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ABSTRACI

Sap flow rates and sap pressure changes were measured in dormant
sugar maple trees (Acer saccharum Marsh.). In the forest, sap flow rates
and pressure changes were measured from tap holes drilled into tree
trunks in mature trees and sap flow rates were measured from the base
of excised branches. Excised branches were also brought into the labo-
ratory where air temperature could be carefully controlled in a refriger-
ated box and sap flow rates and sap pressures were measured from the
cut base of the branches.

Under both forest and laboratory conditions, sap uptake occurred as
the wood temperature declined but much more rapid sap uptake corre-
lated with the onset of the freezing exotherm. When sap pressures were
measured under conditions of negligible volume displacement, the sap
pressure rapidly fell to -60 to -80 kilopascals at the start of the freezing
exotherm. The volume of water uptake and the rate of uptake depended
on the rate of freezing. A slow freezing rate correlated with a large volume
of water uptake, a fast freezing rate induced a smaller volume of water
uptake. The volume of water uptake ranged from 0.02 to 0.055 grams
water per gram dry weight of sapwood. The volume of water exuded after
thawing was usually less than the volume of uptake so that after several
freezing and thawing cycles the sapwood water content increased from
0.7 to 0.8 grams water per gram dry weight.

These results are discussed in terms of a physical model of the
mechanism of maple sap uptake and exudation first proposed by P. E.
R. O'Malley. The proposed mechanism of sap uptake is by vapor
distillation in air filled wood fiber lumina during the freezing of minor
branches. Gravity and pressurized air bubbles (compressed during freez-
ing) cause sap flow from the canopy down the tree after the thaw.

Maple sugar has been harvested in commercial quantities from
the stems of Acer saccharum and other species of the genus for
hundreds of years in north eastern regions of North America.
When a hole is drilled into the trunk of an Acer tree in the
leafless state sap sometimes flows from the xylem tissue. Typi-
cally sap contains 2 to 6% sugar and yields vary from 4 to 8 L
sap/d from tap holes about 1 cm in diameter and 10 cm deep.
Yields are largest in volume when the forest air temperature falls
below OC at night and rises a few degrees above zero during the
day. Sugar yields are of commercial quality and quantity only in
the early spring, but provided the wood temperature rises above
zero preceded by at least a few hours of frost, dormant maple
trees will bleed sap anytime from mid-November until bud
expansion begins in spring (9).

Despite an extensive literature of several hundred papers, the
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mechanism of maple sap exudation is still not fully understood.
Reports begin from the early part of the 17th century. Space
does not permit a full and critical review of even the most
important papers. Although there are a few inconsistencies in
the literature regarding experimental facts, most of the disagree-
ment pertains to mechanistic interpretations, and the early dis-
cussions of mechanism are often closely tied to the disputes
common in the 19th and early 20th century literature regarding
the now-understood mechanism of sap ascent in trees. From the
past literature, the following basic facts emerge regarding sap
flow rates from tap holes or from excised branches (see 6 and
the literature cited therein).

(a) Sap flow rates decrease over the long term if several days
pass without subzero temperatures.

(b) Over the short term, sap flow rates increase as the wood
temperature increases, and flow rates decrease or become nega-
tive (= sap uptake) as the wood temperature decreases. The flow
rate changes are much larger in magnitude when the wood
temperature fluctuates above and below 0°C, but flow rates are
a function of temperature even without the occurrence of freez-
ing.

(c) Sap flow rates in standing trees are most closely correlated
with temperature changes in the small branches in the canopy
(7).

(d) When excised trees or stems are provided water during a
freezing cycle, very rapid water uptake rates are noted at about
the time subzero temperatures arise in the wood (8, 13). Roots
probably supply water to the leafless canopy ofintact trees during
the freezing cycle.

(e) Sap exudation from the stumps of felled trees is negligible
in the spring, but copious exudation persists from the excised
shoots provided they are supplied with water during freezing
conditions (13); this observation has been confirmed by our own
unpublished field observations.

