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Abstract: Increasing outbreaks of invasive insect pests pose a substantial threat to the
functioning and viability of cultivated and wild woody perennial species worldwide. In
the eastern U.S., the spotted lanternfly (Lycorma delicatula White; SLF), an invasive
phloem-feeding planthopper, was reported to be able to negatively impact late-season
plant carbon dynamics in various woody perennial species following repeated or
prolonged infestation and feeding events. However, it remains unclear if SLF
infestations also impact plant water relations and if SLF-mediated effects persist when
populations are controlled and feeding stops. This study investigated how late-season
exposure to SLF impacts whole-plant water relations by assessing diurnal sap flow and
trunk radius changes in grapevines subjected to varying infestation densities of adult
SLF. In two seasons, vines exposed to high infestation densities (an average of 180
SLFs per vine) for up to 31-32 days of cumulative SLF exposure had significantly lower
sap flow rate than those with no SLF, resulting in up to 38% less daily total water use.
Trunk diurnal amplitudes increased under SLF infestation, but impacts were less
dependent on infestation density, suggesting that grapevines may be utilizing trunk
water storage during infestation to meet both grapevine water use and SLF sap
ingestion. In both cases, SLF-mediated effects persisted following removal of SLFs,
suggesting that exposure to high populations of SLF can alter patterns of late-season
grapevine water use, at least when populations are not effectively controlled. These
results indicate that SLF can modify both whole-plant water relations and carbon
dynamics concurrently, further defining the implications that intensive infestations by
high populations of SLF has for woody perennial whole-plant physiology.
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Supplemental Figures  

 
Figure S1. Vineyard daily average temperatures (°C; solid black line), PAR (μmol m-2 sec-1; 

dotted red line), and rainfall (mm; black vertical bars) for the experimental periods in 2019 (A) 

and 2020 (B). 
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Figure S2. Mean hourly sap flow rate (mL m-2 hr-1) averaged across each day for four infestations (i.e., days with SLF; A, C, E, and 

G) and the time between infestation (i.e., days with no SLF; B, D, F), from August 26 to September 28, 2019 for grapevines exposed 

to zero (control; 0 SLF shoot-1), low (4 SLF shoot-1), medium (8 SLF shoot-1), and high (12 SLF shoot-1) SLF density treatments, 

respectively. The data from this series of graphs corresponds with Figure 2A.  



 
Figure S3. (A, B) Diurnal trends for air temperature (°C) and photosynthetically active radiation 

(PAR, mmol m-2 s-1) measured at the experimental vineyard; (C, D) hourly sap flow rates (mL m-

2 hr-1) and (E,F) continuous trunk radial changes (µm) measured for Riesling grapevines exposed 

to zero (control; 0 SLFs shoot-1), low (4 SLFs shoot-1), medium (8 SLFs shoot-1), or high (12 

SLFs shoot-1) infestation densities of adult SLFs during two infestations in 2019. Panels A, C, 

and E show trends from August 26 to August 30, when the first infestation occurred (1-5 days of 

cumulative SLF exposure) and panels B, D, and F show trends from September 23 to September 



27, 2019, when the fourth infestation occurred (17-21 days of cumulative SLF exposure). For sap 

flow and trunk radius data, black, red, blue, and green lines represent the means per control, low, 

medium, and high SLF infestation density treatments, respectively, (black, control; red, low; 

blue, medium; and green, high) and shaded areas represent the standard error of the mean for 

each line. Gaps in data in panels E and F represent brief periods when dendrometer sensors were 

offline and not transmitting data.    
 

 

 



Supplemental Table 1. Mean average sap flow rate (mL m-2 hour-1) per infestation and the days in between for Riesling vines 

exposed to SLFs in 2019 from August 26 to September 28. Data was analyzed using a mixed model in PROC GLIMMIX and since 

there was a significant interaction, differences between treatments were analyzed using simple effects t-tests by the SLICEDIFF 

option. Different letters between treatments indicate significant differences between treatments (p < 0.05).  

Treatment Days 1-5 

SLF 

Days 6-10  

No SLF 

Days 11-15 

SLF 

Days 16-18 

No SLF 

Days 19-24 

SLF 

Days 25-28 

No SLF 

Days 29-33 

SLF 

Control 83.78 a 78.54 a 59.04 a 61.99 a 56.12 ab 59.67 a 53.61 a 

Low (4 SLFs shoot-1) 78.67 a 73.52 ab 57.42 ab 57.94 a 57.47 a 58.00 ab 53.04 a 

Medium (8 SLFs shoot-1) 83.88 a 71.98 b 57.10 ab 57.20 a 52.31 b 52.27 b 48.51 a 

High (12 SLFs shoot-1) 85.34 a 75.00 ab 54.93 b 49.14 b 42.72 c 40.26 c 36.04 b 

p-valueSLF < 0.0001 

p-valueCYCLE < 0.0001 

p-valueSLF*CYCLE 0.0015 

 
 
 
Supplemental Table 2. Mean trunk amplitude (µm) per infestation and the days in between for Riesling vines exposed to SLFs in 

2019 from August 26 to September 28. Data was analyzed using a mixed model in PROC GLIMMIX and since there was a 

significant interaction, differences between treatments were analyzed using simple effects t-tests by the SLICEDIFF option. 

Different letters between treatments indicate significant differences between treatments (p < 0.05). 

Treatment Days 1-5 

SLF 

Days 6-10  

No SLF 

Days 11-15 

SLF 

Days 16-18 

No SLF 

Days 19-24 

SLF 

Days 25-28 

No SLF 

Days 29-33 

SLF 

Control 85.38 b 79.80 b 29.88 b 53.22 b 49.30 b 52.93 ab 55.06 bc 

Low (4 SLFs shoot-1) 96.07 ab 98.89 ab  48.50 a 72.89 a 69.02 a 49.12 b 51.32 c 

Medium (8 SLFs shoot-1) 107.73 a 98.61 ab  38.60 ab 69.52 ab 66.98 a 64.65 a 70.06 a 

High (12 SLFs shoot-1) 97.62 ab 103.99 a 46.65 a 67.96 ab 76.65 a 63.67 a 65.65 ab 

p-valueSLF < 0.0001 

p-valueCYCLE < 0.0001 

p-valueSLF*CYCLE 0.0905 



 
Figure S4. Seasonal stem radius changes (SRC; m) for non-infested vines (control; 0 SLFs 

shoot-1; A) and vines exposed to low (B; 4 SLFs shoot-1), medium (C; 8 SLFs shoot-1), and high 

(D; 12 SLFs shoot-1) adult SLF densities from July 2 – November 15 in 2019. Lines represent 

mean values while shaded areas indicate the standard error per treatment.



 
Figure S5. (A) Average daily temperature (C) and cumulative rainfall (mm) and (B) continuous 

trunk radius changes (SRC, m) during the late spring and early summer (May 1 – June 30) of 

2020 for non-infested (control; 0 SLFs shoot-1) and vines previously exposed to low (4 SLFs 

shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs shoot-1) SLF densities in 2019. Lines in B 

represent mean values per SLF treatment while shaded areas indicate the standard error of the 

mean per treatment.   



 

 
Supplemental Table 3. Mean daily total sap flow (mL m-2 day-1) per infestation for Riesling vines 

exposed to SLF infestation in 2019, from August 26 to September 28. Data presented was not 

statistically analyzed and instead computed only as a numerical reference for total vine water use per 

day. 

