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Measuring Water Availability and Uptake 
in Ecosystem Studies 
Robert B. Jackson, Laurel J. Anderson, and William T. Pockman 

Introduction 

Terreslrial productivity depends strongly on the 
availability of water in the environment (Lieth 
1972), Measuring the availability and movement of 
waler among soil, plants, and the atmosphere re­
quires methods from ecosystem studies. plant phys­
iology, soil science, and biogeochemistry (Casper 
and Jackson 1997). Techniques for estimating the 
water slatus of soils have been reviewed recently 
(Rulldel and Jarrell 1989; Boyer 1995) and those 
for measuring plant water scams at cellular and 
whole-plant levels are thoroughly described in 
physiological ecology and plant physiology teXl!> 

(e.g., Koide et al. 1989; Kramer and Boyer 1995). 
Rather than reviewing all methods for estimating 
plant and soil water, we emphasize techniques that 
ore increasing in importance or clIanging rapidly 
for ecosystem studies. We include methods for de­
Itnnining the water eontent of soil, the availability 
ofthal water for plant uptake, and the transpon of 
walerthrougb the plant (Fig. 13.1). Since many of 
these methods are also used in physiologieal ecol­
ogy, our chapter is designed to bridge the gap be­
tween the scales of physiological and ecosystem 
rco(ogy, as a foundation for other contributions in 
this book. 

We begin by defining tenns that describe water 
in the environment, including a brief discussion of 
taler potential, the currency that allows the water 
iarus of soil, plants, and the atmosphere to be com­
pared and the direction of flow to be predicted 
(Slalyer and Taylor 1960). We describe various 
tehniques for measuring soil waler in the field, em­
!Wizing such recent innovations as time domain 

reflectometry and remotely sensed dara. We also 
discuss methods for estimating the vegetative com­
ponenl of ecosystem water fluxes, including sap 
flow measurement and whole root/shoot hydraulic •, 
conductivity. Such techniqnes for estimating 
whole-plant water use are important for interpreting 
canopy and ecosystem water fluxes in eddy covar­
iance and other nel ecosystem approaches (see 
Chapter 11). We summarize the advantages and dis­ :Ladvantages of various techniques and recommend 
some future directions for researclI. J 

Theory and Currencies 
for Measuring Water 
in the Environment 

".. To understand differences among methods it is \ 
helpful first to describe common ways of estimating 
water availability. The three most common teons 
for expressing soil water atlributes are mass water 
content, volumetric water content, and soil water 
potential. Soil water content calculated on a mass 
basis, 8m , is defined as 

soil water mass 
8m = 

soil dry mass
 
(wet soil mass - oven-dry soil mass)
 

oven-dry soil mass
 
(13.1) 

8m is a proportion; the mass water percentage (P~I) 

is calculated by multiplyiug 8~, by 100%. The vol­
umetric water content, Sv' is defined as 
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FIGURE 13,1. A simplified water cycle and some of the approaches used to measure water availability and movemem 
in ecosystem studies. 

water volume Taylor (1960) introduced water potential, 0/, based 

bulk soil volume on the chemical potential of water: 

soil water massJp", ()Jw - ).1~.)f 13.2) 0/ = Vw (13.3)bulk soil volume 

where P.., is the density of water. 8v is also a pro­ where ).1 .. is the chemical potential of water in lhe 
portion and can be converted to lhe volnmetric wa­ system under study, ).1 ~ is the chemical potential of 
ter percentage I,P,.) by multiplying by 100%. Fur­ pure, free water at a reference heighl and tempera­
ther details can be found in Hank.s and Ashcroft ture aud at atmospheric pressure (the reference 
(1986) and Donahue et al. (1983). state), and \lw is the partial molal volume of water 

Although em and e are important for under­ (volume per mole of water) (Slatyer 1967). The up­y 

SlaIlding soil water propenies, there is no consistent per tenn in the equation reflecfs the disequilibrium 
way to link either lO the state of water in the at­ between the stale of water in the experimental sys­
mosphere or in plants. To create a common cur­ tem and in its defined reference stale. or. in ther­
rency for water in the environment, Slatyer and modynamic terms, a measure of the work that may 
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be obtained from this disequilibrium. Water poten­
tial is most commonly expressed in units of pres­
sure such as megapascals (MPa, and I Pa = 1 
Nm- ~ = I (kg m s _2) m- 2). The LOtal waler po­

tenlial of most systems is usually negative (see be­
low) because the reference slate is defined as 0/ 
= o. When comparing two experimental stales, 
such a.~ the soil and an adjacent rool, waler flows 
from the system with a Jess negative o/LO that with 
a more negative 0/. 

