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LIST OF ABBREVIATIONS AND SYMBOLS

BTA Bigtooth aspen (Populus grandidentata)

EA European aspen (P. tremula)
ET Evapotranspiration

LAI Leaf area index

LSC Leaf specific conductivity

MPa = 106 Pascals = 10 bars

PET Potential evapotranspiration
RH Relative humidity

RWC Relative water content

ST Site index

SPAC Soil-Plant-Atmosphere Continuum

TA Trembling aspen (P. tremuloides)

VPG Vapor pressure gradient

r, Boundary layer resistance of leaf surface
T4 Diffusive resistance of leaf surface

¥ Water potential

Wm Matric potential

Wp Turgor potential

b4 Solute or osmotic potential



I. INTRODUCTION

This review synthesizes the English-language literature on the water relations of three aspens,
Populus tremuloides (trembling aspen, hereafter abbreviated TA), P. grandidentata (bigtooth aspen, BTA),
and P. tremula (European aspen, EA). The synthesis is structured according to plant water relations as
studied by physiologists, ecelogists, and hydrologists. Because parallel information was not borrowed
from other species when data about aspen were lacking, the review contains discontinuities. It is
hoped that these will identify needs for further research. This review assumes that the reader is
familiar with the ecology of aspens and with the principles of plant water relations (Kozlowski 1981;
Lange et al. 1976; Levitt 1980; Slatyer 1967).

II. TRANSPIRATION AND SOIL~PLANT-ATMOSPHERE CONTINUUM

The pathway and movement of water from the soil through the plant to the atmosphere is examined
with the SPAC concept (soil-plant-atmosphere continuum). While SPAC analysis of agronomic crops is
quite sophisticated, research on aspen has not yet produced a general model. The first section examines
reports of total evapotranspiration (ET) and the effects of individual factors on ET, while subsequent
sections review components of the SPAC: water uptake, water in the xylem, and water loss from leaves.

A, Transpiration

1. Amount of Evapotranspiration (ET) in Aspen Stands

Table 1 lists ET from aspen stands with all vegetation included. The totals are usually under-
estimates because roots absorbed water from depths lower than those measured in the studies (Johnston
1970; Mital 1980). Several studies have measured (Table 1, Figure 1) or calculated (Rauner 1976) the
seasonal pattern of ET. Winter transpiration from leafless twigs is very low (Keller and Beda-puta
1973). Bylinska (1975) measurgd winter transpiration of 0.025 g water/g of l-year shoot/day which may
be compared with 35 g water/cm” of leaf/day in the summer (Eidman 1943).

Table 1. Evapotranspiration (ET) of aspen stands (usually determined by adding precipitation and soil
moisture depletion).

Growing Seasonal
Soil Season Pattern
Species Location _Age Depth ET Reported Source
(yr) (m) (cm)
Trembling Utah 1.8 40 to 50 Yes Croft & Monniger, 1953
Aspen Utah @30 a 2.7 47 to 61 No Johnston, 1970
Utah Mature (3.3) 1.8 27 to 33 Yes Johnston, 1969; Bartos &
Johnston, 1978
Utah 2 to 4 1.8 18 to 26 Yes Johnston, 1969
Utah Mature 1.8 25 to 42 No Tew, 1967
Utah 1l to 3 1.8 17 to 41 No Tew, 1967
Colorado Mature 2.4 39 to 58 No Brown & Thompson, 1965
Minnesota Mature 2.4 22 to 33° Yes Mital, 1980
Utah 1.8 41 Marston, 1966
European Voronezh 8 (3) 2 20 Smirnov & O'dinokova, 1954
Aspen Voronezh 25 (4) 2 23 Smirnov & O'dinokova, 1954
Voronezh 37 2 20 Smirnov & O'dinokova, 1954
Voronezh 63 (3) 2d 18.5 Smirnov & 0'dinokova, 1954
USSR 12 —— 40 Yes Silina, 1935

Number in parenthesis is leaf weight in tons/ha.
Thickness of soil used to determine soil moisture depletion.

Early and late growing season not included.

(=" e - ]

Seasonal transpiration estimated from transpiration of excised leaves.
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Figure 1. Seasonal moisture content beneath matching mature stands and sucker stands of Populus
tremuloides in Utah. The sucker stand resulted from a 1964 clearcutting (from Johnston,
1969) {(Courtesy of USDA Forest Service).

2. Meteorological Factors and Transpiration

Several authors have described the microclimate in aspen stands (Alekseev 1969; Drew 1973;
Miller 1967, 1969; Rauner 1958, 1976, 1977), but only Rauner has determined a heat balance by season
and canopy layers (Sec. TIA4). In a mixed EA-birch (Betula verrucosa) forest, 15 to 17 m tall and 40
to 50 years old, Bowen ratios approximated 1.17 before foliation, 0.49 during foliation, 0.34 during
full leaf, 0.57 during senescence, and 1.67 after leaf fall. During full leaf, latent heat flux was
equivalent to 5 mm/day.

Other studies, while showing that atmospheric factors control transpiration as would be predicted
from SPAC theory, did not provide parameters for integrative models. In EA, ET increased with net radi-~
ation, solar radiation, air temperature, leaf temperature, and wind velocity (Akhormeike and Zhuravleva
1957; Balek and Pavlik 1977; Gulidova 1958). Net and solar radiation were the most influential vari-
ables.

Tew (1967) studied ET of TA stands on Utah sites which simultaneously varied in aspect, elevation,
and soil moisture-~holding capacity. In sprout stands, ET was highest on south~facing and lowest on
north~-facing slopes. In mature stands, transpiration was influenced by both aspect and soil depth.
Elevation had no consistent effect.

The ratio of measured to potential evapotranspiration, EI/PET, has been determined, or modeled
(Sec. IIE) but often when factors in addition to evaporative potential were limiting ET. ET was calcu~
lated by adding precipitation to changes in soil moisture. For a mature TA stand in Utah, ET/PET
(Thornthwaite) was 0.99 from May through September {(Johnston and Doty 1972). The ratio would have been

-2 -




higher if soil moisture depletion below 1.8 m had been included as at least 8 cm can be absorbed from
1.8 to 2.7 m in a dry summer {Johnston 1970). In Minnesota, ET/PET (Thornthwaite) during a wet June and
July was 1.23 on a loamy soil and 1.08 and 1.16 on two sandy sites (raw data provided by E. Verry, USDA
Forest Service, Grand Rapids, Minnesota). On two sandy soils in Minnesota the author found mid-summer
ET/PET ratios of 0.79 to 0.90 for Penman PET and 1.02 to 1.15 for Thornthwaite PET. Smirnov and
Odinokova (1954) simultaneously measured soil moisture, precipitation, and pan evaporation. Studies of
EA cited by Rauner (1977) may include some which determined ET/PET ratios.

3. Moisture Supply to Roots and Transpiration

Aspens transpire less when soil moisture is low. The most complete data relating transpiration
to soil moisture are from growth chamber studies with EA involving the four soil moisture regimes
described in Table 2 (Jarvis and Jarvis 1963a, b). In the drier treatments (C and D), transpiration
decreased when soil ¥ dropped below -0,15 MPa and stomates shut at -0.9 MPa; transpiration did not im-
mediately recover after rewatering. At substrate ¥ of ~0.45 MPa, transpiration was at least halved both
in this experiment and in a hydroponic study involving sudden addition of mannitol {(Jarvis and Jarvis
1963c). Because these relationships were obtained with high root densities and homogeneous media, they
can only be incorporated into transpiration models which partition uptake by soil layer and root density
{Sec. TIE). The relationships may still not apply because frictional resistances and pre-conditioning
regimes are different between forest trees and these seedlings and because juvenile leaves on young
seedlings behave differently than leaves on mature forest trees (Jarvis and Jarvis 1963d). In the only
measurements in forest conditions, Federer (1977) reported that TA stomates closed when soil ¥ reach an
unknown value below ~0.08 MPa.

Table 2. Relative rates of transpiration and net assimilation (NA) for European aspen grown at four
soil moisture regimes. In each regime, soil water was cycled between approximately -0.01 MPa
and the stated lowest potentials (Modified from Jarvis aund Jarvis 1963a, b, d).

Description of Soil Water Potentials Rates Relative to

Lowest Potentials Between Rewatering Average Potentials Treatment A (percent)

Treatment ¥ = < Yy ¥ Transpiration NA
Designation m mts m m+s
(MPa) (MPa) (MPa) (MPa)

A -.05 -.18 -.01 -.11 100 100

B -.10 -.25 -.01 ~.13 89 101

c -.21 -.42 ~.04 -.19 71 94

D -, 40 -.64 -.08 -.24 52 82
a ?m = s0il matric potential; wm+s = goil matric plus osmotic potentials.

EA also transpired less when its root system was completely flooded; anaerobiosis was the presum—
ed cause {Koshcheev 1955; Veretenmikov 1964). If instead of complete flooding, the excess water remain-
ed 15 to 25 cm from the surface, transpiration was 40% higher than when the water table was deeper.

4, Stand Characteristics and Transpiration

Most aspen stands regenerate from suckering after disturbance. Because these suckers use the
pre~existing root system, their ET rates quickly approach those of mature stands. According to Paul
and Verry (1980), equality is achieved within 10 to 16 years and during that interval the difference
between sprout and mature stands decreases exponentially. Based on 8 years of measurements of stream—
flow from an 80-acre clearcut in Minnesota, they derived the formula:

AQ = 3.73 + 0.252 P - 3.85 1n T

where AQ is surplus streamflow above control in cm, P is precipitation in cm, and T is years since cut-
ting. In Utah, also, the transpiration of sprout stands rapidly approached mature stands (Figure 2)
(Johnston 1969; Tew 1967). By the third and fourth year after clearcutting, sprout stands and residual
mature stands depleted the upper 0.9 m equally, while inequality persisted between 0.9 and 1.8 m. The
differences in ET between mature and sprout stands were generally larger at high elevations, on northern
aspects, and on less stony soil. The lower ET of sprout stands can be attributed to fewer leaves, a
shallower canopy, a smaller root system, and lower interception of precipitation.
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Figure 2. Development of the roots of trembling aspen on three distinctly different soils. A. Skeletal
sandstone; this root system is from a tree 110 years old and 6.6 m high and 18 cm dbh. Maxi~-
mum penetration was 0.7 m and maximum lateral spread 6 m. B. Chubbs stony loam. The tree
is 97 years old, 11.4 m high, and 22 cm dbh. Maximum penetration was 1.2 m and maximum lat-
eral spread 14.4 m, C. Edloe gravelly sandy loam. The aspen is 70 years old, 7.8 m high,
and 11 em dbh. Maximum rooting penetration was 1.5 m and maximum spread 9 m. The 85-year-
old, 5.7-m~tall pine had roots of similar depth but only 3 m lateral spread. The pine was
included to emphasize the very competitive root systems of aspen (Modified from Berndt and
Gibbons 1958) (Courtesy of USDA Forest Service).

