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Abstract There are three generations of hemlock woolly adelgid, Adelges tsugae Annand,
that develop on the secondary host Tsuga spp. Two of these generations, the progrediens and
sexupara, are present concurrently in the spring. Sistens are present from early summer until the
following spring. Constant temperature studies were conducted to quantify the influence of
temperature on hemlock woolly adelgid progrediens development and to develop a degree-day
model. Progrediens development in the field also was sampled to test the accuracy of the model.
Hemlock woolly adelgid progrediens developed at temperatures ranging from 4 to 22°C. Dura-
tion of first-instar progrediens was less dependent on temperature than in the other nymphal
stages and may have been a result of the difficulty in determining the median point of settled
first-instar nymphs and the inability to distinguish progrediens from sexuparae at this stage.
Duration of development from second stadium to adult was highly dependent on temperature.
Using this range of progrediens stages, it was determined that the low temperature threshold
was 3.9°C and requires 222 degree-days to reach the adult stage. The number of degree-days
needed to complete development in the field ranged from 110 to 123% of degree-days required
to complete development in the laboratory.

Key Words Adelgidae, Tsuga spp., temperature, development, degree-days, development
rate

The hemlock woolly adelgid, Adelges tsugae Annand (Homoptera: Adelgidae), is
an introduced pest of two hemlock species in the eastern U.S.: eastern hemlock,
Tsuga canadensis (L.), and Carolina hemlock, T. caroliniana Engelm. For 30 years
following its inadvertent introduction into Richmond, VA, hemlock woolly adelgid
spread slowly and was considered an occasional pest of ornamental hemlocks. How-
ever, in the mid-1980’s, its rate of spread increased, and within a few years the insect
was established along the eastern seaboard from Virginia to Connecticut (Souto et al.
1996). With the spread came a coincident increase in hemlock woolly adelgid popu-
lation density. The densities reached levels high enough to kill trees within a few
years. Subsequently, large numbers of hemlock trees began dying throughout the
range of hemlock woolly adelgid. Hemlock woolly adelgid continues to spread south,
west, and north within the range of eastern hemlock at a rate of 16 to 24 km per year,
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but this rate is highly variable (Suoto et al. 1996). Currently, the range extends to
Massachusetts in the north, eastern West Virginia in the west, and western North
Carolina in the south (USDA Forest Service 2000).

Pesticides are available and effective against the hemlock woolly adelgid on or-
namentals (McClure 1991, 1995, Steward and Horner 1994), but are not practical for
use in the forest. Hemlocks are often associated with riparian habitats that are sen-
sitive and often off limits to traditional insecticides. Additionally, the scattered location
of hemlocks in the forest, their inaccessible canopy that is often below the canopy of
more shade intolerant dominant tree species, and the high cost of individual tree
treatments, makes this pest an unsuitable candidate for chemical control options in
the forest. Efforts are now focused on identifying, evaluating, and releasing host-
specific predators of hemlock woolly adelgid collected in Japan (Cheah and McClure
1996, 1998), China (Montgomery et al. 2000) and western North America (Zilahi-
Balogh et al. 2000).

Efforts to quantify the phenology of hemiock woolly adelgid lifestages mirror similar
efforts currently being carried out with its predators Pseudoscymnus tsugae Sasaji
& McClure (Coleoptera: Coccinellidae) (Cheah and McClure 2000) and Laricobius
nigrinus (Coleoptera: Derodontidae) (Zilhai-Balogh et al., unpub.). Comparing phe-
nologies and more specifically degree-day requirements between predators and their
prey help determine the suitability of predators as biological control agents.

The life history of hemlock woolly adelgid was first studied in Connecticut (McClure
1987) and subsequently in Virginia (Gray and Salom 1996). Two apterous stages
complete development on hemlock: progrediens, from March/April to June, and sis-
tens, from June until the following March/April. A winged lifestage, sexupara, devel-
ops simultaneously with progrediens. Sexupara adults fly in search of spruce, Picea
spp., on which to oviposit (McClure 1989). Sexupara produce progeny called sexu-
ales, which have not been observed to successfully complete development on spruce
in North America.