Treatment Days 1-5 

SLF 

Days 11-15 

SLF 

Days 19-24 

SLF 

Days 29-33  

SLF 

Control 991.0 771.0 672.0 985.4 

Low (4 SLFs shoot-1) 832.3 671.2 640.8 862.0 

Medium (8 SLFs shoot-1) 887.5 655.7 543.5 672.3 

High (12 SLFs shoot-1) 983.7 687.2 494.5 611.6 

     

     

 
Figure S6. Changes in trunk radius (µm) for non-infested grapevines (control; 0 SLFs shoot-1) 

and grapevines subjected to low (4 SLFs shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs 

shoot-1) SLF infestation density from October 14-18, 2019 (28-32 days of SLF exposure), when 

multiple rain and fog events occurred. Lines represent mean values per treatment while shaded 

areas represent the standard error of the mean per treatment.  
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 3 

Abstract  40 

 Increasing outbreaks of invasive insect pests pose a substantial threat to the functioning 41 

and viability of cultivated and wild woody perennial species worldwide. In the eastern U.S., the 42 

spotted lanternfly (Lycorma delicatula White; SLF), an invasive phloem-feeding planthopper, 43 

was reported to be able to negatively impact late-season plant carbon dynamics in various woody 44 

perennial species following repeated or prolonged infestation and feeding events. However, it 45 

remains unclear if SLF infestations also impact plant water relations and if SLF-mediated effects 46 

persist when populations are controlled and feeding stops. This study investigated how late-47 

season exposure to SLF impacts whole-plant water relations by assessing diurnal sap flow and 48 

trunk radius changes in grapevines subjected to varying infestation densities of adult SLF. In two 49 

seasons, vines exposed to high infestation densities (an average of 180 SLFs per vine) for up to -50 

31-32 days of cumulative SLF exposure had significantly lower sap flow rate than those with no 51 

SLF, resulting in up to 38% less daily total water use. Trunk diurnal amplitudes increased under 52 

SLF infestation, but impacts were less dependent on infestation density, suggesting that 53 

grapevines may be utilizing trunk water storage during infestation to meet both grapevine water 54 

use and SLF sap ingestion. In both cases, SLF-mediated effects persisted following removal of 55 

SLFs, suggesting that exposure to high populations of SLF can alter patterns of late-season 56 

grapevine water use, at least when populations are not effectively controlled. These results 57 

indicate that SLF can modify both whole-plant water relations and carbon dynamics 58 

concurrently, further defining the implications that intensive infestations by high populations of 59 

SLF has for woody perennial whole-plant physiology.   60 

 61 
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1. Introduction  62 

Plant water status and carbon reserves play leading roles in determining the resilience of 63 

plants to biotic and abiotic stress. In woody perennial systems, research has focused on how 64 

shifts in plant water use and/or patterns of carbon assimilation and storage can influence plant 65 

decline under atypical environmental conditions (i.e., prolonged or severe drought) (Adams et al. 66 

2017; Choat et al. 2018; Peltier et al. 2023), pathogen and/or insect pest outbreaks (Deslauriers et 67 

al. 2023), and combinations of the two (McDowell et al. 2008; Anderegg et al. 2015; Erbilgin et 68 

al. 2021; Hajek et al. 2022). Those that have investigated the role of these processes in insect-69 

facilitated decline of woody perennials have targeted various species of bark beetles and 70 

defoliating insects, given their prevalence in forest ecosystems and the considerable damage that 71 

they can cause during severe outbreaks (Anderegg et al. 2015). However, the number of invasive 72 

species introductions and outbreaks are projected to rapidly increase in temperate regions and 73 

will likely include both defoliating and sap-feeding insect species (Bradshaw et al. 2016; Yan et 74 

al. 2017), the latter of which have been less studied in temperate woody perennial plant systems, 75 

including grapevines. Improved understanding of the combined responses of plant water 76 

relations and carbon dynamics in woody perennial species to sap-feeding insects could improve 77 

future management of potential outbreaks and how plant species cope with severe uncontrolled 78 

infestation.  79 

The spotted lanternfly (Lycorma delicatula White; SLF) is a phloem-feeding planthopper 80 

that was discovered in North America (Pennsylvania, Eastern U.S.) in 2014. Populations are now 81 

present in 17 states across the eastern and midwestern United States (NYS IPM) and with 82 

projections of continued spread (Wakie et al. 2019). The spotted lanternfly is a polyphagous 83 

insect that produces one generation per year, but preferred hosts in the Eastern U.S. include tree 84 
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of heaven (Ailanthus altissima Mill. Swingle), wild and cultivated grapevine species (Vitis spp.), 85 

black walnut (Juglans nigra L.), and red and silver maples (Acer rubrum L. and Acer 86 

saccharinum L., respectively) among others (Barringer and Ciafré 2020). Following its 87 

establishment, commercial wine grape growers in Pennsylvania reported substantial reductions 88 

in crop yield and, in some cases, plant decline and mortality after severe, heavy infestations over 89 

multiple successive seasons (Urban 2020). Prolonged exposure to adult SLFs can substantially 90 

affect woody plant carbon dynamics, namely by reducing foliar carbon assimilation and 91 

transpiration (Harner et al. 2022; Lavely et al. 2022), lowering fruit sugar accumulation (Harner 92 

et al. 2022), and decreasing belowground end-of-season starch storage in woody roots (Harner et 93 

al. 2022; Hoover et al. 2023). However, it is unknown how SLF infestations affect plant water 94 

relations and whether the effects of SLF on plant water use can contribute to plant decline 95 

following heavy, successive infestation across seasons, as reported by commercial wine grape 96 

growers in Pennsylvania.  97 

 Similar to plant responses to abiotic stressors like drought, the impacts of tissue- and sap-98 

feeding insect pests on plant water relations can vary with severity and duration, with effects also 99 

influenced by the type of organ damaged. For instance, heavy defoliation of plant canopies by 100 

chewing insects can substantially reduce whole-plant water use, since the total canopy surface 101 

area of transpiring leaves is directly reduced (Cunningham et al. 2009). These effects are not 102 

always permanent, however, as plants exposed to periodic defoliation can recover to pre-103 

infestation rates of water use if canopy regrowth occurs immediately following defoliation, as 104 

documented in tamarisk trees (Tamarix spp.) exposed to defoliation by saltcedar leaf beetles 105 

(Diorhabda carinulata Desbrochers) (Hultine et al. 2010). Comparatively, the effects of sap-106 

feeding insects on whole-plant water relations are less documented, but they broadly tend to 107 
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decrease foliar transpiration (Mobley and Marini 1990; Schaffer and Mason 1990), mainly by 108 

stimulating stomatal closure (Sun et al. 2015; Lin et al. 2022). In the case of adult SLF, it is 109 

unclear if reductions in foliar transpiration reflect broader shifts in plant water use strategy 110 

(Harner et al. 2022). Additionally, it is unknown if impacts on transpiration due to adult SLFs 111 

persist following control or removal of SLFs. 112 

Sap-feeding insects consume large volumes of sap to meet their own dietary requirements 113 

(Douglas 2006). It is likely that large populations of SLFs feeding on a single plant can impact 114 

host-plant water relations by directly removing substantial volumes of sap, in addition to the 115 

possibility that phloem-feeding may also impact overall vascular tissue integrity and functioning. 116 

This is an increasingly important consideration as SLF continues to expand its range throughout 117 

the U.S. to drier, more arid regions (Wakie et al. 2019, Jones et al. 2022) where grape and other 118 

perennial fruit and nut production utilizes irrigation, and where management efforts for SLF 119 

populations may need to consider its effects on both plant carbon and water resources.  120 

 In this study, we measured whole-plant water use in field-grown mature grapevines 121 

repeatedly exposed to different population sizes of adult SLFs to determine if water use 122 

responses and potential recovery to intermittent exposure are influenced by SLF density and 123 

exposure time. To assess whole-plant water relations in high resolution we used sap flow sensors 124 

and point dendrometers (Steppe et al. 2015a). Sap flow sensors have been widely applied to 125 

estimate water use in perennial plants, often for capturing the effects of prolonged or intermittent 126 

drought on plant water status (Steppe et al. 2015b). However, their applications to assessment of 127 

insect-driven shifts in perennial plant water use have been mostly limited to defoliating insects 128 

(Cunningham et al. 2009; Hultine et al., 2010). Dendrometers have been used to measure trunk 129 

radius and diameter changes and assess plant water relations and carbon dynamics (De Swaef et 130 
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al. 2015). When combined with sap flow data, they can provide insights into patterns of whole-131 

plant water use and its relation to diurnal fluctuations in trunk tissue water stores under variable 132 

conditions (Steppe et al. 2015a). Dendrometers have been used to assess diurnal and seasonal 133 

usage of tissue water storage in response to defoliating insects in tree species (Balducci et al. 134 

2021; Deslauriers et al. 2023), in addition to impacts on growth (Deslauriers et al. 2019).  135 

However, to date, these approaches have not been widely adapted to study of sap-feeding insects 136 

in woody perennial systems, in addition to scenarios involving repeated infestation and feeding, 137 

like in the case of SLF.   138 

Based on reported ecophysiological responses of woody plants to SLF (Harner et al. 139 

