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15 Abstract

16 Canopy defoliation is an important source of disturbance in forest ecosystems that has rarely been 

17 represented in large-scale manipulation experiments. Scalable crown to canopy level experimental 

18 defoliation is needed to disentangle effects of variable intensity, timing, and frequency on forest structure, 

19 function, and mortality. We present a novel pressure washing-based defoliation method that can be: 

20 implemented at the canopy-scale, throughout the canopy volume, targeted to individual leaves/trees, and 

21 completed within a timeframe of hours/days. Pressure washing proved successful at producing consistent 

22 leaf-level and whole-canopy defoliation with 10-20% reduction in leaf area index and consistent leaf 

23 surface area removal across branches and species. This method allows for stand-scale experimentation on 

24 defoliation disturbance in forested ecosystems and has the potential for broad application. Studies 

25 utilizing this standardized method could promote mechanistic understanding of defoliation effects on 

26 ecosystem structure and function and development of synthetic understanding across forest types, 

27 ecoregions, and defoliation sources. 

28

29 Keywords: defoliation, experiment, herbivory, canopy, disturbance
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31 1. Introduction

32 Large-scale experimental manipulations have been essential to advancing knowledge about 

33 ecosystem processes (e.g., Ainsworth and Long 2005, Templer et al. 2017). For example, experiments 

34 emulating variable disturbance severity, timing, frequency, and extent have produced substantial 

35 understanding of the impacts of disturbance on ecosystem structure and function (e.g., Ellison et al. 2010, 

36 Gough et al. 2013). In some cases, experimental manipulations utilize or closely mimic actual disturbance 

37 mechanisms, such as controlled burning to emulate wildfire disturbance (e.g., Peterson and Reich 2001) 

38 or water spraying in sub-zero conditions to emulate ice storm damage (Rustad and Campbell 2012). Other 

39 experiments have used more artificial techniques to disturb forest canopies, such as stem girdling to 

40 emulate phloem disruption (Gough et al. 2013), or mechanical winching to simulate wind throw (Plotkin 

41 et al. 2013). In global change experiments, disturbances are often emulated through individual organism 

42 to ecosystem-scale manipulations of environmental stressors, such as rain out shelters in drought 

43 experiments (Gherardi and Sala 2013) or soil heating systems (Templer et al. 2017). Together, the many 

44 large-scale disturbance experiments implemented by ecologists have contributed to cross-disturbance 

45 synthesis work (Hicke et al. 2012) and aided in modeling the effects of disturbance on ecosystem 

46 structure and function (Dietze and Matthes 2014).

47 Among the numerous forms of disturbance mimicked experimentally, canopy defoliation stands 

48 out as an important source of disturbance in forest ecosystems that has rarely been represented in large-

49 scale manipulation experiments despite its massive global impact and increasing extent (Anderegg et al. 

50 2015, Fei et al. 2019). Defoliation can occur as a result of herbivory, pathogens, or through mechanical 

51 means (e.g., hailstorms or hurricanes; Dobbs and McMinn 1973, Shiels et al. 2014). Most extensive and 

52 severe defoliation events are related to insect pests, and patterns of defoliation timing and intensity vary, 

53 with cyclical, outbreak, and background herbivory all common in nature (Kautz et al. 2017). In deciduous 

54 forests with short leaf lifespans canopy defoliation often results in only partial or temporary disturbance 

55 and sub-mortality effect on trees, whereas in evergreen species (needle-leaf or broad-leaf) defoliation is 

56 more likely to result in mortality (Foster 2017). Defoliation events often occur as multi-year outbreaks 
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57 with high mortality rates resulting after consecutive growing seasons, prompting a cascade of effects on 

58 ecosystem structure and function (Morin and Liebhold 2016, Chen et al. 2017). Defoliation can also 

59 interact with other disturbances (such as drought or wind), with the potential to have amplifying effects 

60 on mortality and ecosystem structure and function (Anderegg et al. 2015, Buma 2015). 

