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ABSTRACT

Studies were performed to assess the operational feasibility of Trichogramma exiguum Pinto and Platner (Hymenoptera: Trichogrammatidae) augmentation for suppression of the Nantucket pine tip moth, Rhyacionia frustrana (Comstock) (Lepidoptera: Tortricidae), in commercial loblolly pine, Pinus taeda L., plantations.  Single inundative releases containing two cohorts of encapsulated T. exiguum at a potential rate of 239,300 ± 29,700 females/ha/cohort were made into two 4 ha plots during the second R. frustrana generation in 2000.  Augmentation failed to increase parasitism rates above those occurring naturally, yet significant damage reduction did occur, but not below acceptable levels. Quality control data suggest that low emergence levels and intense predation by ants upon developing T. exiguum lowered actual release rates to 13,900 ± 1,400 females/ha/cohort.  The effect of capsule distribution and microclimate on parasitoid predation and emergence was also investigated.  Uniformly distributed capsules experienced significantly higher predation levels than clustered capsules, and capsules exposed to field conditions for 5 d experienced higher predation than those exposed for 3 d, independent of distribution.  Discovery of capsules by predators (indicated by some E. kuehniella egg removal) was unaffected by distribution or exposure period.  Microhabitat significantly impacted average maximum daily temperature, the number of consecutive hours per day at or above 35°C, and parasitoid emergence percentages.  Parasitoid emergence declined significantly in response to increasing number of consecutive hours per  day above 35ºC.  Microclimate did not impact capsule discovery by predators or predation levels.
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INTRODUCTION


The Nantucket pine tip moth, Rhyacionia frustrana (Comstock) (Lepidoptera: Tortricidae) is a serious pest of commercial pine plantations in the southeastern United States.  Depending on latitude and elevation, two to five generations can occur annually (Fettig et al. 2000), with oviposition in each generation corresponding with new flushes of host plant growth (Berisford 1988).  Larvae feed gregariously within shoots of young trees, severing conductive tissues and resulting in slowed growth, loss of wood quality, and, in severe cases, tree mortality (Berisford 1988).

To meet growing wood and fiber needs on a diminishing land base, the timber industry in the southeastern United States has shortened rotations in loblolly pine plantations through intensive management practices (Nowak and Berisford 2000).  The impact these practices have on tip moth infestations and damage is poorly understood, but loss of competing vegetation following herbicide treatments and increased water and nutrient availability from irrigation and fertilizer use may increase the severity of tip moth infestations (Ross et al. 1990, Hedden and Nebeker 1984).  For economic and environmental reasons, however, most commercial pine plantations are chemically treated for Nantucket pine tip moth only in extreme infestations (Berisford 1988, Orr et al. 2000).  The development of effective biological control tactics against R. frustrana may provide an effective component for integrated pest management programs in commercial pines.


Life tables presented by Garguillo and Berisford (1983) indicate that most R. frustrana mortality occurs in the egg stage, and that parasitism by Trichogramma spp. is the most important biotic mortality factor, with parasitism levels ranging from 12 to 47% in the Georgia Piedmont.  In the Georgia Coastal Plain, McCravy and Berisford (1998) reported parasitism levels by Trichogramma exiguum Pinto and Platner and T. pretiosum Riley ranging from 37 to 56%, and Yates (1966) found 64.5% parasitism by T. minutum Riley.  Orr et al. (2000) recorded parasitism rates of 17 to 67% on the Coastal Plain of North Carolina, primarily by T. exiguum. 


Although Trichogramma wasps are the most frequently utilized arthropod in augmentation biological control programs worldwide (Li 1994), a study by Orr et al. (2000) was the first to address the possibility of biological control of R. frustrana through the augmentation of Trichogramma.  Their releases resulted in an 22.5% increase in parasitism over naturally occurring levels and a 60% reduction in larval populations, but without corresponding reductions in damage levels.  The authors concluded that augmentation of Trichogramma was technically feasible, but that additional studies would be required to evaluate the potential of this technology for use on an operational basis.

Recent studies utilizing encapsulated Trichogramma for biocontrol of lepidopterous pests of corn (Kabiri et al. 1990; Orr 1993), cotton (Suh et al. 2000), and apples (Shetty 2000) have not reported high levels of predation upon parasitoids, while releases in commercial pine plantations and Christmas trees have experienced significant Trichogramma predation by ants (Orr et al. 2000, Philip et al. submitted to J. Econ. Entomol.).  Releases in P. taeda plantations by Orr et al. (2000) were made by hand-placing capsules in clusters within treatment plots.  The authors suggested that a more uniform distribution resulting from broadcast application of capsules might diminish the impacts of predation.  

Following broadcast releases in young P. taeda plantations, encapsulated Trichogramma can come to rest among various microhabitats, including underneath herbaceous and woody vegetative cover; on bare, wet, and mulch-covered soil; and among woody debris remaining from previous harvests.  Such disparate microhabitats can lead to dramatically different microclimates, which can influence the behavior and survival of insects, including natural enemies (Unwin and Corbet 1991). Prolonged temperatures in excess of 35(C can be damaging or fatal to preimaginal Trichogramma (Lopez and Morrison 1980, Gross 1988, Bigler et al. 1989).  Temperatures exceeding 35(C for extended periods of time have been shown to occur in microhabitats within corn (Orr et al. 1997), pines (Orr et al. 2000), and cotton (Suh et al. in press), leading to significant reductions in parasitoid emergence.