The distribution and density of leaves and roots are probably the most important stand character-—
istics influencing ET. Rauner's (1976, 1977) analysis of potential latent heat flux from different can~
opy layers quantified the importance of leaf area index (LAI) in transpiration. He examined a 20-year-
old FA stand with a total LAI of 7, of which three units were in understory plants of other species.

The potential latent heat fluxes beneath LAIs of 1 through 7, were respectively 88, 78, 64, 38, 15, 11,
and 8% of the flux above the canopy. In the one study relating LAI to ET, a 25-year-old stand of EA,
with 337 more leaf mass than neighboring 8~ and 63-year-old stands transpired 207 more than the older
and younger stands (Smirnov and Odinokova 1954).



In regions with little summer rainfall, rooting depth is probably the most important character-—
istic governing transpiration (Johnston, personal communication). For example, the persistent differ-
ence in transpiration between sprout and mature stands at the soll depth of 0.9 to 1.8 m (cited above)
is most easily explained by assuming the sprouts had fewer roots at these depths.

5. Transpiration Inhibitors

TA stands sprayed with the transpiration inhibitor, phenylmecuric acetate (PMA) transpired less
in early summer when canopy resistance was the limiting factor. Total seasonal water use, however, was
the same, probably because soil water became limiting (Hart et al. 1969; Zan 1968). In a greenhouse
study lasting 53 days, transpiration of TA was reduced 40% by a spray of 0.00IM PMA (Johnston 1981,
personal communication).

6. Transpiration of Aspen Compared to Other Species

The transpiration rate of individual EA has been compared with other species in controlled condi~
tions (Eidmann 1943; Jarvis and Jarvis 1963b, ¢, d) and in the forest (Agtipov 1971; Kaufman and
Troendle 1981). Jarvis and Jarvis (1963b, ¢) found transpiration (mg/cm™) at high soil moisture was
similar for EA and birch, both of which transpired more than pine (Pinus sylvestris) or spruce (Picea
abies). As soils dried, transpiration decreased most in pine with pine > birch > aspen > spruce. While
rankings varied among studies, FA transpiration was always relatively high per unit of leaf but since
EA carry less leaves per ha than many species, aspen stands may not transpire more. Comparative stand
data are lacking. ET by TA stands in Utah was about the same as that of a mountain brush community
(Marston 1966) but generally much higher than that of herbs and grass, these last differences attribut-
able to depth of rooting (Johnston et al. 1969).

7. Summary

ET of TA stands has been measured in Utah, Colorado, and Minnesota; EA has been studied chiefly
in the Soviet Union. Young sprout stands evapotranspire less than healthy, mature stands for up to 10
to 16 years., Higher ET occurs in stands with more leaf area; undergrowth species may account for 10 to
15% of total ET.

Transpiration of aspens responds to enviroumental factors as might be expected from SPAC informa-

tion gathered on other mesophytes; e.g., it increases with radiation, decreases with soil moisture
deficits, and gives reasonable results when studied with a detailed energy budget.

B. Water Uptake
The usual variables in a SPAC analysis of water uptake include spatial distribution and density
of roots, and resistance of roots to water absorption. As little is known about resistance, most of

this section examines the density and distribution of roots.

1. Spatial Distribution and Density of Roots

The root system of aspens have a consistent pattern which changes with age and is modified by soil
properties (Figure 2). TA will be discussed first. The root systems of TA seedlings develop rapidly
(Shirley 1941; Day 1944), and young root suckers use a large portion of the parent root system (Sec.
I1A4). The root systems of mature TA are characterized by two forms of large roots: (1) wide spreading
laterals (Baker 1925; Brown 1935) which remain near the surface, and (2) vertical sinker roots arising
from the laterals (Barnes 1966; Gifford 1966; Miles 1979). Miles (1979) also described a 1 to 2 m deep
heart root with many branched anchor roots. The fine roots of aspen are very narrow (less than 0.5 mm)
and can be mychorrizal (Trappe 1962; Vozzo 1974).

According to Maini (1968), the lateral root system has four or five well-developed laterals which
branch within 2 feet of the tree base. Some of these branches become cordlike and extend considerable
distance with little taper or branching. Reported maximum lateral spread includes 13,3 m for a 19-year-
old TA (Day 1944); and 31 m for a TA in the prairie~forest border of Minnesota (Buell and Buell 1959).
Most of the aspen roots were found within 40 or 90 c¢m of the soil surface (Figure 2) (Baker 1925; Miles
1979; Sandberg 1951) except in a soill with a dense clay B horizon, where almost all roots were limited
to the surface 30 cm (Gifford 1966).



Although most of the roots are superficial, some laterals or sinkers arising from laterals pene~
trate deeply (Sandberg 1951; Brown and Thompson 1965; Berndt and Gibbons 1958; Gifford 1966), usually
following old root channels (Day 1%944). Sinker roots were found at a depth of 2.9 m in sandy loam, and
1.3 m in clay (Gifford 1966). Sinker roots had little branching or taper (Gifford 1966), but at their
extremity spread into "dense fanshaped mats" (Day 1944, personal observation). Root counts in aspen
stands (Table 3) support these qualitative judgements.

Table 3. Density of roots in stands of trembling aspen over shrubs and herbs (Omega) or northern hard-
woods, shrubs and herbs (Warba). Roots of all species are counted (Mital 1980).

Number of roots per 30 cm2 of vertical soil surface

October Sample July Sample
Warba Warba
Soil Depth Omega Very Fine Omega Very Fine
{(cm) Loamy Sand Sandy Loam Loamy Sand Sandy Loam
0-30 .92 (.35)° 1.04 (.41) 3.59 (.82) 2.25 (.65)
30-60 .32 (.13 .36 (.15) .79 (.19) .32 (1)
60-90 .05 (.03) .21 (.07
90-120 .03 (.01) 11 (. 04)
120-150 .01 (.01) .07 (.03)
150~-180 .16 (.03)
180-210 .04 (.01)

a , - . ,
The first number represents all visible roots. The number in parentheses is for roots 0.6 mm or

larger in diameter.

Although no firm generalizations can be made, almost every study suggests that soil properties
influence the distribution and/or quantity of roots. For one example, small roots were nearly absent
in a clay soil (Gifford 1966). For another example, Miles (1979) found the ratic of root biomass to
stem diameter was higher on more gravelly soils.

The root systems of BTA and TA are similar, but under comparable ecological conditions, the roots
of BTA were deeper (Maini 19%68; Farmer 1962) and less branched (Maini 1968). The root system of EA as
described in detail by Kostler et al. (1968) seems similar to that of TA. Sokolov (1967) reported that
in the A-1 heorizon roots finer than 0.4 mm comprised 27% of the root volume. Il'in (1973) noted that
male trees had more horizontal roots than female trees.

2. Water Upteke and Root Distribution for TA

In feour stands of TA, water was absorbed fastest from the soil layers containing the most roots
(Mital and Sucoff, in press). ‘The relation, however, was imperfect and generally a unit of root in the
upper 1 m of soil absorbed less water than a unit of root in the scil below 1 m. In a very dry summer,
they observed almost total depletion to 2.3 m although only occasional sinker roots proliferate at this

depth.

3. Intraclonal Water Movement

Hayden (1968) found compecition for water within a clone of BTA. When he exposed one ramet to
wind and radiation, stem Y decreased in a second member of the clone. Perhaps water moved from the
stem which was transpiring less inte the stem which was transpiring more, or the common roots may have
sent more water to the exposcd stem 4t the expense of the untreated one.

4, Summary

The three species of aspen have similar root systems. Most of the system derives from lateral
roots and is concentrated in the upper 20 to 100 cm of soil. Vertical sinker roots which may descend
to at least 3 m are located along the lateral roots. Water uptake is greatest where roots are more
abundant except that deep soils provide more water, and shallow soils less than would be predicted from
root density. Root resistance to uptake or transport of water has not been studied.



C. Water Transport in the Xylem

This section examines the pathway of water movement through the xylem, the resistance to that
movement, and the amount and significance of water storage in the main stem.

1. Water Movement In the Xylem

Water—soluble dye introduced from a single root moved to the top of TA and BTA by the pattern
called interlocked ascent (Kozlowski and Winget 1963). Near the ground, ascent was vertical through
several outermost annual rings. With greater height, a progressively increasing cross-section of sap-
wood became involved. Heartwood never transported water.

The leaf specific conductivity (LSC) of xylem to the passage of water was examined in BTA (Zimmer-
man 1978). LSC was defined as micreliters of water passing through a stem or petiole segment per hour
per gm of fresh leaves above the segment. The LSC of the bole (245 to 363) did not change with height
and was much greater than that of branches, especially current-year shoots and petioles (LSC = 5 to 10).
Junctions had much lower LSC than either of the joining branches and the LSC was only 1 to 3 at the
junction of a petiole and branch. Total LSC from root to leaf was less for leaves on lower lateral
branches than for leaves at the top of the tree. Functionally, these results mean that at the equiva-
lent rates of transpiration, lower leaves must have more negative leaf ¥'s than leaves in the top of the
tree. The results also mean that LSC decreases with branch order which might partially explain why
aspens have few orders. These features may also contribute to earlier abscission of lower leaves. Most
of the differences in LSC were attributed to vessel diameter. In a related study, Kaufmann and Troendle
(1981) found for TA that the sapwood area in a cross-sectlon of tree bole is directly proportional to
the leaf area or leaf weight above it.

The rate at which water ascends aspen has been studied with dyes (Gibbs 1958), heat transport
(Hart et al. 1969; Balek and Pavlik 1977), and magnetohydrodynamics (Rea and Pickard 1975). Peak veloc-
ities were 7 to 11 cm/min.

