 2 shows k-values attributable to parasitism for
U. stellata per larval instar, by site for the open treatment.
Not all k-values followed the same trend in different sites
and not all parasitoid species were reared from all sites. In
the Kauai study site, mortality due to 7. nr. aitkeni had the
greatest k-value attributable to parasitism (0.171). Palikea
had the highest total mortality summed over all larval
stages (3.4014) and also the highest killing power due to
parasitism when summed over all parasitoid species
(0.373); Olaa had the lowest total mortality (1.835) and
Tantalus the lowest killing power due to parasitism (0.031).
The purposely introduced parasitoid species were reared
from the sites with highest elevation. M. laphygmae was
reared from Kauai and Olaa and C. marginiventris from
Kipuka Ki.

Partial life tables were also constructed for each of the
nine deployment times (nine artificial generations). The
k-values by mortality factor for each generation are pre-
sented in Table 3. Mortality due to disappearance had the
greatest k-value by generation and also the greatest average
k-value (k, = 1.8383) and therefore contributed the most to
total generational mortality of larvae (K = 2.7086), fol-
lowed by “dead by unknown causes” (ky, = 0.6775).
Although T. nr. aitkeni had the highest average k-value
(ke = 0.0938) among the various parasitoids, its contribu-
tion was only the highest for generations 3, 8 and 9 (Kauai
2005, Kipuka Ki and Olaa, respectively), which did not
correlate with the highest observed total mortality (K).
T flavoorbitalis had the second highest average k-value
(k. = 0.0716), and had the highest killing power in gen-
erations where K was also the highest (generations 1 and
2). Casinaria infesta, P. hawaiiensis, M. laphygmae and
Cotesia marginiventris had the lowest contributions to total
mortality in all generations.

Discussion
Larval disappearance (most probably due to predation) was
consistently the most important mortality factor. This is

consistent with other studies on insects that report high
rates of disappearance attributable to predation and/or
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migration (Midega et al. 2005; Barron et al. 2003; Kellogg
et al. 2003; Furlong et al (2004); Johnson et al. 2005). The
significantly larger number of larvae recovered from the
exclusion treatment (search efficiency was >90%) when
compared to the open treatment, may be attributed to
reduced predation and possibly reduced larval migration.
The high rate of disappearance in the first larval instar was
possibly mainly due to predation, whereas the high rate of
disappearance in the last instar might have been also due to
larval migration. This is supported by our field observa-
tions; at the time of larval exposure we tagged leaves where
we placed the larvae and mostly recovered the first three
instars on the same leaf, whereas fourth, fifth and sixth
instar larvae were more frequently recovered from leaves
other than the tagged ones, and occasionally we recovered
these older larvae from the plastic basins below the
plants. Active predation by Coccinellidae and spiders was
observed.

This study attempted to evaluate the relative contribu-
tion of parasitism with respect to other sources of mortality
as well as the impact of different parasitoids on U. stellata
larvae. A previous study on parasitism rates of field-col-
lected larvae (Kaufman 2008) reported apparently high
parasitism rates (27.6% of all larvae collected or 42.9% of
the larvae that reached adulthood). The present study,
which employed rigorous demographic procedures, shows
a low impact of parasitoid species on U. stellata larvae
(percentage parasitism across all sites and all instars was
4.9%). Even though larvae that died during rearing were
not dissected, comparison of mortality due to unknown
causes between open and exclusion treatments showed no
significant differences, suggesting that other causes such as
natural mortality or stress during rearing, rather than par-
asitism, were the causal factors.

