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Summary This study examined the autonomy of branches
with respect to the control of transpiration (E) in Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) and western red cedar
(Thuja plicata Donn) seedlings. Experiments were conducted
on whole seedlings in a gas exchange system with a dual-
cuvette that permitted independent manipulation and measure-
ment of E intheupper and lower cuvettes. Thevalueof Einone
cuvette was manipulated by varying vapor pressure deficit (D)
between 2.2 and 0.2 kPa, whereas D in the other cuvette was
held at 2.2 kPa. Reducing D, while increasing stomatal con-
ductance (gs), resulted in an overall decrease in E. In western
red cedar, this decrease was amost threefold, and in
Douglas-fir, approximately fourfold. In well-watered western
red cedar, areduction of whole-plant E by 46% (brought about
by reducing D in the upper cuvette) resulted in a 12% increase
ings, al2%increasein E and a7% increasein net assimilation
(A) of untreated foliagein thelower cuvette. Responsesof g, E
and A of untreated foliage were similar irrespective of whether
foliage was at the top or bottom of the seedling. When D inthe
treatment cuvettewasrestored to 2.2 kPa, g, E and A of foliage
inthe untreated cuvettereturned to pretreatment val ues. In con-
trast, in well-watered Douglas-fir, there was almost no change
in gs, E or A of untreated foliage in one cuvette when D in the
other cuvette was reduced, causing a 52% reduction in
whole-plant E. However, similar manipulations on drought-
stressed Douglas-fir led to 7-19% increases in g, E and A of
untreated foliage. In well-watered western red cedar, daytime
leaf water potential (W) was maintained near —0.9 MPaover a
wide range of D, whereas W, of Douglas-fir decreased from
—1.2to-1.5 MPaasD increased. Thetighter (isohydric) regu-
lation of W, inwestern red cedar may partly explain its greater
stomatal response to D and variation in whole-plant E com-
pared with Douglasfir. In response to a reduction in E, mea-
suredincreasesin W, and gs of unmanipul ated foliage wereless
than predicted by a model assuming complete hydraulic con-
nectivity of foliage. Our results suggest the foliage of both spe-
ciesis partially autonomous with respect to water.

Keywords: drought, hydraulic limitation, photosynthesis,
Pseudotsuga menziesii, stomatal conductance, Thuja plicata,
vapor pressure deficit.

Introduction

According to the cohesion-tension theory, the flow of water
from soil to leaf is seen as a“tug-of-war” on a hydraulic rope
(Sperry et al. 1998). The hydraulic rope of xylem sap is under
considerable negative pressure (W) and is susceptibleto break-
age, i.e., xylem cavitation events (Pickard 1981) that render
xylem elements nonconductive. The risk of xylem cavitation
isafunction of therate of water loss (transpiration rate, E) and
Y in the xylem sap, both regulated by stomatal conductance
(Tyree and Sperry 1988, Jones and Sutherland 1991). Tyree
and Sperry (1988) suggested that stomatal conductanceisreg-
ulated such that woody plants routinely operate close to the
point of xylem cavitation, a proposition supported by several
studies (e.g., Cochard et al. 2002). Assuming capacitance is
negligible, stomatal conductance (gs) to water vapor can be ex-
pressed as.

— Ktot(qu — l'I',l)
gs - A D (1)

where K istotal conductance of the soil-to-atmosphere path-
way, A isleaf area, Wsiswater potential of the soil, W, iswater
potential of theleaf and D isvapor pressure deficit between fo-
liageandair. If stomataregulate E to prevent W, falling below a
threshold or critical value (W), then as D increases, gs must
decrease (e.g., Lange et al. 1971). Similarly, decreasing W
will reduce gs (e.g., Schulze 1986). The linkages between gs,
W, and D aredirectly related to K;; and A,. The quotient Ky /A
isnormally referred to as |eaf-specific conductance (K).
Reduction of A increases K, and Equation 1 predictsthat if
gs is unchanged, W, of the remaining foliage will increase.
However, anumber of experiments have shown that, following
a reduction in transpiring A, gs increases whereas W, is un-
changed (e.g., Meinzer and Grantz 1990, Whitehead et a.
1996). In sugarcane (Saccharum spp. hybrid), partial defolia-
tion or shading increased K; and gs (M einzer and Grantz 1990).
Similarly, gs declined rapidly when xylem hydraulic conduc-
tance was reduced by partia excision of theroots. Increasesin
K, and gs through partial defoliation or shading have been ob-
served in arange of speciesincluding sugarcane (Meinzer and
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Grantz 1990), Pinus taeda L. (Pataki et al. 1998), Pinus
radiata D. Don (Whitehead et a. 1996) and western red cedar
(Thuja plicata Donn) (Pepin et al. 2002). Because shading af-
fects carbon fixation as well as water flux, previous studies
may be confounded by responsesto either. Pepin et a. (2002)
used a dual-cuvette system that permitted independent manip-
ulation of E and A in two parts of a seedling by changing the
vapor pressure (e;) and ambient CO, concentration (C,) in
each cuvette. Partial shading resulted in increased gs of un-
shaded foliage only when there was a concomitant reduction
inwhole-plant E. These findings are consistent with a hydrau-
lic response to partial shading (Pepin et al. 2002).