The life history of progrediens has been studied extensively in the field (McClure
1987, 1991, Gray and Salom 1996). Progrediens stages largely overlap. Eggs can be
found in woolly ovisacs from March through May. Each of four nymphal stages can be
found between April and May. Adults can begin ovipositing in May. Little has been
done to quantify the effects of temperature on progrediens development. Gray and
Salom (1996) monitored temperature at sample sites, but no attempt was made to
relate development to temperature, in part because field sampling was too infrequent
(2 to 3 wk intervals) for the relatively short progrediens developmental period. It was
necessary to conduct lab and field studies that measured development more fre-
quently. This paper reports on a study in which we evaluated the effect of different
constant temperatures on progrediens development, developed a degree-day model,
and then tested the model with data collected from the field.

Materials and Methods

Laboratory study. In a preliminary study of progrediens development at different
constant temperatures (12, 17, 22, 27, and 32°C), we observed that progrediens did
not complete development at 27 and 32°C, indicating that the high temperature
threshold for development was >22°C and <27°C. In addition, it did not appear that
the low temperature threshold was approached at 12°C. Therefore, we designed a
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developmental rate study using the constant temperatures of 4, 8, 12, 14.5, 17, 19.5,
and 22°C.

Populations of hemlock woolly adelgid have been maintained continuously on
seedlings in our laboratory by infesting 2-yr-old hemlock seedlings with infested hem-
lock twigs. The infested twigs were attached to seedlings when progrediens and
sexupara crawlers began to emerge from sistens ovisacs in early spring. This tech-
nique works well, yet we have found that it takes about 1 yr for seedlings to become
heavily infested. The seedlings used in this study had been infested for 1 yr. Five
infested seedlings were placed in each chamber held at one of the constant tem-
peratures and at 70% RH. One chamber was used for each temperature. The cham-
bers were Percival® models I-30BLL and I-35LL (both + 0.5°C). Hobo® (Onset Com-
puter Corp., Bourne, MA) temperature and RH data recorders were used in each
chamber. They were tested against mercury thermometers prior to their use, where
readings from both were determined to be virtually identical. Temperature data were
collected at 15 min intervals throughout the duration of the experiment. The seedlings
were sampled weekly at 4 and 8°C and twice/wk at 12 to 22°C. A higher frequency of
sampling was required at the higher temperatures to account for shorter develop-
mental time of the progredients. When approximately 50% of crawlers settled as first
instars, data collection on lifestage duration commenced. This starting point was
based on weighted means from the frequency distribution of sistens eggs, crawlers,
first-instar progrediens and sexupara, and second-instar progrediens present.

Progrediens and sexupara develop simultaneously on Tsuga spp. Both life forms
are indistinguishable untit they molt to the second stadium (McClure 1989). Therefore,
measures of first instars included both life forms. Life forms of second and third instars
were distinguished by the presence of a suture between the pro- and meso-thoracic
dorsal plate for sexupara, not present on progrediens (McClure 1989). Fourth instars
were easily distinguished with the presence of wing buds found only on sexupara.

Hemlock woolly adelgid colonizes the base of needles at densities sometimes as
high as two to three per needle, making it virtually impossible to follow individuals
through complete development. Individual marking of these minute insects is not
possible. Because they are on live plants it would also be very difficult to record their
developmental stage with a microscope. Therefore, we decided to destructively
sample the seedlings and obtain progrediens stage frequency distributions for each
sample period (Gray and Salom 1996). Twigs from each of the five seedlings per
temperature were removed every sample period, and the nymphal stage of the first
30 progrediens encountered from the twigs of each seedling was recorded, resulting
in five subsamples per temperature for each sample period.

Field study. Progrediens development in the field was observed in two second-
growth hemlock woolly adelgid-infested hemlock stands located 10 to 22 km west of
Blacksburg, VA, in the New River Ranger District of the Jefferson and Washington
National Forest. The Poverty Hollow plot was located on a southeast facing slope,
where understory hemlock trees were a small component of a predominately white
oak, Quercus alba L., forest. A second plot, at Craig Creek, was located on a south-
facing slope, where the hemlock was a similarly small component of a predominately
white pine, Pinus strobus L. forest. The elevation at both plots was approximately
640 m.