2. Water Content of Stems

Because water content influences the purchase, transport, and processing of pulpwood, it has been
heavily studied relative to its importance in the SPAC. The water content of TA (Gibbs 1930, 1935, 1958;
Jensen and Davis 1953) and EA (I1'in 1970) xvlem changed seasonally. Xylem was wettest in winter, dried
after leaf-out, and fluctuated during the summer. Winter moisture content (ODW) averaged 113%; summer,
80%Z (Bendtsen and Rees 1962). In contrast to wood, bark moisture was higher in summer than winter
(Bendtsen and Rees 1962). On one site during winter, bark at 667 water content was adjacent to xylem
at 131%, an observation of possible interest to explanations of frost cracking.

Water was unevenly distributed within stems (Isaeva 1966; Edgar 1970; Bendtsen and Rees 1962). In
summer, the outer five rings were always wetter than the next five rings inward. Moisture decreased with
height, especially in the outer rings (Bendtsen and Rees 1962; Danilin 1975). In winter, the inner rings
were always wettest and there was less vertical gradient (Bendtsen and Rees 1962). Water content varied
with other variables including gender, but each sex has advocates. Rangelov (1969) and Il'in (1970)
found more water in female EA while Danilin (1975) found more in males. The higher water content in
females may relate to a change in sex ratio with site (I1'in 1973b). 1In a transect upward from a river,
females predominated in the flood plain while males predominated on the drier sites, ridges, and plateaus.
Others have related the moisture content of EA to site (I17in 1970; Akhromeiko and Zhuravleva 1957).
Pathology also was influential. Over the year pathologic wetwood had more water (1427 ODW) than heart—
wood (106%) or sapwood (88%) (Knutson 1968); and Phellinus tremulae reduced the water content of sapwood

(Federov 1969).

3. Stored Xylem Water and Transpiration

Water stored during the night may be important in supporting the next day's transpiration. No
direct data exist, but Hart et al. (1969) observed continued water movement in stems during the dark
periocd. Water storage in aspen stems, however, probably has little effect beyond one day. ,A 30% change
in stem moisture by weight (average winter - average summer moisture) in a stand with 315 m”/ha of xylem
amounts to only 3 to 4 mm of water, or about one day's transpiration.



4, Summary

Water moves through xylem by the interlocked ascent pattern. The conductivity of the xylem of
BTA decreased with branch order and was lowest at the junctions of branch to branch, or branch to peti-
ole. Water contents of xylem and bark vary with vertical and horizontal position in the stem and with
season. Although stored stem water is important in the daily pattern of transpiration, it is not a
buffer against prolonged drought.

D. Water Loss From Leaves

The leaf surface is at once the site of evaporation, the major resistance to water flux through
the SPAC, and the site where the plant regulates its water loss through stomatal closure. Research
with aspens has quantified this resistance (r.) to the diffusion of vapor from inside to outside the
leaf and examined which factors influence the resistance.

Water loss occurs through both leaf surfaces; cuticular water loss from the upper surface account-~
ed for 9% of daytime transpiration in mature leaves of EA (the author's dinterpretation of Antipov 1971)
and 6% in mature leaves of TA growing on moist soils (Mital et al. 1978). This last figure is based on
measured r,'s of 50 and 3 sec/cm for upper and lower leaf surfaces. Cuticular transpiration was higher
(13%) earl¥y in the season (Antipov 1971). While these data suggest that water loss from the upper sur-
face may be important in times of drought, the remaining literature and the remainder of this section
examine rd only for the leaf surfaces with stomates.

1. Distribution and Size of Stomates

Stomates occur only on the lower leaf surfaces (hypostomatic) of TA and BTA. EA from forest
stands is also hypostomatic (Antipov 1971), but young plants may be amphistomatic (Holmgren et al. 1965).
The size of stomates varied little within a species when plants were grown under similar conditions
(Larsen 1956) (Table 4), but in EA size differed between diploilds and autotriploids (Smilga and
Jervekilga 1978). Density of stomates in TA varied comsiderably among reports (Table 4).

Table 4. Dimensions and density of stomates on abaxial leaf surface of aspens.

Populus Populus Populus
tremuloides tremula grandidentata Author
Guard cell length {(microns) 31.2 + 3.5% 25.3 + 1.9 20.8 + 2.2 Larsen (1956)
32 -— 24 Tobiessen & Kana (1974)
Stomate length (microns) 17.9 = 4.?b —-— — Hart et al. (1969)
8 to 36 - - R. §. Johnston (per. comm.)
Stomate width (microns) 4 and >4° - - Hart et al. (1969)
8< — —— R. S. Johnston (per. comm.)
) =
Number of stomates/mm
Primary, secondary leaves 12,17 Stephens et al. (1972)
Unspecified 168 - 222 Tobiessen & Kana (1974)
Mature leaves _ 90 + 6 - —_ Rushin & Anderson (1981)
Mature leaves 106 —— - Personal observation
Unspecified - 133 — Larsen (1956)

2 4 standard deviation.

The dimensions may refer to the pore size after fixation in formalin-acetic acid-ethanol.

2. Diurnal Pattern of Iy

The diurnal pattern of r, in aspens is typlcal of mesophytes. The major events are a decrease
in r, at dawn and an increase wéth darkness (Kimmerer and Kozlowski 1981; Fluckiger et al. 1977). Values
of r, near midday were generally 2 to 4 sec/cm when the soll was molst (Table 5). The boundary layer
resistance as determined from plate models was 0.59 for EA (Holmgrem et al. 1965) and 0.47 for TA
(Kimmerer and Kozlowski 1981).
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Table 5. Diffusive resistance (rd) of mature aspen leaves in daylight. Soil was probably moist unless
otherwise specified.

Species Conditions Date Time Method Ty Source
(sec/cm)
P. tremuloides 4 weeks without July late Energy 2.5 to 3.1 Miller & Gates,
rain, upland a.m. budget 1967
mesic wet
4 weeks without 4.0 to 5.0
rain, upland
mesic dry
P. tremuloides At 6min 8m May-Sept. All Permanegt 2.6 to 14.0° Kaufmann, 1982b
tree day cuvette
P. tremuloides Warm, sunny 6 dates midday Porometer 3.0 Small, 1972
P. tremuloides Primary leaves late Porometer 3.1 Stephens et al.,
Secondary leaves July 2.4 1972
P. tremuloides Sun, exposed June Porometer 3.52 Federer, 1976
leaves
P. tremuloides 6/13-7/12 midday Porometer 3.5 = (.lé)b Federer, 1977
P. tremuloides Suckers, 2 to 8/11 0800-1700 Porometer 3to 4 Mital et al., 1978
4m
P. tremuloides Growth chamber, midday Porometer 0.8 to 1.4 Kimmerer &
leaf plastochron Kozlowski, 1981
index of 10
P. tremuloides Field grown, July-Aug. a.m. Porometer 3.7 Rushin & Anderson,
full sun 1981
P. grandidentata 4 weeks without July late Energy 3 to 10 Miller & Gates,
rain, upland dry a.m. budget 1967
P. grandidentata 6/13~7/12 midday Porometer 0? Federer, 1977
P. tremula Growth chamber, Transpira- 2.3 Holmgren et al.,
leaf just tion calcu- 1965
mature tion
P. tremula Growth chamber, Porometer 2.0 Fluckiger et al.,
leaf just mature 1978a
Growth chamber, 5.0
leaf mature
75 days
P. tremula Growth chamber Porometer 4.0 Fluckiger et al.,
1978b

a T4 normalized to 15 mbar vapor pressure gradient.

+ 1 standard error.

¢ Highest values may be from dry soils

3. Sampling and Clonal Variation in r, of TA
L%

When soils were moist, the variation in r, among and within TA was surprisingly low. In one
experiment, when four to six leaves were sampled from each of six neighboring saplings, the author found
coefficients of variation in r, among TA saplings were less than 57 at each sampling time from early
morning to dusk. The cnly position effect was that leaves on heavily shaded short shoots low in the
crown had consistently higher r.'s., Coefficients of variation would have been higher had more clones
been used. Clonal variation in diurnal pattern and daily extremes of r, were documented in the growth
chamber (Kimmerer and Kozlowski 1981).



60 1 1 T T T T Federer (1977), sampling the upper crowns
- « P. grandidentata o of BTA and TA under more varied conditions, found
that the coefficients of variation within trees
(four leaves/tree) were less than 20%. Coefficients
= . ~ were 3 to 15% for leaves within 2 m of the ground
a0l o _ earlier in the year (Federer 1976). When the soils
were dry, however, r, was much more variable
(Federer 1977; TobieSsen and Kana 1974; personal

50— O P. tremuloides e

DIFFUSIVE RESISTANCE (s/cm)

30 L - observations).
. POPULUS

B s I 4. Changes in r, With Leaf Age, Position, and
204 ~ - Form h

- ad

N -
ol . . a The T decreases during leaf development on
e do, ~ forest trees of TA. The r,6 was 5 to 7 sec/cm on

L e - leaves 3 cm long, 3.5 to 4 sec/cm near full elonga-

o | I P' %:ﬁ tion, and still lower several weeks later (Federer
—30 —2.0 -1 o 1976; Federer and Gee 1974). Growth chamber seed-
lings behaved similarly and in addition showed high
XYLEM PRESSURE POTENTIAL (MPa) resistances in older leaves (Kimmerer and Kozlowski

1981; Fluckiger et al. 1977). Kaufmann (1982a, b,
¢), however, found r, of TA was the same from leaf
Figure 3. Diffusive resistance (normalized for va-  emergence to initial yellowing once the effects of
’ por pressure gradient) and xylem water photon flux and humidity had been removed.
potential of trembling aspen and big-
tooth aspen leaves, forest conditions
(from Federer, 1977). (Courtesy of
Society of American Foresters).

In leaves on forest saplings, r, varied less with position on a branch than with branch type. To-
ward the end of the simulated dry-down described in Section IID5, Mital et al. (1978) found that the
leaves on short shoots (secondary branches with almost no internode between leaves) had three to four
times higher rd's than leaves on long shoots (primary or secondary branches with at least 1 cm between

leaves).

r

Type of Leaf V¥ d Leaves The higher r, of the short shoots, if typi-
Tree Shoot (MPa) (sec/cm)  on Shoot cal, suggests that trees with larger proportions
o, of short shoots would be more drought resistant
1 long ~3.9 13.5 wilting but might grow more slowly as the higher r, also
short -3.0 38.0 unwilted would limit €O, uptake. In fact, many genotypes
2 long -3.6 11.5 wilting of TA as they Teach large size acquire larger pro-
short ~3.5 47.7 unwilted portions of short shoots.

