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he hemlock woolly adelgid
I {Adelges tsugae, hereafter
HWA) is an introduced
insect from Asia that was first
discovered feeding on eastern
(or Canadian} hemlock (Tsuga
canadensis) in Virginia in the
1950s.! It did not become a seri-
ous problem on the East Coast
until the 1980s, when it started
killing entire populations of both
wild and cultivated trees in the
mid-Atlantic region. HWA is now
well established in the eastern
portion of the range of eastern
hemlock, from New Hampshire
south to North Carolina,? as well
as in most of the range of Carolina
hemlock (T. caroliniana).

While considerable research has
been directed toward developing
chemical and biological controls
for HWA on eastern and Carolina
hemlock,? relatively little work
has been done to determine the
resistance of other hemlock spe-
cies. In one experiment, McClure?
found that one Japanese species,
T. diversifolia (northern Japa-
nese hemlock), and two species
from western North America, T.
heterophylla and T. mertensiana
(western hemlock and mountain
hemlock) showed more resistance
to HWA than Carolina and east-

This specimen of Tsuga chinensis was collected by E. H Wilson in Hubei
Province, China in 1910 It 1s now growing at the Arnold Arboretum.

ern hemlock when all five species were cul-  only infrequently in natural populations of T.
tivated outdoors in Connecticut for one year.  diversifolia and T. sieboldii in Japan® and in a
Subsequent fieldwork on native hemlock popu-  subspecies of T. chinensis (Chinese hemlock),

lations in Asia has shown that HWA occurs in China. These results have been attributed to
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a combination of host resistance and the pres-
ence of natural predators. Bentz et al.” reported
that cultivated specimens of northern Japanese
hemlock and Chinese hemlock growing in
close proximity to infected eastern hemlock in
Washington, D.C., and in Philadelphia, Penn-
sylvania, showed strong resistance to HWA
over an eight-year period of exposure, while a

second Japanese species, T. sieboldi1 (southern
Japanese hemlock), showed variable levels of
damage. The existing literature on HWA resis-
tance of various hemlock species is summa-
rized in Table 1.

At the Arnold Arboretum we have been study-
ing the Chinese hemlock as a possible replace-
ment for eastern hemlock in landscape settings.

Shade Relative Harduness to HWA

Species Range tolerance  growth rate USDA zone 6 resistance
Tsuga canadensis Eastern North Amenca Yes Fast Yes No
Tsuga caroliniana Southern Appalachian Yes Moderate Yes No

Mountains

h Tsuga chinensis Central and western China Yes Fast Yes Yes

Tsuga dwerstfoha Central and northern Yes Slow Yes Yes

Honshu, Japan
Tsuga heterophylla Northwestern North Amenca Yes Fast Questionable Questionable
Tsuga mertensiana Northwestern North Amenca Unknown  Slow Yes Unknown
Tsuga sieboldit Central and southern Yes Moderate Yes Questionable

Honshu, Japan

Table 1. Comparison of the environmental tolerance factors of various Tsuga species cultivated
at the Arnold Arboretum.

Armold Arboretum  No. living

Source Collection no and (date) Collection locatuon Altitude (m) accession no plants (2004)
Veitch China Exp EHW #952 (1901) Xing Shan, Hube1 Province 2,130 6851 (Nov 1907) 0 (died 1921)
(1899-1902)
Arnold Arboretum Exp EHW # 4453 (1910) Fang Xian, Huber Province 2,300-3,000 17569 (= 6851-1) 1 (grounds)
(1910-1911) (Feb. 1911)
Botanic Garden, Sun Yat-Sen
Memonal Park (Nanjing) (1932, 1934) Sichuan Province — 394-32, 534-34 0
Chinese Academy of Forestry (1979, 1980) Sichuan Province (31°N;103°E)  1,000-1,300 1291-79, 481-80 [V}
Shanghai Botanical Garden (1980) Zhejiang Province —_ 664-81 0
Quarryhill Botanical Garden (1991, 1992) Sichuan Province 2,070-2,500 466-95;92-93 0
U'S Nauonal Arboretum (1992) Wild source e 233-2003 5 (nursery)
Sheffield Seed Co. China Natl Tree Seed Co Wild source —_— 100-94 75 (grounds)

(1992)
Xian Botanical Garden (1994, 1996) Ningshaan, Shaanxi Province 1,600-1,900 503-94, 65-96 10 (grounds)
NACPEC Exp (Qinghing Mts) QLG-013, 188, 190, 193 Ningx1 Reserve, Shaanxi Province  1,800-2,200 20-99; 21-99, 13 (grounds);

216, 217 (1996) 227 10 232-2003 26 (nursery)
Cut and Ma CU197-053, 97-054 (1997) Shaanxi Province — 242, 243-2000, 28 (grounds),
(Xian Botanical Garden) 307, 308-2000, 14 (nursery)

225, 226-2003

USDA Forest Service (2002) Wenbishan, Yunnan Province 2,650 439-2003 Greenhouse
USDA Forest Service (2002) Ningshan Co , Shaanx1 Province 1,800 440-2003 Greenhouse

Table 2. This Iist of Tsuga chinensis accessions received by Arnold Arboretum and originating in China between 1901 and
2002 documents the Arboretum’s persistence n introducing specimens from diverse parts of T. chinensis’s native range.
See text for details.



