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Abstract

Selecting trees for improved drought tolerance has long been of interest for
those involved in landscape horticulture and urban forestry. However, there are
several pitfalls that need to be addressed in designing studies for selecting drought
tolerant trees. Standardizing and quantifying the amount of drought to which trees
are subjected is a major problem both in field studies and in pot studies. In field
studies, variation in rainfall can limit the ability to apply a known amount of drought
stress. In container studies, different growth rates among the genotypes can result in
different levels of drought stress even at comparable levels of irrigation. In this
paper, I discuss some of the theoretical and practical limitations of various drought-
screening methods, and provide suggestions for methods that be may used to effec-
tively identify trees with superior drought tolerance. I present examples of two
techniques that have been effective in identifying variation in drought tolerance in
seedling trees; stress-bed drought screening and the target water potential concept.
Both of these techniques may be useful for screening a relatively large number of
genotypes for drought tolerance. A second major constraint for screening trees for
drought tolerance is determining the appropriate response variables to measure.
Researchers have had varying degrees of success using single point-in-time measure-
ments such as osmotic potential or gas exchange in identifying drought adapted
genotypes. I present examples of the application of carbon isotope discrimination as
an integrated measure of water use efficiency in studying genotypes of Pinus
sylvestris, P. ponderosa and other conifers. I also discuss theoretical and practical
limitations of using carbon isotope discrimination and other methods to identify
drought-adapted genotypes.

INTRODUCTION

Water is the principle factor limiting survival and growth of trees, particularly in
urban and suburban landscapes (Clark and Kjelgren, 1990; Kramer, 1987). Drought stress
is exacerbated in urban environments due to soil factors (Craul, 1985) as well as elevated
temperatures associated with urban heat islands (Cregg, 1995; Cregg and Dix, 2001;
Whitlow and Bassuk, 1988; Whitlow et al., 1992). The detrimental impacts of water stress
may be mitigated through irrigation. However, watering restrictions are becoming more
common throughout the United States. This suggests that selecting trees with improved
drought tolerance and reduced water use may be the best strategy to improve survival,
growth, and health of trees in urban and suburban landscapes.
On the surface, screening trees for improved drought tolerance based on greenhouse or
field trials seems like a straightforward proposition. However, there are a number of key
factors that must be addressed, each with their own subtleties and pitfalls. These include
method of applying drought and method of assessing drought. In this paper I will review
several studies that have been conducted in this area and summarize the key insights we
have gained.
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APPLYING DROUGHT STRESS

Withholding Water

Drought is defined as a meteorological occurrence characterized by below normal
rainfall. The most obvious means to select for improved drought tolerance is to withhold
water or reduce irrigation and compare the response of various genotypes. However, the
shortcomings of this technique can be significant, both in field trials and in controlled
environments.

In field plots variation in rainfall can make the imposition of consistent drought
stress difficult, particularly in regions prone to summer thunderstorms. A novel approach
for studying the long-term effects of drought on woody plants is the Throughfall
Displacement Experiment (TDE) developed at the Oak Ridge National Laboratory
(Waullschleger et al., 1998). In the TDE, one third of the study area is designated as ‘dry’
plots. In the ‘dry’ plots troughs cut from PVC pipe cover one-third of the ground surface
area, reducing effective precipitation by one-third. The rainfall collected in the troughs is
applied to the ‘wet’ plots, which receive ambient + 1/3 rainfall. The TDE system has been
used to effectively study drought responses on several hardwood species in natural upland
sites (Gebre et al., 1998; Gebre and Tschaplinski, 2002; Tschaplinski et al., 1998). The
system could have additional application for drought screening studies by overlaying the
system on existing provenance tests or other long-term genetics trials.

In studies of container-grown plants, dry-down responses are often confounded
with plant size (Graves et al., 2002). Therefore volumetric water content and plant water
potential may decline more rapidly for larger genotypes than smaller one, regardless of
their relative drought tolerance.