2022; Lavely et al. 2022; Hoover et al. 2023), we hypothesized that plant water use would be 140 

negatively affected by SLF in a density- and time-dependent manner (Figure 1). First, in 141 

response to short-term (5-7 days) exposure, we expected low SLF densities to mildly reduce 142 

daily water use (Figure 1A), with greater SLF infestations (i.e., 80-100 SLFs vine-1 and above) 143 

reducing daily water use to a much greater extent (Figure 1A). However, we also hypothesized 144 

that reductions in water use would be temporary following short exposure (i.e., 5-7 days), with 145 

use recovering to rates comparable to non-infested vines once SLFs are removed (Figure 1A). 146 

Comparatively, we anticipated that an extended cumulative exposure (i.e., repeated short 147 

exposures, > 7 days total exposure) will induce a reduction in vine water use that persists post-148 

infestation, when vines are not exposed to SLF. Similarly to the short exposure scenario, greater 149 

SLF densities will yield greater reductions, mirroring trends in gas exchange previously reported 150 

for grapevines infested with SLFs (Harner et al. 2022) and likely a byproduct of sustained 151 

stomatal closure often caused by sap-feeding insects. In addition, we hypothesized that the 152 

substantial removal of sap by adult SLFs would result in increased diurnal trunk radial shrinkage 153 
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(amplitude), as plants rely more on stored tissue reserves to meet daily insect and plant water 154 

needs. Like impacts on daily water use, we expected high densities of SLFs to have a more 155 

severe impact than low densities, with amplitude and trunk radial shrinkage recovering to a 156 

pattern like that of non-infested vines following short-term exposure only (Figure 1A). An 157 

improved understanding of the magnitude and duration of the impacts of small to large 158 

populations of adult SLFs on late season water relations can help determine if, and when, control 159 

strategies should be adopted.   160 

 161 

2. Materials and Methods 162 

2.1 Study site and experimental design 163 

The study was conducted in 2019 and 2020 at an unirrigated vineyard in Coopersburg, 164 

Pennsylvania, U.S. (40.492644° N, 75.456533° W) on Riesling (Vitis vinifera L.) grapevines 165 

planted in 2016 and grafted on 101-14 Mgt (Vitis riparia x Vitis rupestris) rootstock. Standard 166 

canopy and disease management practices for the region were implemented (Wolf 2008), but no 167 

insecticides were applied to the grapevines throughout the trial. In summer 2019, 16 grapevines 168 

were randomly selected from two adjacent vineyard rows and fully enclosed with custom-built 169 

insect exclusion cages in August. Details about cage construction and design are available in 170 

Harner et al. (2022). Infestation densities were chosen based on reported population levels of 171 

adult SLFs in infested vineyards (Leach and Leach, 2020). In 2019, the experimental design was 172 

a randomized complete block design (RCBD) with four blocks and four SLF density treatments 173 

(i.e., four vines per treatment): control (0 SLF shoot-1; 0 SLF vine-1); low (4 SLFs shoot-1; 174 

average of 60 SLFs vine-1); medium (8 SLFs shoot-1; average of 120 SLFs vine-1); and high (12 175 
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SLFs shoot-1; average of 180 SLFs vine-1) density. The number of shoots per experimental vine 176 

varied from eight to 17, with most vines having 14-15 shoots, as is standard for commercial 177 

grapevines in this region. The total number of SLFs per vine ranged from 0-204 insects per vine.  178 

In 2020, a new group of 16 Riesling grapevines from the same vineyard were used. New 179 

vines were selected to avoid cumulative effects of SLF exposure from the year prior. In 2020, the 180 

experiment layout was modified to a completely randomized design (CRD) with 16 infestation 181 

densities ranging from 0-15 SLFs shoot-1, using an increment of 1 SLF shoot-1 (i.e., one vine per 182 

infestation density). The number of shoots of the experimental vines varied from 11-20, with 183 

most vines having between 14-15 shoots, and the number of SLFs per vine was between 0 and 184 

195. The new design was selected to confirm results from 2019 and improve understanding of 185 

density-dependent effects (Harner et al. 2022).  186 

No resident populations of SLFs were present in the vineyard in 2019 and 2020. In both 187 

years, adult SLFs of mixed sex were collected from nearby untreated woodlots the morning of 188 

each introduction. Over the course of the experiment, they were counted and then introduced into 189 

the caged vines in repeated infestation events to mimic the observed phenology of adult SLF 190 

infestation in vineyards. This was necessary since infestation typically occurs near fruit harvest 191 

and resident SLF populations can only be controlled using insecticides with little or no residual 192 

activity, resulting in SLF reinfestation shortly after insecticide application (Leach and Leach, 193 

2020). Insects that died following introduction were counted and replaced every other day with 194 

insects collected from wooded area on the same day, to maintain assigned infestation densities. 195 

Across both years, insect mortality during 2019 ranged between 0.0% to 32.8% and between 196 

0.0% to 27.1% in 2020. At the end of each infestation, all SLFs were manually removed, and the 197 

vines were not exposed to any further SLFs until the beginning of the following infestation. In 198 
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2019, six infestations lasting 5-6 days each were implemented between 24 August and 18 199 

October, resulting in a cumulative 32 days of exposure to SLF across 54 consecutive days. The 200 

number of days between each infestation (i.e., days with no SLF) varied between 3 and 6 days. 201 

In 2020, caged vines were infested with adult SLFs between August 25 and October 6, with three 202 

infestations lasting between 7 and 15 days each, for 31 total days of cumulative exposure to SLF 203 

across 43 consecutive days. The number of days between each infestation was 6 days. Due to 204 

travel and labor restrictions in response to the global COVID-19 pandemic in 2020, adjustments 205 

to the infestation length were necessary. However, the total number of days that SLF were in the 206 

cages was similar between the two years (e.g., 32 days in 2019 and 31 days in 2020). 207 

Weather data were collected for the duration of the experiment using an onsite weather 208 

station, outfitted with a remote-accessible HOBO microRX datalogger system (Onset Computer 209 

Corp, Bourne, MA, USA). Every 15 minutes, air temperature, precipitation, and photosynthetic 210 

active radiation (PAR) were recorded. Data were uploaded to and accessed via the HOBOlink 211 

online platform and downloaded in daily and 30-min time intervals.  212 

 213 

2.2 Grapevine leaf area  214 

 Total canopy leaf area per grapevine was measured to standardize vine sap flow rates to a 215 

per m2 leaf area basis. Grapevine leaf area was estimated using linear regression at the end of the 216 

season (Lopes and Pinto, 2005). On September 19, 2019, 17 shoots of a wide range of length 217 

were sampled from non-experimental Riesling vines from the same vineyard and transported 218 

back to the laboratory. Each shoot was manually defoliated, and the leaf area of each main and 219 

lateral shoot was measured separately using a LI-3000c scanning leaf area meter (LICOR 220 
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Biosciences, UT, USA). The main and lateral shoot length was measured using a flexible tape 221 

measure. The leaf area of each main and lateral shoot was plotted against the corresponding 222 

shoot length and linear regression was used to produce equations for estimation of main (y = 223 

14.856x + 71.588, where y = main leaf area per shoot and x = shoot length; r2 = 0.92) and lateral 224 

(y = 16.78x + 6.8662, where y = lateral leaf area per shoot and x = shoot length; r2 = 0.99) shoot 225 

leaf area of the experimental vines. Shoot length of all experimental vines was measured 226 

following leaf senescence on November 7 in 2019 and on November 10 in 2020 and total leaf 227 

area per vine was estimated (data not shown).  228 

 229 

2.3 Sap flow measurement 230 

Vine sap flow rates were continuously measured using the heat balance (HB) method 231 

(Baker and Nieber 1989). Sap flow sensors (EXO-Skin Sap Flow Sensor, Dynamax, Inc., 232 

Houston, Texas, USA) were installed on the vine’s trunk following manufacturer instructions. 233 

Each vine had two trunks and one was randomly selected for sap flow measurement in 2019 234 

since only 16 sensors were available. Sensors were installed on August 8 and removed on 235 

November 21, but only data from August 8 to September 28 (harvest and 21 days of cumulative 236 

SLF exposure) were included for analysis since mean sap flow rates were extremely low (i.e., 237 