61 In the absence of a scalable experimental approach, research on the structural and functional 

62 effects of defoliation at the ecosystem scale in forests has been largely associated with opportunistic and 

63 retrospective field studies (e.g., Stephens et al. 1972, Lovett et al. 2002) or modeling experiments 

64 (Medvigy et al. 2012). Experimental defoliation has largely been limited to assessment of effects on 

65 individual plants and crowns using clipping, hole-punching, and leaf mutilation—with studies primarily 

66 conducted in controlled environments such as greenhouses and growth chambers (Hjalten et al. 1993, 

67 Krause and Raffa 1996, Tong et al. 2003, Wu et al. 2020). While the combination of the above types of 

68 studies have contributed greatly to our understanding of the effects of defoliation and the mechanistic 

69 basis of leaf and plant responses, there is a need to represent herbivory and other defoliation 

70 experimentally and at the scale that ecosystem and community processes occur. Large-scale 

71 experimentally induced defoliation is critical to unraveling several knowledge gaps related to defoliation 

72 effects on mortality outcomes and alteration of ecosystem structure and function. For example, 

73 ecosystem-scale experimental defoliation is necessary to isolate the effects of variable defoliation sources, 

74 intensity, timing, and frequency and separate these disturbance characteristics from co-varying factors 

75 such as climate, soils or forest composition (Atkins et al. 2020). In addition, as the frequency, 

76 distribution, and severity of other forms of disturbance changes, experimental work focused on 

77 disentangling the interaction of defoliation with other disturbance agents will be essential to predicting 

78 and modeling forest ecosystem response and functioning (Anderegg et al. 2015, Buma 2015).  

79 Experimental manipulations could also greatly enhance our ability to evaluate and model the potential 

80 future impact of novel defoliators and combinations of disturbances on ecosystem processes such as C 

81 sequestration and nutrient cycling (Anderegg et al. 2015, Buma 2015). To date there has been no widely 

82 accepted method to produce stand or ecosystem-scale defoliation in vegetation canopies. Here we present 
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83 a new method for experimental canopy defoliation in forests and other vegetated ecosystems, detail 

84 results of a pilot study aimed at developing and testing the method, and discuss its broad applicability and 

85 utility.

86

87 2. Materials and Implementation

88 Canopy defoliation events may be spatially and temporally diffuse disturbances that affect all 

89 layers of the canopy concurrently, but, alternatively, defoliation may occur dynamically in space and time 

90 (e.g., affecting specific species; Campbell and Sloan 1977). Disturbances unfold over a range of time 

91 scales, from a matter of minutes (e.g., in a hail storm; Dobbs and McMinn 1973) to weeks/months (e.g., 

92 in an insect herbivore outbreak; Schowalter et al. 1986). Thus, the goal of this method development was 

93 to design a flexible and scalable experimental approach that could be implemented throughout the canopy 

94 volume, be targeted to individual leaves, trees, or whole-canopies and, secondarily, be completed within a 

95 timeframe of hours to days depending on the intensity and spatial extent of manipulation. 

96 Our experimental method uses a high pressure water stream applied at close proximity to the 

97 leaf/twig to defoliate tree branches and crowns. Initial tests indicated that a medium to heavy duty (2000-

98 3000 PSI) consumer-grade pressure washer produced enough force to perforate leaves or remove them 

99 completely from the twig, but produced very limited damage to twigs, bark, and buds (e.g., Supplemental 

100 Material, Fig. S5). However, close proximity of the pressure washer nozzle to the leaf (<1m) was needed 

101 to produce this effect (and was also necessary to allow for discrimination and targeting of individual 

102 leaves/branches). Therefore, to experimentally emulate a whole-, and particularly upper, canopy 

103 defoliation event using a pressure washer it was necessary to have a canopy access system that could be 

104 positioned within 1m of the targeted canopy area. 

105 Many different canopy access strategies have been utilized in forest ecology research, including 

106 tree climbing, rope networks, fixed/semi-permanent towers, and maneuverable lift vehicles (Barker and 

107 Pinard 2001). We utilized a 20-m high maneuverable, off-road, lift platform vehicle (Fig. 1d) which 

108 provided: interior forest access via small woods roads or skid trails, upper canopy access (to the 22 m tall 
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109 canopy), a stable aerial platform (Fig. 1e), and platform maneuverability within the canopy once aloft. 

110 These types of lift vehicles are not specialized research equipment, require relatively minimal training to 

111 operate, and are commonly used in construction and utility fields making them potentially available on or 

112 near campuses and other locations where research occurs. To facilitate defoliation from the aerial 

113 platform we utilized a 33m high pressure hose attached to the pressure washer on the ground (Fig. 1c), a 

114 long (1.5m) wand nozzle (Fig. 1f), and utilized a large water tank (~1800 liters) to provide ample water 

115 for the pressure washing-based defoliation (Fig. 1b); water was pumped from a nearby lake and 

116 transported to the study site in a standard medium-duty pickup truck. 