Experimental reduction of A or shading does not alwaysin-
crease gs of theremaining foliage. For example, in Citrus seed-
lings, Syvertsen (1994) found no stomatal response to partial
defoliation, and Troeng and L angstrom (1991) reported reduc-
tionsin gs after pruning 20-year-old Pinus sylvestris L. Simi-
larly, Brooks et a. (2002) found no response of Douglas-fir
(Pseudotsuga menziesii  (Mirb.) Franco) branchlets to
within-branch reductions in E. There are several possible ex-
planations for these inconsistencies. First, the size of
responses is proportional to the reduction in whole-plant E
(e.g., Pepinet al. 2002). This, combined with theinherent vari-
ability of gsmeasurements, would mean that responses are de-
tectable only with large (e.g., > 50%) reductions in whole-
plant E. For example, in Pinus radiata, responses of gs were
observed in the upper-canopy foliage when 78% of the lower
canopy was shaded, whereas no response was observed in the
lower canopy when only 22% of the upper crown was shaded
(Whitehead et al. 1996). Second, the size of responses may de-
pend on the relative “connectivity” of hydraulic systems, and
it is argued that limited connectivity explains the absence of
responses to within-branch reductions in E in Douglas-fir
(Brooks et a. 2002). Third, the size of responsesisafunction
of how K; is distributed through the soil-to-atmosphere path-
way. If leaf conductance is low (resistance high) relative to
stem, root and rhizosphere conductances, then shoot gs will be
relatively insensitive to changes in the conductances of stem,
root and rhizosphere (Becker et al. 2000).

This study examines the responses of seedlings of
Douglas-fir and western red cedar to reversible changesin E.
Our choice of species was predicated by their contrasting re-
sponses to manipulation of transpiration (Brooks et al. 2002,
Pepin et a. 2002) and because with western red cedar, we
could draw on data obtained with the same gas exchange sys-
tem (Pepin et a. 2002). Experiments were conducted in a gas
exchange system with a dual-cuvette that permitted independ-
ent mani pulation and measurement of E in the upper and lower
cuvettes. We tested two hypotheses: (1) foliage in the lower
cuvette responds to changesin E in the upper cuvette and vice
versa (cf. Whitehead et al. 1996); and (2) the size of responses
is greater in western red cedar than in Douglas-fir.

Materials and methods

Plant material and growth conditions
Cold-stored, clonal 2-year-old seedlings of coastal Douglas-

fir were obtained from a commercia nursery in May 2001.
Seedlings were planted in 3-dm® pots filled with sand and
grown outdoors at the field facility of the University of Victo-
ria. From May to September, seedlings were watered every
second day and received a nutrient solution every 2 weeks. In
October 2001, 1-year-old container-grown seedlings of west-
ern red cedar were obtained from a commercial nursery and
transplanted to 3-dm? pots filled with sand and grown at the
University’s field facility. These seedlings were also watered
every second day and received a nutrient solution every
2 weeks.

Gas exchange measurements

Whole-seedling rates of net photosynthesis and E were mea-
sured continuously with a dual-cuvette closed gas exchange
system that was a modified version of a system described pre-
viously (Livingston et al. 1994, Pepin and Livingston 1997,
Pepin et a. 2002). Chamber C, and e, were measured with an
infrared gas analyzer (Li-6262, Li-Cor, Lincoln, NE) and pho-
ton flux density (Q) with a quantum sensor (Li-190, Li-Cor).
Net photosynthetic rates were determined by integrating the
output (recorded as 2-min running averages) from amass flow
controller (Tylan, Carson, CA) used to inject CO, into the
chamber to balance that taken up through photosynthesis. Va
por pressure was controlled by circulating air through a col-
umn of CaSO, when e, exceeded a defined set-point. The
desiccant column was supported on a balance with 1 mg reso-
[ution. Transpiration rate was calculated as AM/(At), where
AM is the change in desiccant mass over time t (typicaly
2min) and A is projected foliage area determined with aleaf
area meter (Li-3100, Li-Cor). Stomatal conductance to water
vapor was calculated as E/D. Whole-seedling E was deter-
mined asthe sum of E (in g H,O h™) from the upper and lower
cuvettes. Intercellular CO, concentration (C;) was calculated
as described by Field et a. (1991). The flow rate through the
chamber was approximately 0.025 m?® s™, giving riseto ahigh
boundary layer conductance (> 2 mol m=2 s~ for seedlings
with A = 0.06 m?; Livingston et al. 1994) relative to gs (typi-
cally 0.01 to 0.2 mol m= s7™). In separate experiments, |eaf
temperatures were within 0.1 °C of air temperature, and for
this study, leaf and air temperatures were assumed to be the
same.

The entire shoot of a seedling was sedled inside a poly-
carbonate chamber comprising two cuvettes. The upper and
lower cuvettes were separated by a removable split poly-
carbonate plate. The polycarbonate plate wasfixed at approxi-
mately half the seedling height, and dueto this methodol ogi cal
limitation, there was not always an equal distribution of A be-
tween upper and lower cuvettes. Plasticine, which was used to
seal the edges of the plateto the chamber wall, was also used to
seal aholeinthe center of the plate to accommodate the seed-
ling stem. Two independent control systemswere used to con-
trol C,, e, and temperature in each cuvette.

