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Robert M. Jetton1,*, W. Andrew Whittier1, and William S. Dvorak1

Populations of Tsuga canadensis (Eastern Hemlock) and Tsuga caroliniana 
(Carolina Hemlock) are declining due to infestation by Adelges tsugae (Hemlock Woolly 
Adelgid), an exotic insect pest. A better understanding of the environmental conditions 

genetic-resource conservation and the establishment of seed orchards. This study examined 

-
tion (germination speed) on seeds of both species in experiments conducted at 22 °C and 

germination speed of Eastern Hemlock but not Carolina Hemlock. The results indicate 

prior to sowing to promote higher total germination. Carolina Hemlock seeds can be sown 

 Tsuga canadensis (L.) Carr. (Eastern Hemlock) and T. caroliniana Englem. 
(Carolina Hemlock) are long-lived, slow-growing, shade-tolerant conifers native 
to eastern North America. Eastern Hemlock occurs across a broad elevation range 

from Nova Scotia west to northern Minnesota and south through New England, 
the Middle Atlantic States, and the southern Appalachian Mountains into northern 

-
modal in habitat distribution, occurring in high abundance on moist, well-drained, 

elevations, it is often more scattered along exposed xerophytic slopes and ridges. 
Carolina Hemlock has a much smaller distribution and is restricted to the south-
eastern United States where it is endemic to the southern Appalachian Mountain 
and Upper Piedmont regions of Virginia, Tennessee, Georgia, North Carolina, and 
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 Both Eastern and Carolina Hemlocks are considered to be at-risk species, and a 
number of factors threaten their long-term sustainability in eastern North America 

the invasive Adelges tsugae Annand (Hemlock Woolly Adelgid [HWA]), an exotic, 
aphid-like insect introduced from Japan into the eastern United States in the early 

at the base of hemlock needles by inserting its piercing/sucking mouthparts and 
extracting stored nutrients from xylem ray-parenchyma, thereby disrupting vegeta-
tive and reproductive bud formation, causing needle desiccation and defoliation, 

-

widespread decline and morality have occurred among populations of both native 
hemlock species and continues unabated in most areas.
 The integrated strategy to manage the impacts of HWA on hemlock ecosystems 
in eastern North America includes a cooperative genetic-resource conservation 

-
tion Program) at NC State University, Raleigh, NC, and the USDA Forest Service 
Forest Health Protection, Asheville, NC. The objectives of this effort are to improve 
the general understanding of native hemlock genetic diversity, climatic and edaphic 
adaptability, reproduction and regeneration ecology, and silvicultural options for 

ex situ germplasm conservation strategies for both Eastern Hemlock and Carolina 

-
ing seed dormancy and improving germination. 
 Hemlocks have male and female strobili that develop on the same branches 
(monoecious), and these are well distributed throughout the crown in open-can-
opy conditions and are more restricted to the upper crown under closed canopies 

-

have evaluated cold stratification treatments for improving germination of hem-
lock seeds collected from natural stands for a number of Tsuga species, including 

T. heterophylla 
-

T. mertensiana (Bong.) Carr. (Mountain 
-

ification treatments to improve seed germination in Carolina Hemlock have not 
been studied previously.

-
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The data will be used to improve seed-management recommendations for foresters 

in nurseries for ex situ conservation seed orchards as well as for land managers 
throughout eastern North America interested in growing native hemlocks for refor-
estation purposes.

and southern Appalachian Mountains of the eastern United States (Table 1). 
 We placed seed cones into cloth bags and stored them in a dry greenhouse ven-

from the cones using a shaker box, de-winged them in a small tumbling drum, 
and removed empty seeds, loose wings, and chaff using a seed blower (Seedburo 

-

Table 1. Provenance location and Hemlock Woolly Adelgid infestation status for Eastern Hemlock 

      HWA
Species/provenance County, State Lat Long Elev status Total germ

Eastern Hemlock

       
Carolina Hemlock
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start the germination period of the experiment on the same day. All seeds remained 

-

 We conducted the 
environmental chamber at the North Carolina State University Southeastern Plant 
Environment Laboratory (Phytotron). Environmental conditions in the chamber 

shelves inside the chamber with two blocks of dishes per shelf. Each block con-
tained 1 Petri dish per species/provenance/treatment combination. We remoistened 
the dishes with distilled water daily during the germination period of the experi-
ment. During daily inspection, we recorded the number of newly germinated seeds 

Petri dish in the experiment.

 

seeds using a logistic regression model with a binomial distribution and logit 

model statement by the events/trials syntax or the number of germinated seeds per 
petri dish/total seeds per petri dish. The model tested the main effects of block, 

total germination. To investigate within-species variation, we used similar logistic 
-

tion, and all two-way 
days for each species individually. We conducted analysis of variance using the 

peak germination for the species individually, testing the main effects of block, 

-
fects from the analysis are reported in the results. 
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logistic regression analysis including species as a main effect indicated that strati-
P P P < 

P 
probability of seed germination. Total germination was higher for Eastern Hem-

total germination were either uninfested or had received insecticide treatments in 

HWA-infested at the time of seed collection.
-

P P 
P 

-
ments (Fig. 1). We also observed this trend for the individual provenances, although 
the slope of increase for the Kentland Farm seed-source was much lower than that 
for the other 2 populations. Total germination of seeds from the Kentland Farm 

and Lake Toxaway populations, respectively (Table 1). 

