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Abstract

Eastern hemlock (Tsuga canadensis) is an important species in the horticulture trade, with
cultivars used in the landscaping industry in much of the eastern half of North America.
It is also a foundational species in many North American forests, where it provides eco-
system services and habitat for other plants and animals. Given the impact of the invasive
insect hemlock woolly adelgid (Adelges tsugae) on eastern hemlock, knowledge about the
efficient propagation of this tree species is especially needed for the development of re-
sistance cultivars and seed sources. Here, we summarize propagation information for ger-
mination, cuttings, air layering, and grafting in eastern hemlock. Areas for future ad-
vances and improvements in eastern hemlock propagation are discussed that will help
ensure the continued existence of the tree in the landscape.

Keywords: air layering; cuttings; grafting; seed germination; propagation; eastern
hemlock; forests; Tsuga canadensis

1. Introduction

Eastern hemlock (Tsuga canadensis) is a key North American tree species in both nat-
ural forests and the horticultural trade. It is valued by the nursery and horticulture indus-
tries and is extensively planted in residential and commercial landscapes. Eastern hem-
lock is a desirable landscape specimen due to its dark green, evergreen foliage, and the
soft texture and form of its needles [1]. These traits and its silhouette provide landscapes
that incorporate eastern hemlock with year-round visual interest and beauty, which have
been written about since the early 1800s and have led to the creation of many cultivars [2].
Eastern hemlock is also one of our most shade-tolerant conifers and can be planted in
locations with low light unsuited to other evergreen species [3,4]. Because of its fine foli-
age, hemlock can also be sheared and shaped and is useful for hedges and hedgerows [5].
It can be kept in a shrub-like form useful for foundation plantings near buildings [6]. In
general, eastern hemlocks are not affected by many pests and diseases and have tradition-
ally been considered a low-maintenance tree species [3,7]. However, the invasive insect
hemlock woolly adelgid (Adelges tsugae, HWA), first introduced to Virginia in the 1950s,
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can have devastating impacts on eastern hemlock health [8]. In both residential and natu-
ral landscapes, declining hemlock health contributes to lower property value [9,10]. In
areas where HWA is prevalent, eastern hemlock is no longer a suitable landscape speci-
men without chemical treatment to control the pest [11].

Eastern hemlock is a foundation species for many forests, occupying an especially
critical role in riparian corridors where it influences water quality, nutrient cycling, and
microclimate [12]. In the natural landscape, eastern hemlock trees are responsible for driv-
ing the composition, processes, and structure of specific ecosystems upon which other
species rely [13]. It is estimated that over forty mammal species and over ninety bird spe-
cies are associated with hemlock forests [14]. Eastern hemlock trees thrive in cool, humid
climates with well-drained soil [15], and when grown in proximity, their dense canopy
and heavy needle drop help create an insulated, moist microclimate [16]. They influence
forest structure for hundreds of years, as they are known to grow very slowly and com-
monly reach 400 years of age with diameters of 89 to 102 cm (35 to 40 in) in typical stands,
but ages up to 900 years have been recorded [3]. Eastern hemlocks are one of the few
shade-tolerant tree species that have substantial influence on the understory microclimate
and community structures of both terrestrial and aquatic habitats [12].

Because of the importance of eastern hemlock in both forest ecosystems and horticul-
ture, a better understanding of current propagation methods and future improvement in
such methods is needed for continued successful cultivation of this tree. These methods
are also potentially valuable to tree breeding and improvement programs, especially those
related to developing superior trees to resist pests such as HWA. Published research on
asexual propagation specific to eastern hemlock (T. canadensis) is limited. In this review,
we used a broad and inclusive literature search strategy to capture and highlight the full
scope of current knowledge of successful methods for eastern hemlock propagation (Fig-
ure 1) and areas for future study and improvement. This included multiple search engines
and the International Plant Propagator Society Archives.
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Figure 1. Eastern hemlock (Tsuga canadensis) diagram highlighting the different parts of the tree
used for propagation. Illustration created by author A.L.F-N. without the use of Al tools. Diagram

is schematic and not to scale.