It has been suggested that the mechanism of maple sap exu-
dation is at least partly tied to physical events occurring during
the cooling process; Marvin (6) writes: "During the cooling part
of the temperature cycle there is an absorption of water ... This
absorption is independent of the composition of the vessel solu-
tion and may be in part a physical phenomenon. It apparently
does not depend entirely upon the activities of living cells." In
spite of these suggestions data have not yet been published
showing a precise correlation in time between the rate of sap
flow from the stumps of excised branches and the duration of
ice crystal growth or melting as measured by freezing exotherms
or thawing endotherms, respectively.
Marvin and Greene (8) came closest to reporting these rela-

tionships in excised stem segments, but they emphasized only
semiquantitative relationships and the time resolution of their
volume flow measurements and temperature measurements did
not permit them to take full advantage of their apparatus. Fur-
thermore, no one has ever reported the time course of sap
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pressurization and depressunization in excised branches during
freezing and thawing cycles measured under conditions of neg-
ligible volume displacement through the stumps of the excised
stems. The purpose of this paper is to report the correlation
between sap flow rate or sap pressurization and freezing exo-
therms and thawing endotherms. Measurements were made
mostly under laboratory conditions using excised branch sys-
tems, but they are supported by a few experiments where sap
flow rates or sap pressures were measured on excised branches
in the field or from tap holes drilled into standing trees.

MATERIALS AND METHODS

All experiments were performed on whole trees or on excised
branches of sugar maple (Acer saccharum Marsh.) growing on
Snake Island, located 1 km off the south shore of Lake Simcoe
which is about 80 km north of Toronto.

Field Measurements. Sap flow rates or sap pressures were
measured from tap holes about 1 cm in diameter drilled about
10 cm into the trunks of mature maple trees 40 to 100 cm in
diameter at breast height. The connection between the tap hole
and field instrumentation was facilitated by a brass fitting (BF)
shown in Figure IA. The BF had tapered threads, i.e. pipe
threads, that could be screwed into the tap hole (TH) which was
drilled to provide a tight fit with the BF. The wood was self-
tapped by the threads producing a water-tight fitting. The outlet
pipe (0) could be connected through rubber hose to other
instruments. The TH and BF was filled by vacuum infiltration
with water (stippled area in Fig. IA) by opening the valve (V)
and drawing a vacuum from pipe (P) with 0 sealed. The evacu-
ated region was then back-filled with water. It was usually nec-
essary to vacuum infiltrate the TH at least once a day since small

FIG. 1. Drawings of the apparatus used for measuring sap flow rate

and sap pressure from the tap holes in standing trees and from excised

branches. None of the drawings are to scale. A, Drawing of a brass fitting

(BF) screwed into a tree trunk (hatched area). Stippled area = water. TH

= tap hole, 0= outlet, V = valve, P = pump connection. B, Drawing of

a pipette system for measuring sap flow rate. R = rubber tubing and T-

junction, I = inlet, C = clamp, H = hypodermic syringe, PT = pipette.

C, Drawing of an electronic flow rate transducer. I = inlet, 0 = outlet,

CT = capillary tube, SV = shunt valve, DPT = differential pressure

transducer, H = high pressure port, and L = low pressure port.

amounts of gas were generated in the hole and whenever negative
pressures were allowed to develop in the hole some air was
sucked in through the internal air spaces of the sapwood and
through small air leaks around the threads of some of the brass
fittings.
Sap flow rates in the field were usually measured manually

using a pipette and stopwatch using apparatus like that in Figure
lB. The inlet (I) was tightly fitted over the stump of an excised
branch or over the outlet (0) of the brass fitting in Figure IA.
The time for the meniscus to sweep past a known volume of the
pipette (PT) was measured with a stopwatch. The pipette could
be filled or emptied by opening clamp (C) and adjusting the
plunger of the hypodermic syringe (H). Sometimes the syringe
was replaced with a large reservoir of water situated above PT
for filling or below PT for draining.

