EFFECTS OF ROOT GROWTH AND PHYSIOLOGY ON DROUGHT
VPR ﬁESIS‘TANCE IN DOUGLAS-FIR, 1.ODGEPOLE PINE, AND WHITE
Al G P . , SPRUCE SEEDLINGS
dACULTY OF GRADUATE STUDES i )
y

TS o B.Se. York University, 1984
.Sc. York University,
it L LA P2 M.Sc. McGill University, 1986

A Dissertation Submitted in Partial Fulfillment of the
Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Biolcgy

We accept this th'esis as conforming
to the required standard

7 Dr.J.N.Owens, Co-Supervisor (Capartment of Biology)

DrRvan den Drigssche, Co-Sunerisar (BIinistov of Forests)

Dr.DJBalfantyne, Depdrtin :ntal Méfﬁﬁél/l(ﬁé‘ﬁartment of Biology) -

Dr.NIFvingston, Departmental Meémber (Depattment of Biology)

'Dr.l".iﬂian Aderkas, Departmental Mémber (Department of Biology)

~ Dr.RRDavidson, Outside Member (Déartment of Mathematics)

Dr.R.D.Cuy, External £:xamy J’r"(UniVersfty of British Columbia)
© JULIE SMIT, 1993
~University of Victoria

All righits reserved. Dissertation may not be reproduced in whole or in part, by
photocopying or other means, without the permission of the author.




Co-Superviser: Dr. R. van den Driessche
Co-Supervisor: Dr. J.N. Owens
ABSTRACT
Two aspects of drought resistance were investigated on wet and dry ecotypes

of three conifer species: 1) the relative importance of drought avoidance and
drought tolerance mechanisms in resisting drought stress was assessed on Douglas-
fir (Pseudotsuga menzieseii) and lodgepole pine (Pinus contorta) seedlings, and 2)
the effects of drought on root hydraulic conductance and low temperature on root
water flow ratas were assessed on first-year seedlings of Douglas-fir, lodgepole
pine and white spruce (Picea glauca).

| To study drought avoidance, Dougias-fir and lodgepole pine seedlings were
growrn in sealed containers in wet (522% water content) or dry (318% water
content) peat/vermiculite soil in a factorial treatment design. Dry weights, water
use, and root length were determined for seedlings at each of five harvests and
stomatal conductance and shoot water potentials were measured during the last 12
weeks of the experiment. fodgepole pine seedlings had greater dry matter
preduction, water use, stomatal conductance and new root length than Douglas-fir
seedlings. New root weight of lodgepole pine seedlings exceeded that of Douglas-
fir seedlings during the last five weeks of the experiment, and specific root length
of riew roots was higher for lodgepole pine seedlings throughout the experiment.
Douglas-fir seedlings showed higher water use efficiency (WUE) than lodgepole
oine seedlings, although water uptake rates per unit of root dry weight showed
little difference between species. Soil water treatment influenced specific root
length of new roots, water uptake per unit 'Qf new root lergil, and WUE in

Douglas-fir seedlings more than in lodgepole pine seedlings.
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To study drought tolerance, Douglas-fir and lodgepole pine seediings were -
grown under drought and well-watered conditions. At each of thres harvests a |
pressure-volume curve was produced for each seediing. Douglas-fir maintained a
lower osmotic potential at full saturation (Yye,) and lower turgor loss point
(“’xtlp) than lodgepole pine under both watering regimes. Both species had lower
VYysat a0d i’ntlp when drought-stressed.

Douglas-fir appears to be a more conservative species, maintaining low
stomatal conductance and tnlerating drought conditions, whereas Iodgcpbl,e pine
avoids drought by producing large amounts of roots to exploit the scil resovrce.

To study root hydraulic conductance (Lproot) and water flow rates through
roots {(WFRR), water flow was measured through de-tepped roots of Douglas-fir,
ledgepole pine, and white spruce seedlings in a pressure chamber, In a drought
experiment, seedlings were grown in sandy soil in a greenhouse under drought and
well-watered conditions during their first growing season and, in a low temperature
experiment, seedlings were grown in sandy soil in growth chambers at 25/20°C
{day/night) and 15/10°C.,

In the drought experiment, water flow through roots was measured at three
pressures. No differences in Lpro.ot were found for Douglas-fir and white spruce.
seedlings grown under the two watering regimes, however, lodgepole pine
seedlings had reduced Loroot When grown under drought conditions. Well-
watered seedlings of lodgepole pine and white spruce had higher meot in 1989
than in 1990 whereas Douglas-fir seedlings had the same Lyp 4 in both years.

In the low temperatnze experiment, WFRR was measured at 1.0 MPa and
températures of 20°C for 24 bours or 200, 129, and 4°C for 18, 15, and 15 hours
respectively. At 20°C, white spruce seedlings had higher WFRR than the other
two species. Lodgepoie pine and white spruce seedlings grown in the 159/10°C
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growth chamber had higher WFRR than seedlingy grown in the 25%/20°C growth
chamber. Water flow rate decreased with temperature in all three species. After
correcting for viscosity, all seedlings had lower WFKR with reduced temperature,
except for Douglas-fir and white spruce seedlings grown at 15%/10°C which had
the same WFRR at 20°C and 12°C. Thercforz, Douglas-fir and white spruce
seedlings were found to become less sensitive to low jemperature (chilling) stress
when pre-conditioned at iow temperatures.

In the drought and low temperature stadies, dry weight biomass of white
spruce was lowest but white spruce had a greater specific root length than
lodgepole pine and Douglas-fir. in the drought study, Liomass production in
seedlings from wet ecotypes of each species was more reduced when drought-

stressed than seedlings from dry ecotypes.
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Chapter 1.
GENERAL INTRODUCTION

Pianting of conifer seedlings is an important component of reforestation in
British Columbia. Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), lodgepole
pine (Pinus contorta Dougl.) and white spruce (Picea glauca (Moench) Voss) are
conifer species commonly planted in the Pacific northwest. To select §pecies,
provenances, or families for optimal survival and growth in different environments,
it is desirable to understand how conifer seedlings adjust morphologically and
physiologically to environmental conditions, such as drought and low temperature.

As seedlings become drought-stressed, they develop plant water deficits which
can lead to injury and, eventually, death. To reduce the detrimental effects of
drought, seedlings may initiate drought;;"‘avoidance and/or drought-tolerance
mechanisms. Plant species may use one or 5oth of these mechanisms to withstand
diought, but little is knoWn about the relative importance of these mechanisms in
determining survival and growth of different conifer seedlings. By growicg conifer
seedlings under wet and dry watering regimes and recording root growth, water
uptake, transpiration rates, water loss, and osmotic adjustment, an understanding
of how drought resistance mechanisms vary between and within species can be
obtained. |

Water movement through seedlings is driven by water potential (¥) gradients
in the soil-plant-atmosphere ccjntinuum (SPAC). Although the resistance of the
stomata to water movement through plants has been much studied, the effect of
drought on water movement through roots has received less attention. Since roots
supply water to shoots, changes in water conductance through toots can have a

direct effect on shoot physiology. Under well-watered conditions, when stomata
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_are open and soil to root contact is good, the subeﬁzed endodermal cells in the

roots may provide the greatesf resistance to water movement in seedlirigs‘ Using a
pressure chamber to measure hydraulic conductance in de-topped roots, the
importémce of root resistance to seedling water flow, and the effect of
-environmental factors, such as drought and low temperature, on root resistance
can be studied.

Chiliiug temperatures can simulate drought, since increased water viscosity
reduces water uptake and movement through seedlings. Chilling can also cause
changes in membrane permeability, leading to secondary biochemical and
piiysiological effects. Chilling effects on water flow through roots can be studied
by controlling root temperature in a pressure chamber. Since conifer seedlings are
often planted into soils with low temperatures, the effect of direct and pre-
conditioning temperatures on water flow through rocs can have practical
applications. | |

This thesis deals with interrelated aspects of drought resistance in conifer
‘seedlings. Drought avoidance and drought tolerance of wet and dry ecoﬁ;yf:es of
Douglas-fir and lodgepole pine seedlings are reported in Chapters 3 and 4. The
general objective of this work was to assess the relative importance of drcught
avoidance and drought tolerance for protecting typical conifer seedlings from
drought stress. Effects of drought stress and temperature on water flow through
wet and dry ecotypes of Douglas-fir, lodgepole piﬁe‘, an&*w‘hité spruce root systems
are reported ini Chapters 4 and 5. The intention was to find out what part root

responses might play in determining drought resistance of conifer planting stock.




Chapter 2
LITERATURE REVIEW

2.1 WATER POTENTIAL

Water potential (¥) is 2 thermodynamic variable which quantifies the amount
of work water can do (Slatyer, 1967) and is used to relate water status at various
positions in the soil-plant-atmosphere continuum (SPAC). The two components of
Y are hydrostatic or turgor pressure (P), which is the force exarted by water
pressure differing from ambient, and osmotic potential (y,), which is the change in
chemical potential of water when solutes are present. Matric potential and
gravitation potential components of ¥ have been excluded since the former can be
incorporated into the P term and the latter is insignificant when studying se¢dlings
and rcots (Jones, 1992). Therefore, in this study,

Y=P+ ¥y 1)
where p (MPa) is négative, P (MPa) is positive, except when a system is under
tension (negative pressure), and ¥, (MPa) is negative due to solutes reducing the
chemical potential of water. The chemical potential of pure water has arbitrarily
been assigned a value of zero.

The driving force for water movement in SPAC is along a gradient of
decreasing Y. Generally, water flow can be described using an analogy to Ohm’s
law, ,

Iy = Lo x (soi1Yair) = Wsoir¥air) / Rp ()
where J,=flux density '(m3 m2 g1y, Lp=hydraulic conductance (m s1 MPa'l),
Rp =resistance =1 /Lp (Jones, 1992). Under well-watered conditions, water moves
through the soil and along the apoplastic pathway to the endodermis with little

resistance. At the endodermis, water must cross the cell membrane into the
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~ ¢ndodermal cells, since the suberized endodermal cell walls are impermeable to
water. After crossing the endodermis, water moves into the air with little
resistance if the stomata are open. Therefore, nnder well-watered conditions the

largest vosistance in the SPAC is in the roots,

2.2 DROUCHT RESISTANCE

Under drought conditions, drought being defined as the environmental
condition where restricted water supply reduces plant productivity, water
movement in S"AC is reduced due to decreased conductances (or increased
resistances) in the plant, soil, and/or across the soil:root interface (Passioura,
1980) and, therefore, root resistance may no longer be the major resistance to
water movement. Flants that are drought-stressed build up water deficits due to
water loss by transpiration being greater than water uptake by roots (Koziowski et
al.,, 1991; Hinékley ¢t al, 51991). Although plant morphology, physiology, and
biochemistry are affected by drought, cellular growth is the most-sensitive process
to drought-stress (Hsaio et al., 1976; Passioura, 1982).

Conifer szedlings grown under drought conditions have reduced seedling dry
weight (Kaufmann, 1968; Joly et al., 1939; van den Driessche, 1991), photosynthesis
rates (Grieu et al., 1988), transpiration rates (Lopushinsky & Klock, 1%74; Roberts
& Dumbroff, 1986; Li\}ingstOn & Black, 1987) and stomatal conductance (Squire et
al., 1988; Grossnickle & Russell, 1991). Drought conditions are also known to
increase water use efficiency (WUE) (Seiler & Johnson, 1988); WUE is the
amount f seedling dry matter produced per unit water used. Within the same
conifeir, §pecies, seedlings from dry ecofyf)es are more drought resistant-‘thén Ce
seedlings from wet ecotypes (Ferrell & Woodard, 1966; Pharis & Ferrell, 1966;
Zavitkovski & Ferrell, 1968). A recent study by Joly et al. (1989) found one-year-
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old Douglas-fir seedlings from inland sites to have greater rcot to shoot ratios than
seedlings from coastal sites.

+ To reduce the detrimental effects of drought, drought-stressed seedlings are
able to initiate drought avoidance (or desiccaticn 'pdstponement) and/or drought
tolerance (or desiccation tolerance) mechanisms (Levitt, 1980). Drought
avoidance mechanisms allow seedlings to maintain high cetlular water potentials
under drought conditions by reducing plant water loss and/or increasing plant
water uptake. Drought tolerance mechanisms allow seedlings t¢ maintain cellular
growth at low cellular water potentials by actively increasing celiular solute

concentrations.

2.2.1 Drought Avoidance

Plant water loss is reduced by decreasing transpiration rates by closing stomata
(short term) and decreasing leaf area (long term). The evaporation rate of water
from the mesophyll cells and movement of the water vapour to the ambient air is 2
function of environmental factors, such as vapour pressure diiference between,
intercellular spaces in needles and the relative humidity of the air and photon flux
density, and internal plant variables, such as internal CO, concentration and leaf P |
* (Schulze, 1986; Kaiser, 1987).

_ The causes of stomatal closure in drought-sttessed plants have recently
received considerable attention. Although leaf turgor pressure was previously
perceived as a major factor determining stomatal conductance, since leaf guard
cells must be turgid for stomata to open, étudies on wheat and sunflower by Gollan
et al. (1986) and Schurr éf al. (1992) have shown that stomata will close under low
soil moisture conditions even when leaf cells are kept turgid. Therefore, it appears

that guard cells may react to drought-stress differently than other leaf cells.
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Furthermiore, since stomata respond to sdil moisture, there appears to be
communication between roots and shoots using a chemical messenger, probably
abscisic acid (ABA), which causes stomata to close when soil moisture is low
(Davies et al., 1986; Davies & Zhang, 1991). Taiz & Zeiger (1991) have suggested
- that ABA from the roots provides an early warning signal and that ABA from the
mesophyll cells is later released into the apoplast and guard cells causing stoiatal
closure. High ABA concentrations have been found in foliage of drought-stressed
‘Monterey pinie seedlings (Roberts & Dumbroff, 1986; Squire ef al., 1988). More
recent preliminary work on conifer species by Livingston (pers. comm.) has
indicated that in some conifers, stomatal closure is controlled by hydraulic signals.
More work is needed to show which species rely on hydraulic and which species on
chemical signals for stomatal control.

However the stomata close, stomatal closure can provide the greatest
resistance to water movement through SPAC. Two detrimental effects of stomatal
closure are reduced carbon uptake and increased leaf temperature. Since the
gra‘dient for carbon uptake by plants is less than the gradient for water loss, as
stomata close, WUE increases until the soil becomes very dry (Taiz & Zeiger,
1991). Measurements of photosynthesis and transpiration rates can be used to
measure instantaneous WUE and carbon isotope discrimination can be used to
determine WUE over time (Jones, 1992).

When stomata close, leaf temperature increases because transpiration has a
co‘oling{ effect. As leaf temperathre rises, cuticular transpiration will increase
without a concomitment uptake of carbon due to saturation vapour pressure
increasing approximately exponentially with temperature. Therefore, in the long
term, feducing leaf area is a betfer mechanism for reducing water loss than

stomatal closure (Passioura, 1982).
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Plants cat increase water uptake by increasing biomass allocation to root
growth, thereby increasing toot surface area. Increasing root length permits
exploration of new water resources and increases new, white root length. Since
new, white roots take up four times more water than older, suberized, brown roots
(Kramer & Bullock, 1966; Chung & Kramer, 1975), root growth would greatly
increase water uptake. However, brown roots are important for water uptake
since they comprise the majority of the root after the first growing season and are
the only root type present in the spring when water is required for new root growth
(van den Driessche, 1987).

2.2.2 Drought Tolerance |

Osmotic adjustment is a drought tolerance mechanism sometimes found in
seedlings resistant to drought conditions. During osinotic adjustment cells use
energy to produce or take up solutes, resulting in decreased ¥, and decreased ¥,
with little change in P. Consequently, seedling roots can take up water from soils
with lower ¥ than would be possible without osmotic adjustment. It is noi clear
whether solutes are produced or ‘taken up by the cell, however, the solutes
suspected of decreasing cellular ¥, are sugars, organic acids, and ions (i.e. K+)
(Taiz & Zeiger, 1991). These solutes are found in the tonoplast since in the
éytosoi they will inhibit enzyme function. Solutes such as proline, sugar alcohols,
sorbitol, and glyciite betaine are known as compatible solutes. Since compatible
solute}s do not affect enzyme function, they are present in the cytosol and act to
net‘utrzﬂizé tﬁe charge of solutes in the tonoplast (Taiz & Zeiger, 1_991). The active
increase of solutes for osmotic adjustment should not be confused thh the passive

increase in solute concentration that occurs when seedlings become drought-




8

stressed and lose cellular water. Passive solute increase results in decreased ¥ and
¥, and also decreased P.

Cell turgor maintenance is an important result of osmotic adjustment;

however, maintenance of turgor is 2lso dependent on cell water content and bulk - -

elastic modulus of the cell wall (Zimmermau, 1978; Morgan, 1984). Perfect
osingtic adjustment would occur if the decrease in ¥, was equal to the decrease in

y su(:h that P was maintained, however, P tends to be reduced when plants are

. .

drought-stressed and the amount of reduction is a function of ¢zl wall
charactéristic@ Bulk elastic modulus (E) is a measure of cell wall e,-?.as:ticity@ which
is dependent on cell wall physiology and biochemistry, hape of the ¢el, and
neighbouring cells. In a tissue, | I

E = (AP/ARWC) x RWC (3)
‘where E (MPa), AP=change in cell P (MPa) and ARWC=changg in cellular rela{ﬁve»
water content (m‘3). Cells with rigid cell walls have higk E, sii.e there is a
reiatively large drop in P with a small decrease in relative water content.

