Feeding Efficiency and Host Preference of Emerald Ash Borer (Agrilus planipennis, Coleoptera: Buprestidae) Adults on Stressed and Vigorous Green Ash Seedlings.
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Abstract

The emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), has become a devastating invasive pest of ash (Fraxinus spp.) in urban and forested settings in the USA and Canada since it was identified in North America in 2002. The greatest damage to Fraxinus spp. trees is caused by phloem-feeding A. planipennis larvae, while beetle adults feed solely on foliage and result in little tree damage. However, attraction of A. planipennis adults to foliage of Fraxinus spp. may effect their oviposition choices. Adult A. planipennis foliar feeding preferences were evaluated in 2009 on green ash seedlings which were girdled, fertilized, or left as untreated controls. Foliage from girdled seedlings had lower nitrogen concentrations and lower photosynthesis rates than foliage from trees of other treatments. Adult A. planipennis consumed more leaf area on girdled seedlings than on fertilized or untreated seedlings in no-choice bioassays. In an outdoor choice assay, adults appeared to preferentially feed on fertilized over untreated seedlings, suggesting that beetles may choose to feed on foliage with higher nutritional content.
Introduction

The emerald ash borer (Agrilus planipennis Fairmaire), a devastating invasive pest of ash (Fraxinus spp.) trees in the United States and Canada, was first discovered in Michigan and Windsor, Ontario, Canada in 2002. It has since been found in 18 other states and Quebec (Poland and McCullough 2006, emeraldashborer.info 2013). More than 40 million ash (Fraxinus spp.) trees in Michigan have been killed to date (emeraldashborer.info 2013) and, if not controlled, the ash resource in the northeastern US may be largely eliminated.

Tree injury to Fraxinus spp. is caused by A. planipennis larvae feeding in the cambial region, creating galleries in the phloem and scoring the outer sapwood, which disrupts nutrient flow and water conduction, respectively (Cappaert et al. 2005). Adult beetle emergence begins in late spring and continues through much of early summer. Adult female A. planipennis  require 5-7 d of feeding before mating, and 5-7 d more before beginning oviposition (Bauer et al. 2004, Lyons et al. 2004). Beetles will continue to feed and oviposit during the remainder of their 3-6 wk lifespan (Bauer et al. 2004, Cappaert et al. 2005). A. planipennis adults feed on ash leaves, but cause no significant defoliation (Cappaert et al. 2005).

Like other Agrilus spp., A. planipennis prefer to oviposit on stressed trees (McCullough et al. 2009a). Native Agrilus spp. including the bronze birch borer, Agrilus anxius Gory, and the two-lined chestnut borer, Agrilus bilineatus (Weber), are secondary pests that feed on stressed and dying trees (Anderson 1944, Haack and Benjamin 1982, Dunn et al. 1986). Likewise, A. planipennis is a secondary pest throughout its native range, presumably because it shares an evolutionary history with its host trees, which have greater defenses against it than do North American ash species (Yu 1992; Akiyama and Ohmomo 2000; Gould et al. 2005; Herms et al. 2005; Schaefer 2005; Williams et al. 2005, 2006, Eyles et al. 2007). Although healthy North American ash trees can succumb to high densities of A. planipennis, adult beetles display a stronger attraction to trees stressed by girdling, and this attraction has even affected dispersal habits as beetles are more likely to fly to areas occupied by girdled trees (McCullough et al. 2009a, Mercader et al. 2009, Siegert et al. 2010). In previous studies, girdled trees had higher larval densities than healthy trees or trees stressed by herbicide, wounding, or exposure to the stress elicitor methyl jasmonate (McCullough et al. 2009a, 2009b; Tluczek 2009).

