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Abstract. Conifers represent a sizeable portion of nursery and landscape sales in the upper
midwestern U.S. Several conifer species have been overplanted to the point where disease
problems and insect pressures have developed. Although more than 40 true fir (4bies Mill.)
exist throughout the northern hemisphere, use of firs in the landscape and Christmas tree
industry has been limited to relatively few species. This is largely due to perceived intoler-
ance of many site conditions. However, recent research suggests Abies are more tolerant
of varying site conditions than originally thought. Successful introduction of new exotic
fir species for landscape use will require a systematic approach to identify species that
are adapted to environmental stresses. In this article we review the extent and nature of
inter-specific variation among Abies species in traits commonly associated with tolerance
of stresses found in the upper midwestern U.S. Specifically, we focus on cold hardiness,
budbreak, photosynthetic gas exchange and water relations, and response to soil pH. It is
important to match plants possessing necessary adaptive characteristics with the existing
site conditions. Therefore, multiple screening factors should be met when identifying species

or trees from different provenances for future introduction.

The upper midwestern U.S. includes the
states surrounding the Great Lakes (zones 3 to
6) [U.S. Department of Agriculture (USDA),
1990]. Thisregion has a large nursery industry,
of which conifers represent a sizable portion.
In the year 2000, coniferous trees produced in
the upper midwestern U.S. resulted in sales of
more than $119 million (USDA, 2001). Colo-
rado blue spruce (Picea pungens var. glauca
Engelm.), norway spruce [Picea abies (L.)
Karstens], white pine (Pinus strobus L.), and
douglas fir [Pseudotsuga menziesii (Mirb.)
Franco] are used extensively in the midwestern
landscape, often to the point of overplanting.
This lack of diversity has resulted in increased
disease problems and insect pressures (Mc-
Cullough et al., 1998, 1999).

Truefirs (4bies spp. Mill.) are generally un-
derutilized in landscapes. In general, Abies pre-
fer cool, moist, well-drained sites with acidic
soil. In the Christmas tree industry, the use of
Abies has been primarily limited to 4. fraseri
(Pursh) Poir. and 4. balsamea (L.) Mill. grown
in the eastern U.S., while A. grandis (Dougl.
ex D.Don) Lindl., 4. nordmanniana (Steven)
Spach, and A4. procera Rehder. are grown in
the Pacific northwestern U.S.; although, other
species have been grown to a lesser extent. In
cooler regions of the eastern U.S., 4. concolor
(Gord. et Glend.) Lindl. Ex Hilderbr. is com-
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monly planted in the landscape. However, the
use ofadditional species and varieties has been
limited due to their perceived intolerance to
suboptimal site conditions.

Abies species are found in the northern
hemisphere at higher latitudes or at lower
latitudes at higher elevations. In their natural
habitat, Abies are considered late-successional
trees (Kohyama, 1984) as they are not among
one of the first plant communities that suc-
cessfully colonizes disturbed sites. Rather,
they are generally slow growing and shade
tolerant replacing pioneer species as shade
levels increase. The number of Abies species
has been debated, reportedly ranging from 39
(Liu, 1971) to 46 (Farjon, 1990) to 55 (Rush-
forth, 1987). Farjon (1990) clustered the species
into 10 sections based on cone characteristics,
flower color, needle structure, pollen grains,
geography, and fossil records. 4bies naturally
hybridize easily within and between sections
(Liu, 1971) where native ranges overlap (Isoda
et al., 2000). Hybrids often display increased
vigor (Klachn and Winieski, 1962). Crichfield
(1988), however, suggests thatartificial crosses
between sections are more difficult than crosses
within sections.

Abies have been fragmented by glacia-
tion and have adapted to a wide range of site
conditions. As a result, species ranges vary
greatly. Abies nebrodensis (Lojac.) Mattei., for
example, consists of only several dozen trees
spread over a few square kilometers in Italy
(Parducci et al., 2001). In contrast, the range
of A. sibirica Ledeb. stretches for thousands

of hectares. Species such as 4. balsamea and
A. fraseri are thought to be closely related but
isolated due to past glaciation (Jacobs et al.,
1984; Myers and Bormann, 1963). Langlet
(1963) hypothesized large species distribu-
tion ranges increase the likelihood of genetic
adaptation to diverse environmental factors.
This suggests adaptive traits may vary more
in species with large geographic distributions
than species with narrow ranges.