2. Propagation Assessment of Eastern Hemlock: Seedling Germination
and Growth

Eastern hemlock seeds are small, around 3 mm, with a translucent wing; each cone
contains 25-31 ovules but produces fewer seeds, likely from lack of pollination [17,18].
Viability is known to be low [19], with slow [20] and erratic [21] germination percentages
usually less than 25% per seed lot [3]. Tsuga species have a reputation for being more
difficult than other conifers, with 50-60% of the seeds being blank and ‘keeping quality’
low [19]. Stratification of seeds is required at cold temperatures above freezing for ten
weeks, with germination occurring at 15 °C (59 °F) on average, and seeds needing consist-
ently moist conditions for survival [3]. In a study of peak stratification time by Jetton et al.
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2014 [22], the duration of cold stratification varied from 1 to 120 days, with seeds in Petri
dishes that contained moist germination paper kept at 22 °C and a 16:8 light:dark cycle.
Overall, germination of eastern hemlock needed a minimum of 15 days of cold stratifica-
tion, with increasing stratification time positively increasing germination percentage [22].

In addition to stratification, seed germination, growth rate, and survival are impacted
by other factors. An 8-12 h photoperiod could result in quicker germination, particularly
on unstratified seed [23]. Germination rates do vary among sampled populations but av-
eraged at 33.3%, where trees with HWA infestations were found to have significantly de-
creased germination rates [22]. Adequate levels of moisture are important to germination
[20], but particularly high levels of moisture can be damaging to the seed [21]. Seedling
germination can be affected by fungal diseases, with seeds found to be susceptible to and
carriers of Fusarium moniliforme [24]. After germination, seedlings have been noted as dif-
ficult to grow and susceptible to sun damage [25], performing better in the shade, but on
average grow 25 to 38 mm (1-1.5 inches) in the first year [3]. Nutrient experiments have
shown that reduced calcium fertilization of hemlock seedlings resulted in dark terminal
rosettes of shorter needles, whereas reduced potassium fertilization resulted in stunting,
chlorosis, and shorter needles [26]. Leaf litter surface temperatures of 71 °C (160 °F) can
outright kill seedlings, but even an indoor experiment showed a negative impact of 32 °C
(90 °F) temperatures on seedlings [27]. A prominent issue in nursery-grown seedlings is
damping off by Rhizoctonia spp. within the first few months [17]. Seedling growth was
found to vary by seed source, with those from more northern and high elevation sources
growing less and entering dormancy earlier [28]. Seed germination produces trees with
genetic variations necessary for adaptation, although in some cases specific individuals
are preferred for future breeding and vegetation propagation methods are needed.

3. Propagation Assessment of Eastern Hemlock: Vegetative Propagation

Asexual, or vegetative, propagation is able to produce genetic clones of the same in-
dividual [29]. Vegetative propagation is a key component to tree breeding research [30].
Vegetative propagation in breeding is useful to produce and establish breeding popula-
tions of select candidate trees with potential to reduce pest and disease symptoms. There
are multiple ways to produce asexually propagated clones of select plants, and the capa-
bility and success of different techniques depends on the species of interest. Since the col-
lective work on asexual propagation for any one Tsuga species is sparse, this section will
cover propagation of the North American species eastern hemlock (T. canadensis), western
hemlock (T. heterophylla), and Carolina hemlock (T. caroliniana). The most widely used
cloning techniques of Tsuga species are grafting and rooted cuttings [31,32], but prospects
for air layering are also discussed.

3.1. Cuttings

For Tsuga species, cuttings have been the most studied propagation method (Table
1). Rooting cuttings of eastern hemlock (T. canadensis) has long been noted as a challenge
to plant propagators [33,34], although in one instance a grower accidentally started
cuttings in his pruning debris one fall but could not replicate the success with diligent
efforts the subsequent year [34]. The most extensive Tsuga species cutting studies have
been conducted on western hemlock (T. heterophylla), due to its economic importance in
western North America [30,35]. However, many nursery propagation studies have also
examined methods relating to eastern hemlock (T. canadensis) due to its role in the
landscape [31-34,36-39]. Only one study was found documenting cuttings for Carolina
hemlock (T. caroliniana) [37]. Multiple aspects of cuttings have been researched, including
timing of cuttings, age and genotype, cutting size, exogenous auxin, mist, bottom heat,
and growing media.
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Table 1. A summary table of propagation methods and success rates of North American Tsuga species currently in the literature. Units have been standardized

to SI metric and missing values reflect parameters that were not reported in the original source publications.