This study examines three issues discussed by Orr et al. (2000) necessary for determining the operational feasibility of T. exiguum augmentation in commercial pine plantations for suppression of R. frustrana damage:  1) assessment of parasitism and damage suppression following large-scale broadcast releases of encapsulated T. exiguum; 2) evaluation of the effect of capsule distribution and exposure period on parasitoid predation, and; 3) examination of microclimates present within young P. taeda plantations and their effect on emergence of broadcast Trichogramma at varying stages of development.

MATERIALS AND METHODS

Large-scale T. exiguum augmentation.



Experimental design.  This study was set up as a complete block design with a selective placement of treatments.  Two field locations in Halifax Co., NC,  (36°28’45”N, 77°51’00”W and 36°24’30”N, 77°53’30”W) acted as two blocks, each with a treatment and control plot of 4 ha each.  The treatment was a single release of two cohorts of encapsulated T. exiguum at a potential rate of 239,300 ± 29,700 females/ha/cohort.  Control plots were not treated with T. exiguum, and were located at least 300 m upwind (based on prevailing wind direction) from corresponding release plots to minimize the possibility of parasitoid dispersal into controls.

Quality Control.  Parasitoid quality has been identified as an important element of successful augmentation biocontrol programs (Smith 1996). Laboratory and field quality control samples were taken from each cohort to verify that high-quality parasitoids were released.   Five capsules per cohort from the parasitoid shipment originating on 29 May were frozen immediately upon arrival at North Carolina State University to assess production emergence (the percentage of parasitized eggs added to fresh eggs during production).  Emergence percentages were calculated by examining 50 black (parasitized) E. kuehniella eggs per capsule under a dissecting microscope (Wild MZ-8, Leica AG, CH-9435, Heerbrugg, Switzerland) for T. exiguum emergence holes.

A second sample of five capsules per cohort was individually placed in 30 ml plastic diet cups and reared at 25°C, 80% RH, and a 14L:10D photoperiod until complete emergence.  The cups were then frozen and capsules examined to determine percent emergence using the methods described above.  From these cups, 30 adults were randomly sampled to determine sex ratio and percent female brachyptery.

Actual release rates were determined from quality control samples taken in the field.  A third sample of five capsules per cohort was frozen at the time of release and percent emergence calculated, and a  fourth sample of 40 capsules was placed on bare soil and under herbaceous vegetation (20 in each microhabitat) adjacent to a release plot.  Ten capsules from each microhabitat (five from each cohort) were removed and frozen two, four, and six days following the expected beginning of emergence from cohort one.  Percent emergence and predation within each capsule was assessed on each date.


Parasitoid releases.  A single release was made in each release plot on 3 June 2000, timed so that T. exiguum emergence would overlap the expected peak of second generation R. frustrana oviposition.  Timing was based on the predictions of Fettig et al. (2000) adjusted to target the egg stage and not early instar larvae.  Two cohorts of 1,500 capsules each were released.  The first cohort was timed to emerge the day following release, and the second was timed to emerge three days following release.  Capsules were broadcast by hand at a rate of 750 capsules (375 per cohort) per hectare.  


Egg density and parasitism.  Rhyacionia frustrana egg density was estimated approximately every 4 d in each release and control plot by removing the upper 20-25 cm section of 50 sub-terminal shoots (1 shoot per tree) randomly selected from the central 50% of each plot.  The number of yellow (0-1 day old) and orange (2-3 day old) tip moth eggs were counted to determine egg density, and then reared at 25°C, 80% RH, and a 14L:10D photoperiod until they could be classified as hatched, parasitized, or nonviable.  Parasitized eggs (those that had turned black) were transferred to 5 ml clear plastic vials and reared until parasitoids emerged.  Due to low tip moth egg densities, parasitism of yellow and orange eggs was insufficient to calculate overall parasitism levels.  The number black eggs collected directly from the field were therefore included in the calculation of parasitism.


Damage assessment.  A damage assessment was taken in each release and control plot following the second R. frustrana generation.  In each plot, 50 trees were randomly selected from the central 50% of the plot and the following measurements were taken: 1) percentage of terminal shoots damaged; 2) length of tunneling within terminal shoots; 3) percent top whorl shoots damaged; 4) length of tunneling within top whorl shoots, and; 5) percentage of remaining shoots damaged (using a subsample of up to 10 shoots).

Effect of capsule distribution on T. exiguum predation.


Experimental design.  This experiment was conducted on approximately 0.8 ha near one of the treatment plots from the augmentation study.  The study incorporated a two by three factorial design with the following two treatments: 1) clumped distribution of capsules, and; 2) uniform distribution of capsules.  The two factors were two cohorts of encapsulated T. exiguum: 1) T. exiguum with 15 Celsius degree-days remaining until eclosion began, and 2) T. exiguum with 45 Celsius degree-days remaining.  All capsules were placed under herbaceous vegetation to minimize microclimate as a variable impacting the study.  