Total water potential, 'l'w, can be broken down 
illto several components; 

o/K ,-= o/g + 0/" + 'I'm + o/p (13.4) 

where g, 0, m, and p refer to the gravitational, os­
molic, matric, and pressure componenls of water 
polential. The gravitational componenl reflecls the 
work required lo lift water and is deseribed by 'I'~ 

= PKSh, wnere g is the acceleration dne to gravity 
and h is the venical change in height. The value of 
I¥, changes approximately 0.01 MPa per meter of 
difference in height, so relatively large values of h 
are required for 0/g to become significant. The os­
motic componenl, '1'", is described by the Van't 
Hoff relation for dilute ideal solutions; 0/" = cRT, 
where Tis absoJute temperature, R is the universal 
gas wnstant (8.314 m3 Pa mol- 1 K -1), and c is the 
osmolality of the solution. The matric componenl, 
IjIm is a function of the surface tension of water 
among soil particles: 'I'm = (-2ycos'll)/r, where y 
ir. the surface tension of the liquid, 'll is the contact 
angle belween liquid and soil, and r is the radius of 
the &Oil pore (Hanks and Ashcroft 1986 but see 1')'­
ree and Kararnanos, 1980; Sperry, L997). The pres­
sure, 0/", is generally taken as zero in the soil where 
lbe system is at atmospheric pressure. In the plant, 
IjIr is typically negative in the apoplast and positive 
in the symplast due to turgor generated by osmosis. 
More detailed descriptions of waler potential and 
lhe accompanying tbennodynamlcs are presented 
in Slatyer (967), Nobel (1991), and Kramer and 
Boyer (1995). 

Conversions between '1', em' and e, are generally 
based on correlations with soil texture (the propor­
tion of sand [0.05 to 2 mm], silt [0.002 to 0.05 mm] 
and clay [<0.002 nun) particles that make up the 
soil). The amount of available soil water (the dif­
ference between field capacity and the permanent 
wilting percenlage) is smallest fOJ a sandy soil, 
grealeSI for a loam, and intermediate for a clay soil 

(Fig. 13.2, bottom). Moisture tension release curves 
showing the relationship between 'I' and 8", or 8,_ 
are generated by measuring 'I' directly with ther­
mocouple psychrometry (see below) and then de­
structively hmve.~ting thc soil to measure 8mor 8,. 
(see Fig. 13.2, top). 

Methods for Estimating Plant 
and Soil Moisture 

We describe four approaches for measuring water 
status in the environment. The first is a brief dis­
cussion of gravimetric techniques, included be­
cause most other methods are calibrated against 
gravimetric 8m and e,.. The second approach is 
methods for measuring 'I' directly in the environ­
ment, including the plant pressure chamber, ther­ ,•mocouple psyehrometry, and the filter-paper 
method. The third is time domain refleclometry, an ) 

increasingly important technique described in s.ome 
detail. The fourth and final approach is microwave 
radiometry for remotely sensing soil moisture, a 
technique with considerable promise for ecosystem I': 
and landscape studies. ) 

Gravimetric Measurements of e", and ev 

The mass water content of soils (e",) is determined ,simply and accurately using gravimetric tech­
niques. Field samples are eollected in soil cores 
sealed in plastic bags or in metal tins sealed with ,­
electrical tape. The wei samples are best weighed \
 
with a balance in the field, but transporting them to \
 
the laboratory in a cooler for weighing is also com­

mon. After drying the soil to constant weight a\
 
105°C, the wei soil mass and oven-dry soil mass
 
are used lo calculate am in Equation 13.1. The vol­

umetric water content of soils (a,) is similarly ob­

tained by collecling soil samples of known volume
 
and assuming a density of 1 g cm- 3 for water. Both
 
e~1 and ey are easily convened if the soil's bull::
 
density is known.
 