In the upper midwestern U.S., winter tem-
peratures, moisture, and soil pH vary greatly.
During winter, average annual low tempera-
tures range from —20 to —45 °C in some areas
(USDA, 1990). The date of the last spring frost
can vary considerably. In the lower peninsula
of Michigan, the latest spring frostranged from
late May in the south to early June in the north
(Illinois Department of Natural Resources,
2005). In the summer, monthly rainfall deficits
(potential evapotranspiration—precipitation)
average up to 4.0 cm in some regions of the
upper midwestern U.S. (White and Host,
2002). Months with <2.5 c¢cm of rainfall can
occur in most past of midwestern U.S. during
the summer (Illinois Department of Natural
Resources, 2005). In the upper midwestern
U.S., soil pH levels vary greatly from more
acidic (3.6 to 4.4) in coniferous forests to
more alkaline (6.1 to 7.8) in grassland regions
(USDA, 1996,2003). Identifying Abies species
that are tolerant of environmental stresses can
provide an opportunity to diversity the choice
of conifers for landscape use.

Historically, plant introductions have been
based on anecdotal reports from arboreta or
botanical gardens. Characterizing differences
inadaptive characteristics can provide baseline
information for a more systematic approach to
screen future 4bies introductions. The follow-
ing review will focus on the different adaptive
characteristics thatare importantto future Abies
introductions and screening efforts in the upper
midwestern U.S. with respect to temperature,
water relations, and soil pH.

Temperature

In the upper midwestern U.S., average
winter low temperatures can reach —45 °C and
spring frost can occur as late as early June.
Toleranceto extreme cold temperature and late
spring frosts is an important adaptive charac-
teristic for future species introductions.

Cold hardiness. In the landscape and
Christmas tree industries, cold hardiness is an
important requirement for quality trees. Cold
hardiness develops as trees pass through the
following three stages: 1) short days causing
cessation of growth, 2) freezing temperatures
resulting in a metabolic reorganization of
macromolecules resistant to severe dehydra-
tion, and 3) increasing cold hardiness through
dehydration resistance or supercooling (Weis-
ner, 1970). When days become shorter and
temperatures drop in the fall, trees accumulate
sugars and starches in their cells, lowering their
freezing point (Sutinen et al., 2001; Weisner,
1970). Trees reach their maximum cold hardi-
ness in midwinter and then gradually become
less cold hardy as temperatures warm in the
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Table 1. Reported cold hardiness levels of various Abies species.

Cold

hardiness
Species (°C) Source
amabilis <-40 Coleman et al., 1992
balsamea -70 Sakai, 1982
balsamea var. phanerolepis <-44 Jones and Cregg, 2006
firma =30 Sakai, 1982
homolepis —-40 Sakai, 1982
koreana -70 Sakai, 1982
lasiocarpa —60 Gordon-Kamm, 1980
lasiocarpa <40 Coleman et al., 1992
nephrolepis <-44 Jones and Cregg, 2006
procera =70 Sakai, 1982
sachalinensis =70 Sakai, 1982
sibirica -70 Sakai, 1982
spectabilis -25 Sakai, 1982
veitchii -70 Sakai, 1982

spring (Ritchie, 2003). In late winter and
early spring, periods of warmer temperatures
are commonly followed by periods of colder
temperatures in the upper midwestern U.S.
Species can regain cold hardiness when colder
temperatures return; however, cold hardiness
is still lost more quickly than it is regained
(Strimbeck et al., 1995). Temperature fluctua-
tion in the spring can lead to late winter injury
and damage to buds, needles, roots, and cambial
tissue (van der Kamp and Worrall, 1990).

Conditioning to low temperatures affects
the physiological responses to temperature
extremes. Abies procera seedlings exposed to
high temperatures (24 to 35 °C) experienced
more damage when exposed to subfreezing
temperatures than seedlings grown at warm (18
to 27 °C) or cool (12 to 19 °C) temperatures
(Owston and Kozlowski, 1981). Branches
of field-grown A. lasiocarpa (Hook.) Nutt.
were cold hardy to temperatures below —60
°C in midwinter. Branches from the same tree
exposed to 20 °C for 132 h were cold hardy
only to temperatures near —20 °C (Gordon-
Kamm, 1980).