15-30 mL m-2 hr-1) after this date and towards the end of the season and canopy senescence 238 

occurred prior to November 21. In 2020, eight of the sixteen vines were selected for sap flow 239 

measurements and two sensors were installed per vine (i.e., one on each trunk of the vine) on 24 240 

July and removed on 4 December. Only data from July 24 to October 6 (31 days of cumulative 241 

SLF exposure) were included for analysis, since mean sap flow rates after this time were also 242 

extremely low, similar to 2019. Vines assigned to SLF infestation densities of 0, 2, 4, 6, 8, 10, 243 
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12, and 14 SLF shoot-1 were chosen to represent a wide range of SLF infestation density. Sap 244 

flow rates (mL hr-1) were measured every 5 minutes and logged via a Dynagage Flow32-1K Sap 245 

Flow System (Dynamax, Inc., Houston, TX, USA). Only sap flow data from 7:00 AM through 246 

7:00 PM were used for analysis, to target the daytime hours when SLF are most active.  247 

Average hourly sap flow rates per day were calculated and used to assess how SLF 248 

affected sap flow during each infestation and if sap flow trends change between infestation when 249 

SLFs were not present. In both years, average hourly sap flow rates of each trunk were 250 

standardized per unit of leaf area (mL hr-1 m-2) using the respective section of the vine. In 2020, 251 

the standardized average hourly sap flow rates of the two trunks per vine were averaged.  252 

 253 

2.4 Point dendrometer measurements 254 

 In 2019, each vine was equipped with a point dendrometer installed at the base of the 255 

vine and below the graft union, about 10 cm above the ground. Each dendrometer consisted of 256 

potentiometer mounted on a single thermal-resistant, carbon fiber ring-shaped frame (Model 257 

ZN12-O-2WP, Natkon Dendrometers, Oetwil am See, Switzerland) and potentiometers were 258 

placed on a sanded section of trunk bark to monitor trunk radius changes (Zweifel et al. 2014). 259 

Point dendrometers were installed on June 27, 2019, and removed on June 30, 2020. Data were 260 

continuously recorded at 10-minute intervals using wireless transmitters and wirelessly uploaded 261 

to a central online server database for data access and storage (Decentlab GmbH, Dübendorf, 262 

Switzerland). Raw stem radius changes (SRC, m) were downloaded in 15-minute intervals and 263 

daily amplitudes (m) were calculated by subtracting the minimum radius value from the 264 

maximum radius value recorded on each day throughout the experiment (Epron et al. 2021).  265 
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Average daily amplitudes for each infestation and the periods in between were calculated 266 

separately to determine if exposure duration and SLF infestation density had an impact on daily 267 

amplitudes and whether these effects persisted following the removal of SLFs. In the spring of 268 

2020, daily amplitudes were also calculated to determine if SLF infestation the previous year had 269 

carry-over effects on amplitude and trunk growth. Measurement started on May 1, around the 270 

time of budbreak (resumption of growth) to June 30 when vegetative growth of the vines 271 

typically starts to slow down in our region. Total trunk growth (m) was also measured during 272 

this period.  273 

  274 

2.5 Statistical analysis 275 

Sap flow rates and trunk amplitudes were analyzed in SAS v. 9.4 (SAS Institute, Cary, 276 

NC, USA). Average hourly sap flow rates (mL hr-1 m-2) in 2019 during infestations and the time 277 

in between without SLF were analyzed using PROC GLIMMIX and a mixed model to determine 278 

the impacts of SLF exposure on sap flow rates and test if impacts varied across time (i.e., 279 

following repeated infestations). In the case of a significant treatment by time interaction, the 280 

SLICEDIFF option was used to perform post-hoc treatment comparisons of least-square means 281 

by a simple effects t-test (Marini et al. 2019). In 2019, assessment of pre-infestation baseline 282 

(i.e., early-to-mid August) sap flow rates indicated that rates significantly differed (p < 0.001) 283 

before SLF infestation treatments began. Consequently, the average hourly sap flow rate per vine 284 

for the baseline period was calculated from data spanning 15 August through 24 August and used 285 

as a covariate in statistical analysis of average hourly sap flow data. Sap flow rates did not 286 

significantly differ for vines in 2020 and no baseline covariate was used in statistical analysis. In 287 

2020, sap flow data were analyzed in two ways: first, hourly data were averaged per day, like for 288 
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data collected in 2019, and PROC REG was used to perform linear and polynomial regression to 289 

determine if the daily relationship between SLF density and average hourly sap flow rate 290 

changed over time; secondly, average hourly rates per day were averaged for each infestation 291 

and the time in between and linear and polynomial regression models were assessed using PROC 292 

REG to determine the nature of the relationship between SLF infestation densities and sap flow 293 

rates.  294 

Raw dendrometer data were time-aligned, cleaned of outliers and unexpected artificial 295 

shifts, and gap-filled using R (R Core Team, 2021) and the treenetproc package, according to 296 

Knüsel et al. (2021). Daily trunk amplitudes were calculated by subtracting the minimum radius 297 

value from the corresponding daily maximum radius value. Trunk amplitude data collected in 298 

2019 and 2020 was analyzed using PROC GLIMMIX using the method outlined above for sap 299 

flow data in 2019. Trunk growth measured in 2020 was analyzed using PROC MIXED. If there 300 

was a significant treatment effect, post-hoc multiple comparisons were assessed using Tukey’s 301 

honest significant difference (HSD). In 2019, relative changes (%) between the non-infested 302 

control and SLF-infested vines were determined for average hourly sap flow rate and daily 303 

amplitude. Relative change was calculated by normalizing the difference between the non-304 

infested and infested treatment values to the non-infested vine value. Graphs and plots were 305 

generated using OriginPro v. 2024b (OriginLab Corporation, Northampton, MA, USA), and 306 

conceptual figures constructed using BioRender.com (BioRender, Toronto, ON, CA). 307 

 308 

3. Results 309 

3.1 Vineyard weather conditions 310 
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In both seasons, average daily temperatures and PAR were highest at the beginning of the 311 

experiment, around mid-August, and then trended lower as summer ended, and the beginning of 312 

fall approached (Figure S1). In 2019, the mean daily temperature for the infestation period 313 

(August 24-October 18) was 17.5° C, with a maximum and minimum temperature of 24.7° C and 314 

8.7° C, respectively (Figure S1A), while mean, maximum, and minimum daily temperatures in 315 

the infestation period in 2020 (August 25-October 6) were 18.3° C, 24.5 °C. and 9.8 °C. Total 316 

rainfall during the infestation period was greater in 2019 , as 121.2 mm of rainfall occurred 317 

during this time in 2019 and only 27.0 mm in 2020.     318 

 319 

3.2 Sap flow trends 320 

In general, grapevines exposed to high numbers of SLFs had significant reductions in sap 321 

flow rates (mL m-2 hr-1) starting approximately one week (i.e., 7-8 days) after SLF introduction, 322 

with effects increasing with further exposure to SLFs. Comparatively, effects were less severe 323 

with lower densities in both years (Figures 2 and 3). Regardless of treatment, sap flow rates 324 

decreased throughout the experiment as the season progressed and autumn approached. In 2019, 325 

exposure to low SLF density (4 SLFs shoot-1) did not significantly affect sap flow rates 326 

throughout the experiment (Figure 2; Supplemental Table 1; Figure S2). Comparatively, 327 

exposure to high SLF density (12 SLFs shoot-1) had the greatest effect, as average hourly sap 328 

flow rates of these vines were significantly lower than control and low SLF density vines by the 329 

end of the second infestation (i.e., 10 days of cumulative exposure). These negative effects 330 

persisted throughout the experiment, even when vines were not exposed to SLFs, and increased 331 

in severity following further exposure; by the end of the fourth infestation (21 days of 332 

cumulative exposure), sap flow rates of high SLF density vines were up to 32.8% lower than that 333 
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of control vines (Figure 2B). Comparatively, medium SLF density (8 SLFs shoot-1) vines did not 334 

have lower sap flow rates than control vines during the infestations. However, sap flow rates of 335 

medium SLF density vines were significantly lower than the control when vines were not 336 

exposed to SLFs, specifically between the first and second infestations (days 6-10) and again 337 

between the third and fourth infestations (days 25-28), although differences were never over 15% 338 

