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ABSTRACT

We examined the late summer predawn and midday xylem water potential of 247
trees of five Quercus species at the Hastings Reservation in central coastal California.
These five species are sympatric over a large part of their range in California, but
show markedly different strategies in water acquisition and use. Quercus douglasii
and Q. kelloggii, two deciduous species, had the lowest daytime xylem water potentials
and the highest recovery values, indicating considerable drought tolerance. Quercus
lobata, a third deciduous species, had consistently high predawn values, indicating
access to ground water and hence the greatest drought avoidance. The two evergreen
species, Q. agrifolia and Q. chrysolepis, had the lowest recovery values, consistent
with shifting part of their growth to the winter as part of a drought evading strategy.
Correlations between xylem water potential and tree size (DBH) were positive for Q.
agrifolia but otherwise weak. Elevational effects were significant for several species
but did not consistently correlate with elevational preferences. Topographic correlates
of water availability as they are usually envisioned did not predict water stress as
indicated by xylem water potential. Water relations help explain the distributional
differences of these species. Quercus lobata consistently taps the water table on alluvial
terraces where the water table is too low for other species, such as Q. agrifolia, to
reach. Quercus agrifolia is able to grow in drier environments than Q. lobata. Quercus
chrysolepis is similar to Q. agrifolia. Quercus douglasii and Q. kelloggii are highly
drought tolerant and able to grow in dry soils.

The climate in much of California is characterized by wet winters
and dry summers. This pattern severely limits plant growth (Hanes
1965). Plants exhibit three general strategies for dealing with the
problems associated with such climates: (1) Drought avoidance—
Avoidance of desiccation, for example by improved water uptake,
water reservoirs or a reduction of transpiring surfaces (Larcher 1980);
(2) Drought tolerance—Physical and physiological modifications
allowing plants to tolerate extremely dry conditions; (3) Drought
evading— A shift in the growing season to the wetter but colder
periods of the year (Larcher 1980).

! Present address: Hastings Natural History Reservation, 38601 E. Carmel Valley
Road, Carmel Valley, Califormia 93924.

MADRORNO, Vol. 41, No. 4, pp. 290-301, 1994



1994] KNOPS AND KOENIG: WATER USE STRATEGIES 291

Oaks dominate the vegetation over a large part of California, often
with several species occurring sympatrically (Cooper 1922; Griffin
1977; Sawyer et al. 1977). Within a given vegetation type, species
are often spatially separated. Several authors have related this to
soil water availability. Cooper (1926), for example, remarked that
Q. agrifolia grows mainly close to streams and has a superficial root
system while Q. lobata has a well developed tap root, capable of
exploiting deep-seated water.

We measured the xylem water potential of 247 trees of five Cali-
fornia Quercus species at Hastings Reservation in central coastal
California with the goal of understanding the adaptations they ex-
hibit to cope with the rigors of a Mediterranean climate and the way
that these adaptations allow closely related species to coexist. By
measuring xylem water potential in late summer both at predawn,
when trees have fully rehydrated, and during the day, when water
stress 1S at i1ts maximum, we made three measurements of water
relations: (1) Daytime xylem water potential (DAY)—A low value
indicates drought tolerance and ability to cope with dry conditions;
(2) Nighttime, predawn xylem water potential (PREDAWN)—A high
value indicates that the tree has considerable water resources avail-
able to it, most likely by being rooted to deep-seated ground water;
(3) Overnight recovery (RECOVERY)—This value is the difference
between (2) and (1). A low overnight recovery indicates that rehy-
dration is limited, resulting in lower stomatal conductance (Waring
et al. 1981). Because there 1s a direct relationship between water loss
and photosynthesis (Farquhar and Sharkey 1982), photosynthesis is
potentially limited by this lack of rehydration. Individuals exhibiting
low overnight recovery are most likely shifting part of their growth
to other seasons, as has been documented for Q. agrifolia relative
to Q. lobata (Hollinger 1992). Low recovery consequently suggests
drought evasion.