A common technique used to study osmotic adjustment involves. calculating
osmotic potential at full saturation (¥y,,), Osmotic potential at the turgor loss
point (abmp), and ‘f" near full turgor (Ep,,,) from graphis of pressure-vol me curves.
Development of the pressure bomb was instrumental in the measurement of ¥,
and P in cells (Hinclley et al., 1991). Dixon {1914) built the first ptessure chamber
to verify his 'cohesion theory’, which suggested tha’témc;'vemehta of water up the

xylem was due to the tensile strg&néth of water. Although Dixon’s pressure
‘ ‘ "

chambers blew up, Scholander ef al. (1964; 1965) later built 2 pressure chamber |

which provid“e‘d. evidence for Dixon’s theory.éy The presstite beinb determines the
tensioq in xylem. of a plant before harvesting by measuring the back-pressure

required to push xylem sap back to the cut gnd of the stem. By repeatedly
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measuring xylem ¥ for a drying shodt, {or leaf), a pressure-volume (PV) ¢urve can
be drawn.

| PV curves are usually plotted with relative water content (RWC) as a functf s |
of the inverse of y. The data points of a drying shoot show a PV curve wth a
- curving region and a linear region. Based on Boyle-Van’t Hoff's law,
¥y x RWC = constant, | )}
Tyree and Hammel (1972) show"éd mathematically that the ¥ for the curving region
is the sum of P and y,, whereas the ¥ for the linear region equals ¥Yp since évells
have plasmolyzed (P=0). |

Exponential functions (Siuclair & 3V'e‘nables, 1683; Schulte & Hinckley, 1985,),;
and power functions (Joly & Zaerr, 1987; Livingston. & De Jong, 1991; Livingston
etal., 1990 ) have been used to fit curve data for conifer material. Vaiues of Yy,
and w,,ﬁp can be extrapolated from the curve and &, can be calculated as the
slope of the curve when RWC approaches full saturation. Complications arise in
ffiet”@rmirdng the turgor loss point and calculating E .. since, best-fit curves drawn
by eye can be biased and best-fit curves calculated numerically are affected by the
type of equation used (Schulte & Hinckley, 1985). Although values of ¥y, and
1”mlp are resilient. to the curve function (Schulte & Hinckley, 1985), values of
calculated Eq ., ate not resilient (Clayton-Greene, 1983; Schulte & Hinckley,
1985).

There are two methods for coIiecnng pressure-voiume data for shoots: the
'Scholander’ or ’sap expression’ method (Schoiander et al., 1964; 1965) involves
over-pressurizing the shoot and measuring the tylem sap expressed, and the
'Richter’ Orfj’f"ry’ee ’transpiratiox:’vmethod (ﬁ!‘albog etal., 1‘975;‘ Richter, 1978) involves
removing shoots from the pressure chambef and leaving them to transpire freely

between measuren:ents. Both methods have disadvaxiﬁges (Turner, 1988; Pallardy
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et al., 1991) and, although Ritchie and Roden (1985) found the 'Scholander
method to be more accurate, Parker and Pallardy (1988) found agreemenmt
between the two methods. The ’Richter’ method has the 2dded advantage of
permitting measurement of large sample sizes in a short time period.

In conifer seedlings, not all species can maintain P under drought conditions
(Abrams, 1988). Kandiko et al. (1980) found eastern hemlock to osmotically adjust
to dreught conditions since seedlings had 'ower ¥y.,¢ and ‘l’mlp under drought.
Using polyethylene glycol, drought caused cell wall relaxation (decreased wﬂtlp)‘ in
black spruce (Blake et al., 1991). Buxton et al. (1985) determined that white
spruce is more tolerant to drought than jack pine since jack pine wilted (lost
turgor) under milder stress than white spruce. Results for Douglas-fir are
ambigucus. Livingston and Black (1987) found drought-stressed Douglas-fir
seedlings in the field nuaintained P longer than drought-stressed Pacific silver fir
and western hemlock. Ritchie and Roden (1985) found Douglas-fir to osmotically
adjust when ¥ was measured by the ’sap expression’ metnod but not by the ’free
transpiration’ method. Joly and Zaerr (1987) found no osmotic adjustment in their
Douglas-fir seedlings, however, £, decreased when seedlings were drought-
 stressed, suggesting cell wall relaxation.

Studies of osmotic adjustment in conifers at different iimes during the year
- have iﬁ‘dicated that values of Wy, and ﬁgﬂp change during the year, having low
values in winter (van den Driessche, 1989), increasing in the spring and decreasing
in the summer (Ritchie & Shula, 1984; Colombo, 1987; Grossnickle, 1989),
* increasing in late summer (Grossnickle, 1989), and decreasing again daring the fall
(van den Driessche, 1989). Consequently time of yeaf is important in interpreting

ostnotic adjnstmest in conifers..




2.3 HYDRAULIC CONDUCTANCE

Water movement through plants is often determined from measurements of
transpiration rates and differences between leaf and soil ¢ (using equation 2), since
it is assumed that flow rate is conserved throughout the plant and that stomatal
conductance controls water flow (Ewers & Cruiziat, 1991). However, to better
understand water movernent through plants, major resistances in the soil, root, and
xylem must be further investigated (Passioura, 1982). Resistances in the soil may
increase under low soil moisture conditions due to increased tension in soil water
as air pockets enlarge (Taiz & Zeiger, 1991). Also, reduced vontact between soil
and roots from root shrinkage may have an influence (Faiz & Weatherley, 1977;
1978; 1982). Resistance in the xylem1 may increase under low soil moisture
conditions due to the formation of embolisms in tracheids (Sperry et al., 1988;
Tyree & Ewers, 1991). The major fesistana;(: in the root is at the endodermis,
although under drought conditions early suberization of cortical tissue c¢an also
reduce water flow (Kozlowski e? al., 1991). 4‘ "

In roots, radial movement of watzr can occur through ttie symplast or apoplast,
however, it is generally accepted that water flows through the pathway of least
resista}n‘m, ‘he époplas,t, until it reaches the endodermis (Passioura, 1982). Since
radially and transversely suberized endodermal «ell walls, known as the Casparian
strip, are ixxipern}eable to water (and solutes) (Esau, 1977; Johnson—?lahagan,
1954), water m‘usf cross the cell membrane to reach the vascular system. Water
movement across a membrane occurs by osmosis, a slow process relative to water
movement by bulk flow which occurs in the apoplast. Once across the endodermis,
water retufns to the apoplast at or before reaching the xylem. Water movement
through the xylem is subject to little resistance, unless cavitation in tracheids limits

flow rate. Relative to angiospe:ms, water flow rate through conifer xylem is slow
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since the short, narrow tracheids in conifers have greater resistance to flow than
the long, wide vessels connected by perforated plate: in angiosperms (Esau, 1977).

Alterations to Scholander et al’s (1964) pressure chamber has provided a
technique to measure root bydraulic conductance. This technique involves
suspending de-topped roots into a container of water inside a pressure chamber
and applying pressure to push water through the roots and out of the cut end,
above the base of the roots.

Early measurements of water flow rates through roots (WFRR) over a range
of applied pressures showed that, although water flow is linearly related to
pressure at high pressures (>0.3 MPa), the relationship at low pressures is non-
linecar (Mees & Weatherley, 1957). Fiscus (1975) and Dalton et al, (1975)
ix;dependenﬂy developed a theory, based on equation 2, which describes the
relative importance of the components of ¥, such that,

I, = Lp x (AP-oAY,) ~ Q)]
where o =reflection coefficient of solute(s). Their theory suggested that when the
applied pressure is low Ay, across the radial pathway in the root has a significant
effect on WFRR, whereas, under high pressures, Ay, is negligible. Therefore, at
high pressures equation 5 can be simplified to

I, = I_.p x AP, (6)

Newmarn (1976) was the first to note that the value for ¥y, calculated as the x-
intercept on ‘t.hc water flow-pressure curve (sée Newman, 1975; Passioura, 1984),
was lowe: than the ¥, of the external solution. To correct for this anomoly,
Newman (1976) modified the Fiscus-Dalton theory, suggesting that: solutes must
cross two membranes, passing into and out of endodermal cells. However, studies
on barley and lupin showed that neither theory could explain the differences

between ¥, of the external solution and ¥, calculated from the flow rate-pressure
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curves (Passiourz & Munns, 1984; Munas & Passioura, 1984). Furthermore, if
solute buildup at membranzs was responsible for the non-linearity, increased
solute buildup would be expected as pressure increased (Fassioura, 1984);
however, tlie curve is linear at high pressures. |

There are problems inherent to measuring Lp on de-topped root systems, such
as movement of water through unnatural pathways, loss of continued supply of
photosynthate, and high pressure effects en cells (Passioura, 1988; Markhart &
Smit, 1990). Since anaerobic conditinns have been found to reduce WFRR in
herbaceous plants and trees (Siit & Stachowiak, 1988; Everard & Drew, 1989;
Swietlik, 1989), adequate oxygen must be supplied to tli& system. Markhart & Smit
(1990) provide a comprehensive review on techniques and associated problems of
measuring hydraulic conductance iit de-topped root systems.

There is some confusion in the literature regarding the terminology in
resistance/conductance research. Since flux density, or flow rate per surfzce area,
(Jy) is difficult to calculate because root surface area is difficult to measure, flow
rate (J;;) is commonly measured on de-topped roots and Lp is calculated using
equation 6. Hydraulic conductance taust then be normalized by sume measure of
root surface area, such as root length or root weight, or, if intact seedlings are
used, Lp can be normalized by leaf surface area. Confusion arises when hydraulic
conductivity is described as hydraulic conduciance per root length since,
mathematically, |

L= Lp x Al N
where L=hydraulic conductivity (m? s1 MPa"1) and I=root length (m). In this
study, hydraulic conductance is calculated using equation 6, although J; (g s'l) is

measured instead of J,, and Lp is. normalized by root length.
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Altiough hydraulic conductance of roots in conifers has been investigated to
determire the effects of root growth (Colombo & Asselstine, 1989; Grossnickle &
Russell, 199¢) and mycorrhizal infection (Sands et al., 1982; Coleman et al., 1990),

no studies have addressed the effect of drought on hydraulic conductance in
\conifer roots. In angiosperms, de-topped roots have been used to investigate root
growth (Anderson et al., 1988; Moreshet ef al., 1990b), mycorrhizal associations
(Levy & Syvertsen, 1983; Anderson et al., 1988), and the relative importance of
root resistance to whoie plant resis;tance (Black, 1979; Blizzard & Boyer, 1980) in
trees and crops. Studies of the effect of drought stress on hydraulic conductance in
roots indicate that woody and herbaceous plants show decreased hydraulic
conductance under drought conditions (Blizzard & Boyer, 1980; Levy & Syvertsen,
1683; Cruz et al., 1992; Huang & Nobel, 1992; Saliendra & Meinzer, 1992).
Alternate techniques to measure hydraulic conductance in roots include pressure
bomb measurements (Steucie & Jeschke, 1983), isopiestic method (Blizzard &
Boyer, 1980), and heat pulse mé‘.asuremenfs (Moreshet et al., 1990a). Reduction in
hydraulic conductance under drought condition‘s r.iay be due to the suberization of
the root epidermis (Cruz et al., 1992), root absmssmn (Huang & Nobel, 1992),
and/or xylem embolism (Saliendra & Meinzer, 1992)| |

Chilling temperatures can act as a form of drought dnd cause wﬂtmg in plants
due to increased viscosity of water (Lopushmsky & Kavfmann, 1984). According
to the Hagen-Poiseuille law for movement of water in cylinders, such as in xylem
and between microfibrils in the cell wall,

I, = (/8 xap - (8)
where r=radius (m) and n=viscosity (MPa s). Therefore, flow rate is inversely

roportional to viscosity.
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Below a critical teraperature, factors other than viscosity reduce water flow
through plants (Lyons, 1973). When plants are chilled below a critical
iemperature, water flow decreases more than expected from increased viscosity.
Critical temperatures are spécies-dependent, based on their sensitivity to chilling,
i.e. chilling-sensitive spucies have higher critical temperatures than chilling-
tolerant species (Markhart, 1986). Studies have shown that plants react to cililiing
stress by adjusting their physiological and biochemical activity, such as altering the
state of lipids in membranes, increasing production of ethylene, increasing rate of
respiration, and increasing required energy of activation ..yons, 1973; Wang, 1982;
McWillizm, 1983; Markhart, 1986).

Species sensitivity to chilling temperatures is riten determined using
Arrhenius plots, which relate the rate of a plant process to temperature. Studies
have shown that plant resistance increases with decreased temperature in conifers
(Kramer, 1942; Running & Reid, 1980; Teskey et al., 1984; Grossnickle & Blake,
198S; Grossnickle, 1988), however, the study by Smit-Spinks et al. (1984) is the only
investigation of root hydraulic conductance at different temperatures in conifers.
Smit-Spinks ef al. (1984) found that water flow through Scotch pine (Pinus sylvestri;
L) seedling roots had lower water flow rates at a lower pressure chamber
temperaturé. Surprisingly, they also found that seedlings pre-conditioned at a low
temperature had lower water flow rates through roots than seedlings grown at a
high temperature. De-topped root systems have also been used to determine
critical temperatures of economically important crop and citrus species (Clarkson,

1976; Markhart et al., 1979; Ramos & Kaufmann, 1979).
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Chapter 3
DROUGHT AVOIDANCE OF WET AND DRY ECOTYPES OF
DOUGLAS-FIR AND LODGEPOLE PINE SEEDLINGS

3,1 INTRODUCTION

Water supply, which is the major factor limiting tree grow.h during summer in
the Pacific Northwest (Waring and Franklin, 1579), can limit plantation growth
even in relatively moist maritime climates, such as those of Scotland (Jarvis and
Mullins, 1987) and Vancouver Island (Spittlehouse, 1985). 1t also affects seedling
survival (Livingston and Black, 1987). Initial survival of planted tree seedlings is
influenced by their drought resistance (Nambiar et al.,, 1979, Grossnickle and
Blake, 1985, Zwiazek and Blake, 1989, Kaushal and Aussenec, 1989, Ni and
Pallaxdy, 1991, van den Driessche, 1991), but plant attributes conferring drought
resistance may reduce growth rates (Turner, 1986). For example, nurSery
- treatments that increased drought resistance in three species of conifer seedlings
were negatively correlated with seedling size, and in some instances, with growth
after planting (van den Driessche, 1991). In the longer term, high water use
efﬁciench(WUE), resuiting in the ability to grow despite drought, may be an
important determinant of both survival and pléntation' productiVity |

Water use efficiency of trees has been determined over short periods usmg gas
exchdnge measurements{ (Sheriff et al., 1986, Grieu et al., 1988, Bassman and
Zwier, 1991, Ni and Pallardy, 1991). Such measurements may not be good
predictors of long term WUE because dark respiration and developmental éhanges
are unaccounted f;'or in the calculation (Fischer and Turner, 1978). Water use
efficiency is often determined on the basis of dry matter production per unit of

water used over an extended period of time in agricultural experiments
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(Landsberg, 1986), but this has seldom been done with forest tree species
(Bradbury and Malcolm, 1977, Livingston and Black, 1988). In the study reported
here WUE of one-year-old conifer seedlings was measured in this way. The
objective was to test the hyposthesis that lodgepole pine (Pinus contorta Dougl.),
from the drier interior regiors of the Pacific Northwest, would show higher WUE
- than Douglas-fir {#seudotsuga menziesii (Mirb.) Franco), from the coastal regions.

Root growth of these conifer species was also examined in relation to WUE.

32 MATERIAL AND METHODS
3.2.1 Plant Material

Two provenances of Douglas-fir from wet (Blue Mountain, lat. 499 00", long,
11227 00, elev. 305 m) and dry (Devine, lat. 50° 32’, long. 122° 28’, elev. 385 m)
coastal ecotypes, and two provenances of lodgepole pine from wet (Gavin Lake,
lat, 529.30’, long. 1219 47, elev. 1,010 m) and dry (Strauss Lake, lat. 52° 30, long.
1229 46, elev. 1,144 m) interior ecotypes, in British Cohimbia, were used. Long |
term precipitation averages, obtained from Environment Canada, show that
Mission, ciose to Blue Mountain, receives 1772 mm per annum, and Pemberton,
adj‘a‘ceht to Devine, receives 1187 mm per anoum, Gavin Lake has an average of
686 mm precipitation per annum, and Strauss lake is in a region receiving between
453 and 564 j’min per annum (Spittlehouse, personal communication). Seedlings
were grown ’in( sty.’robloék containers (cavity volume 60 mL) during 1990 at a
British Colurtibia Mmlstry 1of" Forests nursery using standard cultural methods
(Matthews, 1983). They were cold-stored from January until 18 April, 1990, and
ther§1 planted in 100-cm deep containers of 10 cm diameter (7.8 L capacity). The
containers wére made from lengths of PVC tube cut longitudinally and taped back
together so that they could be slit apart with a knife to facilitate undamaged root
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recovery later. Half of the 96 containers were filled with growth medium (3 peat:1
- vermiculite with 200 g 16-10-10 slow release fertilizer and 3 kg dolomitic limestone
m-3) that was saturated (wet soil) and contained 522% water, expressed as a %

of dry soil. The remaining 48 containers were filled with growth medium that was
318% water saturated (dry soil). The bottoms of the containers were sealed, and
the tops of the containers were sealed around seedling root collars with
polyethylene, so that water loss could only occur through the seedling. Each

container was covered with aluminium foil to reduce radiant heat exchange.