117 We tested the canopy defoliation method during the height of the growing season (mid-July) in a 

118 maturing deciduous forest at the University of Michigan Biological Station (UMBS; Gough et al. 2013) 

119 representative of mixed hardwood forests that occur across the northern temperate zone (canopy height 

120 20-30m, LAI 3-4, with dominance by Quercus, Acer, and Fagus species; Table 1). Our goal was to 

121 demonstrate the feasibility of creating defoliation across a defined plot area and canopy volume, therefore 

122 we delineated 3, 100m2 (10 x 10m square) experimental demonstration plots along a “two-track” forest 

123 access road with variable starting structure and composition (Table 1). Within each experimental plot, we 

124 worked for a defined amount of time (~5 hours, with some variation due to weather conditions) to assess 

125 whether the method would produce equivalent defoliation levels per unit time invested across different 

126 plots. For this test we attempted to produce similar levels of defoliation across the vertical profile and 

127 through horizontal space and did not discriminate by species, however some small areas of the canopy 

128 were not accessible with the lift vehicle bucket and defoliation severity was thus not strictly equivalent 

129 across the canopy volume. 

130 To evaluate the level of defoliation produced by the treatment to individual leaves and branches 

131 of the three canopy tree species that occurred on the plots (Table 1), we surveyed damage to leaves on 

132 treated branches (Table 1) collected from different levels above the ground within treated and compared 

133 treated branches to randomly selected branches from the same height levels in a paired adjacent Control 

134 plot. We clipped branches selected systematically within three height intervals (0-5m, 5-10m, 10+ m) at 
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135 random ground (i.e., XY) locations within the plot without regard to visual damage assessment but within 

136 areas affected by the defoliation (3 for each of the 3 dominant species in each treated plot and a control 

137 plot - 12 branches per species total across the 4 plots). For each branch, we visually categorized the 

138 percent damage for each leaf and produced a count of leaves in each of 6 damage categories (0, >0-25, 

139 25-50, 50-75, 75-<100, 100%; Fig. 2b). We then removed all of the leaves from these branches and from 

140 these collections of leaves (treatment and control for each species) we randomly selected 30 leaves of 

141 each species (20 from treated, 10 from control - 90 total across the three species; Fig. 2a) for image-based 

142 analysis of leaf area using ImageJ. For each species, we compared the mean leaf area of all leaves 

143 collected within treatment plots to that of leaves collected in Control plots using ANOVA.  

144 To assess the effects of the experimental treatment on whole-canopy structural metrics tied to 

145 ecosystem functioning (Fahey et al. 2019) and to compare to natural defoliation disturbances, we 

146 collected several types of pre- and post-treatment data at the plot level (all <1 week before or after 

147 treatment). We collected north-oriented, levelled, hemispherical canopy photographs under uniformly 

148 cloudy conditions at 1m height in 4 locations in each plot (Supplemental Material, Fig. S1) and used 

149 WinSCANOPY (Regent Instruments) to calculate Leaf Area Index, Gap Fraction and Gap Light Index for 

150 zenith angles 0-60 degrees (LAI 4 ring) in the resulting images. During the treatment we also collected 

151 leaf litter using 3, 1m diameter plastic pools (Fig. 1). Following treatment, leaf fragments were collected, 

152 dried, and weighed and a subset was scanned for leaf area (prior to drying). The dry weight and total 

153 surface area of the scanned subset was used to estimate leaf surface area removed by the treatment at the 

154 plot scale (Table S1). We collected data on the fraction of photosynthetically active radiation (fPAR) 

155 transmitted through the canopy to 1m height under full sun conditions between 10am and 2pm using a 

156 Decagon LP-80 Ceptometer (Meter Group Inc.) at 1m intervals along 5 transects arrayed in parallel at 2m 

157 spacing through the plot (Supplemental Material, Fig. S1). Along the same transects we collected vertical 

158 and horizontal canopy structural information using a Portable Canopy Lidar (PCL) system and calculated 

159 canopy structural metrics using the forestr R package (Atkins et al. 2018). Canopy structural 
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160 characteristics were compared between pre- and post-treatment conditions using one-way repeated 

161 measures analysis of variance using SAS v.9.4 (SAS Inc.).   