In each plot, two 25-cm twig samples infested with hemiock woolly adelgid were
clipped twice per week from the lower crown of three randomly chosen trees. The
sample trees were healthy, yet infested with hemlock woolly adelgid. It was clear that

$S9008 981] BIA 20-/0-GZ0Z 18 /woo Alojoeignd-pold-swiid-yewssiem-ipd-awiid//:sdny woi) papeojumoc]



SALOM et al.: Phenology of A. tsugae progrediens 169

the infestation cycle was in its early stage at both sites, as the trees did not yet show
any signs of decline from adelgid feeding. The density of adelgids on twigs was quite
variable, ranging from <1 to 7 per cm. This is typical when trees first become infested.
The twigs sampled were branch tips of previous years’ growth. Samples were taken
from the same trees at each subsequent visit. Sampling commenced on 22 March
1999, when eggs were being oviposited by sistens adults, and continued until 14 June
1999, when progrediens were no longer present. The twigs were transported to the
laboratory and stored at 3°C for no longer than 4 d. At this time, the developmental
stages of the first 50 individuals encountered on a twig sample, starting from the distal
end, were recorded.

Because some eggs continue to be oviposited as older eggs hatch, we attempted
to estimate the date when 50% of the crawlers had settled as first-instar progrediens,
using a frequency distribution analysis of the different lifestages described above in
the laboratory study. The date at both plots was determined to be 23 April.

Temperature was recorded in both plots every 15 min for the duration of the study
using HOBO® Pro Recorders (Onset Computer Corp., Bourne, MA) calibrated and
verified with mercury thermometers. One recorder was hung from a fower branch of
one of the sample trees in each plot. The sample trees were no farther than 25 m
apart from each other. Mean temperatures for each day were determined by aver-
aging all 96 temperature readings taken.

Data analysis. Analysis of cumulative numbers (or proportion) of individuals that
enter a particular stage is a commonly-used method for studying insect phenology
(Régniére 1984, Sharov 1993, Allen et al. 1995, Davis et al. 1996). These cumulative
curves are modeled with either the logistic (Allen et al. 1995) or Weibull (Wagner et
al. 1984, Casagrande et al. 1987) functions. In this study we used the logistic function
because it is simpler than the Weibull function and gave the same estimates of the
median time for entering a particular stage. For each sampling date t, we determined
the cumulative proportion p;(t) of the hemlock woolly adelgid population that had
reached a specific stage / by this date. Developmental stages were i = 1 for settled
first-instar progrediens, i = 2-4 for second- to fourth-instar progrediens, and i = 5
for adults. Functions p; (1) were approximated by logistic equations, x;(t) = [1 +
exp(-a; (x - b))]"!, where a;is the slope and b; is the median point, using a non-linear
regression method (least square estimation). Equations were developed for each
temperature. Thus, stage frequencies at various temperatures were not compared
directly. Instead we compared median times for stage change that were estimated
from the logistic model. The duration (days) of the i-th stage T, was calculated as a
distance, T, = b,,, — b; between median points of logistic curves for stage / and
the following stage / + 1 (Fig. 1). The rate of development was then estimated as
1/T, day.™

A linear regression of developmental rate vs temperature was used to estimate the
low temperature developmental threshold and the number of degree-days needed for
hemlock woolly adelgid progrediens to complete development. Degree-days are
based on the concept of a “thermal constant” first described by Sanderson and
Durham (1910), and can be calculated from the equation: DD = 1/b, where b is the
slope of the regression equation of developmental rate vs. temperature (Shelford
1927).

We averaged development rates for five plants in each chamber and estimated
non-linear regressions using these averages. The degree-day model developed from
lab studies was compared to field data. The model was tested by summing, at 15 min
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Fig. 1. Cumulative distributions of development for three hemlock woolly adelgid
progrediens instars at 17°C, with a demonstration of how median develop-
mental times were calculated for each instar.

intervals, the number of degree-days above the low temperature threshold at each
plot, as recorded by our temperature recorders. Degree-days were summed from the
time that 50% of first instars had settled until 50% of fourth instars had molted to adult.
The number of degree-days accumulated in the field was compared to the number of
degree-days estimated from the laboratory experiment.