Coldhardiness varies greatly among species
(Table 1) and is dependent upon the climate
and geography of a species native range. In
cold regions, the amount of snow cover can
influence the cold hardiness of species and
provenances. In regions receiving heavy
snowfall, snow can keep needle temperatures
near 0 °C and prevent plants from acclimating
to colder conditions. Abies sachalinensis (Fr.
Schmidt) Mast. grown in areas with heavy
snow cover were more prone to frost injury
than provenances grown in areas with less
snow cover (Eiga and Sakai, 1987).

Abies adapt to different temperature ex-
tremes found in their native ranges and cold
hardiness increases in species and provenance
native to higher latitudes. Abies spectabilis (D.
Don) Spach, native to Nepal (26 to 38°N), is
cold hardy to —25 °C while 4. balsamea, na-
tive to Canada (38 to 59°N) and A. sibirica,
native to Siberia (42 to 67°N), are cold hardy
to—70 °C (Liu, 1971; Sakai, 1982). Christmas
tree growers found 4. fraseri, native to North
Carolina (35 to 37°N), and A. concolor, native
tothe Rocky Mountains (30to 44°N), were less
cold hardy than 4. balsamea (38 to 59°N) (Liu,
1971; Nicholls and Palmer, 1985). Likewise,
varying levels of cold hardiness are also found
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within species.

Relationships between elevation and cold
hardiness are often similar to latitudinal ef-
fects. Species and trees from provenances from
higher elevations are more cold hardy than
species and trees from lower elevations. In
dry air, temperatures cool at the adiabatic lapse
rate of 3 °C per 300 m increase in elevation.
Abies sachalinensis is native to the Hokkaido
islands in Japan where their maximum cold
hardiness increases as elevation increases
(Eiga and Sakai, 1984). In British Columbia,
provenances tests showed A. grandis from
coastal provenances were more susceptible
to frost damage than trees from colder, inland
provenances (Xie and Ying, 1993).

In addition to midwinter cold hardiness,
understanding budbreak patterns is important
since species that resume growth prior to the
last winter frost are often damaged. A chilling
requirement and a thermal time requirement
exist during winter that restrict tree growth
(Campbell and Sugano, 1979; Howe et al.,
2003). Cold hardiness can be lost and growth
can occur once the thermal time requirement
is met (Gordon-Kamm, 1980; Perry and Wu,
1960). Once the temperature threshold specific
to that species has been met, growing degree
days (GDD) begin to accumulate. Growing
degree days are used to quantify the duration
of temperatures above a threshold specific to
the species.

In Abies, GDD are used to track budbreak.
Species growing at higher elevations are
exposed to fewer warm days. If the GDD
requirement were the same for all trees, then
trees at higher elevations would theoretically
take longer to surpass their GDD requirement
thantrees at lower elevations or coastal regions.
In response, trees grown at higher elevations
have a reduced GDD requirement and break
bud only after sufficient warming has occurred.
For example, Worrall (1983) found A. lasio-
carpa growing at high elevations have a lower
temperature threshold than trees growing at
lower elevations or coastal areas, suggesting
adaptation to a shorter growing season.

Inprovenance tests and species trials, trees
are often grown in areas with climates differ-
ent from their native regions, which can affect
budbreak. Abies amabilis Dougl. ex Forbes
broke bud later than 4. lasiocarpa when grown
at the same location, indicating differences in

their GDD requirement for bud break (Wor-
rall, 1983). In Northern Europe provenance
trials, 4. lasiocarpa from northern latitude
provenances broke bud earlier than trees from
low- and midlatitude provenances (Hansen et
al., 2004). Similarly, Abies alba Mill. from
northern latitudes broke bud earlier than low-
latitude trees (Hansen and Larsen, 2004). In
Ohio provenance trails, A. balsamea from
New York and Pennsylvania and 4. fraseri
from North Carolina broke bud earlier and
had more frost damage than A. balsamea var.
phanerolepis (Fern.) Lui from West Virginia,
which broke bud later (Brown, 1983). In Euro-
pean provenance trials, A. alba from Bavaria,
Germany broke bud earlier than 4. grandis
trees from inland and coastal provenances
(Scholz and Stephan, 1982). When grown at
the same site, 4. grandis from provenances
with early budbreak had increased late spring
frost damage; although, trees from inland
provenances showed less damage than trees
from coastal provenances (Scholzand Stephan,
1982). Abies species with increased midwinter
cold hardiness break bud earlier than less cold
hardy species when grown atthe same location
(Jones and Cregg, 2006).

