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28 Abstract— After decades of multiyear defoliation episodes in southern New England, 

29 Lymantria dispar dispar (LDD; previously gypsy moth) populations collapsed with the 

30 appearance of the LDD fungus in 1989. Multiyear defoliations did not occur again until 2015-

31 2018. To assess the impact of the return of multiyear defoliations, we examined 3095 oaks on 29 

32 permanent study areas in Connecticut and Rhode Island that were established at least eleven 

33 years before the latest outbreaks. Pre-defoliation stand level oak mortality averaged 2% (three-

34 year basis). Post-defoliation mortality did not differ between managed and unmanaged stands, 

35 but was much higher in severely defoliated stands (36%) than in stands with moderate (7%) or 

36 low-no defoliation (1%). Pre-defoliation mortality of individual trees differed among species, 

37 was lower for larger diameter trees and on unmanaged than managed stands. Post-defoliation 

38 mortality on plots with no to moderate defoliation was similar to pre-defoliation mortality levels. 

39 Following multiyear defoliations, white oak mortality was higher than for northern red and black 

40 oak. There was weak evidence that mortality was elevated on stands with higher basal area 

41 following severe defoliation. Natural resource managers should not assume that oaks that 

42 survived earlier multiyear defoliations episodes will survive future multiyear outbreaks, possibly 

43 because trees are older.

44

45 Keywords: Quercus, disturbance, gypsy moth, Lymantria dispar, drought

46
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49

50 INTRODUCTION

51 Since its escape in eastern Massachusetts in the 1860s, Lymantria dispar dispar L. (LDD; 

52 formerly known as European gypsy moth) has spread to nineteen US states and five Canadian 

53 provinces (APHIS 2020). LDD defoliated over 7.0 million hectares between 2000-2019 in the 

54 United States (USDA Forest Service 2021). Although the rate of expansion has been slowed by 

55 the national “Slow the Spread” program, it is likely that the range of LDD will continue to 

56 expand. Because oaks (Quercus spp.) are a preferred host species, elevated mortality of oaks 

57 after repeated defoliations are accelerating the loss of these keystone species in eastern North 

58 America (Morin and Liebhold 2016).

59

60 In Connecticut, LDD was first seen in 1905, with the first large-scale, leading-edge defoliations 

61 (sensu Davidson et al. 1999) that caused notable mortality occurring in the 1960s. Subsequent 

62 large-scale defoliations occurred periodically through the late 1980s. Gypsy moth populations 

63 vary tremendously from year to year, with large-scale defoliations often occurring at five to ten-

64 year intervals (Johnson et al. 2006, Bjørnstad et al. 2010). Mortality of upper canopy oaks was 

65 highly elevated following multiyear, but not single year, defoliation episodes during this period 

66 (Ward 2007). Other studies have noted mortality is elevated by multiyear events, especially 

67 compared to single year (Fosbroke and Hicks 1989, Morin and Liebhold 2016)  

68

69 Collapses of LDD outbreak populations prior to 1990 were often caused by parasitoids and 

70 diseases including “wilt” disease caused by nucleopolyhedrosis virus (Podgwaite et al. 1979). 

71 The unexpected appearance in New England in 1989 of the east Asia LDD fungus 
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72 (Entomophaga maimaiga) caused a regional collapse of LDD populations (Andreadis and 

73 Weseloh 1990). High humidity is required for discharge of the conidial spores responsible for 

74 widespread caterpillar infection during a given year and resting spore germination is higher when 

75 watered in the field (Hajek 1999); i.e., periods of average to above average precipitation during 

76 late spring/early summer (Andreadis and Weseloh 1990, but see Elkinton et al. 2019). 

77

78 In areas where the LDD fungus is established, outbreaks likely require not only low pupae 

79 predator populations, primarily small rodents (Grushecky et al. 1998), but possibly dry springs 

80 which are not conducive to widespread infection of caterpillars by the fungus. This dual set of 

81 conditions could in part explain the nearly thirty-five year gap between the regional outbreaks in 

82 1981 and those of 2015-2018 (Fig. 1). There was a limited outbreak in 2005-2006, but at most 

83 8K ha had 50% or greater defoliation both years in Connecticut and there were no reports of 

84 widespread oak mortality. The extended period without significant oak mortality induced by 

85 multiyear defoliation episodes lulled foresters and natural resource managers in southern New 

86 England to believe that multiyear defoliation episodes would no longer occur. This belief was 

87 shattered by the defoliations of 2015 (132K ha), 2016 (325K ha), 2017 (825K ha), and 2018 

88 (132K ha) in southern New England (USDA Forest Service 2021).