Stressbed Screening

One means to obviate the problems of differential pot drying is grow seedlings in a
large, common container so that all seedlings have access to the same soil volume and soil
moisture. In controlled environments this may be accomplished by growing seedlings in
large sand-filled ‘stressbeds’ (Chambers at al., 1988). The stressbed technique is well-
suited for screening relatively large numbers of genotypes based on gross characteristics
such as survival and growth. For example, Cregg (1994) identified significant variation in
survival and relative growth rate among diverse populations of ponderosa pine (Pinus
ponderosa Dougl. Ex Laws.) in a large stressbed trial (Fig. 1). However, stressbed
screening may not be suited for differentiating physiological responses to drought among
genotypes. If the stressbeds are filled with a sand-based medium, soil matric potential and
plant water potential decline rapidly as the soil dries (Fig. 2), making it difficult to
characterize subtle differences in physiological processes that may occur at intermediate
stress levels. Drought studies involving stressbeds also require intensive and time-
consuming measurements of plant water potential in order to document the severity and
duration of the stress applied. If large stressbeds are used, investigators may have difficulty
accessing seedlings near the center of the stressbeds for gas exchange measurements.

Polyethylene Glycol (PEG)

Soil osmotic potential and, consequently, plant water potential may be effectively
manipulated using solutions of known concentration of osmoticum (Sikurajapathy et al.,
1983). Although many compounds are effective osmotica, researchers have favored
polyethylene glycol (PEG). The principle advantage of PEG is that it allows precise
control of soil and plant water potential. However, the use of PEG for long-term studies
of drought tolerance is problematic due to toxicity and reduced oxygen diffusion (Lawlor,
1970; Mexal et al., 1975). One approach to reducing plant uptake of PEG is to enclose the
root system in a semi-permeable membrane and then immersing the roots in a high
molecular weight PEG (e.g., MW >8000) (Zur, 1966; 1967). However these systems
require intensive maintenance, and growth of microorganisms in the semi-permeable
membranes is a serious problem (Weigrefe, personal communication).
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Target Water Potential

The target water potential method is a two-phase process for comparing the
response of containerized seedlings of numerous genotypes to a known level of water
stress for a growing season or longer (Olivas-Garcia, 1995). In the first phase, plant and
pot weight (W) and pre-dawn water potential (Wpredawn) are monitored on each seedling
during a dry-down cycle and the data are plotted on a chart (Fig. 3). From the chart, the
investigator can determine the W that corresponds to a given level of Wpredawn.
Subsequently, each seedling is watered to run-off and allowed to dry until W reaches the
value associated with target water potential. Because weighing pots is simple and quick a
relatively large number of seedlings may be subjected to a standard level of water stress.
While spot-checks of Wpredawn are recommended, the method also eliminates issues
associated with frequent removal of leaves from small plants for pressure chamber
measurements.

The target water potential method represents a simple, effective method to apply a
known level of water stress that is appropriate for drought screening trials. However,
there are several factors that investigators should consider. The method requires
significant initial effort to develop the W- ¥ relationships. For example, a moderately-
sized trial involving 12 genotypes and 8 replications will required a series of paired
measurements of W and ¥ on 96 seedlings. The technique assumes that the investigator
has a priori knowledge of the drought response of the species to select an appropriate
target water potential. For example, from studies with ponderosa pine Zhang et al. (1997)
found that stomatal closure occurred as ¥ approached -2.0 Mpa. Olivas-Garcia et al.
(1995) selected this level as the target water potential and were able to maintain a steady
separation in net photosynthesis, and carbon isotope discrimination between well watered
and drought stressed seedlings (Fig. 4).

ASSESSING RESPONSE TO DROUGHT

In comparing relative drought tolerance among populations, investigators must
decide which parameter(s) are most appropriate as a selection criteria. Investigators may
compare relative drought tolerance based on survival, growth, or morphophysiological
responses.

Survival

Mortality of seedlings of a given population under prolonged drought typically
follows a sigmoidal response. This response can be readily modeled using standard
statistical software such as SAS PROC LIFEREG. The response may also be linearized
using a logistical transformation and modeled using a standard least squares approach
(Neter et al. 1985). An LD50 (days without water to cause 50% mortality) and associated
confidence intervals may be estimated using inverse estimation techniques allowing a
simple and straightforward test of differences in drought tolerance among populations.
Using this technique Cregg (1994) found that LD50 of seedling populations of ponderosa
pine from diverse geographic origins ranged from 40 to 58 days without water. Pre-
conditioning the seedlings by exposure to cyclic drought stress before the final drought
cycle increased the LD50 range to 47 to 78 days without water. The LD50 of Scots pine
seedlings from diverse seed sources ranged from 65 to 85 days (Cregg and Zhang, 2001).