§till other branch and leaf characteristics effect r,. Leaves of TA which emerged after a defo-
liation had more stomates and lower r,'s than the leaves which escaped the defoliation (Stephens 1972).
Leaves on young suckers or seedlings of EA may have different r,'s than leaves on mature plants (Jarvis
and Jarvis 1963d). Kaufmann (1982) recently found that branches which will abscise in the autumn dis-
play unusual leaf ¥ during July and August.

5. Effect of Environment on L3}

Light, soil moisture, vapor gradients, temperature, and wind influence the Ty of aspens.

Light and ré. The stomates of aspens close rapidly in darkness and open rapidly on illumination;
opening began within 7 to 15 minutes and was complete within 30 minutes for EA in a growth chamber
(Jarvis and Jarvis 1963b). Stomates also close rapidly in darkness and the highest Ty in TA occurred
soon after chamber lights were turned off; subsequently, throughout the dark period r. gradually lessen-
ed to about half this maximum (Kimmerer and Kozlowski 1981). Most observers found reiatively low r,'s
during the dark period, suggesting either partially closed stomates and/or a permeable cuticle; e.g.,

r, of EA was 11 sec/em (Fluckiger 1978b), and r, of TA was 8.2 sec/cm (personal observation in forest),

agd 3 to 10 sec/cm in a growth chamber, depending on clone (Kimmerer and Kozlowski 1981).

- 10 -
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Figure 4. Course of r, (on same leaves) and ¥ (on matching leaves) during the three days after a
Populus tremuloides sapling was felled. About 85% of the leaves were removed immediately
after felling.

Stomates of naturally growing TA and BTA followed an endogenous rhythm when kept in continuous
darkness (Tobiessen 1982). In TA the opening and closing persisted at least into the third day.
Kaufmann (1982a, b, c) was able to use photosynthetic flux as one of the two environmental variables
which described T4 in TA. The equation is:

rd“l = b, (PPFD)% (DAH)-% +b, (PPFD)% (oam) T + b, (PPFD) (DAH) ™2
where PPFD is the photosynthetic photon flux density and DAH is the absolute difference in humidity from
leaf to air. The equation is based on hourly readings of one branch from late May into September, ex-—
cluding the days following a freeze and hours with widely fluctuating PPFD.

Vapor Gradients

Federer (1977) like Kaufmann used vapor gradients between leaf and air to predict L in TA and also
BTA. The equation for TA was:
ry = 3.6 + 1.39 (VEG - 15) + 0.05 (T - 25) £’ = 0.67
where VPG is the vapor pressure gradient between leaf and air in mb, and T is the air temperature in °C.
Kaufmann (1982¢) found no relation between rd and temperature between 5 and 25C.
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Leaves of EA were sensitive to relative humidity (RH) even after the stomates were "closed,” and
over a range of RH, EA leaves lost water more rapidly than did birch, spruce, or pine (Jarvis and Jarvis
1963d).

Wind, leaf quaking, r, and - Wind should increase transpiration by reducing the boundary layer
resistance (r ), and Hayden T1968) reports increased transpiration in BTA beginning at wind velocities
of less than 0.02 m/sec. Stronger winds {5 to 6 m/sec) decreased r, of EA, but only if sustained for at
least 30 minutes (Fluckiger et al. 1978). Intermittent gusts of 1 Second on EA or velocities sustained
for 10 to 25 minutes on TA had no effect on T (Fluckiger et al. 1978; Rushin and Anderson 1981).

Related to wind is the quaking habit of aspen leaves. Enhancement of gas transfer is one propos-
ed function of quaking, but theoretical and experimental evidence with other species suggests that quak-
ing does not influence r, in moderate winds (e.g., Grace 1978; Parlange et al. 1971). Consistent with
this conclusion, Rushin and Anderson (1981) found r, was the same with or without gquaking at a wind of
5m/sec. However, the preliminary results of Hayden (1968) suggest that the effects of quaking on r, at
very low wind velocities still need investigation.

Soil moisture and r.,. As expected, r, is higher when soils are dry. For example, in Figure 4
the low r."'s to the right ire with soil ¥'s gigher than -0.08MPa, while the high r,'s to the left occur-
red with soil ¥'s below 0.08MPa, perhaps ~0.5 to -1.0 MPa (Federer 1977). Even nighttime transpiration
was less when soils were drier (Jarvis and Jarvis 1963b).

6. Leaf Water Balance and r

4

The relation of Ty to leaf ¥ or leaf RWC is of physiological interest and is needed for process
models of ET (Sec. IIE). For TA, response curves between r, and leaf ¥ were developed under natural
drought {(Federer 1977) and induced drought (Tobiessen and Kana 1974; Mital et al. 1978). Mital et al.
(1978) felled two 4-m saplings at ground-line, removed 857% of the living branches, and immediately
placed the trees in uniform shade at 8% of full sunlight. The T4 and leaf ¥ were monitored for three
warm cloudless days.

According to Federer (1977), the stomates of TA remained open until leaf ¥ reached -1.3 to -1.8

MPa, at which values they abruptly closed (Figure 3). Mital et al. (1978) found rapid closure as leaf
¥ increased from -1.8 to -2.2 MPa and a slower but continued increase In r, to leaf ¥ of -3 MPa (Figure
4). Tobiessen and Kana (1974) found instead of closure at a critical leaf ¥, a continual increase in
r, as leaf ¥ decreased to -6 MPa (Figure 5). Kaufmann (1982a) observed higher r, at a leaf ¥ at -2.2

a than at -1.5 to -1.7 MPa. If stomates close near zero turgor, the results o% Eubanks (1969) and
Rakhi (1978) are consistent with the values at closure suggested by Federer (1977) and Mital et al.
(1978). The critical leaf ¥ were -1.6 to -2.3 MPa in TA (Table 6) and ~1.9 MPa in EA. The gradual in-
crease in r., with increases in ¥ found by Tobiessen and Kana (1974) could have occurred because of the
artificially rapid drying and resultant supression of abscissic acid production, increased hydropassive
stomatal opening, cavitation of stem water and/or dying of intercostal mesophyll. When Tobiessen and
Kana's data are fitted with a boundary curve (Figure 7) stomatal closure occurs abruptly at leaf ¥ of
-3 MPa.

BTA stomates closed abruptly at a leaf ¥ of -1.3 to ~1.8 MPa according to Federer (1977).
Tobiessen and Kana (1974) also found that stomates of BTA closed fairly abruptly, at leaf ¥'s of -2.8
to -3.2 MPa, using mean values or -2 MPa with a boundary curve. The lower values may reflect a lag be-
tween water loss and stomatal closure in these rapidly drying leaves. Both studies agree that in severe
deficits BTA developed higher rd's than TA, 30 to 45 sec/cm for BTA but only 20 sec/cm for TA.

In EA the relation between RWC, leaf ¥, and r, varied with growth media and leaf form (Jarvis
and Jarvis 1963d). Stomates of leaves (round petiocléd) on seedlings closed sharply at an RWC of 90%:
the ry on adult trees gradually and continually increased as the leaf dried.

7. Summary

Stomates occur only on the lower surface of TA and BTA. EA can be either hypostomous or amphis-
tomous. Most transpiration is stomatal although the upper leaf surface can account for 6 to 9% of total
daytime transpiration. Midday r.'s are about 2 to 4 sec/cm on moist soils and much higher on dry soils.
Midday r, can also be increased gy a high VPG and sustained wind. Stomates open and shut rapidly in
response to light and dark. However, the r, of EA and TA remains moderate at night or during water
stress reflecting high cuticular permeabiligy or incomplete stomatal closure. Stomates on individually
bagged branches may continue to follow a circadian rhythm in complete darkness. Stomates probably close
abruptly at a critical leaf water deficit, although some experiments suggest gradual and continual
closure.
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Figure 5. Diffusive leaf resistance and leaf water

potential in bigtooth and trembling as-
pen. Data from leaves on cut branches

in potometers (from Tobiessen and Kana

1974). {(Courtesy of Ecological Society

of America.)

E. Modeling Evapotranspiration

The ET or transpiration of TA has been modeled by Leaf and Brink (1973, 1975) using EVIRAN; by
Jaynes (1978) using APSCON; by Troendle and Leaf (1980) using PROSPER (Goldstein et al. 1974); and by
Mital and Sucoff (in press) using the simple water budget, the Zahner model (Zahner 1967), SOGGY (Grigal

and Hubbard 1971), and THIRSTY (original).
sures of plant and canopy resistance.

Of these models, only PROSPER employs process-derived mea-
The closeness of the predictions was documented only by Mital and

Sucoff (in press) although Troendle and Leaf (1980) report that the PROSPER calibration of the annual

balance was “fairly good'" for a Minnesota watershed containing TA.

A major difficulty in all these

models was the selection and verification of an empirical or theoretical measure of plant and canopy

resistance to water transfer.

F. Hydrologic Cycle

The SPAC system provides the transpiration term in the hydrologic cycle, and when modeling SPAC

for forests, other parts of the water budget must also be considered.
tentionally search for all literature on the hydrology of aspen stands.