162

163 3. Results

164 The pressure washing defoliation method proved successful at producing a consistent leaf-level and 

165 whole-canopy defoliation per unit time invested in the 10 x 10m test plots. Expansion to greater plot area 

166 may scale linearly (assuming canopy accessibility) based on the consistent results from the three test plots 

167 (Table 1). A defoliation level of ~15% LAI reduction was achieved in each plot over the course of the ~5 

168 hour period of application (Fig. 2c,d). Greater defoliation severity within a manipulated area could likely 

169 be achieved with additional time input (or with multiple concurrent operators), but whether the time-

170 defoliation level relationship would be linear at higher severity levels was not tested in this pilot study. 

171 The most effective method for creating leaf damage phenomenologically similar to natural defoliation 

172 (i.e., partial removal of surface area from individual leaves rather than complete removal from the twig at 

173 the petiole; Fig. 2a) was a pulsing of the water stream from the pressure washer (see video in 

174 Supplemental Material). This method also required less water input which is reflected in the somewhat 

175 higher level of water used in the first experimental plot (0-10E) before the pulsing method was 

176 consistently employed (Table 1). Across all treatments, the level of water needed to produce the 

177 defoliation was less than initially expected, and a single water tank (fillable in matter of minutes using a 

178 standard water pump) was more than sufficient to produce the desired defoliation levels (and potentially 

179 up to 3x this level assuming a linear relationship).    

180 The branch-level reduction in leaf surface area produced by the treatment was generally 

181 consistent across branches positioned throughout the canopy and also across the three primary tree species 

182 represented in the plots (Fig. 3a). The distribution of leaf surface area removal within treated branches 

183 had an approximately normal distribution, but with a majority of leaves exhibiting >75% damage for both 

184 beech and red oak (Fig. 3a). For each of the species, very few leaves (<5%) were removed at the petiole 

185 (i.e., 100% damage). Mean leaf area for treated branches was reduced by >50% for both red maple and 
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186 American beech, and by nearly 50% for red oak, relative to control leaves from adjacent plots (Fig. 3b). 

187 These numbers are for treated branches only, and thus are not representative of the overall canopy leaf 

188 area removal, which was characterized by hemispherical photography (see below). 

189 Canopy-level defoliation results showed a significant increase in gap light index and decrease in 

190 LAI, which declined between 10 and 20% in each plot (Fig. 4). LAI was reduced by approximately 0.5 

191 units in each plot, on average from 3.6 to 3.1, representing the removal of a half of a full leaf layer from 

192 the canopy volume (Fig. 4; validated by litter collection data – Table S1). These defoliation levels are 

193 greater than the baseline interannual variability in LAI in the system (Gough et al. 2013) and are 

194 consistent with low-moderate severity canopy defoliations resulting from insect herbivory and physical 

195 defoliation by hail or ice storms (Davidson et al. 1999, Fahey et al. 2020). The proportion of above 

196 canopy photosythetically active radiation transmitted through the canopy (fPAR) increased by an average 

197 of 11% across the three plots, but levels were highly variable across the plots and not statistically 

198 significant different from pre- to post-treatment (F1,14 = 0.54, p = 0.48). Canopy interior vertical structure 

199 was also affected by the treatment with mean leaf height increasing (likely due to difficulty of reaching 

200 very upper canopy foliage, which could be avoided in future implementations with more explicit targeting 

201 of the top of the canopy), variance in mean leaf height decreasing, and rugosity (canopy complexity) 

202 increasing significantly following the treatment (Fig. 5).       

203

204 4. Discussion

205 The novel, scalable canopy-level defoliation method presented here can increase the efficiency and 

206 spatial scale of defoliation experiments and allow researchers to plan defoliation or even react to specific 

207 environmental conditions (e.g., natural drought) to quickly implement defoliation, which could be highly 

208 valuable in promoting new understanding of the effects of defoliation on forest ecosystem structure and 

209 function, especially by allowing a closer approximation of natural disturbance and disturbance 

210 interactions. For example, the application of this whole canopy defoliation method could allow for 

211 experimental comparison of the functional outcomes of rapid herbivory-based defoliation and slower-
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212 acting defoliation from phloem girdling (Hicke et al. 2012, Gough et al. 2013), two primary types of pest-

213 associated disturbance. The reliance of prior experimental studies on individual leaf, twig, or branch 

214 cutting or hole-punching and focus on smaller individuals has limited their scope and realism for 

215 understanding the effects of tree to canopy-scale defoliation (Shiels et al. 2014, Wu et al. 2020). The 

216 ability to move from individual branch or crown to canopy, population, or ecosystem-scale manipulations 

217 could represent a major step forward in understanding defoliation effects on processes such as 