Soil water content and soil water potential measurements

Single-diode time domain reflectometry (TDR) probes (Hook
et al. 1992) were used to determine soil water content in the
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pots. Measurements of time delay were converted to volumet-
ric water content (8; m® m=) in accordance with the relation-
ships derived by Hook and Livingston (1996). The relation-
ship between 6 and W, was derived from datain Pepin (1998):

In@ =—0.2089In¥_—3.0541, r* =0.94 2

Variation within and between daysin W; (as indicated by pre-
dawn water potential) was small under well-watered condi-
tions. At field capacity, pots contained ~450 ml of water and
over 24 h, soil 8 decreased by a maximum of 60 ml, which
would have led to adecrease in W, of < 0.1 MPa

Leaf water potential and hydraulic conductance
measurements

Leaf water potential was measured with a pressure chamber
(Soil Moisture Equipment, Santa Barbara, CA) to determine
the leaf water potential at which stomata close (W) and K.
Measurements required the partial dismantling of the upper
cuvette and excision of foliage. The time from the dismantling
of the upper cuvette (which caused abrupt changesin C, and
e,) to the shoot being enclosed in the pressure chamber was
less than 30 s. Leaf-specific hydraulic conductance was esti-
mated by:

K, = ©)

Predawn water potential (Wyq) was used as a surrogate for W,
Under drought stress, we have only single measurements of K|
because in the sand used, small changes in 8 below 0.07 m?
m~2 havealarge effect on W, and thusit was difficult to obtain
replicate estimates at the same W,4. We have ignored capaci-
tancein our calculations because al measurementswere made
at least 4 h after lights were turned on, at which time the water
content of seedlings was assumed to be constant.

Experimental protocol

Seedlings were in a state of quiescence between October and
April, and this partial dormancy was broken before they were
placed in the gas exchange system. Seedlingswere brought in-
doorsand placed in agrowth cabinet for at least 2 weeks at air
temperature (Ty,) = 19-22 °C, C,= 360—400 pumol mol ~* and
e, = 0.7-0.9 kPa. Photoperiod inside the growth cabinet was
14 h (0700 to 2100 h) and Q at the top of the seedlings was
1000 pmol m=2s7%, decreasing to Q > 420 umol m2 st inthe
lowest foliage. During warmer months, seedlings were
brought indoors and placed in the gas exchange system with-
out this step.

Seedlings were placed in the gas exchange system and, be-
foretreatmentswereimposed, acclimatized for at least 1 week
or until Aand E were stable from day to day. Unless stated oth-
erwise, Ty, €, and C, inside the cuvettes were maintained at
25°C, 2 kPaand 360—370 pmol mol ™, respectively. Seedlings
were exposed to a 14-h photoperiod at constant Q. Photon flux
density was 1000 pmol m=2 s~ at the top of the seedling, de-

creasing to 420 pmol m= s™ at the bottom of the lower
cuvette. In separate experiments, net photosynthetic rates and
stomatal conductance in Douglas-fir and western red cedar
were light-saturated at Q > 400 pmol m™ s™* (see also Tan et
al. 1977, Pepin et al. 2002). Potswere watered to field capacity
every day, unless stated otherwise.

Leak tests

Once a seedling was sealed in the gas exchange system, and
before experiments commenced, the system was tested for
leaks, including leaks between the cuvettes. In onetest, which
was carried out in darkness, a high concentration of CO, was
injected into one cuvetteto ensurethat any changesin C,inthe
other cuvette were consistent with respiration rates. A similar
test was carried out after experimentswere completed on seed-
lings that had died after being subjected to extreme drought
stress. The validity of estimates of E from the gas exchange
measurements was assessed by comparing estimates of cumu-
lative E with the changein volumetric 8 (determined by TDR).
This was usually done over a period of 5 or more days. The
methods always agreed to within 5%.

Vapor pressure response of whole seedlings

Vapor pressure response of whole plants was measured on five
Douglas-fir and two western red cedar seedlings. Response
curves were measured between two and four times on each
seedling and averaged. Rate of net photosynthesis, E and g
were measured at an e,of 2 kPa (D = 1.2 kPa) for at least 1 h, or
until they were stable. After this, e, was increased to 3.0 kPa
and a response curve was generated by decreasing e, step-
wise, to 0.7 kPa. At each e,, gas exchange was allowed to sta-
bilizefor at least 1 h. During these experiments, there were no
differences between e, in the upper and lower cuvettes.

Response of foliage to independent manipulation of D in
upper and lower cuvettes

Experiments were carried out on five Douglas-fir and two
western red cedar seedlings to determine whether A, E and g
of foliagein one cuvette were affected by D (and thusE) inthe
other cuvette. Manipulations were repeated between two and
four times on each seedling. Treatments were imposed at |east
1 h after lightswere turned on, by which time A, E and gs were
relatively stable. Vapor pressure in one cuvette was increased
(to 2.2 kPa) or decreased (to 0.2 kPa) while D in the other
cuvette (untreated foliage) was held constant at 2.2 kPa. After
24—48 h, the manipulation was reversed.