89

90 Elevated individual tree mortality following defoliation has been associated with trees in the 

91 lower canopy position, low tree (crown) vigor, repeated and more severe defoliation, and higher 

92 oak abundance in stand (Campbell and Sloan 1977, Herrick and Gansner 1987, Fosbroke and 

93 Hicks 1989, Gottschalk et al. 1998, Davidson et al. 1999). It should be noted that vulnerability 

94 among oak species differs among studies (Ward 2007) and may be related to species-site 
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95 interaction (Davidson et al 1999). Commonly identified risk factors for higher stand mortality 

96 include increased duration and intensity of defoliation, increased amount or proportion of 

97 preferred species in stand, and low quality sites (Bess et al. 1947, Fosbroke and Hicks 1989). 

98 Increased mortality has also been reported on high quality sites during periods of drought 

99 (Davidson et al. 1999). 

100

101 Objectives

102 After a second year of defoliation in southern New England, extensive areas with high mortality 

103 developed which required emergency responses by state and municipal officials to remove dead 

104 trees from roadsides, parks, hiking trails, and near structures, and to capture some volume by 

105 harvesting dead trees while they remained salvageable. Therefore, the objectives of this study 

106 were to (1) document the effects of most recent multiyear defoliations on stand and individual 

107 tree mortality and (2) compare predictive factors of mortality risk of the recent multiyear 

108 defoliations with those factors in the literature. It is hoped this information would be of interest 

109 to foresters and other natural resource managers who are responsible for mature hardwood stands 

110 that had not experienced repeated, severe defoliation for several decades.

111

112

113 STUDY AREAS

114 Because both the spatial and temporal occurrence of multiyear regional defoliation events are 

115 unpredictable, we examined the impacts of defoliation on stand level mortality and individual 

116 tree mortality and diameter growth using pre-existing study areas located in Connecticut and 

117 eastern Rhode Island (Table 1). Study areas had different sampling schemes as they were part of 
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118 several different studies. A summary of the sampling scheme used at each study area can be 

119 found in Appendix 1. Trees on all study areas had been monitored since 2004 or earlier. These 

120 data sets provided a baseline of pre-defoliation mortality and growth.

121

122 Typical of most southern New England forests, the study areas were second-growth forests that 

123 originated in the early 1900s following a century or more of pasture, cultivation, and/or repeated 

124 cutting for charcoal and other wood products. Upper canopies were predominately upland oaks 

125 with admixtures of white pine (Pinus strobus L. )/black birch (Betula lenta L.) on drier sites and 

126 red maple (Acer rubrum L.)/American beech (Fagus grandifolia Ehrh.)/northern hardwoods on 

127 more mesic sites. With the possible exception of a few smaller trees, the oaks included in this 

128 study were survivors of several periods of regionwide defoliations between 1961-1982 (Fig. 1) 

129 and initiation of another widespread defoliation in 1989 that was suppressed by the initial 

130 appearance of LDD fungus in North America (Andreadis and Weseloh 1990). There was a single 

131 year of defoliation in 2006, but we observed little, if any, increase in mortality on monitored 

132 plots.

133

134 Southern New England is in the northern temperate climate zone. Average annual precipitation 

135 evenly distributed over all months and varies from 1350 mm in northwest Connecticut and 

136 Rhode Island to 1160 in central Connecticut (NOAA 2020). The region experienced a period of 

137 moderate to severe growing season drought between 2015-2017 (Fig. 2). Mean monthly 

138 temperature range from -6.2C in January and 20.0C in July in northwest Connecticut to -3.2C in 

139 January and 23.1C in July in central Connecticut. There is an average of 176 frost free days per 

140 year. The topography is gently rolling with plot elevations ranging from 50 to 350 m MSL. Soils 
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141 were Inceptisols derived from granite, gneiss, and schist which included Typic and Lithic 

142 Dystrudepts ablation (meltout) tills and Oxyaquic and Aquic Dystrudepts ablation tills over basal 

143 (lodgment) tills (Table 1). The basal till layers restricts root growth and creates a seasonally 

144 perched water table. Soil descriptions are from SoilWeb (O’Geen et al. 2017).