The experiment was conducted and analyzed using a randomized complete block design with four replications.  The four plots within each block were arranged along rows, and the experiment was blocked across rows.  Three trials took place weekly, beginning 25 May, with re-randomization of plots for each trial.  Each plot was approximately 14.6 x 14.6 m, with experimental units of 16 T. exiguum capsules (for each of the two cohorts) placed in each plot in either a cluster near the center of the plot, or uniformly distributed across the plot in a grid pattern on 3.7 m centers.  The location of each capsule was marked with a white (to be unattractive to insects) survey flag to allow for collection of the capsules.

Because ants were expected to be the main source of predation (Orr et al. 2000),  placement of capsules within plots varied slightly in plots with an unchanged treatment (clustered or uniform) from one trial to the next.  For plots in which a clustered distribution was used in consecutive trials, clusters of capsules were placed approximately 3 m away from the cluster location in the previous trial(s).  For plots in which a uniform distribution pattern was used in consecutive trials, capsules were placed 0.6 m down the row (all in the same direction) from the capsules in the previous trial(s).  If the uniform distribution was repeated in the same plot for all three trials, capsules in trial three were returned to their position in trial one.  


Data collection.  Capsules were collected at times corresponding to peak emergence of each cohort, which occurred 3 d following release for cohort one and 5 d following release for cohort two.  Immediately upon collection, capsules were placed on ice in coolers for return to the laboratory where they were frozen.  Individual capsules were examined under a dissecting microscope (Wild MZ-8, Leica AG, CH-9435, Heerbrugg, Switzerland), to determine the percentage of parasitized E. kuehniella eggs destroyed or removed by predators and emergence of Trichogramma.  Arthropods inside capsules were preserved in 80% ETOH and identified by Dave Stephan, Department of Entomology, North Carolina State University.

Effect of microclimate on T. exiguum emergence.

Experimental design.  The experiment was located on approximately 0.4 ha adjacent to one of the treatment plots from the release experiment.  The study incorporated a six by two factorial design.  The six treatments were the following microhabitats: 1) bare ground; 2) grassy vegetation; 3) herbaceous vegetation; 4) mulch covered soil; 5) woody debris, and; 6) moist soil in furrows.  The two factors were the two cohorts as used in the predation study.

The experiment was set up in the field using a randomized complete block design with 10 replications.  Each block consisted of an individual row of P. taeda with the experimental units, individual T. exiguum capsules, placed in one of the six microhabitats.  Cohorts were grouped together within each block, but the order that cohorts one and two occurred in each block was random.  The experiment was repeated three times, weekly, beginning 25 May.  Because of the temporal overlap between the three, trial two took place adjacent to trial one, but trial three took place in the original site.

Plantation microclimate.  A datalogger (model CR-10, Campbell Scientific, Inc., Logan, UT) was used to measure ambient temperature and temperature within each of the six treatments. Twenty-four temperature probes (model 107 on 30 m wire leads) were setup within the experimental plot.  One probe was placed beside each capsule within each of the six microhabitats in blocks two, four, six, and eight during the first trial.  In order to accurately simulate temperature within capsules, each probe was completely enclosed within a sheath constructed from the same material used to manufacture the capsules.  Two temperature probes were located approximately 60 m apart at opposites sides of the study site to record ambient temperature.  These probes were placed within radiant heat shields and attached to poles approximately 2 m above the ground. The datalogger was programmed to make a  temperature reading every minute and record the hourly average for each probe.  Measurements began on 25 May and concluded on 21 June


Data collection.  Capsules from each cohort were collected following the predicted complete emergence of parasitoids.  Therefore, cohort one capsules with 15 Celsius degree-days remaining in parasitoid development were collected 6-11 d after being placed into the field, and cohort two capsules with 45 Celsius degree-days remaining were collected 9-13 d after initial placement.  The wide range of duration in the field is attributed to differences in developmental level of Trichogramma upon arrival at North Carolina State University. Immediately upon collection, capsules were placed individually in labeled Zip-loc® bags, then held in ice in coolers for return to the laboratory where they were frozen until examination.  Individual capsules were examined under the dissecting microscope (Wild MZ-8, Leica AG, CH-9435, Heerbrugg, Switzerland) described above to determine the percentage of T. exiguum emergence from E. kuehniella eggs by examining 50 eggs per capsules for parasitoid emergence holes.  Visual assessments of predation levels were also taken.
Parasitoid source.  Trichogramma exiguum used in this study were reared from heliothine moth eggs collected in cotton fields near Plymouth, NC in September 1999.  Thirty-five isolines (colonies begun from a single female) were collected and verified as T. exiguum.  Isolines were reared for twelve generations at either 18°C or 25°C, 80% RH, and 14L: 10D photoperiod inside Fisherbrand® 12×75 mm Culture Test Tubes (Fischer Scientific, Pittsburgh, PA) with cotton stoppers.  Irradiated Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs served as larval hosts, and adults fed upon honey streaked on the inner walls of the tubes.  Parasitoids were shipped to the BIOTOP company in Valbonne, France on 28 March 2000, where the isolines were combined, mass reared, and formulated for release.  Formulation consisted of wax-coated cardboard capsules (approximately 5 cm3) containing an average of 1,173 ± 137 T. exiguum developing within irradiated E. kuehniella eggs.  Four small punctures were made in each capsule to allow for dispersal of adult wasps.  