Although adult foliage feeding causes little damage to the trees, examining these feeding habits could provide insight to the basic biology of A. planipennis and the relationship between host selection for feeding and oviposition. Historically, Fraxinus spp. has been free from major damage caused by defoliating pests (Solomon et al. 1993). For example, research suggests thaone of the most devastating invasive generalist defoliators in the northeastern USA, the gypsy moth (Lymantria dispar L.), does not use ash as a host tree likely due to chemical deterrents in the foliage (Markovic et al. 1997). Little research to date has focused on adult A. planipennis host selection for foliage feeding. Adult beetles may be more likely to oviposit on trees where they choose to feed. One study suggested that beetles preferentially fed on clipped green, white, and black ash leaves over clipped blue, European (Fraxinus excelsior L. ), and Manchurian (Fraxinus mandshurica Rupr. ) ash leaves, which may be a result of species differences in foliar volatiles produced (Pureswaran and Poland 2009a). However, volatile production may differ between clipped and intact ash leaves. A similar study (Pureswaran and Poland 2009b) reported that lower feeding on Manchurian ash may reflect higher nutritional quality or stronger defenses in foliage from those trees. In comparison, greater feeding on green ash foliage may be compensatory (Pureswaran and Poland 2009b). Other phytophagous insects benefit from feeding on plants with high levels of nutrients, particularly nitrogen, amino acids, and protein: carbohydrate ratios (Mattson 1980, Doi et al. 1981, Kytö 1996, Fisher et al. 2001, Bi et al. 2003, Chen et al. 2009, Chen and Poland 2009). High chlorophyll content or photosynthesis rates are functions of high nitrogen levels, and may also contribute to increased foliar nutrition and better beetle success on these trees. Leaves with lower nutritional quality may require more compensatory feeding by adults, while leaves with higher nutrition (e.g. foliage from fertilized trees) may be consumed in smaller quantities (Mattson 1980, Scriber and Slansky 1981, Chen et al. 2009, Chen and Poland 2009, Pureswaran and Poland 2009b). 

Other studies suggest that phytophagous insects may feed more on fertilized plants due to a preference for hosts with more nutrients (Kytö 1996, Glynn et al. 2003). The Growth/Differentiation Balance Hypothesis suggests that under certain conditions, allocation of nutrients to foliage for growth in fertilized trees may reduce the energy available for use as secondary defense metabolites. This would cause foliage with more nutrients to be less resistant to insect feeding damage (Loomis 1932, Lorio 1986, Herms and Mattson 1992). However, this hypothesis has had mixed support in studies (Kytö 1996, Glynn et al. 2003). Similarly, feeding on leaves with lower nutrition may prove less efficient and result in increased frass production from undigested leaf material (Mattson 1980, Scriber and Slansky l981, Chen and Poland 2009, Pureswaran and Poland 2009b).

Chen and Poland (2009) compared foliar nutrients on green ash seedlings. Variables considered included age of leaves, leaves grown in sun vs. shade, and girdled vs. ungirdled seedlings. The study revealed an increase in non-structural carbohydrates in girdled seedlings but a decrease in protein:carbohydrate ratios. This is consistent with the observation that girdling causes an accumulation of carbohydrates above the girdle while the trunk below the girdle receives none (Noel 1970, Roper and Williams 1989, Li et al. 2003, Mostafa and Saleh 2006, Chen and Poland 2009). Results of Chen and Poland’s (2009) study suggest that younger leaves may contain more nitrogen and other nutrients than older leaves, as these nutrients are necessary for growth and expansion (Mattson 1980, Harper 1989, Chen et al. 2009, Chen and Poland 2009). Chen and Poland (2009) did not report that any of the factors they studied had an effect on beetle survival, and they did not test for differences in amount of leaf material consumed.

I examined the effects of girdling and fertilization on green ash seedlings and on A. planipennis foliage feeding behavior on these seedlings. I hypothesized that (1) A. planipennis would be attracted to girdled seedlings and would spend more time feeding on foliage from these seedlings when given a choice; (2) girdled seedlings would have lower chlorophyll, photosynthesis, and nutrition than untreated seedlings; (3) fertilized seedlings would have higher foliar chlorophyll, photosynthesis, and nutrition than untreated seedlings; and (4) A. planipennis would require extra feeding on girdled foliage to compensate for its lower nutritional value. Study objectives to test these hypotheses were to (1) assess effects of girdling and fertilization on the foliar chlorophyll, photosynthesis rates, and nutrient concentration of leaves of green ash seedlings; and (2) evaluate adult A. planipennis feeding behavior on the green ash seedlings in choice and no-choice bioassays. 