Changesin A, E and gs were determined by comparing pre-
treatment to posttreatment values with paired t-tests (Under-
wood 1997) and are presented as the percentage change in
absolute A, E and gsin that cuvette. Daytime (lights on) values
of A, E and gsweregenerally averaged for periodsof 12to 14 h
pre- and posttreatment. In the treatment cuvette, we did not be-
ginintegrating values until D reached asteady state, otherwise
errors might have arisen because of the change in chamber e,
and adsorption/desorption of water to the cuvette and seed-
ling.
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Response of foliage to soil drought

Soil drought was imposed on three seedlings of Douglas-fir
and manipulations of D were repeated as in wet soil. Water
waswithheld until E reached aminimum and W,q was approxi-
mately —1.5 MPa (8 = 0.035 to 0.045 m*® m~); normally, this
took at least 10 days. At thispoint, we carried out two replicate
manipulations of D per seedling. We attempted to maintain
W4 near —1.5 MPaon replicate days by, in the evening, provid-
ing the same amount of water transpired that day.

Modeling of seedling response to D

We used Equation 1 and measured K|, W, Wyq and maximum
0s (9smax) to predict therel ationship between gs (or E) and D, as
described previously (Bond and Kavanagh 1999, Oren et al.
1999). The model assumes that gs is regulated such that W, is
never less (more negative) than W, and is restricted to cases
where Wy4 > Wi We assumed an infinite boundary layer con-
ductance and that K, was invariant. Stomatal conductance was
modeled as follows. A preliminary value of W, was estimated
using the measured gqnax in arearranged version of Equation 1:

W =Wy —(9ena D/K)) 4

If qu > l'pcritx then Os = Osmax- If l'I',I < chrit, then q"'I = "Pcrit and Os
was calculated from Equation 1.

Predicting the responses of gs and W, of untreated foliage to
manipulation of E

We predicted the responses of gsand W, in untreated foliage to
imposed changesin E in treated foliage based on our own and
published data for branch-level manipulations on Douglas-fir
(Brooks et al. 2002) and whole-tree manipulations on
P.radiata (Whitehead et al. 1996). To predict changesin gsand
Y, of untreated foliage following areductionin E of treated fo-
liage, we considered two scenarios: (&) isohydric regulation of
Y (i.e., W, constant, gsincreases), and (b) anisohydric regula-
tionof W, (i.e., ¥, increases, gs constant). Under control condi-
tions, Equation 1 wassolved for Ki/A using measured gs, Wy,
Y, and D. After imposing atreatment, the equation was solved
again with the change in whole-plant E as a surrogate for the
change in A. Leaf water potential was not measured in the
lower cuvette because of methodological limitations, but was
assumed to be the same as W, in the upper cuvette. This as-
sumption is supported by measured W, in the upper cuvette,
which wasthe samewhen D was 2.2 kPain thetop and 0.2 kPa
in the bottom as when the differencesin E were reversed.

Data presentation and analysis

Throughout the experiment, all comparisons of seedlingswere
based on the mean of 2—4 replicate measurements for each
seedling. Most analyses were based on absolute, not area-
based, values of A, E and gs(e.g., g H,O h™* cuvette™). Inthe-
ory, responses of untreated foliageto E of treated foliage are a
function of absolute rates of E (Pepin et al. 2002).

Theuse of absolute values accountsfor differencesin A dis-
tribution between the cuvettes and the change in A over time.
Leaf area was measured only when seedlings were removed
from the chamber, and in spite of the species’ slow rate of
growth, there may have been significant change in A over the
2—3 week measurement period that would have confounded
results.

There was significant between-seedling variation in area
based values of A, E and gs, which precluded data presentation
or analysis of time-course data based on means of area-based
values. To overcome this problem, statistical analysiswas car-
ried out on the change in absolute A, E and gs in each cuvette,
and to illustrate treatment effects, time courses of area-based
A, E and g for single seedlings are presented.

Results

Response of foliage to manipulation of D in upper and lower
cuvettes—wel l-watered seedlings

At aD of 2.2 kPa, E ranged from 1.5 to 2.0 mmol m=2 s in
western red cedar and from 2.0 to 25 mmol m= s in
Douglas-fir (Figures 1 and 2). Decreasing D from 2.2 to
0.2kPa(by increasing e,) typically took 1 h and was solely de-
pendent on seedling E. The transient reduction in gs as D de-
creasesis an artifact of measurements under non-steady state
conditions. The increase in chamber e, was brought about by
seedling E and this gaverise to erroneously low estimates of E
and gs. When a steady state was reached, gs was greater than
when D was low, yet there was an overall decrease in E. In
western red cedar, the decrease was almost threefold, and in
Douglas-fir, approximately fourfold. The reduction in whole-
plant E (when D in one cuvette was reduced) (Table 1) was a
function of differencesin E and the distribution of A between
the upper and lower cuvettes.

Foliagein the cuvette that was held at 2.2 kPa (untreated fo-
liage) responded to areduction of D in the other cuvette (Fig-
ure 1, Table 1). In western red cedar, reducing whole-plant E
by 42-46% caused E of untreated foliage to increase by
9-12%, gs by 10-12% and A by 5-7%. The size of these re-
sponses was the same in either cuvette when D was manipu-
lated in the treatment cuvette, i.e., in upper and lower foliage.
Leaf water potential in untreated foliage of the upper cuvette
increased from —0.9 to —0.84 MPa(Tables 1 and 2) when D in
the lower cuvette was decreased.