Shipments from BIOTOP to North Carolina State University occurred on 22 May, 29 May, 5 June via British Airways World Cargo.  Each shipment contained a HOBO XT® Temperature Logger (Onset Computer Corporation, Pocasset, MA) programmed to record the temperature within the package for the duration of its transit.  Parasitoids were cleared by United States Customs upon arrival and immediately taken to the North Carolina Department of Agriculture and Consumer Services Beneficial Insect Laboratory, Cary, NC.  After clearing quarantine, shipments were transported to the Biological Control Laboratory at North Carolina State University and held at 80% RH, 14L:10D, and either 18°C or 25°C, depending on projected date of release and degree-day development level calculated from temperature logger data.



Plot management. Pinus taeda seedlings (1-0) were planted 1.7 m apart within rows spaced 3.5 m apart.  Trees were approximately 0.5 m in height.  All plots were planted in 1999, and none were treated with insecticides or herbicides for the duration of the study.

Data analysis.  Egg parasitism, hatch, and nonviability data were analyzed with a Student’s t-test (PROC TTEST, SAS Institute 1998).  Damage assessment data were analyzed with Student’s t-test (PROC TTEST, SAS Institute 1998), where measurements of damage length underwent square root transformation prior to analysis.  Percent discovery, predation, and emergence data were analyzed with analysis of variance (PROC GLM, SAS Institute 1998) and means separated using LS means (SAS Institute 1998).  Maximum temperature, minimum temperature, and consecutive hours per day above 35(C were analyzed with analysis of variance (PROC ANOVA, SAS Institute 1998).  The impact of temperature on T. exiguum emergence was determined with a regression analysis (PROC REG, SAS Institute 1998).  All means presented are followed by standard error of the mean.
RESULTS



Large-scale T. exiguum augmentation. Laboratory reared parasitoids had an overall mean emergence of 95.0 ± 1.0%, consisting of 57.8 ± 8.6% females of which 0.9 ± 0.9% exhibited brachyptery (Table 1).  Field quality control samples experienced very high predation levels, with over 50% predation occurring to capsules from both cohorts placed on bare soil within three days, and 100% predation to capsules placed under vegetative cover (Table 2).  Based on laboratory quality control data alone, potential field release rates averaged 239,300 ± 29,700 females/ha/cohort (Fig. 1).  However, after taking into account predation and emergence from field quality control samples, actual release rates averaged 13,900 ± 1,400 females/ha/cohort.  



Egg parasitism, hatch, and non-viability percentages between T. exiguum release and control plots were not significantly different (t = 0.33; df = 2; P = 0.77; t = 0.14, df = 2; P = 0.90; t = -1.60; df = 2; P = 0.25) (Table 3).  Due to low R. frustrana egg densities, only four and three Trichogramma were reared from release and control plots, respectively.  All parasitoids reared were identified as T. exiguum.


Trichogramma exiguum treatment plots displayed significantly less damage over control plots for two of five damage measurements (t = 2.00; df = 38; P = 0.05; t = 0.25; df = 38; P = 0.80; t = 1.7; df = 38; P =1.0; t = -0.34; df = 38; P  = 0.0015; t = -0.36; df = 38; P = 0.72) (Table 4.).  Release plots experienced 13 and 16% fewer terminal and top whorl shoot attacks, respectively.  Length of tunneling to terminal shoots was 30% less in T. exiguum release plots than controls.

Effect of capsule distribution on T. exiguum predation.  Significant trial effects were found for capsule discovery and T. exiguum predation (F = 5.39; df = 2,32; P = 0.0096; F = 22.42; df = 2,32; P < 0.0001).  However, data trends between trials were consistent and data were therefore pooled for analysis.  Exposure period (cohort) had marginal effects on capsule discovery (F = 3.21; d = 1,25; P = 0.089) and predation (F = 3.44; df = 1,25; P = 0.075) (Table 5).  Capsules exposed to field conditions for five days were on average 5.1% more likely to be discovered by predators and experienced 13.1% more predation than capsules exposed for three days.  Distribution had no effect on capsule discovery (F = 0.00; df = 1,25; P = 0.99), but did impact predation levels significantly (F = 7.87; df = 1,25; P = 0.0096), with uniformly distributed capsules experiencing 25.6% more overall predation.  

Significant differences in predation levels were found within the four exposure period/capsule distribution combinations (F = 4.37; df = 3,32; P = 0.011).  Uniformly distributed capsules exposed for five days experienced an average of 16.4% more predation than clustered capsules exposed for five days and 34.7% more than clustered capsules exposed for three days. There were no significant differences in capsule discovery by predators (F = 1.57; df = 3,32; P = 0.22).

Effect of microclimate on T. exiguum emergence.  Cohort (exposure period) significantly impacted predation (F = 27.05; df = 1,22; P < 0.0001) but not discovery (F = 1.03; df = 1,22; P = 0.32) (Table 6).  Cohort effect could not be analyzed for emergence due to heavy predation in cohort two.  Microhabitat had no effect on discovery or predation (F = 1.20; df = 5,17; P = 0.35; F = 0.58; df = 5,17; P = 0.71).  Microhabitat had a significant effect on capsule emergence in cohort one (F = 4.60; df = 5,32; P = 0.0028).  Parasitoid emergence percentages for cohort one declined with increasing number of hours per day above 35°C (r2 = -0.40, P < 0.0001) (Figure 2).

