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Objectives

This research project has five objectives: 

1. Ascertain oviposition preferences of G. ashmeadi and G. tuberculifemur for GWSS egg masses of different ages. 

2. Determine the competitiveness of these two parasitoid species simultaneously foraging for GWSS egg masses in complex and simple environments. 

3. Compare the functional response of each species attacking GWSS egg masses of different sizes. 

4. Compare the mean daily and lifetime reproductive output for each species at 20, 25, and 30oC. 

5. Determine mean developmental times for each species at 20, 25, and 30oC.

To date, we have completed Objectives 1-3. Details of results for Objectives 1-2 are reported in the 2007 PD/GWSS Symposium Proceedings. The current report outlines updated results from the functional response studies (Objective 3), however, these are preliminary results and data are still being analyzed. 
Activities conducted to accomplish objective 3

The effectiveness of G. tuberculifemur and G. ashmeadi attacking H. vitripennis egg masses was investigated by quantifying and comparing the functional response of G. tuberculifemur and G. ashmeadi when exposed to different densities of H. vitripennis eggs. The functional response defines the change in the number of hosts parasitized per parasitoid, per unit time, in relation to host density (McCaffrey and Horsburgh 1986) and has been used to determine the efficiency of a parasitoid in regulating host populations (Murdoch & Oaten 1975). Three types of functional response have been categorized (Type I, Type II, Type III) according to the shape of the curve that describes attack rates over increasing host densities by parasitoids within a fixed exposure time (Juliano 1993). The functional response curves can be differentiated by evaluating the coefficient of instantaneous search rate and handling time. 

Statistical analyses

Parasitoid and functional response data for each species was analyzed in two phases. Firstly, the shape of the functional response curve was determined by logistic regression of the proportion of H. vitripennis eggs parasitized as a function of initial density (Trexler et  al. 1988). Secondly, the random predator equation was fitted to data after the functional response type was determined (Juliano 1993). 

The polynomial function from Juliano (1993) was used to fit data on the proportion of H. vitripennis eggs parasitized:
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where Ne is the number of host eggs parasitized, N0 is the initial host density, Ne/N0 is the probability of being parasitized. Maximum likelihood estimates of parameters P0, P1, P2, and P3 were obtained by applying logistic regression (Proc Logistic) in SAS (SAS 1990). The signs of the linear (P1), quadratic (P2) and cubic (P3) coefficients from equation 1 can be used to distinguish the shape of the functional response curve from experimental data (Juliano 1993). Linear terms not significantly different from 0 indicate a Type I functional response, a significant negative linear coefficient indicates a Type II response, while a significant positive linear term indicates a Type III response (Juliano 1993). To determine the significance of the linear term from polynomial equation (1), the log likelihood-ratio test was used to determine whether equation coefficients differed significantly from 0 (Trexler & Travis 1993). In this test, the difference in log-likelihoods is a chi-square with 1 degree of freedom. Where the cubic equation resulted in a non-significant cubic parameter, the model was reduced by eliminating the cubic term and the other parameters retested (Juliano 1993).

Once the functional response type was determined from logistic regression and log likelihood-ratio tests, the functional response data was fitted to Type I, Type II or Type III responses. For G. tuberculifemur, the parameters of a Type II model were estimated using the iterative non-linear least squares regression to fit the random predator equation to number of eggs parasitized at each density to improve the standard error estimates of the attack constant and handling time (Rogers 1972): 
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where Ne is the number of parasitized hosts, N0 equals the initial host density, a is the attack constant, Th equals the handling time, and T is the total time available for parasitism. 


The logistic regression and log likelihood-ratio tests indicated that G. ashmeadi demonstrated a Type I functional response (see results). To ensure a Type II and Type III model was not a better fit, a Type II functional response was fitted to the data using equation (2) and a Type III model was fitted to the data using equation (3) from Juliano (1993):



where, b, c and d are constants. The significance of each constant (a and Th, or b, c and d) was determined using 95% confidence intervals (if comparisons produced 95% confidence intervals that included a zero then parameter estimates are not considered significant and the model is not a good fit [Juliano 1993]). To estimate the parameters for a Type I model, linear regression was performed on the number of eggs parasitized at each density that resulted in parasitism below the upper limit (densities ≤ 20). Breakpoint regression was used to confirm that the second part of the linear response (for densities above the upper limit [densities 20-40]) was a straight line. For Type I the slope of the linear relationship is equal to the handling time and the intercept is the attack constant (Gitonga et al. 2002).
T-tests were used to compare mean number of H. vitripennis parasitized by G. ashmeadi and G. tuberculifemur between species for each density. A two-way analysis of variance (ANOVA) was used to compare mortality of H. vitripennis eggs between host densities and treatments (control vials, vials containing G. ashmeadi and vials containing G. tuberculifemur), and their interaction. Since the interaction between density and treatment was significant (see results), one-way ANOVA’s we used to determine the effect of density and treatment on the proportion of mortality. Duncan’s tests were used to separate means at the 0.05 level. 