The advantages of the gravimetric method are its 
simplicity and low cost, requiring only a drying 
oven and a balance. This technique is used to cal­
ibrate other .~oiJ moisture instruments and can be 
applied under a range of soil depths and moisture 
conditions; it is one of the only techniques aecurate 
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in very wet and very dry soils. Its major limitation 
is the requirement for destructive sampling. Other 
complications arise for stony soils. where em and 

v can be underestimated by including the mass and 
trivial waler-holding capacity of stones. Stones 
>2 mm in diameter should be sieved from all sam­
ples and removed from calculations of em and ev 

(Gardner 1986; Rowell 1994), though the volume 
of stones must be taken into account when ecosys­
tem estimales of total waler content are calculated. 
Sampling an accuraLe soil volume for 8v can also 
be difficult in stony soils. Rowell (1994) discusses 
practical approaches for soil sampling and bulk 

FIGURE 13.2. Top, Soil mamc p0­

tential (MPa) for two sandy loam and 
clay loam soils as a function of soil 
water comeut. Bottom. Available and 
unavailable soil water acroSii a range 
of soil textures (volume %, left axis; 
em H20 cm- l soil, right axis). 
(From Kramer and Boyer [1995]. 
Used by pennission of Academic 
Press.) 
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density calculations in slony soils. Gardner (1986) 
gives a detailed treatment of the gravimetric 
method. 

Techniques for Direct Measurement of IjI 

There are at least two advantages to measuring WIl­

ter potemial directly in the soil--plant-atmospbere 
continuum. First, waLer status anywhere along the 
continuum may be direclly compared. Second, soil 
water can be expressed in lerms of lhe energy 
needed by a plant to remove a unit of water from 
Lhe soil. The two most commonly used techniques 
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to measure \If ill ecosystem studies are thermocou­
ple psychrometry and the plant pressure ehambt:r; 
both methods are widely used and have been re~ 

viewed elsewhere (e.g., Rundel and Jarrell 1989; 
Boyer 1995). We providt: an ovt:rview of each ap­
proach and direct the reader to more detailed 
sources. We also outljne a filter paper method thaI 
is a low-r.;ust alternative for measuring soil \If in 
some conditions. 

Thermocouple Psychrometry 

Water JXllentiai (expressed in units of pressure) may 
be described based on the relative vapor pressure 
ofwater in the experimental system compared with 
that of free, pure water at an equivalent temperature 
and pressure: 

(13.5) 

where R is the universal gas constant, T is absolute 
temperature in 'K, V., is tl1e par1ial molal ',:olume 
of water, and e and eo are the vapor pressures of 
..'atec in the experimental system and in the free, 
pure state, respectlvely. The ability to measure the 
vapor pressure of water in equilibrium with an in 
~IU volume of soil or quantity of leaf tissue pro­
vices a convenient method to estimate", in ther­
mocouple psychrometry. 

Thennocouple psychrometry is based on the See­
beck effect: If a cm:uit consists of two metals and 
if lhe two metal junctions are at different tempera­
!llre,~, !:hen a current flows around the circuil in a 
direction dependent on the metals chosen and tht 
junction temperatures. A microvoltmeter may be 
u~ to measure the volUlge in the circtlit and, con­
sequently, the temperature difference between the 
hI[l junctions. The lhenlllx;uuple junction used to 
measure relative humidity typically consists of tint: 
chrome1 and constantan wines <25 /lrn in diameter 
(Bwwn 1970). The reference junction is Iypically 
a$eries of gold or copper posts to which the wire, 
are connected. Ceramic or sereen-cagecovers allow 
the measurement junction to come iDlo equilibrium 
Iliilh II' in the surrounding soil solution. 

The most common method for meamring in situ 
lOiJ!II is Pellier thermocouple psychrometry. By ap­
~ying a current LO the circuit, the measurement 
JUQction in equilibrium with the soil solution is 
C()()led below the dew point of the surrounding: air, 
causing droplets of water to form on the junction. 

When the Peltier current is turned off, the water on 
tht: junction begins to evaporate at a rate dependent 
on e in Equation 13.5. Isopiestic psychrometry 
("i~o" = equal, "piestic" = pressure) is a sU'ond 
type of psychrometry used to measure leaf \jI and 
ex situ soil \If (Boyer and Knipling 1965). Drops of 
a series of solutions of known'll, created using the 
Van 't Hoff relationship discu!\serl earlier. are placed 
on looped thcnnocouple wire and allowed to come 
to equilibrium with oil leaf or soil sample. The so­
lution that provides the same output as a dry ther­
mocouple, neither wanning: nor cooling the junc­
tion. yields the sample'll. Although no calibralion 
is required and the technique is very accurate 
(±0.01 MPa) (Boycr 1995), it i:-: also time consum­
ing: and can not be automated or used for in situ 
soil analysis. 

