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Abstract

The root weevil Cyphocleonus achates was introduced into western Montana in 1988 as a biological control agent against spotted knapweed (Centaurea maculosa), an exotic invasive weed from Eurasia. Spotted knapweed has declining in areas where C. achates was released, and experiments were conducted to evaluate the role this weevil may play in knapweed decline. Field experiments were conducted from 2001 to 2003, and from 2002 to 2004, with groups of 20 knapweed plants exposed to 8 pairs, 2 pairs, or no adult C. achates. Knapweed mortality and vigor of surviving plants were followed for two years. In the 2001–2003 plot experiment, mortality increased with exposure to increasing numbers of C. achates, and root and shoot biomass, and plant height declined in surviving plants. Treatment effects persisted after two years, even though second-year weevil abundance no longer correlated with original treatment levels. In the 2002–2004 experiment, knapweed mortality was relatively high in all treatment groups. A pattern of reduced knapweed vigor with increased exposure to weevils, similar to the 2001–2003 experiment, was observed. This is the first report on impacts by C. achates on spotted knapweed, supporting the hypothesis that knapweed decline at C. achates release sites is due at least in part to their attack.
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1. Introduction

Spotted knapweed (Centaurea maculosa Lamarck (Asteraceae)) is an herbaceous perennial plant native to Eurasia, introduced in the Pacific Northwest US in the late 1800s, and now widespread in North America rangelands, pastures, and roadsides, particularly the western US and Canada (Duncan, 2001, Sheley et al., 1998, Skinner et al., 2000 and Watson and Renney, 1974). The genus Centaurea, including spotted knapweed, diffuse knapweed (C. diffusa Lamarck), and yellow starthistle (C. solstitialis L.), is the most serious noxious weed genus in North America, and spotted knapweed is one of the most serious noxious weed species (Skinner et al., 2000). Spotted knapweed invades disturbed sites across a broad range of ecological conditions, soil types, and altitude (Watson and Renney, 1974). These factors, combined with life history traits (perennial life form, prolific seed production) and the lack of natural enemies in its introduced range, may explain its dominance in western rangelands (Sheley et al., 1998 and Skinner et al., 2000). Areas dominated by spotted knapweed have reduced rangeland productivity, reduced foraging habitat for wild herbivores, and increased erosion and stream sedimentation (Lacey et al., 1989, Rice et al., 1997, Thompson, 1996 and Watson and Renney, 1974). Economic impacts exceed $10 million annually in Montana alone (Hirsch and Leitch, 1996).

Biological control efforts against spotted and diffuse knapweed began in the early 1970s (Müller et al., 1989). Thirteen insect species have been released to control the two weeds, and of the seven species well-established in the western US, four appear to be the most successful in contributing to spotted knapweed control—the seed head flies Urophora affinis Frauenfeld (Diptera: Tephritidae) and U. quadrifaciata (Meigen), the root moth Agapeta zoegana L. (Lepidoptera: Tortricidae), and the root weevil Cyphocleonus achates (Fahraeus) (Coleoptera: Curculionidae) (Lang et al., 2000 and Story and Piper, 2001). U. affinis and U. quadrifaciata, along with the seed head moth Metzneria paucipunctella Zeller (Lepidoptera: Gelechiidae), reduced seed production by 50–90% (Harris, 1991 and Story et al., 1989). Nonetheless, a more complete suite of agents was imported when it became apparent that reducing seed rain alone would not provide rapid control of spotted knapweed (Müller et al., 1989). The larvae of root attacking agents A. zoegana and C. achates attack different parts of knapweed roots (Müller et al., 1989), and their action appears to be cumulative rather than competitive. A. zoegana has reduced spotted knapweed vigor on some sites in western Montana (Müller, 1989 and Story et al., 2000).