Publication Rooting Compound Setup
Parent Cuttin . Concentra- Applica- . Time to
Authors Year Month 8 Auxin . PP Mist Heat Success . Notes
Info Size tion tion Rooting
. Hor-
Cesarini 1968 - - . - - - - - Unknown success rates
modin #3
Un to In July: 2.5 s every 2.5 min ~ Winter low of  July: 0-95% January: Summer cuttings grew a
Del Tred- P Julyand 2.54-12.7 IBAin . during daylight In Janu- 12.8 °C Both cases 10-85% In all but one lot in the following sea-
. 1985 120 10% 5sdip . . . 4 months .
ici ears January cm ethanol ary no mist, a sealed poly- with 21.1 °Cbot-  instance, July was son compared to winter
Y ethylene frame tom heat lower than January cuttings
October
Fordham 1971 - and No- - [BA and 0.5% each 5sdip Open bench or polyeth- - - - Unknown success rates
NAA ylene chambers
vember
IBA in quick dip quick dip is better than
Up to 74.9% d d-
Gray 1958 5years December 254 cm talcand 0.8% and2% and pow- Polyethylene case . pto o depen . 3months powder; spiral cuts &
ing on IBA and media .
alcohol der wounding
. Rooting differences be-
1 I 1
Jettonet 505 Mature  June  S9C NAA 01,24 8my oSPasal Intermittentandrelated ), o con o 41% 6 months tween species, length of
al. cm dip of 1 cm to humidity .
cutting, and NAA
5 and 12 40-100% for 5 year old
Waxman 1985 car old January - IBA 2% dip - - clones 0-80% for 12 4 months Unknown success rates
Y year old clones
Fungicide Captan 50:50
vanElk 1969 i Autumn 5.08-7.62 NAAor 0.1%NAA or Dust Only mist in g.rox'/\/mg. sea- Heatl.ng raised 849% ) w1t}'1 Rooting Coreround
cm IBA 1% IBA son; do not mist in winter ~ rooting 10% improved rooting;

Wounding bark
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3.1.1. Timing of Cuttings

The time of year cuttings are taken is considered a critically important success factor,
as the literature demonstrates consistently among the different North American Tsuga
species. Successful cuttings of hemlocks have been reported in both summer [36,37] and
fall/winter [32-36,38,39], although the body of literature regarding ideal seasonality is
conflicting [36]. The worst time to take cuttings of western hemlock (T. heterophylla) was
reported to be March and April, and the best time for western hemlock was mid-October
to mid-February [35]. Eastern hemlock (T. canadensis) best times for cuttings were October
and November [32]. One study of eastern hemlock (T. canadensis) compared cultivar cut-
ting success between July and January of two years, reporting that July rooting success
ranged from 0-95%, and January success from 10-85% [36]. This is in line with textbook
statements that narrow-leaved evergreens are often best taken in winter, as they root bet-
ter after exposure to cold temperatures [29]. However, fall/winter cuttings were reported
to have minimal to no growth in the first growing season, corroborating reports from Gray
1958 [33]. The caveat of this among growers is that plants that did root in summer had
much better growth the following season, making summer cuttings more commercially
economical [36]. Currently, there are no known peer-reviewed papers documenting sum-
mer vs. fall/winter cuttings on eastern hemlock (T. canadensis) and Carolina hemlock (T.
caroliniana) [37], indicating an area that needs further research.