Morpho-Physiological Responses

Because seedling survival and growth under drought are mediated by
physiological responses, considerable attention has been focused on understanding and
comparing the physiology and morphology of drought tolerant genotypes (Teskey et al.,
1987; Van Buijtenen et al., 1976). Jones et al. (1981) identified two broad mechanisms of
drought tolerance that apply to trees: drought tolerance at high tissue water potential and
drought tolerance at low tissue water potential. Drought tolerance at high tissue water
potential or drought stress avoidance involves morphological and physiological
mechanisms that maintain water uptake or reduce water loss. Drought tolerance at low
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tissue water potential or drought stress tolerance is usually associated with osmotic
adjustment, a decrease in osmotic potential that results in the maintenance of turgor
pressure as the plant dehydrates. Both forms of drought tolerance occur in trees and
investigators have found significant genotypic variation for each in trees.

Drought Tolerance at High Tissue Water Potential

Cregg (1994) observed significant genotypic variation in allocation patterns to
roots and shoots in ponderosa pine seed sources that differed in their ability to survive
imposed drought. This study indicated seed source that had the highest capacity to
survive drought were intermediate in their allocation to roots and shoots. Seedlings form
seed sources that allocated relatively high amounts of biomass to shoots versus roots
survived poorly, presumably due to excessive transpiration relative to absorption.
Seedlings from seed sources that allocated relatively high amounts of biomass to roots
also had low survival under imposed drought. While the latter observation is counter-
intuitive, it may be that, because of their low leaf area, these seedlings were unable to
produce sufficient carbohydrate reserves to meet their maintenance respiration needs.

In addition to optimizing allocation to roots to increase water uptake many tree
species have leaf adaptations that reduce water loss and increases drought tolerance:
Genetic variation in leaf morphology has been observed for a number of species including
Cercis canadensis L. (Abrams, 1988), Acer spp. (St. Hilaire and Graves, 2001) Pinus
taeda (Bilan et al., 1974), and Fraxinus pennsylvanica (Abrams et al., 1990). Needle
length and stomatal density of 1-year-old foliage of 25-year old ponderosa pine trees
grown in southeastern Nebraska differed significantly among four diverse seed sources
suggesting differences in their relative ability to tolerate drought (Cregg, 1994). Abrams
et al. (1990) found that specific leaf area and stomatal density decreased in sources of
Fraxinus pennsylvanica along a longitudinal and decreasing precipitation gradient from
New York to South Dakota. Cercis canadensis L. seedlings from a xeric Kansas prairie
source had significantly lower specific leaf areas than seedlings from a more mesic
Indiana source; however, stomatal density was greater for the Kansas source (Abrams,
1988).

In general, physiological adaptations to tolerate drought at high tissue water
potential are related to water conservation through low stomatal conductance (g) resulting
in increased water use efficiency or rapid stomatal closure under stress (Jones et al.,
1981). Such adaptations have been found for a number of tree species (Bennett and Rook,
1978; Blake et al., 1984; Kelliher and Tauer, 1980). Seasonal gas exchange patterns of
25-year-old ponderosa pine indicated that trees from a South Dakota source had relatively
low rates of net photosynthesis early in the growing season when soil moisture was high
but were able to maintain higher rates later in the growing season as soil moisture
declined (Cregg, 1993). Bennett and Rook (1978) observed that the transpiration rate (E)
of a Pinusradiata D. Don clone that survived poorly in the field was twice that of a clone
that had high field survival. Similarly, g, of the poor-surviving clone was much higher
than that of the other clone. Increased water use efficiency (ratio of carbon gain to
transpiration) of Populus clones was partially attributed to reduction of water loss due to
earlier stomatal closure (Blake et al. 1984). Bilan et al. (1977) found that E of loblolly
pine seedlings from the xeric “lost pines” source was significantly lower than E of
seedlings form a mesic east Texas seedlings at the end of a seven-day dry-down cycle.
The percent of open stomata also was lower for the “lost pines” source. Differences in g
of progeny from crosses of coastal and interior varieties of ponderosa pine (ponderosa x
scopulorum) and coastal varieties (ponderosa x ponderosa) were highly significant (p <
0.0001) (Monson and Grant, 1989). Low g and E resulted in increased water use
efficiency in the ponderosa x scopulorum progeny.