Insummary, low winter temperatures make
adequate cold hardiness necessary for survival
of Abies in the upper midwestern U.S. In se-
lecting new Abies species for introduction with
necessary cold hardiness, collection efforts
should focus on species and trees from north-
ern latitude and higher elevation provenances.
Increased snow cover can insulate trees and
limit the development of cold hardiness, so
seed collection should focus on regions with
relatively low winter snowfall. Species and
trees from provenances that break bud early
are at increased risk of late spring frost dam-
age which damages tree form and aesthetics.
Late budbreak is necessary in species selected
for introduction in the upper midwestern U.S.
Trade-offs existbetween midwinter cold hardi-
ness and date of budbreak making selection of
species with adequate cold hardiness and late
budbreak necessary.

Water Relations

In the upper midwestern U.S., periods
of water stress are common throughout the
growing season and can limit tree survival
and growth. Identifying species capable of
tolerating drought conditions is an important
criterion for future species introduction to the
landscape and Christmas tree industries.

Drought tolerance. Abies respond to both
soil and atmospheric drought. Numerous stud-
ies have demonstrated species and provenance
variation in growth and survival response to
drought (Cregg, 2004). Drought reduced the
number of shootinternodes and internode elon-
gationinA. magnifica A. Murr. and 4. concolor
(Hallgren and Helms, 1998). In Switzerland,
A. alba shed needles in response to drought
conditions (Websteretal., 1996). Abies grandis
from inland and higher elevation provenances
survived planned dry-down treatments better
than trees from coastal provenances (Scholz
and Stephan, 1982). This suggests trees from
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inland provenances are more drought tolerant
than coastal provenances.

Drought effects on survival and growth are
ultimately linked to physiological responses.
Stomata regulate water lost during transpira-
tion and are particularly important as humidity
decreases. At low humidity, the water vapor
pressure deficit increases and results in more
plant water loss if not regulated. Increases in
water vapor pressure deficit reduced photo-
synthetic gain in 4. nordmanniana (Guehl et
al., 1989). Stomatal conductance decreases as
humidity decreases and results in lower photo-
synthetic rates in several Mediterranean Abies
species (Guehletal., 1991). Stomatal response
to increased water vapor pressure deficits
was delayed in 4. alba and resulted in excess
transpiration loss and eventually decreased
photosynthetic gain. However, A. alba from
drierregions maintained photosynthesis better
under soil moisture and water vapor pressure
deficitsthan trees from maritime regions (Guehl
and Aussenac, 1987).

Species also respond differently to dry
soil conditions. In A. bornmulleriana Mattf.,
stomata closed quickly and the photosynthetic
rate was reduced at low soil water potentials.
Under the same soil conditions, 4. cephalonica
Loud. exhibited a higher photosynthetic rate
than A. bornmulleriana. Guehl et al. (1991)
suggest A. bornmulleriana adapts to avoid
internal water deficits while 4. cephalonica
adapts to tolerate drought.

Incold, snowy regions, lower temperatures
can reduce moisture stress. During winter and
spring months, colder temperatures increase
snowfall, limit snowmelt, and improve sum-
mer soil-moisture levels at higher elevations.
Adequate snowfall improved summer soil
moisture levels and increased growth in A.
lasiocarpa. Furthermore, cooler temperatures
reduce evapotranspiration in the summer and
reduce moisture stress in 4. lasiocarpa (Peter-
sonetal.,2002). Asaconsequence, selection of
Abies for drier regions should focus on species
native to dry regions with warm temperatures
throughout the growing season.