3.1.2. Age and Genotype of Cuttings

For cutting propagation, age of the donor or parent plant has been found to affect
rooting success, but without proposed mechanisms. When compared in a study, 6-year-
old eastern hemlock (T. canadensis) rooted more easily than 12-year-old plants, with indi-
vidual trees yielding 40% to 100% and 0% to 80% success, respectively [38]. Similarly, for
western hemlock (T. heterophylla), cuttings from juvenile plants rooted at 60% on average
while those from mature plants rooted at 35% [30]. In such an instance, it would be ex-
pected that juvenility is the cause of differential success rates [29,40,41]. Vegetative prop-
agation is known to become more difficult with age [41], and shoots near the top of the
plant are the most mature [40]. The most juvenile—and therefore potentially easiest to
root— tissues remain near the base of plants in an area known as the ‘cone of juvenility’
[29,40]. Changing the maturity level of a conifer can be notoriously difficult [41]. However,
some studies involving eastern hemlock (T. canadensis) have also found no problems in
rooting cuttings from trees up to 150 years old and 50 feet tall [35,36]. In addition to age,
genotype may be a factor, with certain clones easier to root than others [30,34,38]. In a
study of western hemlock (T. heterophylla), rooting success did not vary significantly be-
tween stands but did between individuals [35]. And, while success varied between indi-
viduals, 11 of 128 trees in this experiment would not root [35]. Once cuttings from hard-
to-root individuals are successful, these are then used as a source for future cuttings rather
than the mature adult trees [29].

3.1.3. Taking Cuttings

Cuttings from Tsuga species are often taken from the current year’s growth [31,35,36],
less often from two-year-old wood [38], or multiple flushes [32] and have been shown to
be collected from middle [35] to lower [37] parts of the tree. Length of cuttings varies but
often averages around 6 cm [35-37,39], and rarely over 20 cm long [33,34]. Application of
clean cuts [35] or spiral cuts [33], and wounding have been used to help in rooting [33,39].
In one study documenting different cutting lengths, it was found that 6 cm cuttings had
greater mortality than 3 cm cuttings, but upon rooting, the 6 cm cuttings had more and
longer roots [37]. It is possible that the higher mortality of 6 cm cuttings could have been
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due to water losses from increased transpiration, and that the ideal cutting size is a balance
between being small enough to minimize transpiration and large enough to effectively
photosynthesize [37]. As with any asexual propagation, sanitation is extremely important,
as cuttings are prone to harbor the same pests and pathogens as their parent plants [29,42].

3.1.4. Rooting Compounds for Cuttings

Woody cuttings are especially known to benefit from exogenous auxin [29]. Once
Tsuga species cuttings are taken, they are typically treated with an auxin compound, of
which two, 1-Napthaleneacetic acid (NAA) and Indole-3-butyric acid (IBA), are commer-
cially used. Species are known to respond differently based on auxin type and concentra-
tion [43]. IBA is used in many forms, such as liquid dip, spray, immersion, or powder
[31,33,35,36,38,44]. IBA is used for a variety of propagation purposes, including grafting,
transplanting, and cuttings, and the concentration used depends on the species, seasonal-
ity, and application method [44]. Concentrations of 0.8% to 2% are recommended for cut-
tings of Tsuga species [33], although in a case with western hemlock (T. heterophylla), no
IBA was necessary [35]. This falls largely within the range of textbook recommendations
for quick dips for all cuttings; as a rule, these use 0.05% to 1% for 3-5 s [43]. Other studies
have used 1% powder dusting [39] and 2% liquid dip [38] IBA treatments. A study on
western hemlock (T. heterophylla) utilized a 0.01% IBA 24-h dip [35]. Two studies have
utilized NAA alone as a 3 s basal dip of 1 cm [37], or a dust application [39], and one study
used both IBA and NAA at 0.5% each [32]. With mixed levels of success, liquid dips are
reported to be more effective than talc-based powders [33]. However, when IBA is dis-
solved into solution using high alcohol concentrations, injury to the plant can result [44].
Applications of fungicides to Tsuga species cuttings are not widespread in the literature,
but 10% Benlate and Captan (50:50 with a rooting compound) were found to improve
rooting [35,39], which is consistent with rooting in other conifers [42].

3.1.5. Mist, Heat, and Media for Cuttings

Like timing of cuttings and auxins, mist is a critical component of cutting success [29].
It has been reported that conifer cuttings can successfully be rooted in summer with inter-
mittent mist [45], and both studies on Tsuga species summer cuttings have used a misting
system [36,37]. Summer mist was intermittent, related to humidity [37], or on a timer sys-
tem of 2.5 s of mist every 2.5 min during daylight [36]. Some authors suggest cuttings are
only misted during the growing season, and not during winter [34,39]. More typically,
they are sealed in polyethylene chambers (Figure 2) [32,33,36] or treated with fog or a low-
volume mist [30].