(Figure 2B). Additionally, sap flow rates of medium SLF density vines were significantly greater 339 

than those of vines subjected to high SLF density starting approximately 16 days after the first 340 

introduction to the study’s end. Contrary to our hypothesis, once vines exposed to SLFs had 341 

significantly lower sap flow rates than non-infested control vines, they did not show a clear or 342 

consistent subsequent increase in sap flow comparable to that of control vines once the SLFs 343 

were removed (i.e., in between infestations), which would otherwise suggest a recovery (Figure 344 

2; Figure S2). We expected vines to be able to recover following short-term exposure to SLFs, 345 

but this was not the case.   346 

Reductions in average hourly sap flow rate measured in 2019 appeared to be driven by 347 

reductions in sap flow rates between 10 am and 4 pm, when sap flow rates were typically at their 348 

highest each day (Figure S3). The data in Figure S3 show the progression of diurnal trends of 349 

hourly sap flow rates of vines exposed to different SLF densities for a short (1 to 5 days 350 

exposure) and long time (17-21 days of cumulative exposure). As the season progressed, the 351 

magnitude of daily sap flow rates decreased for all vines due to late-season weather conditions 352 

and vine phenological stage. In addition to seasonal effects, daily peaks in hourly sap flow rate, 353 

typically around midday (1:00 pm), were always numerically lower for high SLF vines than the 354 

control vines when exposed to SLF for 17-21 days cumulatively (Figure S3D). For example, on 355 
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the third day (i.e., 19 days of cumulative exposure), high SLF vines had 45.5% lower hourly sap 356 

flow rate at 1:00 pm, relative to the control vines (p = 0.080).  357 

In general, sap flow trends in 2020 confirmed the effects of SLFs reported for the 358 

previous year: hourly sap flow rate was negatively affected by exposure to SLF, with exposure to 359 

increasing SLF densities leading to more severe reductions in sap flow and after a shorter 360 

cumulative exposure length (Figure 3). Reductions were neither detected following limited SLF 361 

exposure (1-7 days) nor during the following 6 days when vines were not exposed to SLF 362 

(Figure 3A, 3B). However, linear reductions were measured by the end of the second infestation 363 

(22 days of cumulative exposure), with high SLF densities (10-14 SLFs shoot-1) strongly 364 

reducing sap flow and at a similar rate, while there was no clear trend with lower SLF density (0-365 

8 SLFs shoot-1) (Figure 3C). As the exposure to SLF increased (31 days of cumulative exposure) 366 

reductions in sap flow rates were more apparent for lower densities as well (Figure 3E). Again, 367 

once reductions in sap flow were detected, they persisted for the remainder of the experiment and 368 

there was no indication of sap flow recovery, i.e., an increase in sap flow to rates comparable to 369 

those of the 0 SLF vine. This is supported by linear regression analysis performed on average 370 

hourly flow rates for each day of the experiment (Figure 4); the responses of sap flow to SLF 371 

were linear, negative, and increasingly related to SLF density as the days of exposure progressed, 372 

evidenced by increasing r2 values for daily regressions, ranging from 0.00 (6 days of cumulative 373 

exposure) to 0.89 (14 days of cumulative exposure).  374 

 375 

3.3 Trunk radius changes  376 



 18 

 In 2019, exposure of vines to SLFs from the beginning of the experiment through fruit 377 

harvest (i.e., August 25 through September 28, 2019) had a significant impact on daily trunk 378 

radius amplitudes (p < 0.0001), but the effects did not appear to be dependent on SLF density or 379 

the length of exposure, as we hypothesized (Figure 5A; Supplemental Table 2). Instead, exposure 380 

to low and high SLF density had similar effects on amplitudes during infestation. For example, 381 

trunk radius amplitudes for low and high SLF treatments were greater than those of control vines 382 

only following 10 days of cumulative exposure (62.3% and 56.1%, respectively) and 16 days of 383 

exposure (40.0% and 55.5%, respectively) (Figure 5B). Comparatively, vines exposed to 384 

medium SLF density had greater amplitudes than those of control vines following 5 days 385 

(26.2%), 13 days (35.9%), and 21 days of cumulative exposure (27.2%) (Figure 5B). Contrary to 386 

our hypothesis, exposure to SLFs appeared to have an inconsistent effect on trunk radius 387 

amplitudes during days in-between infestations, regardless of the length of exposure. For 388 

example, vines exposed to high SLF densities only had greater trunk radius amplitudes than 389 

control vines between the first and second infestations (days 5-9; 30.3% higher), while vines 390 

exposed to low SLF densities had greater (37.0% higher) trunk radius amplitudes between the 391 

second and third infestations (days 16-18; Figure 5B).  392 

 Aside from the effects of SLF, trunk radius changes followed an expected diurnal pattern 393 

that corresponded with meteorological conditions (Figure S3E, F). Throughout the experiment, 394 

trunk radii typically increased in the early morning until a peak was reached between 6:30 am 395 

and 9:00 am. Thereafter the radius decreased during the midday hours as vines were at peak rates 396 

of transpiration until late-afternoon or early evening, typically between 4:30 pm and 10:30 pm, 397 

when the trunk shrunk to its minimum radius (Figure S3E, F). The radii increased again 398 

throughout the evening and nighttime hours until the following early morning peak was reached, 399 
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after which the diurnal cycle was repeated. As the experiment progressed, vines exposed to high 400 

SLF densities appeared to exhibit a greater contraction during the day than other vines (Figure 401 

S3F). Seasonal trunk growth followed the expected trend for grapevines (Figure S4), where 402 

growth occurs through the growing season until the beginning of grape ripening (i.e., véraison), 403 

after which a finite shrinkage in trunk tissues is detected that is related to bark formation (Van de 404 

Wal et al. 2018).   405 

 Exposure of vines to SLFs in 2019 did not impact trunk growth the following year, but 406 

exposure did affect daily amplitudes in the following spring and summer (May 1 to June 30, 407 

2020), a period beginning at budbreak and ending about two weeks after bloom when vine shoot 408 

growth is typically most vigorous (Figure 6). The measurement period exhibited frequent 409 

precipitation events, which resulted in large temporary increases in trunk radius for all vines 410 

(Figure S5). The final trunk radius measurement recorded at sensor removal (June 30, 2020), 411 

interpreted here as the total trunk growth (μm), did not differ between treatments (p = 0.680) 412 

(Figure 6A), but SLF did significantly affect trunk amplitudes during this two-month period (p < 413 

0.001) (Figure 6B). Vines subjected to high SLF densities had the greatest amplitudes and were 414 

41% (p < 0.001), 33% (p = 0.001), and 32% (p = 0.001) greater than the control vines and vines 415 

exposed to low and medium SLF densities, respectively, signaling a greater diurnal water use for 416 

this time.  417 

 418 

4. Discussion 419 

4.1 Reductions in water use due to SLF persist following SLF removal  420 
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Sap flow trends presented here illustrate how repeated exposure to a sap-feeding 421 

planthopper can reduce grapevine water use, with SLF densities above 8 SLFs shoot-1 having the 422 

greatest effect. These results expand upon earlier reports of SLF-mediated reductions in gas 423 

exchange of upper canopy leaves (Harner et al. 2022) to show that water use in grapevines 424 

exposed to SLFs is affected at the whole-plant scale. However, single-leaf gas exchange 425 

appeared to be more sensitive than sap flow: for example, exposure of grapevines to 17-21 426 

cumulative days of infestation by medium and high SLF densities in 2019 reduced foliar 427 

transpiration by 60.5% and 58.9%, respectively, relative to the control (Harner et al. 2022), while 428 

average hourly sap flow rates of these vines were reduced by 9.5% and 32.8%, respectively 429 

(Figure 2B). In previous assessments of grapevine water use efficiency under soil water 430 

limitation, single-leaf measurements did not always accurately predict whole-plant responses 431 

(Tomás et al. 2012), and in some cases suggested opposite physiological trends (Poni et al. 432 

2009). Therefore, these discrepancies could be in part related to the limitations of single-leaf 433 

measurements, which targeted only a few sun-exposed and fully expanded leaves in the upper 434 

canopy, under optimal evapotranspiration conditions (Harner et al. 2022), while sap flow 435 

measurements integrated water use for the whole canopy during the whole day. It is possible that 436 

older or shaded leaves responded to SLF differently than younger, fully exposed leaves, resulting 437 

in less pronounced effects on whole-vine sap flow than those suggested by single-leaf data.  438 