STUDY SITE AND METHODS

Study site. The study was conducted at Hastings Natural History
Reservation, Monterey County, located in the northern Santa Lucia
Mountains of central coastal California (36°23'N, 121°33'W) ap-
proximately 20 km east of the Pacific Ocean at an elevation of 500
to 900 m. The climate i1s Mediterranean with a mean annual rainfall
of 540 mm (range 261 to 1112 mm), over 90% of which falls from
November to April. The mean minimum temperature varies from
1.4°C in January to 9.7°C in August, the mean maximum from
15.6°C 1n January to 30.4°C in July.

Hastings Reservation is situated in the middle of the central coast
range, which stretches from San Francisco to Santa Barbara. The
vegetation consists of a patchwork of chaparral, valley grasslands,
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coastal sage brush, riparian, mixed evergreen forest and oak wood-
lands. Tree density varies greatly, from open grasslands and savan-
nas with only occasional scattered individuals to mixed hardwood
forests with nearly closed canopies (White 1966a, b; Griffin 1971).

Study species. We studied 5 species, all common in the study site
(summary information on the taxonomic status of the species is
presented in Table 1). Except where noted, distributional informa-
tion is from Griffin and Critchfield (1972), Munz and Keck (1968),
and Hickman (1993).

(1) Quercus lobata Nee—The valley oak is a winter-deciduous
species, endemic to California, and occurs mostly in valleys, fertile
alluvial terraces, on gentle slopes in foothill woodland and riparian
forests from 600 m to 1700 m. It is consistently reported as having
a deep root system connected to ground water (Griffin 1973).

(2) Quercus douglasii Hook. & Arn.—The blue oak is one of the
more xerophytic of California oaks (Cooper 1922) and its growth,
measured as basal area increment, is reported to have a high cor-
relation with precipitation (Kertis et al. 1993). It is another winter-
deciduous species endemic to and widely distributed in California,
dominating part of the foothill woodlands on dry, rocky slopes below
1200 m (Baker et al. 1981). This species has previously been found
to vary considerably in the degree to which individuals are rooted
to the water table (Callaway et al. 1991).

(3) Quercus chrysolepis Liebm.—The canyon live oak is an ev-
ergreen species and is the most widely distributed oak in California,
with a range from Oregon in the north to Baja California in the
south. It i1s common on steep, rocky canyon slopes from 200 m to
2600 m.

(4) Quercus agrifolia Nee—The coast live oak is an evergreen
species occurring commonly in valleys and on relative wet slopes in
both foothill woodland and in mixed evergreen woodland below
1000 m in the northern part of its distribution and up to 1500 m
in the southern part. In contrast to the other four species studied
here, it is widely distributed along the coast. Canon (1914a, b) re-
ported that this species has an extensive shallow root system. More
recently, Griffin (1973) showed that some Q. agrifolia are connected
to the ground water table.

(5) Quercus kelloggii Newb.— The California black oak is a winter
deciduous species widely distributed in upland and montane areas
mostly from 300 to 2500 m. Little information on the rooting habit
has been reported for this species; it is thought to have a single major
tap root or numerous major vertical roots (Rundel 1979).

Methods. We measured daytime (DAY) and night-time predawn
(PREDAWN) xylem water potential of 87 Q. lobata, 56 Q. douglasii,
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FiG. 1. Precipitation (7), average monthly maximum (4) and minimum temper-
ature (O) at Hastings Natural History Reservation during 1991.

63 Q. agrifolia, 20 Q. kelloggii and 21 Q. chrysolepis. Trees were
distributed throughout Hastings Reservation over a distance of ap-
proximately 3.5 km and were initially chosen in 1980 as part of an
ongoing study of acorn production (Koenig et al. 1994). Trees se-
lected were generally large, mature individuals.