In addition to analyzing drought tolerance through gas exchange measurements,
water use efficiency may also be compared using carbon isotope discrimination (A) or
isotopic carbon ratio (6C13). Recently several studies have demonstrated significant
genotypic variation in carbon isotope discrimination (A) in crops and forest trees. The
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isotopic ratio of °C to '*C in Cj plants varies mainly due to discrimination during
diffusion and enzymatic processes (Farquhar et al. 1989). As A increases or g decreases
(1ncreasmg Alg), discrimination against 13C decreases. The amount of discrimination
against BC in photosynthesis has been shown to be highly negatively correlated with
instantaneous water use efficiency (WUEI) from gas exchange measurements (Condon et
al., 1990; Condon et al., 1992; Donovan and Ehleringer, 1994; Hubick et al., 1986;
Wright et al., 1994).

The extent of intra-specific variation in trees has been analyzed for species
including Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) (Zhang et al., 1993), black
spruce (Flanagan and Johnsen, 1995), boxelder (Acer negundo L.) (Dawson and
Ehleringer, 1993), and western larch (Larix occidentalis Nutt.) (Zhang and Marshall,
1994; Zhang et al., 1994). Zhang and Cregg (1996) observed significant intra-species
variation in A in several Pinus species including P. ponderosa. Cregg and Zhang (2001)
recently studied the carbon isotopic composition of Scots pine (Pinus sylvestris L.)
seedlings from diverse seed sources representing a longitudinal transect across the range
of the species. They found significant variation among seed sources. Moreover, the 3C13
was significantly correlated with precipitation of the seed source, indicating Siberian seed
sources had higher water efficiency than European seed sources

Advantages of A as a Selection Criterion for Improved WUE

Carbon isotope discrimination has several conceptual and logistical advantages to
screening for drought tolerance based on instantaneous water use efficiency (WUEI)
(Farquhar et al., 1989). Carbon isotope discrimination integrates A/g over the time the
sampled tissue was formed. In contrast, WUEI measured by gas exchange provides
‘snapshots’ of A/g and may not be representative of overall WUE. One particular
advantage of using isotope analysis in trees is that isotope discrimination can be
determined on annual rings from increment cores (Livingston and Spittlehouse, 1993;
MacFarlane et al., 1999). Thus, A can be determined across the range of climatic
conditions that may have occurred over the life of the tree (e.g., drought versus wet
years). In addition to sampling across years using increment cores, the effect of varying
weather patterns on isotope discrimination can be assessed on evergreen trees that retain
multiple year’s of leaves. For example, in a study of ponderosa pine growing in two
range-wide provenance tests, Cregg et al. (2000) determined A of needles formed in four
years in one location and three years at the second location. Age:age correlations are
generally high for isotope discrimination indicating a high degree of reproducibility in
values and low genotype x environment (G x E) interactions associated with variation in
precipitation (Hall et al., 1994). Age:age correlations in leaf A of Picea mariana trees
varied from 0.70 to 0.84 (Johnsen et al., 1999). Cregg et al.(2000) analyzed G x E
interaction in A among four seed sources of ponderosa pine grown in Oklahoma and
Nebraska. They found that within a location, year x source interactions were non-
significant (P>0.05), indicating that seed source rankings were stable across years of
varying rainfall.

Drought Tolerance at Low Tissue Water Potential

In contrast to the physiological adaptations associated with drought tolerance at
high water potential, drought tolerance at low tissue water potential is generally indicated
by maintenance of g, E, and other physiological processes as plant water potential
declines. Drought tolerance at low tissue water potential is usually achieved by osmotic
adjustment, whereby positive turgor pressure is maintained at lower bulk water potential
than without adjustment. The benefits of osmotic adjustment to the plant are: 1,
maintenance of cell elongation; 2, maintenance of stomatal opening; 3, maintenance of
photosynthesis; 4, survival of dehydration; and 5, exploration of greater soil volume for
water (Turner and Jones 1980). Numerous studies have documented genotypic differences
in osmotic adjustment and maintenance of physiological processes under drought.