Results

Laboratory study (first instars to adult). Hemlock woolly adelgid progrediens
completed development from settled first instars to adults at all temperatures from
4 to 22°C. A significant positive linear relationship (R® = 0.9602; F, 5 = 120.54;
P = 0.0001) was observed between developmental rate and temperature (Fig. 2A).
The low temperature threshold was —3.8°C, and the number of degree-days required
for development from first instars to adults was 1250. Developmental rate dropped
expectedly as temperature decreased to 8°C, yet did not drop further at 4°C.

The developmental time for hemlock woolly adelgid progrediens ranged from
147 d at 4°C to 52 d at 22°C (Table 1). The first instars had similar developmental
times at 4 and 8°C, and although developmental times were significantly different for
second instars, at the same temperatures, the differences were not nearly as great as
at higher temperatures. Developmental time did decrease significantly at higher tem-
peratures, yet not to the same extent as subsequent instars (second to fourth) (Table
1). For example, developmental time dropped from 53 to 41 d between 4 and 22°C for
first instars and from 56 to 5 d between 4 and 22°C for second instars. As a result, we
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Fig. 2. Hemlock woolly adelgid progrediens development rate at constant tempera-
tures for (A) first-instar to adult and (B) second-instar to aduilt.
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decided to analyze the development rate of a narrower range of lifestages. In addition
to evaluating the range between first-instar progrediens and adults, we evaluated the
range between second-instar progrediens and adults.

Laboratory study (second-instar progrediens to adult). A significant positive
linear relationship was observed between developmental rate and temperature
(R® = 0.9429; F, 5 = 85.56; P = 0.0003) (Fig. 2B). The low temperature threshold at
which development would cease was 3.9°C. The number of degree-days required for
development from second-instar progrediens to adults was 222.

Field study (first-instar progrediens to adult). Temperatures at Craig Creek and
Poverty Hollow were similar during the sample period. The mean daily minimum and
maximum temperature at Craig Creek was 6.8°C (range = 5.4 to 9.4°C) and 22.6°C
(range = 16.0 to 30.7°C), respectively. At Poverty Hollow, the mean daily minimum
and maximum temperature was 6.7°C (range = 5.0 to 10.6°C) and 22.8°C (range =
14.9 to 31.5°C), respectively.

Mean duration of progrediens development did not differ significantly between
sites (Table 2), averaging 44.8 d at Poverty Hollow and 46.5 days at Craig Creek. The
number of degree days needed to complete development in the field was only from
64 (Poverty Hollow) to 68% (Craig Creek) of the number of degree-days required to
complete development in the laboratory (Table 2). No differences were found be-
tween either field site.

Field study (second-instar nymph to adult). Mean duration of progrediens de-
velopment from second-instar nymphs to adults did not differ significantly among sites
(Table 2), averaging 17.5 d at Poverty Hollow and 19.4 d at Craig Creek. The number
of degree days needed to complete development in the field ranged from 110 (Pov-

Table 2. Mean duration and degree-day accumulation of field developing hem-
lock woolly adelgid progrediens using laboratory-derived linear re-
gression equations

Proportion to linear

Mean duration Degree-day models
Life-stages Location (d+S.D)* accumulation (xS.DI)T
First-instar- Poverty 4477 £ 1.33 a** 828.18 0.641 £0.022 a
Adult Hollow
Craig 4650+ 1.73a 893.90 0.677 + 0.038 a
Creek
Second-instar-  Poverty 1747 £0.35a 241.99 1.096 + 0.061 a
Adult Hollow
Craig 19.40+2.34 a 264.34 1230+ 0.172 a
Creek

* Mean values calculated from median estimates of logistic equations for each tree.

** Numbers in columns, for each life stage measure, followed by different letters are significantly different
(ANOVA; P = 0.05).

1 See Figures 2A and 2B for equations calculated for first-instar to adult, and second-instar to adult lifestages,
respectively.
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erty Hollow) to 123% (Craig Creek) of degree-days required to complete development
in the laboratory (Table 2). No differences were found between either field site.

