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Abstract: Extensive mortality of eastern hemlock, Tsuga canadensis (L.) Carrière, resulting 
from infestation by hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: 
Adelgidae), has occurred throughout the eastern United States. Although imidacloprid 
treatment can reduce tree mortality, its effectiveness can be influenced by several factors 
including tree water stress. The relationship between water stress and infestation rates is 
unknown, and an understanding of these could greatly increase the efficiency of management 
for this invasive insect. The primary objective of this study was to assess water stress at three 
levels of hemlock woolly adelgid infestations. Water stress was measured monthly for  
13 months in eastern hemlocks classified as <25%, 25%–75%, and >75% infested. The 
highest level of water stress was found in those trees with hemlock woolly adelgid infestation 
levels greater than 75%. The lowest level of water stress was found in those trees with less 
than 25% hemlock woolly adelgid infestation levels. Knowledge of these effects can 
contribute to development of more effective chemical management strategies. 
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1. Introduction 

Large scale mortality of eastern hemlock, Tsuga canadensis (L.) Carrière, resulting from infestation 
by hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), has occurred throughout 
the eastern United States over the past decade. Imidacloprid, a systemic insecticide, is one of the primary 
chemicals used to suppress populations of hemlock woolly adelgid [1]. Although imidacloprid treatment 
can reduce tree mortality, its effectiveness is influenced by several factors, including tree water stress [2]. 
Adelgid infestation has recently been found to influence tree water relations in mature stands [2] and 
saplings [3] but this relationship between water stress and infestation rates is basically unknown, and an 
understanding of these could greatly increase the efficiency of management for this invasive insect.  
Two species of hemlock, eastern hemlock, Tsuga canadensis (L.) Carrière, and Carolina hemlock,  
Tsuga caroliniana Engelmann, are found in the eastern United States. Eastern hemlock is a  
shade-tolerant, slow growing and drought intolerant conifer species [4] found on nearly eight million 
hectares of forest in the eastern United States. It is formerly considered to be the dominant tree on about 
one million of those hectares [4] and comprises approximately 1528 hectares in the Great Smoky 
Mountains National Park. Its geographic range extends from Nova Scotia south to northern Georgia and 
west to Minnesota. Carolina hemlock is considered a rare relic species limited in range to the Blue Ridge 
Mountains in the Southern Appalachians. 

Eastern hemlock is a foundational species constituting a vital component of biological diversity, 
environmental homeostasis, and economic substantiality within its geographic range [5–9]. Eastern 
hemlock is a vital foliage resource for deer in the winter [10], is correlated to avian community 
composition [11], and is associated with more than 400 species of insects [6,12]. Eastern hemlocks also 
serve as a key component of riparian habitats, lowering stream temperature, stabilizing diel variation in 
stream temperature, regulating stream flow, and producing an aquatic environment favorable to fish and 
aquatic macroinvertebrates [9]. Eastern hemlocks fulfill unique ecological roles that contribute to 
environmental stability. Deep shade and slowly decomposing acidic litter result in a distinct 
microclimate characterized by temperature reduction, moisture retention, lowered rates of nitrogen 
cycling, and nutrient poor soils [13]. 

The hemlock woolly adelgid has proven to be detrimental to both eastern hemlock and Carolina 
hemlock in eastern North America since its introduction in Richmond, Virginia in 1951. It now ranges 
as far north as Massachusetts, south to North Carolina and north Georgia, and west into Tennessee and 
Kentucky. Hemlock mortality is caused by reduced carbohydrate reserves in the tree as result of adelgid 
feeding in the ray parenchyma cells [14] and reduced photosynthetic rates [15–17], affecting trees of all 
size and age classes [18]. Damage to the tree from heavy adelgid infestation reduces the ability of the 
hemlock to transport imidacloprid, one of the primary systemic chemicals used to treat infestations of 
hemlock woolly adelgid, throughout the tree [1,13]. Hemlock woolly adelgid infestations cause 
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abnormal wood production in the xylem [17] similar to that which is documented in Frasier fir with 
balsam woolly adelgid [19]. 

Eastern hemlocks under drought stress and those with needle loss and dieback have difficulty 
transporting systemic insecticides into the canopy [20]. This difficulty may be the result of low 
transpiration rates of stressed leaves, which limits the uptake and movement of water. Reduction of 
adelgid populations as the result of imidacloprid treatment has been shown to dramatically increase new 
growth, resulting in the recovery of trees that had been in poor condition, although the rate of recovery 
is highly dependent on the health of the tree at the beginning of treatment as well as the degree of water 
stress [20]. Translocation of imidacloprid has been shown to occur in eastern hemlock throughout the 
entire canopy, and has been shown to persist for more than two years [20]; however, trees in that study 
were under minimal drought stress and low infestation levels of hemlock woolly adelgid prior to 
treatment. Little is known regarding how water stress is related to differing hemlock woolly adelgid 
infestation levels. Knowledge of this relationship is critical for targeting treatments to trees in which 
they will be most beneficial, and making effective treatment decisions to protect this important resource. 
The primary objective of this study is to assess the correlation between hemlock woolly adelgid 
infestation level and water stress in eastern hemlock. 