This review, however, did not in-
Selected hydrology literature

is listed in Table 7 categorized by forest type, location, and components of the hydrologic cycle.
Additional references are available in Leaf and Brink (1973, 1975), Leaf and Troendle (1980), Rauner

(1976, 1977) and Jaynes (1978),.
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Table 7. Articles on the hydrology of the aspens categorized by location and component of the hydrologic
cycle.
Hydrologic Component
Soil Interception Evapotran~  Stream
Vegetation Location moisture Stem Flow Runoff spiration Flow Authors
Populus Utah X X Johnston & Doty (1969)
tremuloides Utah x x Johnston (1969, 1970)
Utah X X Tew (1967)
Utah X X X X Crofr & Monniger
(1953)
Utah X X Marston (1958, 1966)
Utah X Hart et al. (1969)
Utah X Johnston (1971)
Colorado x b4 Brown & Thompson
(1965)
Colorado X Bates & Henry (1928)
Colorado x Dunford & Niederhall
(1944
New Mexico X Gary (1972)
Minnesota X x Mital & Sucoff (in
press)
Minnesota x Verry & Timmons (1977)
Minnesota b4 X X Verry (1972)
Minnesota x Verry (1976)
Michigan x Miller & Gates (1967)
Populus
Grandidentata Ontarioc x Clements (1971a, b,
c: 1972)
Populus USSR x X x Smirnov & 0'dinokova
tremula (1954)
USSR X Rhamanov (1958)
USSR X Bocharov (1976)
USSR X Rauner (1976, 1977)
1ITI. EXPERIMENTAL DETERMINATION OF WATER IN PLANT CELLS

The preceding section described the uptake, internal transport, and loss of water by aspens. This

section summarizes research on the status of water in the aspens.
have been used.

where s, p, and m refer to solute, turgor, and matric potentials.

?plant

Two representations of water status

The first gives the chemical potential of water for tissues, cells, or parts of cells.

=Y 4+ ¥ +VY
s p m

(Slatyer 1

967)

content, with the measure relative water content (RWC), defined as:

RWC

_ Fresh weight -~ Dry weight

~ Turgid weight - Dry weight

x 100 (Slatyer 1967)

The second characterizes the water

The research has focused on measuring leaf ¥ or leaf RWC and relating leaf ¥ or RWC to soil mois-
ture and plant behavior.

and VAL,

- 14 -

The relation of water status to behavior is discussed in Secs. I1D6, IVB3,



A. Leaf ¥ on Moist and Dry Soils

Leaf ¥ in TA (Brown and McDonough 1977; Mital et al. 1978) and in EA (Fluckiger et al. 1977)
share the diurnal pattern (Figure 6) common to other mesic species. Leaf ¥ progressive1§'agblines after
dawn as stomates open and evaporative demand increases, while with darkness leaf ¥ increases abruptly
as the two processes reverse. In a dry-down study using 2-year-old TA in 10-inch pots, Brown and
McDonough (1977) showed that both dark and daytime leaf ¥ decreased as soil ¥_ decreased (Figure 6).

The results resemble those of other species (e.g., Gardner and Nieman 1964) except that the nighttime
differences between leaf ¥ and soil ¥ were much higher in TA. The larger-than-usual difference could
result from the psychrometric technique or from high nighttime transpiration (Sec. IID5). The author re~
plotted the data from Figure 6 and found that soil ¥, leaf Y at dawn, and leaf ¥ at midday are linearly
related to each other (Figure 7). Such estimations are useful in models of SPAC and growth.

TIME

25/15° C

WATER POTENTIAL (MPa)

—4.8 -

-

_s6 L DAY NIGHT
"I T I I B = N N =T = =

Figure 6. Diurnal soil ¥ and leaf ¥ of Populus tremuloides in controlled conditions (Brown and
McDonough, 197§) and leaf ¥ on forest saplings on a clear day in Minnesota (Mital et al.
1978). Brown and McDonough measured leaf ¥ with in situ thermocouple psychrometers while
Mital et al. used a Scholander type pressure chamber. (Courtesy of Plant and Soil.)

Jarvis and Jarvis (1963d, 1965) determined leaf RWC and leaf ¥ for EA growing under four soil
moisture regimes (Table 2) or three hydroponic media ¥s. When the media ¥Ys was reduced to -0.32 MPa,
leaf ¥ (both day and night) dropped about 1 MPa, a much larger decrease than necessary to maintain the
soil to leaf gradient (Jarvis and Jarvis 1965), in the absence of stem resistance.

Media Leaf Leaf Eubanks (1969, 1971}, using hydroponics with TA

¥s (MPa) ¥ (MPa) RWC (Table 6), also found that daytime leaf ¥ was low-
er when media ¥ was lower, but he did not find

:g‘gg :E'% ig :2'; gg the large drop in leaf V¥ noted by Jarvis and

Jarvis (1965).

Unfortunately, this information cbtained in the growth chamber cannot be transferred to the for-
est. First values of media ¥ in small pots or solutions are not equivalent to values of bulk soil ob-
tained in field measurements; root density, hydraulic conductivity, and soil moisture diffusivity dif-
fer. TFurther, in the forest the rapidly changing radiation and humidity alter leaf ¥ independently of
soil moisture. Finally, small plants have a different frictional potential and a lower buffering capa-
city.
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Figure 7. The relation of leaf ¥ at midday to leaf ¥ at dawn or soil ¥ at dawn or lowest daily soil V.
Data are from Brown and McDonough, 1978 (Figure 6).

To date, Federer (1977) has most completely related leaf ¥ to soil ¥ in natural settings; the
lower leaf ¥'s in Figure 4 are associated with soil ¥'s at an unknown level™below -0.08 MPa. During the
driest period in Figure &4, the leaves of BTA lost greenness and many BTA lost leaves from their lower
branches; TA was not as affected (Federer, personal communication). Exposed leaves of TA contorted
when predawn leaf ¥ was -1.5 MPa (Tobiessen and Kana 1974).

B. Variation in Leaf ¥ at a Sampling Time

The author explored within and among tree variation of leaf ¥ for TA, measuring individual leaves
in a pressure chamber. Three trees 2 to 3 m tall were analyzed one day and six similar trees on another
‘day. Based on 19 leaves collected from three trees with two to three branches per tree, coefficients
of variation in ¥ were 28 to 31% between 0900 and 1400, and 17 to 25% earlier and later in the day.

The standard errors were 0.12 MPa or less. Differences in ¥ between two leaves on the same long shoot
averaged 0.26 * 0.17 MPa or 267% of the higher V.

The largest and most consistent difference was between leaf ¥ on long shoots and short shoots.

On the same TA tree, between 1200 and 1600 hours, leaf ¥ on short shoots averaged as much as 1.1 MPa
lower. These results differ from those in the simulated dry-down of TA (Sec. IID5), where leaf Y was
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similar on long and short shoots. The difference between long and short shoots may be related to xylem
conductance (Sec. IICl).

Changes in stem ¥ over very short periods were noted by Hayden (1968) who implanted small plaster—
encoated resistors into the branches of BTA saplings. The stem Y responded within 15 seconds to wind
changes of less than 0.02 m/sec, and within 1 minute to abrupt increase in radiation.

C. Leaf V¥s

Eubanks (1969, 1971) using rough quantitative methods examined leaf ¥s of TA seedlings grown in
18 environments, six levels of polyethylene glycol in solution at each of three light intensities (Table
6). As the measurements were made during the light period, leaf ¥s near full turgor is unknown. Leaf
¥s was higher in shade~grown plants, which may indicate that shaded leaves in the forest would be poorer
competitors for water. Although leaf ¥s was lowered as media Ys decreased from -0.05 to ~1.5 MPa, the
maximum decrease was only 0.4 MPa, assuming constant RWC.

Rakhi et al. (1978) measured ¥s of several EA leaves with pressure-volume curves. The ¥s at zero
turgor was -1.9 MPa; and at full turgor, -1.7 MPa. Thirteen percent of total plant water was lost be-
tween full and zero turgor. Using refractometry, Scheumann (1965) determined that the cell sap express-—
ed from EA leaves on optimum soil moisture was 20.8 "dry substance percent" and the sap from droughted
leaves near death was 31.17%.

D. Summary

The components of leaf water status respond to environment as would be anticipated from studies
with other species. Leaf ¥ follows the normal diurnal curve. Leaf ¥, leaf ¥s, and RWC decrease as
media ¥ decreases. Visible drought damage to leaves occurs at predawn leaf VY of -1.5 MPa or midday leaf
¥ near -2.0 MPa. Leaf ¥ at a sampling time may vary by 0.1 MPa within and among neighboring saplings.
Leaves on short shoots can display a very different water balance than leaves on long shoots. Little
is known about ¥s and Yp.

IV, PLANT RESPONSES TO WATER DEFICITS

This section is divided into five parts, the first three of which examine direct responses to
water deficits. The fourth part examines the water factor in site quality and the fifth the response
of aspens to dry situations.

A. Specific Physiologic Processes

The physiology of any plant can be profoundly altered by water deficits, but little is known
specifically for aspens. As already discussed, leaf water deficits control stomatal aperture and in
turn the resistance to €O, uptake and photosynthetic rate (Holmgren et al. 1965; Laisk and Oja 1971).
Jarvis and Jarvis (1963a) found that net assimilation rate was reduced about 207% in moderately dry soil
(Treatment D, Table 2). In other research Jarvis and Jarvis (1965) noted for EA that root respiration
decreased as the ¥s in the bathing media dropped from -0.05 to -1.4 MPa.

B. Growth and Water Deficits

The relation of aspen growth to water deficits has been examined in four types of studies which
are listed below and then discussed in more detail.

1) Forest studies correlating growth to soil moisture, climate. In these studies, climate
is statistically related to growth obtained by periodic measurements or by stem analysis.

(2) Field irrigation studies.

(3) Controlled environment studies. In most of these, seedlings are grown at various levels
of so0il moisture with all other factors nonlimiting. In these environments, where genet-
ic nutrient, temperature, and disease variables are controlled, very close relations
between growth and water can be established.
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(4) Studies correlating growth with transpiration.

1. Forest growth, climate, soil moisture, and tissue water.

The quantification of the moisture factor in the growth of aspen stands has been blocked by the
lack of plots with long~term growth, mortality, and climatic records. Using one of the better data sets,
Perala (1978) correlated growth from eight 5-year periods on seven thinning plots with concurrent soil
moisture. Average monthly soil moisture was reconstructed from soil properties and historic records of
climate. His prediction equation for basal area growth was improved by including the variable
M(lnF)june + M(lnF)july where M is the monthly available water over the 5 years and F is temperature - 50.

M by itself did not improve the fit. DPerala (1978) then selected the best, average, and worst ggyear

climate and grew the stands for 40 years at each of these three regimes with other variables held con-
stant. Basal area growth in the best climate was almost twice that in the average and worst climates.
The higher growth would not occur in nature (Perala 1978) if only because it would lead to higher mor-
tality than predicted.