In Douglasir, reducing D in one cuvette led to 24-52% re-
ductions in whole-plant E. In untreated foliage, the increases
in E, gs and A of between 1 and 3% were not significant (Ta-
blel, Figure2). Leaf water potential in untreated foliage of the
upper cuvette increased by an average of 12%, or from —1.50
to—1.32 MPa, when D in thelower cuvette was decreased (Ta-
bles 1 and 2).

Increasing D from 0.2to 2.2 kPatook approximately 30 min
(cf. decreasing D) and during this period, estimates of E were
erroneously large because a portion of the apparent E was due
to thereduction in chamber e,. When D wasrestored to 2.2 kPa
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Figure 1. Time courses of (a,
€) vapor pressure deficit (D),
(b, f) transpiration rate (E),
(c, g) stomatal conductance
(9¢) and (d, h) net photo-

synthetic rate (A) in awell-

watered seedling of western
red cedar. Projected leaf area
was 186 cm? in the upper
cuvette (solid lines) and

57 cm? in the lower cuvette
(dashed lines). Data are for
two consecutive days. Data
are means of three replicate
manipulations on the same
seedling. Standard error bars
are shown every 2 h for un-
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and reached a steady state, E, gs and A quickly reverted to
within 5% of their pretreatment values (Figures 1 and 2). This
was accompanied, in untreated foliage, by slower decreasesin
E, gs and A to within 5% of their previous values. Changesin
E, gsand A in untreated foliage were more rapid than when D
was decreased. The rapidity of these “responses’ was to a
large extent determined by the rate at which D in the treatment

treated foliage in the lower
cuvette and omitted for
treated foliage in the upper
cuvette for clarity.

cuvette changed. Standard errors are rather large owing to the
differences in leaf area distribution between replicate plants.
Nevertheless, the within-plant repeatability of manipulations
was high. For example, when D in the lower cuvette of one
western red cedar seedling was varied between 2.2 and 0.2 kPa
five times over a 10-day period, the changein E (in untreated
foliage of the upper cuvette) was 12.1 + 1.2% (mean + SE).
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Figure 2. Time courses of (a, €)
vapor pressure deficit (D), (b, f)
transpiration rate (E), (c, g)
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stomatal conductance (gs), and (d,
h) net photosynthetic rate (A) ina
well-watered seedling of
Douglasfir. Projected leaf area
was 85 cm? in the upper cuvette
(solid lines) and 74 cm? in the
lower cuvette (dashed lines). Data
are for two consecutive days and
are means of three replicate ma-
nipulations on the same seedling.
Standard error bars are shown ev-
ery 2 h for untreated foliage in the
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Time (h)

Response of foliage to manipulation of D in upper and lower
cuvettes—drought-stressed seedlings

In drought-stressed Douglas-fir, reducing D in one cuvette led
to 7-19% increases in E, gs and A of untreated foliage. These
responses were slower than those of well-watered seedlings
(compare Figures 2 and 3), and were, to some extent, masked
by the greater relative variability of A, E and gs of drought-
stressed compared with well-watered Douglas-fir.

15

upper cuvette and were omitted
for treated foliage in the lower
cuvette for clarity.

17 19 21

Hydraulic and stomatal characteristics of seedlings

In Douglas-fir and western red cedar, gs was negatively corre-
lated to D (Figure 4). In Douglas-fir, this relationship was lin-
ear, whereas in western red cedar, it was logarithmic over the
range of D examined. When D = 0.25 kPa, g of Douglas-fir
(0.193 + 0.004 mol m= s™%; mean + SE, n = 5) was signifi-
cantly lessthan in western red cedar (0.23+ 0.01 mol m=2s™;
n=2) (seeaso Table 3). Stomatal conductance was |ess sensi-
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Table 1. Responses of seedlings of well-watered western red cedar (WRC), well-watered Douglas-fir (D-fir) and drought-stressed Douglas-fir
(D-fir drought) to manipulation of vapor pressure deficit (D). Vapor pressure deficit in the treatment cuvette was decreased from 2.2 to 0.2 kPa
while D intheuntreated cuvette was held at 2.2 kPa. Changesin net assimilation (A), transpiration rate (E) and stomatal conductance (gs) werede-
termined by comparing pre- to posttreatment values. Daylight valuesof A, E and gswere averaged for periods of 12 to 14 h pre- and posttreatment.
Data collected from the treatment cuvette were not integrated while D was changing. The change in whole-plant transpiration (AE) was deter-
mined from the sum of transpiration (g H,O h™%) in the upper and lower cuvettes. Dataare means (SE) and the number of replicates (n) isin paren-
thesis. Each replicate is the mean of between two and four manipulations on the same seedling. Statistical significance of changesin A, gsand E
were compared with paired one-tailed t-tests (NS = not significant; * = P < 0.10; ** = P < 0.05; *** = P < 0.01) (Underwood 1997). For technical
reasons, leaf water potential (W) was measured only in the upper chamber, and thus only the response of upper foliage to manipulation of lower

foliage is reported. Abbreviation: ND = not determined.