Xylem water potential (V) was measured using the pressure cham-
ber technique (Waring and Cleary 1967; Ritchie and Hinckley 1975).
Trees were measured with a pressure bomb (PMS Instrument Co.)
from 20 September to 5 October 1991. Daytime measurements were
made between 1300 and 1700 while nighttime measurements on the
same trees were made on the subsequent night between 0200 and
0600. Short shoots, approximately 5~10 cm long with a minimum
of 3 leaves were cut from which xylem water potential was imme-
diately measured in the field. We measured 2 shoots per tree; if the
difference between them was more than 10%, we measured a third
twig. All daytime twigs were cut from branches located in full sun-
light.

The study was conducted at the end of the dry season when tem-
peratures are hottest and water stress the greatest (Fig. 1). Further-
more, 1991 followed 5 years of below average rainfall (1 July-30
June seasonal rainfall ranged from 265 mm to 471 mm from 1986—
1987 to 1990-1991, 69 to 275 mm below average). Thus, although
only a single set of measurements was made on each tree, the values
are likely to represent maximum water stress for individuals in this
sample.
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Fic. 2. Predawn and midday xylem water potential (in MPa). B predawn values;
daytime values.

RESULTS

Characteristics of trees. The number of stems, the mean size mea-
sured of the biggest stem (DBH), the basal area of all stems and
elevation of the sampled trees are listed in Table 1. The three de-
ciduous oak species have, in general, one main stem, whereas Q.
agrifolia and Q. chrysolepis have often more than one main stem.
Overlap 1n both size and elevation was extensive for all of the species,
as we used similar criteria to initially choose them and we sampled
each over the same elevational gradient. However, on average, Q.
douglasii and Q. chrysolepis individuals were smallest and Q. agri-
folia located at the lowest elevation. Quercus douglasii and Q. kel-
loggii individuals tended to be found on steeper slopes than the other
three species (Table 1).

Species differed highly significantly from one another in all three
measures of xylem water potential (Table 1, Figs. 2, 3). Quercus
kelloggii and Q. douglasii were almost identical with the lowest DAY
and the highest RECOVERY values. Mean DAY values were rough-
ly equivalent for the other 3 species, which instead differed greatly
in both their PREDAWN and RECOVERY values, with the live
oaks (Q. chrysolepis and Q. agrifolia) having low PREDAWN and
low RECOVERY and Q. lobata having high PREDAWN and high
RECOVERY. The coefficient of variation of the PREDAWN values
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FiG. 3. Recovery of xylem water potential (predawn minus midday values, in MPa).

was twice that of the DAY values, indicating that individuals within
each species differ more in their access to water than in tolerance
for dehydration. The distributions of ¥ values were not significantly
different from normal (15 Kolmogorov-Smirnov 1-sample tests [3
per species], all P > 0.05).

Intraspecific correlations of xylem water potential. Table 2 lists
Spearman rank correlations of ¥ values with themselves (DAY with
PREDAWN) and with DBH, basal area and 2 site characteristics
(elevation and slope). Correlations were diverse across the 5 species
for all variables. For example, DAY and PREDAWN values were
significantly correlated in Q. douglasii, Q. chrysolepis, and Q. agri-
folia, but not for either Q. lobata or Q. kelloggii; elevation and
PREDAWN values were positively correlated in Q. agrifolia but
inversely correlated in Q. lobata.

Aspect was tested by comparing mean ¥ values for trees with
north, east, south, and west aspects using a Kruskal-Wallis 1-way
ANOVA. No significant correlations between aspect and ¥ were
found for Q. agrifolia, Q. chrysolepis, or Q. kelloggii. Values for Q.
lobata and Q. douglasii are presented in Table 3. Values were sig-
nificantly different for PREDAWN (both species) and DAY (Q.
douglasii only), but differences were not readily interpretable. For
Q. lobata, north-facing trees had the lowest night values, while for
Q. douglasii, west-facing trees had the lowest DAY and PREDAWN
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TABLE 2. SPEARMAN RANK CORRELATIONS BETWEEN XYLEM WATER POTENTIAL AND
TREE/SITE CHARACTERISTICS. * = P < 0.05;** =P < 0.01; *** =P < 0.001 (2-tailed).