3.2.2 Experimental Design

The experiment was designed so that three replicates could be harvested on
May 24, June 12, July 12 and August 15, 1990 to provide combinations of species x
ecotype x soil water regime (i.e. 24 seedlings). A sample of unplanted seedlings
was also taken on April 18. All treatment combinations were fully randomised in a
block on the ground under a clear polyethylene plastic shelter. At the start, and
again im’médiately before harvest, each sealed container and seedling was weighed
so that water use could be determined. For the four weeks before a group of
seedlings were to be harvested in June, ’July and August their stomatal
conductance was measured (Li-Cor 1600), at approximatély weekly intervals,
during a four hour period starting at 11:00 am. A section of shoot was marked
with a felt pen, repeatedly measured, and then separated atfharvést for projected
area measurement (ﬁeita-’l‘). At harvest, 24 containers with seedlings Weré:
brought into the laboratory in the morﬁiri'g, and shoots were cut from roots and
shoot water potentials were measured with a pressure chamber. The containers
were slit open and soil samples, representing 20 cm depth profiles, were remdved

to determine soil water content. The root system was washed free of medium, and
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the new roots were cut from the old roots which were well defined by the nursery
container “plug”. Lengths (Tennant, 1975) and dry weights of old and new roots,
2nd shoot dry weights were de’ermined. Specific root length was calculated as root
jength per unit of root dry weight. |

Water use was calculated from:

WU =C, - Cpy 9
where C is the weight of container plus seedling, o is the start of the experiment,
and n is harvest number. No correction for increase in seedling weight, caused by
growth, was made. Water use was used to estimate root length efficiency (RLE,
water use per unit of new root length), root weight efficiency (RWE, water use per
unit of new root dry weight), and also water use efficiency (WUE, seedling dry

weight increment per weight of water used during the same time period).

3.2.3 Statistical Analysis
Dry weights and root lengths were transformed to In(variable + 1) to remove
heteroscedas;icity. Dry weight, root length, water use, stomatal conductance, and
shoot water potentials were treated by analysis of variance (Sokal and Rohlf, 1981)
using the general linear models procedure of Statistical Analysis System (SAS
Institute, Cary, NC). Regressions of new root length over new root dry weight,
water use. Over new root length, water use over new root dry weight, and total dry
weight over water use wete carried out with individual container observations
obtained at cach harvest. P;egression slopes of the three-way interaction, species x
ecotype x soﬂ moisture treatment (Table 1), were tested for heterogeneity (Freund
et al., 1986), using the model: | |
D = ISP*EC*SM I*SP*EC*SM, . (10)
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where D = dependent variable (e.g. increasc in seedling dry‘ weight), I =
independent variable (e.g. water use), SP = species, EC = ecotype, and SM = soil
moisture. If heterogeneity was found, main effects and two-way interactions were

tested.

3.3 RESULTS

Lodgepole pine seedlings grew faster than Dquglas-fir seedlings over the 17-
week experiment. At the start, mean dry weight of Douglas-fir seedlings was twice
that of lodgepole pine seedlings but after 17 weeks mean dry weight of lodgepole
pine seedlings from wet and dry soil treatments was slightly greater than Douglas-
fir seedlings, leading to a significant species x time interaction (Fig. 1; Appendix,
Table 1.1). Seedlings grown on wet soil had greater dry weight than seedlings
grown on dry soil by the end of the experiment (Fig. 1). Lodgepole pine used more
water than Douglas-fir during the experiment, except during the first interval
between harvests (Fig. 1). Average water use over the whole experiment for
lodgepole pine was 18 g day‘l, and for Douglas-fir was 12 g day'1 (p < 0.001).

New root length of lodgepole pine seedlings was greater than new root length

of Douglas-fir seedlings, beComing more than three times as long by the last

harvest whether seedlings were grown under wet or dry soil moisture treatments
(Fig. 1). New root length was also greater in wet soil than in dry soil for both
species.

Comparison of regressibh‘ slopes of the three-way interaction (species x
ecotype x soil moisture treatment) showéd that slopes were significantly different
for specific root length (SRL)‘,TRLE, RWE, and WUE (Table 1). Results from

: analyses of two-way interaction effects for SRL, RLE and RWE, and WUE that
produced significant results are shown in Tables 2, 3, and 4 respectively.
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Figure 1. Dry weight, new root length and water use for Douglas-fir and lodgepole
pine seedlings grown in wet and dry soil water treatments, averaged for
wet and dry ecolypes. Means of dry weight and root length are
backtransformed from In(variable+1) and bars are 95% confidence
intervals. Water use bars are one standard error. The interaction,

species x harvest date and soil moisture x harvest date was significant
(p<0.001) for all three parameters.
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Table i. Probability of significant differences between regression slopes of main
effects and interactions for specific root length (SRL), root length
efficiency &VURLEE} root wei%g

efficiency ( , calculated o: Decfsgligg-% afn(‘ivl“gE g’épigig pwng.e e
Source ~ Probability for F ratio
SRL RLE RWE | WUE
Species (Sp) 0.0001 0.0001 0.9576 0.0485
Ecotype (Ec) 0.0259 0.3223 0.9576 0.8194
Soil water (W) 0.9483 0.2764 0.0919 0.5579
Spx Ec 0.0001 0.0001 03477 0.0017
SpxW 00001 00001 00047  0.0018
Ecx W 0.1637 0.4536 0.0604 0.8057
SpxEcxW 0.0001 0.0001 0.0068 - 0.0001

Regression of new root length over new root dry weight skowed that lodgepole
pine (21.6 m g.'l) had significantly greater specific new root length than Douglas-fir
(103 m g'l). However, species interacted significantly with both soi) mioisture and
ecotype. The interaction witli ecotype was small, with dry ecotypes of both species
having higher specific ne\;)v root lengths than wet ecotypes (Table 2). Douglas-fir
specific new root lzngth was greater in wet 50il than in dry soil, whereas lodgepole
pine showed litile difference (Table 2). At the final harvest, after 120 days growth,
new root dry weight of Douglas-fir varied from 50.2% (dry-soil treatment) to
65.3% (wet-soil treatment) of total root weight. Corresponding values for
lodgepole pine were 72.2% and 77.6% respectively.

Regression showed that RLE was twice as great in Douglas-fir (0.46 g HYO
cm'l) as in lodgepoie pine (0.23 g H,O cml). Both RLE and RWE showed

sirong species by soil water interactions (Table 1, 3). Douglas-fir took ug: more
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water per unit root under wet soil conditions than under dry soil conditions,
whereas lodgepole pine took up much the same amount of water per unit root
unider both soil water conditions.

Table 2. Specific root length (m g 1) determined from regression slopes of new
root length over new root dry weight for Douglas-fir and lodgepole pine
seedlings. Values in parentheses are standard errors.

Species

Douglas-fir Lodgepole pine
Ecotype1
Dry 11.2 (1.0) 23.1 50.9;
Wet 9.7 (0.8) 20.2 (0.8
Soil Moisture Treatment!
Dry 7.7 (0.5) 223 1,1;
Wet 10.3 (0.8) 21.2 }0.9

1Signiﬁcaucc: of the above means are show in test provided in Table 1

-

Table 3. Rocit length efficieacy (g H,O cm'l) and root weight efficiency (g HyO
F ) determined from regression slopes of water use over new root
ength and new root dry weight for Douglas-fir and lodgepole pine
seedlings. Values in parentheses are standard errors.

Soil water, Species
treatment v
Root length efficiency Root weight efficiency
Douglas-fir Lodgepole pine Douglas-fir Lodgepole pine
Dry 0.36 (0.03) 0.21 (0.01) 292 (26) 495 (23)

Wet 046 (0.04)  0.23 (0.01) 528 (41) 497 (25)

1Significa.n‘ce of the above means are shown in test provided in Table 1.
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Regression of seedling diy weight over water use showed that WUE was
significantly (Table 1) higher in Douglas-fir (0.0061 g g'1) than in lodgepole pine
(0.0054 g g'l), but species interacted with both ecotype and soil water, Douglas-fir
from the dry ecotype showed higher WUE than Douglas-fir from the wet ecotype,
but there was little difference between ecotypes for lodgepole pine (Table 4),

Table 4. Water use efficiency (g dry matter g'1 H50) determined from regression
slopes of seedling dry weight over water use. Values in parentheses are
standard errors.

Species
Ecotype 1 Douglas-fir- Lodgepole pine
Dry 0.0069 (0.0004) 0.0052 (0.0002)
Wet 0.0053 (0.0004) 0.0056 (0.0003)
Soil water treatment]
Dry 0.0087 (0.0009) 0.0061 (0.0004)

Wet 0.0062 (0.0003) 0.0054 (0.0002)

Isignificance of the above means are shown in test provided in Table 1.

Both species showed h{gher WUE in the dry-soil treatment than in the wet-soil
treatmérit, but the gliffefenée was greatet in Doﬁglas~ﬁr.

Average shoot water potentials decreased significantly (p <0.001) with harvest
from -1.07 MPa t(l)“ -1.56 MPa, and thefé was a significant interaction between soil
water;rtreatment and species (p<0.002). Douglas-fir water potentials were lower (-
1.14 MPa in wet and -1.50 MPa in dry soil) than those of lodgepole pine (-1.04
MPa in wet and -1.09 MPa in dry soil). Stomatai conductance of Douglas-fir (Fig;'




26

2) and lodgepole pine (Fig. 3) seedlings decteased with harvest date due to
decreased soil water, except for Douglas-fir seedlingé from the wet ecotype that
were grown under well-watered conditions. Lodgepole pine had stomatal
conductance more than twice that of Douglas-fir in the early part of the
experiment, but approached the same values as Douglas-fir towards the end of the
experiment (Fig. 2 & 3). Significant differences of interaction effects containing
ecotype x barvest date (Appendix, Table 1,2) were dus to the mortality of three
Douglas-fir seedlings from the dry ecotype, grown under the low soil moisture
treatment before final harvest.

Both species reduced soil water similarly to about 70% in the upper 20 cm of
the containers by the end of the experiment, but below 20 ¢m lodgepole pine
reduced soil water more than Douglas-fir. Below 80 cm, at the end of the
experiment, lodgepole pine reduced soil water more than Douglas-fir, with
lodgepole pine reducing soil water to 70% in the wet-soil treatment and 196% in
the dry-soil treatment, whereas corresponding soil moisture values at the botton: of
the Douglas-fir containers were 323% in the wet-soil treatment and 339% in the
dry-soil treatment. Consequently there was a significant species x harvest date
interaction (p<0.001) and soil water treatment x harvest interaction (p<0.001)
(Appendix, Table 1.3).
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Figure 2. Mean stomatal conductance for three harvest intervais for Douglas-fir
seedlings, from wet ecotypes (WE) and dry ecotypes (DE), grown in
wet soil (WS) and dry soil (DS) moistuze treatments. Bars are one
standard error and arrows indicate harvest dates.




STOMATAL CONDUCTANCE (mmol m? s?)

100 |

o0
-

o))
&

B
e

o
)

—

—0— WE-DS
—e— WE-WS
~-0-- DE-DS

—&- DE-WS

y

MAY

JUNE

JULY

AUGUST

8¢




29

Figure 3. Mean stomatal conductance for three harvest intervals for lodgepole
pine seedlings, from wet ecotypes (WE) and dry ecotypes (DE), grown
n wet soil (WS) and dry soil (DS) moisture ireatments. Bars are one

standard error and arrows indicate harvest dates.
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3.4 DISCUSSION

The higher WUE of coastal Douglas-fir was unexpected in view of its maritime
habitat, compared with the drier inland habitat of lodgepole pine. Water uptake |
responses of Douglas-fir were affected by both ecotype and soil water content, but
lodgepole pine was less responsive.

Lodgepole pine may have been unresponsive because wet and dry ecotypes
were not sufficiently different, or because the dry soil treatment was not dry
enough to influence this species. The dry matter productivity of lodgepole pine
was greater than that of Douglas-ﬁr', so that the lower WUE of lodgepole pine was
due to its considerably greater water use. The greater water use of lodgepole pine,
compared with Douglas-fir, seems to have been related to the greater root length
developed by lodgepole pine following planting. A unit amount of dry matter
invested in lodgepole pine roots produced two to three times as much root length
as the same investment in Douglas-fir. This allowed lodgepole pine to make use of
water from greater s0il depths than Douglas-fir and to exploit the available water
resources in tke contamers more completely Reduced soil water in the containers
increased WUE in both species, but Douglas-fir showed a.40% increase, whereas
lodgepole pine showed only a 24% increase. These WUE differences developed
under the particular ambient water vapour pressuré'conditibns that prevailed in
the uncontrolled atmospheric environment. ’Attinospheric\ water vapour pressure
influences WUE in conifers (JYarvis, 1986, Sandford and Jarvis, 1986), as well as
angiosperms, an‘d WUE relationships between the two species might be different
under other water vapour pressure condmons

Measurement of WUE, as dry matter increment per unit of water transpired,
did not give a complete view of tree response to soil water conditions. Lodgepole

pine produced more dry matter than Douglas-fir, with a lower WUE, because it
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utilised the water in the root environment more completely. Root exploitation of
the soil water resource was therefore the key factor in determining the productivity
difference between the two species, not WUE.

The rate at which new roots of the two species absorbed water varied
according to whether length or dry weight was used as the root measurement.
Douglas-fir absorbed more water than lodgepole pine per unit of new root length.
Absorption per unit of new root dry weight by Douglas-fir varied according to soil
water treaiment, and this was partly because low soil water supply decreased
specific new root length of Douglas-fir.

The generally higher stomatal conductance shown by lodgepole pine was
accompanied by slightly higher shoot water potentials, suggesting that the
distribution of lodgepole pine root dry matter in long thin roots was effective in
reducing resistance to water uptake between soil and shoot. The lower flux of
water per unit of the thinner lodgepole pine new root length, would presumably
result in an even lower flux per unit of root surface. Lodgepole pine could
therefore absorb water to satisfy transpiration demands with smaller potential
differences than Douglas-fir, assuming that resistance pe: unit surface of root was
similar in both species.

The part played by the old root system, developed in the nursery during the
previous year, in absorbing water has been ignored in this experiment. It seems
likely, however, that the old root system contributed to water absorption
immediately after planting, before new root growth commencea (Chung and
Kramer, 1975). Intercepts of the regressions of water u!se over new root length or
weight showed small, positive water use values, with the exception of the Douglas-
fir seedlings from the dry ecotype grown under drought conditions which had a

small, negative intercept.
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Water use efficiency of the seedlings was generally similar to that reported
previously by methods based on increase in dry weight. Water use efficiency of
two- and three-year-old Douglas-fir planted in a clearcut varied between 1.9 to 2.9
mg g'l, according to whether they were irrigated or not (Livingston and Black,
1988), and were therefore slightly lower than values calculated here. Larger values
(5.0 to 6.6 mg g'l), were reported for Sitka spruce (Bradbury and Malcolm, 1977).
Because these values did not include root growth, WUE on a whole seedling basis
would have been higher. Water use efficiency, determined from mol CO, fixed
per mol H,O transpired, for several species of three-year old conifers were shown
to vary between about 0.0017 to 0.01 (Sandford and Jarvis, 1986). Similar
measurements showed WUE of plantation grown Monterey pine to be about 0,002
(Sheriff et al., 1986). Assuming 1.82 g CO, are contained in 1 g dry matter (Ledig
and Botkin, 1974), mean values in this experiment ranged from about 0.003 to
0.C08 mol CO, per mol HyO.

Water use efficiency is not necessarily positively related to productivity,
because more dry matter was produced by the less water use efficient lodgepole
pine during the course of the experiment. These results suggest that, under
conditions of drought stress, productivity is dependent on the ability of roots to
exploit available water resources, rather than on WUE, measured as dry matter

increment per unit of water transpired.
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Chapter 4
DROUGHT TOLERANCE OF WET AND DRY ECOTYPES OF DOUGLAS-
FIR AND LODGEPOLE PINE SEEDLINGS

4..1 INTRODUCTION

Maintenance of cell turgor pressure (P) is necessary for plant su~val and
growth. Studies have shown that celi growth is the most sensitive process to
drought {Hsiao et al, 1976; Jones, 1992; Nobel, 1991). Osmotic adjustment is a
drought tolsrance mechanism involving reduction of osmotic potential (¥,), by
active solute accumulation, to maintain soil water uptaks and, therefore, P. Plant
dehydration causes decreased ¥, and P simultaneously, and therefore is not a
component of osmotic adjustment.