Contrary to our hypothesis, reductions in sap flow rate in vines exposed to high numbers 439 

of SLFs (180 SLFs vine-1 on average) consistently persisted during periods following SLF 440 

removal, when feeding was not occurring. This was true regardless of the length of SLF 441 

exposure, as sap flow rates neither recovered following limited exposure (5 days of cumulative 442 

exposure) nor extended exposure (17-21 days of cumulative exposure). This suggests that a 443 
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recovery of water use to rates comparable to non-infested vines may be limited, at least under the 444 

late season growing conditions and high SLF populations imposed in this study. While 445 

reductions in grapevine gas exchange and water use due to drought stress can be alleviated 446 

following increased water availability (Pou et al. 2012), loss of hydraulic functioning can persist 447 

and lead to vine mortality in severe drought scenarios (Gambetta et al. 2020). Drought-mediated 448 

stomatal closure in grapevines can be caused by a combination of passive hydraulic cues and 449 

active abscisic acid (ABA) signaling, and ABA may prolong stomatal closure during drought 450 

recovery to improve long-term plant water status (Tombesi et al. 2015).  451 

Persisting reductions in water use in vines exposed to a high number of SLFs could be a 452 

byproduct of a few interacting factors, including ABA-mediated stomatal closure and 453 

interference with the integrity of the xylem water column. Stomatal closure is a common 454 

response to insect sap-feeding, stimulated by oral secretions containing ABA and other 455 

phytohormones (Lin et al. 2022). Recently, ABA was extracted from salivary glands of adult 456 

SLFs after feeding on grapevines (Acevedo, 2024) and Islam et al. (2022) documented an 457 

upregulation of 68 genes and a downregulation of 34 genes related to ABA in woody stems of 458 

Marquette (Vitis hybrid) vines exposed heavy adult SLF infestations (13-20 SLFs shoot-1). These 459 

included a significant number of pathways involved in stomatal regulation (Islam et al. 2022). 460 

Separately, ingestion from both xylem and phloem tissues has been reported for other 461 

planthopper species (i.e., Brown planthopper, Nilaparvata lugens Stål; Seo et al. 2009) and 462 

preliminary evidence suggests that SLF may be doing the same (Shugart H, 2024, personal 463 

communication). Thus, we cannot rule out that SLFs are interfering with the physical flow of 464 

xylem sap via direct damage to xylem and/or introduction of embolisms into the water column. 465 

The phloem plays a critical role in embolism recovery, and irreversible damage to the phloem by 466 
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SLF may also impair embolism recovery and prolong reductions in sap flow, as seen in plants 467 

subjected to phloem girdling that experienced an impaired capacity to refill embolisms (Nardini 468 

et al. 2011). Despite these impacts, it is unclear if the reductions in water use (up to 38% 469 

reduction, or from 0.99 L m-2 day-1 for control vines to 0.61 L m-2 day-1 for high SLF vines) that 470 

we report here in vines under infestation by high SLF populations will negatively affect other 471 

important late-season biological processes, like those involved in cold acclimation and 472 

preparation for dormancy.    473 

Here, we detailed persistent reductions in water use in vines exposed to high SLF 474 

populations that also had altered carbohydrate dynamics, reported previously as a severe 475 

reduction in starch storage in belowground root tissues at the end of the season and reduced 476 

sugar concentrations in fruit at harvest (Harner et al. 2022). Although the mechanisms 477 

underlying stomatal closure and reduced assimilation under heavy SLF infestation remain to be 478 

determined, the net effect appears to be a short-term constraint on plant carbon allocation and 479 

water use that may benefit feeding SLFs to the detriment of the vine’s overall carbon storage, at 480 

least within the context of a single infestation season. However, the question remains whether 481 

this response will lead to structural, long-term changes in vine physiology and growth, including 482 

reproductive growth and yield, or increased susceptibility to future infestations, pathogens, or 483 

adverse environmental conditions (Gessler and Zweifel 2024). We did not document a carry-over 484 

impact on shoot growth rate following a single infestation year (Harner et al. 2022), but future 485 

research should more fully assess other physiological and anatomical traits under variable 486 

conditions to determine to what degree this reduction in carbon storage and water use impacts 487 

long-term functioning. Interactions between carbon assimilation, carbon storage, and water 488 

relations can influence plant decline (Sevanto et al. 2014), and concurrent alterations to carbon 489 
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and water relations that we measured may be involved in instances of grapevine decline that 490 

have been reported in commercial grapevines repeatedly exposed to high SLF populations across 491 

multiple seasons (Urban 2020).  492 

 493 

4.2 Vines exposed to SLF may rely more on stored tissue water to meet increased water demand 494 

 Vines exposed to high densities of adult SLFs appeared to have lower sap flow rates 495 

while vines exposed to SLFs in general had greater trunk amplitudes in 2019, relative to non-496 

infested vines, but further study is necessary to confirm this result given the high plant-to-plant 497 

variation presented here. In grapevines, the relationship between trunk radius or diameter 498 

variations and water status shifts with phenological stage, however, as daily amplitude and other 499 

metrics are more sensitive to osmotic stress and water limitation prior to véraison than once fruit 500 

ripening begins at véraison (Intrigliolo and Castel 2007; Montoro et al. 2012). Further, as 501 

ripening begins, periderm formation typically occurs and trunk tissues shrink as the outer rings 502 

of bark tissues dehydrate, a process found in grapevines and other woody species that form ring 503 

bark (Van de Wal et al. 2017). This process occurred during the experiment in 2019: a long-term 504 

post-véraison contraction phase was observed in all vines, with vines exposed to SLFs generally 505 

having greater daily amplitudes compared to non-infested vines during multiple infestations 506 

(Figure S4). This occurred alongside a reduction in water use in response to high SLF 507 

populations.  508 

The extent of diurnal trunk contraction (i.e., amplitude) can be considered a function of a 509 

transpiration (i.e., sap flow), the flow resistance within the xylem, the flow resistance between 510 

the bark and xylem, and the water storage capacity of the bark tissues, as previous models have 511 
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explored (Zweifel et al. 2001; Zweifel et al. 2007). We hypothesized that SLFs would reduce sap 512 

flow while also increasing trunk amplitudes, as vines increasingly relied on tissue water storage 513 

to meet the combined water use of the vines and SLF under increasing rates of stomatal closure. 514 

In other words, SLF would be a ‘leak’ in the whole-plant water system and vines would 515 

compensate by increasingly utilizing stored tissue water (Zweifel et al. 2012). The concurrent 516 

greater trunk amplitudes and lower water use rates in vines exposed to high SLF infestation 517 

densities may suggest that this is the case, if SLFs are removing a biologically relevant volume 518 

of water at the high densities applied here (180 SLFs vine-1 on average). This may be plausible, 519 

given that other planthopper species have been documented to produce up to 30 mg of honeydew 520 

per day under ideal conditions (Cao et al. 2013). Other explanations are possible, however: for 521 

example, if SLF probing and feeding are potentially damaging phloem tissues, this could likely 522 

decrease the flow resistance between bark storage and xylem tissue and increase the diurnal 523 

trunk amplitude as water more easily flows between these tissues, especially if sap flow is also 524 

reduced (Sevanto et al. 2011). Alternatively, damage to the xylem or embolism formation would 525 

increase the flow resistance within the xylem, which could also drive an increase in trunk 526 

amplitude if sap flow rates were to remain the same and water flowed along a path of greater 527 

tension (Hölttä et al. 2002). This was likely not the case, given the reductions in sap flow we 528 

measured (Figures 2, 3). We are limited by having only trunk amplitude data within this study, 529 

but future incorporation of inner-bark and xylem-specific radius changes could provide 530 

additional insights to what may be contributing to the greater trunk amplitudes documented here. 531 

Under drought and other water-limiting conditions, plants can exhibit concurrent 532 

reductions in sap flow and increases in trunk amplitude with decreasing water availability 533 