Variation in growth among families of black spruce between wet and dry sites was
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related to the ability of the families to maintain turgor pressure (Johnsen and Major,
1999). Maintenance of turgor was dynamic and related to both osmotic adjustment and
changes in cell wall elasticity (Major and Johnsen, 2001). Eucalyptus camaldulensis
Dehn, adapted to a dry site in Victoria, Australia maintained greater productivity under
drought than a less adapted source from Western Australia (Grunwald and Karshon,
1982). The Victorian source reached a lower water potential while maintaining a higher
relative water content than the Western Australian source. Results from Blake and
Yeatman (1989) suggest that outcrossed families of Pinus banksiana Lamb, had faster
growth rates than selfed families due, in part, to maintenance of stomatal conductance and
photosynthesis later in the growing season. Heth and Kramer (1975) determined that P.
radiata seedlings were more tolerant of drought than seedlings of P. taeda or P. echinata
Mill. in dry-down experiments. The difference in survival could not be explained through
water conservation as P. radiata had the greatest g and E of the three species. Heth and
Kramer noted that P. radiata seedlings maintained a higher turgor potential than the other
species for several weeks following cessation of watering. Abrams et al. (1990) observed
that g and net photosynthesis of Fraxinus pennsylvanica seedlings from a xeric site in
South Dakota were higher than that of seedlings from a more mesic site in New York.
Seedlings from South Dakota also were found to have lower osmotic potential at full and
zero turgor than the New York source. Abrams (1988) found a similar trend in Cercis
canadensis, as seedlings from a xeric Kansas site had significantly lower osmotic
potentials than seedlings from a more mesic Indiana source. Additionally, leaf osmotic
potential was determined to be significantly different among three species of Quercus
examined by Parker and Pallardy (1988b). They observed that leaf osmotic potential of Q.
stellata Wang, was consistently lower than that of Q. alba L. or Q. macrocarpa Michx.
Parker and Pallardy (1988a) also observed significant differences in leaf and root osmotic
adjustment among several sources of Juglans nigra L. Genotypes with a relatively high
capacity to osmotically adjust (i.e., decrease osmotic potential in response to drought
stress) may be better able to maintain photosynthesis and other physiological processes
during drought than those types that lack the ability to osmotically adjust. Thus, it is
possible that the ability to osmotically adjust and maintain turgor pressure during drought
may serve as a criterion for drought tolerance selection programs.

SUMMARY

Selecting trees for improved drought tolerance requires careful consideration of
both the method used to apply drought stress and the criteria used to evaluate drought
response. Field-based drought studies are often difficult due to variation in rainfall,
though innovative approaches such as throughfall displacement may be useful for long-
term evaluations. In controlled environments, stressbed screening is useful for initial
evaluations of relatively large numbers of genotypes based on easily measured
characteristics such as survival and growth. For detailed characterizations of
physiological responses to drought, controlled drought methods based on target water
potential or target soil water content can reduce problems associated with differential dry-
down on container-grown plants. Numerous morphophysiological traits have been
associated with improved drought tolerance. These include leaf morphology, water use
efficiency, and allocation of biomass to roots, maintenance of cell turgor via osmotic
adjustment, abscisic acid accumulation (Aasamaa et al., 2002; Chen et al., 1997), and
hydraulic architecture (Jackson et al., 1995; Tognetti et al., 1997). In all likelihood,
drought tolerant genotypes will posses more than one mechanism (Aussenac et al., 1989);
therefore investigators should consider a suite of adaptations rather than focusing on a
single trait.

152



Literature Cited .

Aasamaa, K., Sdber, A., Hartung, W. and Niinemets, U. 2002. Rate of stomatal opening,
shoot hydraulic conductance and photosynthetic characteristics in relation to leaf
abscisic acid concentrations in six temperate deciduous trees. Tree Physiol. 22: 267-
276.

Abrams, M.D. 1988. Genetic variation in leaf morphology and plant and tissue water
relations during drought in Cercis canadensisL. For. Sci.: 200-207.

Abrams, M.D., Kubiske, M.E. and Steiner, K.C. 1990. Drought adaptations and responses
in five genotypes of Fraxinus pennsylvanica Marsh.: photosynthesis, water relations
and leaf morphology. Tree Phys. 6: 305-315.

Aussenac, G. and Grieu, P. and Guehl, J.M. 1989. Drought resistance of two Douglas fir
species (Pseudotsuga menzeisii(Mirb,) Franco and Pseudotsuga macrocarpa (Torr.)
Mayr.): Relative importance of water use efficiency and root growth potential. Ann.
Sci. For. 46 supp. 384s-387s.

Bennett, K.J. and Rook, D.A. 1978. Stomatal and mesophyll resistance in two clones of
Pinusradiata. D. Don known to differ in transpiration and survival rate. Aust. J. Plant
Phys. 5:231-238.

Bilan, M.V., Hogan, C.T. and Carter, H.B. 1977. Stomatal opening, transpiration, and
needle moisture in loblolly pine seedlings from two Texas sources. For. Sci. 23: 457-
462.