Laboratory Measurements. Sap flow rates under laboratory
conditions were initially measured with apparatus like that in
Figure 1 B, but later a much superior electronic flow rate trans-
ducer was built. The flow rate transducer (Fig. IC) consisted of
a model 5005D differential pressure transducer (DPT) from
Computer Instruments Corporation, Hempstead, NY. The DPIT
produced a voltage output of -5 to +5 v for pressure differences
of -690 to +690 Pa between the high (H) and low (L) pressure
ports (= a pressure head of about ±7 cm of water). Sap was
directed to flow from the inlet (I) to outlet (0) across a glass
capillary tube (CT). With the shunt valve (SY) closed, a pressure
difference developed across CT that was proportional to the flow
rate, and the pressure difference was measured by the DPT. The
whole system had to be vacuum infiltrated with water to work
properly. Vacuum infiltration was achieved by opening valve
(SV) closing the outlet (0) and drawing a vacuum from the inlet
side (I); the system was then back-filled with water. The sensitiv-
ity of the flow rate transducer is determined by the hydraulic
resistance of the capillary (CT). Choosing a capillary about 7 cm
long with a bore of about 0.7 mm diameter gave a response of
281 my output for a flow rate of 10 cm3/h (= 1.01 x l01 v/(kg
s-')). Flow rate changes could be resolved to ±0.03 cm3/h over
the short term with a long term zero drift of ±0.2 cm3/h over a
period of a few hours. Inasmuch as a finite volume displacement
must occur in the DPT to register a pressure change, the flow
rate transducer had a time lag between the instantaneous onset
of a flow rate until enough sap had been diverted into the DPT
to get a full response. We have measured the time constant of
the apparatus to be about lOs, i.e. it takes lOs for the output to
reach 1 -(Il/e) of its full response, where e is Napier's number so
1 -(Il/e) is about 0.63. The measured hydraulic resistance of the
capillary tube was 1.4 x 1010 Pa/(M3 s-'); therefore, by analogy
with equivalent electrical circuits, we have calculated the volume
capacity of the DPIT to be 7 x 10`1 m3/Pa which equals the
volume that must flow into the DPT per Pa of pressure buildup.

In order to measure positive and negative pressures at the
stump of excised branches, it was necessary to have an air tight
seal around the stump. This was accomplished with the pressure
seal shown in Figure 2A. The stump of the stem (ST) was fitted
with a rubber stopper (R) which was compressed into a brass
base (B) by screwing in a screw plunger (SP). The outlet (0) of
the base (B) was tapped to accept a SWAGELOCK (Crawford
Fitting Co., Solon, OH) fitting connecting the outlet to copper
pipes.
The experimental apparatus for lab experiments on excised

branches is shown diagrammatically in Figure 2B. A branch (5)
2 to 3 m long and 15 to 17 mm in diameter at the base was
excised and placed inside an insulated box (IB) with the stump
passing through the wall of lB into the lab. The internal temper-
ature of TB was regulated to ±0.05'C by a refrigeration system
(RF) that delivered coolant at a controlled temperature (±0--.01C )
to a radiator (R). Air was driven across the radiator by a fan (F)
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FIG. 2. A drawing of lab apparatus for measuring sap flow rates and
sap pressures from excised branches (not to scale). A, Pressure seal used
to connect the butt end of the branch to copper tubing. 0 = outlet
threaded for SWAGELOCK copper pipe fitting, ST = stem, SP = screw

driven plunger, R = rubber stopper, B = brass base. B, Schematic diagram
of apparatus. IB = insulated box for controlling stem temperature, S =
excised stem, P = partition for direction of air flow (shown by arrows),
F = fan, RD = radiator, RF = refrigeration system, Tl, T2, T3, T4, T5
= thermocouples, R = thermocouple recorder (multichannel), PS =

pressure seal shown in Figure 2A, PT = pressure transducer, FRT = flow
rate transducer shown in Figure IC, V = valve, R2 = dual channel
recorder, solid lines with dots = tubing, dashed lines = electrical connec-
tions.

and the air flow pattern (indicated by arrows) was directed by a
partition (P) in IB. Although the air temperature in the box
could be maintained at a stable value of ±0.05°C, there was a
permanent temperature gradient in the box. The temperature
difference between the warm and cold ends was 0.2°C when the
box was at 10°C; this difference in temperature increased to 0.8°C
when the box was at -1 5C. Temperatures were continually
recorded from five points in the apparatus using a model 112
multichannel thermocouple recorder (RI) from Honeywell Ltd,
Toronto, Canada. This recorder multiplexed the five inputs to a
single amplifier. The multiplexer switched between channels
once every 5 s so the time resolution for sampling the same
channel in succession was 25 s. Thermocouples were of copper-
constantan; thermocouples Tl and T2 measured air temperature
in IB. Thermocouples T3 ad T4 measured stem temperatures;
they were made out of 0.2-mm-diameter wire and were posi-
tioned under bark flaps cut down to the cambium with a razor
blade. Thermocouple T5 measured the temperature of the cool-
ant from RF. The butt end of the stem was connected to a
pressure seal (PS, shown in detail in Fig. 2A) and by copper pipe
to a pressure transducer (PT, model 5005, from Computer
Instruments Corp, pressure range -200 to + 350 kPa), and by
copper pipe through a T-junction and a valve (V) to the flow
rate transducer (FRT, shown in detail in Fig. 1C). With V, closed
pressures could be measured with negligible volume flow from
the stem. The volume displacement into PT was measured to be