Species Percentage of foliage AE (%) Change in untreated cuvette (%)
in cuvette Wi A % E
WRC (n=2) Top 57 (19) —46 (16) * ND +7 (1) ** +12 (4) * +12 (4) *
Bottom 43 (19) —42 (10) * +7 +5(1)* +10(3) * +9(3)*
D-fir (n=5) Top 38 (5) —24 (9) *** ND +2 (1) ** +3 (1) ** +3 (1) **
Bottom 62 (5) —52 (6) *** +12 (1) *** +1(1) NS +2 (2) NS +2 (2) NS
D-fir drought (n = 3) Top 41 (8) -35(10) * ND +7 (4) NS 14 (6) NS 15 (6) NS
Bottom 59 (8) =50 (12) * ND +11 (5 NS 19(5* 19(5) *

1y, was measured in three Douglas-fir and one western red cedar.

tive to changesin D in Douglas-fir than in western red cedar,
and thus when D = 2.65 kPa, gs of Douglasfir (0.114 +
0.001 mol m=s7) was significantly greater than that in west-
ern red cedar (0.068 + 0.004 mol m™2 s™) (Figure 4). When
well-watered (Wpq = —0.3 MPa), W, of western red cedar was
—0.9+ 0.1 MPafor any D between 0.5 and 2.6 kPa (Table 2).
This conservative W, is denoted W;;. In Douglas-fir, ¥, was
not maintained within asnarrow arange. Instead, W, decreased
from —1.2 to —1.5 MPa as D increased from 0.5 to 2.6 kPa.
Therefore, in Douglasfir, thethreshold or critical W, wasmore
like arange than a discrete point. Nonetheless, we chose —1.5
MPa as W;; since this was the most negative water potential
until Wsfell below —0.8 MPa. Leaf-specific hydraulic conduc-
tance was significantly lower in Douglas-fir (2.0 + 0.1 mmol
MPa* m=2 s than in western red cedar (3.0 = 0.2 mmol
MPa™ m~ s™) (Table 3). Under drought stress, as Wy de-
creased below —1.0 MPa, W, was no longer conserved and de-
creased below Wi When Wygwas—1.4t0-1.7 MPa, K| (at D =

2.35 kPa) was 0.7 mmol MPa™* m=2 s in Douglas-fir. Under
drought stress, we have only single measurements of K, be-
cause, in the sand used, small changesin 6 below 0.07 m® m=
have a large effect on W, and thus, it was difficult to obtain
replicate estimates at the same Wyq.

Modeled responses of gsto D

Inwestern red cedar, modeled responses of gsand E to D (Fig-
ure 5) were similar to the measured responses (Figure 4). The
model predicted that gs of Douglas-fir would not be reduced
until D was greater than ~1.2 kPa, whereas measured gs de-
creased linearly between 0.25 and 2.65 kPa. In Douglas-fir, we
contrasted the measured linear decrease in W, from —1.2 to
—1.5 MPa (as D increased) with isohydric regulation of W, at
—1.5 MPa. Allowing W, to decrease from —1.2 and -1.5 MPa
resulted in gs being somewhat less than 1 to 2.5 kPa compared
with the situation with perfect isohydric regulation.

Table 2. Measured and modeled changesin stomatal conductance (gs; mol m=2s™1) and |eaf water potential (W; MPa) inresponseto reversiblere-
ductions in whole-plant or whole-branch transpiration rate (AE). To predict changesin gs and W, of untreated foliage following a reduction in
whole-plant E, we considered two scenarios: (8) isohydric regulation of W (i.e., W, constant, gs increases) and (b) anisohydric regulation of W,
(i.e., W increases, gs constant). Under control conditions, Equation 1 was solved for Kyq/A using measured gs, predawn water potential (Wpq), W,
and vapor pressuredeficit (D). After imposing atreatment, the equation was re-solved with the change in whole-plant or whole-branch E used asa
surrogate for the change in leaf area (A)). Abbreviations: WRC = western red cedar and D-fir = Douglas-fir.

Species Pretreatment Posttreatment Predicted

s W AE (%) Os Wy Os W
WRC (this study)* 0.085 -0.90 —42 0.094 —-0.84 0.141 -0.64
D-fir (this study)* 0.124 -1.50 -52 0.126 -1.32 0.258 -0.88
D-fir (Brooks et al. 2002)? 0.200 —2.00 -55 0.150 -1.90 0.444 -1.35
Pinus radiata (Whitehead et al. 1996)° 0.045 -1.50 —60 0.054 -1.50 0.113 -0.78

! Dataare for the response of upper foliage to decreasing D in lower foliage.
2 Dataare for 20-year-old trees. Wpq = —0.85 MPa. AE estimated from sap flux data concurrent with gs measurements.
3 Dataarefor D = 12-16 mmol mol . W, was assumed to be = —0.3 MPa.
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Figure 3. Time courses of (a,
€) vapor pressure deficit (D),
(b, f) transpiration rate (E), (c,

g) stomatal conductance (gs)

A (umol m=2 s7)

0.0

and (d, h) net photosynthetic
rate (A) in adrought-stressed
seedling of Douglas-fir. The
seedling was the same as that
depicted in Figure 2. Predawn
water potential (Wpq) was be-
tween —1.4 and -1.7 MPa.
Data are for two consecutive
days. Standard error bars are
shown every 2 h for untreated
foliage in the upper cuvette
(solid lines) and omitted for

10 12 14 16 18 20 10 12
Time (h)

Predicted responses of gs and W, in untreated foliage to
manipulation of E

Changesin W, and gs were consistently less than predicted for
amodel that assumes complete hydraulic coupling (Table 2).
In western red cedar, for example, if there was no stomatal re-
sponse to a reduction in E, we would predict that W, of un-

treated foliage in the lower
cuvette (dashed lines) for clar-

ity.