Maintenance of P is also a function of cell wall elasticity, cell shape, and
surrounding cell shapes and pressures, which are collectively measured as bulk
elastic modulus (E) (equation 3). For P to be maintained under drought
conditions, elastic cell walls, or low E, permit smaller reductions in P with
decreased cellular volume than high E. Therefore low E may be viewed as a form
of drought tolerance, especially if no osmotic adjustment oceurs (Blake et al.,
1991). ,

Although the benefits of osmotic adjustment in higher plants have been
questioned (Munns, 1988), numercus studi¢s have found increaéed solute
concentration in plant cells when drought-stressed (Morgan, 1984). Osmotic
adjustment and/or changes in cell wall eiasticity have been found in various
conifer spec:iés'(Kandiko et al., 1980; 161y & Zaerr, 1987; Blake et al, 1991). |

Pressure-volume curves are a common method of studying the effects of

cellular water loss on the componetits of water potential (¥) (Pallardy et al,, 1991).
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From these water release curves, values of osmiotic potential at full saturation
(Vysat) and osmotic potential at the turgor loss point (yb‘,mp), which measure
osmotic adjustment, and bulk elastic modulus, which measures turgor regulation,
can be calculated.

In this work, the 'free transpiration’ method (Richter, 1978) was used to
produce pressure-volume curves for wet and dry ecotypes of Douglas-fir
(Pseudotsuga menziesii (Mirb. Franco) and lodgepole pine (Pinus contorta Dougl.),
Seedlings were grown under two watering regimes with the objective of
determining the relative importance of osmotic adjustment and turgor regulation
in drought tolerance of the two species. In this case the hypothesis was that
Douglas-fir would show little adjustment compared with lodgepole pine, based on

the contradictory evidence from the literature.

4.2 MATERIAL AND METHODS
4.2.1 Plant Material

Douglas-fir and lodgepole pine seedlings, from wet and dry ecotypes, were
grown under‘ B.C. Ministry of Forest nursery regimes (Mathews, 1983) for their
first yeéf.' ‘The two Dougl‘a;é-ﬁf families Werei crosses from wet sites Tahsis Inlet
(49°43’,1‘26937’)‘X’!Head Bay (49948’,126929"), seedlot 201 X 638, and dry sites
Chemainus (48°55",123945’) X Cassidy (49903’,123053’), seedlot 582 X 40, and the
two lodgepole pipe provenances were single tree seed collections from Indian
Poinlt, (53°929’,121934") and Stump Lake (50°23’,120°10"), wet and dry sites
respectively. The one year-old seedlings were transplanted singly from styroblock
containers into 3.2 L pots containing 3:1 peat:vermiculite mix, 8.25 kg m™ slow-
releasing fertilizer (16-10-10 (N-P-K) Nutricote), 3.02 kg m3 dolomitic lime, and
7.42 X 10°2 kg m3 trace elements fertilizer (Peters Soluble Trace Element Mix) on
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May 19, 1988. Thirty-six pots (nine seedlings per family) were placed on each of
two wooden supports 20 cm above the floor of the greenhouse ‘o allow air

circulation underneath.

4.2.2 Experimental Design

All seedlings were watered twice during their nine day establishment period.
Once the drought-stress ‘reatment began (May 28), seedlings in the control group
continued to be watered twice per week and seedlings in the drought-stressed
group were watered once every second to third week. A preliminary harvest of
three seedlings from each family was perfurmed at time of transplanting to
determine pressure-volume curves before the drought-stress treatment was
initiated. On June 27-30 and ‘August 3-6 harvests were completed in which three
replicates of each family were sampled from each watering regime, except fo- the
August harvest in which only two drought-stressed replicates from each lodgepole
pine site ecotype were sampled, due to high mortalities. There were two 2-3 week
drought cycles between each harvest. Although a third harvest was begun, 60% of
the "U:rought-stressed seedlings had died and insufficient data could be collected for
the remaining drought-stressed seedlings to produce pressure?voiume curves.

Six seedlings were measnred each day of the harvest. Pots were saturated with
water, and shoots placed in dark plastic bags overnight to rehydrate all seedlings.
The following morning a shoot, or sometimes a branch, was cut fro‘ni each seedling
with a sharp razor, bark was removed from the cut end, the shoot was placed into a
pre-weighed rubber stopper, and this assembly was weighed to obtain an initial
saturated weight. Within one minute from being cut, the shoot was placed into a
Scholander pressure bomb (PMS Corvallis, Oregon) and pressure was increased

until xylem sap was just visible at the cut surface of the stem with a dissecting
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microscope. The pressure was recorded and the shoot and rubber stopper
ass :mbly were immediately weighed. Shoots were allowed to air-dry on the work
bench between measurements, following Richter (1978). Pressure and weight
measurements were taken at increasing time intervals for the first seven to eight
hours (i.e., the first six measurements were taken at 5-20 minute intervals and the
following six measurements were taken at 45-60 minute intervals). Four to six
hours later and again the following morning, 11-13 hours after previous |
measurements, final measurements for all seedlings were taken. Morning
measurements were recorded for seedlings requiring pressures less than 5.0 MPa
only, for safety -easons. Shoots were then oven-dried at 80°C for 24 hours for dry

weight determination.

4.2.3 Pressure-Volume Curves

Using the sets of pressure and weight measurements taken on each shoot,
graphs of water potential vs relative water content (RWC) were produced (Fig.
4A&B), then later pressure-volume curves were constructed (Fig. 4C&D). Weight
measurements were used to calculate shoot relative water content (RWC):

RWC = [x - dry]/[sat - dry] (11)
where x = weight of shoot after each pressure chamber measurement, dry = dry
weight of shcot, and sat = saturated weight of shoot. Inverse shoot water
potentials were calculated by inverting the value of pressure required to return
shoot xylem sap to the cut surface of the stem. Over time, as the shoot dried out,
increased pressure was required to push the xylem sap toward the cut end, (i.e., ¥
became more negative) and RWC decreased.

Plateau regions were found near full water saturation in 57% and 96% of the

Douglas-fir and lodgepole pine seedlings respectively. Plateau regions result from
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Figure 4. Relationship between water potential (¥) and relative water content
(RWC) and 1/¢ and 1-estimated RWC (ERWC) for typical Douglas-fir
and lodgepole pine seedlings. Linear curves were fitted to data points
from near full saturation to the turgor. loss points ('I‘Ll‘?, on ¥-RWC
;graphs (1A&1B) and x-intercepts were used to correct RWC values for

lateaw’ regions; ‘giving ERWC values.  Pressure-volume cuzves
§C&11?) gere groduced 1llsing f];‘.RWC (;% a)nd gi_re useEd to

etermine . , Symplastic fraction (SY , an .
values rc.:qui’r'f:.%t di&gpentiat?on of the power function equaﬁ?i}ﬁx used 10
fit data points above TLP on the pressure-volume curve.
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over-saturation of the shoots such that water is present in the fully turgid cells and
in intercellular spaces (Pallardy et al., 1991). Consequently, when shoots begin to
dehydrate and RW‘C decresases, water leaves the intercellular spaces and moves
into the cell, maintaining cell ¥. Plateau regions can be identified on ¥-RWC
graphs (Fig. 4A&B) as regions where RWC decreases without a concomitart
decrease in 9. To correct for intercellular water content, linear functions of ¥ vs
RWC were determined for points between full saturation of the symplast and the
turgor loss point (data in plateau region were excluded). All RWC values were
adjusted to give estimated RWC (ERWC) based on the difference between
measured and estimated RWC at full saturation.

Pressure-volume cur-... - : " >d for each seedling shoot using volume
expressed (1-ERWC) and negative invers.. . »ositive values) for x and y axes
respectively. The pressure-volume curve is composed of a non-linear fégion,
where ¥, and P influence ¥, and a linear region, where only ¥, influences ¥, since
cells have plasmolyzed. The program developed by Schulte & Hinckley (1985)
used exponential functions to describe the non-linear region but this was
unsatisfactory for these data which were better described by the power function.

Equations best fitting the non-linear and linear regions of each shoot’s
pressure-volume curve were found using a graphics program (Slidewrite Plus,
version 4.0, Sunnyvale, California). Data for three lodgepole pine seedlings were
removed from the analysis because one drought-stressed seedling from the dry site

had a pressure-volume curve made up of iiéh-linea‘.r and linear functions which did

not intersect and data for two well-watered seédﬁngs from wet ana dry écdtypes
produced pressure-volume curves that lacked linear regions. Of the remaining 25
lodgepole pine shoots measured, 14 shoots produced curves where only the final

two points could be used to calculate the linear portion of the curve (Fig. 4B).
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Only two Douglas-fir shoots required that the linear equation be based on two
points.

For each seediing, yﬁ,mp was calculated as the inverse of water potential
(negative inverse of y coordinate) at the point of intersection between the non-
linear and linear regions, Yrsat Was salculated as the inverse of the y-intercept of
the linear equation, and symplastic fraction (SYMFR) was calculated as the x-
intercept of the linear equation (Fig. 4C&D). Buik elastic modulus of each shoot
was calculated by differentiating the powei equation at the estimated RWC of
99.5%, such that, from equation 3,

E = (-yERWC)/(a, x (1-ERWC)1 +31) (12)

where aq and ap are constants.

4.2.4 Statistical Analysis

Values of thlp’ Yusaty SYMFR, and E for ¢ach shoot were analysed using the‘
general linear model of SAS (SAS Institute, Cary, NC). These variables were
analyzed for species, ecotype, watering regime, and harvest date as main and
interaction effects in a split plot design, with harvest as the split plot. Since no
main or interaction effects for ecotypes were found to be significant for any of the
variables, except for SYMFR. where p=0.0497 for ecotype, (Appendix, Table 2.1),
the ecotype effect was removed from all analyses. The six seedlings (three
replicates per ecotype) measured for each species during the preliminary harvest
(before drought treatment was begun) were randomly assigned to the two watering

regimes to balance cell sizes for analyses.




4.3 RESULTS

For all shoots, powcr functions of the form y=ax® gave the best fit for the non-
liﬁear reg}ons; all shoots had r2>0.91 and 85% had r2>0.98. Linear functions of
the form y=mx+b gave the best fit for linear regions with all shoots having
250.88.

Douglas-fir seedlings had lower ¥ygq (Fig. 5) and ¥y (Fig. 6), and higher
symplastlc fractlon than lodgepole pine seedlings throughout the experiment. A
separate analysis using only those seedlings having linear functions based on more

than two pomts (11 lodgepole pme shoots) showed the samie results 25 the analysis

v uumg all shoots These iesults mdxcate that Douglas-ﬁr is a more drought tolerant

4spec1es than lodgepole pme‘ |

| Both specxes adjusted osmoncally to drought conditious, as mdlcated by lower
Yugat (Fig. 5) and ,{’ﬂﬂp (Fig. 6) for droug‘t-stressed seedlings at ﬁna.l harvest.
~Osmotic adjustgne’z'st i’ Douglas-fir drought-stressed seedlings occurred after only
two droﬁght cycl.z":‘s and was maintaiﬁed durihg the final two drought cycles,
whereas in lodgopole pine, osmotic adjustmént in drought-stressed seedlings was
not evident until after tbree to four drought: oycles (Fig. 6). Under well-watered
- conditions, Yy, and ‘a,b,;ﬂpjssr Douglas-fir seedling shoots decreased over time,
whereas for lodgepole pine seédli;-lg shoots, ¥n.,¢ and ¢,(ﬂp remained constant
throughout the experiment. '

Douglas-fir seedlings had wmore rigid cell walls than lodgepo}e pine seedlings
throughout the experiment (Fig. 7) This di*fforenco became more pfono&ncé‘d
over time as cell walls of Douglas-fir seedlings became more rigid and cell walls of
lodgepole pine seedlings maintained a constant and lower rigidity (Fig. 7). Neither
species showed any change in cell wall elasticity with drought (Ai)pendix, Table
22). '
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Figure 5. Comparison of osmotic potential at full saturation (Y,..¢) for Douglas-
fir (BF) and lodgepole pine (LP) seedlings at the(p’r[gﬁgninary harvest
(May 25-26) and after the initiation of drought. DRT = drought soil
moisture conditions and CTL = well-watered soil moisture conditions.
Douglas-fir had siﬁ;niﬁcantiy lower ¥, than lodgepole pine (p<0.001)
and both species had lower ¥, ., under the drought watering regime
8<0.02). There was a sigmﬁ%ant effect of harvest date on Y,

( <0.001). Bars are one standard error and arrows indicate dates o
arvest.
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Figure 6. Comparison of osmotic potential at the turgor loss point (¥ for
Douglas-fir (DF) and lodgepole pine (LP) seedlings at the pre’m&)nary
harvest (May 25-26) and after the initiation of drought. DRT =
drought soil moisture conditions and CTL = well-watered soil moisture
conditions. Douglas-fir had significantly lower Yxtlp than lodgepole
pine (p<0.02) and both species had lower ¥y, "ihder the driught
watering regime (p<0.05). There was a sigm At effect of harvest
date on ¥y, (p<0.001). Bars are one standard error and arrows
indicate dates of harvest.
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Figure 7. Comparison of bulk elastic modulus near full saturation (E for
Douglas-fir (DF) and lodgepole pine (LP) seedlings at the préﬁamxmary
harvest (May 25-26) and after the initation of drought, DRT =
drought soil moisture conditions and CTL = well-watered soil
moisture conditions. Douglas-fir had significantly higher E ., than
lodgepole pine (p<0.001) and there was a significant decrease iIn E_,.
between harvest dates (p<0.01). Bars are one standard error i
arrows indicate dates of harvest.
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4.4 DISCUSSION

PV curves for many lodgepole pine and Douglas-fir shoots demonstrated
*plateaus’ at RWC'’s near full turgor. Plateau regions have been found in Douglas-
fir in other studies (Ritchie & Shula; 1984; Kubiske & Abrams, 1991) and in other
tree species (Kandiko et al., 1980; Parker & Pallardy, 1987). It has been suggested
that water in the interstices of the cell wall microfibrils moves into the cell when
shoots begin to dehydrate, preventing loss of full turgor and buffering changes in ¥
with decreased RWC (Pallardy et al., 1991). To provide more accurate values of
V"lrsat’ ‘f("ntlp’ and SYMFR, and to calculate Emaxe it was necessary to adjust full
turgor to a value of RWC less than 100% (Pallardy & Parker, 1987; Kubiske &
Abrams, 1991). Values of E ., should always be interpreted cautiously since they
are dependent on the type of curve used to fit the data, i.e. exponential, power, or
linear functions (Schulte & Hinckley, 1985; Clayton-Greene, 1983).

Studies have shown that Douglas-fir is a drought tolerant species, although
there is ambiguity as to whether turgor pressure is maintained due to osmotic
adjustment or cell wall relaxation. Joly & Zaerr (1987) found drought-stressed
Douglas-fir seedlings to tolerate drought by cell wall relaxation, since E ... was
lower in drought-stressed seedlings and there was no difference in ¥, and ‘("ntlp
between drought-stressed and well-watered seedlings. In contrast, Livingston &
Black (1987) found lower pre-dawn ¥, in drought-stressed Douglas-fir seedlings
than in well-‘watered‘ seedlings in the field and Ritchie and Roden (1985) found
lower Yycqq and “'xtIp ’in. drought-stressed Douglas-fir seedlings grown in pots,
when they used the ’sap expression’ method of data collection. These results agree
with the latter two studies. However, since there is seasonal variation in ¥, and

gb,mp in Douglas-fir, with both variables decreasing during the growing season
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(Ritchie & Shula, 1984; van den Driessche, 1989), decreases in osmotic potential
due to osmotic adjustment found in this study, and others, may be over-estimated.

Drought tolerance has been found in other conifer species. Osmotic
adjustment maintained P in western hemlock (Kandiko et al., 1980) and cell wall
relaxation maintained P in black spruce and white spruce (Grossnickle, 1989;
Blake et al., 1991). Relative to black and white spruce, jack pine was found to
have low drought tolerance, since it had higher mortality than the spruce species
(Buxton et al,, 1985). No other studies have been done on drought tolerance in
pine species.

Lodgepole pine was a difficult species to study for pressure-volume analysis.
One problem was determin - e balancing pressure of the shoots, since at
low chamber pressures (shoot near full turgor), both resin and cell sap was
expressed.  Although differentiating between resin and water extruded was
possible, the resin "bubble’ made detection of water difficult. Once the resin had
emptied out of the resin canals, water was clearly visible on the cut stem at
balancing pressure. Another problem was the length of time required for
lodgepole pine seedlings to lose turgof. Often plasmolysis did not occur for more
than eight hours and, consequently, the linear portion of the curve had to be
determined using only two data points (taken 14 and 24 hours after shoot excision).
Lodgepole pine results should be interpreted cautiously.

Although Douglas-fir and lodgepole pine were able to maintain turgor by
osmotically adjusting cellular sap when drought-stressed, neither species reduced
cell wall rigidity to minimize the effect ¢f reduced relative water content on turgor
pressure.