Materials and Methods

Seedling Establishment. Green ash seedlings (45-61 cm) were acquired on 30 January 2009 from Lawyer Nursery in Plains, MT. Seedlings were potted in 1-gallon containers with Fafard Heavyweight Mix #52, consisting of processed pine bark, peat moss, vermiculite, and perlite (Conrad Fafard, Inc; Agawam, MA, USA). The mix contained a water-soluble nutrient starter charge which was leached out by the time of treatment applications, as verified by lower readings on an electric conductivity meter in comparison to newly fertilized seedlings. Seedlings were stored in a polyhouse at Michigan State University’s Tree Research Center in East Lansing, MI. Conditions in the polyhouse were approximately 15.5-21°C and 50-70% RH. Seedlings were watered twice weekly and grown for eight weeks before treatments began. Seedlings were randomly assigned to two groups comprised of 48 and 36 seedlings each. The 48 seedlings in Group 1 were used for no-choice bioassays and were maintained in the polyhouse throughout the study. The 36 seedlings in Group 2 were used for the choice assay and were moved on 15 May 2009 to an outdoor plot. These seedlings were planted pot in pot and provided with drip irrigation.
Treatment Applications. Group 1 seedlings were randomly assigned to one of three treatments: girdling, fertilization, and untreated control (16 seedlings per treatment). Seedlings assigned to the fertilization treatment were fertilized weekly beginning on 31 March 2009 via a liquid feed with 200 ppm nitrogen, 60 ppm phosphorous, 150 ppm potassium, and pH 6.5 (Peters 20-10-20 Peat Lite Special, Scotts, Marysville, OH, USA). On girdled seedlings, a pocket knife was used to remove a 5 cm length of outer bark and phloem on the main stem below branches on 31 March 2009. Untreated seedlings were irrigated throughout the study, but received no nutrient supplementation.

Group 2 seedlings were randomly assigned to one of three treatments: girdling, fertilization, and untreated control (12 seedlings per treatment). Seedlings assigned to the fertilization treatment were fertilized weekly beginning on 28 April 2009 via the same liquid feed applied to Group 1 seedlings. This liquid fertilizer was no longer used after seedlings were moved outdoors. A one-time granular application of Harrell’s Pro-Blend with Micronutrients custom-mixed 19-4-8 controlled-release fertilizer (Harrell’s, Inc., Sylacauga, AL, USA) was applied on 22 May 2009 to the pot around the base of each seedling at a rate of 5.6 g N per seedling (approximately 599 kg per ha). Seedlings were girdled on 5 May 2009 as described above. Untreated seedlings were irrigated throughout the study, but received no nutrient supplementation.