Results and accomplishments
Functional response of G. ashmeadi

G. ashmeadi exhibited a Type I functional response because the quadratic and cubic coefficients were significantly different from 0, whereas the linear term was not significant (Table 1). The proportion of H. vitripennis eggs parasitized by G. ashmeadi remained constant for densities 5 and 10, then decreased (Fig 1Aii). This is consistent with a Type I functional response. The instantaneous attack rate (a) and handling time (Th) for G. ashmeadi as estimated by the random predator equation was 7.22 h-1 and 0.08h, respectively (Table 2). Handling time was significant, whereas, attack rate was not significant. The latter result confirmed that Type II is not an appropriate model for predicting the functional response of G. ashmeadi.  When a Type III model was fitted to the number of hosts parasitized by G. ashmeadi, constants b, c and d were not significantly different from 0 (Table 3) indicating that Type III is also not an appropriate model. Linear regression for densities ≤20 was significant (y = 0.4113x + 3.6331, F = 25.16, df = 1, 40, p < 0.0001, R2=0.39) confirming that Type I is the best model for predicting the functional response of G. ashmeadi. The instantaneous attack rate and handling time as derived from linear regression was 3.63 hour-1 and 0.41 hour-1, respectively (Fig. 1Ai). Breakpoint regression confirmed that the response to densities 20-40 was a straight line (t = 0.25, df = 1, p = 0.81). These results indicate that the number of H. vitripennis eggs parasitized by G. ashmeadi in 1 h increased linearly to a maximum of 11.9, then remained constant (Fig. 1Ai). Each female had the potential to attack 11.9 H. vitripennis eggs over the 1 h period. 

Table 1: Results of logistic regression analyses of the proportion of H. vitripennis eggs parasitized by G. ashmeadi compared to the initial host numbers offered

	Species
	Parameter
	Estimate 

(± SE)
	df
	2 value
	P

	G. ashmeadi
	Intercept
	-0.235 ± 1.450
	1
	0.03
	0.87

	
	Linear
	0.474 ± 0.291
	1
	2.66
	0.10

	
	Quadratic
	-0.032 ± 0.016
	1
	4.26
	0.04

	
	Cubic
	0.000 ± 0.000
	1
	4.67
	0.03

	G. tuberculifemur
	Intercept
	1.391 ± 0.382
	1
	13.26
	0.00

	
	Linear
	-0.115 ± 0.036
	1
	10.37
	0.00

	
	Quadratic
	0.001 ± 0.001
	1
	3.40
	0.06

	
	Cubic
	-
	-
	-
	-


Fig 1. Functional responses of (A) G. ashmeadi and (B) G. tuberculifemur. Number of H. vitripennis eggs parasitized (i) and the proportion of host eggs parasitized (ii) are indicative of means ± SE.
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Table 2: Attack rate (a) and handling time (Th) (means ± standard error) of the functional response of female (a) G. ashmeadi and (b) G. tuberculifemur to densities of H. vitripennis eggs (* indicates significance at the 0.05 level).

a). G. ashmeadi

	Parameter
	Estimate ± SE
	Approx. 95% confidence intervals

	a (hour-1)
	7.217 ± 5.240
	-3.319                   17.754       

	Th  (hour)
	0.078 ± 0.008
	 0.060                     0.095   *


b. G. tuberculifemur 

	Parameter
	Estimate ± SE
	Approx. 95% confidence intervals

	a (hour-1)
	2.280 ± 1.105
	0.058                      4.500    *

	Th (hour)
	0.096 ± 0.014
	0.069                       0.123   *


Table 3. Constants and handling time of the Type III functional response of female G. ashmeadi to densities of H. vitripennis eggs (* indicates significance at the 0.05 level).