Blake, T.J., Tschaplinski, T.J. and Eastham, A. 1984. Stomatal control of water use
efficiency in poplar clones and hybrids. Can. J. Bot. 62: 1344-1351.

Blake, T.J. and Yeatman, C.W. 1989. Water relations, gas exchange, and early growth
rates of outcrossed and selfed Pinus banksiana families. Can. J. Bot. 67: 1618-1623.
Chambers, J.L., Clifton, R.G.P. and Barnett, J.P. 1988. Sand culture and raised beds for
inducement of water stress in seedling physiology studies. Proc. 10™ North Am. For.

Biol. Workshop, Univ. British Columbia, pp. 164-168

Chen, S., Wang, S., Altman, A. and Hiittermann, A. 1997. Genotypic variation in drought
tolerance of poplar in relation to abscisic acid. Tree Physiol. 17:797-803.

Clark, J.R. and Kjelgren, R. 1990. Water as a limiting factor in the development of urban
trees. J. Arboric. 16:203-208

Craul, P.J. 1985. A description of urban soils and their desired characteristics. Journal of
Arboric. 11:330-339.

Cregg, B.M. 1993. Seed-source variation in water relations, gas exchange, and needle
morphology of mature ponderosa pine trees. Can. J. For. Res. 23:749-755.

Cregg, B.M. 1994. Carbon allocation, gas exchange, and needle morphology of Pinus
ponderosa genotypes known to differ in growth and survival under imposed drought.
Tree Physiol. 14:883-898.

Cregg, B.M., Olivas-Garcia, J.M. and Hennessey, T.C. 2000. Provenance variation in
carbon isotope discrimination of mature ponderosa pine trees at two locations in the
Great Plains. Can. J. For. Res. 30:428-439.

Cregg, B.M. 1995. Plant moisture stress of green ash trees in contrasting urban sites. J.
Arbor. 21:271-276.

Cregg, B.M. and Dix, M.E. 2001. Tree moisture stress and insect damage in urban areas
in relation to heat island effects. J. Arbor. 27:8-17.

Cregg, B.M. and Zhang, J.W. 2001. Physiology and morphology of Pinus sylvestris seed
sources from diverse sources under cyclic drought stress. For. Ecol. and Mgmt.
154:131-139.

Dawson, T.E. and Ehleringer, J.R. 1993. Gender-specific physiology, carbon isotope
discrimination, and habitat distribution in boxelder, Acer negundo. Ecology 74:798-
815.

Farquhar, G.D., Ehleringer, J.R. and Hubick, K.T. 1989. Carbon isotope discrimination
and photosynthesis. Ann. Rev. Plant Physiol. 40:503-537.

Flanagan, L.B. and Johnsen, K.H. 1995. Genetic variation in carbon isotope
discrimination and its relationship to growth under field conditions in full-sib families

153



of Picea mariana. Can. J. For. Res. 25:39-47.

Gebre, G.M. and Tschaplinski, T.J. 2002. Solute accumulation of chestnut oak and
dogwood leaves in response to throughfall manipulation of an upland oak forest. Tree
Physiol. 22:251-260

Gebre, G.M., Tschaplinski, T.J. and Shirshac, T.I. 1998. Water relations of several
hardwood species in response to throughfall manipulation in an upland oak forest
during a wet year. Tree Physiol. 18:299-305.

Graves, W.R., Koggel, M.A. and Widrlechner, M.P. 2002. Photosynthesis and shoot
health of five birch and four alder taxa after drought and flooding. J. Env. Hort.36-40.

Grunwald, C. and Karschon, R. 1982. Leaf xylem water potentials and water saturation
deficits as related to seed origin in Eucalyptus camaldulensis Dehn. Aust. J. For. Res.
12:175-181.

Hall, A.E., Thiaw, S. and Krieg, D.R. 1994. Consistency of genotypic ranking for carbon
isotope discrimination by cowpea grown in tropical and subtropical zones. Field Crops
Res. 36:125-131.

Heth, D. and Kramer, P.J. 1975. Drought tolerance of pine seedlings under various
climatic conditions. For. Sci. 21: 72-82.

Jackson, G.E., Irvine, J. and Grace, J. 1995. Xylem cavitation in Scots pine and Sitka
spruce saplings during water stress. Tree Physiol. 15:783-790.