Water use efficiency and Carbon isotope
discrimination. Two common methods of
quantifying drought tolerance are instantaneous
water use efficiency (WUE) and carbon isotope
discrimination (A). Wateruse efficiency (WUE)
is calculated as the amount of CO, fixed (net
photosynthesis) per unit of water lost (needle
conductance) and is often used to compare
drought tolerance among species or prov-
enances. The relationship between net photo-
synthesis and needle conductance is curvilinear
withnetphotosynthesis initially declining more
slowly than the decline in needle conductance
(Cregg, 1994). Other factors being equal, high
WUE indicates better drought tolerance. When
adequately watered, container grown 4. alba
from southern Italy (warmer, drier regions)
maintained higher photosynthesis in 1- and
2-year-old needles than trees from central and
eastern Europe (cooler, wetter regions) in which
2-year-old needles declined in photosynthetic
gain (Larsen and Mekic, 1991). This resulted
in higher WUE in the trees from southern Italy
indicating increased drought tolerance.
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Carbon isotope discrimination (A) is a
measure of water use efficiency across the
course of the growing season and may be
used to investigate WUE and drought stress.
C, plants, whichinclude conifers, discriminate
against '*C while fixing carbon and thus have
a lower ratio of *C/"?C (8"C) than the atmo-
sphere (Farquhar et al., 1989). However, as
stomata close, intercellular CO, levels decline
due to photosynthetic assimilation. As aresult,
discrimination against '*C decreases resulting
in a higher §'°C ratio. Tissues with lower A
(higher §"*C) values indicate periods of reduced
stomatal conductance. Both theoretical and
empirical studies have linked increased water
use efficiency with reduced A (Farquhar et al.,
1989; Masle and Farquhar, 1988).

Several studies have documented en-
vironmental response of A in Abies. In A.
spectabilis, increased relative humidity and
precipitation were positively correlated with A
in tree rings (Xiaohong et al., 2003). Similarly
Guehl et al. (1991) showed A increased due
to more conductance with increased rainfall.
Other environmental factors such as pollution
reduced stomatal conductance and lowered A
values in tree rings of 4. firma Sieb. et Zucc.
(Sakata and Suzuki, 2000).

Grouping species into sections and sub-
sections could help select species with low A
(high WUE) for future evaluations. Carbon
isotope discrimination (A) has been shown to
vary among species (Table 2). When species
are combined into species sections and subsec-
tions, the Medianae subsection of Balsamea
includes species with low A (higher WUE);
although, trees from different provenances
presumably differ within a species as evident
in provenance trials including 4. alba and
A. grandis (Larsen and Mekic, 1991; Scholz
and Stephan, 1982). Recently, much interest
has focused on creating hybrid crosses. These
crosses have showed signs of hybrid vigor
(Klaehn and Winieski, 1962); although, high
A (low WUE) suggests this vigor may come
at a cost to drought tolerance. Future hybrid
crosses should be closely evaluated to select
for hybrid vigor and drought tolerance.

In the mountainous areas of the western
U.S., precipitation patterns can vary greatly.
Alexander et al. (1990) describe the native
range of A. lasiocarpa to include regions

receiving less precipitation than 4. magnifica
(Laacke, 1990a) and A. procera (Franklin,
1990) and more precipitation than A. concolor
(Laacke, 1990b) and 4. grandis (Foiles et al.,
1990). Instantaneous WUE measurements in
A. lasiocarpa were higher early and late in
the day than another subalpine conifer, Pinus
albicaulis Engelm., which shares a similar
native range; however, WUE levels declined
and were lower than P. albicaulis at midday.
Conversely, needles from the previous year
show A. lasiocarpa had a higher A than P,
albicaulis and thus a lower WUE over time
(Sala et al., 2001). When compared to five
other conifers native to the northern Rocky
Mountains, A was significantly higher (lower
WUE) in 4. lasiocarpa (Pifiol and Sala, 2000)
suggesting that while 4. lasiocarpa may be
moderately drought tolerantamong other 4bies
species in the western U.S.; it still less tolerant
of dry sites when compared to other conifers
sharing its native range.

In summary, drought tolerance and water
use efficiency are necessary for future species
introductions in the upper midwestern U.S. Us-
ing taxonomic classification of Abies sections
and subsections may be helpful in selecting
species withincreased wateruse efficiency (low
A). Trees should be selected from inland seed
sources and regions with warm, dry climates
for increased drought tolerance. Care should
be taken to not compromise other adaptive
characteristics such as cold hardiness for the
sake of increased drought tolerance.

Soil Nutrition

Plant nutrition is critical to physiological
processes. Even if soil nutrient levels are high,
the availability of these nutrients may be influ-
enced by soil pH (Lucas and Davis, 1961). In
A. balsamea grown in New Hampshire, little
correlation existed between soil and foliar
nutrient levels, suggesting that another factor
such as soil pH influenced nutrient availability
(Bruns, 1973). Therefore, identifying ideal
soil pH and nutrient ranges of Abies species
and matching them to the site is necessary in
future plant introductions to the landscape and
Christmas tree industries.