	Parameter
	Estimate ± SE
	Approx. 95% confidence intervals

	b
	1.382 ± 16.35
	-31.542                  34.306

	c
	0.040 ± 1.374
	 -2.727                    2.806

	d
	-2.811 ± 60.184
	-124.000                 118.300

	Th
	0.082 ± 0.022
	0.038                      0.125      *


Although results presented here demonstrated a Type I functional response for G. ashmeadi, Chen et al. (2006) described a Type II functional response for G. ashmeadi attacking H. vitripennis eggs of different densities over a 24 h period at varying egg ages at 22oC. However, similar to the current study, Chen et al. (2006) also reported that the linear coefficient resulting from fitting the polynomial function to the data for eggs 1 day of age was not significantly different from zero, therefore indicating that Type II may not be the most appropriate model for predicting functional response of G. ashmeadi. Chen et al. (2006) did not report whether the attack constants resulting from Holling’s disc equation were also not significant as in the current study. It is conceivable that the data described in Chen et al. (2006) portrays the linear part of a Type I functional response, and that densities were not high enough to detect the upper limit. G. ashmeadi parasitized 30-35 eggs within the 24 h period given by Chen et al. (2006) at their highest density of 60 H. vitripennis eggs. If densities above 60 hosts were used it may have detected an upper limit since female G. ashmeadi emerge with approximately 30 mature eggs in their ovaries (Irvin & Hoddle, unpublished) and should therefore become egg-limited over a 24 h period at high H. vitripennis densities.

Functional response of G. tuberculifemur 

G. tuberculifemur exhibited a Type II functional response because the linear term of equation 1 was both negative and significantly different from 0, indicating that the proportion of H. vitripennis eggs parasitized decreased significantly as egg density increased (Table 1, Fig. 1Bii).  The number of H. vitripennis eggs attacked and parasitized by G. ashmeadi increased at a decreasing rate until reaching an upper plateau with increasing H. vitripennis density. (Fig. 1Bii). The quadratic term was significant (p = 0.06) indicating that an asymptotically declining proportion of H. vitripennis eggs parasitized had resulted (Table 1). Each female had the potential to attack 9.3 H. vitripennis eggs over the 1 h period. The instantaneous attack rate (a) and handling time (Th) for G. tuberculifemur as estimated by the random predator equation was 2.28 h-1 and 0.10 h, respectively, and these parameters were significant (Table 2). 

Comparing functional response parameter estimates between parasitoid species 
The attack constant and handling time estimates were 1.35 h-1 and 0.31 h higher for G. ashmeadi compared with G. tuberculifemur. A higher attack constant implies that G. ashmeadi searches for hosts more efficiently than G. tuberculifemur.
Comparing mean parasitism and H. vitripennis mortality between species and treatments
Comparing the mean number of H. vitripennis eggs parasitized between species demonstrated that female G. ashmeadi parasitized on average 4.3 and 3.5 more eggs per hour when presented with 10 and 20 eggs, respectively, compared with G. tuberculifemur (Table 4). When 5 or 40 H. vitripennis eggs were offered, there was no significant difference in parasitism between species (Table 4).

Table 4. Mean number (± SE) of H. vitripennis eggs parasitized by female G. ashmeadi and G. tuberculifemur when offered four different host densities in the laboratory (different letters indicate significant differences (p < 0.05) between means; test statistics reported from t-tests conducted to compare parasitism between species at each density).

	Density
	G. ashmeadi
	G. tuberculifemur 
	t-value
	df
	p

	5
	4.44 ± 0.53
	4.07 ± 0.52
	0.48
	20
	0.64

	10
	8.87 ± 0.57
	4.52 ± 0.62
	3.44
	24
	0.01

	20
	11.53 ± 1.01
	8.00 ± 1.12
	2.33
	28
	0.03

	40
	12.00 ± 1.79
	9.29 ± 1.23
	1.29
	21
	0.21


There was a significant density (F = 98.37, df = 3, 50, p < 0.0001), treatment (F =71.19, df = 2, 50, p < 0.0001) and interaction (F =5.42, df = 6, 50, p < 0.0001) effect on H. vitripennis mortality. One-way ANOVAs showed that there was no significant effect of density on mortality of H. vitripennis in control vials (F = 0.05, df = 3, 53, p = 0.99; Fig. 2), whereas, density had a significant effect on mortality in vials containing G. ashmeadi (F = 15.71, df = 3, 49, p < 0.0001) and G. tuberculifemur (F = 20.54, df = 3, 47, p < 0.0001). For both species, proportion mortality was significantly 15-49% higher for densities 5 and 10, compared with the remaining densities (Fig. 2). 