The number of species of adventive parasitoids out-
numbers species that have been introduced intentionally
worldwide, often by a factor of 10 or more (van Lenteren
et al. 2006). In this study, mortality resulting from para-
sitism by adventive species played a more important role as
a mortality factor than purposely introduced species in the
study system. This is consistent with previous studies of
non-target impacts in insect biological control (Duan and
Messing 1996; Barron et al. 2003; Johnson et al. 2005) that
similarly showed that adventive species had far more
serious impacts than purposefully introduced species, and
is consistent with our observations of parasitism of wild
larvae where adventive species were dominant. C. mar-
giniventris and M. laphygmae have been recorded from low
to high altitude sites in Hawaii in malaise traps (Peck et al.
2008). Nevertheless, as in our survey data, these species
were only reared from U. stellata at our least-disturbed
high altitude sites (above 950 m), far from their original
release areas and target habitat, perhaps due to the lack of
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Table 2 Estimated k-values from partial life tables for U. stellata by site and by larval parasitoid
Site, island Parasitoid species Larval stage
First Second Third Fourth Fifth Sixth
Kokee, Kauai Trathala flavoorbitalis 0.009 0.000 0.018 0.013 0.000 0.000
Casinaria infesta 0.000 0.000 0.000 0.000 0.000 0.000
Triclistus nr. aitkeni 0.000 0.000 0.000 0.020 0.171 0.021
P. hawaiiensis 0.000 0.000 0.000 0.000 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.000 0.010 0.000
Cotesia marginiventris 0.000 0.000 0.000 0.000 0.000 0.000
Kunia, Oahu T. flavoorbitalis 0.000 0.072 0.109 0.019 0.000 0.000
C. infesta 0.000 0.000 0.000 0.000 0.000 0.000
T. nr. aitkeni 0.000 0.000 0.000 0.077 0.000 0.000
P. hawaiiensis 0.000 0.000 0.000 0.000 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.000 0.000 0.000
C. marginiventris 0.000 0.000 0.000 0.000 0.000 0.000
Palikea, Oahu T. flavoorbitalis 0.016 0.087 0.069 0.000 0.017 0.000
C. infesta 0.000 0.007 0.028 0.020 0.051 0.000
T. nr. aitkeni 0.000 0.000 0.000 0.078 0.000 0.000
P. hawaiiensis 0.000 0.000 0.000 0.000 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.000 0.000 0.000
C. marginiventris 0.000 0.000 0.000 0.000 0.000 0.000
Tantalus, Oahu T. flavoorbitalis 0.000 0.013 0.000 0.009 0.000 0.000
C. infesta 0.000 0.000 0.000 0.000 0.000 0.000
T. nr. aitkeni 0.000 0.000 0.000 0.009 0.000 0.000
P. hawaiiensis 0.000 0.000 0.000 0.000 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.000 0.000 0.000
C. marginiventris 0.000 0.000 0.000 0.000 0.000 0.000
Kipuka Ki, Hawaii T. flavoorbitalis 0.000 0.000 0.000 0.000 0.000 0.000
C. infesta 0.000 0.000 0.000 0.000 0.000 0.000
T. nr. aitkeni 0.000 0.000 0.000 0.024 0.072 0.063
P. hawaiiensis 0.000 0.000 0.000 0.024 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.024 0.000 0.000
C. marginiventris 0.000 0.000 0.000 0.000 0.000 0.000
Olaa, Hawaii T. flavoorbitalis 0.000 0.000 0.000 0.000 0.000 0.000
C. infesta 0.000 0.012 0.000 0.000 0.000 0.000
T. nr. aitkeni 0.000 0.000 0.000 0.023 0.090 0.017
P. hawaiiensis 0.000 0.000 0.000 0.000 0.000 0.000
M. laphygmae 0.000 0.000 0.000 0.000 0.000 0.000
C. marginiventris 0.000 0.000 0.000 0.000 0.000 0.000

their preferred target hosts at these sites, forcing them to
exploit indigenous species.