The woody debris microhabitat produced the highest overall temperatures and the greatest number of hours per day above 35°C for both cohorts.  Bare soil produced the next greatest number of hours per day above 35°C followed by mulch ground cover, wet soil in furrows, and herbaceous vegetation. Average maximum temperature and hours per day above 35°C under hardwood shrubs did not differ significant from ambient temperature measurements, which did not reach 35°C during the course of the study.  Emergence was greatest in capsules placed underneath the canopy of hardwood shrubs, followed by herbaceous vegetation.  The lowest overall emergence percentages were from mulch ground cover and woody debris.

DISCUSSION



Large-scale T. exiguum augmentation.  In this study, innundative releases of T. exiguum failed to increase parasitism levels significantly over untreated controls.  However, damage levels were reduced significantly, even though control levels were not obtained.  In augmentation biocontrol programs, the identification of parasitoids reared from both treatment and control plots is necessary to verify that observed parasitism is due to released parasitoids. Few parasitoids were reared for identification in this study because a small number of orange and yellow eggs were collected for rearing of parasitoids, and no conclusions can be drawn.  



Many factors have been identified as important for successful Trichogramma augmentation programs, including characteristics of release, parasitoid quality, pesticide use, host abundance, weather, and predation (Smith 1996).  In this study release timing may have occurred earlier than would have been ideal (Fig. 1).  The earliness of the release may be attributed to cooler than average weather that may have slowed tip moth development.  Laboratory quality control data verify that high quality parasitoids were used throughout this study (Table 1), and no insecticides or herbicides were applied to release or control plots for the duration of this study.



Despite relatively high damage levels (Table 4), tip moth density was found to be low during this study (Fig. 1), thus not providing ideal conditions in which to test T. exiguum augmentation.  Parasitism levels in areas with more hosts tend to be higher, although not all release programs have followed this trend (Smith 1996).  



Compensatory mortality is a phenomenon that has been observed following augmentation of Trichogramma in rice (Van Hamburg and Hassell 1984) and cotton (Suh et al. 2000).  Compensatory mortality in these cases is mortality incurred upon larval stages, and is inversely dependant on egg mortality.  In the absence of high levels of egg mortality, other mortality factors become more pronounced during the larval stages, thus negating the effect of egg parasitism on late-instar larval populations and damage suppression.  Orr et al. (2000) found no evidence for this effect following augmentation of T. exiguum in loblolly pine plantations in North Carolina, and is therefore not a likely source of failure in this study.



Predation of developing T. exiguum within their capsules probably played the most significant role in the failure of parasitoids to augment naturally occurring parasitism levels.  Most recent studies employing encapsulated Trichogramma for augmentation have not reported excessive predation levels (Orr 1993, Kabiri 1990, Suh et al. 2000, Shetty 2000).  However, releases by Orr et al. (2000) experienced moderate predation levels in commercial pine plantations, and those by Philip et al. (submitted to J. Econ. Entomol.) experienced high predation levels in Christmas tree farms.  Our field quality control samples indicate that greater than 75% of parasitoids were destroyed within three days following release.  Based on degree-day accumulation at the time the release was made, parasitoids were not expected to emerge for 3 d.  Therefore, predation had a major impact on the number of parasitoids present for emergence.



Microclimate effects also reduced the number of parasitoids emerging from capsules.  These results suggest that following broadcast releases, most capsules will end up in microhabitats detrimental to parasitoid emergence.  


Suppression of R. frustrana may not be practical even under ideal release conditions.  Nantucket pine tip moth larvae feed gregariously, with as many as 15 larvae infesting individual shoots (Berisford 1988), yet a single larva is capable of severing the conductive tissues of the shoot, thereby killing it.  Therefore, reduction in larval numbers may not translate directly into damage suppression. At release rates of 328,000 females/ha/cohort Orr et al. (2000) achieved a 29% increase in parasitism levels over those in untreated plots without adequate suppression of damage.  Parasitism levels approaching 100% may be necessary to reduce damage, especially in severe infestations.  The release rate necessary to produce this effect would likely be limted by cost.

Effect of capsule distribution on T. exiguum predation.  Ants identified from study plots were primarily members of the genus Acanthomyops Mayr.  Uniformly distributed T. exiguum capsules experienced higher predation levels than those that were clustered, suggesting that broadcast capsules may suffer from greater predation levels than hand-placed capsules.  Encapsulated T. exiguum augmentation studies in commercial pines have experienced higher predation impacts than releases into other cropping systems (Orr et al. 2000, Philip et al. submitted to J. Econ. Entomol.).  Higher ant predation in this study may by a consequence of location and habitat.  This study took place on the North Carolina Piedmont in a plantation surrounded by hardwood forest.  Orr et al. (2000) experiments were located on the Coastal Plain and were surrounded  by intensively managed pine plantations, with low levels of vegetative diversity.