(Steppe et al., 2015a). We did not assess soil or plant water potential, but our weather data 534 
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suggested that vines had ample water availability. Despite this, by 21 days of cumulative SLF 535 

exposure in 2019, the average total water use per day of vines exposed to high SLF populations 536 

was about 0.61L m-2 of leaf area, compared to about 0.99 L m-2 of leaf area for control vines, 537 

indicating a 38% lower volume of water transpired under the same environmental conditions 538 

(Supplemental Table 3). At the whole plant level, considering the mean total leaf area, this would 539 

amount to a difference between 3.24 L day-1 (control) and 2.21 L day-1 (high SLF). It is 540 

important to note that in our study SLFs were forced to infest and feed upon the same vine for a 541 

prolonged period, compared to natural infestation scenarios where they feed on more than one 542 

plant host and host species. It is possible that the impacts of lower infestation densities may be 543 

stronger in these cases if the overall fitness of feeding SLFs is greater than that of the SLFs used 544 

in this study. However, the largest number of SLFs recorded on a single vine in commercial 545 

vineyards is 426 adult SLF (Leach and Leach, 2020), indicating that the levels of SLFs used in 546 

this experiment are indeed reflective of what a vine may experience.  547 

Honeydew excretion, a potential proxy for the volume of sap ingested by vascular-548 

feeding insects, has been measured for different economically important phloem-feeding 549 

planthopper species. For example, when feeding on rice (Oryza sativa L.), a single brown 550 

planthopper or white-backed planthopper (Sogatella furcifera Horváth) can excrete up to 30 and 551 

25 mg of honeydew a day, respectively (Cao et al. 2013). Assessment of honeydew excretion of 552 

adult SLF would be a key step in determining if SLF can negatively impact the water budget of 553 

an infested grapevine, and particularly in cases of infestation by high SLF densities, like those 554 

observed previously in Pennsylvania (Leach and Leach, 2020). If so, SLF phloem-feeding may 555 

have more severe implications for plant health and functioning during periods of drought or in 556 

regions with limited water availability. Indeed, modeling efforts of future SLF range expansion 557 
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have suggested that SLF can likely establish in many grape- and fruit or nut-producing regions 558 

within the United States and worldwide (Wakie et al. 2019; Jones et al. 2023), many of which are 559 

semi-arid or arid and use irrigation.  560 

 561 

4.3 Exposure to high SLF density had potential carry-over effects on trunk amplitudes  562 

Persistent reductions in sap flow may be due to prolonged stomatal closure or damage to 563 

the vasculature that persisted between SLF infestations, but it is unclear what may be driving 564 

persistent effects on diurnal trunk amplitudes when differences were present between 565 

infestations. While gymnosperms may exhibit different responses to insect feeding than 566 

angiosperms like grapevines, Balducci et al. (2021) reported that needle defoliation in black 567 

spruce (Picea mariana (Mill.) B.S.P.) and fir (Abies balsamea (L.) Mill.) by eastern spruce 568 

budworm (Choristoneura fumiferana Clem.) during needle flush did not affect diurnal 569 

contraction or expansion amplitudes but increased the length of contraction and expansion 570 

periods, which was interpreted as a reduced capacity for recovery to needle defoliation. We 571 

reason that increased contraction amplitudes due to SLFs may signify a reduced capacity of 572 

infested grapevines to recover from intensive infestations over the short-term, i.e., within the 573 

same season and under our experimental conditions. If the shift in trunk amplitudes reflects a 574 

drawdown of tissue water storage, it is possible that the plant is not able to fully replenish tissue 575 

water between infestations. While nighttime tissue water replenishment can be inhibited by 576 

prolonged drought conditions and low soil water (Steppe et al. 2015a), such conditions were not 577 

observed in this study. Interestingly, in October of 2019 multiple fog and rainfall events resulted 578 

in rapid tissue expansion events—a phenomenon that has been shown elsewhere to restore 579 

depleted water stores (Zweifel et al. 2001; Steppe et al. 2018)—with expansion tending to be 580 
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greatest in vines exposed to medium and high SLF populations (Figure S6). If SLF probing or 581 

feeding is permanently damaging phloem or xylem tissues and the reduction in radial flow 582 

resistance is contributing to increased trunk amplitudes, this effect likely persists following 583 

removal of SLFs. Knowledge of SLF sap ingestion rates (e.g., proxy rates of sap removal via 584 

honeydew quantification), its impacts on radial flow resistance, and how plants respond to SLF 585 

phloem-feeding under variable environmental conditions and water availability would provide 586 

important context for the results presented here.  587 

Repeated SLF infestations across seasons led to carry-over reductions in seasonal trunk 588 

radial growth in woody trees in the following season (Hoover et al. 2023; Dechaine et al. 2023), 589 

but in this study we did not detect an effect on trunk radial growth. However, our measurements 590 

did not capture the total seasonal growth in 2020, following infestation treatments the previous 591 

fall. Nevertheless, they captured a proportion of the season when grapevines exhibit rapid growth 592 

rates of new vegetative tissue (Pagay et al. 2016), including trunk growth (Van de Wal et al. 593 

2017). Vines previously exposed to high SLF densities in 2019 had greater diurnal amplitudes 594 

relative to the non-infested control in the spring of 2020, but it is unclear what may be causing 595 

this effect. It is possible that alteration of water relations and carbon dynamics in the preceding 596 

season due to SLFs led to shifts in anatomical traits that could underlie this persistent change in 597 

trunk amplitudes, particularly if vascular tissue anatomy was impacted (Gessler and Zweifel 598 

2024). However, an improved understanding of how SLFs impact phloem and xylem tissue 599 

integrity and development across multiple seasons will help clarify these reported effects.    600 

 601 

5. Conclusion 602 
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In this study, we investigated if repeated exposure to adult SLFs would have density- and 603 

cumulative effects on grapevine water use. Our results showed that exposure to prolonged 604 

exposure to high populations of adult SLFs (180 SLFs plant-1) appears to simultaneously reduce 605 

sap flow rates while inducing greater daily trunk amplitudes, indicating a marked shift in plant 606 

water relations in response to high populations of SLFs. However, lower densities of SLFs did 607 

not have the same impact on sap flow, suggesting that vines may be able to tolerate lower 608 

populations of SLFs (i.e., 0-8 SLFs shoot -1 or 0-120 SLFs vine-1), possibly by relying on tissue 609 

water storage to a greater extent as suggested by the general increase in trunk amplitudes noted 610 

here for all vines exposed to SLFs. Importantly, no recovery in water use was measured when 611 

SLFs were removed from infested vines, regardless of the length of exposure; instead, the 612 

impacts of SLFs appeared to persist, suggesting that frequent infestation by high numbers of 613 

adult SLFs may have a cumulative, negative impact on grapevine water relations, at least under 614 

conditions like those of this study. These results emphasize the risk that prolonged exposure to 615 

high population sizes of adult SLFs has for grapevines and other woody perennials and the 616 

implications for both whole-plant water and carbon dynamics. As SLF continues to move into 617 

new regions with variable environmental conditions, most notably regions with drier seasonal 618 

conditions and a greater use of irrigation, continued evaluation of how SLF impacts water use 619 

and carbon dynamics, and the underlying processes and anatomical traits contributing to these 620 

themes, is essential to developing improved, targeted methods for SLF management.     621 
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Figure 1. Concept diagram depicting hypothesized density- and time-dependent effects of SLF 888 

infestations on diurnal plant water use. This experiment hypothesized that sap flow and trunk 889 

amplitude (green box) would respond differently to a short period of exposure (5-7 days) (A) and 890 

extended cumulative (>7 days) exposure (B). In scenarios of short exposure (A), reductions in 891 

sap flow and increased trunk amplitudes (solid lines) are hypothesized to occur for all vines 892 

exposed to SLFs with the overall impact increasing with SLF density. Physiological activity is 893 

expected to recover when SLFs are removed. Under extended cumulative exposure (e.g., 894 

cumulative repeated short exposures; > 7 days total exposure) (B), reductions in water use would 895 

again occur in in all SLF-infested vines, but recovery in water use would no longer occur 896 

following removal of SLFs between SLF exposures. Figure created with BioRender.com.   897 

 898 

Figure 2. (A) Mean hourly sap flow rate (mL m-2 hr-1) averaged across each day for four 899 

infestations (i.e., days with SLF) and the time between infestation (i.e., days with no SLF), from 900 