In addition to misting, soil and air temperature are additional variables that may
greatly impact the rooting of Tsuga species cuttings, but studies have shown mixed results.
In general, narrow-leaved evergreens benefit from bottom heat [29]. For dormant-season
cuttings of western hemlock (T. heterophylla), it was found that neither air temperature
change nor bottom heat was optimal for rooting, and the lowest success rate occurred with
both increased air temperature and bottom heat [35]. A second study of western hemlock
(T. heterophylla) did not use bottom heat during a successful rooting attempt [30]. For both
summer and winter cuttings of eastern hemlock (T. canadensis), bottom heat to 21 °C (70
°F) was utilized [36]. Conifer cuttings, in general, are reported to root best at 24 °C (75 °F)
[42]. For Tsuga species, rooting occurred better at 20 °C (68 °F) than 26 °C (79 °F) [46]. A
separate study found eastern hemlock (T. canadensis) responded well to bottom heat be-
fore and after winter [39]. Air temperatures were kept moderate 20-26 °C (68-79 °F) in
summer [37] and going down as low as 12.8 °C (55° F) in winter [36]. Media was variable
in composition, but across all studies peat, sand, and perlite were used [31,33,35-39]. Oc-
casionally, materials such as Styrofoam were used [33]. Selection of media is important,
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as the success of cutting root development can depend on the oxygen diffusion rate in the
media [47].

Figure 2. A propagation chamber used for hemlock cuttings with heating mats below, a frame to
hold misting heads, and white plastic to retain humidity and create shade. Photo taken by author
A.LF-N.

3.2. Layering

Propagation by layering has been documented as naturally occurring in three Tsuga
species of North America, western hemlock (T. heterophylla), mountain hemlock (T. merten-
siana) [48], and eastern hemlock (T. canadensis) [49]. Layering is common in conifers and
important to forest dynamics, where lower branches accumulate debris on them, develop
adventitious roots, and the branch growth turns to support a shoot [48]. In some situa-
tions, such as Picea mariana in Michigan, the species rarely spreads by seeds but repro-
duces by layering as trees grow and slowly sink into sphagnum mats [50]. This phenom-
enon has also been found on P. mariana in Northern Ontario, where it is accompanied by
low seedling recruitment likely due to environmental conditions [51]. The only two doc-
umented cases of natural layering in eastern hemlock (T. canadensis) were in New Hamp-
shire and Massachusetts, where this occurred in mountain habitats known for harsh win-
ter weather and lower branches being pinned down [49]. In this instance, the 7 to 17 m tall
trees included some second-generation layers, highlighting the success and importance of
this method of reproduction in eastern hemlock (T. canadensis) in certain habitats [49].

Since layering is often impractical for commercial production, a modified form called
air layering is sometimes used. Air layering is used in the nursery industry for asexual
propagation of tree species that are more difficult to root by cuttings [52], as rooting by
this method is noted, at times, to be more successful than cutting propagation [53]. Meth-
odology for air layering includes girdling a portion of a branch, auxin application —espe-
cially to the distal portion of the girdle, surrounding the girdle with sphagnum moss, fol-
lowed by wraps of plastic and aluminum foil around the moss [52-54]. Some increased
rooting success and survival have also been found with follow-up spray treatments of the
branch at regular intervals with both IBA and GAs during rooting [55]. Alternative meth-
ods have included 1.5-inch Oasis Root Cubes in place of sphagnum moss [53,54]. A 2-cm

https://doi.org/10.3390/horticulturae12080980



Horticulturae 2026, 12, 980

9 of 13

girdle on 1.5 to 2.5-cm-diameter branches was found to be optimal for production [52]. It
is the least used of the asexual propagation methods but can lead to salable trees within a
year [56].