Cyphocleonus achates was first introduced into North America in Montana in 1988 (Story et al., 1997), and is now widespread in Colorado, and distributed in more limited locations in seven other western states (Story and Piper, 2001). C. achates is a univoltine root weevil, with adults active in July–October in western Montana. Female weevils lay 1–3 eggs per day during their 30–60 day adult life-cycle, laying eggs individually in notches they create at the base of knapweed plants. Eggs hatch in 10 days, and larval development through four instars occurs in knapweed roots over the fall and subsequent spring (Stinson et al., 1994). Larvae feed on the cortex of the root and cause extensive damage (Müller et al., 1989).

Screening studies in Europe demonstrated that C. achates attacked spotted and diffuse knapweed exclusively (Stinson et al., 1994), and that mining of roots by larvae caused extensive root damage and reduced shoot biomass (Steinger and Müller-Schärer, 1992). Story et al., 1997, Wikeem and Powell, 1999 and Clark et al., 2001a, and Sturdevant et al. (2003) reported on conditions for successful establishment of C. achates in North America. Field releases of C. achates and subsequent monitoring of spotted knapweed (Clark et al., 2001b and Story et al., 2006) and diffuse knapweed (Seastedt et al., 2003) found declines in knapweed 5–7 years after release.

In the absence of untreated areas for controls it was not possible to attribute observed knapweed declines to C. achates, or to quantify its role in declines relative to other factors. Further, the action of C. achates specifically has only been examined in Eurasian knapweed plants of the diploid type (Müller-Shärer et al., 2004 and Ochsmann, 2001); C. achates effects have not been studied experimentally for the (presumed) tetraploid spotted knapweed in North America. We examined the impact of C. achates on spotted knapweed to test whether this weevil may be contributing to observed spotted knapweed declines in the field.

2. Materials and methods

2.1. Experiment 1, 2001–2003

The experiments were conducted at the MSU Western Agricultural Research Center in Corvallis, MT (46°20′N latitude, 114°05′W longitude, and elevation 1090 m). The average annual precipitation on the site is 29 cm; the average temperature is 14.4 °C, and the average frost-free period is 112 days.

The unique oviposition procedures in C. achates females are impossible to replicate in a laboratory setting, eliminating options for examination of effects of this weevil on individual plants with known numbers of eggs. Therefore, groups of spotted knapweed plants were exposed to different numbers of adult C. achates and tested for differences in average mortality rates and vigor in surviving plants. Small spotted knapweed rosettes were collected from field sites and transplanted into outdoor experimental plots in May 2001. Fifteen plots were planted with 20 plants each, arrayed in two rows 30 cm apart and at 30 cm intervals along each row. Plots were fenced off from one another at 60 cm intervals with 30 cm high aluminum flashing which largely prevented the weevils moving between plots.

Plots were assigned at random to one of three treatment groups (8 pairs, 2 pairs, or no adult weevils). Adult weevils were released in treatment plots in mid-August 2001, with females presumably ovipositing on knapweed plants through the remainder of their adult life cycle. Overwintering larvae emerged as adults in summer 2002 and oviposited on surviving knapweed plants for a second year. Although the number of pairs of adult weevils active in the second year could not be controlled, we had an estimate of the average number of weevils per plant emerging as adult in each plot in summer 2002, based on larval counts from a sample of plants collected in June 2002 (see below).

In each plot, the 20 spotted knapweed plants were assigned at random to one of three harvest times: June 2002, September 2002, or June 2003. The fate of each plant was followed through the course of the experiment, as well. Live plants were harvested to estimate vigor in each sample time, up to five plants both June and September 2002, and all remaining live plants (up to 10 plants) June 2003. Since only live plants were used for the analysis, if any of the randomly chosen plants in the plot were dead, the number of plants used for estimating attack and vigor for that plot was reduced accordingly.

The June 2002, sample allowed us to assess attack rate of C. achates and to test for treatment effects on plant vigor due to differential exposure to larval development in roots. Treatment effects through the subsequent growing season were assessed from plants sampled in September. Plants collected in June 2003, were used to estimate larval numbers and effects on plant vigor after a second year of attack by weevils.