Results from the present study contrasted with results
from surveys of wild larvae (Kaufman 2008) in that Trathala
Sflavoorbitalis was not the species that contributed the most to
mortality due to parasitism, but Triclistus nr. aitkeni (48.5%
of all parasitoid reared in this study). This was possibly due
to over- and under-representation of certain larval stages
during field surveys. This emphasizes the importance of
interpreting results of field surveys with caution since they

can potentially overestimate or underestimate the actual
level of mortality in situations where susceptible stages are
over- or under-sampled. Parasitism by Triclistus nr. aitkeni,
was restricted to sites at higher elevations (above 980 m),
whereas Trathala flavoorbitalis had the greatest contribution
in low- to medium-elevation sites (below 800 m). These
results are congruent with the previous study, where T. fla-
voorbitalis was also found to contribute the highest
parasitism rates in low- to medium-altitude sites. From this
and results from the study on field parasitism (Kaufman and

@ Springer



302

Oecologia (2009) 159:295-304

Table 3 Estimated k-values by mortality factor per generation

Generation Mortality factors
ka ky ke kq ke k¢ kg k K*

1 2.2342 0.9497 0.2190 0.1735 0.0968 0.0000 0.0000 0.0000 3.6732
2 2.3297 0.6525 0.0172 0.0000 0.0119 0.0000 0.0000 0.0000 3.0113
3 1.8791 0.7552 0.0420 0.0000 0.2788 0.0000 0.0126 0.0000 2.9677
4 2.2982 0.4458 0.0803 0.0000 0.0502 0.0000 0.0000 0.0000 2.8745
5 1.6649 0.6337 0.1998 0.0000 0.0774 0.0000 0.0000 0.0000 2.5759
6 1.3929 0.8351 0.0399 0.0000 0.0000 0.0000 0.0000 0.0000 2.2678
7 1.5738 0.7721 0.0459 0.0000 0.0399 0.0000 0.0000 0.0000 24317
8 2.1146 0.4186 0.0000 0.0000 0.1589 0.0240 0.0000 0.0240 2.7400
9 1.0575 0.6348 0.0000 0.0000 0.1308 0.0000 0.0120 0.0000 1.8351
Sum 16.5449 6.0975 0.6441 0.1735 0.8446 0.0240 0.0246 0.0240 24.3771
Average 1.8383 0.6775 0.0716 0.0193 0.0938 0.0027 0.0027 0.0027 2.7086

k, k disappeared, ky, k unknown, k. k Trathala flavoorbitalis, kq k Casinaria infesta, k. k Triclistus sp., k¢ k P. hawaiiensis, ks k M. laphygmae,
kn k Cotesia marginiventris, 1 Palikea 2005, 2 Tantalus 2005, 3 Kokee 2005, 4 Palikea 2006, 5 Kunia 2006, 6 Tantalus 2006, 7 Kokee 2006,

8 Kipuka Ki 2006, 9 Olaa 2006
K=k ko + ke + ka + ke + ke + kg + ki

Wright, in press), it is known that 7. nr. aitkeni can parasitize
second to sixth instar larvae and the observed pattern in
parasitism is consistent with accumulative parasitism over
larval stages; however, only larvae deployed from the fourth
to sixth instar were parasitized in the present study. Results
from both studies suggest that Triclistus nr. aitkeni prefers
parasitizing later larval instars, perhaps to avoid competition
with other parasitoid species that parasitize earlier instars
(such as Trathala flavoorbitalis).

It is common to construct life tables for economically
important pests in agricultural and forest settings, providing
an important component in the understanding of the popu-
lation dynamics of a species (Southwood 1978). The
practical application of life table studies in agroecosystems
is to help identify key mortality factors that can be
manipulated to reduce pest population densities. In the case
of non-target studies in the field of insect biological control,
life table data have been used to assess the impact at the
population level of species suspected to have experienced
population declines due to attacks by purposely introduced
species (Barron et al. 2003; Johnson et al. 2005). The
application of such studies has been to the benefit of the
practice of biological control itself, by providing quantita-
tive data/evidence that non-target impacts are typically
relatively small and build case histories that can help reduce
negative impacts of current and future programs. Detailed
life table studies that do not only focus on the role of a
specific biological control agent but take into account the
full complement of mortality factors that act on a population
could also be used in the field of insect conservation, since
they can help identify key mortality factors, susceptible
stages in the life cycle, and susceptible sites in order to
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develop efficient conservation strategies (e.g., if exotic
predators are identified as important mortality factors then
measures for control of these predators could be part of the
agenda for conservation of that specific species of concern).
Studies of this nature will likely be difficult to conduct, as it
will often be difficult to acquire adequate sample sizes from
the field to trace individuals through a generation or to start
colonies to create artificial cohorts of rare species.