Our ten-year research project has focused on
three primary goals: reconstructing the history
of the introduction of Chinese hemlock into
cultivation in North America; documenting its
resistance to HWA; and delineating its environ-
mental tolerances.

CHINESE HEMLOCK IN CULTIVATION IN
NORTH AMERICA

Chinese hemlock is widely distributed at eleva-
tions between 3,282 and 11,487 feet (1,000 and
3,500 m) in mountainous regions of eastern,
central, and southwestern China.? E. H. Wilson
is credited with introducing the species into
cultivation in North America with seed he
collected in Xing Shan, Hubei Province (col-
lection #952}, in October 1901, while working
for the Veitch Nursery Company of Chelsea,
England.® Despite this early introduction, Chi-
nese hemlock remains poorly represented in
North American botanical gardens. One of the
very few specimens of known provenance was
collected by Wilson as a seedling in Fang Xian,
Hubei Province, China, in September 1910.
He sent it to the Arnold Arboretum, where it
arrived in February 1911.° As of the winter of
2004, Wilson'’s tree was growing under acces-
sion #17569 and was 49.2 feet {15 m) in height
with a diameter at breast height of 14.4 inches
(37 ¢m) and a branch spread of 39.4 feet (12 m).
It showed no sign of HWA infestation.

Over the years, the Arboretum’s staff has
propagated both seedlings and cuttings from
the Wilson tree and distributed them to vari-
ous botanical gardens and nurseries throughout
the United States; records show at least sixteen
separate distributions involving twenty-eight
plants between 1915 and 1945. Many of the
older Chinese hemlocks now growing in botani-
cal collections in the United States are direct
descendants of Wilson’s Hubei seedling.

Apart from Wilson’s collections in 1901 and
1911, wild-collected germplasm of Chinese
hemlock appears not to have entered North
America again until 1979 and 1980, when vis-
iting delegations of Chinese botanists presented
their hosts with seed from the Chinese Acad-
emy of Forestry. Since then, numerous Ameri-
can and European expeditions to China have
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Year Dead or
sampled  Excellent* Good Fair Poor removed
1998 249 1,406 163 87 _
2002 10 68 422 1,142 263

*Excellent = outstanding specimen, good = healthy specimen, no evidence of disease
or physical damage, fair = specimen i decline, evidence of disease or physical
damage, poor = specimen m poor condition, more dead branches than living

Table 3. Changes in the condition ratings of the 1,905 eastern
hemlocks (1.e., those with dbh’s greater than 2 inches [5 cm])
growing on Hemlock Hill at the Arnold Arboretum between
1998 and 2002 Plant condition was rated both years by the
same staff members.

collected and distributed seeds from wild popu-
lations growing at altitudes between 3,282 and
8,697 feet {1,000 and 2,650 m) in the provinces
of Sichuan, Hubei, Shaanxi, Fujian, Zhejiang,
and Yunnan (Table 2.

THE ARBORETUM’S RESEARCH PROJECT

The north-facing slope called Hemlock Hill
consists of approximately 22 acres {10 ha) cov-
ered with a nearly pure stand of eastern hem-
lock. Bedrock is close to the surface on much
of the hill, and the soils that overlay it are well
drained but poor in nutrients. When HWA was
first discovered there in April of 1997, the hem-
lock population numbered 1,905 individuals
with diameters at breast height greater than
two inches (five ¢m). Since then the pest has
spread rapidly. The entire population was
labeled, mapped, and qualitatively assessed for
condition and HWA damage during the win-
ter of 1997-1998. The trees along the base of
Hemlock Hill have been sprayed annually in
the fall with dormant oil since 1997, which has
effectively protected them from HWA, but those
in the out-of-reach interior portions have been
left untreated and are now 1n a serious state of
decline. By the winter of 2002-2003, when the
entire population was recensused, 263 trees had
been removed (all were either dead or nearly
dead), and those remaining had lost foliage and
were in poor health." Table 3 shows the dra-
matic decline in the hemlocks’ condition that
occurred between 1998 and 2002 as a result of
the HWA infestation.