Entire plants were harvested for examination. The taproot of each plant was extracted in its entirety, and fine roots were extracted as completely as possible. Soil was gently dislodged from the root ball by hand and using a water rinse. The following measurements, known to reflect spotted knapweed vigor (Story et al., 2001), were taken: the number of stems, length of the longest stem, and number of seed heads (for plants sampled at the end of the growing season). Additionally, roots collected each June were dissected and the number of C. achates larvae counted. Finally, shoots and roots were dried separately to constant weight for biomass.

2.2. Experiment 2, 2002–2004

The experiment was repeated in a second set of 15 twenty-plant arrays in 2002–2004, following the same procedures as in 2001–2003, except as noted below. Weevils were released in August 2002, fates of individual plants were tracked, and live plant samples were taken in June and August 2003, and June 2004. Two of the five control plots were invaded by weevils the first year, and were omitted from the experiment, reducing the initial number of replicates for control to three. Sample size was further reduced by June, 2004, when no surviving plants remained to be sampled for larval counts or vigor in some plots, resulting in sample sizes of three, four, and two for 8 pairs, 2 pairs, or no adult weevils, respectively.

2.3. Other biological control agents

Knapweed plants in outdoor experimental plots were susceptible to attack by other introduced biocontrol agents occurring in the area. We assumed that the attack rate by other biological control agents would be constant across treatment groups. To test this, we counted the number of larvae of the root moth A. zoegana at the same time C. achates larvae were sampled each June, and estimated the relative abundance of the seed head weevils Larinus obtusus Gyllenhal and L. minutus Hochhuth (Coleoptera: Curculionidae) by counting exit holes in seed heads at the end of the growing season.

2.4. Statistical analysis

Data were examined for non-normal distribution, and normalized using log or square root transformations, as necessary (Sokal and Rohlf, 1981 and SYSTAT, 2002). We used one-way ANOVAs to test for treatment effects on C. achates on larval counts in June samples, and two-way ANOVAs to test for treatment and sample time (beginning and end of growing season) effects after one year’s attack on mortality of spotted knapweed, aboveground and root biomass, number of stems, and plant height. We tested treatment effects on seed head counts with one-way ANOVAs. We used analysis of covariance (ANCOVA) to test for effects of initial treatments on mortality and vigor after two year, with larval counts the second year as the covariate to account for actual attack rate.

Significance levels were P = 0.05, adjusted according to Bonferroni to account for multiple comparisons (Sokal and Rohlf, 1981 and SYSTAT, 2002).

Analysis of each experiment was conducted separately, and results of the two experiments are presented separately.

3. Results

3.1. Effects of C. achates on knapweed within one year

3.1.1. Experiment 1

The three treatments (no adult weevils, 2 pairs, or 8 pairs) resulted in the establishment in June, 2002 of larval numbers proportional to that of C. achates weevils released in August, 2001 (F2,12 = 38.271, P < 0.0005; Fig. 1A). Plant mortality (number of dead plants) was greater in plots with high weevil numbers than those exposed to few or no weevils (F2,24 = 25.307, P < 0.0005; Fig. 2A), and greater after one winter than over the subsequent growing season (F1,24 = 4.690, P = 0.040; Fig. 2A).
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Fig. 1. Mean (back-transformed following square root [Y + 0.5] transformation, ±95% CI) number of Cyphocleonus achates larvae found in spotted knapweed roots for both Experiments 1 and 2 after (A) one winter (June) (n = 5 per treatment except for control treatment in Experiment 2 where n = 3) and (B) two winters (n = 5 per treatment in Experiment 1 and n = 2, 4, and 3 for treatments 0, 2, and 8 pair treatments, respectively, in Experiment 2) after exposure to different numbers of adults. Significant differences among treatment groups are denoted by different lower case letters for Experiment 1, and by different upper case letters for Experiment 2 (not significant after two years).
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Fig. 2. Mean (back-transformed following square root [Y + 0.5] transformation, ±95% CI) cumulative mortality of spotted knapweed plants exposed to different numbers of adult Cyphocleonus achates in (A) Experiment 1 (N = 5 per treatment group each sample time.) and (B) Experiment 2 (N = 3, 5, and 5 for the 0, 2, and 8 weevil pair treatments, respectively, for each sample time). Significant differences only in Experiment 1 denoted by different letters among treatment groups.