Capsules experiencing predation (at any level) were considered to have been “discovered”.  Capsule distribution did not effect discovery, but capsules from cohort two (exposed to the field for 5 d) were more likely to be discovered by predators than capsules from cohort one (exposed to the field for 3 d).  Combined with the very high percent discovery for both cohorts, this suggests that most capsules are discovered soon after being placed into the field, regardless of distribution.  This may be due to high ant population density and homogenous distribution of foragers common to many species of ants (Hölldobler and Wilson 1990). 

Because capsules from both distribution patterns were discovered quickly and predation levels increased with increasing exposure period, it can be inferred that the rate of predation is slower in clustered capsules than in uniform ones.  This suggests that ants are unable to utilize a single, large prey resource as quickly as many small resources.  This may also be due to the predators’ homogenous distributions across the landscape.

Similar results have been recorded in other predator/prey systems.  Adu-Gyamfi and Morimoto (1997a,b) recorded higher predation to small groups of uniformly and randomly distributed Epilancha vigintioctomaculata Motschulsky (Coleoptera: Coccinellidae) than large clusters.  This effect was also seen with predation upon Uroleucon nigrotuberculatum (Olive) and U. caligatum (Richards) (Hemiptera: Aphididae) (Cappuccino 1987) and with prey of Harmonia axyridis Pallas (Coleoptera: Coccinellidae).  Eveleigh and Chant (1981) found the opposite effect, however, with predation by Phytoseiulus persimilis Athias-Henriot and Iphiseius (=Amblyseius) degenerans Berlese (Acarina: Phytoseiidae).

The two patented fire ant repellants, octanoic acid and succinic acid dimethyl ester, were tested for use with encapsulated T. exiguum.  Although both were effective at reducing predation levels, they were toxic to T. exiguum and emergence levels were severely impacted (D. Orr, unpublished data).

Effect of microclimate on T. exiguum emergence.  The hardwood shrub microhabitat produced temperatures most amenable to developing T. exiguum survival (Table 6), resulting in the highest observed emergence percentages.  Maximum temperatures did not differ significantly from the ambient temperature, and emergence of T. exiguum approached laboratory-reared parasitoid emergence levels.  However, this microhabitat comprised a small proportion of the plantations’ area, and most broadcast capsules would likely fail to come to rest within it.  Although the plantations in this study were not treated with herbicides, most young plantations are subjected to intensive vegetation management (Nowak and Berisford 2000), serving to further reduce the occurrence of hardwood vegetation.  Capsules placed under herbaceous vegetation also experienced relatively mild microclimatic conditions, and experienced moderate emergence levels.  Orr et al. (2000) reported moderate microclimates and high T. exiguum  emergence levels within the canopies of P. taeda saplings.  However, very few capsules would settle within tree canopies following broadcast releases. 

Bare soil, wet soil, mulch covered soil, and woody debris produced microclimates detrimental to developing Trichogramma.  Maximum daily temperatures averaged over 40°C within the three soil microhabitats, and over 50°C among the woody debris, with a single recorded temperature of over 57°C.  Temperatures exceeding 35°C can damage or kill developing Trichogramma (Lopez and Morrison 1980, Gross 1988, Bigler et al. 1989).  Temperatures above 35°C occurred in these microhabitats an average of 3-4 consecutive hours per day, and T. exiguum emergence levels failed to attain 50%.

Parasitoids from cohort two were subject to field conditions approximately 2 d longer before than cohort one the onset of emergence, and were collected from the field two days after cohort one.  Subsequently, predation levels from cohort two were very high, and emergence percentages could not be calculated.  It can be speculated that longer exposure to detrimental microclimates would exacerbate emergence declines found in cohort one.  Therefore, combining developmentally staggered parasitoids into a single release under the conditions experienced in this study, although having practical benefits, may decrease overall emergence levels.

The production of heat-tolerant Trichogramma has been proposed as a method for overcoming the impacts of high temperatures on augmentative releases. However, studies to date have focused on heat tolerance in adult wasps, and have produced varying results.  Hoffman and Kewa-Hapuge (2000) and Thomsom et al. (2001) reported no fitness costs following high-temperature acclimation of T. brassicae Bezdenko and T. carverae Oatman and Pinto, respectively, while Scott et al. (1997) and Maisonhaute et al. (1999) reported reduction in parasitism rates following acclimation in the same respective species.  The possibility of inducing heat tolerance in Trichogramma pupae would therefore require studies into the possible fitness costs associated with acclimation.

Conclusion.  Based on the above studies, augmentation of T. exiguum for suppression of R. frustrana damage may not be practical within commercial P. taeda plantations.  The gregarious feeding habits of the pest can prevent damage suppression in the presence of increased egg parasitism.  Augmentation in this system would require broadcast applications to be economically viable, which would exacerbate the effects of T. exiguum predation and reduction in parasitoid emergence levels. 
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Table 1. Mean ± SEM number of eggs of E. kuehniella parasitized by T. exiguum per capsule, percent emergence under laboratory conditions, percent females and female brachyptery, and percent emergence at time of release.