Taking a simpler approach, Duncan and Hodson (1958) examined 10 years of annual growth on 77
sites. They found a positive correlation between diameter growth of dominant TA and April through July
rainfall. Growth in the wettest year (24 inches) was about 357 more than that in the driest year (8
inches). Xazadaev (1974) noted a similar reduction (41%) in diameter growth of EA as a result of two
consecutive drought vears. In contrast, Fraser (1959) over a 5-year period found no relation between
radial growth of TA and rainfall. Qualitative evaluations of the effects of drought on aspens relative
to other species indicated that growth of EA was less affected than that of balsam poplars (Belgium
1977) and more affected than that of Quercus robur, Betula verrucosa (Kazadaev 1974), Pinus sylvestris,
Fraxinus excelsior, or Tilia cordata (Raskatov and Eremin 1973). BTA was less affected by drought than
such nominally drought-hardy species as Quercus macrocarpa and Pinus banksiana (USDA 1931).

Data relating growth reductions to tissue water balance are unavailable for forest conditions
unless the leaf ¥'s at which stomates close are used to indicate reduced photosynthesis. 1In that case,
leaf ¥'s below 1.3 to 1.8 MPa are associated with reduced photosynthesis in TA and BTA (Federer 1977).

2. Irrigation

Murphey and Bowier (1975) applied effluent to a TA stand with trees 6 to 20 years old. During
the 10-year period, 20 m of water, 1,500 kg of N, 280 kg of K, 335 kg of P, 1,075 kg of Ca, and 450 kg
of Mg and unspecified quantities of micronutrients were sprayed on each ha. Based on measurements of
12 trees of similar dbh at harvest (25 to 32 cm), it was concluded that treatment more than doubled vol
ume growth per tree, increased fiber length about 20% and did not change specific gravity. The effects
of water and fertilizer cannot be separated in this study, but the research discussed next indicates
that water could have been an important contributor to the increased growth.

Einspahr and Wyckoff (1978) and Einspahr et al. (1972) irrigated and/or fertilized native aspen
stands growing on a Vilas fine sand, an unproductive site. The irrigation was timed to keep the soil
from dropping below 60% of field capacity, which probably means the soil ¥ was still above ~0.1 MPa.

This required 8 to 23 cm of water per year. The fertilizer was given in two applications each of 1,120
kg per ha of N 0 P5 Kz Ca2 Mgz The researchﬁrs concluded that young aspen sucker stands growing on
low quality up%and sangs ang avéraging about 3 w” /ha/year increased their growth about 35% from fertil-
ization, 50 to 807% from irrigation and 100~150% from irrigation plus fertilization (Table 8). Irriga-
tion increased fiber length 10%, but had litthle effect on specific gravity and the vessel to fiber ratio.
The response to irrigation appears greater in stands 7 to 13 years old than in stands 1 to 7 years old.

3. Controlled Environment Studies

Results from three studies agree that moderate moisture deficits reduce short-term growth of
aspen seedlings by 10 to 257 and severe deficits reduce growth still more. As already discussed, these
results cannot be transferred to the forest with anticipation that similar growth reductions will occur
at the same media Y.

In one experiment with TA, several concentrations of polyethylene glycol were added to nutrient
solutions (Eubanks 1969, 1971). Approximate weight growth over the next 16 days was reduced 15% at
~.3 MPa and between 25 and 50% at -1.5 MPa (Table 6. The reduced growth was associlated with lower ¥,
¥s and Yp (Table 2). In a similar experiment, Jarvis and Jarvis (1965) compared FA seedlings grown for
12 days on hydroponic media of -0.05, -0.22 and ~0.32 MPa. Net assimilation rate, relative growth rate,
and leaf number did not vary with treatment, but the area of individual leaves was progressively
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Table 8. Growth response of P. tremuloides sucker reduced from 13.1 cm2 at ~0.05 MPa to 8.2 cm2 at
stands to fertilization and irrigaticn -.32 MPa. The coincident change in the relative
(after Einspahr and Wyckoff 1978). water content of the leaves was from 97 to 93%.

In contrast to the leaves, roots grew as fast or

faster at lower media ¥. The results suggest that

No. of Height Volume e E
Treatment Trees/ha Growth® Volume® Growth moisture deficits would be critical during leaf
3 3 expansion in older trees since aglmost all leaves
(m) m”/ha m enlarge within a 3-week period.
Growth from ages 1 through 7
Control 12,800 4.7a 20a 8a Jarvis and Jarvis (1963a) found a 23% reduc~
Fertilizer (F) 13,800 5.3¢c 32b 16b tion in the relative growth rate on soils cycling
Irrigation (1) 14,400 5. 0b 25ab 12ab from fleld capacity to -0.5 MPa (Table 2). Net
F and I 12,700 5.4¢ 34b 18b assimilation rate and leaf area were also reduced.

The shoot:root ratio was higher at lower soil ¥,
Growth from ages 7 through 13 a result contrary to the findings in hydroponics
(Jarvis and Jarvis 1965; Eubanks 1969).

Control 11,200¢ 5.2a 32a 4a

Fertilizer (F) 9,400b 5.9b 40a 9ab 3
Irrigation (I) 11,600c  5.9b 51ab 10ap %+  Growth and Transpiration
F and I 7,800a 7.0c 65b 15b

In many agronomic crops, especially within

a site, transpiration is directly related to dry
2 Means within a column within a trial followed by matter production. Just such a relationship was

the same letter are not significantly different. found between transpiration and current annual vol-
ume increment among four EA stands 8, 25, 37, and
63 years old (Smirnov and Odinckova 1954), but age
and transpiration may have been confounded. Jarvis
and Jarvis (1963a) found no strong relation between
transpiration and 20-day growth for EA, but growth
was too little to expect one.

Eidman (1943) calculated that EA consumed more water (5.8 g/day) per gram of growth than most
other species, and Holmgren et al., using entirely different techniques, showed that the instantaneous
water use efficiency of EA was relatively low. He divided the sum of air and leaf resistances to vapor
transfer by the sum of air, leaf and mesophyll resistances to €O, transfer. Betula verrucosa and EA had
ratios of about 0.21 compared to 0.34 for Quercus robur and Acer platanoides.

5. Summary

In forest conditions, aspens grow more when moisture is favorable. One model predicts a doubling
of growth with sustained favorable soil moisture and air temperature compared to periods of average
climate. Irrigation, when applied to keep the available water content of a sandy soil at 60% or higher,
increases growth 50 to B0%Z. Fertilization plus irrigation approximately doubles the increase obtained
with irrigation alone.

Pot studies indicate that when soil ¥ averages -0.3 MPa and cycles between -0.01 and -0.5 MPa,
growth will be reduced about 23%Z. Modest growth reductions occur in hydroponic solutions with media Ys
of -0.3 MPa. However, the growth reductions associated with low values of soil ¥ in the forest remain
unknown. Nor is it yet possible to associate forest measurements of leaf ¥ or RWC with specific reduc~
tions in growth.

C. Mortality and Water Deficits

No one has reported direct drought kill of entire stands or even small groups of trees, although
several papers relate natural thinning to moisture. Taking an overview, Graham et al. (1963) suggested
that moisture deficits interacting with pests accounted for the wave-~like pattern of mortality in pre-
commercial aspen stands on light soils in Michigan. They suggest that as the stand develops, the in-
creasing foliage area Increases transpiration to the limit of available water. As a result, natural
thinning occurs and a period of rapid growth ensues until water again becomes critically limiting. This
natural thinning, according to Graham et al. (1963) depends in part upon insects and diseases, specifi-
cally leafhoppers, leaf diseases, aphids, and root Agrilus in younger stands and Saperda, Agrilus, other
borers, and Hypoxylon cankers in older stands. At least three reasons have been offered by various
authors to explain why pests induce more mortality during dry periods. It is proposed that the same
amount of damage is more destructive when the tree is already stressed, that pest invasions are often
more successful when the tree is growing slowly (Sec. VB2), and that weather can directly affect the
pathogen or insect.
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The wave-like pattern complicates simple statistical correlation between mortality and climate.
For example, mortality might be reduced during a moist period, leaving the stand overstocked and subject
to abnormally high mortality during an ensuing period of average precipitation. Despite these problems,
Perala (1978) very cautiously noted a relation between current mortality and 1nM/F for June and July of
earlier years. M and F were previously described (Sec. IVB1).

Heavy mortality are also observed as mature TA stands decline over a 3- to 8-year period in
Wisconsin and Michigan (Graham et al. 1963; Fralish 1972). While a role of dry soil or increased expo-
sure of residual crowns may be proposed as contributors to this rapid decline, data are lacking.

D. Water as a Factor in Site Quality for TA

The importance of water to the distribution and productivity of aspens has been long and repeated-
ly emphasized (Heinselman and Zasada 1955), and while much can be learned by focusing on water alone,
neither the water regime nor its contribution to productivity can truly be isolated from other factors.
For example, soil texture, which is used to assess soil water~holding capacity, also determines the
cation exchange capacity.

1. Early Statements on Water and TA Site Quality

Early evaluations of site quality were based on visual observations of where TA occurred and grew
well (Weigle and Frothingham 1911; Kittredge and Gevorkiantz 1929; Gates 1930; Moss 1932). Baker's
(1925) study provides an outstanding example. He noted that altitudinal distribution varied with mois-
ture in the central Rocky Mountain region. Aspen reached its lowest altitudinal 1limit as a scrubby tree
along creeks in the chaparral and ponderosa pine types. At higher elevations, it spread out along the
creek banks and into moist pockets; in the Douglas-fir zone, it spread further to the flats and moist
slopes. Baker also described aspen "islands" on dry hillsides where long, horizontal patches of aspen
marked the occurrence of water-bearing strata beneath the surface. The best aspen sites had "plentiful
moisture,"” while on dry sates growth was poor and decay occurred early.

In total, the early studies suggested that aspen is a moisture-demanding species which can sur-
vive on drier sites only with significant loss of growth.

2. Factors Influencing Site Quality (1935-1960)

The relation of water to aspen site quality was confirmed from 1935 to 1960 with studies showing
that productive sites generally had soil properties associated with favorable moisture conditions: high
organic matter, moderately high silt plus clay, and an appropriately high water table. These results
form the basis for current management guides (Perala 1977).

Among the first and best studies of this type was that of Kittredge (1938) involving 277 field
plots in Wisconsin and Minnesota. He related TA site quality to (1) soil texture groups, (2) surface
geological formation groups, (3) combined texture and geological formation groups, (4) soil profile
groups, and (5) associated vegetation.