Asquith and Miramontes (2001) examined the compo-
sition of the braconid and ichneumonid fauna collected in
malaise traps over a 2-year period in a mesic forest in Kokee
State Park on the island of Kauai, in an area adjacent to one
of the study sites used in the current study. The majority of
wasps collected in their traps were exotic rather than native
species. The authors expressed concern since this site har-
bors a rich community of endemic species, and called for
cessation of biological control introductions. The presence
of purposefully introduced species in native areas is highly
undesirable, but their presence alone is not evidence of
attack on indigenous species, or measure of the severity of
any such attack. Many non-native Lepidoptera species are
also present and readily attracted to light traps (L. Kaufman,
personal observation). Henneman and Memmott (2001) in
their study in a remote site in the island of Kauai spanning a
2-year period, found that most of the parasitoid species
associated with the immature stages of many native Lepi-
doptera species were purposely introduced, and suggested
that the introduced species significantly altered food web
structure. From their data it is evident that these purposely
introduced species were using native species as hosts;
however, it is difficult to translate this to the level of impact
on the non-target species involved.
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Most studies on non-target impact in the field of bio-
logical control have been done on species observed to have
experienced serious population declines, and with clear
evidence that these declines have been influenced by
attacks of purposely introduced species. Attention has been
concentrated on beneficial organisms, organisms of com-
mercial, cultural, or aesthetic significance and some with
conservation concern (Boettner et al. 2000; Kellogg et al.
2003; Babendreier et al. 2003; Babendreier and Bigler
2005). The field of biological control (and conservation)
would benefit greatly if in addition to selecting a particular
non-target species with obvious high rates of field para-
sitism, researchers would select non-target species with no
such obvious evidence of non-target attacks. This study is
one of the few addressing non-target impacts on a species
that is not of special concern, with no previous report on
severe attacks by introduced species, but on a species that
is distributed across a wide range of ecological conditions.
This kind of study offers the opportunity to make a more
general case, and improve our understanding of the impact
that introduced species can have on an “average” non-
target host in a range of circumstances.

Similarly, a way to gain insights on what mediates the
extent of impact on certain non-target species can be
achieved by selecting particular purposely introduced
species such as M. laphygmae, known to attack many non-
target species in Hawaii (Funasaki et al. 1988; Henneman
and Memmott 2001) with different rates of field parasitism
by individual species, and address a broader question such
as: how has M. laphygmae impacted non-target native
species in Hawaii in a more general sense. To answer this,
not only a particular species known to have high rate of
field parasitism should be included in the study but also
other non-target species without such evidence of high
parasitism rates. This might give a more realistic picture of
the role that purposely introduced species have played on
non-target species, and build stronger case histories. One
obstacle for this kind of investigation will be the lack of
historical data, which makes it difficult to assess the current
status of non-target species (Stiling and Simberloff 2000;
Follett et al. 2000; Kellogg et al. 2003; Barron et al. 2003,
2004). Current parasitism rates in the field may not reflect
accurately the parasitoid’s earlier parasitism rates when
initially introduced, and original potential to destabilize
non-target populations (Follett et al. 2000), as it is also
possible that some non-target species might be absent from
part of their original range or have gone totally extinct
(Henneman and Memmott 2001).

Results of our study have shown that k-values for the
different parasitoid species vary among sites that differ in
disturbance and/or altitude. This study system provides the
opportunity to investigate environmental factors associ-
ated with differences in level of impact of introduced

parasitoids (Kaufman 2008). The marginal attack rates
estimated in this study will provide quantitative data for the
validation of risk assessment procedures (Wright et al.
2005).
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