218 competition, regeneration, and biogeochemical cycling that play out beyond the individual tree level 

219 (Hicke et al. 2012, Chen et al. 2017, Fei et al. 2019). This expansion of spatial scale from individual to 

220 canopy is akin to the shift from chamber to free-air CO2 enrichment that massively increased 

221 understanding of forest responses to increasing atmospheric CO2 levels (Ainsworth and Long 2005). As 

222 with other experimental techniques such as rain-out shelters used in the Drought-Net network (Gherardi 

223 and Sala 2013), a standardized method for producing canopy-level defoliation could eventually promote 

224 the development of a multi-site network of manipulative experiments and lead to a synthetic 

225 understanding of defoliation effects across forest types and ecoregions that cannot be gained from 

226 opportunistic observational studies. 

227 The method introduced here has several additional strengths including modest time and effort 

228 investment, the ability to modulate spatial and temporal aspects of defoliation, as well as the potential to 

229 implement fine-scale and targeted variation in defoliation intensity at the whole-canopy scale. The effort 

230 applied here of <5 hours with only two personnel yielded canopy-scale defoliation levels comparable to 

231 those observed following natural defoliation, which would likely require weeks of work from a large field 

232 crew using manual clipping methods (Shiels et al. 2014, Wu et al. 2020). In addition to savings in 

233 resources, this also allows for much greater flexibility in application and the potential to test more specific 

234 ranges of defoliation patterns both temporally and spatially. The time investment required for methods 

235 such as leaf clipping has historically made it infeasible to match the temporal scale at which herbivory 

236 impacts an entire forest canopy. The potential to explicitly match the timing and duration of a natural 

237 defoliation event (based on prior knowledge of specific agents in the ecosystem in question) at the stand 
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238 or ecosystem scale could be highly valuable to assessing the effects of these disturbances on ecosystem 

239 processes. The timing and duration of defoliation could also be manipulated to allow investigation of the 

240 effects of changing canopy or herbivory phenology on defoliation outcomes. In addition, specific fine-

241 scale spatial targeting of defoliation impacts can facilitate experimental manipulation of defoliation 

242 distribution vertically and horizontally within a canopy as well as among species and individuals.  

243 Although this method could have broad applicability and substantial impact, there are several 

244 limitations and unknowns that should be noted. Based on our initial experience, the power-washing 

245 technique may have limited utility in conifer-dominated forests, may be difficult to apply at a multi-tree, 

246 whole-canopy scale in forests with very large individual tree crowns, and the access strategy may be 

247 limited in difficult terrain and remote locations and restricted to lower canopy strata in very tall forests, 

248 although other access methods are possible, including canopy cranes or fixed towers (Barker and Pinard 

249 2001). Like numerous other commonly applied and influential disturbance manipulations (Rustad and 

250 Campbell 2012, Gough et al. 2013), the approach presented here does not entirely mimic the biological 

251 implications or consequences of herbivore defoliation. For example, herbivory by insects results in 

252 substantial chemical defense responses by trees stimulated by pheromone signaling, and insect herbivory 

253 is likely to be non-random and related to variation in the chemical and nutrient status of foliage 

254 (Schowalter et al. 1986). The effects of experimental defoliation and insect herbivory on nutrient cycling 

255 may not be equivalent because of the difference between inputs of frass versus physically deconstructed 

256 leaf fragments (Lovett et al. 2002). The input of water, although in relatively minor amounts (less than 

257 1% of the mean annual precipitation of 817 mm at the site; Table 1), could also affect ecosystem 

258 processes and any experimental framework would require equivalent amounts of water be applied to 

259 controls and studies focused on drought interactions may require tarps to preclude water inputs into the 

260 system. Finally, diminishing returns in the time-defoliation relationship may somewhat restrict the 

261 method to low or moderate levels of defoliation, but this relationship likely differs among forest types and 

262 with canopy access.