0.14 cm3/100 kPa pressure; sap pressures usually ranged from
+60 to -80 kPa and the stems were capable of delivering 3 to
15 cm3 of sap with valve (V) open; so this apparatus provided a
fairly accurate measure of the maximum sap pressure changes
with negligible sap flow. With valve (V) open, a negligible pres-
sure build up occurred at the stump and volume flow rates could
be measured. The outputs of FRT and PT were recorded on a
general purpose strip chart recorder (R2). The whole plumbing
system could be vacuum infiltrated with water by opening value
V (Fig. 2B) and SV (Fig. IC) and by drawing a vacuum from the
outlet (0) and by back-filling the evacuated pipes with water.
The outlet (0) was connected to a water reservoir; this reservoir
usually consisted of a 10- or 20-ml pipette so that the total
volume flow (= to the time integral of the flow rate) could be
recorded from time to time.

Excised branches in the insulated box have a measurable rate
of evaporation. Some branches were maintained at 5°C for 60 h
or more. After 15 to 20 h, a steady sap uptake rate was obtained
which probably equals the evaporation rate. For most branches,
the evaporation rate was about 0.03 cm3/h. This evaporation
rate is much smaller than the recorded frost-induced sap flow
rates.

RESULTS
Field Measurements. In the spring of 1981, a number of

experiments were conducted under field conditions. Progress was
rather slow because weather conditions could not be arranged to
meet experimental requirements. In one experiment, sap flow
rates were measured from a tap hole in a mature maple and
simultaneously from a 3-m branch excised from the canopy of
the same tree, placed on the forest floor, and connected to a
potometer (Fig. 1B). Air temperatures were measured with a
sheltered mercury thermometer and the stem temperature of the
excised branch was measured from a thermocouple placed near
the cambium. The results are shown in Figure 3 where sap flow
rates and temperatures are plotted versus time of day. The bark
appeared to be 1°C cooler than the air throughout most of this
experiment. About 0.5°C of the difference was due to systematic
disagreement between the two temperature measuring devices;
the remainder may have been due to climatic conditions, i.e. it
was a clear night and one would normally expect such a branch
to emit more black body radiation to the sky than was returned
by the cloudless atmosphere (12). Note in Figure 3 that the
branch remained supercooled from about 20:00 until 02:40 when
a distinct freezing exotherm was noted. The duration of the
freezing exotherm corresponded closely to the duration of the
period of water uptake by the excised branch. The tap hole also
commenced water uptake at about the same time. In the morn-
ing, an endotherm indicated the time period over which ice
crystals in the branch melted and this correlated with a period
of rapid exudation. Exudation from the tap hole started about 1
h prior to exudation from the excised branch, but the branches
in the canopy received direct sunlight from dawn and probably
thawed out earlier.
Sap flow rates from excised branches and from tap holes in

trees were measured for several days. It was generally found that
an elevation in air and wood temperature correlated with an
elevation in sap flow rate; conversely, a reduction in temperature
correlated with a reduction in sap flow rate or induced water
uptake. One of the more informative episodes is shown in Figure
4 where flow rates were measured from the same tree and excised
branch as in Figure 3. From 1 1:00 to 13:00, the air temperature
rose 5°C on a sunny day; during this same time, the excised
branch continually exuded sap (bar histogram) and the sap flow
rate from the tap hole in the tree increased. From 13:00 until
18:00, the air temperature declined. For the first 90 min, the
branch adsorbed water and the sap flow rate from the tree
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FIG. 3. Plots showing the time course of sap flow rate and temperature in field measurements. Abscissa: time of day for 2 d in March 1981.
Upper graph: Solid line = sap flow from an excised branch 3 m long on the forest floor (scale to the right); dashed line = sap flow rate from a tap

hole on a mature tree (scale to the left). Lower graph: Solid line = temperature of the excised branch measured with a thermocouple placed under
the bark near the cambium; dashed line = air temperature measured with a mercury thermometer.

declined. From 14:30 on, there were brief periods of sun and
cloud indicated by the bar diagram in Figure 4. Stem tempera-
tures were not measured in this experiment, but subsequent
observations on partly cloudy days revealed that the temperature
ofsmall stems changed rapidly by 5°C between cloudy and sunny
periods. In cloudy periods, the stem temperature approached
closely the air temperature, whereas, under sunny conditions,
the stem temperature rapidly rose 5°C above the air temperature.
The rapid fluctuations between periods of sap exudation and
uptake in the excised branch correlated with sunny and cloudy
periods and this in turn was reflected by transitory periods of
increased sap flow rate from the tree under sunny warm condi-
tions and periods of decreased sap flow rate from the tree during
cloudy cool periods.