Foliar Nutrients and Photosynthesis. Chlorophyll content of Group 1 seedling foliage was analyzed weekly from 7 April to 12 May 2009 using the Minolta SPAD 502 Chlorophyll Meter (Spectrum Technologies, Inc., Plainifield, IL, USA). Four readings were taken per seedling; two from leaves on opposite sides of the lower portion of the seedling and two from leaves on opposite sides of the upper portion of the seedlings. These readings were averaged to obtain a mean value for each seedling. The Li-Cor LI-6400 (Li-Cor Biosciences, Lincoln, NE, USA) portable photosynthesis system was used to measure photosynthesis and transpiration rates on an upper and lower leaf from ten randomly selected Group 1 seedlings per treatment on 9, 16, and 30 April 2009. Photosynthesis rates were measured via foliage gas exchange rates (Amax) (μmol CO2 ∙ m-2 · s-1). Transpiration rates were measured as mmoles H2O ∙ m-2 · s-1. Seedlings were analyzed with the Li-Cor in the polyhouse in mid-afternoon in sunny conditions. Quantum flux was set at 1500 μmols/m2/s for use as a light source and machine temperature was set at that of the average daily temperature in °C. Flow was set to 500 μms and the mixer set at 400 μms CO2R.
One leaf from each of ten randomly selected Group 1 seedlings per treatment was removed on 1 May 2009, flash frozen in liquid nitrogen, and stored at -20 °C until processing. If leaves were so small that one leaf would not provide enough leaf tissue for processing, two opposite leaves of the same age were selected. Leaf tissue was finely ground in liquid nitrogen and approximately 50 mg was extracted for analysis. Protein (mg/g fresh weight) was determined via Bradford protein assay and amino acid concentration (μmol/g fresh weight) was determined colorimetrically via cadmium-ninhydrin procedure (Doi et al. 1981, Fisher et al. 2001, Bi et al. 2003, Chen et al. 2009). Total non-structural carbohydrates (mg/g fresh weight), calculated as the sum of glucose and starch, were determined using the glucose (HK) assay kit (Sigma-Aldrich, St. Louis, MO, USA) and methods from Jones (1979). Starch was estimated as glucose equivalents (Marquis et al. 1997, Chen et al. 2009). 

On 19 May 2009, an upper and lower leaf on each of six, randomly selected no-choice seedlings per treatment were removed for total nitrogen determination. If leaves were small, two opposite leaves of the same age were selected to obtain ≥1 g leaf material after oven drying. Leaves were oven dried at 65.5°C for 72 hr in a model 30 GC lab oven (Quincy Lab, Inc., Chicago, IL, USA). Samples were sent for total nitrogen analysis via micro-Kjeldahl digestion procedure at Michigan State University’s Soil and Plant Nutrient Laboratory.

Foliar chlorophyll content of Group 2 seedlings was analyzed weekly from 28 April to 28 July 2009 using the Minolta SPAD 502 Chlorophyll Meter (Spectrum Technologies, Inc., Plainifield, IL, USA) and methods described above. The Li-Cor LI-6400 (Li-Cor Biosciences, Lincoln, NE, USA) portable photosynthesis system was used to measure photosynthesis and transporation rates on an upper and lower leaf of ten and five randomly selected Group 2 seedlings per treatment on 21 May 2009 and 16 June 2009 respectively. Number of seedlings was reduced on the second date due to many seedlings having lost their leaves by that time. Photosynthesis rates were measured via foliage gas exchange rates (Amax) (μmol CO2 ∙ m-2 · s-1) with a fluorescent leaf chamber.  Transpiration rates were measured as mmoles H2O ∙ m-2 · s-1. Group 2 seedlings were analyzed with the Li-Cor outdoors in mid-afternoon in sunny conditions via the same methods as Group 1 seedlings.