	
	
	
	
	
	
	
	
	% female
	
	% emergence at

	Cohort
	
	Eggs / capsule
	
	% emergence
	
	% female
	
	brachyptery
	
	time of release

	1
	
	1,158 ± 241
	
	96.4 ± 1.7
	
	50.7 ± 12.9
	
	0.0 ± 0.0
	
	6.2 ± 3.7

	2
	
	1,188 ± 171
	
	93.6 ± 1.0
	
	66.6 ± 11.1
	
	1.9 ± 1.9
	
	6.4 ± 3.6

	Overall
	
	1,173 ± 137
	
	95.0 ± 1.0
	
	57.8 ± 8.6
	
	0.9 ± 0.9
	
	6.5 ± 3.5


Table 2. Mean ± SEM predation and emergence of T. exiguum from field quality control capsules from two microhabitats at two day intervals following release.  Halifax County, NC, 2000.

	
	
	
	
	Cohort 1
	
	Cohort 2

	Date
	
	Microhabitat
	
	% predation
	
	% emergencea
	
	% predation
	
	% emergencea

	5 June
	
	Bare soil
	
	59.0 ± 20.3
	
	23.0 ± 0.6
	
	51.0 ± 21.0
	
	17.6 ± 6.9

	
	
	Vegetation
	
	100 ± 0
	
	---
	
	100 ± 0
	
	---

	7 June
	
	Bare soil
	
	60.0 ± 14.0
	
	45.3 ± 11.2
	
	65.5 ± 16.9
	
	33.5 ± 7.6

	
	
	Vegetation
	
	100 ± 0
	
	---
	
	100 ± 0
	
	---

	9 June
	
	Bare soil
	
	99.0 ± 0.9
	
	60.8 ± 6.3
	
	100 ± 0
	
	---

	
	
	Vegetation
	
	100 ± 0
	
	---
	
	100 ± 0
	
	---

	11 June
	
	Bare soil
	
	100 ± 0
	
	---
	
	100 ± 0
	
	---

	
	
	Vegetation
	
	100 ± 0
	
	---
	
	100 ± 0
	
	---

	
	
	
	
	
	
	
	
	
	
	


aMissing values correspond to samples with eggs completely removed by predators

Table 3.  Mean ± SEM percent parasitism, egg hatch, and non-viability of R. frustrana eggs collected from T. exiguum release and control plots.  Parasitoid releases were made on 3 June 2000. Halifax County, NC, 2000.

	Date
	
	n
	
	Treatment
	
	% parasitized
	
	% hatched
	
	% nonviable

	27 May
	
	0
	
	T. exiguum
	
	---
	
	---
	
	---

	
	
	0
	
	Control
	
	---
	
	---
	
	---

	2 June
	
	1
	
	T. exiguum
	
	100
	
	0
	
	0

	
	
	9
	
	Control
	
	28.6 ± 28.6
	
	71.4 ± 28.6
	
	0 ± 0

	7 June
	
	16
	
	T. exiguum
	
	50.0 ± 50.0
	
	45.0 ± 45.0
	
	5.0 ± 5.0

	
	
	7
	
	Control
	
	8.3 ± 8.3
	
	83.3 ± 16.7
	
	8.3 ± 8.3

	11 June
	
	57
	
	T. exiguum
	
	71.7 ± 5.0
	
	21.9 ± 1.9
	
	6.4 ± 3.1

	
	
	49
	
	Control
	
	50.2 ± 2.2
	
	39.8 ± 7.8
	
	10.0 ± 10.0

	19 June
	
	72
	
	T. exiguum
	
	88.3 ± 7.1
	
	7.4 ± 7.3
	
	4.3 ± 0.2

	
	
	107
	
	Control
	
	98.2 ± 1.8
	
	1.2 ± 1.2
	
	0.6 ± 0.6

	23 June
	
	83
	
	T. exiguum
	
	99.3 ± 0.5
	
	0.7 ± 0.7
	
	0 ± 0

	
	
	96
	
	Control
	
	100 ± 0
	
	0 ± 0
	
	0 ± 0

	Overall
	
	229
	
	T. exiguum
	
	83.5 ± 0.4
	
	12.1 ± 0.7
	
	4.4 ± 0.2

	
	
	268
	
	Control
	
	84.8 ± 2.3
	
	12.9 ± 3.0
	
	2.3 ± 0.7


Table 4. Mean ± SEM percentage of P. virginiana shoots attacked by R. frustrana and length of tunneling damage to shoots on different portions of the tree.  Halifax County, NC, 2000.

	
	
	% of shoots attacked
	
	  Length of tunneling (cm)

	Treatment
	
	Terminal
	
	Top whorl
	
	Remainder
	
	Terminal
	
	Top whorl

	T. exiguum
	
	64.0 ± 4.8a
	
	48.6 ± 3.9a
	
	53.5 ± 3.3a
	
	0.7 ± 0.1a
	
	1.4 ± 0.1a

	Control
	
	73.5 ± 4.5b
	
	57.8 ± 4.0a
	
	55.3 ± 2.9a
	
	1.0 ± 0.1b
	
	1.5 ± 0.1a



For each generation, values within a column followed by a different letter are significantly different (Student’s t-test, P < 0.05).

Table 5.  Mean ± SEM percentage discovery of capsules and predation of T. exiguum by ants on clumped and uniformly distributed capsules exposed for three and five days in a one-year-old commercial P. taeda plantation.  Halifax County, NC,  2000.