Laboratory Measurements on Excised Branches. Using the
apparatus shown in Figure 2B, it was possible to repeatedly freeze
and thaw excised shoots over a period of several days. Sap flow
rates and sap pressure changes were measured on 12 different
excised shoots. Each shoot was taken through 8 to 25 freezing
and thawing cycles over a period of 4 to 14 d.
A typical freezing time course is shown in Figure 5. The decline

in stem temperature corresponded to a period of water uptake
which never exceeded a rate of -1 cm3/h. The stem temperature
fell below 0°C after 25 min in this experiment and supercooled
to -3°C until it spontaneously froze at 49 min. The exotherm
(marked X on Fig. 5) is clearly evident. The commencement of
the exotherm corresponded closely with commencement of a

phase of rapid water uptake. The water uptake continued until
the temperature recorded in the larger stem (dotted line) fell to
about -1.5C at which point the water in most of the xylem
vessels was probably frozen. Most uptake curves looked qualita-
tively like that in Figure 5; but in about half of the cases there
was a very brief period of sap exudation corresponding to the
beginning of the exotherm (Fig. 7, lower curve at 1.5 h).
A typical thawing time course is shown in Figure 6. The

duration ofthe endotherm (= the period of ice melting) is clearly
evident in Figure 6 because the stem temperatures lagged well
below the air temperature and remained at approximately OC
for 10 to 30 min. Part way into the endotherm there was a brief
period of sap uptake (only rarely absent) followed by a much
longer and more vigorous period of sap exudation. The sap
exudation penod usually persisted for 2 to 6 h.
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FIG. 4. Plots showing the temperature dependence of sap flow rates
in the field measured from the same tap hole (solid line) and same excised
branch (bar histogram) as in Figure 3. The air temperature is shown in
the upper graph. Periods of sun and cloud are indicated by light and
dark regions of horizontal bar underneath the temperature plot. Flow
rates from the tap hole refer to the scale on the left and from the excised
branch refer to the scale on the right. The abscissa shows the time of
day.

The time course of the water uptake and exudation kinetics
was found to be strongly dependent on the rate of freezing. The
lower curve in Figure 7 shows the time course of sap flow
following a slow freeze (obtained by holding the air temperature
at -3C) and a thaw followed by a more rapid freeze (obtained
by holding the air temperature at - 12C). It is interesting to note
in Figure 7 that the uptake rate associated with the cooling phase
persists only as long as the stem temperature is falling. After 0.9
h, the stem temperature reached a stable (supercooled) value of
-3°C and at this time the sap flow rate returned to zero. In this
case, the branch spontaneously froze at 1.5 h, but in some cases

1FLOI

(a
0

OL 0

-5

the stem could be maintained supercooled at -1 or -2°C for
several hours and ice formation had to be induced by squirting
liquid freon on the bark. Quickly freezing the branch reduced
the net volume of sap uptake and the subsequent volume of
exudation upon thawing. During a quick freeze, there was often
a period of exudation towards the end of the exotherm period
(Fig. 7 at 6.5 h); in some cases, there was no net uptake of sap
during a freezing exotherm of less than 15 or 20 min duration
because the volume of uptake in the early part of the exotherm
was less than the volume of exudation in the late part of the
exotherm.
Sap pressure changes were also measured at the basal end of

excised branches. To do this it is necessary to close valve V in
Figure 2B. The shoots could generate a positive pressure of 20
to 60 kPa upon thawing provided the shoot had been previously
'charged' with water; i.e. to generate positive pressures, the shoot
must first be frozen with valve V open and allowed to take up
water; if V is subsequently closed, positive pressures develop
during the thaw. If the shoots are not previously charged with
water, i.e. if they are frozen with V closed, then pressures rarely
exceed 1 or 2 kPa upon thawing. The top curve in Figure 7
shows the typical time course of pressure change in an excised
branch previously charged with water, then thawed and frozen,
and quickly followed by another thaw and slow freeze. During
the quick freeze, the pressure went negative (below atmospheric
pressure) only briefly and swung positive before the end of the
exotherm. During a slow freeze, the pressure remained negative
for a long period after the end of the exotherm. Transitory sap
exudation sometimes observed at the start ofthe exotherm (lower
curve at 1.5 h) showed up about as often as a transitory pressure
increase in the pressure measurements (see upper curve at 5.9 h,
Fig. 7). Similarly, the transitory sap uptake rate at the start of
the endotherm (lower curve 3.2 and 7.5 h) also had a parallel in
the pressure measurements (see the brief period of pressure
decline in Figure 7, upper curve, at 0.5 and 3.8 h).