For our study of Chinese hemlock’s resis-
tance to HWA, we used seedlings that were
raised from a seed lot purchased in February
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No seedhings  Mean plant Exposure Mean shoot Mean no HWA Mean % shoots Mean % shoots

Species sampled height (cm) Sun  Gap Shade  length (cm)* egg sacs per shoot  w/new growth w/mite damage
Tsuga chinensts 38 1690380 8 18 12 10335 0 100 872247

(range = 84 (range =55 (range =0

10 240 cm) to172) t0 92)
Tsuga canadensis 33 1826+945 2 — 31 49+12 38+4 454 +388 209+276

(range = 45 (range =2 7 (range = 0 (range =0 (range =0

to 380 cm) to 8) to147) to 100) to 100)

*Based on samples of 12 shoots per tree

Table 4 Performance of Tsuga chinensis versus T. canadensis in the Arnold Arboretum study:.

1994 and known to have been collected in
China in the wild {AA accession #100-94). After
a three-month period of cold stratification, seed
was sown 1n a warm greenhouse. In April 1999,
when the five-year-old seedlings were between
23.4 and 42.9 inches (60 and 110 cm) tall, we
planted 42 of them in scattered light gaps of the
interior portions of Hemlock Hill, in groups of
three to six individuals. The canopy for all the
seedlings consisted of eastern hemlocks that
were badly infected with HWA. At the same
time, we established a control group by tagging
33 seedlings of eastern hemlock that were grow-
ing spontaneously on the north-facing slope of
Hemlock Hill, adjacent to the newly planted
Chinese hemlocks. Unlike the majority (68 per-
cent) of the Chinese hemlock seedlings, which
were growing in light gaps with at least some
direct sunlight during the day, the majority of
eastern hemlock seedlings {94 percent) were
in understory positions that received no direct
sunlight at all.

Four years later, on June 25 and 26, 2003,
we evaluated the growth and extent of HWA
infestation of the control group and of 38 of the
42 Chinese hemlocks that had been planted in
1999. By this time the Chinese hemlock seed-
lings had had four years of exposure to HWA
and the eastern hemlock seedlings six years.
We measured the heights of all the seedlings in
both groups and rated their canopy positions as
“sun” (growing in a large canopy gap with mod-
erate amounts of direct sun), “gap” (growing in
a small canopy gap with minimal amounts of
direct sun), or “shade” (growing in complete
shade). To assess the level of HWA infestation,
we selected at random two branches on oppo-
site sides of each tree, taking for evaluation the

six topmost shoots on each branch (consisting
of growth from both 2002 and 2003). The fol-
lowing was then recorded for all the shoots:
{1) shoot length to the nearest millimeter; (2)
the number of HWA egg sacs found on the
undersides of the 2002 shoots; (3} the presence
or absence of new (2003) growth; and (4) the
presence or absence of spider mite damage,
assessed by looking for the characteristic leaf
stippling on the upper sides of the 2002 shoots.!?

The 38 Chinese hemlock seedlings were
recensused on March 9, 2004, to obtain final
height measurements for the 2003 growing sea-
son and to learn how many had survived after
an unusually cold winter that saw the tempera-
ture at the Arboretum reaching a low of -8.5
degrees Fahrenheit (-22.5 degrees centigrade)
on January 16.

RESULTS OF THE STUDY

Results of the study are summarized in Table 4.
The most dramatic finding was the total absence
of HWA egg sacs on all of the 38 Chinese hem-
lock seedlings, in contrast to a mean of 45.9 egg
sacs per 12-shoot sample for eastern hemlock.
Another indicator of Chinese hemlock’s resis-
tance to HWA was found in the measurement
of new growth: 100 percent of the terminal buds
on the sampled shoots of Chinese hemlock had
produced new growth in 2003, compared with
only 45 percent for eastern hemlock. Finally,
the mean shoot length for Chinese hemlock
was 4 inches (10.3 ¢cm), more than twice the
1.9 inches {4.9 cm) recorded for eastern hem-
lock. These results clearly show that Chinese
hemlock possesses a high degree of resistance
to HWA when growing in conditions that are
optimal for infestation of eastern hemlock.
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One of the Tsuga chinensis seedhngs (AA #100-94) growing 1n a canopy gap on Hemlock Hill at
the Arnold Arboretum, photographed in summer 2003.




The remeasurement of the 38 Chinese hem-
locks on March 9, 2004, showed them to be 17
percent taller than they had been the previous
summer when their shoot tips were drooping,
with an average height of 77.1 inches (197.8 cm)
within a range of 57.3 to 96.9 inches (147.1 to
248.5 cm). The seedlings had averaged between
31.2 and 35.1 inches (80 and 90 cm} in height
when they were planted out in April 1999; their
average growth over four growing seasons was
therefore more than a meter. This is a remark-
able figure, considering the stressful conditions
on Hemlock Hill and the minimal aftercare the
plants received. It should also be noted that
the plants showed very little winter damage at
the time of the March resurvey, despite the low
temperatures recorded in January 2004.

These results show that Chinese hemlock is
fully hardy in USDA Zone 6 and is a suitable
replacement for eastern hemlock in landscape
situations thanks to its relatively rapid growth
rate, its tolerance of shade, and its resistance
to HWA.
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