Q. lobata Q. douglasii Q. chrysolepis Q. agrifolia Q. kelloggi

DAY with
PREDAWN 0.05 0.42** 0.69*** 0.7 6*** 0.05
DAY with
DBH —-0.04 —-0.07 0.40 0.40** 0.15
Basal area —0.02 —0.07 0.41 0.30* 0.15
Elevation —-0.19 —0.44%** 0.64** 0.28* 0.13
Slope 0.06 0.06 0.43 —0.04 0.45*
PREDAWN with
DBH 0.05 0.06 0.28 0.43%** 0.15
Basal area 0.03 0.08 0.29 0.40** 0.15
Elevation —0.50%** 0.13 0.43 0.34%** 0.22
Slope —0.46*** —0.35** 0.42 0.04 —-0.33
RECOVERY with
DBH 0.10 0.09 0.06 0.16 0.09
Basal area 0.08 0.11 0.01 0.28* 0.09
Elevation —-0.07 0.47%*%* -0.19 0.15 —-0.11
Slope —0.22%* —0.32% 0.06 0.16 —0.64**

values. There were no significant differences in RECOVERY among
trees with different aspect.

DiscuUSsSION

Intraspecific variation. Correlations between site characteristics
(elevation, slope, and aspect) and ¥ values were variable and, as
previously noted by Griffin (1973), not generally correlated with
moisture gradients as they are usually envisioned. For example,
water stress should increase with slope, because the redistribution
of rainwater through run-off and soil water by saturated throughflow
depends on the slope inclination (Band et al. 1993). As expected

TABLE 3. EFFECT OF ASPECT (D1VIDED INTO CARDINAL DIRECTIONS) ON X YLEM WATER
POTENTIAL OF Q. LOBATA AND Q. DOUGLASII. Statistical tests are by Kruskal-Wallis
l-way ANOVA; * =P < 0.05.

Q. lobata Q. douglasii
Day Night Recovery n Day Night Recovery n
North -2.41 —1.00 1.41 16 —3.68 —1.45 2.23 5
East —-2.45 -0.79 1.66 23 —-343 -—-1.60 1.83 27
South —-2.54 —-0.64 1.89 6 -3.13 -1.10 2.02 12
West —-2.28 —0.70 1.58 15 =374 —-1.77 1.97 10

x? (df = 3) 1.4 8.9* 4.1 — 8.1* 10.8* 1.8 -
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from this assumption, the three deciduous species (Q. lobata, Q.
douglasii, and Q. kelloggii) all had lower PREDAWN and RECOV-
ERY values with increasing slope (Table 2). However, relationships
between slope and both PREDAWN and RECOVERY were positive
and nonsignificant for the two evergreen species. We would also
predict water stress to be greatest for trees on slopes with a south-
facing aspect. In general, there was either no significant relationship
between V¥ values and aspect or the relationship did not follow this
a priori prediction: for neither Q. lobata or Q. douglasii were the
lowest PREDAWN or RECOVER values found in individuals on
south-facing slopes (Table 3).

Griffin (1973) also found evidence of size-class effects, with smaller
trees showing lower ¥ values than larger trees. Our results provide
at best weak support for this relationship: DBH or basal area were
positively and significantly correlated with DAY, PREDAWN and
RECOVERY values for only 1 of the species (Q. agrifolia). However,
in general we used mature trees; size-class effects may be stronger
among younger age classes.