In many experiments, the net volume displacement of water
during freezing and following the thaw was measured, and it is
of interest to relate these values to the water content of the
excised branches. The net volume is the area under the curves

0

/5 C

14 mm branch 0
.--...........

_10 LL.

0 15 45 60 75 90 105 120

TIME, MIN.
FIG. 5. Shows the time course of sap uptake rate measured on an excised branch placed in the apparatus shown in Figure 2B. The upper solid

line is the sap flow rate measured with the flow rate transducer (Fig. IC). The three curves below give the temperature ofthe air (solid line, measured
from thermocouple T2 in Fig. 2B), and of the cambial region of a 14-mm-diameter branch (dotted line) and of an 8-mm-diameter branch (dashed
line). The abscissa shows the time in min.
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FIG. 6. Same as in Figure 5 except that the time course of sap flow and temperature are shown for a thawing cycle.
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of sap flow rate versus time in Figures 5 to 7, but these areas
were not found to be reliable estimates of the net volume flow
because exudation usually persisted over several hours and, over
this period, the small zero drift in the analog output of the flow
rate transducer introduced a significant error. The most reliable
estimate of net volume displacement was obtained by attaching
a pipette to the output of the flow rate transducer. The fresh
weight and dry weights of all excised branches were determined
at the end of the series of experiments on each branch. The fresh
weights of the 12 branches ranged from 245 to 389 g (mean 323
± 49 g; all errors are SD). The dry weights ranged from 132 to
219 g (mean 180 ± 27 g). The typical water content of the
sapwood as a fraction of the dry weight was 0.79 ± 0.04. During
a slow freeze, the net volume of water uptake ranged from 4 to
10 cm3 in most experiments so this amounted to a 2.2 to 5.5%
increase of water content on a dry weight basis or a 2.8 to 7.0%
increase in water content as a percentage of water content. The
volume uptake during the freezing phase rarely equalled the
volume exuded after the thaw. Sometimes, the uptake exceeded
the exudation by a factor of 2, but more typically by a factor of
1.1 to 1.6. Sometimes, the volume of exudation exceeded the
volume of uptake from the previous freeze by a factor of 1.1 to
1.5. On average, however, the sapwood appeared to gain water
after each freezing and thawing cycle. In five cases, sapwood
subsamples were cut from the excised branches at the day of
collection and again when the last experiment was completed on
the branch. The mean water content of the sapwood samples
expresses as a fraction of the dry weight was 0.709 ± 0.035 upon
collection and this figure rose to 0.808 ± 0.038 after several
freezing and thawing cycles.

DISCUSSION

It has been recognized for some time that there is a close
relationship between ice formation in maple branches and sap
uptake (see for example 6, 8, and 13), but there are no detailed
published reports of the close correlation between the freezing
exotherm and the onset ofsap uptake. This study has consistently
shown that a rapid phase of water uptake starts within 5 to 60 s

of the first detectable exotherm; since freezing is unlikely to
commence simultaneously throughout a large branch, a closer
correlation in time between the onset of the exotherm, which
was measured at two points on the stem (Fig. 2B), and the onset
of sap uptake could not be expected using this apparatus.
O'Malley (10) reported some pressure-volume measurements

on small stem segments (30-60 g fresh weight) of Acer pseudo-
platanus L. during freezing and thawing cycles. A mercury
manometer pressure transducer was employed that required a
rather large volume displacement of 3.6 cm3/100 kPa ofpressure
which is 26 times the volume displacement of the pressure
transducers used in this study, and O'Malley measured pressure
changes on samples of one-fifth and one-tenth the fresh weight
ofthose in this paper. O'Malley recognized the serious limitations
of his apparatus, i.e. the volume displacement in his manometer
was so large that he was measuring an undefined combination
of pressure-volume change. O'Malley never observed sap pres-
sures less than -16 kPa during a freezing phase, which was
probably a consequence of the rather large volume capacitance
of his mercury manometer. Nevertheless, the time course of his
pressure changes looks qualitatively much like that reported here
for a slow freeze (Fig. 7, 4-8 h). O'Malley also found a close
correlation in time between the onset of the exotherm and the
negative swing in sap pressure, but inasmuch as he maintained
a constant rate of freezing he did not observe the effects reported
in Figure 7 from 0 to 4 h. O'Malley never allowed his samples
to take up water freely while freezing and, consequently, never
observed a large positive pressure upon thawing.
There seem to be two different mechanisms contributing to