Thennocouple psychrometry is a powerful. ac­
curatt: tcchnique for t:stimating \If in a sm.'lll soil 
volume, but it has a number of difficulties. Except 
for the isopiestic technique. each psychrometer 
must be calibraled individually, making the method 
laborious and expensive. Contaminants, particu­
larly salts, presenl on tlle measurement juoctJon Can 
alter the rale of evaporation and lead to inaccurate 
estimates of e (Rundel and Jarrell 1989). Because 
of problems with thwnal gradients (Wiebe t:1 aL 
1977), in situ thermocouple psychrometers are usu­
ally positioned horiwmally (milk.ing sure that the 
wire leading to them cannOI act as a conduil for 
flowing water) and are generally only used below 
30-cm soil depth. Thermocouple psychrometers are 
also nOl especially accurate in very wet soils. Boyer 
(1995) provides a much more detailed description 
of the !heol}' of tllennocoupJe psychrometry and its 
use in measuring \If in plant tissue; Rundel and Jar­
rell (1989) provide an overview of thermoconple 
psychrometry for soil measurements. Commercial 
manufacturers include JRD Merrill Specialty 
Equipment (Logan, UT), Wescor, Inc. (Logan, tIT). 

and Isopie_stics Co. (I.ewes. DE). 

Plant Pressure Chamber 

A second technique for measuring III in the envi­
ronment is the plant pressure chamber. First used 
in the 1800s (Dixon 1914), the modem version 
dates to SehoJander et al. (1965). A stem, branch, 
or leaf is cut from a plant and placed upside-down 
in an air-tight chamber with the point of excision 
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protruding outside the chamber through a rubber 
stopper. Pressurized gas (usually N2) is gradually 
applied to the chamber until the pressure is suffi­
cient to force water back to the cut surface. The 
pressure at which this occurs is an estimate of ~ for 
the tissue being measured. Assuming a rehydrating 
plant comes to equilibrium with the soil overnight, 
predawn measurements of IjI also provide an indi­
cation of the wettest soil 0/ in which the plant's 
roots i1Te actively taking up water. Midday mea­
surements of IjI provide an indication of the waler 
stress a plant experiences (Jackson et aI. 1994). 

The planl pressure chamber provides a simple. 
inexpensive method for estimating plant IjI and soil 
IjI within the active rooting zone of the plant. Mea­
suremcnts should be oblained within minutes after 
cuning the plant and the tissue should be placcd in 
a sealed plastic bag to minimize evaporation until 
measurement. The point of excision should not be 
re-cut at any time during the procedure and it 
should protrude minimally outside the chamber. In 
some cases, it may be important to standardize the 
age/position of selected leaves where large pheno­
logical or physiological gradients occur. Some dis­
advantages of the pressure ehamber are thai it is 
labor intensive and difficult to automate. Because 
compressed gas is used, safety gla5ses should be 
worn and the plant sample should be viewed from 
the side rather than from above. For a more com­
prehensive treatment of the theory and assumptions 

, behind the pressure chamber see Koide el al. (1989) 
I' and Boyer (1995). 

Filter Paper Method 

The filter paper method is a simple, low-cost alter­
native for delennirring soil "/. The techniquc was 
developcd by hydrologists and soil scientists, and 
ils use has been largely restricted to these fields 
(Gardner 1937~ Fawcett and Collis-George 1967: 
Hamblin 1981; Greacen et al. 1989). The method 
uses a known relationship between "/,,, and the 
gravimetric water conlent of a homogeneous po­
rous material such as filler paper to estimate soil,+, 
(Gardner 1937). Filter paper disks are placed in 
contact with field soil, extracted core samples, or 
loose soil samples and left undisturbed until equi­
librium is established between the paper and soil. 
The filter paper disk is either sandwiched between 
two intact core sections bound together or placed 

within loose soil samples Lightly tamped down to 
establish soil-paper contact. While field equilibra­
tion must occur under prevailing conditions, labo­
ratory samples are placed in a sealed conlainer in 
an isothemml environment and left for periods be­
tween 1 hour (saturated soils) to 6 days (dry soils) 
to establish equilibrium between soil and paper. 