 Vigor in surviving knapweed plants was reduced with exposure to greater numbers of C. achates. Biomass of aboveground parts was reduced with increasing numbers of weevils (F2,24 = 14.106, P < 0.0005; Table 1). Plants were significantly larger across all treatment groups by the end of the growing season in comparison to early summer (F1,24 = 10.416, P = 0.004). Root biomass was greater in June for plants with few or no weevils (F2,12 = 3.931, P = 0.049; Table 1), but was not different among treatment groups by the end of the summer (F = 0.923; Table 1). Plant height (length of longest stem) was greater for plants exposed to few or no weevils (F2,24 = 17.521, P < 0.0005; Table 1). There were no differences in the number of stems (P = 0.117, Table 1) or the number of seed heads produced (P = 0.081, Table 1) at different treatment levels.

 Table 1.

Measures of vigor (means ± SE) of spotted knapweed plants exposed to different numbers of Cyphocleonus achates in Experiment 1

Weevil treatment

Control (n = 5)

2 pairs (n = 5)

8 pairs (n = 5)

Aboveground biomass (g)

  June 2002

282.9 (27.5)

216.7 (29.0)

113.0 (20.4)

  September 2002

269.5 (35.4)

177.1 (17.7)

145.6 (37.1)

  Treatment means

276.2 (21.2)A

196.9 (17.3)B

129.3 (20.7)C

Root biomass (g)

  June 2002

33.2 (1.6)A

34.5 (4.1)A

22.7 (3.5)B

  September 2002

39.0 (4.8)

37.5 (3.5)

35.9 (9.7)

  Treatment means

36.1 (2.6)

36.0 (2.6)

29.0 (5.3)

Number of stems

  June 2002

23.6 (1.9)

23.4 (2.0)

13.5 (3.0)

  September 2002

23.8 (1.1)

21.2 (1.5)

18.2 (2.4)

  Treatment means

24.0 (1.3)

19.0 (2.1)

18.0 (4.1)

Length of longest stem (cm)

  June 2002

116.4 (5.2)

116.8 (6.5)

86.4 (5.7)

  September 2002

113.1 (4.5)

113.7 (2.0)

92.5 (4.9)

  Treatment means

114.7 (3.3)A

115.3 (3.2)A

89.5 (3.7)B

Number of seed heads

  September 2002

734.2 (114.6)

427.3 (36.1)

455.1 (115.3)

Significant differences among treatments are denoted by different upper case letters.

3.1.2. Experiment 2

Spotted knapweed plants transplanted in May, 2002 did not initially grow as vigorously as those in Experiment 1, and the average number of larvae per plant root was lower in Experiment 2 than in Experiment 1. Nonetheless, larval counts varied between the control and treatments (F2,10 = 9.418, P = 0.005; Fig. 1A). Plant mortality over the first winter (2002–2003) was high in all plots regardless of treatment (P = 0.089, Fig. 2B), and as heavy over the course of the growing season as over the first winter of attack (P = 0.151, Fig. 2B).

As in the first experiment, vigor of surviving plants was reduced with exposure to increasing numbers of weevils. Aboveground biomass was reduced with exposure to increasing weevil numbers (F2,20 = 4.380, P = 0.026; Table 2), and increased over the growing season (F1,20 = 4.342, P = 0.050). Plant height declined with exposure to increasing weevil numbers (F2,20 = 3.807, P = 0.040; Table 2). In this experiment, there was no difference in root biomass (P = 0.526, Table 2) at different treatment levels or over time. As in the first experiment, the number of stems (P = 0.299, Table 2) and the number of seed heads produced (P = 0.566, Table 2) did not vary among treatments.

 Table 2.