2. Materials and Methods 

2.1. Study Site and Experimental Design 

The study was conducted at three sites within the Great Smoky Mountains National Park (Tennessee). 
The experiment was arranged in a single factor (<25%, 25%–75%, and >75% hemlock woolly adelgid 
infestation ratings) randomized complete block design with three sites, using air temperature, rainfall, 
relative humidity, soil temperature, and soil moisture as covariates. Sites were established at 327 m  
(1075 ft) at Shop Creek (35°31′56″ N, 83°56′31″ W), at 792 m (2600 ft) in Cosby (35°46′40″ N, 
83°28′41″ W), and at 1490 m (4889 ft) on Sugarland Mountain (35°36′34″ N, 83°28′41″ W).  
Eastern hemlocks at Shop Creek were located in a valley cove with <25% slope, in upland sandy loam 
soil. Eastern hemlocks located at Cosby were located in a valley cove with <35% slope, in loamy sand 
soil. Eastern hemlocks at the Sugarland Mountain site were located on ridge with <45% slope, in upland 
sandy loam soil. Eastern hemlocks selected (n = 27) were of similar height (12–15 m) and diameter at 
breast height (DBH) (25–38 cm) to reduce error due to the effects these factors have on water uptake in 
eastern hemlock. Of these trees selected, nine were established within each site and arranged in groups of 
three, with each group of trees representing one of the three infestation rating categories with each 
infestation rating category represented. Infestation ratings were determined by cutting 15 (40 cm) branches 
from each tree using a pole pruner. Five branch samples were taken from the lower strata, 5 from the mid 
strata, and 5 from the upper strata. The living sisten generation of adelgids from the terminal 25 cm of 
the branches were counted up to 20, with 20 representing 100 percent infestation rating [21]. 

2.2. Sampling and Measurements 

Water stress was determined as a measurement of stem water potential (Ψ), using a portable pressure 
chamber (Model 615, PMS Instrument Company, Albany, OR, USA). The higher the degree of water 
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stress the more negative the water potential. Four 12 cm branches were cut from the apical end of the 
branch on each tree, two from the bottom and two from the top of the canopy. A pole pruner was used 
to acquire branch samples from the top stratum of the tree. Measurements from foliage were taken once 
each month for 13 months (August 2011–August 2012), resulting in a total of 1404 branch samples. 
Measurements were made mid-day between the hours of 11 am–3 pm, when plant moisture stress was 
at its maximum. The extensive elevation range of eastern hemlock in the southern Appalachians results 
in varying site characteristics, which may influence water stress in the tree. Site characteristics were 
monitored using HOBO’s (Model 10164748 and U23-001, Onset Computer Company (Bourne, MA, 
USA) with two HOBO’s placed within each block of trees 5 m above ground, and soil sensors (Model 
10171749, Onset Computer Company) to monitor soil temperature and moisture placed around the base 
of trees at a depth of 36 cm. HOBO’s were used to record daily ambient air temperature (°C), rainfall 
(cm/h), relative humidity (%), soil temperature (°C), and soil moisture (% volume). 

2.3. Data Analysis 

Data were subjected to verification of the assumptions of normality and homoscedasticity. Daily 
ambient air temperature (°C), rainfall (cm/h), relative humidity (%), soil temperature (°C), and soil 
moisture (% volume) measurements were treated as covariates. Least squares regression was used to 
determine the relationship between water stress and covariates. Because least squares means involve 
multiple statistical comparisons, a Bonferroni corrected α was used to avoid type I errors. Repeated 
measure analysis of covariance (ANCOVA) was conducted to assess for significant regression 
relationships among water stress and covariates through time, adjusting data for the effects of covariates 
using SAS statistical software [22]. Infestation level is the fixed factor, block is the random factor, and time 
is the repeated measures factor. ANCOVA adjusted means were separated using Student-Newman-Keuls 
post-hoc test (α = 0.05) for differences in water stress across three hemlock woolly adelgid infestation 
levels within each month sampled. 

3. Results and Discussion 

A significant relationship was found among all covariates (daily ambient air temperature, rainfall, 
relative humidity, soil temperature, and soil moisture) (F = 2.25, df = 14, 42, p < 0.0001). This significant 
relationship indicates that these environmental factors were all related to levels of water stress in eastern 
hemlocks. Changes in environmental factors result in variations in microclimate that interact with site 
characteristics. These variations may partially explain disparities in water stress and systemic insecticide 
movement between geographic locations (local, regional, and national), and is an area that warrants  
more research. 