After equilibration, the filter paper is removed, 
weighed immediately, and the gravimetric water 
content calculated using the oven-dry weight. Soil 
water potential is determined either from published 
calibrations for the selected filter paper or from lo­
cal calibrations. While local calibration is required 
at high soil water potentials (soilljJ > -0.1 MPa), 
reliable measuremenls are possible using published 
data for the dricr conditions often observed in the 
field (e.g., Whatman's No. 42 paper, Greacerl et al. 
1986; Greacen et al. 1989). The major sources of 
error are poor contacl between paper and soil, tem­
perature gradients/fluctuations during equilibration, 
and insufficient time for equilibra\ion (e.g., Camp­
bell and Gee 1986). When these errors are avoided, 
the approach may offer a lOW-COM alternative for 
estimating soil If' over a wide range of condilions. 

Time Domain Refieetometry 

Time domain reflectometry (TDR) measures soil S, 
and is based on the relationship between the ap­
parent dielectric constant (K,J of a soil and t~ 

soil's free water content (Davis and ChudobiaJ; 
1975). The unitless dielectric constant, also knOWJl 
as relative permittivity, is the ratio of electric field 
strength ill a vacuum to thai in a polarized snb­
stance (the dielectric)-the more polarized the di­
electric, the greater the reduction in field strength 
(Parker 1983). As the dielectric constant for water 
t 80) is much greater than that for air (I) or dry soil 
(3 to 7), thc dielectric value for field soil is deter­
mined primarily by soil moisture (Cassel et al. 
1994). Dalton and van Genuchten (1986) discuss 
the physical and mathematical principles of dielec­
tric constants in detail. 

Time domain reflectometry estimates K~ by mea­
suring the time needed for an elec(romagnetic pulse 
emitted by a TDR instrument to travel along a 
probe in soil and reflect back to the soil surface 
from the probe cnd (Fig. 133). K" is related to the 
propagation velocity (V) of an electromagnetic 
wave: 

, 

soil surface 

FIGURE 13.3. The basic comJlll 
panel shows an example of a WI 

of aUeJluatioJl. Waveforms CaDI 

eonditions. 
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+ (4.3 x IO-~ • K~) (13.8) 

Further work revealed that this relationship, while 
robust for many soils, is not sufficiently accurate 
for all types, particularly finely textured or highly 
organic soils (Topp et aI. 1980, Roth et aI. 1992). 
Some workers have found that variation in bulk 
density, the fraetion of bound water, and tempera­
ture affect TOR (Dasberg and Hopmans 1992; 
Dirksen and Dasberg 1993; Pepin el aI. 1995). 
Other "universal" equations, including linear rela­
tionships between K" and e. (e.g., Herkelrath et al. 
1991, Whalley 1993), and dielectric mixing models 
that calculate G" using the volume fractions and di­
electric constants of soil, air, and water (e.g., Roth 
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_ probe end 

Time 

(13.6) 

(13.7) 
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OJ 
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instrument 
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from instrument 

reflected 
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soil surface 

Once Ka is estimated, Gv averaged over the probe 
length is calculated from a ealihration curve (Cassel 
el aI. 1994). Early research suggested thal soil char­
aeteristies other than water content, such as hulk 
density, miner.ll and organic content, tind tempera­
ture, did not influence Ka signifieantly (Topp et al. 
1980, 1982). Consequently, K" for all soils could 
be converted to e, using a universal calibration 
(lbpp et al. 1980): 

where c is the speed of light V ean also be ex­
pressed as V = 2ffl where I is the travel time for 
Ibe pulse, and / is the probe length. Ka is lherefore 
related 10 the length and travel time: 

FIGURE 13.3. The basic compont'nts of a IDR system (nol 10 scakl and Iwo lypical wavt'fonn outputs. The graph 
panel shows an example of a wavdonn IlSsoeialed wilh a good measurement of soil moisture lUid one with problems 
of attenuation. Wavefonns can have different shapes than those shown ht're dept'nding on the instrument and soil 
OOIldilions. I 

• 
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et at 1990, Dirksen and Da~berg 1993) have been 
proposed. Relationships for specifie soil types such 
as organics, minerals, and peats have also been sug­
gested (e.g., Roth er al. 1992). Depending on the 
goals and soils in each study, these published 
curves may be appropriate (Zegelin et aI. 1992). 
However, local calibration curves significantly im­
prove estimates of soil moisture (e.g., Dasberg and 
Hopman." 1992~ Gray and Spies 1995), Despire 
claims of TDR manuf<K:turers whose instruments 
outpul €Ie using universal curves, a calibration for 
each soil should be generated by the user. Calibra­
'ions are done using packed soil columns or field 
soil cores. 