No-Choice Bioassays. I conducted four no-choice bioassays with adult A. planipennis beetles on Group 1 seedling foliage. Bioassays began on 12 April, 20 April, 4 May, and 7 May 2009. Beetles were reared from logs which were harvested in fall 2008 from naturally infested trees near Lansing, MI and maintained in cold storage at 3.9°C. After removing logs from cold storage, they were placed in 76.2 cm long, 15.2-30.5 cm diam cardboard tubes (Saginaw Tube Co., Saginaw, MI, USA) in a rearing room maintained at 26.7o C.  Adult beetle emergence from logs followed in approximately 21 days. Emerging adults were collected daily and immediately transferred to bioassay material. Four bioassays were conducted to evaluate possible changes as the seedlings aged and continued to be affected by the fertilization and girdling treatments. Two leaves opposite each other on the same whorl of each seedling were collected and scanned in a flatbed scanner to determine leaf area using WinFOLIA software (Regent Instruments, Inc.; Quebec, Qc, Canada). After scanning, the petiole of each leaf was cut on a slant to provide a fresh surface area for water uptake. Leaves were inserted into water-filled microcentrifuge tubes to maintain moisture and placed individually in 150 mm diam Petri dishes. Two newly-emerged male A. planipennis were placed in a dish with one of the leaves from each seedling, and two newly-emerged female beetles were placed in a separate dish with the second leaf. Beetles were allowed to feed for three days. Petri dishes were checked daily for beetle mortality. After feeding, leaves were re-scanned and total leaf area consumed was determined by comparing original leaf area to the remaining area. Leaf area consumed was divided by total “beetle days” (sum of the number of days, to 0.5 d, that each beetle survived) to obtain a value for total leaf area consumed per beetle per day. Frass was collected from each dish and weighed to the nearest mg to estimate feeding efficiency on the leaves.
Choice Assay. A choice assay was conducted using the 36 outdoor seedlings from 4 June through 13 August 2009. Seedlings used in the choice assay were exposed to feeding by the wild A. planipennis population at the Tree Research Center. Each week, total leaves were counted per seedling. Any live adult beetles were noted and, whenever possible, sexed. Feeding on each leaf of a given seedling was visually examined and recorded on a 1 (very little feeding) to 5 (extensive feeding) scale. Ratings for each leaf were summed to obtain a feeding estimate per seedling for each date. These values were compared by treatment. The cumulative number of leaves assigned to each feeding rank was recorded weekly. At the end of the study period, the proportion of total leaves per seedling assigned to each feeding rank was recorded and the means were compared by treatment across all dates.
Statistical Analysis. All data were tested for normality using the Shapiro-Wilk test (Shapiro and Wilk 1965) and residual plots (PROC GLIMMIX, SAS Institute 2001). All parametric statistics were run using SAS 9.1 software (PROC GLIMMIX, SAS Institute 2001). One-way or two-way analysis of variance (ANOVA) were applied to data that followed a normal distribution (SAS Institute 2001). If ANOVA results were significant (p<0.05), Tukey’s honestly significant difference (HSD) multiple comparison test was used to assess differences among treatments (Tukey 1953, SAS Institute 2001). 

Percentage foliar nitrogen was tested using two-way ANOVA to assess effects of tree treatment and leaf location. Remaining foliar nutrient concentrations, chlorophyll content in both seedling groups, and mean feeding ranks in Group 2 seedlings were tested using one-way ANOVA to assess the effects of seedling treatment. Photosynthesis rates in both groups and transpiration rates in Group 1 and in Group 2 on 21 May were tested using two-way ANOVA to assess effects of seedling treatment and leaf location. Total frass consumed per beetle per day was tested using two-way ANOVA to assess effects of tree treatment and beetle sex.

Protein concentration and Group 2 seedling photosynthesis rates on 16 June were normalized by log (x+1) transformation. Protein: carbohydrate ratios, Group 1 seedling photosynthesis rates on 9 and 16 April, and mean feeding ranks in Group 2 seedlings on 25 June, 2 July, 9 July, and 16 July were normalized by log (x) transformation. Group 1 seedling photosynthesis rates on 30 April and mean frass produced per beetle per day in no-choice bioassays were normalized by square root (x) transformation.

If transformations did not normalize variables, nonparametric tests were used. Friedman’s two-way nonparametric ANOVA (SAS Institute 2001) was used to test non-normal data involving potential interactions. When significant, nonparametric multiple comparison tests were applied following methods from Conover (1971) and Zar (1984). If the interaction term in Friedman’s test was p≥ 0.50 or no potential interactions existed, Wilcoxon Rank Sum tests (Ott and Longnecker 2001) and Kruskal-Wallis tests (Kruskal and Wallis 1952) were used. When significant, multiple comparison tests were applied following the same methods (Conover 1971, Zar 1984).  Friedman’s two-way nonparametric ANOVA was used to test Group 2 seedling transpiration rates on 16 June and mean leaf area consumed per beetle per day in no-choice bioassays. Kruskal-Wallis tests were used to analyze percentage leaves consumed at each feeding rank on Group 2 seedlings. All analyses were conducted at the p<0.05 level of significance.