Johnsen, K.H., Flanagan, L.B., Huber, D.A. and Major, J.E. 1999. Genetic variation in
growth, carbon isotope discrimination, and foliar N concentration in Picea mariana:
analyses from a half-diallel mating design using field-grown trees. Can. J. For. Res.
29:1727-1735

Johnsen, K.H. and Major, J.E. 1999. Shoot water relations of mature black spruce
families displaying a genotype X environment interaction in growth rate. I. Family
and site effects over three growing seasons. Tree Physiol. 19:367-374.

Jones, M.M., Turner, N.C. and Osmond, C.B. 1981. Mechanisms of drought resistance.
In: L.G. Paleg and D. Aspinall eds. The Physiology and Biochemistry if Drought
Resistance in plants. P. 15-37.

Kelliher, F.M. and Tauer, C.G. 1980. Stomatal resistance and growth of drought-stressed
eastern cottonwood from a wet and a dry site. Silvae Genetica 29: 166-171.

Kramer, P.J. 1987. The role of water stress in tree growth. J. Arboric. 13:33-38.

Knauf, T.A. and Bilan, M.V. 1974. Needle variation in loblolly pine from mesic and xeric
sources. For. Sci. 20:88-90.

Lawlor, D.W. 1970. Absorption of polyethylene glycols by plants an their effects on plant
growth. New Phytologist 69:501-513.

Livingston, N.J. and Spittlehouse, D.L. 1993. Carbon isotope fractionation in tree rings in
relation to the growing season water balance. In: Stable Isotopes and Plant Carbon-
Water Relations, J.R. Ehleringer, A.E. Hall and G.D. Farquhar, eds., Academic Press,
San Diego, CA, pp. 141-153.

MacFarlane, C., Warren, C.R., White, D.A. and Adams, M.A. 1999. A rapid and simple
method for processing wood to crude cellulose for analysis of stable carbon isotopes
in tree rings. Tree Physiology 19:831-835.

Major, J.E. and Johnsen, K.H. 2001. Shoot water relations of mature black spruce
families displaying a genotype X environment interaction in growth rate. III. Diurnal
patterns as influence by vapor pressure deficit and internal water status. Tree Physiol.
21:79-587.

Mexal, J., Fisher, J.T., Osteryoung, J. and Reid, C.P.P. 1975. Oxygen availability in
polyethylene glycol solutions and its implications in plant water relations. Plant
Physiol. 55:20-24.

Monson, R.K. and Grant, M.C. 1989. Experimental studies of ponderosa pine: III. Differ-
ences in photosynthesis, stomatal conductance, and water-use efficiency between two
genetic lines. Am. J. Bot. 76: 1041-1047.

Neter, J., Wasserman, W. and Kutner, M.H. 1985. Applied linear models, 2" ed. Irwin,
Inc., Homewood, Il, 1127 pp.

154



Olivas-Garcia, J.M. 1995. Interaction of genotype and environment in carbon isotope
discrimination and gas exchange of ponderosa pine (Pinus ponderosa Doug. Ex.
Laws.) Ph.D. Dissertation, University of Nebraska, Lincoln, Nebraska USA. 187 pp.

Olivas-Garcia, J.M., Cregg, B.M. and Hennessey, T.C. 2000. Genotypic variation in
carbon isotope discrimination and gas exchange of ponderosa pine seedlings under
two levels of water stress. Can. J. For. Res. 30:1581-1590.

Parker, W.C. and Pallardy, S.G. 1988a. Genotypic variation in tissue water relations of
leaves and roots of black walnut (Juglans nigra) seedlings. Physiol. Plant 64: 105-
100.

Parker, W.C. and Pallardy, S.G. 1988b. Leaf and root osmotic adjustment in drought-
stressed Quercus alba, Q. macrocarpa and Q. stellata seedlings. Can. J. For. Res.
18:1-5.

Sikurajapathy, M., Cappy, J.J. and Gross, H.D. 1983. A methods for inducing controlled
moisture stress on seedlings. Agronomy J. 75:840-843.

St. Hilaire, R. and Graves, W.R. 2001. Stability of provenance differences during
development of hard maple seedlings irrigated at two frequencies. HortSci. 36:654-
657.

Teskey, R.O., Bongarten, B.C., Cregg, B.M., Dougherty, P.M. and Hennessey, T.C. 1987.
Physiology and genetics of tree growth in response to moisture and temperature stress:
an examination of the characteristics of loblolly pine (Pinus taeda L.). Tree Physiol.
3:41-61.