Measures of vigor (means ± SE) of spotted knapweed plants exposed to different numbers of Cyphocleonus achates in Experiment 2

Treatment

Control (n = 3)

2 pairs (n = 5)

8 pairs (n = 5)

Aboveground biomass (g)

  June 2003

202.4 (38.3)

150.6 (20.9)

117.1 (10.0)

  August 2003

253.9 (66.8)

220.5 (35.2)

149.0 (42.0)

  Treatment means

227.3 (35.9)A

171.6 (18.0)AB

128.6 (18.6)B

Root biomass (g)

  June 2003

19.4 (2.0)

17.0 (0.9)

17.6 (3.1)

  August 2003

22.0 (6.6)

23.1 (1.5)

20.0 (5.2)

  Treatment means

21.9 (1.8)

20.1 (1.3)

18.8 (2.9)

Number of stems

  June 2003

20.0 (3.4)

19.3 (2.1)

15.1 (1.1)

  August 2003

16.6 (5.0)

20.2 (2.6)

16.5 (3.2)

  Treatment means

18.3 (2.5)

19.8 (1.6)

15.8 (1.6)

Length of longest stem (cm)

  June 2003

100.6 (7.6)

89.9 (2.7)

89.7 (4.4)

  August 2003

104.3 (3.2)

91.4 (6.0)

75.8 (9.7)

  Treatment means

102.6 (5.1)A

90.7 (3.1)AB

82.8 (5.5)B

Number of seed heads

  August 2003

885.2 (187.1)

741.5 (131.3)

480.8 (119.6)

Significant differences among treatments are denoted by different letters.

3.2. Effects of C. achates after two years of attack

3.2.1. Experiment 1

After two years, the average number of larvae per plant root no longer varied with the original treatment level. Rather, knapweed plants in the moderate weevil treatment corrals had higher numbers of weevil larvae than those in either high or control treatment corrals (F2,12 = 20.037, P < 0.0005; 2 pr > 0 pr = 8 pr; Fig. 1B). Mortality and some measures of plant vigor among survivors varied among the original treatment groups in the same manner they had after one year (Table 3), but the number of C. achates larvae present the second winter of the study was not a significant covariate with plant mortality or any measures of vigor (ANCOVA covariate P’s = 0.528–0.903).

 Table 3.

Effects of exposure of spotted knapweed to two years of attack by different numbers of Cyphocleonus achates on measures of plant vigor (means ± SE, except as noted below), in Experiment 1 and Experiment 2

Weevil treatment

Control (n = 5)

2 pairs (n = 5)

8 pairs (n = 5)

Experiment 1

Mortalitya,b
0.12 (20.3 ± 3.2)A

0.23 (28.9 ± 2.74)AB

0.30 (33.1 ± 2.5)B

Aboveground biomass (g)

200.5 (13.7)A

144.3 (42.2)AB

51.1 (20.0)B

Root biomass (g)

44.0 (4.4)A

41.6 (7.5)A

15.7 (4.5)B

Number of stems

31.8 (3.2)

23.6 (6.9)

13.6 (3.9)

Length of longest stem (cm)

79.3 (3.2)

73.6 (10.3)

63.3 (11.6)

(n = 3)

(n = 5)

(n = 5)

Experiment 2

Mortalitya,c
0.75 (59.8 ± 2.6)

0.74 (59.3 ± 1.9)

0.84 (66.6 ± 1.8)

(n = 2)

(n = 4)

(n = 3)

Aboveground biomass (g)

241.0A

134.2 (30.4)AB

52.9 (27.8)B

Root biomass (g)d
57.9 (4.1)A

53.3 (4.0 ± 0.2)AB

10.0 (2.3 ± 0.9)B

Number of stems

33.4

23.8 (5.2)

9.3 (4.0)

Length of longest stem (cm)

87.1

75.3 (4.3)

57.3 (10.8)

Significant differences among treatments are denoted by different upper case letters.

a Means are back-transformed; numbers in parentheses are arcsine transformed means ± SE.

b Mortality was measured as the proportion of plants alive at the beginning of the sampling interval [September, 2002] that were dead at the final sample time.

c Mortality was measured as the proportion of plants alive at the beginning of the sampling interval [August, 2003] that were dead at the final sample time.

d Means are back-transformed; numbers in parentheses are natural logarithm transformed means ± SE.