The greater reduction in Y, in drought-stressed Douglas-ﬁr shoots over

time indicates it is a more drought tolerant species than lodgepole pine. Since
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Douglas-fir seedlings had lower ... than lodgepole pine seedlings before
drought-stress treatments began, Douglas-fir seedlings either maintain lower
osmotic potentials than lodgepole pine or they were previously drought—stressed;
Independent of this, after drought treatments had begun ¥, in Douglas-fir
seedlings decreased by 0.9 MPa after four drought cycles, whereas lodgepole pine
seedlings showed a decrease of only 0.6 MPa. Clearly Douglas-fir can osmotically
adjust, although not necessarily more than lodgepole pine, but Yrsat in Douglas-fir
seedlings is generally lower than lodgepole pine indicating that Douglas-fir is able

to tolerate drier soils.
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Chapter 5
DROUGHT EFFECTS ON ROOT HYDRAULIC CONDUCTANCE
OF DOUGLAS-FIR, LODGEPOLE PINE, AND WHITE SPRUCE
SEEDLINGS

5.1 INTRODUCTION

Roots provide a major resistance to water flow in the soil-plant-atmosphere
continuum (SPAC) due to the presence of Casparian strips radially surrounding
endodermal cells. Other possible major resistances in the SPAC are in the soil, at
the soil-root interface, in the xylem, and at the stomata. Under well-watered
conditions, when soil has high moisture content and the stomata are open, the
greatest resistance to water movement is at the endodermis. Running (1980)
found resistance in the roots of mature lodgepole pine trees to be 52-74% of the
total resistance in the tree.

Under drought conditions, resistances in the soil; soil to root interface, xylem
and stomata may increase, causing reduced hydraulic conductance (Lp, inverse of

resistance) in the SPAC. As soil moisture decreases, movement of water in the soil

* decreases due to increasing number and size of air pbckets (Taiz & Zeiger, 1991),

roots may shrink, reducing contact between soil water and root surface (Faiz &
Weatherley, 1977; 1978; 1982), embolisms may form in xylem tracheids, reducing
pathways for water flow (Tyree & Ewers, 1991), and stomata may close in response
to hydraulic (Livingston, pers. comm.) or chemical (Davies & Zhang, 1991) signals.
Little is known of the importance of root resistances, relative to the increased
resistances in these other regions of the SPAC as S‘o‘il moisture is depleted.

Poot hydraulic conductance (Lproot) can be calculated using Ohm’s law

(equation 7). Measurements of water flow through roots in a pressure chamber
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have shown that Lproot is variable at low pressures and, therefore Lproot should
be determined from flow rate measurements at pressures greater than 0.3 MPa
(Markhart & Smit, 1990). To explain the variable Lproot at low pressures, models
were developed by Fiscus (1975,.1977), Dalton et al. (1975), and Newman (1976).
These models suggested that, at low pressures solute build-up at the endodermis
causes an P, gradient to form. Therefore, using equation 7, at high pressures A,
is negligible relative to AP and the slope of flow rate versus hydrostatic pressure
(root hydraulic conductance) is linear, and at low pressures, when Ay, has a
significant value, Lproot is not linear. Although these models do not completely
explain changes in Lproot at low prcssures (Passioura, 1984), movement of solutes
is probably an inipuitant factor.

Root hydranlic conductance is commonly determined from flow rate data for
de-topped roots of conifer seedlings in pressure chambers (Sands et al., 1982;
Colombo & Aés‘elstine, 1989; Coleman et al., 1990; Grossnickle & Russell, 1990).
Coniferslafé believed to have lower Lproot than deciduous species due to their
lack of vessels, which have lower resistance to water movement than tracheids.
Sands et al. (1982) found that bean roots had eight times the root axial
conductance of loblolly pine roots. -

Root hydraulic conductance was determined for first year seedlings of three
conifer species, collected from wet and dry sites and grown under two soil water
regimes. Of the three conifers, coastal Dbuglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) is found in ‘ymybister habitats thax interior lodgepole pine (Pinus contorta
Dougl.) and white spruce (Picea glauca (Moench) Voss). The hypothesis of this
study was to test wiether interior species are able to grow in drier sites due to their

ability to reduce Ly at low soil moisture. The study was continued ir the
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following growing season to determine the effect of age on Lproot’ but only well-

watered seedlings were measured in the second year.

52 MATERIAL AND METHODS
5.2.1 Plant Material and Culture

Douglzi-s-fir, lodgepole pine, and white spruce seeds from wet and dry sites,
supplied by the British Columbia Ministry of Forests, were grown in 1989 and 1990
(Table 5). All seeds were soaked on February 28 or March 1, 1989 for 24 hours
and stratified in a 5°C refrigerator for 24 days, then sown by seedlot into 11 L pots
containing moist, coarse sand. Pots were covered with foil to reduce water loss by
evaporation until seeds began to germinate. At the cotyledon stage, 36 scedlings
from each seedlot were individually transplanted into 3.2 L pots containing 3-6 cm
coarse gravel and 12-15 cm coarse sand. All pots were placed on wooden pallets to
allow air circulation under pots. Lodgepole pine seedlings germinated one week
earlier than Douglas-fir and white spruce and, consequently, were the first
seedlings te be transplanted, on April 14, 1989.

Seedlings were watered every 3-4 days and fertilization (150 ppm 20-20-20
NPK) was begun two to three weeks after transplanting and continued at weekly
intervals until the drought treatment was begun. To ensure adequate iron,
sulphur, and calcium supply in the sandy soil, 30 ppm FeSO,4 and 100 ppm CaCl,
were supplied on alternate weeks until the drought treatment began. In the spring
of 1990 watering was begun on March 5 and fertilization with 20-20-20 NPK,
FeSOy, and CaCly was begun on March 29, April 26, ahd May 3 respectively, and
followed the same timetable as in 1989.

Pots were sepyarated into two groups and randomly placed on pallets such that

haif the seedlings of each seedlot were watered and the remaining seedlings
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Table S. Location and annual precipitation for seedlots of Douglas-fir, lodgepole

pine, and white spruce seeds from wet and dry eco
sown in spring 1989 and used in 1989 and 199

es, Seeds were

studies of root

hydraulic conductance.
Location of Seed Sou:ce Seedlot(s)  Ecotype  Annuall
(latitude, longitude) , Precip,(mm)
1989:
Douglas-fir: ,
Nootka Island (49°45°,126°,45") 2202 Wet 3829
Gold River (49°41°,126°06") 604 Wet 2721
Goldstream (48°29°,123933’) 305y Dry 1157
Courtenay (49%1',126°067) 45 Dry 1503
Lodgepole pine:
Suskwa River (55°17’b127°15’) 2108 Wet 625
Lily Lake (539567,124039") 29092 Dry 464
White spruce:
Prince Rupert (540,13002) 33X 63 Wet 2523
East Kootenays (502,115°) 31X 126 Dry 547
1990:
Douglas-fir:
Kyoquot §49059’,127°18’) 218 Wet 3319
Kyoquot (49959°,127°18") 21 Wet 3319
Sechelt (49°36,123948") 543y Dry 1099
Campbell River (50°01",125920%) 331 Dry 1581
Lodgepole pine:
Clive Creek (54°52’,128923") 28832 Wet 1155
Community Lake (50055',120°05) 2175 Dry 270
White spruce:
Prince Rupert (540,13002) 96 X 35 Wet 2523
East Kootenays (50°,115°) 30X 29 Dry 547

1 Environment Canada. 1989. Temperature and precipitation, 1951-1980, British
Columbia. Atmospheric Environment Service. Downsviéw, Ontario. ‘
2 X’ indicates Douglas-fir seeds were produced by crossing adjacent seedlots in

table.
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became drought-stressed. On Juiy 12, 1989 Peters trace elements (4.33 g m™ of
soil) were applied tc pots and on July 17, 150 ppm 20-20-20 NPK was added to ali
pots on the final watering before initiating the drought treatment. On July 21,
’. benlate (0.62 g Lt H,0) was applied to seedlings to prevent fungal infection.
Control seedlings continued to be watered every 3-4 days uatil September 19 when
a weekly watering regime maintained soil moisture. All seedlings were supplied
with 150 ppm 20-20-20 solution every second week.

During winter 1989 to spring 1990 seedlings remained dorpiwi in the
greenhouse. Due to low survival of drought-stressed seedlings over winter, only
control séedlings were ineasured during the 1990 growing season.

Measurements in 1989 began later in the season than in 1990 due to
implementation of the drought treatment. In 1989 seedlings were measured on
August 24-27, September 9-11, September 23-25, and October 14-16, and in 1990
! seedlings were measured on June 19-20, July 31-August 3, and September 11-12.
At each measurement three seedlings were randomly chosen from wet and dry
seedlots of e:';ich species (Table 5) and measurements of hydraulic flow rates at

three pressures were collected using a pressure chamber.

5.2.2 Pressure Chamber Assembly

A 20.0 cm diameter, 25.4 cm tall, 1.3 cm thick steel pressure chzmber was buiit
to withstand pressures up to 2.5 MPa (Fig. 8). Pressure was controlled using
manual inlet and outlet valves and a Cantech safety valve prevented pressure from
exceedings 2.5 MPa (Fig. 8). A 7 mm hole was bored irto the centre of the lid,
through which the cut end of the root (root stump) protruded. The lid was secured
to the chamber with six 0.8 mm diameter bolts and an O-ring provided a good seal.

An aquarium air pump at the bottom of the pressure chamber pumped air through
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Figure 8. Equipment design to measure flow rates of 1989 and 1990 Douglas-fir,

lodgepole pine, and white spruce seedling roots at three pressures.




COMPRESSED
AIR




59
an air lift pump and circulated the water surrounding the suspended roots in the
5.45 L container.

Preparation of seedlings for pressure chamber measurements and collection of
data was the same for eacﬁ seedling at all harvests. Using a sharp razor, the shoot
was removed near the stem base approximately 2.5 cm above soil level and the
roots were gently removed from the soil and washed. Root damage was minimal
since little of the coarse sand rooting medium adhered to the roots, The root
stump was gently inserted through the centre of a rubber stopper which was placed
into the underside of the lid so that the root stump protruded from the upper side
of the lid and the roots were suspended in the water-filled container inside the
pressure chamber (Fig. 8).

Pressure was slowly increased inside the pressure chamber to 0.75, 1.00, and
1.25 MPa for the three sets of flow rate measurements. At each pressure, a pre-
weighed plastic tube, ranging from 1 - 2 cm in length and containing a swab of
tissue, was placed over the root stump for a timed interval (ranging from 30
seconds to 2 minutes, depending on flow rate) to collect xylem exudate forced
through the root system. When the plastic tube was removed, the tube + tissue was
reweighed’and adry, pre-weighed plasti:c‘ tube with tissue was placed on the root
stump. The gain in weight for a tube +tissue was taken to represent the weight of
xylem exudate forced throuﬂgh'th;é root system during the timed interval. Five
measurements were taken at each pressure. Water températﬁré in the pressure

chamber was between 18°C and 23°C.

5.2.3 Preliminary Experiments
During iate spring and early summer 1989 four experiments were carried out

to determine the best materials and methods for measuring hydraulic conductance:
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(1) comparison of oxygen content in tap, distilled, and stagnant water (left
overnight), (2) root uptake of oxygen from water at atmospheric pressure, (3)
comparison of water versus 120 ppm 20-20-20 (NPK) nutrient solution
environment in which to suspend roots, (4) comparison of nitrogen gas and
compressed air on root water flow rates, and (5) effect of pressure on flow rate

through roots (also determined for one year old seedlings in May 1990).

5.2.3.1 Oxygen content of water:

Using a dissolved oxygen meter (Yellow Springs Instrument Co., Ohio),
oxygen concentration was measured in distilled water, tap water, and stagnant
water to determine which water supplied the most oxygen to the seedling roots.
Several values of oxygen concentration were verified using the Winkler test
(Strickland & Parsons, 1972). Mean values of oxygen concentration for distilled,
tap, and stagnant water were 103, 269, and 203 gM O, respectively for water
temperatures ranging from 21° to 24°C. When water was circulated using an air
pump, oxygen concentrations for all three types of water ranged from 250 to 269
UM O,. As a result of these tests, tap water, having the highest mean oxygen
concentration for circulated and non-circulated water, was used in all subsequent

experiments.

5.2.3.2 Root uptake of oxygen:

Oxygen uptake by de-topped se#dling roots, suspended in a 3.58 L glass jar of
tap‘water, was measured at atmospheric pressure (f)ver 4-8 hour peri’od; 0;1 three
seedlings from each species to indicate O, reqUireinents of 'OOi systems.
Temperature was between 16°-24°C throughout the experiment, increasing by

29C to 7°C during 4 to 8.5 hour time periods. Oxygen concentrations, measured
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using an oxygen meter, were corrected for .emperature and normalized by root dry
weight. Oxygen uptake by white spruce root systems were significantly lower than
root systems in the other two species (Table 6). This is probably due to the smaller
root dry weight and root diameters in the white spruce seedlings, which indicates a
lower root surface area relative to the other species. Although the high O,
concentrations measured in the water would provide aerobic conditions for more
than the one to two hours required to collect measurements for each seedling, an
air pump was used to maintain a constant flow of air, containing O,, to the water.
Markhart & Smit (1990) found that an 100 kPa O, concentration under 500 kPa

pressure had no detrimental effect on hydraulic flow rates of de-topped roots.

Table 6. Mean oxygen uptake per hour for whole root systems of Douglas-fir
(DF), lodgepole I’Enne (LP), and white spruce (WS) seedlings.
Standard errors (SE) are in parentheses.

Species mean (SE) O, uptake per mean (SE) dry weight
' root system per hour (8)
(sM hr )
DF 14 (4)al 1.710 (0.181)
LP 17 2)a 1.706 (0.257)
WS 7(1)b 1.110 (0.209)
1

means followed by the same letter are not significantly different at the 5% level

5.2.3.3 Comparison of Water versus Nutrient Solution:
It has been suggested that the environment surrounding seedling roots should
be the same in the pressure chamber as it was during growth and development

(Markhart & Smit, 1990). The osmotic potential of the coarse sand medium in
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which the seedlings were grown was determined by cryoscopy to be equivalent to
that of 125 ppm 20-20-20 (NPK) nutrient solution. Flow rates for two seedlings of
each species were measured twice, once when the container was filled with water
and a second time when the container was filled with 120 ppm 20-20-20. No
significant difference was found between flow rates. Consequently, water was used
as the medium into which seedling roots were suspended for all subsequent

experiments.

5.2.3.4 Comparison of Nitrogen Gas versus Compressed Air:

To study the effects of nitrogen gas versus compressed air on water flow rates
‘through roots, flow rates for roots from two seedlings of each species were
measured at 1.4 and 3.5 kPa pressures, in a pressure chamber made of PVC, with
both gases. Roots equilibrated in the pressure chamber at each pressure for 15
minutes before measurements were taken. No 51gn1ﬁcant differences between flow
rates using the two gases were found (means (SD) = 0.0129 (0. 0021) and 0.0132
(0.0030) g min"! at 1.4 kPa and 0.0325 (0.0079) and 0.0322 (0.0089) g min"! at 3.5
kPa in compressed air and nitrogén gas rcspect‘ively)' Howev'er Smit and
Stachowiak (1988) and Swietlik (1989) found that nitrogen gas had an adverse
effect on root flow rate when applied to Populus and sour orange seedhngs
Swietlik (1989) found flow rates decreased within 30 minutes of applying nitrogen
gas at 0.5 MPa in sour orange seedlings, whereas Smit and Stachowiak (1988)
observed that 12 hours were required before flow ra:&‘es in a Populus species
decreased. Differences between oxygen and nitrogen gas were not observed over
30 minutes in the pfesent study, however compressed air was used in all our
subsequent experiments so that the oxygen level in the bathing solution could be

maintained with the circulating pump.
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5.2.3.5 Pressure Eifects on Root Flow Rates:

Root hydraulic conductance is calculated as the change in flow rate with
change in pressure, ie. slope of flow rate versus pressure (see Chapter 2). To
determine the range at which hydraulic conductance is constant (slope is lineaf),
flow rates were measured for two seedlings from each species at pressures ranging
from 0 to 2.5 MPa at each date (Fig. 9). In 1989, all roots reached their miaximum
flow rates before maximum pressure was applied, however, only a few seedlings
showed increasin‘g‘ root hydraulic conductance at low pressures (Fiscus, 1975;
Dalton et al., 1975). Most seedlings showed a linear to logarthmic curve shape at
low pressures. For all 1989 curves produced, the curves appeared linear between
0.75 and 1.25 MPa. Consequently, all measurements of flow rates were made in

this range of pressures in subsequent work.