Nutrition. Decreasing soil pH levels tend to
increase the Mn, Fe, Mg, and Pthatis available

Table 2. Reported carbon isotope discrimination (A) for several Abies species and hybrids.

Species Section” Subsection” A Source

firma Momi Firmae 13.80* Sakata and Suzuki, 2000
bornmulleriana Abies 1431~ Guehl et al., 1991
balsamea Balsamea Laterales 18.80¥ Jones, 2005

koreana Balsamea Medianae 18.86Y Jones, 2005

veitchii Balsamea Medianae 19.00¥ Jones, 2005

fraseri Balsamea Medianae 19.05¥ Jones, 2005
holophylla Momi Holophyllae 19.11¥ Jones, 2005
nephrolepis Balsamea Medianae 19.24y Jones, 2005

amabilis Amabilis 19.32¥ Buchmann et al., 1998
koreana xbalsamea Hybrid 19.43Y Jones, 2005
lasiocarpa var. arizonica  Balsamea Laterales 19.58Y Jones, 2005

koreana xveitchii Hybrid 19.77Y Jones, 2005

fraseri xhomolepis Hybrid 20.04¥ Jones, 2005
lasiocarpa Balsamea Laterales 20.75Y Pifol and Sala, 2000

“According to Farjon, 1990.
YFoliar '*C analysis.
*Growth ring *C analysis.
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to the tree (Lucas and Davis, 1961). Increasing
soil pH in 4. alba led to Mn deficiencies and
needle chlorosis ultimately resulting in tree
decline (Hiltbrunner and Fliickiger, 1996).
In several Abies species, photosynthetic ef-
ficiency and foliar Mn, B, K, Zn, and Cu
levels declined with increased soil pH levels
(Creggetal.,2004). Decreasing levels of these
nutrients were also strongly correlated with a
decreased variable fluorescence to maximum
fluorescence (F /F, ) ratio and decreased chlo-
rophyll concentration in the needles.
Nitrogen, Mg, Mn, and Cu are several nu-
trients that are important to the photosynthetic
process. In A. fraseri, higher foliar N and P
levels were characteristic of increased visual
quality while higher foliar Ca, Mg, and Fe
levels were found in trees with lower visual
quality. In the same study, foliar nutrient ratios
(e.g., Nto Ca, Nto Mg, N to Fe, P to Ca, P to
Mg, and P to Fe) were important indicators of
increased visual quality in 4. fraseri (Roth-
stein and Lisuzzo, 2003). Needle chlorosis
developed in 4. nordmanniana with decreased
foliar Fe, Mg, Mn, N, and S levels (Khalil et
al., 1989). However, other site factors such
as shade can influence foliar nutrient levels.
Foliar P and Ca levels were highly variable

in A. grandis, possibly in response to shade
conditions (Moore et al., 2004). Chlorophyll
concentration increased following NPK fertil-
ization in 4. balsamea (Lavigne et al., 2001).
In A. balsamea var. phanerolepis Fern. N, K,
and Ca foliar nutrient levels were significantly
correlated with tree height and needle length
(Brown, 2000).

The efficiency by which photosystem II
captures light may be expressed as the ratio
of variable fluorescence to maximum fluores-
cence(F /F ) (Bjorkmanand Demming, 1987)
and may be used to compare plant stress (Cregg
et al., 2004; Ritchie and Landis, 2005). In 4.
lasiocarpa, F JF _ declined only slightly as
soil pH approached 7.0, while F /F declined
rapidly in A. sibirica and A. borisii regis
Mattf. (Cregg et al., 2004). This suggests 4.
lasiocarpa is more tolerant of higher pH soils
(soil pH >6.0). Soils low in pH are often high
inhumus and clay (Millerand Donahue, 1995).
However, in its native range, 4. lasiocarpa is
adapted to grow well in alluvial floodplains
and at high elevations in sand and silt loams
(Alexander et al., 1990). Abies concolor is
tolerant of a wide range of soil pH and grows
beston sandy-loam to clay-loam soils (Laacke,
1990), while 4. amabilis grows best in soils

Table 3. Reported ideal soil pH ranges of various 4bies species and hybrids.