Water stress in eastern hemlocks was significantly different (Student-Newman-Keuls test; p < 0.05) 
between varying levels of hemlock woolly adelgid infestation (Figure 1). Eastern hemlocks with high 
infestation levels (>75%) had significantly higher water stress (Student-Newman-Keuls test; p < 0.05) 
than those trees with moderate level infestations (25%–75%) and low level infestations (<25%)  
(Figure 1). Eastern hemlocks with low level infestations had the lowest water stress out of all infestation 
levels (Figure 1). Temporal differences in water stress were documented across all hemlock woolly 
adelgid infestation levels (Figure 2). Water stress was significantly highest (Student-Newman-Keuls 
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Test; p < 0.05) across all infestation levels in April, which coincides with documented peak transpiration 
of eastern hemlock in the southern Appalachians in the spring [2]. As water stress increases, embolism 
occurs in the xylem which reduces hydraulic conductivity, eventually leading to catastrophic xylem failure. 
In eastern hemlock, the greatest rate of embolism was recorded between −3 MPa and −5 MPa [23].  
We found stem water potentials of infested trees to be within this range for much of the year. Because 
woody plants commonly function near the level of catastrophic xylem failure [24], when soils are dry, 
the difference of −0.5 MPa between the least and most infested classes of trees may mean that trees at 
the highest level of infestation are approaching or crossing a critical threshold. However the lower water 
potential we observed in infested trees may also be the result of osmotic adjustment as the tree 
acclimates; large increases in proline, commonly used for osmotic adjustment, have been found in 
infested trees [25]. 

 

Figure 1. Relationship between Hemlock Woolly Adelgid (HWA) infestation level and stem 
water potential (Ψ) as an indicator of water stress. Adjusted means (n = 1404) (± SE) with 
different letters are significantly different (Student-Newman-Keuls Test; p < 0.05). The more 
negative the stem water potential (Ψ), the more water stress is occurring in the tree. 

April was when the highest average monthly rainfall (10.12 cm) and the highest average monthly soil 
moisture (37.3%) were recorded, and there began a slow recovery of water potential toward the same 
levels in August, as were seen the previous year. Significant differences (Student-Newman-Keuls Test;  
p < 0.05) documented between infestation levels indicate that higher hemlock woolly adelgid infestation 
levels werestrongly related to levels of water stress within the tree. The lowest water stress occurred 
across all infestation levels in January, which coincided with reduced transpiration rates of eastern 
hemlock in the southern Appalachians [2]. The lowest average monthly rainfall was documented in 
January (8.02 cm), suggesting that transpiration rates rather than precipitation patterns were the primary 
driver of seasonal water potential fluctuations in this species. Even under favorable conditions, the 
reduction in water potential we observed to occur with increasing infestation may have resulted in a 
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higher incidence of mid-day stomatal closure and reductions in photosynthesis, as has been previously 
observed in this species [15]. 

 

Figure 2. Temporal variation of adjusted water stress as a function of adjusted mean stem 
water potential (Ψ) as an indicator of water stress from August 2011 to August 2012. The 
more negative the stem water potential (Ψ), the more water stress is occurring in the tree. 
Mean stem water potential (Ψ) was significantly different between all infestation levels 
within each month (Student-Newman-Keuls Test; p < 0.05). 

Accelerated mortality in eastern hemlocks is likely to occur at high hemlock woolly adelgid 
infestation levels. Along with transpiration rate, two natural forces govern the movement of water in 
plants: (1) the mechanics of cohesion theory and (2) an osmotic gradient from the soil to the root, 
however, interruptions in these forces can cause water stress in a tree resulting in detrimental effects to 
growth, photosynthesis, and transpiration. Hemlock woolly adelgid infestations may influence water 
movement within eastern hemlocks by causing the formation of abnormal xylem structures, resulting in 
greater number of annual rings, increased amounts of ray tissue, and a reduction in the number of 
conducting pit pores and encrusted membranes [25]. Research by Domec et al. 2013 [15] found that 
constraints on water movement were correlated with abnormal wood production in the xylem of infested 
trees, resulting in greater water stress within the tree. Infested trees have also been found to have reduced 
fine root biomass [26] and mid-day transpiration rates [15]. These characteristics are conducive to 
limiting the movements of water within eastern hemlocks [17]. Conclusions from studies of Fraser fir, 
Abies fraseri (Pursch) Poir (Pinales: Pinaceae), with balsam woolly adelgid, Adelges piceae Ratzeburg 
(Hempitera: Adelgidae) [19], suggest that infestation may directly influence water conduction within the 
tree resulting in increased susceptibility to environmental stress and external symptoms of water stress. 

Integrating the relationship between hemlock woolly adelgid infestation levels and environmental 
factors may contribute to developing models to predict water stress in eastern hemlocks. The prediction 
of water stress can help land managers and owners develop management strategies that can prioritize 
hemlock stands in areas where systemic insecticide treatments would be most beneficial. 
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4. Conclusions 

The results from this study indicate a strong relationship between hemlock woolly adelgid infestations 
and water stress. Eastern hemlock trees with hemlock woolly adelgid infestations greater than 75% had 
the highest water stress, tress with infestations between 25% and 75% had moderate water stress, and 
trees with <25% infestation had significantly lower water stress. Temporal differences in water stress 
indicate that highest water stress in eastern hemlocks occurs in April. Environmental factors, such as 
ambient air temperature, rainfall, relative humidity, soil temperature, and soil moisture can vary between 
sites and are also related to levels of water-stress. Knowledge of these effects can contribute to more 
effective chemical management strategies of hemlock woolly adelgid by understanding the implications 
these factors have in the movement of systemic insecticides within the tree as a result of high or relatively 
lower water stress. 
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