5.3 Statistical Analysis:
Flow rates at each pressure were calculated for each of the plastic tube + tissue
measurements using the equation:
F = (Wi W)/ (tytg) (13)
where F=flow rate in g sl W y=dry weight of tissue (g) and tube at time ty (s),
when tube was placed on the stump, and W, =wet weight of tissue (g) and tube at
time t,, (s), when tube was removed from the stump. Flcw rates for each seedling
were then normalized by root 'Iength (Tennant, 1975) or root dry weight.
Hydraulic conductance (g 51 MP;a“1 m! or g s'1 Mpa! g‘l) was calculated as the
slope of the best fit curvilinear equation for change in flow rate (g slor g s'l) with
change in applied pressure (MPa), using the SAS regression procedure (SAS
Institute, Cary NC). The hydraulic conductance values were analyzed for species,
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Figure 9. Flow rates measured fcr a Douglas-fir (DF), lodgepole pine (LP), and
white spruce (WS) seedling root system at 0 to 2.5 MPa. Flow rates
were measured at 30, 60, or 120 second time intervals. Arrows indicate

the range of pressures at which flow rates were measured.
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ecotype, watering regime, and harvest date main and interactive effects, using the

general linear model of SAS for a split plot design, with karvest 25 the split plot.

5.3 RESULTS

By final harvest on October 14-16, 1989, lodgepole pine and Douglas-fir
seedlings had 1.5 to 3 times the dry weights of white spruce seedlings and well-
watered seedlings had significantly greater dry weight biorass than drought-
stressed seedlings (Fig. 10). Over all species, seedlings from wet ecotypes were
more affected by the drought treatment than seedlings from dry ecotypes for all
three species (Fig. 11; Appendix, Table 3.1), i.e. seedlings from wet ecotypes had
significantly reduced seedling dry vweights when drought-stressed, whereas
seedlings from dry ecotypes produced the same amount of biomass under both
watering regimes.

Root lengths and root dry weights increased significantly with time (p<0.001)
dufing the 1989 growing season. Although white spruce produced the least dry
weight (Fig. 10), this species produced the greatest specific root length (m g'l)
(Fig. 12). Douglas-fir had the lowest specific root length, indicating that it
required the greatest investment of biomass in roots to produce root lengths
equivalent to those of the other two species.

Analysis of Lproot for all seedlings harvested in 1989 revealed that no ecotype
main or interaction effect was significant (Appendix, Table 3.2), consequeritly the
ecotype variable was removed from all analyses of Lprdbt Although there was a
significant watering regime main effect (Appendix, Table 3.3) over the four
harvests, lodgepole pine was the oniy 'Spe"cies which showed a response to the o
drought treatment effect, having a 50% lower Lproot under drought-stressed

conditions than under well-watered conditions (Table 7). All three species had
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Figure 10. Mean root, stem, and needie dry weights for Douglas-fir (DF),
lodgepole pine (LP), and white spruce (WS) seedlings at final
harvest (October 14-16) in 1989. Means are backtransformed from
In(dry wt+1) results. Root, stem, and needle dry weights were
significantly = different for species (p=<0.03) and watering
treatments (p= <0.0007).
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Figure 11. Drought treatment effects on dry weights of organs and whole seedlings
from wet and dry ecotypes, measured at final harvest. Mezass have
been backtransformed from In(dry wt+1) results and bars are 95%
confidence limits. All dry weights were significantly different for

ecotype x watering treatment interastion (p<0.03).
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Figure 12. Relationship between root length and root weight {specific root length)
for seedlings harvested in 1989, by species. Regression slopes between
species were significantly different (p<0.001) because the equation for
white spruce seedlings had a steeper slope than the equations for
Douglas-fir and lodgepole Igine seedlings, Best fit regressions had

12=0.91, 0.78, and 0.74 for
white spruce (WS) roots respectively and p<0.01 for each species).

ouglas-fir (DF), lodgepole pine (LP), and




ROOT LENGTH (m)

60

ROOT WEIGHT (g)

2.5

(43




73

Table 7. Mean root hydraulic conductances for Douglas-fir (DF), lodgepole pine
(LP), and white spruce (WS) seedlings, grown under two watering
regimes. Values in parentheses are one standard error.

Species Treatment mean Root Hydraulic Conductance
(x 1075 g s IMPa"lm™1)

DF Drought 1.53 (1.03)al
Control 1.44 (0.97)a

LP Drought 2.17 (1.083n
Control 5.47 {(0.97)b

WS Drought 1.58 (0.97)a
Control 1.67 (0.57)a

1 means followed by the same letter are not significantly different at the 5% level

similar Lproot under drought conditions but iodgepole pine seedlings were able to
conduct twice as mach water as the other two species under well-watered
conditions (Table 7). Over all three species, no significant differences were found
between Lp.root for the first three harvests, however, all seédlmgs showed large
reductions in Lproot between the final two. harvests, decreasing from a mean
Loroot 064833 x 105 105,544 x 107 gmlsIMpal.

Comparisons of seedling Lproot between 1989 and 1990 was done on well-
watered seedlings only, due to the low survival of drought-stressed seedlings over
winter. In 1989, well-watered lodgepole pine seedlings had greater mem than
the other species and, except for the reduction in Lproot at the third harvest in
lodgepole pine seedlings, all species maintained a constant Lproot until the fall
(Fig. 13A). In 1990, the only significant decrease in L;}root was in lodgepole ‘_pine

seedlings between the first and second harvests, however, larger sample sizes inay
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Figure 13. Mean hydraulic conductance of roots, normalized by weight, for well-
‘ watered Douglas-fir (DF), lodgepole gine (ILP) and white spruce
(WS) seedlings harvested in (%s 1989 and (B) 1990. Hydraulic
conductance was significantly different for species by harvest date
interaction in both years (p= <0.0001 and p= <0.02 for 1989 and 1990

respectively). Bars indicate one standard error.,
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have shown lodgepole pine and white spruce seedlings to decrease throughout the
1990 season (Fig. 13B).

In comparing early September harvests for the two years, Douglas-fir seedlings
had the lowest Lproot throughout both 1989 and 1990 growing seasons (Table 8;
Fig. 13A&B) and it was the only species to maintain Lproot' Mean I—proot in 1990
for lodgepole pine and white spruce were less than 10% and 50% respectively of
their 1989 Loroot (Table 4).

Table 8. Mean root hydraulic conductance (g s1 MPa-l g‘l) for the three species
in September 1987 and September 1990.

Means for Douglas-ﬁr lodgepole white
years ' pine spruce
Means for 0.551 3.18 142
species | |
1989 2.822 0.76a3 5.85¢ 1.83b
1990 0.56 0.34a 0.50a 0.84a

1 lodge&c))% pine had }’:her root hydraulic conductance than the other species

(p<0.
g ]gifferences between years were significant {p <0.001)
means followed by the same letter are not significantly different at the 5% level

5.4 DISCUSSION

Although seedlings of all three species produced significantly less dry weight
under drovght than under well-watered conditions, only lodgepole pine had
reduced Lpro‘ot under drought conditions. Results for lodgepole pine seedlings
agree with studies of drought effects on Loroot in citrus (Ramos & Kaufmann,
1979; Levy & Syvertsen, 1983), sugarcane (Saliendra & Meinzer, 1992), a desert
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succulent (Huang & Nobel, 1992; Nobel & Cui, 1992), sorghum (Cruz et al., 1992),
and shortleaf pine seedlings (Brisseite & Chambers, 1992). In these studies,
Lproot decreased when plants were drought-stressed. Lower Lproot under
drought conditions has been due to early suberization of roots (Cruz et al., 1992;
Huang & Nobel, 1992) and cavitation of root xylem (Tyree & Ewers, 1991;
Saliendra & Meinzer, 1992).

Our results indicate that the reduced hydraulic conductance in the soil-plant-
atmosphere continuum observed under drought conditions (Gollan et al, 1986;
Jarvis & McNaughton, 1986; Passioura, 1988) is not due to changes in Lproot in
Douglas-fir and white spruce.

Although seedlots from dry ecotypes of each species showed less reduction in
dry weight production when grown under drought-stressed conditions than in well-
watered conditions, relative to wet ecotypes, no ecotype main or interaction effects
were found for Lproot' This suggests that differences in dry weight production
between wet and dry ecotypes are not a result of differences in Lproot'

It is difficult to compare these results with those found in the literature since
Lproot can be normalized by root surface area, root weight, and whole root
systems, as well as by root length. Only studies where Lproot was normalized by
root length were compared with our values of Lpr’oot' Coleman et al., (1990)
found Douglas-fir seedlings to have a mean Lproot of 03 g s']'NiP'a“lmf1, ten fold
higher than the Douglas-fir seedlings in our study. Other studies found a desert
succulent species to have Lproot 10-100 fold lower than these conifer seedlings
(Nobel £ Cui, 1992) and citrus seedlings were found to have LprOO,t less than 108
g s 'MPa lml (Levy & Syvertsen, 1983). Results from the citrus seedlings are
surprising since angiosperms are expected to have higher Lpl'O'Ot due to the

preserice of lower resistance vessels in the xylem. Differences between tracheid
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(and vessel) size and number were not accounted for in this experiment nor in the
above studies.

Lower Lproot was found in the second growing season than in the first growing
season for lodgepole pine and white spruce seedlings. The decrease in Lproot
between years may have been due to changes in the proportion of water-absorbing
root surface area with age. Anderson et al. (1988) found Lproot to decrease with
age in ash seedlings. Studies on loblolly pine have shown that white roots take up
more than four times as much water as brown (suberized) roots (Kramer &
Buliock, 1966; Chung & Kramer, 1975) and Sands et al. (1982) found Lproot of
white roots to be 2.5 times greater than in brown roots.

Pressurization of de-topped root systems, as a method to measure Lproot’ has
come under considerable criticism. Areas of concern mainly deal with the artificial
conditions under which hydrav . .. ctance of roots must be measured, such as
removal of the shoot and application of high positive pressures to roots. Lack of a
shoot may be detrimental to de-tcpped root metabolism due to discontinuation in
supply of carbon and chemical messages from the shoot to roots (Markhart &
Smit, 1990). Use of a positive pressure to push water through roots, rather than
the negative pressure found in nature, can cause water to move through roots
along “nnatural pathways, such as along cell walls of cortical cells (Salim &
Pitman; 1984; Koide, 1985; Markhart & Smit, 1990). Precautions to take when
using the pressure chamber include keeping water aerated to préirent anoxia,
suspending ‘roots into dilute solutions to prevent solute concentrétion gradients,
and collecting dzta at two or more pressures greater than 0.3 MPa to ensure that
Lproot is constant (Markhart & Smit, 1990). Based on preliminary expcriments, a
constant supply of oxygen was available to roots by maintaining aeration of the tap

water and pressurizing the chamber with compressed air, and that hydraulic
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conductance was constant over the range of applied pressures uséd to measure
flow rate. The constant supply of O, to the water may have caused partial
pressure of Oy to be high, and possibly detrimental to the seedlings. Since dilute
nutrient solution had no effect on water flow rates through roots, tap water was
used. Although some of the above criticisms may be valid, this pressure chamber
system is precise and permitted direct measurement of Lpr‘ck)'ot’ independent of Lp
in the shoot. Measurements of water movement through regions of the SPAC are
necessary to determine how whole seedlings control water uptake and loss.

Since Douglas-fir and white spruce roots were able to maintain root hydraulic
conductance when grow'n under low soil moisture conditions, any reduction in
conductance for whole seedlings would not be due to increased resistance to water
flow through roots. However, lodgepole pine, waich is able to maintain high
Lproot under well-watered conditions, shows itic. . ased resistance to water flow in
the roots under low soil moisture. This reduction may be due to increased

suberization of the roots or the formation of air embolisms in the xylem.
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Chapter 6
LOW TEMPERATURE AND PRE-CONDITIONING EFFECTS ON
WATER FLOW RATES THROUGH ROOTS OF DOUGLAS-FIR,
LODGEPOLE PINE, AND WHITE SPRUCE SEEDLINGS

6.1 INTRODUCTION

Conifer seedlings are often planted in early spring when soil temperature is
low. Low temperature can induce drought-stress in seedlings, since water uptake is
reduced, and seedlings grown at low temperatures have reduced growth and lower
stomatal conductance and transpiration rates (Lopushinsky & Kaufmann, 1984;
Teskey et al., 1984).

Hydraulic conductance and flow rates in conifer roots decrease with
decreasing temperature (Running & Reid, 1980; Smit-Spinks et al., 1984; Teskey et
al., 1984; Grossnickle, 1988). Running & Reid (1980) found roots of lcdgepole
pine t~ contribute 67% to 93% of the resistance to water flow in the soil-plant-
atmosphere continuum as temperatures decreased from 7° to 0°C.

Pre-conditioning seedlings at low temperatures increases their resistance to
chilling stress (Levitt, 1980). Conifer seedlings pre-conditioned at lower
temperatures have lower stomatal conductance and transpirational water loss than
seedlings pre-conditiored at higher temperatures (Teskey et al., 1984; Grossnickle
& Blake, 1985), however, conflicting results have been reported for pre-
conditioning effects on water movement through roots. Water flow rates through
roots of crop species, pre-conditioned at low temperatures, tend to have the same
(Bolger et al., 1992) or higher flow rates (Clarkson, 1976) than plants pre-
conditioned at high temperatures, depending on the sensitivity of the species to

chilling stress (Markhart et al., 1979). The only study of a conifer species found
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that scotch pine seedlings, pre-conditioned at low temperatures, had lower flow
rates through roots thian seedlings grown at high tempemtures (Smit-Spinks et al.,
1984).

The objective of this work was to see whether pre-conditioning at a low
temperature increased water flow through de-topped roots of three commercially
important conifer species, Douglas-fir (Pseudotsuga menzieseii (Mirb,) Franco),
lodgepole pine (Pinus contorta Dougl.), and white spruce (Picea’y glauca (Moench)
Voss). A subsample of these seedlings was measured at three pressure chamber
temperatures to determine whether pre-conditioning resulted in adaptation to low

temperature,

6.2 MATERIAL AND METHODS
6.2.1 Plant Material and Experimental Design

Seeds of Douglas-fir, lodgepole pine and white spruce were collected from
trees representing wet and dry ecotypes (Table 9). All seeds, except the white
spruce from the dry site ecotype, were stored at -2°C for six weeks, soaked for 24
hours, then stratified at S°C for 40 days. The white spruce seeds from the dry
ecotype were soaked and stratified for only 15 days since they were a substitute for
a seedlot which had damped off during germination. After chilling, seeds were
sown into 30 ¢m pots of coarse sand (covered with foil until germination) in a glass
house, and later in a ,polyethylene;-covered greenhouse. On May 6, a dilute
solution of benlate (4.3 g m™ soil) was applied to all seedlings to prevent fungal
attack.

At the cotyledon stage, seedlings were transplanted singly into 3.2 L pots

containing 3-6 cm deep coarse gravel and 12-15 cm deep coarse sand, and grown in




82

Table 9. Location and annual precipitation for seedlots of Douglas-fir, lodgepole
pine, and white spruce seeds from wet and dry ecotypes. Seedlings were

sown in 1990.
Location of Seed Source Seedlot(s)  Ecotype Annuatl
(latitude, longitude) , Precip.(mm)
Dou_glas-ﬂr:
Tahsis Inlet (50°43’,126°37") 201 XZ Wet 1157
Head Bay (4 048’ 126929") 638 Wet 1503
Goldstream (48929’,123933") 305 x Dry 1157
Courtenay (49°41°,126906") 45 Dry 1503
Lodgepole pinz:
Suskwa River (55 17’b127°15’) 2108 Wet 625
Lily Lake (53956",124039") 29092 Dry 464
White spruce:
Prince Rupert (540,13002) 33X 63 Wet 2523
East Kootenays (50°,115°) 31X 126 Dry 547

1 Environment Canada. 1989. Temperature and precipitation, 1951-1980, British
2 Columbia. Atmospheric Environment Service. Downsview, Ontario.
Douglas-fir seeds were from crosses of adjacent seedlots in table

a greenhouse. All seedlings were watered twice per week throughout the
experiment. Thirteen to eighteen days after transplanting, a fertilizer solution (150
ppm 20-20-20 (NPK)) was applied weekly during one of the watering treatments
and 30 mg L1 FeSO4H,O and 100 g L'l CaCl,2H,0 were applied on
alternate weeks to supply iron, sulphur, and calcium to the seedlings.

Between May 15 and 17 thirty-six pots from each provenance were randomly
chosen and transferred to four growth chambers of 259/20°C (HT) growth
chambers and 16 hour photoperiod at University of Victoria and BC Ministry of
Forests Research Laboratory. All growth chambers were set at 75% relative

2 1

humidity and a quantum flux density of close to 200 gmol m™ s™, under
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fluorescent and incandescent lamps. After 5 weeks, the temperature of one growth
chamber at each location was reduced to 159/10°C (LT). Each temperature was
therefore replicated twice and the seedlings grew under these temperstures for 32

weeks.

6.2.2 Pressure Chamber Assembly

Water temperature inside a pressure chamber (see section 5.2.2) could be
controlled and monitored using a heater pump (Haake, model #001-2826) and a
flow-through chiller (PolyScience, model #KR-30A) (Fig. 14). The lid of the steel
pressuie chamber (see section 5.2.2) was modified in two ways: (1) a nickel-plated
copper coil was suspended from the lid into the 5.45 L container so that fluid
pumped through the coil controlled water temperature and (2) a small hole was
bored into the lid for insertion of a thermocouple to record water temperature in
the container.