In general, soils of moderate texture were the most productive. Among geological formationms,
dry outwash and impermeable lake-bed clays were the worst and moderately heavy morainic and till soils
the best. However, the highest correlations were with soil profiles grouped by such moisture-related
properties as the thickness of the A, horizon, presence of gleying, and the texture and water-holding
capacity of the C horizon. The leas% productive profile groups had properties associated with dry soils.
The profiles with highest average site indexes entailed mesic or hydromesic soil conditions. The corre-
lation coefficients in this and subsequent studies are lowered by the high genetic variation of aspens,
e.g., a slow-growing clone may be the only genotype on a good site (Zahmer and Crawford 1965).

The importance of ground water and soil organic matter on aspen site relations was Investigated
by Wilde and Pronin (1950) on infertile gley sands of central Wisconsin. On such soils, site index im-
proved as the organic matter in the upper 18 cm increased from 1.5 to 4.5%. Stoeckeler (1948) also
stressed the importance of organic matter and in particular its destruction by fire. Following fire,
site index on sandy soils was reduced as much as 17 feet (5.2 m) in part through a loss in moisture-
holding capacity.

Wilde and Pronin (1950) alsc found that site index improved with increasing depth to water table

from 40 to 80 cm, but then decreased for depths below 80 cm. Not only the correct depth to water table
but also lateral movement of the subsurface water were considered favorable for BTA (Graham and Harrison
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1955) and TA (Graham et al. 1963) on sandy soils in lower Michigan. An impermeable layer 45 to 150 cm
from the surface encouraged lateral movement and improved site index. More shallow impermeable layers,
particularly those within 30 cm of the surface resulted in sites as poor as deeply drained coarse sands.
Shallow layers were barriers to water percolation and root penetration, causing superficial water during
high rainfall and rendering deeper soil water unavailable. The best aspen sites included the margins

of seepages where even superficial water was moving.

In an extensive study, Stoeckeler (1960) related soil properties to site index in well stocked
even-aged TA stands in northern Minnesota and Wisconsin. The best regression coefficients were with the
moisture-related properties of texture (r = 0.70 to 0.89) and moisture equivalent (r = 0.66). Stoeckeler
concluded that aspen grows best on well drained loams to silt loams with 55 to 60% silt plus clay con—-
tent in the A and B horizons. The poorest sites were sands with less than 15% silt plus clay content.
Stoeckeler also concluded that optimum depths to water table of 1.2 to 1.8 m improved site index on
sands by 10 feet, on loamy sands by 7 feet, and on sandy loams by 5 feet. On finer soils, a high water
table either had no effect or was detrimental to growth.

Textural discontinuities also affected productivity. Coarse gravel at a depth of 60 cm beneath
sands or loams reduced site index by as much as 20 feet, while heavier textures beneath sands raised
site index by up to 12 feet (Stoeckeler 1960). Hannah and Zahner (1970) also found that the site index
of BTA on sands was raised from 46 to 60 by pedogenic bands and to 71 by till-like lenses.

3. Site Quality Modeling (1961-1981)

The new effort since 1960 has been quantitative modeling of site productivity using more than soil
properties. In the central Rocky Mountain region, Jones (1971) modeled the environment as a geometric
space defined by three ordinates; temperature (heat sums), nutrients, and moisture. The moisture factor
was complex, incorporating into a single value monthly precipitation, monthly mean temperatures, poten-
tial direct-beam insolation, water-holding capacity of the soil, and factors influencing runoff. When
tested on 57 plots in diverse aspen habitats, the model accounted for 30% of the variation in site index.

More recently in the same region, Roise and Betters (1981l) examined the effect of aspect and ele-
vation on TA. They assumed that moisture was a function of ambient and solar radiation which in turn
could be calculated from elevation and aspect. The model described the occurrence of TA, but was not
tested with growth. Occurrence of TA was alsc studied using ordination based on ecologic preference of
associated species (Bakuzis and Kurmis 1978). TA was found in all moisture conditions in Minnesota ex~-
cept the wettest but was most common on moderately moist to moist sites.

Working in Wisconsin, Fralish (1972) and Fralish and Loucks (1967, 1975) studied both the supply
and demand aspects of moisture. They concluded that site index is largely controlled by availability
of water, and the following regression model is typical of their findings:

ST = 74.83 + 2.48 AWC - 0.09 WID + 1.51 Exposure, r> = 0.62

ST is site index of TA at age 50 in feet; WID is water table depth; Exposure is based on a rating system
from 1 (exposed) to 5 (sheltered) and depends on aspect and topographic position; and AWC is available
water-holding capacity (inches) to a 12-inch depth. Among individual factors, site index was most
strongly correlated with exposure, which indicates the importance of considering evaporative demand in
site-moisture relations. Their models seem effective and deserve testing in a broader range of situa-
tions.

4. Summary

TA is found on a wide variety of moisture conditions, but grows well only in mesic situations. TA
grows well on soils of moderate texture and best with a 55~65% silt-plus~clay content. Growth on sands
improves with percent soil organic matter. These effects can be partly attributed to high soil water=
holding capacity. Shallow water tables improve site index appreclably on coarse-textured soils, but on
fine soils, shallow water tables may reduce site index. Subsurface gravel layers under sands or loams
may reduce site index while heavier soils under sands increase site index. Productivity of TA sites
can be better predicted if evaporative demand is considered along with soil moisture properties.
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E. Response to Dry Situations

As indicated in the previous section, TA occurs in many moisture conditions, but quality stems
occur and grow rapidly only on mesic sites. BTA has a narrower geographic and ecological range than
TA. In Michigan it is considered the more mesic species (Graham et al. 1963), while in Minnesota it is
the more xeric {Bakuzis and Kurmis 1978).

The individual aspen leaf loses water more rapidly than many other temperate trees; this helps
explain why growth is best on mesic sites. When water is plentiful, the transpiration rate is higher
and the water use efficiency lower (Sec. ITA5 and IVA4). When the soil dries, the stomates close at a
modest leaf ¥ (Sec. IIA5), but Jarvis and Jarvis (1963d) suggest that a relatively large amount of water
can be lost before leaf ¥ (EA seedlings) drops. This last observation needs verification (Rakhi 1978).
Even when the stomates are presumed shut, the r, of the lower leaf surface of TA remains low, about half
that of Betula populifolia, Quercus coccinea, Q. alba, Populus grandidentata, and Prunus spp. (Federer
1977). EA also maintained a low r, when stressed; detached leaves with severe water deficits transpired
at 20% the rate of detached leaves kept turgid (Jarvis and Jarvis 1963d). These EA leaves with closed
stomates lost water faster than similar leaves of Pinus sylvestris, Picea abies, or Betula verrucosa.

The nighttime transpiration of TA and EA was high: 12 to 25% of daytime in EA (Jarvis and Jarvis
1963b) and 15 to 30% of daytime in TA (from curves of Kimmerer and Kozlowski 1981; Mital et al. 1978;
Tobiessen, personal correspondence). As an aside, the author suggests that when factors in the water
balance are marginal, the customary occurrence or absence of nighttime dew and saturation humidities
could determine the presence or absence of TA and EA. Dew and high humidities would limit noctural
transpiration.

Despite their high transpiration rates, aspens commonly occupy moderately dry sites. Many adapt-
ations are involved. Most important is their ability to regenerate and spread from root suckers. The
young stems use the root system of existing or recently detopped mature trees and therefore have very
high root:shoot ratios. This permits most generations of the species to bypass the seedling stage when
plants are most susceptible to drought. Since seed is usually available, initial establishment on a
dry site could occur during those rare years when site disturbance and rainfall coincide.

Aspens are also able to survive in drier emvironments because of their extensive root systems
which can deplete water from at least the upper 2 to 3 m of soils (Sec. TIB). The low leaf area of pure
aspen overstories lessens the demand for water. Although the shrub, grass, and herb understories con-
sume water, these species are often more shallow rooted, and may mnot severely compete for water at soil
depths below 1 m. During dry periods, aspens also lower transpiration by early leaf senescence or ab-
scission. During the drought of 1976 in Minnesota, the author observed widespread leaf browning at
least 3 weeks before usual. In mid-August, during a natural drought in New England, Federer (personal
communication) observed leaf abscission more in BTA than TA, and especially from the lower crown.
Scheumann (1965) reported that on dry soil EA leaves withered, and on still drier soils they abscissed.

Drought hardening, still another adaptation to drought, may occur in EA. Jarvis and Jarvis
(1963d, 1965) developed several lines of evidence which suggest that leaves of EA seedlings grown under
supraoptimal water conditions (Treatment A in Table 2) are less drought hardy than those grown under
drier conditions (Treatment B, C, and D). First, dessication damage to leaves began at a slightly high-
er RWC in the wettest treatment. Secondly, at the same leaf ¥, leaves grown in lower media ¥ had higher
RWC. Third, leaf ¥s at full turgor was only -1.5 MPa in the wettest treatment compared to -1.9 MPa in
the other treatments. (The author estimated the leaf ¥s at full turgor by replotting Flgure 4 in Jarvis
and Jarvis (1963d) as a pressure-volume curve. The reciprocal of leaf ¥ was plotted as a function of
100~-RWC). Fourth, in hydroponics the leaf ¥ was 0.8 MPa lower in plants at a media ¥s of -0.32 MPa com-—
pared to seedlings at -0.05 MPa. With TA, under a much wider range of media ¥s, Fubanks (1969, 1971)
found little increase in leaf ¥s, All these results are preliminary, since the sample was small and
improved methods are now available for measuring ¥, ¥s, and stomatal closure.

Preliminary results are also available concerning the ability of EA leaves to tolerate low RWC.
The leaf RWCs at which damage occurred were 33 to 66% (Arvidsson 1951); and 30% in growth chamber seed-
lings and 54 % in a forest tree (Jarvis and Jarvis 1963d).

In summary, TA and BTA successfully survive and reproduce on dry sites but do not reach large
commercial size there. The TA succeeds on dry sites despite relatively high transpiration rates, prob-
ably because of its deep and extensive root system and low leaf area. Also, in times of severe drought,
aspen leaves can die or abscise, conserving water in the meristems. The capacity to regenerate from
root suckers best explains the widespread occurrence of aspens on dry sites; suckering allows the species
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to bypass the seedling stage when individualsé are most susceptable to drought. EA appears to drought
harden; seedlings grown at moderate deficits develop lower leaf ¥Ys and die at a lower leaf RWC.