treated foliage would increase from —0.90 to —0.64 MPa. The
small measured increasein W, (up to —0.84 MPa) cannot be at-
tributed solely to the measured increase in gs, because even
with this increase, W, should have increased to —0.68 MPa.
Measured increases in W, and gs were also significantly less
than those predicted for Douglas-fir seedlings (this study), and
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Figure 4. Responses of (&) stomatal conductance (gs) and (b) transpi-
ration rate (E) to vapor pressure deficit (D) in well-watered seedlings
of western red cedar ((J) and Douglas-fir (@). In Douglas-fir, gs =
198.4—-33.6D,r =0.98; and E=1.77 + 2.33logD, r = 0.98. Inwestern
red cedar, gs=137.3-151.6logD, r =0.99; andE=1.29+ 1.12logD,
r =0.97. Dataare means (+ SD) of two replicate seedlings of western
red cedar and five Douglas-fir. Each replicate is the mean of two to
four response curves measured on each seedling.

Pinus radiata trees and Douglas-fir branches (in response to
partial shading).

Discussion

In western red cedar, when whole-plant E was decreased by
~45% (by reducing D in one cuvette), A, E and gs of untreated
foliage increased by 5-12% (Table 1). These responses are
quantitatively consistent with those determined in the same
species where varying proportions of the foliage were shaded

Table 3. Hydraulic and stomatal characteristics of well-watered seed-
lings of western red cedar (WRC) and Douglas-fir (D-fir). Abbrevia-
tions. gsmax = Maximum stomatal conductance measured at vapor
pressure deficit (D) = 0.25 kPa (see aso Figure 4); ggmin = minimum
stomatal conductance (cuticular conductance) measured at nighttime;
Wit = leaf water potential at which stomata close; and K, = leaf-spe-
cific hydraulic conductance measured in wet soil (predawn water po-
tential (Wpq) =—0.3 MPa) with D = 2.35 kPa. Data are means (SE) of
two replicate seedlings of western red cedar and five Douglas-fir.

Species  Gsmax Osmin Warit K (mmol

(mol m2s7Y) (mol m2s71) (MPa) MPatm=2s™
WRC 0226(11) 0.012(3) -0.9(0.1) 3.0(0.2)
D-fir  0.193(4) 0.019 (2) -15(0.1) 20(0.1)
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Figure 5. Modeled responses of (a) stomatal conductance (gs) and (b)
transpiration rate (E) to vapor pressure deficit (D) in well-watered
seedlings (soil water potential (Ws) =—0.3 MPa) of western red cedar
(O, dashed line), Douglas-fir with isohydric regulation (@, solid line)
and Douglas-fir with anisohydric regulation (@, dashed line). We
used Equation 1 and measured leaf specific conductance (K)), critical
leaf water potential (Werit) and maximum gs (Jsmax) (Table 2) to pre-
dict the relationship between g (or E) and D, as described previously
(Bond and Kavanagh 1999, Oren et a. 1999). In Douglas-fir, we con-
sidered two scenarios. (1) isohydric regulation where Wgi =
—1.5MPg; and (2) anisohydric regulation in which W, decreaseslin-
early from—-1.2 to—1.5 MPaas D increases.

and whole-plant E was reduced (Pepin et al. 2002). Shading
and decreasesin D both reduce E; however, shading decreases
Aand gs(Pepin et a. 2002), whereas decreasing D increases A
and gs (e.g., Figure 1). The striking similarity of responses be-
tween studies (despite the aforementioned contrasting effects
on gs and A) is consistent with a hydraulic response of un-
treated foliage to whole-plant E. One notable differenceisthat
responsesin our study were considerably slower than those of
shading treatments because of differencesin the rate at which
treatments were imposed. With our closed gas exchange sys-
tem, adecreasein D was brought about by E increasing cham-
ber e,, hence D (and thus E) changed slowly compared with
the nearly instantaneous changesin E induced by shading.
That responses were similar in upper and lower foliage is
also consistent with a hydraulic response to whole-plant E.
When Whitehead et a. (1996) shaded the upper 22% of a
Pinus radiata canopy, they did not detect an increasein gsin
the lower 78% of the canopy as occurred when the lower part
of the canopy was shaded. In light of our study, it seemslikely
that the absence of aresponse in lower foliage in the study of
Whitehead et al. (1996) reflects the proportionality between
the magnitude of response and the reduction in whole-plant E
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(Pepin et al. 2002) rather than afundamental differencein hy-
draulic functioning of upper and lower portions of the canopy.

Although whole-plant responses of gs to D (compare Fig-
ures 4 and 5) were consistent with simple hydraulic models,
these modelsfailed to predict responses of untreated foliageto
changesin E in other parts of the seedling (Table 3). That is,
measured changesin W, and gs of untreated foliage were con-
sistently less than those predicted for Douglas-fir and western
red cedar seedlings (Table 2). Reexamination of published
data for similar manipulations on Pinus radiata trees (White-
head et al. 1996) and Douglas-fir branches (Brookset al. 2002)
also revealed that changes in W, and gs of untreated foliage
were significantly smaller than expected. Given the generality
of model failure, one might question the application of hydrau-
lic model s assuming compl ete hydraulic connectivity amongst
foliage.