water uptake: (a) uptake brought about by a decline in wood
temperature, and (b) uptake associated with ice crystal growth.
The two mechanisms are independent of each other inasmuch
as uptake by the first ceases when the branch comes into equilib-
rium with a constant air temperature even when the water
remains as a supercooled liquid. The second mechanism is of a
higher order of magnitude, i.e. the volume flow rates and net
volume displacements associated with ice growth are 10 times
those of the first mechanism (Figs. 5-7). The existence of two
mechanisms has long been suspected (6). That the magnitudes
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FIG. 7. Illustrates the effect of freezing rate on the time course of sap flow rate (lower curve) and sap pressure change (upper curve). Temperatures

are not plotted here but cooling starts at 'C' and warming at 'W'. The duration of the exotherm is indicated by the 'X' and the endotherm by the
'E'. The exotherm was deemed to have ended when the temperature of the cambium at thermocouple T4 (Fig. 2B) reached half way between OC
and the air temperature. For the slow freeze, the air temperature was -3°C in the lower curve and -1.5°C in the upper curve. For the fast freeze,
the air temperature was -12°C in the lower curve and -10.5C in the upper curve. The endotherms were induced by raising the air temperature to
5 to 6.5°C in every case. The endotherm was deemed to have ended when the temperature of the cambium at thermocouple T4 (Fig. 2B) had
reached half way between 0°C and the air temperature.

of the two effects are of different orders is also evident from our
field measurements. Brief periods of sun and cloud caused the
wood temperature of small branches to change by ±5°C over a
few min and this caused changes of water flow rate of ±2 cm3/h
(Fig. 4), whereas ice crystal growth in the same stem caused
water uptake rates to peak at -18 cm3/h (Fig. 3).
The first mechanism may just involve the partial displacement

of air spaces with water. There may be pockets of air trapped in
the lumina of wood fibers or in previously cavitated vessel
lumina. As the temperature ofthe stem decreases, the air volume
would contract in proportion to the absolute temperature ac-
cording to the ideal gas law; this would suck water into the
lumina. Also, the solubility of the gases in the water will increase
with decreasing temperature further reducing the air volume in
the lumina. Rough calculation by O'Malley (10) confirms that
these two effects could account for the first mechanism.
The second mechanism whereby water uptake proceeds with

ice crystal growth is rather more difficult to explain. Parallels
might be drawn between water displacement and ice crystal
growth in maple sapwood and apparently similar events that
occur in soils during freezing. The physics ofwater displacement
in freezing soils has been a subject of study for some time (1-4,
11). When soils are in the process of freezing, water migrates
toward growing ice lenses. The mechanism appears to involve
vapor distillation through air pockets entrapped in the soil from

warm regions of water to colder regions of ice and water. But
there also appears to be another mechanism involving a funda-
mental physical-chemical coupling between heat flux and water
flow that must be described through the thermodynamics of
irreversible processes. Even water-saturated soils, i.e. soils with-
out any air voids, show a remarkable coupling between heat flow
and water flow causing water to migrate towards growing ice
lenses (4). The uptake of water during ice growth is remarkable
in maple wood because one might predict the opposite, i.e. water
exudation as ice grows because water expands about 10% in
volume upon freezing. The brief period of exudation noted at
the beginning of an exotherm and towards the end of fast
exotherms may be a result of water displacement by growing ice
crystals, whereas the uptake phase must be caused by some other
dominating effect. Water migration towards ice in saturated soils
causes displacement of the soil matrix, i.e. frost heaving. But the
wood of maple trees does not expand while it freezes, indeed the
bark and wood contract during freezing (5).
Water uptake during ice crystal growth in maple wood might

be understood if we hypothesize that ice grows in the air-filled
lumina ofwood fibers and ofempty vessels; this may also explain
the pressurization observed after the thaw in excised branches
(Fig. 7). O'Malley (10) suggested a sequence of events that might
occur in air-filled fibers of maple wood (Fig. 8). Drawings 'a'
through 'd' show the sequence of events upon cooling. (a) Before
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in a wood fiber lumen supplied by a xylem vessel (not drawn to scale).