August 26 to September 28, 2019; (B) relative change (%) between mean sap flow rates for vines 901 

subjected to SLFs relative to the non-infested vines for the same four infestations and the time 902 

between infestations. Shaded vertical areas indicate time between infestations (i.e., days with no 903 

SLF) in which SLF populations were temporarily removed before reinfestation occurred. Within 904 

each time point, different stacked letters in (A) refer to statistical differences (p < 0.05) between 905 

vines assigned to the zero (control; 0 SLFs shoot-1), low (4 SLFs shoot-1), medium (8 SLFs shoot-906 

1), and high (12 SLFs shoot-1) SLF density treatments, respectively, determined by simple effects 907 

t-tests using PROC GLIMMIX with the SLICEDIFF option. Standard error bars were also 908 

determined using SLICEDIFF.  909 
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 910 

Figure 3. Mean hourly sap flow rate (mL m-2 hr-1) averaged across each day for the first 911 

infestation (A; Days 1-7), second infestation (C; Days 14-28) and third infestation (E; Days 35-912 

43) and the time in between (B and D; Days 8-13 and 29-34, respectively) when no infestations 913 

occurred, from August 25 to October 6, 2020. Dashed lines represent linear regression models 914 

constructed for each infestation and the time in between infestations and inset r2 values are the 915 

coefficient of determination for each regression model. Standard error bars indicate the standard 916 

error of the mean hourly sap flow rate for each vine. Each point refers to a single vine from a 917 

group of eight experimental vines selected for analysis of sap flow rates in 2020.   918 

 919 

Figure 4. Coefficient of determination (r2) for linear regressions performed on daily means of 920 

hourly sap flow rates throughout the experimental period from August 25 to October 6, 2020, 921 

when SLFs were present on the vines (white background; Days 1-7, 14-28, and 35-43) and when 922 

vines were not infested (vertical grey background; Days 8-13 and 29-34). Vertical bars with 923 

diagonally hashed lines indicate days with statistically significant linear regression models (p < 924 

0.05).   925 

 926 

Figure 5. (A) Average daily trunk amplitudes (μm) averaged across each day for four 927 

infestations (i.e., days with SLF) and the time between infestation (i.e., days with no SLF), from 928 

August 26 to September 28, 2019; (B) relative change (%) between mean amplitudes for vines 929 

subjected to SLFs relative to the non-infested vines for the same four infestations and the time in 930 

between infestations. Shaded vertical areas indicate time between infestations (i.e., days with no 931 
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SLF) in which SLF populations were temporarily removed before reinfestation occurred. Within 932 

each time point, different stacked letters in (A) refer to statistical differences (p < 0.05) between 933 

vines assigned to the zero (control; 0 SLFs shoot-1), low (4 SLFs shoot-1), medium (8 SLFs shoot-934 

1), and high (12 SLFs shoot-1) SLF density treatments, respectively, determined by simple effects 935 

t-tests using PROC GLIMMIX with the SLICEDIFF option. Standard error bars were also 936 

determined using SLICEDIFF. 937 

 938 

Figure 6. Total growth (mm) (A) and average daily amplitude (mm) (B) measured in the spring 939 

and early summer (May 1 – June 30) of 2020 for non-infested (control; 0 SLFs shoot-1) and vines 940 

previously exposed to low (4 SLFs shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs shoot-941 

1) SLF densities in 2019. Standard error bars indicate the standard error of the mean for each 942 

treatment. Within each panel, mean values with different letters indicate statistically significant 943 

differences between treatment means determined using a Tukey’s multiple comparisons test (p < 944 

0.05).  945 

 946 

 947 

Supplemental Materials 948 

Figure S1. Vineyard daily average temperatures (°C; solid black line), PAR (μmol m-2 sec-1; 949 

dotted red line), and rainfall (mm; black vertical bars) for the experimental periods in 2019 (A) 950 

and 2020 (B). 951 

 952 
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Figure S2. Mean hourly sap flow rate (mL m-2 hr-1) averaged across each day for four 953 

infestations (i.e., days with SLF; A, C, E, and G) and the time between infestation (i.e., days with 954 

no SLF; B, D, F), from August 26 to September 28, 2019 for grapevines exposed to zero  955 

(control; 0 SLFs shoot-1), low (4 SLFs shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs 956 

shoot-1) SLF density treatments, respectively. The data from this series of graphs corresponds 957 

with Figure 2A.    958 

 959 

Figure S3. (A, B) Diurnal trends for air temperature (°C) and photosynthetically active radiation 960 

(PAR, mmol m-2 s-1) measured at the experimental vineyard; (C,D) hourly sap flow rates (mL m-961 

2 hr-1) and (E,F) continuous trunk radial changes (µm) measured for Riesling grapevines exposed 962 

to zero (control; 0 SLFs shoot-1), low (4 SLFs shoot-1), medium (8 SLFs shoot-1), or high (12 963 

SLFs shoot-1) infestation densities of adult SLFs during two infestations in 2019. Panels A, C, 964 

and E show trends from August 26 to August 30, when the first infestation occurred (1-5 days of 965 

cumulative SLF exposure) and panels B, D, and F show trends from September 23 to September 966 

27, 2019, when the fourth infestation occurred (17-21 days of cumulative SLF exposure). For sap 967 

flow and trunk radius data, black, red, blue, and green lines represent the means per control, low, 968 

medium, and high SLF infestation density treatments, respectively, (black, control; red, low; 969 

blue, medium; and green, high) and shaded areas represent the standard error of the mean for 970 

each line. Gaps in data in panels E and F represent brief periods when dendrometer sensors were 971 

offline and not transmitting data.    972 

 973 
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Figure S4. Seasonal stem radius changes (SRC; mm) from July 2 – November 15 in 2019 for 974 

non-infested vines (control; 0 SLFs shoot-1; A) and vines exposed to low (B; 4 SLFs shoot-1), 975 

medium (C; 8 SLFs shoot-1), and high (D; 12 SLFs shoot-1) adult SLF densities. Lines represent 976 

mean values while shaded areas indicate the standard error per treatment. 977 

 978 

Figure S5. (A) Average daily temperature (°C) and cumulative rainfall (mm) and (B) continuous 979 

trunk radius changes (SRC, mm) during the late spring and early summer (May 1 – June 30) of 980 

2020 for non-infested (control; 0 SLFs shoot-1) and vines previously exposed to low (4 SLFs 981 

shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs shoot-1) SLF densities in 2019. Lines in B 982 

represent mean values per SLF treatment while shaded areas indicate the standard error of the 983 

mean per treatment.   984 

 985 

Figure S6. Changes in trunk radius (µm) for non-infested grapevines (control; 0 SLFs shoot-1) 986 

and grapevines subjected to low (4 SLFs shoot-1), medium (8 SLFs shoot-1), and high (12 SLFs 987 

shoot-1) SLF infestation density from October 14-18, 2019 (28-32 days of SLF exposure), when 988 

multiple rain and fog events occurred. Lines represent mean values per treatment while shaded 989 

areas represent the standard error of the mean per treatment. 990 

 991 

Supplemental Table 1. Mean average sap flow rate (mL m-2 hour-1) per infestation and the days 992 

in between for Riesling vines exposed to SLFs in 2019 from August 26 to September 27. Data 993 

was analyzed using a mixed model in PROC GLIMMIX and since there was a significant 994 

interaction, differences between treatments were analyzed using simple effects t-tests by the 995 
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SLICEDIFF option. Different letters between treatments indicate significant differences between 996 

treatments (p < 0.05).  997 

 998 

Supplemental Table 2. Mean trunk amplitude (µm) per infestation and the days in between for 999 

Riesling vines exposed to SLFs in 2019 from August 26 to September 27. Data was analyzed 1000 

using a mixed model in PROC GLIMMIX and since there was a significant interaction, 1001 

differences between treatments were analyzed using simple effects t-tests by the SLICEDIFF 1002 

option. Different letters between treatments indicate significant differences between treatments 1003 

(p < 0.05). 1004 

 1005 

Supplemental Table 3. Mean daily total sap flow (mL m-2 day-1) per infestation for Riesling 1006 

vines exposed to SLF infestation in 2019, from August 26 to September 27. Data presented was 1007 

not statistically analyzed and instead computed only as a numerical reference for total vine water 1008 

use per day. 1009 