Mortality (the proportion of plants alive at the beginning of the sampling interval [September, 2002] that were dead at the final sample time) was greater at the high weevil treatment level than controls (F2,12 = 5.079, P = 0.025; Table 3). Aboveground biomass was the only measure of vigor for which a significant interaction between original treatment levels and number of larvae per root was found (Fig. 3). Aboveground biomass declined with increasing larval numbers for control plots (P = 0.037), but not for moderate (P = 0.198) or high weevil treatment plots (P = 0.067; Fig. 3).
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Fig. 3. Aboveground biomass of spotted knapweed as a function of Cyphocleonus achates attack rate after two years’ exposure to adult weevils for different treatment groups in Experiment 1. The relationship is significant for ‘0 pr’ plots, but not for ‘2 pr’ or ‘8 pr’ treatment plots.

 Overall, aboveground biomass was greater among plants in control plots relative to the high weevil treatment group (F2,12 = 7.207, P = 0.009; Table 3), and root biomass was greater among plants in both control and moderate weevil treatment plots relative to the high weevil treatment group (F2,12 = 7.645, P = 0.007; Table 3). Plant height no longer varied significantly between treatments, although the number of stems tended to be greater in controls relative to the high weevil treatment group after the second winter of attack (P = 0.066, Table 3).

3.2.2. Experiment 2

In Experiment 2, after two years no relationship was found between the number of weevil larvae in knapweed roots and original treatment level (Fig. 1B). Some measures of vigor of surviving plants varied with the original treatment groups (Table 3), but the number of C. achates larvae present the second winter of the study was not a significant covariate (ANCOVA covariate P’s = 0.091–0.385).

As in Experiment 1, aboveground biomass continued to be greater for plants from control plots than from the high weevil treatment plots (F2,6 = 8.066, P = 0.020; Table 3), and root biomass was greater for control plot plants than those in the high weevil treatment plots, as well (F2,5 = 5.865, P = 0.049; Table 3).

3.3. Other biological control agents

The relative abundance of A. zoegana and Larinus spp. did not vary among treatment groups after one year in Experiment 1 (A. zoegana: F2,12 = 0.336, P = 0.721; Larinus spp.: F2,12 = 2.277, P = 0.145; Table 4), or Experiment 2 (A. zoegana: F2,10 = 0.188, P = 0.767; Larinus spp.: F2,10 = 0.187, P = 0.832; Table 4), nor after two years in Experiment 1 (A. zoegana: F2,12 = 2.640, P = 0.112; Table 4) or Experiment 2 (A. zoegana: F2,6 = 2.054, P = 0.209; Table 4).

 Table 4.

Mean (back-transformed following square root [Y + 0.5] transformation) relative abundance of Agapeta zoegana and Larinus spp. in spotted knapweed plants exposed to different numbers of Cyphocleonus achates in plot experiments

Weevil treatment

Control

2 pairs

8 pairs

Experiment 1

2002

(n = 5)

(n = 5)

(n = 5)

A. zoegana

5.2 (1.8 ± 0.2)a
6.3 (2.0 ± 0.2)

5.9 (1.9 ± 0.2)

Larinus spp.

34.4 (5.4 ± 0.6)

32.3 (5.4 ± 0.6)

19.8 (5.2 ± 0.5)

2003

(n = 5)

(n = 5)

(n = 5)

A. zoegana

9.7 (2.6 ± 0.2)

6.0 (2.0 ± 0.4)

4.4 (1.6 ± 0.4)

Experiment 2

2003

(n = 3)

(n = 5)

(n = 5)

A. zoegana

5.0 (1.7 ± 0.4)

4.8 (1.6 ± 0.1)

4.3 (1.6 ± 0.1)

Larinus spp.

3.6 (1.4 ± 0.4)

3.2 (1.3 ± 0.2)

4.2 (1.5 ± 0.3)

2004

(n = 2)

(n = 4)

(n = 3)

A. zoegana

22.2 (4.2)

15.9 (3.5 ± 1.0)

4.5 (1.6 ± 0.5)

None of the differences among treatments are significant.

a Numbers in parentheses are square root transformed means ± SE.