	Exposure period
	
	Capsule distribution
	
	% discovery
	
	% predation

	3 d (cohort one)
	
	Clumped
	
	89.8 ± 3.8
	
	49.6 ± 9.5b

	
	
	Uniform
	
	92.4 ± 2.8
	
	63.5 ± 7.5ab

	5 d (cohort two)
	
	Clumped
	
	96.3 ± 2.1
	
	54.2 ± 8.2b

	
	
	Uniform
	
	95.7 ± 2.2
	
	76.0 ± 6.5a


Means within a column followed by a different letter are significantly different (LS Means, P ( 0.05).

Table 6. Mean ± SEM microhabitat and ambient temperatures, and discovery, predation, and emergence of encapsulated T. exiguum exposed to six microhabitats within P. taeda plantations. Halifax County, NC, 2000.

	
	
	 Mean temperature
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	Successive hours
	
	
	
	
	
	

	Microhabitat
	
	Maximum
	
	Minimum
	
	per day > 35ºC
	
	% discovery
	
	% predation
	
	% emergencea

	Cohort 1

	Bare soil
	
	46.5 ± 0.7b
	
	11.0 ± 0.2ab
	
	3.3 ± 1.2ab 
	
	100 ± 0.0
	
	73.8 ± 5.8
	
	46.0 ± 6.7bc

	Wet soil in furrows
	
	47.5 ± 1.4b
	
	11.5 ± 0.4a
	
	2.8 ± 1.0bc
	
	94.7 ± 5.1
	
	67.0 ± 7.6
	
	49.8 ± 7.1bc

	Mulch ground cover
	
	44.5 ± 1.1b
	
	9.8 ± 0.3c
	
	3.0 ± 1.2b
	
	95.0 ± 5.0
	
	65.3 ± 7.4
	
	21.0 ± 4.1c

	Herbaceous vegetation
	
	39.9 ± 1.8c
	
	11.6 ± 0.6a
	
	2.0 ± 1.0c
	
	100 ± 0.0
	
	75.0 ± 6.4
	
	62.0 ± 6.9ab

	Woody debris
	
	51.5 ± 0.9a
	
	10.3 ± 0.5bc
	
	4.1 ± 1.3a
	
	100 ± 0.0
	
	77.6 ± 5.7
	
	34.0 ± 6.5bc

	Hardwood shrub
	
	33.3 ± 0.4d
	
	11.1 ± 0.4ab
	
	0.1 ± 0.1d
	
	95.0  ± 5.0
	
	66.3 ± 7.8
	
	81.3 ± 3.6a

	AMBIENT 
	
	34.1 ± 0.0d
	
	10.4 ± 0.0bc
	
	0.0 ± 0.0d
	
	---
	
	---
	
	---


Table 6. (Continued)

	
	
	Mean temperature
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	Successive hours
	
	
	
	
	
	

	Microhabitat
	
	Maximum
	
	Minimum
	
	per day > 35ºC
	
	% discovery
	
	% predation
	
	% emergence

	Cohort 2

	Bare soil
	
	47.8 ± 1.1b
	
	11.0 ± 0.2ab
	
	3.6 ± 1.2ab
	
	100 ± 0.0
	
	93.4 ± 3.0a
	
	38

	Wet soil in furrows
	
	48.2 ± 1.4b
	
	11.5 ± 0.4a
	
	3.0 ± 1.1ab
	
	100 ± 0.0
	
	97.7 ± 1.0a
	
	---

	Mulch ground cover
	
	44.7 ± 1.1bc
	
	9.8 ± 0.3c
	
	3.3 ± 1.2ab
	
	100 ± 0.0
	
	93.8 ± 2.0a
	
	---

	Herbaceous vegetation
	
	41.5 ± 1.8c
	
	11.6 ± 0.6a
	
	2.4 ± 1.1b
	
	100 ± 0.0
	
	95.4 ± 1.6a
	
	---

	Woody debris
	
	52.6 ± 1.1a
	
	10.3 ± 0.1bc
	
	4.3 ± 1.3a
	
	100 ± 0.0
	
	75.1 ± 6.2b
	
	13.0 ± 7.7

	Hardwood shrub
	
	33.9 ± 0.4d
	
	11.1 ± 0.4ab
	
	0.2 ± 0.2c
	
	94.7 ± 5.1
	
	86.6 ± 5.6a
	
	96.0 ± 2.0

	AMBIENT 
	
	34.1 ± 0.0d
	
	10.4 ± 0.0bc
	
	0.0 ± 0.0c
	
	---
	
	---
	
	---


For each cohort, means within a column followed by a different letter are significantly different (LS Means, P < 0.05).

Emergence levels in cohort two could not be calculated due to high predation levels.


a Emergence of T. exiguum from parasitized eggs of E. kuehniella.
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Figure 1.  R. frustrana egg density with potential and observed numbers of encapsulated T. exiguum released per cohort.  Halifax County, NC, 2000.
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Figure 2. Effect of the average number of hours per day at or above 35°C on emergence of encapsulated T. exiguum.  Halifax County, NC, 2000.  ( y = -14.21x + 81.06; F = 24.09, df = 1,36; r2 = 0.40; P < 0.0001)
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