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Abstract 

The rate of decline of hemlock (Tsuga canadensis) trees 
infested with hemlock woolly adelgid (Adelges tsugae) 
appears to be highly variable and site dependent. Rates of 
hemlock forest decline have not been quantified at the 
landscape scale and reasons for observed variations in the 
rate of decline remain unknown. Others have suggested that 
site characteristics and/or landscape features, hemlock 
woolly adelgid (HWA) dispersal patterns, weather and 
climate, genetic variation, and a host of other factors may 
play a role in structuring this apparent variation in the rate of 
decline. In this paper, we: 1) report the results of a preliminary 
investigation in which we quantify the rate of change in 
hemlock forest canopy across the Highlands landscape of 
northern New Jersey using multiple dates of remotely 
sensed data and change detection techniques; 2) summarize 
patterns in the rate of change in hemlock forest canopy; and 
3) explore the effects of site factors on the rate of change. 

The study area consists of the New Jersey Highlands, a 
2,340 km2 (900 mi2) area of rugged, forested terrain, 
containing about half of the state's estimated 10,690 ha 
(26,000 ac) of hemlock forest. The remotely sensed data 
consist of four scenes of leaf-off (November or December) 
Landsat TM imagery: 1984, 1992, 1996, and 1998, (30m 
pixel resolution). All scenes were terrain-corrected and 
georeferenced, converted to radiance values, and 
normalized to remove atmospheric differences. 

Hemlock forest was delineated using a digital map produced 
by New Jersey Department of Environmental Protection 
forestry personnel from air photos. Although hemlocks do 
occur in wetlands such as cedar swamps, they comprise a 
small percentage of the canopy, and were thus excluded 
from analysis. Therefore, only upland hemlock forest pixels 
representing cloud- and snow-free sites in all image dates 
were retained for analysis, representing about 5,527 ha 
(1 3,657 ac) of hemlock-mixed hardwoods forest type The 
Normalized Difference Vegetation Index (NDVI), derived 
from near infrared and visible red reflectance values ((NIR - 
red)/(NIR + red)) was obtained for each hemlock pixel in 
each image. A neighborhood value was calculated for each 
hemlock pixel to diminish the effects of any minor, inherent 
misregistration of the images on the change detection. This 
neighborhood value represented the average NDVl for that 
pixel and its eight hemlock neighbors (four adjacent and four 
diagonal). An increase in the NDVl from Time 1 to Time 2 
represents an increase in the amount of hemlock foliage 
present on a site (pixel), while a decrease in the NDVl 
represents a loss of hemlock foliage. By simply subtracting 
the Time 2 data from the Time 1 data, the change in the 
NDVl can be quantified. 
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We calculated the rate of change in NDVI for each time 
interval by subtracting the images in sequence: 1992-1 984, 
1996-1 992, 1998-1 996, and dividing the change in NDVl by 
the number of years in that time interval, e.g., (1 992-1 984)/8). 
During the first time interval before 1992, 90% of the NJ 
Highlands hemlock forests showed no change, but there were 
areas of severe defoliation comprising 8% of the hemlock 
forests. During the second time interval (1 992 to 1996), the 
majority (52%) of the hemlock forests showed no change, 
while 21% showed a decline, and 27% increased in NDVI. 
During the third time interval (1996 to 1998), the majority 
(65%) of the Highlands hemlock forests decreased in NDVI, 
while 25% showed no change and 10% increased in NDVI. 

Analysis focused on those site factors related to site 
moisture, directly or indirectly. The hypothesis is that 
hemlocks stressed by a moisture deficit decline at a faster 
rate. As part of the initial data exploration, we conducted a 
multiple regression analysis to determine the extent to which 
site variables correlated with the rate of change. We 
selected 5,000 hemlock sites at random for analysis. The 
dependent variable was the rate of change in NDVI, and the 
independent variables were: elevation in meters above mean 
sea level; slope in degrees; aspect represented as 
northness; a brightness index representing site illumination 
levels; a land form index representing convexity and 
concavity. All of these site variables were derived from a 
digital elevation model (DEM) of the area (30m resolution). 
The independent variables were standardized to prevent 
varying scales of measurement from influencing the analysis. 