4. Discussion

We demonstrated that C. achates is capable of killing spotted knapweed and reducing vigor in surviving plants under experimental conditions. As expected, larval counts in knapweed roots after one winter were proportional to initial treatment level of the previous summer, while knapweed mortality increased and vigor decreased proportionally. After a second winter, the average number of weevils per plant root no longer followed initial treatment levels. This is not surprising; in the high weevil treatment group, the roots of surviving plants were relatively small and may have been too damaged to support large numbers of larvae a second winter. Nonetheless, plant response continued to exhibit effects from the original treatment levels. Plants may initially survive attack by large numbers of C. achates, but may be stressed to the point that they continue to decline or die in the long term.

The effects demonstrated here experimentally suggest that C. achates can have a greater impacts on spotted knapweed than previously reported. For example, Steinger and Müller-Schärer (1992) found no effects of root feeding by C. achates or A. zoegana on spotted knapweed root biomass, and hypothesized that knapweed can show compensatory root growth (see also Müller, 1989). Apparently, C. achates can reduce root biomass, but only when larval densities are sufficiently high and/or over multiple years of attack. It was only after the second year of attack that root biomass showed a significant decline at the high weevil treatment level in Experiment 2, and knapweed mortality increased in Experiment 1 after two years of attack. Additionally, our experiments show that current C. achates numbers do not necessarily reflect the history of attacks and their long-term effects. This may explain why Clark et al. (2001b) found declining spotted knapweed 5–7 years after the release of C. achates and A. zoegana, but no correlation between declining populations of knapweed and establishment of these biocontrol agents.

Although spotted knapweed is relatively drought-tolerant, it may become more vulnerable to drought when under attack by C. achates. The experiments presented here encompassed a four year period that included precipitation and temperature extremes, with a wet, mild summer in 2001, drought and high temperatures in 2002 and 2003, and a wet spring in 2004. Thus, the timing of available moisture for plant growth varied between the two experiments. During Experiment 1, year 1 (2001) was cool and moist, and year 2 (2002) and the third spring (2003) were hot and dry. Both years 1 (2002) and 2 (2003) were hot and dry during Experiment 2, although the third spring (2004) was moderate. Knapweed plants were initially smaller and less vigorous in Experiment 2 than in Experiment 1. Mortality occurred in all plots in Experiment 2, and treatment effects on mortality from C. achates attack were not detectable the first year. Weevil numbers exploded in the second year of Experiment 2, compensating for the initial low establishment rates, yielding results similar to Experiment 1: spotted knapweed root and aboveground biomass, and plant height declined. The remarkable similarity in knapweed response between the two experiments under different initial conditions suggests that C. achates may have predictable impacts as a biological control agent on this noxious weed.

Initial establishment densities of C. achates were low the first year of Experiment 2 in contrast to Experiment 1 (Fig. 1A). In British Columbia, the size of populations of C. achates after release was a function not only of release density, but also of spotted knapweed vigor and population size (Wikeem and Powell, 1999). When conditions such as poor weather and disease prevented knapweed plants from thriving, C. achates numbers were constrained (Wikeem and Powell, 1999). The serendipitous timing of our experiments appears to confirm this effect.

Declines in knapweed density have been observed on valley floor sites in western Montana where C. achates have been released over the past decade (Story et al., 2006). Larval densities at these sites have been comparable to those found at high levels of attack in our experiments. For example, at one site where C. achates were released in the mid 1990s, the number of larvae per root averaged 9 and 11 in 2001 and 2002, respectively (range 1–38 and 2–28; n = 22 and 9 plants, respectively; J. Corn, unpublished data). Based upon our experimental results, we suggest that C. achates has contributed to the knapweed declines at these sites.

This is the first report of impact of the biological control agent C. achates on spotted knapweed. C. achates can stress knapweed plants to the point of death or reduced vigor, and effects can persist for more than one year. 
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