263
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374 Tables

375 Table 1. Details on application of experimental defoliation across three 10 x 10 m study plots.

Plot 0-10E 20-30W 30-40E

Time 4.5 hours 5 hours 5 hours

Water used 660 liters 560 liters 470 liters

Treatment “precipitation” input 6.6 mm 5.6 mm 4.7 mm

LAI change -16.0% -13.6% -15.1%

Species composition (% of 
basal area)

QURU 75% 

ACRU 15%

FAGR 10%

QURU 74% 

ACRU 14%

FAGR 2%

QURU 61% 

ACRU 38%

FAGR 1%

Number of canopy trees >10cm 8 6 6

376

377
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379 Figure captions

380 Figure 1. Canopy defoliation and monitoring system including (a) ~1m diameter plastic pool with 

381 drainage holes used to collect leaf fragments, (b) 1893 liter (500 US gallon) water tank, (c) medium duty 

382 (2400 PSI) consumer-grade pressure washer, (d) 20 m elevation maneuverable, off-road, lift platform 

383 vehicle, with (e) stable aerial platform, and (f) 33 m high pressure hose with 1.5 m wand nozzle 

384 (photograph depicts co-author J. Atkins; all photographs by D. Tanzer and R. Fahey).

385

386 Figure 2. Images depicting different scales at which effects of experimental defoliation were assessed 

387 including: (a) leaf-level surface area and removal compared between control and treated leaves, (b) 

388 branch-level analysis of consistency of leaf surface area removal, and (c) pre and (d) post treatment 

389 assessment of canopy-scale cover and light transmittance. All photographs by R.T. Fahey.   

390

391 Figure 3. Analysis of branch and leaf-level defoliation illustrating (a) frequency distribution of leaf 

392 surface area removal across treated branches of three primary species and (b) comparison of leaf surface 

393 area between leaves from treated branches and untreated control branches. Results of analysis of variance 

394 comparing treated and control are indicated.

395

396 Figure 4. Results of analysis of hemispherical canopy images comparing pre and post-treatment 

397 conditions for (a) gap fraction as a percent of total area, (b) gap light index as estimated percent 

398 transmitted above canopy radiation at the 1m photograph height, and (c) leaf area index. Results of 

399 analysis of variance comparing pre and post-treatment conditions are indicated.

400

401 Figure 5. Results from terrestrial LiDAR analysis of canopy structure metrics (Atkins et al. 2018) 

402 comparing pre and post-treatment conditions for (a) mean vegetation height, (b) mean variance in 

403 vegetation height across 1m wide columns, (c) canopy rugosity as the standard deviation across 1m wide 

404 columns in the standard deviation of vertical vegetation height within columns, and (d) Clumping index - 
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405 a measure of vegetation grouping relative to a random distribution. Results of analysis of variance 

406 comparing pre and post-treatment conditions are indicated.

407
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Figure 1. Canopy defoliation and monitoring system including (a) ~1m diameter plastic pool with drainage 
holes used to collect leaf fragments, (b) 1893 liter (500 US gallon) water tank, (c) medium duty (2400 PSI) 
consumer-grade pressure washer, (d) 20 m elevation maneuverable, off-road, lift platform vehicle, with (e) 

stable aerial platform, and (f) 33 m high pressure hose with 1.5 m wand nozzle (photograph depicts co-
author J. Atkins; all photographs by D. Tanzer and R. Fahey). 

279x215mm (300 x 300 DPI) 

Page 20 of 24

© The Author(s) or their Institution(s)

Canadian Journal of Forest Research



Draft

 

Figure 2. Images depicting different scales at which effects of experimental defoliation were assessed 
including: (a) leaf-level surface area and removal compared between control and treated leaves, (b) branch-
level analysis of consistency of leaf surface area removal, and (c) pre and (d) post treatment assessment of 

canopy-scale cover and light transmittance. All photos by R.T. Fahey. 
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Figure 3. Analysis of branch and leaf-level defoliation illustrating (a) frequency distribution of leaf surface 
area removal across treated branches of three primary species and (b) comparison of leaf surface area 
between leaves from treated branches and untreated control branches. Results of analysis of variance 

comparing treated and control are indicated. 
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Figure 4. Results of analysis of hemispherical canopy images comparing pre and post-treatment conditions 
for (a) gap fraction as a percent of total area, (b) gap light index as estimated percent transmitted above 

canopy radiation at the 1m photograph height, and (c) leaf area index. Results of analysis of variance 
comparing pre and post-treatment conditions are indicated. 
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Figure 5. Results from terrestrial LiDAR analysis of canopy structure metrics (Atkins et al. 2018) comparing 
pre and post-treatment conditions for (a) mean vegetation height, (b) mean variance in vegetation height 

across 1m wide columns, (c) canopy rugosity as the standard deviation across 1m wide columns in the 
standard deviation of vertical vegetation height within columns, and (d) Clumping index - a measure of 
vegetation grouping relative to a random distribution. Results of analysis of variance comparing pre and 

post-treatment conditions are indicated. 
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