V. PESTS, DESTRUCTIVE AGENTS, AND WATER

As already indicated (Sec. IVC), moisture deficits and drought may interact to cause pericdic in~-
creases in the mortality of TA. This section reviews reported relationships between specific pests and
the water relations of aspen. When possible, the direct effects of climate were distinguished from the
effects of aspen water relatiomns on the pest.

A. Diseases
1. Stem Cankers

Plant water influences the incidence and growth rate of stem cankers, the relation being most
completely explained for Hypoxylon mammatum (pruinatum) on TA. Successful artificial innoculation with
Hypoxylon required a moist sealed wound (Bagga and Smalley 1969, 1974), but more innoculations develop-
ed into cankers on dry soil and at low relative humidity (Table 9). Furthermore, the growth of estab-
lished cankers could be reversibly promoted by watering dry soil or inhibited by drying wet soils. In
well-watered soils, cankers grew twice as fast at 507 relative humidity as at 90%. The minimum bark

Table 9., Effect of soil moisture, relative humidity (RH), and plant moisture on Hypoxylon canker devel-
opment in greenhouse P. tremuloides (after Bagga and Smalley 1969, 1974).

Plants Relative Original
With a Cankera Saturatio Moistur
Experiment Watering RH Cankers Length Moisture Content
(%) (%) (mm) ) (% ODW)
1969 Every day 40-80 50 19¢ 60-80 74-77
Every 3rd day 40-80 67 56 50-80 69-77
Every 5th day 40-80 90 69 — e
1974 Continuous 50 20 12 — e
90 20 12 — e
At wilting 50 100 50 —— ——
90 100 28 — —_—

2 Each value the average of 30 seedlings.
Each value, the average of 5 seedlings.

€ In 1969 experiment LSD was 20 mm; in 1974 experiment LSD was 11 mm.

moisture required for successful innoculation and growth of Hypoxylon was 807 "relative turgidity"”
(Bier 1961a, b) as determined by soaking bark discs for 24 hours. (The term ''relative turgidity” was
inappropriate as much of the uptake may have been apoplastic). The reasons dry soils and tissue favor
canker growth remain unknown but mycotoxins may be involved since the size of lesions produced on ex-
cised leaves by metabolites of Hypoxylon varied with the moisture regime of the leaf prior to excision
(Bruck and Manion 1978). Bagga and Smalley (1967) earlier demonstrated that the fungus grew well at
the low external Y produced by an agar concentration of 8%.

Indirect evidence suggests these laboratory results may apply to the forest. In northern
Michigan, the number of new Hypoxylon infections varied inversely with May through July rainfall, the
cankers grew faster in a cool dry season, and aspen mortality from cankers was higher in dry summers
(Day and Strong 1959). 1In New York, the incidence and destructiveness of Hypoxylon was less on lowland
or moister upland soils (Bruck and Manion 1980). Anderson (1972), however, found no relation between
Hypoxylon and height of water table.
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The wood borers whose wounds and galleries provide major infection courts (Anderson and Martin
1981) can also be considered in relating Hypoxylon to moisture. Dry summers favor several borers (Sec.
VB2). However, Graham et al. (1963) found that Hypoxylon developed at the point of Saperda calcarata
ovipositions only in relatively moist summers.

Other stem cankers have been studied in less detail than Hypoxylon, but the results agree that
low water favors canker development. Artificial innoculations with Fusarium lateritum, Cryptodiaporthe
salicella, and Septoria musiva were successful only when the bark of dormant cuttings of TA was dried to
below 80, 80, and 71% "relative turgidity," respectively (Bier 196la, b). Watering the cuttings arrest-—
ed the growth of the cankers. Literature reviewed by Anderson (1972) indicated that drought and off-
site locations predispose aspen to infection by Cytospora chrysosperma (Valsa sordida). The increased
susceptibility of EA was related to lower plant water content, and a change in tannin deposition is a
proposed mechanism.

2. Stem rots, decays, and diebacks

Basham (1958) found slightly higher decay and butt rot in 140 to 180-year-old trees on the driest
of four sites, but the sampling system does not permit generalization. In Minnesota, foresters state that
decay is more significant on sites which are too wet or too dry for good aspen growth. In EA, the inci-
dence of the stem rot, Phellinus tremulae, increased with wetness of the site (Il1'in 1977). The inci-
dence of the tip dieback Venturia tremula was increased by irrigation of TA (Einspahr and Wyckoff 1978).

B. Insects
1. Defoliators

Outbreaks of forest tent caterpillar (Malacasoma disstria) infestations occur after an increase
in annual cyclonic passages (Wellingtom 1952). No tie to plant water relations was inferred, and the
increased populations may be attributable to longer feeding periods in the humid weather (Graham et al.
1963). Growth reductions attributable to defoliation were not significantly affected by rainfall dur—
ing the growing season (Duncan and Hodson 1958), although several foresters in Minnesota (personal com-
munications) indicated that mortality was heavier on dry sites during the outbreaks in the late 1970's.
After partial defoliation by gypsy moth (Porthetria dispar), the residual leaves of TA had a more favor-
able water balance than leaves in undefoliated crowns (Stephens et al. 1972).

2. Stem borers

Dry summers appear to favor successful oviposition and early larval development of the poplar
borer (Saperda calcarata) (Graham and Mason 1958; Graham et al. 1963). Populations are not higher,
however, on dry sites. Low precipitation may explain why populations of the stem borer, aspen agrilus
(Agrilus liragus) (Graham et al. 1963) peaked during the 1930s. The agrilus completes its life cycle
in trees which have low vigor.

C. Pollution

The poor performance of EA growing near highways has been related to lower r.'s caused by pollu-
tants. Particulate matter deposited in the stomatal pore inhibited closing (Fluckiger et al. 1977).
Also, vehicle exhaust at a ratio of 1:200 with air, inhibited normal stomatal closing in dark and at a
ratio of 1:10 decreased r in the light (Fluckiger et al. 1978b).

In controlled conditions, sulfur dioxide at 0.2 and 0.5 nl/l partially closed the stomates of TA
(Kimmerer and Kozlowski 1981). The closure was reversible and varied with clone.
D. Wind and Temperature
The author observed an unusual amount of stem breakage during the Minnesota drought of 1976.

The xylem of the broken trees was unusually brittle and dry. Although cold and heat injury vary with
water status, this literature was not reviewed.
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E. Summary

The little known about the interaction of aspen water balance with pests is quite intriguing.
The successful innoculation and growth of Hypoxylon and other stem cankers is favored by drier bark
and/or wood, lower soil moistures and lower air humidities. First-year survival of aspen borer is much

higher in dry summers. Highway pollution lowers T4 while 802 raises LFp

VI. TOPICS FOR FUTURE RESEARCH

Among the numerous possible problems, these were selected for their practical significance to
Lake States forestry or scientific interest to the author.

Topic A - Modeling Evapotranspiration

One present need is to determine parameters which can be used in existing ET models such as
PROSPER, EVTRAN, or THIRSTY (Sec. IIE). We need parameters which can be applied in forest situations
where climate and stand information is usually limited. Among the parameters, the crop coefficient
deserves first attention; in particular we need to learn how to predict its change with phenology, soil
moisture deficits, evaporative demand, and stand characteristics such as leaf area index, stand struc-
ture, and species composition. A related need exists for long-term observations of climate and soil
moisture (to at least 4 m) in representative stands.

Topic B - Growth and Water Deficits or Surplus

1. Assessing site quality

Current methods for predicting the site quality of TA in the Lake States emphasize multiple
correlation with scil properties. The author propose that these same variables be processed into a
simple water balance model which would include soil moisture-supplying capacity, exposure, PET, and
precipitation. This model could then be incorporated in more gemeral ecological classifications.

2. Timing of Deficits and Growth

The time during the annual cycle when water deficits appear determines how they impact growth.
Deficits will affect quantitative changes (e.g., number of cambial divisions) differently in June than
in August. Of greater interest is the impact of timing on such qualitative changes such as the induc-
tion of dormancy.

3. Aging and Water Relations

The author suggests the following postulates and hypothesis be tested. Short shoots impart
drought resistance but have lower net assimilation rates. As at least certain clones of aspen age, in-
creasing percentages of their crown are in short shoots. Therefore, short shoots impart both slow
growth and drought avoidance to older trees.

4, Explaining Poor Growth on Wet Sites

In the Lake States poor growth and early deterioration can be attributed more to wet soils than
to dry. For example, the most recent U.S. Forest Service National Fores§ Survey of Wisconsin found
that of the 1,067,000 acres in aspen type with potential yields of 4.2 m /ha (60 f£t”/ac) or less, 90%
were either poorly drained, usually wet or frequently flooded (Lundgren and Hahn 1978). Research is
needed to further classify these poorly drained and flooded sites. There is also a need to assess why
aspen growth 1s poor and why stands rapidly deteriorate on the various wet sites.
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Topic € - Hypoxylon Canker

A physiological explanation is needed as to why dry conditions favor the rapid growth of stem
cankers in TA. The interaction between plant stress and disease is a targeted area for basic research
in food crops suggesting that the scientific community recognizes a need for more knowledge in this
aspect of host-~disease interactions. In aspen we already have a model system for trees since the
studies of Bier and Bagga and Smalley have shown that dry air amnd dry aspen tissue favor canker growth.
The physiologic explanation of susceptibility must then be integrated into a hypothesis which accounts
for the proposed or known effects of moisture on the insect vector and the disease fungus.

Topic D - Descriptive Water Relations

1. Tissue Water Status

T. H. Hinkley {(personal correspondence) suggests the usefulness of describing the seasonal and
diurnal patterns of tissue water status. Such data would aid in developing parameters for crop resis-—
tance and predicting the effects of water deficiency on growth.

2. Xylem Resistance

The studies of Zimmerman (1978) on BTA should be expanded into definitive studies of how xylem
resistance affects leaf water status and how water deficits and transpirational flux affects xylem
resistance.

3. Strategies of Conserving Water

EA extends from northern Finland to northern Algeria and TA extends from central Alaska to
eastern Mexico. A study could be done to determine how either species adapts to survive under such
different durations and intensities of evapotranspiration.
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