Results

Foliar Nutrients and Photosynthesis – Group 1. Total percentage foliar nitrogen was higher in fertilized seedlings than in untreated seedlings and over two times higher than in girdled seedlings (F=29.70; df = 2, 28; p<0.001) (Table 1). No significant differences in nitrogen between upper and lower leaves were observed (p=0.82). Protein concentration of foliage from fertilized seedlings was approximately half that of girdled or untreated seedlings (F=5.27; df=2, 27; p=0.012) (Table 1). Total amino acid concentration was nearly twice as high in foliage from fertilized seedlings when compared to foliage from untreated seedlings (F=3.77, df=2, 27, p=0.036) (Table 1). Total foliar non-structural carbohydrates were higher in foliage from girdled seedings than from fertilized seedlings (F=24.11, df=2, 27, p<0.001) (Table 1). There were no significant differences in protein:carbohydrate ratios among treatments (p=0.72) (Table 1). 
Chlorophyll content of Group 1 seedlings fluctuated over the course of the study. Fertilized and untreated seedlings had consistently higher chlorophyll levels than girdled seedlings by mid-May, approximately one month after treatments began (Fig. 1). By the end of May the average chlorophyll content of fertilized seedlings had peaked and the chlorophyll content of girdled seedlings was at its lowest (Fig. 1). Photosynthesis rates were consistently lower on girdled seedlings than on seedlings of other treatments, which were at least twice as photosynthetically active (9 April: F=64.00; df=2,47; p<0.001; 16 April: F=74.06; df=2,52; p<0.001; 30 April: F=73.79; df=2,51; p<0.001) (Fig 2a).  On 16 April, photosynthesis rates on fertilized seedlings were also higher than those on untreated seedlings, but this was not the case on 9 or 30 April (Fig 2.2a). Lower, older leaves were more photosynthetically active than upper leaves on 9 April (F=4.07; df=1,47; p=0.049), 16 April (F=11.21; df=1,51; p=0.002), and 30 April (F=5.28; df=1,51; p=0.026) (Fig 2b). Transpiration rates on girdled seedlings were also at least half that of transpiration rates on other seedlings (9 April: F=8.97; df=2,45; p<0.001, 16 April: F=59.34; df=2,51; p<0.001, 30 April: F=95.16; df=2,51; p<0.001) (Fig. 3). There were no transpiration differences between upper and lower leaves on 9 April (p=0.47) or 16 April (p=0.06). On 30 April transpiration was slightly higher on lower leaves (3.30 ± 0.36 mmol H2O ∙ m-2 · s-1) than on upper leaves (2.97 ± 0.28 mmol H2O ∙ m-2 · s-1) (F=4.81; df=1,51; p=0.033).