145

146

147 METHODS

148 Field Measurements

149 In 2018 and 2019, diameter and canopy position (upper – dominant or codominant, lower – 

150 intermediate or suppressed) were noted for all live trees. An estimate of mortality year was 

151 recorded for dead trees (details below), except for the crop tree study where exact year of 

152 mortality was known. While all species were included in measurements, only four species of 

153 oaks were included in this analysis: northern red oak (Quercus rubra L.), black oak (Q. velutina 

154 Lam.), white oak (Q. alba L.), and chestnut oak (Q. montana Willd.). Only oaks with an initial 

155 (pre-defoliation) diameter of 10 cm or greater in 2004 were included in the analysis. 

156 Measurements were taken during the growing season when surviving trees still had green leaves. 

157 Mortality estimates were as follows: died current year (attached brown leaves throughout 

158 crown), died previous year (few if any attached dead leaves, fine twigs remaining throughout 

159 crown), died two years previously (many fine twigs broken off, first order branches still 

160 attached), died earlier (most fine twigs gone, many branches broken, or fungus fruiting through 

161 bark). These estimates were informed by the authors’ decades of experience noting mortality on 

162 annually monitored plots. At least one of the authors was responsible for all mortality estimates.

163
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164 As with all post hoc observational studies, there were limits to the design and some 

165 measurements. Ideally, plots would have been randomly established across the landscape at least 

166 several years before defoliations in areas that would have then experienced a range of intra- and 

167 inter-year defoliation intensities. In lieu of this idealized design, we utilized study areas with 

168 individual tree measurements that had been established at least eleven years prior to the latest 

169 period of defoliation. While acknowledging that these limitations increase the data uncertainty, 

170 we believe that the general conclusions are fairly robust because of a large data set in terms of 

171 the number of study areas (n=29) and individual trees (n=3095) examined.

172

173 Another limitation is that actual defoliation intensity and duration at individual study plots was 

174 not explicitly noted until the 2018 and 2019 surveys. However, the authors visited most 

175 Connecticut plots annually to either complete diameter measurements or to insure there has been 

176 no disturbance and thus were able to provide a qualitative assessment of defoliation in earlier 

177 years. For plots not visited, local foresters provided an assessment of general defoliation 

178 intensity in the area in previous years. Gottschalk et al. (1998) reported models of individual tree 

179 mortality were improved with the addition of the highest amount of defoliation observed in any 

180 year. However, they acknowledged that their approach did not include the effect of multiyear 

181 defoliations found important in other studies (Morin and Liebhold 2016). Therefore, we initially 

182 categorized defoliation severity into levels based on the observations of the authors or local 

183 foresters: none (no or light defoliation), moderate (single year or less than 50% defoliation), and 

184 severe defoliations (two or more years of 50% defoliation).

185
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186 Lastly, we note that the short-term nature of this study will not capture all of the mortality 

187 initiated by the recent defoliations as some weakened trees still alive during our survey will 

188 succumb to secondary stressors such as twolined chestnut borer (Agrilus bilineatus Weber) and 

189 Armillaria (Armillaria mellea Vahl:Fr.). It is probable that oak mortality will remain elevated in 

190 defoliated areas for at least several more years (Muzika et al. 2000).

191

192

193 Data Analysis

194 Stand level

195 Because pre-defoliation mortality values were measured over different intervals (Appendix), 

196 they were converted to a common 3-year basis that also allowed direct comparisons with the 

197 observed three-year post-defoliation interval (Table 2). A logit transformation of mortality values 

198 was completed to improve normality prior to analyses (Warton and Hui 2011). Using only study 

199 areas with a management contrast, i.e. both managed and unmanaged plots were present, 

200 separate analysis of pre- and post-defoliation stand mortality rates (dependent variables) were 

201 completed using SYSTAT 13.2 Linear Mixed Model subroutines with TREAT (managed, 

202 unmanaged), DEFOL (none, moderate, severe), and TREAT × DEFOL interaction as fixed 

203 factors and study area as the random effect. Tukey’s HSD test was used to test differences 

204 among defoliation levels in this and subsequent analyses. Differences were considered 

205 significant at P < 0.05. When initial analyses found stand pre- and post-defoliation mortality 

206 rates were  independent of both TREAT and TREAT × DEFOL effects (See Results), all study 

207 areas were used to examine pre- and post-defoliation stand mortality rates with DEFOL as a 