Previously, Callaway et al. (1991) divided Q. douglasii at Hastings
Reservation into ‘“‘positive” and ‘““negative’ trees based on their
PREDAWN values and presumed degree of rooting to the water
table. Our data indicate that this categorization is incomplete. The
distribution of Q. douglasii ¥ values was normally distributed, sug-
gesting that there is a continuum in xylem water potentials for in-
dividuals of this species. Also, individual variation in ¥ values
among Q. douglasii were comparable to that observed within the
other four species.

Interspecific variation. Water relations of the five species were
distinctly different. Quercus kelloggii and Q. douglasii demonstrated
the greatest drought tolerance as indicated by low DAY and high
RECOVERY values (Table 1, Figs. 2, 3). These species were also
found on the steepest slopes. Quercus lobata showed the highest
PREDAWN values probably caused by the use of deep-seated ground
water, while Q. chrysolepis had the lowest PREDAWN xylem water
potential. Species exhibiting the greatest degree of drought evasion
as indicated by low RECOVERY values were the live oaks Q. chryso-
lepis and Q. agrifolia.

Based on these results the five species can be divided among the
categories for coping with dry conditions listed in the introduction
(Table 4). Quercus lobata exhibits drought avoidance by tapping into
and using deep-seated ground water. Quercus douglasii and Q. kel-
loggii are the most drought tolerant as indicated by their relatively
low DAY values (Scholander et al. 1965; Waring and Schlesinger
1985). The evergreen species, Q. chrysolepis and Q. agrifolia, are
not particularly drought tolerant as expressed by relatively high DAY
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TABLE 4. DROUGHT ADAPTATIONS OF CENTRAL COASTAL CALIFORNIA OAK SPECIES
INFERRED FROM XYLEM WATER POTENTIAL PATTERNS.

Elevation
Low High
Drought avoidance Q. lobata Q. lobata
Drought tolerance Q. douglasii Q. kelloggii
Drought evading Q. agrifolia Q. chrysolepis

values and do not appear to tap the ground water to a large extent;
growth by these species is limited during the extensive dry season.
Instead, these species are drought evasive, shifting part of their growth
cycle into the colder part of the year.

Water relations and oak distribution. As noted by prior workers,
Q. lobata consistently taps the ground water on alluvial terraces
where the water table is too low for Q. agrifolia to reach. The drought
evading Quercus agrifolia is better able to grow in canyons and
riparian forests as well as in coastal areas where it exploits relatively
mesic areas with longer water availability. In addition, Q. agrifolia
1s more shade tolerant (Cannon 1914a, b; Callaway 1992) and is
able to form a dense shade and thus has an advantage in low water
and nutrient environments over Q. lobata (Cooper 1926; Hollinger
1992). Quercus chrysolepis appears to function similarly but at gen-
erally higher elevations. Quercus douglasii and Q. kelloggii are the
two most drought tolerant species occupying dry slopes and ridges
(Grifhin and Critchfield 1972), with soils able to supply enough water
in the summer.

Distributional preferences of the species were only partially re-
flected by the correlations between ¥ values and elevation (Table
2). For example, as expected from the generally lower elevational
distribution of Q. douglasii and higher distribution of Q. chrysolepis,
DAY values correlated negatively with elevation in the former spe-
cies and positively with elevation in the latter. However, there was
no correlation between V¥ values and elevation in Q. kelloggii despite
1ts preference for higher elevations, and there was a positive rela-
tionship between DAY values and elevation for Q. agrifolia, even
though this species prefers lower elevations and is the only one of
the five found at sea level in central coastal California.

Our results confirm that trees employing several contrasting water
use strategies can coexist within a site. Sympatric oak species segregate
by differences in water use depending primarily on the amount of
water available in the summer and secondarily on the timing of the
main growing season. These differences in water exploitation and
drought adaptations probably have major effects on the distribution
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(Terradas and Savé 1992) and coexistence (Hall and McPherson
1980) of oaks on a microgeographical scale and, most likely, on a
macrogeographical scale as well, thereby contributing to the mosaic
of vegetation types dominated by one or more oak species charac-
terizing much of California.
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