Foliar Nutrients and Photosynthesis – Group 2. The chlorophyll content of Group 2 seedlings was affected by an interaction between date and treatment (F=6.91; df=14,271; p<0.001) (Fig. 4). Chlorophyll levels peaked in fertilized seedlings and were higher than in seedlings of other treatments by mid-May (Fig. 4). By mid-June, all of the girdled seedlings had lost their leaves and all untreated seedlings lost their leaves by the end of July (Fig. 4). Photosynthesis was lower on girdled seedlings compared with seedlings of other treatments on 21 May (F=34.73; df=2,53; p<0.001) and 16 June (F=19.51; df=2,19; p<0.001) (Fig 5a). On 21 May, photosynthesis rates of fertilized seedlings were also higher than those on untreated seedlings. Differences were more difficult to detect on 16 June due to high variability (Fig 5a), and by this time average photosynthesis rates of all treatments had decreased by half due to seedling stress. As on no-choice seedlings, photosynthesis rates on seedlings in the choice assay were lower on upper leaves than on lower leaves on 21 May (F=4.26; df=1,53; p=0.044). This difference was not significant on 16 June (p=0.81) (Fig 5b). Transpiration rates on girdled trees were at least half that of rates on other trees on 21 May (F=32.11; df=2,51; p<0.001) but high variability obscured significance on 16 June (p=0.77) (Fig 6). Transpiration rates were higher on lower leaves (2.46 ± 0.30 mmol H2O ∙ m-2 · s-1) than on upper leaves (1.70 ± 0.22 mmol H2O ∙ m-2 · s-1) on 21 May, but high variability again obscured significance on 16 June (p=0.006).
No-choice bioassays. No significant differences in total leaf area consumed by A. planipennis were apparent in rounds 1 (p=0.14) and 4 (p=0.41). In rounds 2 and 3, beetles consumed more leaf material from girdled seedlings than from fertilized seedlings (Round 2 F=9.65; df=2,89; p<0.001; Round 3 F=8.79; df=2,83; p<0.001). Feeding was also higher on foliage from untreated seedlings than from fertilized seedlings in round 3 (Fig. 7). Frass production did not differ among treatments in rounds 1 (p=0.40) and 4 (p=0.27). In rounds 2 and 3, beetles produced over twice as much frass when feeding on girdled seedlings than they did when feeding on fertilized seedlings (Round 2 F=23.27; df=2,90; p<0.001; Round 3 F=11.86; df=2,86, p<0.001). In round 2, beetles also produced more frass when feeding on untreated seedlings than they did when feeding on fertilized seedlings (Fig. 8). No differences between male and female beetles were ever observed for total leaf area consumption (Round 1 p=0.85; Round 2 p=0.88; Round 3 p=0.06; Round 4 p=0.42) or frass production (p=0.32; Round 2 p=0.71; Round 3 p=0.14, Round 4 p=0.37).
Choice assay. Girdled seedlings lost their leaves soon after pots were moved outdoors and were not included in the study. Beetles from wild A. planipennis populations in the area began feeding on leaves of the seedlings in mid-June. Examination of the seedlings revealed over twice as much feeding on fertilized seedlings than on untreated seedlings through most of the summer (2 July: F=6.23; df=2,24; p =0.007; 8 July: F=7.93; df=1,22; p=0.010; 16 July: F=6.45; df=1,20; p=0.020; 23 July: F=6.37; df=1,19; p=0.021; 30 July: F=10.37; df=1,17; p=0.005) (Fig. 9). Similarly, percentage of leaves fed at any rank was either not affected by species (Rank 1 χ2=0.30, df=1,12, p=0.58, Rank 4 χ2=1.49, df=1,12, p=0.22, Rank 5 χ2=2.29, df=1,12, p=0.13) or was highest in fertilized seedlings (Rank 2 χ2=5.42, df=1,12, p=0.02, Rank 3 χ2=5.74, df=1,12, p=0.017). Most leaves had senesced by mid-August 2009. Fertilized seedlings maintained their leaves the longest (Fig. 10). Beetles were occasionally observed on seedlings but not often enough for statistical analysis, although beetles were usually found on fertilized seedlings. On 25 June three beetles were on fertilized seedlings and one beetle was flying in the vicinity of an untreated seedling; on 2 July two beetles were on fertilized seedlings; and on 16 July one beetle was on a fertilized seedling.
Discussion

In general, girdling caused nutrient stress while fertilization increased foliar nutrition. Girdling reduced the levels of nitrogen and chlorophyll as well as photosynthesis and transpiration rates of foliage. Girdling also increased foliar protein and carbohydrate levels, probably due to the inability of these nutrients to move down through the phloem to the roots (Noel 1970, Chen and Poland 2009). However, protein: carbohydrate ratios in girdled foliage were unaffected. Girdled seedling nutrition was consistent with observations made by Chen and Poland (2009) on girdled seedlings, which showed an increase in carbohydrate concentration of foliage but a decrease in protein: carbohydrate ratios. This protein: carbohydrate ratio seems to have an effect on the quality of nutrition beetles can obtain from leaves. No significant differences in protein: carbohydrate ratios were observed among treatments in this study. In contrast to girdling, fertilization increased foliar nitrogen and amino acid concentrations in comparison to foliage from girdled or untreated seedlings. It is unclear why protein levels were lowest in fertilized seedling foliage when amino acids were highest; perhaps there was a lower rate of conversion of amino acids to proteins in these seedlings, but no tests were run to confirm this.