208 fixed factor, initial stand oak basal area (BA) and density (DEN) as fixed covariates, and study 
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Figure 2. Palmer drought severity index during the past 100 years in Connecticut (source: NOAA 2020) 
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Figure 3 – Pre- and post-defoliation stand level mortality of combined oaks by defoliation severity. 
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Figure 4. Stand level post-defoliation mortality by defoliation severity and oak stand basal area. 
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Figure 5. Comparison of (a) pre- and (b) post-defoliation models and validation data for stands with no to 
moderate defoliation in southern New England. Model means and CI based on logistic regression parameters 

estimates found in Tables 5 and 6. 
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Figure 6. Post-defoliation mortality model estimates compared with validation data for stands following 
severe defoliation in southern New England. Graphs based on logistic regression parameters estimates found 

in Table 7. 
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1

2 Appendix 

3

4 While some studies measured trees with diameters less than 10 cm, only trees with diameters of 

5 at least 10 cm were included in this analysis.

6

7 Blue Ribbon (Ashford, Hawes, Pikes, PinBlu, PinYel). Collaborative study with CT DEEP. 

8 Plots were established in 1930s and relocated in late 1990s. There has been no management 

9 except limited firewood salvage in early 1980s. Plot sizes were 0.4 ha, except PinBlu and PinYel 

10 which were 0.2 ha. Diameters and crown classes were measured in 2000. Gypsy moth 

11 assessments completed in October 2018. 

12

13 Connecticut College (Bolles) Study established and maintained by Connecticut College. 

14 Diameters have been measured every ten years since 1952 with pre-defoliation measurements in 

15 2002 and 2012. Stems mapped one four 6 m wide transects with a total length of 1342 m (0.8 

16 ha). There has been no management. Gypsy moth assessments completed in July 2019. Further 

17 details can be found in Small et al. (2005). 

18

19 Cutting methods (WMF, RWA) Collaborative study with SCC Regional Water Authority and 

20 White Memorial Foundation. Plots were established in earlier 1980s with a second cutting cycle 

21 in 2001. Pre-defoliations diameter and crown class measurements were completed in 2004 using 

22 permanently numbered trees on 10-factor (Imperial) prism plots. Gypsy moth assessments 

23 completed in October 2018. The third replicate of study not included because of extensive 

24 windstorm damage in May 2018. Further details can be found in Ward et al. (2005).

25

26 Maramos crop tree (BearPole, BearSaw, ChinaPole, RockSaw) Collaborative study with 

27 Eversource Energy and Ferrucci and Walicki, LLC. Trees in study areas established in 1994 

28 were randomly assigned to complete release completed in 1995 or no release. Diameters were 

29 measured annually through 2012, crown classes in 1994 and 2011. Gypsy moth assessments 

30 completed in October 2018. Further details can be found in Ward (2008).

31
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32 Mature Oak (Ham, MDC, TuD, TuN, TWC, Win) Collaborative study with CT DEEP, 

33 Metropolitan District Commission, and Torrington Water Company. Diameters and crown 

34 classes have been measured annually since 2004. Each study area had a 50x50 m unmanaged 

35 control and two 50x50 m plots where stocking had been reduced to 60%. Harvests were 

36 completed between 2003-2006. Gypsy moth assessments completed in autumn 2018. Further 

37 details can be found in Ward and Wikle (2019). 

38

39 New-Series (Gay City, Natchaug) Collaborative study with CT DEEP. Diameters and crown 

40 classes have been measured every ten years since 1960 with pre-defoliation measurements in 

41 2000 and 2010. Across all plots trees mapped on thirty-seven 10 m wide transects with a total 

42 length of 1,340 m (1.3 ha). There has been no management. Gypsy moth assessments completed 

43 in October 2018. Further details can be found in Ward (2005).

44

45 Old-Series (Turkey, Cox, Reeve, Cabin) Collaborative study with CT DEEP. Diameters and 

46 crown classes have been measured every ten years since 1927 with pre-defoliation measurements 

47 in 1997 and 2007. Across all plots trees mapped on thirty-six 10 m wide transects with a total 

48 length of 11,064 m (11.1 ha). There has been no management. Gypsy moth assessments 

49 completed in October 2019. Further details can be found in Ward et al. (2013).

50

51 Providence Water (PW00, PW01, PW02, PW03) Study established and maintained by 

52 Providence Water. A series of 0.08 ha plots with permanently identified trees. Diameters were 

53 measured at five year intervals. Because sample sizes of individual plots were small, all plots 

54 within a given sample year were pooled; i.e., PW00 contains all plots measured in 2000, 2005, 

55 2010, and 2015. Gypsy moth assessments completed in August 2019. Some plots in each pool 

56 were thinned and others unmanaged.

57

58

59
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