In the cooling sequence we have: (a), uptake of water by gas contraction

and dissolution only; (b and c), an early and late stage of ice-induced
water absorption by vapor distillation; and (d), freezing complete with

gas fully compressed from ice growth. In the warming sequence we have:

(e), start with a fiber lumen containing ice and compressed gas; (f and

g), as ice melts, the compressed gas pushes liquid water out; (h), after all

ice has melted, the lumen is fully discharged or contains water with a gas

bubble at atmospheric pressure (or water with compressed gas if there

had been no sink to which the water could flow during the thaw).

Adapted from O'Malley (10).

the freezing exotherm, uptake of water is due to gas contraction
and dissolution in fiber lumina; (b and c) after seeding, water
uptake proceeds by vapor distillation and bulk flow to add to the
growing ice mass in the lumen, thus compressing the gas; (d)
when freezing is complete, there has been a net increase in water
content and the gas is fully compressed. Drawings 'e' through 'h'
show the sequence of events upon warming. (e) The fiber lumina
start out containing frozen water and compressed gas; (f and g)
during the endotherm, the ice melts and the water is pushed out
by the compressed gas; (h) the water in the lumen is fully
discharged. If water is not allowed to escape in an experiment,
i.e. if valve V (Fig. 2B) is closed, then stage h is better illustrated
as a lumen filled with water and compressed gas. With valve V
closed, the maximum pressure obtained was 60 kPa; for this to
happen, the air bubbles in the lumina would have to be com-
pressed to about 100/160 = 0.625 times its volume at atmos-
pheric pressure using an ideal gas law approximation.
There is insufficient quantitative information to set up a

system of physical equations to describe the model predicted in
Figure 8. There is no theoretical basis upon which to predict
whether O'Malley's model will explain the effect of the rate of
freezing on the time course of sap flow rate or pressure change
(Fig. 7).
Marvin and Greene (8) have noted considerable variability

between branches in sap volume yield after warming frozen
maple branches collected from the forest. They were not aware

of the marked effect of freezing rate on sap flow kinetics, but the
dependence of sap flow rate on the rate of freezing will explain
part of the observations (8).
The observations we have made do not explain all the quan-

titative aspects of maple sap movement in trees. It appears that
as the minor branches freeze in the canopy of a maple tree that
sap is drawn up (Fig. 3). The duration of sap uptake from the
tap hole (Fig. 3) was longer in our study than was the duration
of sap uptake in an excised branch, but this was probably because
freezing was still occurring in the larger branches of the whole
tree. But the magnitude of the negative pressure generated in
excised branches during freezing is not enough to account for
sap ascent in large maple trees. The most negative pressure yet
observed is -80 kPa, which is enough to lift water only 8 m.
Diurnal pressure changes from tap holes in trees 1 m above
ground have been measured (Tyree, unpublished) and pressures
as low as -90 kPa have been observed. For sap ascent to occur
to the top of a 20-m tree, the sap pressure in the minor branches
must be at least 10 kPa more negative per m height above ground
to just overcome gravity. Consequently, the pressure in the minor
branches must be shown to fall to less than about -300 kPa
during freezing. It is unlikely that pressures so negative as this
could be measured with the present apparatus because the pres-
sure measurements depend on the continuity in the water col-
umn between the branch or tap hole and the pressure transducer.
When tensions fall between -100 kPa, water cohesion with the
metal parts would be inadequate to maintain this continuity. I
have also noted that small air bubbles are sucked out of air
spaces in the sapwood when the sap pressure falls below -60 to
-80 kPa. As soon as air bubbles are present in the water column,
the bubbles will expand as the pressure decreases and negative
pressures less than 101 kPa (= a prefect vacuum) could not be
measured. This may be why sap pressures of less than -80 kPa
have not been recorded. It is possible, therefore, that water
migration towards growing ice crystals could be driven by pres-
sures less than -300 kPa, but it is hard to prove.

It is not difficult to explain the magnitude of positive pressure
observed at the base of mature maple trees in the spring. The
pressure at the tap hole can be typically 100 to 200 kPa (6; Tyree,
unpublished observations). This can be adequately explained by
compressed air bubbles which generate 30 to 60 kPa plus gravi-
tational forces which would exert a pressure of10 kPa/m standing
water column.
The model presented in Figure 8 is a useful working hypothesis.

But a number of questions have yet to be resolved. For example,
other species apparently contain gas-filed spaces, yet Tyree and
Dixon (unpublished) have shown that branches of species of
Thuja, Fagus, and Betula all exude water while freezing. While
these observations do not invalidate the model, clearly much
more work needs to be done and experiments are underway to
test the hypothesis further.
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