Similarly, treatment had a significant effect on H. vitripennis mortality at each density (density 5: F = 29.62, df = 2, 35, p < 0.0001; density 10: F = 57.06, df = 2, 36, p < 0.0001; density 20; F = 25.34, df = 2, 41, p < 0.0001; density 40: F = 18.25, df = 2, 34, p < 0.0001). For each density, control vials produced the lowest mortality compared with those containing parasitoids (Fig. 2). H. vitripennis mortality was statistically equivalent between parasitoid species for densities 5, 10 and 20. For density 40, vials containing female G. tuberculifemur resulted in significantly 14% higher H. vitripennis mortality compared with G. ashmeadi (Fig. 2).
Fig. 2: The mean proportion of H. vitripennis egg mortality (±SE) when four densities of eggs (5, 10, 20 or 40) were placed under three treatments (exposure to one female G. ashmeadi, exposure to one female G. tuberculifemur, or no exposure to parasitoids) for 1 h in the laboratory at 26oC (different letters indicate significant (p < 0.05) differences between egg densities within each treatment; different roman numerals indicate significant (p < 0.05) differences between treatments within each egg density).
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Publications, report and presentations from this work

We are currently writing two manuscripts based on the results for this work for submission to Biocontrol and Biological Control. 

Research relevance
Gonatocerus tuberculifemur is a sharpshooter parasitoid from Argentina that has been regularly imported into the UCR I & Q facility since September 2002 and reared on GWSS egg masses. There is substantial uncertainty about the safety of releasing this agent and whether it would provide additional control of GWSS in California or disrupt the efficacy of the existing parasitoid complex which has been constructed with natural enemies that have evolved to exploit GWSS in the home range of this pest. By studying the functional response of G. ashmeadi and G. tuberculifemur we attempted to determine the most efficient parasitoid of the two species. Comparing the mean number of H. vitripennis eggs parasitized between parasitoid species demonstrated that G. ashmeadi significantly outperformed G. tuberculifemur at host densities 10 and 20 and parasitism by G. ashmeadi was 29% higher than G. tuberculifemur when 40 hosts were exposed to females, although this result was not significant. Additionally, we found that female G. ashmeadi were more effective than G. tuberculifemur in parasitizing greater numbers of H. vitripennis eggs (11.9) as host density increased. G. ashmeadi possessed a higher attack rate compared to G. tuberculifemur demonstrating the ability of female G. ashmeadi to search for hosts more efficiently. These results indicate that G. tuberculifemur is inferior to G. ashmeadi when parasitizing H. vitripennis egg masses in the laboratory at 26oC.
Our data thus far suggests that the potential impact of releasing G. tuberculifemur in California on the biological control of GWSS may not out-weigh the cost of mass rearing and releasing G. tuberculifemur in California. When time and labor costs for large-scale colony maintenance, long-term concerns about non-target impacts in California, disruption of existing levels of control, and potential invasion by G. tuberculifemur back into the southeast USA where GWSS originated are all considered, there appears to be no quantifiable benefit to releasing G. tuberculifemur in California for the biological control of GWSS. 
The experiments addressing the five objectives outlined in this report will provide important biological data on the neoclassical biological control agent, G. tuberculifemur, while in this parasitoid is still in quarantine. Work presented in this report demonstrates that G. tuberculifemur may be inferior to G. ashmeadi, and this would suggest no advantage to releasing this neoclassical agent from quarantine. A decision not to release based on these assessments would negate potential long-term concerns about non-target impacts in California (i.e., against H. liturata, the smoketree sharpshooter), possible infiltration of the home range of GWSS, and interference and reduction of current levels of biological control achieved with the resident natural enemy guild of old association parasitoids. 

Summary of accomplishments
G. ashmeadi and G. tuberculifemur demonstrated a Type I and Type II functional response, respectively. The attack constant and handling time estimates were 1.35 h-1 and 0.31 h higher for G. ashmeadi compared with G. tuberculifemur indicating that G. ashmeadi searches for hosts more efficiently than G. tuberculifemur. Comparing the mean number of H. vitripennis eggs parasitized between parasitoid species demonstrated that G. ashmeadi significantly outperformed G. tuberculifemur at host densities 10 and 20. Parasitism by G. ashmeadi was 29% higher than G. tuberculifemur when 40 hosts were exposed to females, although this result was not significant.
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