After washed and detopped roots were inserted into the rubber bung in the lid
and the lid was closed, the roots and the coil were suspended in the water-filled
root container. The polyethylene glycol:water solution (50:50) circulating through
the heater unit, refrigeration unit, and copper coil, controlled the temperature of
the watér in the container. Water in the root container was circulated using a fuid
pump and pressure inside the chamber was regulated with compressed air,

A small-diameter plastic tube was placed onto the root stump to collect
exuded sap. The other end of ihe tube was positioned above a coutainer placed on
a balance. As pressure was slowly increased, water was pushad from the water
container, through the roots, out of the cut root stump, through the plastic tube,
and into the container on the balance. A laptop computer recorded the $alanne

weight every two minutes. Each root system was measured at either 20°C, 12505,
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Figure 14. Pressure chamber assembly used to control pressure chamber
temperature and measure water flow rates through roots at three

temperatures over a 48 hour period.
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and 4°C for 18, 15, and 15 hour intervals respectively or at 20°C for 24 hours.
Roots were kept at -5¢C until root length was measuzed (’i“‘e:mant, 1975} hoots
and roots were placed in an oven at 80°C for 24 hours prior to dry weight
mezsurements.

Based on preliminary experiments (see section 5.2.2), roots were immersed in
tap water and measurements were taken at 1.0 MPa pressure. Due to long

cquilibration times (Fig. 15), measurements were taken at only one pressure,

6.2.3 Statistical Analysis

Seedling dry weights were transformed using 'n(variable +1), to reduce
heteroscedasticity, and aualyzed for species, ecotype, and growth chamber
teniperature main and interaction effects (Appendix, Tabie”‘i'.'l) using a general
linear model in SAS (SAS Institute, Cary, NC). Ecotype differences for Douglas-
fir could not be determined since only seedlings from-dry sites were measured,

Seedling roots from dry ecotypes, measured in the 17th hour at 20°C in the
pressure chamber, were analysed for species and growth chamber temperature
effects.(3 X 2 factorial design) and lodgepole pine and ‘white spruce seedlings were
also anzlysed for ecotype effects. Seedling roots from dry ecotypes, measured in
the 17th, 14th, and 14th hour at 20°C, 129C, and 4°C pressure chamber
temperatures respectively, were analysed for pressure chamber temperature effects
using a split plot design, with pr’eSéure chamber temperature as the split plot. All
analyses were run usiiug the general linear model in SAS (SAS Institute, Cary, NCj
at University of Victoria. Flow rates were normalized by seedling root length and
cross-sectional area of the root stump. Tukey’s method was used for multiple

comparison tests where requi. =d.
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Figure 15. Sample flow rates for a Douglas-fir (DF), lodgepole pine (LP), and
white spruce (WS) seedling root system at 20°C, 12°C, and 4°C
pressure chamber temperatures and 1.0 MPa. The highest flow rates
were measured at 20°C and the lowest flow rates were measured at
4°C., Note the long equilibration times at each temperature.
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In analyses comparing flow rates at three pressure chamber temperatures, flow

rates were corrected for increased viscosity of water with decreasing temperature
using the equation: |

Je = I X Memp/M20 (14)

where J,=corrected flow rate (g s‘l), Jp=measured flow rate (g s‘l),

ntemp=viscosity (MPa s) at temperature measured, and npg=viscosity at 20°C

pressure chamber temperature.

6.3 RESULTS
Douglas-fir and lodgepole pine seedlings had greater dry weight than white
spruce seedlings (Fig. 16A). Investigation of the significant three-way interaction
| term {Appendix, Table 4.1) indicated that only white spruce seedlings had a
significant ecotype by growth chamber temperature effect (Fig. 16B), with
seedlings fron1 wet ecotypes producing greater bioniass in the LT growth chamber
and dry ecotypes producing greater biomass in the HT growth chamber. Analyses
of root length and stem cross-sectiona! area showed significant three-way
interactions and species main effects, as was found for seedling dry weight analysis
(Appendix, Table 4.2).

Root weight was linearly related to root length for each species for the range
of dry root weights measured (Fig. 17). However, extrapolation of the lines for
“lodgepole pine and Douglas-fir assigns y-intercept values far from the origin,
indicating that root length to root weight ratio was not linear when seedlings were
small. Slope comparisons of root length te root weight for each species showed
that, although white spruce seedlings produced the lowest biomass, they had the
highest specific root length (root length per unit root weight) of the three species
(Fig. 17).
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Figure 16. Root and shoot dry weights for (A) Douglas-fir (DF), lodgepole pine
(LP), and white spruce (WS) seedlings and (B) wet and dry ecotypes
of white spruce seedlings grown in high and low temperature growth
chambers. A: white spruce produced significantly less root and stioot
dry weights than the other species (p<0.053,. ‘B: White spruce
seedlings fromn wet ecotypes produced more dry weight when grown in
the low temperature growth chamber and seedlings from dry ecotypes
produced more dry weight when grown in the high temperature
ﬁowth chamber (éKO'OI . Dry weights were backtransformed from

(variable+ 1) and bars represent 95% confidence limits.

i
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Figure 17. Relatiorship between inot length and root weight for all seedlings of
¢ach species harvested. R&%ression slopes Eetween species were
significanily different (p<0.001) because lodgepole pine and white
spruce equaticns had steeger slopes than the Douglas-fir equation,

st fit curves had r2=0.37, 0,81, 0.86 and p<0.07, 0.001, and 0.001
for Douglas-fir (DF)

ludgepole pine (LP), and white spruce (WS)
seedlings respect‘l,veiys. |
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Five lﬁouglas-ﬁr seedlings and ten seedlings of each of the other two “spec,ies
wete measured at 20°C in the pressure chamber; Due to the rap:idf gmwrh of
Douglas-fir seedlings in the growth chambers, only two dry ecotype seedlings from
the LT growth chamber were measured and no wet ecotype scedlings £rom either
growth chamber were measured. The stem diameters:"of the Douglas-fir seedlings

were too large for the hole in the pressure chamber lid. Consequently,

- cornparisons of species, growth chainber, and pressure chamber temperature were

completed on seedlings from dry ecotypes only. |

In the 20°C pressure chamber, roots of white spruce seedlings from the dry
ecotype had the highest water flow rate, followed by lodgepole pine roots, and
Douglas-fir roots had the lowest flow rate (Fig. 18). Investigation into tie
significant species x growth chamber temperature interaction effect (Appendix,
Table 43) showed that both lodgepole pine and white spruce seedlings grown in
the LT growth chamber had higher flow rates than these grown in the HT growth
chamber (Fig. 18).

Lodgepole pine and white spruce were analysed for differences between

‘ecotypes. Although there was no significant difference between ecotypes. for water

flow rates through roots in lodgepole pine seedlings, white spruce seedlings from
the dry ecotype had higher water flow rates when grown inthe LT growfli chamber
and whlte spruce sexdlings from: the wet ecotype had mghel flow rates when grown
in the HT growth chamber (Table 10). '

Water ﬂow rates through roots, normalized by root length and stem cross- o

sectional area decreased W1th decreasing measurement temperature for seedlings

roots of the three specles from dry 2cotypes (Fig. 19A). When flow rates were .

corrected for viscosny at the three pressdre chamber temperatures, there were

signifizant inain effects and two aud three-way interaction effects for species,

g
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Figure 18. Mean water flow ratcs through roots of Douglas-fic (DF), lodgepole
pine (LP), and white spruce (WS) seedlings grown i high and low
ternperature growth chambers. “Water flow rates were normalized by
root length and stem cross-sectioval area. Sewdling roots were
measured at 20°C in the pressure chamber. Species, growth chamber
temperature, and their interaction were significantly different
(p<0.001). Tukey's multiple range test indicated tiiat lodgepole p'de
and white spruce seedlings grown at lower temperatures had higher
flow rates. Bars are one standard error,
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growth chamber temperature, and - pressure chamber temperature variables
(Appendix, Table 4.4). After correcting for viscosity, water flow rates through
roots measured at 20°C and 12°C showed no significant differences in either
Douglas-fir or white spruce from LT growth chambers (Fig. 19B). Lodgepole pine

seedlings grown in both growth chambers had lower flow rates at 12°C in the

pressure chamber than at 20°C, as did Douglas-fir and white spruce seedlings

grown ir: the HT growth chamber. All seedlings had lower flow rates through roots
at the 4°C temperature in the pressure chamber than at the 12°C temperature
(Fig. 19B).

Table 10. Mean flow rates through seedling roots for wet and dry ecotypes of
lodgepole pine (1P) and white spruce (WS) seedlings, grown in high
temperature (HT) and low temperature (LT) growth chambers, and
measured at 20°C in the pressure chamber. Measurements were
taken at 1.0 MPa pressure. Vaiues in parentheses are standard errors.

Species  Ecotype Growth - Flow Rate

Chamber (x 106 g 5”1 m-3)

LP WET LT 186 (0.28)cdl
LP  WET HT 1.46 (0.71)cd
LF DRY LT 224 (1.50)c
LP . DRY HT 1.19 (0.60)d
WS WET LT 2.46 (0.07)c
WS WET HT 9.67 (4.01)a
WS DRY L1 8.70 (2.23)a
WS DRY HT 4.28 (1.85)b

! means followed by the same letter are not significantly different at the 5% level




Figure 19. Mean water flow rates through roots of Douglas-fir (DF), lodge
pine (LP), and white spruce (WS) seedlings grown in

b

0

ole
igh

temperature (HT) and low temperature (LT) growth chambers. A:
Flow rates have not been corrected for viscosity differcnces. B: Flow
rates have been corrected for viscosity differences. The three-way
interaction effect was significant (p<0.001). Bars are otie standard

error. LT=159/10°C and HT=25°/20°C ~
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6.4 DISCUSSION

In the 20°C pressure chamber, lodgepdle pine and white spruce seedlings from
dry ecotypes, grown at 15/10°C growth chamber temperatures, had higher water
flow rates through roots than seedlings grown at 25/20°C growth chamber
temperatures, indicating that, in these speci¢s, seedlings pre-conditioned at a low
temperature are able to have greater root water uptake under optimal growing
conditions than seedlings ’that are not pre-conditioned. These results agree with
pre-conditionizig experiments on crops, such as barley and rye (Clarkson, 1976)
and soybean (Markhart et al., 1979), although they do not agree with results for
scotch pine (Smit-Spinks ef al., 1984), where seedlings pre-conditioned at the lower
temperature had lower root water flow rates, ‘ ;

No pre-conditioning effect was found for Douglas fir seedlings, However,
Lopushinsky and Kaufmann (1984) found acclimation of water flow through
Douglas-fir whoie seedlings. The rapid growth and resulting large size of Douglas-
fir seedlings may have created conditions which complicated comparisons between
seedlings grown in the different temperature growth chambers. The large root
bicmass for Douglas-fir seedlings may have caused decreased root growth. Since
new root length increases white roct surface area, which absorbs more water than
older suberized roots, seedlings unable to increase new root length are restricted
in amount of water uptake. Grossnickle & Russell (1990) found that yellow-cedar
seedling hydraulic conductance increas¢éd dramatically whe;l new root growth
occurred. Another reason Douglas-fir was unable to acclimate at the low
temperature is thét the large Douglas-fir seedlings in the high temperature growth .
chamber miay have become drought-stressed. Watering was maintaincd

throughout the experiment, however, the high soil water demands by the large
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seedlings under the high vapour pressure deficit at the higher temperature may not
have bzen met.

. The large differences in seedling size between species suggests that
cdmparisons between species should be interpreted cautiously. Size differences in
rooi were acceunted for by normalizing water flow rates by root length, but the
proporﬁo‘n of root length active in water absorption may have been diff;rent
between, s(gécies. Since water flow rates through roots is also a function of tracheid
number égd_ssize (Tyree & Ewers, 1991), flow rates were normalized by stem cross-
sectional area. There were obvious differences in stem diameters between white
spruc;f::‘t’ seedlings and seediings of the two larger species.

The lower water flow rates through roots found at low temperatures in
conifers (Running & Reid, 1980; Smit-Spirks et al., 1984), as well as in field crops
(Clarkson, 1975) and citres (Ramos & Kaufmann, 1979), cannot be accounted for
by the increased viscosity of water alone. When the temperature falls below a
species-specific critical temperature, lipids in cellular membranes within the roots
un’ydei*g/& transition from a liquid-crystalline form to a gel(solid)-crystalline form
(Lyons, 1973; McWilliam, 1983). Lipid transition can effect flow rates in various
ways. When lipids solidify, they contract, reducing permsability across the
membrane. If femperamré’ decreases quickly, cracks can form in the membranes
and permeability across the membranes may increase. There are numerous
secondary respon’scs: associated with chilling stress resulting in physiological and
bischemical alterations in plants (Lyons, 1973; Wang, 1982; Markhart, 1986).

If lipid ‘tra‘nsi“tion is responsible for the reduced flow rate in roots, it appears
that in this study Douglas-ﬁr and white spruce, grown in the low temperature
growth chamber, reach their critical temperatures at temperatures less. than 12°C,

since viscosity can account for the reduced flow rate between 20°C and 12°C
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pressure chamber temperatures. However, the critical temperature for lipid
transition in lodgepole pine is higher thar; 12°C, since after correcting for viscosity,
a significant decrease in flow rate occurre& when the temperature in the pressure
chamber decreased from 20°C to 12°C. These results do not agree with Running
and Reid (1980) since they found lodgepole pine seedlings, grown in 19°C
greerthouse and 2°C cold room to have a critical‘tempmature of 7°C for lipid
transition. It is surprising that they found no effect from pre-conditioning at their
low temperature. |

Other siudies have found critical temperatures o’f' 109C to 14.79C for
agricultural crops (Markhart et al., 1979; Clarkson, 1975) witfl' 500 to 7°C
reductions in critical ternperatures when pre-conditioned at lower {emperatures.
Ramos and Kaufmann (1979) found that rough lemon seedlings have no critical
temperature for lipid transition, however, the increased root resistance with
decreasing temperature could not be explained by viscosity and they suggest
membrane lipid transition was responsible for the increase in root resistarice they
found. |

It appears that water flow rates in Douglas-fir and white spruce roots, when
seedlings are pre-conditioned at lower temperatures, are more insensitive to
chilling stress. However, water flow rates in lodgepole piné roots remain sensitive

to chilling even when pre-conditioned at low temperatures.
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Chapter 7
SUMMARY

This work investigated drought resistance in conifer seedlings and sought to
discover the important drbught resistance mechanisms by studying root growth,
osmotic adjustment and root conductance. Water flow through Douglas-fir,
lodgepole pine, and white spruce seedling root systems was measured to ascertain
the effect of drought and chilling temperaiures on water uptake and movement
through roots.

Douglas-fir and lodgepole pine seedlings exhibited both drought avoidance
and drought tolerance mechanisms to resist drought. Lodgepole pine avoided
drought by producing greater root lengths than Douglas-fir. Greater root length
increased surface area for water uptake and permited deeper peneiration irto the
soil for more effective water resource exploitation. Douglas-fir avoided drought by
maintaining lower stomatal conductance and higher water use efficiency than
lodgepole pine, indicating higher biomass production from the water used. Both
species osmotically adjusted when drought stressed, although Douglas-fir was the
more drought tolerant species, having lower osmotic potentials than lodgepole
pine under drouglit and well-watered conditions.

. Dry matter production for the two species suggests that high root length
production by lodgepole pine, despite the associated low WUE, is more effective
in resisting the detrimental effects of drought than the avoidance and tolerance
mixchanisms used by Douglas-fir. Douglas-fir appears to be a conservative species
whereas lodgepole pine is a drought avoider by exploiting iiie soil.

This is the first study of the effect of low soil moisture on root hydraulic

conductance in conifers. Hydraulic conductance in lodgepole pine roots, grown
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under well-watered conditions was found to be siguificantly higher tfian in roots of
Dougl :s-fir and white spruce seedlings. The high rates of root conductance in
lodgepole pine may have explained the ability of this species to maintain higher
stomatal conductance and ¥ than Douglas-fir in the WUE experiment. By
contrast, under drought conditions, only lodgepole pine seedlings had reduced root
hydraulic conductance. Seediings of all three species had similar root hydraulic
conductance when drought-stressed, suggesting vhat there may be a minimum root
hydraulic conductance for seedling survival.

White spruce seedlings had higher water flow rates through roots than the -
other twe species. This may have been due to the species’ high specifie root |
length. All seedlings had reduced water flow rates through roots when meaéurcd
at decreasing tempex'afures of 20°C, 129C, and 4°C. The lower critical
temperatures (at which celtular lipids solidify) found for Douglas-fir and white
spruce seedlings pre-conditioned ut a low temperature, relative to seedlings grown
at a high temperature, suggesic that these species can adapt to low temperature
conditions and become mere resistant to chilling stress. Lodgepole pine seedlings
had critical temperatures above 12°C, independent of the pre-conditioning
temperature. This was surprising since Douglas-fir grows in a more temperate
climats than lodgepole pine and white spruce.

Some of the questions studied in this work might be clariﬁéd by investigation

of root embolism and seasonal changes in root suberization.
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APPENDIX

Table 1.1 Analysis of variance for seedling d we(iight,_lengths of new roots
produced, and water use for Douglas-fir and lodgepole pine seedlings,
grown in tubes having high and low soil moisture treatments.