Figure. 1. Least square mean (± SE) total-germination response of Eastern Hemlock seed to 
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-
tion (P P 

-

the individual provenances as well. Total germination among seeds from the Carl 

River (Table 1).
 The speed of Eastern Hemlock and Carolina Hemlock seed germination was 

P < 
P = 

compared to Cook Forest and Lake Toxaway. 
-

P 
(P 

Figure. 2. Least square mean (± SE) total-germination response of Carolina Hemlock seed to 
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affected by provenance (P 

(Table 2).

-

-

Hemlock, respectively, that have been collected for genetic-resource conservation 

for the 2 other hemlock species native to North America, Western Hemlock and 

 Eastern Hemlock and Carolina Hemlock are sympatric species in the southern 
Appalachian Mountains, and many silvicultural descriptions have historically 
lumped the two species together, leaving the reader to assume them to be similar in 

the experimental conditions tested here, in terms of total germination and germina-
tion speed, seeds of these 2 hemlock species demonstrated substantially different 

-
proved the germination of Eastern Hemlock seeds, and the amount of improvement 

Table 2. -

  Eastern Hemlock Carolina Hemlock Eastern Hemlock Carolina Hemlock

CMS treatment

    
Provenance    
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in both total germination and germination speed increased with increasing duration 
-

is consistent with previous studies on this species as well as those with Western 

-

germination rate of Mountain Hemlock seeds, while in the present study Carolina 

 This experiment was designed to understand how differing lengths of cold–

We did not address why the species and provenances responded to the treatments in 
the manner they did, but the data do suggest several interesting questions for future 

-
cation related to the soil moisture conditions experienced by the species in their 

Second, are seed germination responses controlled at the population level and de-

pollen loads experienced by trees in the individual provenances? Any one of these 
factors might explain why the Kentland Farm population had a much more muted 

set, and subsequent seed germination in Eastern Hemlock and Carolina Hemlock? 

for genetic-resource conservation programs, the development of soil seedbanks, 
and the potential for natural stand regeneration following large-scale HWA-related 
decline and mortality. 
 Further research is also needed to better understand how the germination 
of Eastern Hemlock and Carolina Hemlock seeds might differ under varying 
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temperature and photoperiod regimes. For example, the germination rate of 
Western Hemlock seeds benefits from photoperiod regimes with relatively short 

-
mination rate of Mountain Hemlock seeds is best under alternating temperature 

-
tion of Eastern Hemlock seed varies considerably with both temperature and 
photoperiod, and that the most favorable photoperiod depends on the temperature 
under which germination is carried out. 
 Based on the data available from this study, we suggest the following for 
stratifying seeds of Eastern Hemlock and Carolina Hemlock prior to sowing and 

decrease germination in Carolina Hemlock and should be avoided.

van Hoff (National Park Service, Carl Sandburg National Historic Site, Flatrock, NC), 
Tom McAvoy (VA Tech, Kentland Farm and New River, Blacksburg, VA), and the Minnick 

suggestions greatly improved the manuscript. This work was supported by USDA Forest 

 

Tsuga heterophylla (Rafn.) Sarg. The Forestry 

Tsuga
In F.T. Bonner and R.P. Karrfalt (Eds.). The Woody Plant Seed Manual. USDA Forest 
Service Agriculture Handbook 727. Washington, DC.
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-
dian Journal of Forest Research 

light on the germination of Mountain Hemlock seeds. Seed Science and Technology 

(Tsuga mertensiana
Abies, Cedrus, Pseu-

dolarix, Keteleeria, Nothotsuga, Tsuga, Cathaya, Pseudotsuga, Larix, and Picea

-

Tsuga canadensis (L.) Carr., Eastern Hemlock. 
In R.M. Burns and B.H. Honkala (Eds.). Silvics of North America Vol. 1. 

 Washington, DC.
Tsuga caroliniana Engelm. (Carolina Hemlock) 

-

In F.T. Bonner and R.P. 
Karrfalt (Eds.). The Woody Plant Seed Manual. USDA Forest Service Agriculture Hand-
book 727. Washington, DC.

Tsuga canadensis (L.) 
Carr. American Naturalist 

-

Tsuga mertensiana In 
R.M. Burns and B.H. Honkala (Eds.). Silvics of North America Vol. 1. Conifers. USDA 

 Washington, DC.
Tsuga heterophylla In 

R.M. Burns and B.H. Honkala (Eds.). Silvics of North America Vol. 1. Conifers. USDA 
 Washington, DC.

germination in Tsuga canadensis

-