In general, all of the site variables except aspect were highly 
significant (P < 0.0001). However, site characteristics 
explained a relatively small amount of the overall variation in 
the rate of change in NDVl (R2varied per time period and 
ranged from 0.09 to 0.25). Slope was significant during the 
first two time intervals, but not during the last interval. 
Though weak, the results suggest that: 1) during the early 
years (before 1992), the rate of change was greatest at low 
elevation, concave sites; 2) during the second time interval, 
the rate of change was greatest at high elevation, bright, 
convex sites; and 3) during the third time interval, rate of 
change was again greatest at low elevation, concave sites. 
Only during the second time period does the decline appear 
to be related to site moisture deficit (i.e., exposed ridge 
tops). The results for the first and third periods run counter to 
our original hypothesis. 

No simple, clear cut relationship is evident from this 
analysis, and explaining the rate of decline may require 
additional variables. To incorporate the observed coarse- 
scale pattern in HWA dispersal across the region over the 
entire time period, latitude and longitude will be included. 
Future work will explore the inclusion of weather records, 
alternative sampling schemes, and statistical techniques to 
further investigate the relationship between site and 
landscape factors and the rate of hemlock decline. 
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Field Surveys and Evaluation of Native Predators of the Hemlock Woolly 
Adelgid (Hornoptera: Adelgidae) in the Southeastern United States 

Matthew S. Wallace and Fred P Hain 

Abstract because A. tsugae is kept at innocuous densities in Japan 

There has been little research conducted on native enemy 
effects on the hemlock woolly adelgid, Adelges tsugae 
Annand. This two-year study examined the relationship 
between native predators and A. tsugae in the southeastern 
United States utilizing field surveys and cage exclusion 
experiments. Predators were collected in very low densities 
in 1 997 and 1 998. Harmonia axyridis Pallas (Coleoptera: 
Coccinellidae), lacewings (Neuroptera: Chrysopidae and 
Hemerobiidae), and gall gnats (Diptera: Cecidomyiidae) 

by a combination of natural enemies and host resistance. 
Recently, a small coccinellid beetle, Pseudoscymnus tsugae 
sp. nov., was described as an important predator of A. 
tsugae in Japan (Sasaji and McClure 1997). Experiments in 
the northeastern United States have shown that this beetle 
is a very promising biological control agent for A. tsugae 
(Cheah and McClure 1996). 

One of the most important first steps in biological control is 
to survey for and evaluate the effect of native enemies on 

represented 81 % of the total predators collected in 1998. pest populations before any type of release of exotic 
Cage exclusion experiments revealed no significant predator enemies is implemented. Evaluation is important because it 
effects at all three sites in 1997 and 1998. It is unlikely native scientifically examines the values and weaknesses of native 
predators are exhibiting any significant control on adelgid natural enemies. It also allows for more educated decisions 
populations due to the low densities of predators collected at on the introductions of exotic enemies and the necessity or 
a time when adelgids were abundant. Therefore, controlled lack thereof to modify the environment to assist incumbent 
releases of exotic predators into these sites should be enemies (DeBach et-al. 1976). If an exotic predator is to be 
considered. It is important for scientists and resource considered for release into the southeast in the future, an 
managers to continue to recognize the importance for pre- intensive survey of natural enemies and their effects on 
release surveys of native natural enemies prior to mass adelgid survivokhip is needed. The primary objective of this 
releases of foreign predators. two-year study was to identify natural enemies of A. tsugae 

in North Carolina and Virginia and their degree of 

Introduction synchronization with A. tsugae in the field. The second 
objective was to determine the effects of predation on 