The insensitivity of Douglas-fir foliage to changes in E is
consistent with previousreports (Brookset a . 2002) (Figure 2,
Table 1) and may have one of several explanations. The ab-
sence of a response in Douglas-fir may indicate poorer hy-
draulic connectivity compared with western red cedar, as
argued previously (Brooks et al. 2002). How K; is distributed
through the soil-to-atmosphere continuum may also affect re-
sponsiveness. For example, if leaf conductance of Douglas-fir
was low relative to stem, root and rhizosphere conductances,
the responses of shoot gs would be smaller than if K, were dis-
tributed evenly throughout the soil-to-atmosphere continuum
(Becker et al. 2000). Limited feedback between W, and gsin
Douglas-fir may be another explanation. In contrast to the near
isohydric regulation of W, in western red cedar, W, of
Douglas-fir decreased from —1.2 to —1.5 MPa as D increased
and W, of untreated foliage decreased from —1.5to —1.32 MPa
when E of treatment foliage decreased (Table 2). This
anisohydric regulation of W, decreasesthe sensitivity of gsto D
(Figure5, seedso Oren et a. 1999), but the effect israther mi-
nor and too small to explain the less sensitive g<—D response of
Douglas-fir compared with western red cedar (Figures 4 and
5). Furthermore, to explain the absence of a stomatal response
in untreated foliage to manipulation of E, ¥, of untreated fo-
liage would have to increase from—1.5t0 —0.88 M Pa, whereas
it only increased to —1.32 MPa. These findings indicate that
the insensitivity of untreated foliage to manipulation of E is
probably not due to less strict regulation of W, in Douglasir,
and that other factors such as hydraulic connectivity and the
distribution of K, are likely more important.

Under moderate soil drought (W =—1.7 to —1.4 MPa), the
relative responses of untreated foliage of Douglasfir to a
change in whole-plant E were greater than in wet soil (com-
pare Figures 2 and 3). Drought decreases W (and W), and
this most likely resulted in the increased sensitivity of foliage
to E elsewhere in the seedling. This is supported by Equa-
tion 1, which predicts that, as W, decreases, stomata become
more sensitive to D and whole-plant E (see also Bond and
Kavanagh 1999). On the other hand, the response would bere-
duced if soil drought decreased the hydraulic conductance of
the soil-to-atmosphere continuum and caused parts of the
seedling to become poorly connected hydraulically (sensu

Brooks et a. 2002). That responses of Douglas-fir were
greater under soil drought suggeststhat the change in sensitiv-
ity of gsto D and E overridesany effectsdueto decreasesin K.
Consideration of vulnerability curvesfor Douglas-fir supports
our assertion that the loss of conductivity is small, and in the
coarse sand used in this study it is likely that the majority of
this decrease occurred in the soil, rhizosphere and small roots
(Sperry and Ikeda 1997, Sperry et al. 1998, Kavanagh et al.
1999).

That changes in gs (and W) were smaller than expected
might be explained alternatively by the regulation of gs by
chemical signals or a combination of chemical and hydraulic
signals (Tardieu and Davies 1993). For example, Meinzer and
Grantz (1990) argued that, following partial defoliation or par-
tial shading, metabolic promoters (hormonal or nutritional) of
stomatal opening carried in the xylem sap may reestablish the
balance between water loss and water transport capacity by
rapidly increasing gs. Soil pressurization experiments with
seedlings of Douglas-fir (Fuchs and Livingston 1996) do not
support the implication of parameters associated with soil or
root water stress (such as W or abscisic acid production by
roots(Tardieu et al. 1992)) and are consistent with stomatal re-
sponse to changes in W,. Nevertheless, these data are consis-
tent with suggestions that hydraulic changes could trigger the
rapid generation of chemical signals in the foliage (Tardieu
and Davies 1993).

Modeling E of treesiscomplicated if foliagein one part of a
crown is affected by E elsewhere in the same crown. Most
models assume complete autonomy of foliage (e.g., Leuning
et al. 1995). However, in western red cedar and Pinusradiata,
models assuming autonomy would underestimate g, E and A
of sunlit foliage. Thiserror would increasein direct proportion
to the area of shaded foliage. An aternative model assumes
complete hydraulic connectivity among all foliage within a
crown. However, as our results show, such a model consis-
tently overestimates gs (and by inference A) of sunlit (or high
D) foliage in seedlings, branches or trees with a proportion of
shaded (or low D) foliage (Table 3). Improved predictions of
0s E and A in tree canopies may result if complete hydraulic
maps describing hydraulic connectivity (K;) among and be-
tween all foliage were incorporated into models.

Conclusions

Our resultsdemonstrate that tree species differ markedly inthe
extent to which foliage is affected by changesin the E of fo-
liage elsawhere in the plant. Under well-watered conditions,
western red cedar responded to such manipulations, whereas
Douglas-fir did not. However, Douglas-fir seedlings were af-
fected when drought-stressed. The greater sensitivity of west-
ern red cedar to changes in D and to the manipulation of
whole-seedling E is consistent with the occurrence of this spe-
cies in generaly wetter habitats than Douglas-fir. In response
to areduction in whole-plant E, changes in W, and gs of un-
treated foliage were smaller than those predicted for asimple
model that assumed complete hydraulic connectivity within a
seedling. Consequently, foliage on a seedling in which whole-
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