Ideal soil
Species Section” Subsection” pH range Source
amabilis Amabilis 3.3-4.0 Crawford and Oliver, 1990
balsamea Balsamea Laterales 5.1-6.0 Johnston, 1986
balsamea Balsamea Laterales 6.5-7.0 Bakuzis and Hansen, 1965
boriss regis Abies 3.5-4.0 Cregg et al., 2004
chensiensis Momi Holophyllae 4.0-6.0 Jones, 2005
fraseri Balsamea Medianae 3.5-42 Beck, 1990
fraseri Balsamea Medianae 4.2-4.5 Bryan et al., 1989
homolepis Momi Homolepides 4.0-5.0 Jones, 2005
koreana x balsamea Hybrid 4.0-6.0 Jones, 2005
koreana x veitchii Hybrid 4.0-6.0 Jones, 2005
lasiocarpa Balsamea Laterales 3.5-6.5 Cregg et al., 2004
lasiocarpa Balsamea Laterales 4.0-6.0 Jones, 2005
lasiocarpa Balsamea Laterales 4.5-5.9 Alexander et al., 1990
lasiocarpa var. arizonica Balsamea Laterales 4.0-6.5 Jones, 2005
nephrolepis Balsamea Medianae 4.0-6.5 Jones, 2005
procera Nobilis 4.0-5.5 Jones, 2005
sachalinensis Balsaema Medianae 3.0-4.5 Cregg et al., 2004
sibirica Balsamea Laterales 3.5-45 Cregg et al., 2004
veitchii Balsamea Medianae 3.5-6.0 Cregg et al., 2004

“According to Farjon, 1990.

Table 4. Abies species reported to meet several selective factors necessary for introduction into the landscape
and Christmas Tree industries in the upper midwestern U.S.*

Adequate Tolerant Tolerant

cold Drought of low of high Late
Species hardiness? tolerant soil pH* soil pHY budbreak
amabilis X X NA
balsamea X X
fraseri X X X
homolepis X NA X X
koreana X X NA NA X
lasiocarpa X X
las. var. arizonica X X
nephrolepis X X X
procera X NA X X
sachalinensis X NA X
sibirica X NA X
veitchii X NA X X X

“States surrounding the Great Lakes (USDA plant hardiness zones 3 to 6).

YTolerant of temperatures less than —40 °C.
*Soil pH <5.0.
vSoil pH >6.0.
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with soil pH ranging between 3.3 and 4.0 and
thick in organic matter (Crawford and Oliver,
1990). This suggests species and trees naturally
growing insoils with more sand orsilt would be
more adapted to higher soil pH conditions.

The ideal soil pH range varies among
species (Table 3); however, the taxonomic
classification reveals some general trends. For
example, species assigned to section Balsamea
generally are more tolerant of soil with pH>6.0,
although some exceptions do exist (4. sibirica,
A. sachalinensis, and A. fraseri). Conversely,
species assigned to the section Momi are less
tolerant of soil pH >6.0. In future introduc-
tion, targeting species related to species with
known tolerance to soil pH >6.0 may result in
identifying species tolerant of high pH soils;
although, some exceptions will exist.

Insummary, using chlorophyll fluorescence
and foliar nutrient analysis may help identify
species and trees tolerant of high pH soils.
Species and trees of provenances growing in
soils high in sand and silt may be more tolerant
of high pH soils. The use of taxonomic rela-
tionships could be helpful to identify species
closely related to species with known tolerance
of high soil pH.

Recommendations

This literature review has focused on
identifying Abies spp. with adequate cold
hardiness, late budbreak, drought tolerance,
and tolerance of varying soil pH levels. These
selection factors are necessary in future species
introductions in the upper midwestern U.S. Itis
important to match plants possessing necessary
adaptive characteristics with existing site con-
ditions. Therefore, multiple screening factors
should be met when identifying species or trees
for future introduction (Table 4). For example,
A. veitchii has adequate cold hardiness, breaks
bud in late spring, and is tolerant of high soil
pH (pH >6.0) making it a strong candidate for
introduction into the landscape industry in the
upper midwestern U.S. Conversely, species or
trees not meeting multiple screening factors
should be given careful consideration before
being introduced to the trade. For example, 4.
sachalinensishas adequate cold hardiness butis
not tolerant of soils with pH >6.0 and is prone
to early budbreak. As aresult, 4. sachalinensis
should be carefully evaluated to identify trees
from provenances meeting multiple screening
factors before being introduced to the trade.
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