The hemlock woolly adelgid, Adelges tsugae Armand, is an adelgid surv ivor~hi~ using predator exclusion cages- 

exotic pest of eastern hemlock, Tsuga canadensis (L.) 
Carriere, and Carolina hemlock, Tsuga caroliniana Engelm., Materials and Methods 
in the eastern United States from north-central North 
Carolina to northern Massachusetts. This destructive 
homopteran was accidentally imported from Japan and was 
first discovered in the eastern United States near Richmond, 
Virginia in 1951 and in the western U.S. in the early 1920's 
(McClure 1989 and 1991). Adelges tsugae exploits the 
valuable hemlock tree by depleting storage cells, or 
parenchyma cells, located in the xylem tissue (Shields et al. 
1996). Heavy infestations of the adelgid can result in the 
premature drop of foliage, bud abortion, and in extreme 
cases, mortality within 4 years of infestation (McClure 1991 ). 
A. tsugae undergoes a polymorphic life cycle where a 
certain portion of the winter generation (sistens) progeny 
become wingless progrediens that remain on hemlock while 
the remaining portion become winged sexuparae which 
migrate to spruce and subsequently die. Both the sexuparae 
and progrediens mature in the spring (McClure 1989). 

Due to the ineffectiveness of insecticides and the lack of 
natural enemies of A. tsugae in the eastern United States, 
classical biological control, or the importation of natural 
enemies from an exotic pest's original location, has become 
the most researched and promising control option. Classical 
biological control is the most feasible control method 

'Department of Entomology, North Carolina State University, 
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Field Surveys 

All research was conducted at three field sites: Hanging 
Rock State Park (HR), Stokes County, North Carolina; North 
Creek (NCR), Jefferson National Forest, Botetourt County, 
Virginia; and Cave Mountain Lake (CML), Jefferson National 
Forest, Rockbridge County, Virginia. All trees in all sites were 
selected for study based on high degrees of adelgid 
infestation. Arthropod collections were performed in two 
ways: shaking hemlock branches in the lower canopy of 
hemlock trees into a 0.45 square meter beat net 
(Montgomery and Lyon 1996) and probing for arthropods in 
infested twig samples with the aid of a light microscope. The 
distal 0.5 meter of 5 infested branches was sampled on 
every tree and one sample consisted of 5 branches per tree. 
Twig sampling was conducted only in 1998 and began in 
late March. It was added to the sampling scheme in order to 
learn more about microscopic immature predators. Three 
twigs per tree were clipped with twig cutters from selected 
trees at every site. Sampling during both years of the study 
was conducted in the spring and summer months at all three 
sites. 

Most predatory taxa were identified by comparing recently 
collected individuals with specimens that had been 
determined by taxonomy specialists. Predators identified in 
table 1 have either been observed feeding on adelgids given 
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to them in the laboratory or been observed Table I .-Percentage of total predators collected from twig samples 
feeding on adelgids from infested twigs and beat samples combined in all three sites, 1998. 
collected in the field. Voucher specimens 
have been deposited in the North Carolina Taxon HR NCR CML 
State university Insect Collection, Raleigh, 
NC, and the National Museum of Natural Coleoptera: Coccinellidae 28.92 38.00 40.50 

History, Washington D.C. ( H. axyridis) 

Coleoptera: Derodontidae 2.41 2.00 3.31 
Cage exclusion experiments (L. rubidus) 

Each tree at each site was randomly 
assigned three caged treatments (closed- 
cage, open-cage, no-cage) in the lower 
canopy. The closed-cage treatment monitored 
cage and other effects on adelgid 
survivorship; the open-cage monitored cage 
effects, predator effects, and other effects; 
and the no-cage treatment monitored 
predation effects and other effects on adelgid 
survivorship. During both study years, 
experiments were conducted in late-May and 
June. The spring generation of A, tsugae 
(progrediens) was chosen as the most 
appropriate life stage to evaluate. We 
believed that predators would be most 
abundant during this spring period due to the 
large number of adult adelgids. This was 
considered a critical period for predator 
evaluation because if predators were most 
abundant at this time, they could 
hypothetically have the most profound effect 
on adelgid survivorship by feeding on adults 
and preventing their entire clutch from being 
laid. At all sites, appropriate twigs were 
selected from cage treatments for before and 
after counts of the number of live progrediens 
per 10 cm of infested twig. The difference 
between the number of live progrediens 
between the before and after counts was then 

Diptera: Cecidomyiidae 0.00 20.00 30.58 
(Aphidoletes sp., Lestodiplosis sp.) 

Diptera: Chamaemyiidae) 0.00 2.00 6.61 
(Leucopis sp.) 