Tognetti, R., Michelozzi, M. and Giovannelli, A. 1997. Geographical variation in water
relations, hydraulic architecture and terpene composition of Aleppo pine seedlings
from Italian provenances. Tree Physiol. 17: 241-250.

Tschaplinski, T.J., Gebre, G.M. and Shirshac, T.I. 1998. Osmotic potential of several
hardwood species as affected by manipulation of throughfall precipitation in an upland
oak forest during a dry year. Tree Physiol. 18: 291-298.

Turner, N.C. and Jones, M.M. 1980. Turgor maintenance by osmotic adjustment: a review
and evaluation. P. 87-103. In N.C. Turner and P.J. Kramer, eds. Adaptation of Plants
to Water and High Temperature Stress. John Wiley and Sons, New York.

VanBuijtenen, J.P., Bilan, M.V. and Zimmerman, R.H. 1976. Morpho-physiological
characteristics related to drought resistance in Pinus taeda. P. 349-359. In M.G.R.
Cannell and F.T. Last, eds. Tree physiology and yield improvement. Academic Press,
New York.

Whitlow, T. and Bassuk, N. 1988. Ecophysiology of urban trees and their management —
the North American experience. HortScience 23:542-546.

Whitlow, T. Bassuk, N. and Reichert, D. 1992. A 3-year study of water relations of urban
street trees. J. Applied Ecology 29:436-450.

Waullschleger, S.D., Hanson, P.J. and Tschaplinski, T.J. 1998. Whole plant water flux in
understory red maple exposed to altered precipitation regimes. Tree Physiol. 18:71-79.

Zhang, J.W. and Cregg, B.M. 1996. Variation in stable isotope discrimination among and
within exotic conifer species grown in eastern Nebraska, USA. Forest Ecol. and
Management 83:181-187.

Zhang, J.W., Feng, Z., Cregg, B.M, Schumann, C.M. 1997. Carbon isotopic composition,
gas exchange, and growth of three populations of ponderosa pine differing in drought
tolerance. Tree Physiol. 17: 461-466

Zhang, J. and Marshall, J.D. 1994. Population differences in water-use efficiency of well-
watered and water-stressed western larch seedlings. Can. J. For. Res. 24:92-99.

Zhang, J.W., Marshall, J.D. and Jaquish, B.C. 1993. Genetic differentiation in carbon
isotope discrimination and gas exchange in Pseudotsuga menziesii. Oecologia 93:80-
87.

Zur, B. 1966. Osmotic control of the matric soil-water potential: I. Soil-water system. Soil
Sci. 102:394-398.

Zur, B. 1967. Osmotic control of the matric soil-water potential: II. Soil-plant system.
Soil Sci. 103:30-38.

155



Figures

a0+ i b
—— -. I.'-i .n-.._
® PN seed source;
= 807 : LT o — o G0— |
I a3 v oo e NE—1
5 » GO
e 404 : ¢ o s NM
h - [ — opdT—1
oo m T2
20 ¢ i a/.- e --V%Q—Z
S %4 T WY
" R oo NE=7
D “...n::tzi:f:._:.-.._..:..i__-._.._.....'_'s..'i‘..r'fﬁ“ ¢ 4 ;
100+
drought
pre—conditicned
80+

mortality (%)
o
o

40 +

20 4 "

days without water

Fig. 1. Mortality of seedlings from nine diverse seed sources of ponderosa pine subjected
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to imposed drought. Seedlings were well-watered before the imposition of
drought (top) or pre-conditioned by cyclic drought before the final dry down
(bottom). From: Cregg (1994) Tree Physiol. 14:883-898, © 1994 Herron
Publishing, used by permission.
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Fig. 2. Pre-dawn needle water potential of Scots pine seedlings during three dry-down
phases in sand-filled stressbeds. From Cregg and Zhang (2001) For. Ecol and
Mgmt. 154: 131-139. © Elsevier Science B.V., used by permission.
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Fig. 3. Determining target container weight from the relationship between pre-dawn water
potential and container weight. Adapted from Olivas-Garcia (1995).
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Fig. 4. Net photosynthesis (A), needle conductance to water vapor (gwy), water use
efficiency, and pre-dawn needle water potential of ponderosa pine seedlings under
two levels of water stress. From Olivas-Garcia et al. 2000. Can. J. For. Res.
30:1581-1590. © NRC Canada, used by permission.
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