Discussion

This paper reports the first effort to quantify the effect of temperature on hemlock
woolly adelgid development. Evaluation of the laboratory data showed that first-instar
development was not affected by temperature nearly as much as was development in
the other instars. This may have been due to the difficulty in accurately estimating the
median date when a sampled population of progrediens entered first stadium. The
problem associated with this is due to the many overlapping stages (progrediens
eggs, crawlers, first, and second instars) that are present on a twig sample at any one
time (McClure 1987, Gray and Salom 1996). In addition, indistinguishable first-instar
sexuparae were likely counted with first-instar progrediens. Thus, it is not surprising
that the degree-day model of hemlock woolly adelgid development in the laboratory
for first instars to adults did not work well for predicting phenology in the field.

When the range of life stages used to create a degree-day model was narrowed to
second-instar progrediens to adult, the model’'s prediction of progrediens develop-
ment in the field improved considerably. This indicates, in part, greater accuracy in
determining occurrence of the median point for second-instars and in counting only
progrediens, which can be distinguished from sexuparae at this and later stages
(McClure 1989).

The estimate for low temperature developmental threshold differed drastically de-
pending on the range of progrediens stages sampled. For the range of first-instars
progrediens to adult, the estimate was —-3.8°C and for the range of second-instars
progrediens to adult, the estimate was a 3.9°C. We believe the latter estimate is more
realistic than the former one. Gilbert and Raworth (1996) provide data from 36 studies
where both the development thresholds and emergence dates were known. They
showed that the developmental thresholds are roughly equal to the lowest daily
average field temperatures to which the insects are exposed. The 3.9°C threshold we
calculated is close to our lowest daily average temperature of 5°C that was observed
at Poverty Hollow.

From our preliminary experiments, we know that progrediens will not complete
development at a constant temperature of 27°C, yet will at 22°C. This was not ad-
dressed further in this study and more research is needed to more precisely estimate
the high temperature development threshold.

At this time we cannot explain why we were unable to detect any difference in
development time of progrediens between 4 and 8°C. If we remove the 4°C devel-
opment data from the second instar to adult model, the low temperature development
threshold increases from 3.9 to 6.0°C. Despite this change, the model predictions
closely approximate data at normal temperatures (from 12 to 22°C). It is clear, how-
ever, that further work is also needed to more precisely estimate the low temperature
development threshold.

Eastern hemlock is generally restricted to regions with cool humid climates (Burns
and Honkala 1990). Insects associated with these trees would need to be similarly
adapted. McClure (1996) suggested that this insect is highly adapted to northern
climates and high elevation settings. This was further supported by Parker et al.
(1998) when they demonstrated from cold hardy tests that hemlock woolly adelgid
sistens could survive temperatures as low as —30°C for 24 h and could likely survive
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the winters in southern Maine, Vermont and New Hampshire. Thus, it should not be
surprising that temperature range for progrediens development is shifted toward the
cooler end of the spectrum for insects living in a temperate climate. Another intro-
duced adelgid, balsam woolly adelgid, Adelges piceae (Ratzeburg), is found through-
out the range of Abies spp., which extends further north than Tsuga spp. (Hain 1988).
Despite their presence in a more northerly climate than currently occupied by hemlock
woolly adelgid, A. piceae neosistens eggs appear to be adapted to slightly warmer
temperatures than hemlock woolly adelgid progrediens nymphs, with a low develop-
mental threshold between 5 and 7°C and a high developmental threshold of approxi-
mately 30°C (Amman 1968). Other evidence that both these adelgid species are cold
adapted is that they both have life stages that go dormant in the summer, apparently
to avoid heat and water stress.

The data reported in this paper provide a basis for future efforts that should focus
on the development of degree-day models for progrediens eggs, crawlers, and settled
first instars. However, even without these data, prediction of progrediens develop-
ment to adult can now be accurately made starting with the median occurrence of
second-instar progrediens. Once progrediens oviposit, it is less than 2 wks before
sistens crawlers settle as first instars and then go into aestivation (Gray and Salom
1996). At that time, treatment either by chemicals or by release of predators is not
suitable or effective until sistens break diapause.
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