Diptera: Syrphidae 25.30 8.00 5.79 

Neuroptera: Chrysopidae and 43.37 30.00 13.22 
Hemerobiidae 

Date 
-- .- - - .. . . -- - - - -. . - - r- H axyt-idis - -  acew win^-] 

analyzed in all treatments. If there was a 
Figure 1 .-Densities (mean + SE) of the most abundant predators in significant beforelafter effect in the no-cage 
beat samples at Hanging Rock State Park, NC, in 1998. treatment or open-cage treatment compared 

to the closed-cage treatment, then predation 
was considered as the cause. 

Results 

Field Surveys 

Overall in 1997, 22 predators were collected from the beat 
samples at all three sites combined. The 3 species collected 
were Asian-multicolored lady beetles, Harmonia axyridis 
Pallas (Coleoptera: Coccinellidae); green lacewings, most 
likely Chrysoperla harrisii (Fitch) (Neuroptera: C hrysopidae); 
and brown lacewings, most likely Hemerobius humulinus L. 
(Neuroptera: Hemerobiidae). Densities in 1997 were so low 
and sampling dates were conducted so late in the field 
season that it was difficult to make any definite conclusions 
about predator phenology. Sixty-eight immature predators 
from the family Cecidomyiidae were collected on 24 June 
1997 from the no-cage twig samples during the cage 

exclusion experiments at the Virginia sites. Four of the 68 
were identified as Aphidoletes abietis Kieff er. 

A total of 254 predators was collected from 1998 beat 
samples and twig samples combined at all three sites. In the 
1998 twig samples and beat samples combined, H. axyridis, 
lacewings (Neuroptera: Chrysopidae and Hemerobiidae), 
and gall gnats (Diptera: Cecidomyiidae) comprised 81% of 
all individuals collected in all three sites. Table 1 gives a 
complete listing of the predators collected in 1998. At all 
sites, overall predator densities in both beat and twig 
samples were very low in 1998. Predators collected in the 
beat samples were most abundant in April and May while 
the greatest abundance of predators collected in the twig 
samples was observed in late-March and lateJune. Figures 
1-5 illustrate predator densities over time at all sites. 
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Date 

Figure 2.-Densities (mean + SE) of the most 
abundant predators in beat samples at North 
Creek, VA, in 1998. 

/ + H. axyridis - - Lacewing 1 

Figure 3.-Densities (mean + SE) of the most 
abundant predators in beat samples at Cave 
Mountain Lake, VA, in 1998. 

Date 
- - - -  - - H. axyridis - I. Lacewing 1 

I - -. . 

Figure 4.-Densities (mean + SE) of the most 
abundant predators in twig samples at 
Hanging Rock State Park, NC, in 1998. 

Date 
- - -  

I Syrphidae - ~p -Lacewings / 
- ,  

Cage exclusion experiments and other treatments in the change from the before to after 
count at any site. These results show that there was no 

Figures 6 and show the results of the 1997 and 1998 cage difference between treatments in adelgid survivorship in 
exclusion experiments respectively. Results from the 1997 at any site and no evidence of predator effects. 
statistical analysis revealed significant beforelafter effects in 
every treatment at every site in 1997. However, there were Results from 1998 revealed no beforelafter effects in any 
no significant differences between the no-cage treatment treatment at either Cave Mountain Lake or North Creek. 
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Date 
. - -- .- - - - 

~ ~ ~ c ~ ~ e c i d o ~ n ~ i i d a e  - g+ c~~-cecidorn$iclae i 

Figure 5.-Densities (mean + SE) of the most 
abundant predators in twig samples at the 
Virginia sites, 1998; NCR, North Creek; CML, 
Cave Mountain Lake. 

CML CML CML NCR NCR NCR HR HR HR 
cc oc nc cc oc nc cc oc nc 

Site and treatment 

Figure 6.-Mean number of progrediens per 10 
centimeters of infested twig 2 SE in before and 
after counts of three caged treatments at all three 
sites in 1997. CML, Cave Mountain Lake; NCR, 
North Creek; HR, Hanging Rock; CC, closed-cage; 
OC, open-cage; NC, no-cage. 