Air layering has been well documented for tropical and subtropical trees, including
multiple species of mangroves [57], the endangered Prunus azorica [58], guava (Psidium
guajava) [59], Carissa carandas [60], Magnolia grandiflora [53], and others [52]. It is not limited
to more tropical plants, with 21 out of 25 attempted temperate woody plant species native
to Ohio and Indiana also documented as rooted by air layering [54]. Work in the southern
United States reported success in the period from June through October [52,53], and work
on native trees in Indiana was performed between April and June [54]. Success varied,
with reported rates between 70% and 100% [52,54,58]. Rooting occurred as early as three
weeks during optimal months [52] but could take up to 12 weeks to form [53]. Using newer
growth [52] and with field-grown trees, more northerly plants and southern-exposed
branches [54] were found to yield more success. Limited success with air layering potted
juvenile eastern hemlock (T. canadensis) has been recorded, with root formation in one
individual and callus formation in two, with the use of powdered Hormodin #3 [61].
While observations of natural layering confirm the biological potential for adventitious
rooting on intact branches, current evidence from documented controlled trials is insuffi-
cient to evaluate the efficacy of air layering as a standard propagation method.

3.3. Grafting

Grafting of trees is the fusion of the vascular systems of two separate trees, often via
one tree’s upper shoot (scion) or bud with another tree’s stem connected to the roots (root-
stock or under-stock). Grafting can form naturally in trees growing in close proximity.
However, it has been artificially implemented by humans for 3000 to 5000 years and was
initially developed in deciduous fruit species for human consumption [62,63]. Reasons for
grafting vary, but prevention of pest damage, disease resistance, environmental suitabil-
ity, damage repair, and cloning unique specimens are among them [62]. Grafting in coni-
fers has a long history within the genus Pinus, where variables such as health, age, hor-
mone production, and environmental conditions impact grafting success [64]. Grafting of
ornamental conifers has also been described as “unpredictable and variable” [44]. How-
ever, application of IBA can lead to higher grafting survival in Pinus and Abies species
[44]. Traditionally, Tsuga grafting is to be performed as a side veneer graft when the root-
stock has new root growth and involves less heat and light during healing [2]. Cutting
back the rootstock canopy should be done in stages over the course of weeks, and while
there may be initial survival of the grafted trees, often an imperfect union or delayed in-
compatibility decreases success in this costly endeavor [2]. Still, success, even for a period
of time, may result in enhanced cone production when compared to seedlings or cuttings
[65-67]. Based on the limited published trials, it appears that grafting is not as successful
as other methods of vegetative propagation of hemlock, but further research is needed.

3.4. Micropropagation and Somatic Embryogenesis

While traditional vegetative techniques such as cuttings, air layering, and grafting
remain the most accessible and cost-effective methods for propagation, advanced biotech-
nological approaches have also been recently developed for Tsuga species. Somatic em-
bryogenesis has been used to successfully propagate hybrid crosses between Carolina
hemlock (T. caroliniana) and Asian hemlock species, including Chinese hemlock (T. chinen-
sis) and southern Japanese hemlock (T. sieboldii) [68]. Micropropagation and somatic em-
bryogenesis offer potential pathways for preserving threatened germplasm, establishing
cryopreserved genetic banks, and scaling up propagation of lineages screened for re-
sistance to HWA. However, in vitro culture of eastern hemlock (T. canadensis) remains a
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highly specialized and emerging field of research, with few published protocols and lim-
ited accessible data.

4. Conclusions

Growing eastern hemlock (T. canadensis) from seed, while possible, can have low ger-
mination success [69], and its varied genetic composition, due to sexual recombination,
does not yield the uniformity in propagation that nurseries usually prefer. Uniformity is
also useful in developing improved seed sources—several copies of each parent with the
desired trait can be included in an orchard using a design that maximizes pollination be-
tween each parent/male parent in the orchard [70]. Here we have assessed past differences
in propagation practices, so others can make future adjustments that could produce better
results. With numerous propagation specialists using different types of propagation and
individualized protocols, sharing information on which methods work better is important
for research to make strides against the onslaught of new pests, diseases, and irregular
climate.

Nursery locations spread across the eastern hemlock range likely face genetic differ-
ences and environmental factors impacting propagation results. Future research to specif-
ically assess genetics by environmental factors to improve propagation development
across the eastern hemlock range would be beneficial. By optimizing hemlock propaga-
tion methods, future breeding programs can become a bigger part of integrated pest man-
agement against hemlock woolly adelgid, climate issues, and, in the end, refresh nursery
stock with improved eastern hemlock for landscape use.
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