Table 1.2 Analysis of variance for stomatal conductance of Douglas-fir and
lodgepole pine seedlings, from two ecotypes, grown under wet and dry
watering regimes during last three harvest intervals.

Table 1.3 Analysis of variance for soil moisture of 0-20, 20-40, 40-60, 60-80, and
80-97 cm depth in tubes at harvest.

Table 2.1 Analysis of variance for osmotic potential at full saturation, osmotic
potential at the turgor loss point, symplastic fraction, and bulk elastic
modulus near full saturation for Douglas-fir and lodgepole pine
seedlings from two ecotypes, grown under wet and dry watering regimes
at three harvests.

Table 2.2 Analysis of variance for osmotic potential at full saturation, osmotic
potential at the turgor loss point, symplastic fraction, and bulk elastic
modulus near full saturation for Douglas-fir and lodgepole pine
;eedlings grown under wet and dry watering regimes at the three

arvests. ,

Table 3.1 Analysis of variance for dry weights at final harvest of Douglas-fir,
lodgepole pine, and white spruce seedlings from wet and dry ecotypes,
grown under two watering regimes.

Table 3.2 Analysis of variance for root hydraulic conductance, normalized by root
length, of Douglas-fir, lodgepole pine, and white spruce seedlings from
wet and dry ecotypes and grown under two watering regimes.

Table 3.3 Analysis of variance for hydraulic conductance, normalized by root
length, of Douglas-fir, lodgepole pine, and white spruce roots grown
under two watering regimes, and harvested on four dates.

Table 3.4 Analysis of variance for root hydraulic conductance, normalized by root
weight for Doulflas-ﬁr, lodgepole pine, and white spruce seedlings,
grown under well-watered conditions for one to two growing seasons.

Table 3.5 Analysis of variance for hydraulic conductance of roots, normalized by
root weight, for Douglas-fir, lodge¢pole pine, and white spruce seedlings

?909%1 wet and dry ecotypes, harvested in early September 1989 and

Table 4.1 Analysis of variance for dry weights of Douglas-fir, lodgepole pine, and
white spruce seedlings from wet and dry ecotypes, grown at high and
low growth chamber temperatures.
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Table 4.2 Analysis of variance for root length and stem cross-sectional area for the

Table 4.3

Table 4.4

three species from two ecotypes, %rown‘ in high and low temperature
growth chambers and measured at 20°C in the pressure chamber,

Analysis of variance for water flow through roots, normalized by root
length and stem cross-sectional area, for Douglas-fir, lodgepole pine,
and white spruce seedlings grown in high and low growth chamber
temperatures.

Analysis of variance for water flow through roots, normalized by root
lendgth and stem cross-sectional area, for Douglas-fir, lodgepole pine,
and white spruce seedlings from dry ecotypes, grown in high and low
temperature growth chambers and measured at three temperatures in
the pressure chamber.
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Table 1.1. Analysis of Variance for seedling dry weight (SDW%,:lengths of new
d (in k ;

roots produced (NRL), and water use g? by Douglas-fir and lodgepole
pine seedlings, grown in tubes having high and low soil moisture treatments,
In(SDW) In(NRL) water used

Source* DF MS P MS o»p DFMS p
SP 12698 0.0001 1141300001 1 0.154 0.0001
EC 10201 0.0188 00310578 1 0578 0.669
SW 11397 00001 800100001 1 0257 0.0001
SPxEC 1 0007 0.632 0.0000970 1 0.979 0.909
SPxSW 1 0.008 0.607 05280.032 1 0.032 0.997
ECxSW 1 0.009 0.581 00010917 1 0917 0295
SPXECxSW 1 0.000 0.904 00440506 1 0506 0.836
ERRORI 16 0.029 - 0.096 ---- 16 0.015  ----
HV 4 7.965 0.0001 271705 0.0001 3 0.111 0.0001
SPxHV 4 0463 00001  1.6850.0001 3 0.154 0.0001 .
ECxHV 4 0036 0.299 0.1640.116 3 0.116 0.673
SWxHV 4 0246 0.0001 0.7130.0001 3 0257 0.0001
SPxECxHV 4 0.038 0.268 0.0550.628 3 0.628 0.910
SPxSWxHV 4 0.024 0511 0.0630568 3 0.568 0478
ECxSWxHV 4 0.039 0255 0.121 0235 3 0235 0.067
SPXECxSWxHV 3 0.034 0.325 0.1190249 2 0249 0571

2 0.028 - 0.085 ---- 46 0.015  ---

ERRORII 6

*SP= species«,”EC =ecotype, SW=s0il water treatment, HV =harvest date
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Table 1.2. Analysis of Variance for stomatal conductance of Douglas-fir and
lodgepole pine seedlings, from two ecotypes, grown under wet and dry
watering regimes during last three harvest intervals.

Source* DF MS p

(xPressure)

SpP 1 65600.4 0.0001
EC 1 973.6 0.168
SwW 1 49196.0 0.0001
SPxEC 1 495.1 0.319
SPxSW 1 6.1 0.910
ECxSW 1 1.4 0.956
SPXECxSW 1 22 0.947
ERROR1 16° 467.2 .
HV 2 60072.6 0.0001
SPxHV 2 18863.0 0.0%01
ECxHV 2 2624.2 0.0004
SWXHV 2 3144.5 0.0001
SPXECxHV 2 1273.1 0.0221
SPxSWxHV 2 971.6 0.0539
ECxSWxHV 2 1964.9 0.0029
SPXxECxSWxHV 2 24514 0.0007
ERROR II 240 328.7 -een

*sp= species, EC=ecotype, SW=so0il water treatment, HV =harvest date




119

Table 1.3. Analysis of Variance for soil moistuze at 0-20 (20), 20-40 (40), 40-60
(60), 60- 80 (80), and 80-97 (97) cm depth in tubes at harvest.

Source* DF MS p MS o MS P
20 40 60
SP 1 0.084 0386 1416 0.0028 5.887 0.0001
EC i 0.055 0484  0.000 0997 0001 0.907
SW 1 0.745 00175 0.805 0.0173 1.626 0.0001
SPXEC 1 0.040 0.546  0.002 0.888  0.033 0.394
SPxSW 1 0011 0753 0.025 0.644 0078 0.197
ECxSW 1 0.132 0281 0125 0312 0.028 G431
SPXECXSW 1 0.021 0.661 0006 0.824  9.025 0452
ERROR I 16 0.106 -~ 0114 - 0043 -
HY 3 14.030 0.0001 25.000 0.0001 15.468 0.0001
SPxHV 3 0.104 0.680  0.075 0.0036 2224 0.0001
ECxHV 3 0.016 0430 0010 0.585  0.062 0.498
. SWxHV 3 0.069 0.0006 0.060 0.0001 2417 0.0001
SPXECXHV ' 3 0.062 0286  0.009 0360 0.003 0920
SPxSWxHV 3 0.113 0029 0102 0232 0.134 0.1'/+
ECxSWxHV 3 0.040 0.582  0.045 0.082 0260 0.027
SPXECXSWxHV 2 0.000 0.028  0.002 0590 0.079 0.368
ERROR II 46 0.028 -~ 0051 -—- 0077 -
80 97
SP 1 5571 0.0001 8.189 0.0001
EC 1 0023 0518 0014 0.698 |
SW 1 4,787 0.0001 15.122 0.0001
'SPXEC 1 0.049 0352  0.052 0.453
SPxSW 1 0.039 0407 0.135 0.236
ECxSW 1 0.094 0203 0355 0.063
SPXECXSW 1 0.019 0560  0.017 0.668
ERRORI 16 0.106 ——  0.089 -
HV 3 13454 0.0001 19.378 0.0001
SPxHV 3 3.943 0.0001 5.825 0.0001
ECxHV 3 0022 0.832  0.142 0244
SWxHV 3 3366 0.0001 7.358 0.0001
SPXECKHV 3 0.055 0.542  0.031 0.813
SPxSWxHV 3 0.039 0.670 0.123 0.304
ECxSWxHV 3 0.194 0.066 0301 0.038
SPXECXSWxHV 2 0.008 0906  0.006 0.945
ERROR II 46 0.076 -— 0099 -

*SP =species, EC=ecotype, SW=so0il water treatment, HV =harvest date




120

SYMFR, and £,
typ

two eco

d dry

for Dougias-fir

eSS, grown unnAer wet an

ysis of Variance for ¥,c.. Yot
and lodgepole pine seedlings fro’{%at 0 €
watering regimes at the three harvests.

Table 2.1. Anal

Emax
MS

Yutlp SYMFR
MS

MS

wnsat

MS

DF

Source*

---------

N0 oN

WS BRASD |
. QAN |
1

i vt v vl i =i i )

SPxECxWR

ERROR1

SPxWR

SP

EC

WR
SPxEC
ECxWR

---------
---------
---------
--------

(=) VANNO o0
232280888

CODOOOOOO

22221122m

watering regime, HV

harvest dite

*SP= specigs, EC=ecotyne, WR




121

Table 2.2 Analysis of Variance for ¥Yygap, ¥ytipy SYMFR, and Ep,y for Douglas-fir
‘and logigepole pine seedlings grown under wet and dry watering regimes at the
three harvests

| Prsat vntlp SYMFR Emax
Source* DF MS P MS p MS P MS P
SP 1 2539 0.0001 1.054 0.0164 0428 0.0014 456.8 0.0005
WR 1 0497 0.0171 0.664 0.0431 0.0421 0.170 2.1 0.713
SPx 1 0067 0303 0.045 0551 0.005 0.6C4 2.5 0.687
ERRORI 8 0055 - 0.115  ---- 0019  ---- 142 -
HV 2 0971 0.0001 1727 0.0001 0.034 0.074 652 0.0061
SPxHV 2 0154 0.0258 0.140 0.096 0003 0.753 23.1 0.138
WRxHV 2 0091 0.104 0119 0134 0.016 0.269 0.8 0.928
SPxWRxHV 2 0.050 0.281  0.047 0441 0.05¢ 0.0161 85 0470
ERROR 35 0.038  ---- 0.056  --- 0.012  ---- 11.0 -

*SP =species, WR =watering -egime, HV =harvest date

Table 3.1 Analysis of variance for dry weights at final harvest of Douglas-fir,
lodgepole pine, and white spruce seedlings from wet and dry ecotypes, grown
under two watering regimes.

In(root) In(stem) In(needle) In(total)
Source* DFMS p “MS p MS p MS p

0001 0028 00293 0154 00009 0612 0.0002

SP 2 0400 0 )

EC i 0036 0244 0.012 0.198 0.037 0.13¢ 0.083 0.195
WR 1 0.817 0.0091 0.109 0.0006 0257 0.0005 1.179  0.0001
SPxEC. 2 0.044 0195 0.012 0201 0029 0177 0.088 0.174
SPxWR 2 0117 0.0215 0.009 0287 0.052 0.052 0.162 0.0483
ECxWR 1 0260 0.0042 0.041 0.023 0.128 0.0088 0.490 0.0038
SPXECxWR 2 0.004 0.865 0.007 0356 0007 0.656 0.016 0.705
ERROR 21 0.025 -~  0.007 - 0015 ---

0.046  ----

*SP=species, EC=ecotype, WR =watering regime
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Table 3.2 Analysis of variance for root hydraulic conductance, normalized by root
lex:fth, of Douglas-fir, lodgepole pine, and white spruce seedlings from wet
and dry ecotypes and grown under two watering regimes. Hydraulic
conductance was calculated as the slope of the water flow rate through de-
topped roots at 0.75, 1.0, and 1.25 MPa pressure.

Source* DF MS P

(xPressure) ‘

SP 2 0.0537 0.0001
EC 1 0.0002 0.8300
WR 1 0.0202 0.0310
SPxEC. 2 0.0021 0.6200
SPxWR 2 0.0231 - 0.0048
ECxWR 1 0.0030 0.4000
SPXECxWR 2 0.0047 0.3400
HV 3 0.0595 0.0001
SPxHV 6 0.5086 0.0628
ECxHV 3 0.0012 0.8440
- WRxHV 3 0.0051 0.3130
SPxECxHV 6 0.0055 0.2690
SPxWRxHV 6 0.0088 0.0579
ECxWRxHVY 3 0.0014 0.8020
SPXECxWRxHV 6 0.0017 0.8870
ERROR 1675 0.0148

*sp= species, EC=ecotype, WR =watering regime, HV =harvest date
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Table 3.3 Analysis of variance for hydraulic conductance through roots,
normalized by root length, of Douglas-fir, lodgepole pine, and white spruce
roots grown under two watering regimes, and harvested on four dates.
Hydraulic conductance was calculated as the slope of the water flow rate
through de-topped roots at 0.75, 1.0, and 1.25 MPa pressure.

Source* DF MS P
(xPressure)

SP 2 0.0535 0.0001
WR 1 0.0239 0.0400
SPxWR 2 0.0248 0.0126
HV 3 0.0587 0.0001
SPxHV 6 0.0084 0.177
WRxHV 3 0.0053 0.418
SPxWRxHV 6 0.008S 0.176
ERROR 1651 0.0057

'SP=species, WR =watering regime, HV =harvest date

Table 3.4 Analysis of variance for root hydraulic conductance, normalized by root
weight for Douglas-fir, lodgepole pine, and white spruce seedlings, grown
under well-watered conditions for one (1989) to two (1990) growing seasons.

1989 1990

Source* DF MS p DF MS p
(xPressure) O ]

SP 2 2855 00001 2 353 00001
HV 3 15.69 0.0001 2 7.11  0.0001
SPxHV 6 437  0.0001 346 (1)%3 0.0153

ERROR 842 096 - 6.

*SP =species, HV =harvest date
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Table 3.5 Analysis of variance for hydraulic conductance cf rcots, normalized by
root weight, for Douglas-fir, lcdgepole pine, and white spruce seedlings from
wet and dry ecotypes, harvested in early September 1989 and 1990,

Source* DF MS P
(xPressure)

SP 2 10.872 0.0001
EC 1 0.227 0.519
SP*EC 2 0.506 0.380
YR 1 22.891 0.0001
SPxYR 2 10.887 0.0001
ECxYR 1 4.030 0.696
SPXECxYR 2 0.877 0.188
ERROR 406 0.522 ——-

*Sp= species, EC=ecotype, YR =:year

Table 4.1 Analysis of variance for dry weights of Douglas-fir, lodgepole pine, and
white spruce seedlings from wet and dry ecotypes, grown at high and low
growth chamber temperatures.

In(root)  In(shoot) in(sesdling)
Source* DF MS p MS P MS P

SP 2 3.617 0.0001 6.173 0.0001 6413 0.0001
EC 1 0261 0120 0.035 0665 0.112 0422
GC 1 0.086 0.260 0444 0.136 0.157 0344
SPxEC 1 0.006 0.810 ©.006 0862 0.002 0.915
SPxGC 2 0.131 0286 0.650 0.051 0520 0.071
ECxGC 1 0.175 0.197 1114 0.0245 0992 0.0265
SPxECxGC 1 0.897 0.008 1109 0.0248 1356 0.0115
5 0.178 -  0.164  ----

ERROR 1 0.096  ---

*SP =species, EC=ecotype, GC=growth chamber temperature
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4.2 Analysis of variance for root length and stem cross-sectional area for the three
species from two ecotypes, Jgrown in high and low temperature growth
chambers and measured at 20”'C in the pressure chamber.

In(root length) stem cross-secticnal area
Source* DF MS P DF F P
SP 2 2314 0.0018 2 30.53 0.0001
EC 1 0.1111 0.500 1 0.01 0919
GC 1 0.133 0461 1 545 0.0363
SPxEC 1 0.021  0.769 1 0.59 0.457
SPxGC 2 5.818 0056 2 1.66 0.229
ECxGC 1 0824 0.079 1 371 0.076
SPxECxGC 1 2.104  0.0088 1 6.04 0.0288
ERROR 15 0232 - 13 946 ----

*SP=species, EC =ecotype, GC=growth chamber temperature

Table 4.3 Analysis of variance for water flow through roots, normalized by root
length and stem cross-sectional area, for Douglas-fir, lodgepole pine, and
white spruce seedlings grown in high and low growth ckamber temperatures.

Source* - DF F p

- Sp 2 769.88° 0.0001
GC 1 232.87 0.0001
SPxGC 2 105.14 0.0001
ERROR ' 503 407.66

' ‘Sstpecies, GC=growth chamber temperature
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Table 4.4 Analysis of variance fc: water flow through roots, normalized by root
length and stem cross-sectional area, for Douglas-fir, lodgepole pine, and
white spruce seedlings from dry ecotypes, grown in high and low temperature
growth chambers and measured at three temperatures in the pressure
chamber. Flow rates were corrected for viscosity.

Source*

DF F p
SP 2 19.7 0.0003
GC : 1 10.6 0.0087
SPxGC 2 5.3 0.0271

ERROR1 10 413.4 -
PC 2 1057.5 0.0001
SPxPC 4 2342 0.0001
GCxPC | 2 36.5 0.0001
SPxGCxPC 4 13.8 0.6001

- ERROR II 1500 1236.8 e

‘SP=species, GC=growth chamber temperature, PC=pressure cha 1ber
temperature .