1 Before count After count 1 

Figure 7.-Mean number of progrediens per 10 
centimeters of infested twig in before and after 
counts of three caged treatments at all three 
sites in 1998. CML, Cave Mountain Lake; NCR, 
North Creek; HR, Hanging Rock; CC, closed- 
cage; OC, open-cage; NC, no-cage. 

a 

9 CML CML CML NCR NCR NCR HR HR HR 
cc oc nc cc oc nc cc oc nc 

Site and treatment 

[ i - f o r e c k t  0 After count I 

There were also no significant differences between the no-cage from the before to after count was significantly different 
treatment and other treatments in the difference from the before than the changes from the before to after count in the 
to after count. Therefore, there was no difference in adelgid closed-cage and open-cage treatments. However, this 
survivorship between treatments over time and no suggestion of effect probably doesn't have any biological significance 
predator effects. At Hanging Rock, results showed a significant due to the lack of predators sampled at the time of the 
beforelafter effect in the no-cage treatment only. This change after counts. 
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Discussion 
Results from the 1997 and 1998 field surveys indicate the 
existence of a small native predator complex associated with 
Adelges tsugae in the southeastern United States. Many of 
the predators collected in this survey have been found 
before to be associated with A. tsugae. In surveys of 
predators of A. tsugae in Connecticut, representatives from 
the families Cecidomyiidae, Syrphidae, and Chrysopidae 
were collected (McClure 1987). Laricobius rubidus was also 
found in surveys of hemlock in Connecticut (Montgomery 
and Lyon 1996). The most important predators found in this 
study in terms of abundance were Harmonia axyridis, 
cecidomyids, and lacewings in the families Chrysopidae and 
Hemerobiidae. Representatives of these groups and many of 
the individuals collected in this study are known predators of 
the family Adelgidae (Wilson 1938, Smith and Coppel 1957, 
Amman 1966, Harris 1973, Tedders and Schaefer 1994). 

Even though predators of A. tsugae have been documented 
in this study, results from the cage exclusion studies and 
field surveys strongly suggest that they are not abundant 
enough to effectively control A. tsugae or prevent tree 
mortality. Other surveys have found similar predatory taxa 
associated with A. tsugae that were in densities too low to 
impact adelgid populations (McClure 1987). Predators were 
collected in very low densities during both years of the study 
but they were moderately well synchronized with the adelgid 
life cycle. Figures 1-3 show that the highest abundance of 
predators in the beat samples (mid-April to mid-May) was 
observed at a time when sistens adults were beginning to 
die off but progrediens eggs and nymphs were abundant. 
This suggests that these predators likely have preferred 
sources of prey since their populations did not respond with 
any numerical increase to the abundant numbers of adelgids 
available to them. 

The high densities of cecidomyids observed in late June of 
1997 and 1998 (Figure 5) had little impact on adelgid 
survivorship because they were feeding at a time when 
adelgids had already laid most of their eggs and adults were 
dying off. If they and other adelgid specific predators such as 
Leucopis sp. were in high densities from mid-April to early- 
June when adelgid eggs, nymphs, or adults were most 
abundant, they may have had more of an effect on adelgid 
survivorship. 

Due to the low densities of predators and their lack of ability 
to control adelgid populations in these three sites, the 
release of a foreign specific predator such as 
Pseudoscymnus tsugae should be considered. Such a 
release should not proceed without caution however. Native 
predator densities were low in these sites but it is difficult to 
make an accurate statement of the predatorlprey 
relationship in a two-year study. Low predator numbers could 
easily be attributed to normal yearly population fluctuations. 
It should also be noted that Harmonia axyridis was one of 
the more common predators. This generalist predator, which 
will feed on a large number of organisms and may feed on 
other predators, could pose a problem for the establishment 
of an exotic predator. 

Even though predators were collected in low densities in this 
study, it is still important for scientists and resource 
managers to understand the importance of conducting 
native enemy evaluations prior to mass releases of an exotic 
natural enemy. The baseline information gathered in these 
studies lays the groundwork for future studies with exotic 
enemies and in some cases may show that incumbent 
natural enemies serve an important role in pest control. 
Future research should more closely examine the 
relationships between exotic predators such as 
Pseudoscymnus tsugae and incumbent predators of these 
sites. 
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