Fertilization increased chlorophyll content in foliage of green ash seedlings in both the polyhouse and outdoors compared with girdled seedlings. Higher photosynthesis rates on the lower leaves are probably due to greater leaf age. These results are consistent with observations made by Chen and Poland (2009) that older leaves had higher chlorophyll content, which should correlate with photosynthetic capabilities. Water loss via transpiration was also highest on girdled seedlings, suggesting seedlings were stressed and photosynthesis rates were low (Chaves et al. 2003). Overall, girdling appears to be an efficient stressor of green ash seedlings, while fertilization may serve to increase seedling vigor.

The higher consumption of leaf material on girdled seedlings by A. planipennis when compared with fertilized seedlings in two of four no-choice bioassays may reflect compensatory feeding to make up for lower levels of nitrogen or amino acids in foliage from girdled seedlings (Mattson 1980, Scriber and Slansky 1981). Compensatory feeding to make up for nutrition differences have also been observed in green ash in comparison to Manchurian ash (Pureswaran and Poland 2009b, Chen and Poland 2009).
Frass production was also highest when beetles fed on foliage from girdled seedlings.  In general, relative frass amounts compared among treatments appeared to closely match the relationships observed in amount of leaf material fed. Lower feeding and frass production on fertilized seedlings may indicate beetles feeding on these seedlings better utilized water and nutrients. Sex of beetles had no discernible effect on adult feeding habits. The lack of significant differences in feeding or frass production in no-choice bioassay round 1 may be due to treatments not yet having affected seedling vigor at such an early date. Reasons for the lack of any significant differences in round 4 are unclear.


The amount of A. planipennis adult feeding damage was greater on fertilized seedlings over untreated seedlings in outdoor choice tests, indicating that adults preferred to feed on foliage with higher nutrient levels. Girdled seedlings did not tolerate exposure to outdoor conditions, probably due to their weakened state. The fact that fertilized seedlings maintained their leaves the longest is probably a result of their enhanced vigor. No-choice bioassays with Group 1 seedlings revealed that compensatory feeding is necessary on girdled foliage. If compensatory feeding makes up for the effects of lower foliar nutritional quality, this may explain Chen and Poland’s (2009) observation that no significant differences exist in adult A. planipennis survival on foliage from girdled vs. ungirdled seedlings in the laboratory. In wild conditions, however, compensatory feeding may decrease survival by increasing the amount of time during which beetles must feed and therefore also be exposed to predation or severe weather. Preferential feeding on fertilized foliage is likely because feeding on these seedlings is more energy efficient. Optimal foraging theory states that animals will choose feeding habits which maximize energy obtained from food and reduces time spent obtaining that food (MacArthur and Pianka 1996). Therefore, feeding on girdled foliage which is both less energy efficient and increases time spent feeding should not be adaptive for these beetles. It would appear to be more beneficial in the wild to feed on healthy foliage. 

Choice assay results appear to contradict the observation that adult beetles are most attracted to stressed or girdled trees for mating and oviposition (Cappaert et al. 2005, McCullough et al. 2009a, 2009b; Tluczek 2009). It is worthwhile to note, however, that even the fertilized seedlings were stressed in these outdoor planting conditions when compared to their vigor in the greenhouse in Group 1. It is possible that beetles exhibited no preference on which plants to land, but simply fed longer on fertilized seedlings after landing due to better food quality. However, this has not been tested for and beetles observed in the plantation were almost always on fertilized seedlings. It may be beneficial to repeat these studies on larger, more mature trees that are suitable for oviposition. Chapter 1 briefly touches on this issue, but more research is needed to compare adult A. planipennis foliage feeding choices with oviposition preferences. It is unclear what the association may be between adult host choices where both leaf feeding and oviposition are concerned. Understanding the relationship between host choice for oviposition and host choice for foliage feeding may shed light on A. planipennis adult behavior and host relations.
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