Raw TDR outpu1 is a wave trace showing volt­
age changes in Ihe electromagnetic wave as it re­
flects back to the instrumenr (see Fig. 13.3). These 
voltage changes correspond to variations in impe­
dance, defined as the toLal opposition to current 
flow in an electrical circuit (Parker 1983). Mis­
matches in impedance between differenl materials 
along the TDR circult path cause part of the ~ignal 

energy to reflect back. Strong reflections occur at 
the soil surface and probe cnd, showing as peaks 
on the wave traee (Fellner-Feidegg 1969, Cassel et 
al. 1994). The distance from the soil surface peak 
to the final upward inflection represems the travel 
time of the electromagnetic wave I, used to calcu­
late Ka • Early TDR required manual measuremenl 
of this distance on the wave trace (e.g., Topp et al. 
1982), but many insrruments now do mis aUlomat­
ically using computer algorithms that search for 
characteristic changes in slope (c.g., Baker and All­
maras 1990). 

Wave traces can vary substantially from the 
shape in Figure 13.3, making idcntilicatiou of the 
soil surface or probe end difficult. In highly con­
ductive media, such as clays or sallne soils, the 
electromaguetic pulse dissipales such thai the final 
reflection is weak, called "signal attenuation" (see 
Fig. 13.3). While there are insrrument and probe 
modifications that can address this problem, TDR 
is limited in very wet, conductive soils (Zegelin et 
al. 1992). 

A wide variety of TDR probes (or wave guides) 
can be purchased or built. The most basic design 
includes a connection to conduct current from the 
coaxial cable into a set of stainless steel rods in the 
.~oil and a mechanism for holding rhe rods parallel. 
Probes generally range from 10 em to 2 m in length 

and may be insened into Ihe soil al any angle (Topp 
and D;Jvis (985). They can be installed perma­
nently or moved from site to site. Hook et at. (1992) 
created probes with diodes in the handles that 
switch from open to short circuits during a mea­
suremeuL A shorted diode produces a strong re­
flection, but allows signal energy to pass inlo the 
soil when open. This identifies the soil surface 
without reducing signal strength. These workers 
also used diodes to divide long probes inlo seg­
ments, allowing measurements of moisture at dit: 
fereD! depths from one probe. For simple probe de­
signs see Topp et al. (1984), Zegelin el al. (1989), 
and Heimovaara (] 993). 

Advantages of TOR include minimal soil dislur­
bance and rapid, reliable measurements. Some 
probes can be built relatively cheaply. While TOR 
measures only the soil adjacent to the probe rod,; 
(Baker and Lascano 1989), el is averaged over the 
probe length, providing an integrated measurement. 
Mullidiode probes allow simultaneous sampling of 
moisture in differenl soil layers, which could give 
important insights into patterns of water flow and 
storage in ecosystems. Multiple probes can be coo­
nected to a data logger to allow simultaneous, reg­
ular readings at many sites tBaker and Allmarn, 
1990, Herkelrath et al. 1991). 

Limitations of TDR include probe installation 
problems in stony or shallow soils. Signal attenu­
ation in conductive soils may limit the probe 
lengths that can be used. Air pockets may fonn next 
to probes in soils that crack as they dry, causing 
measurement errors (Hokett et a!. 1992). Sharply 
layered soils or large ehanges in the waler profile 
with depth can create unexpected reflections in the 
wave trace, complicating interpretation (Nadler el 

ill. 19911. Due 10 the ~'ar\abililY of wavefomls thaI 
can be generated in the field, TDR requires training 
and praclice to use with confidence. Companies that 
sell TDR instrumentation include Environmental 
Seusors, Inc. (San Diego, CA), Soil Moisture 
Equipment Corporation (Golela, CA), and Tektro­
nix, Inc. (Redmond, OR). Detailed reviews ofTDR 
are given in Zegelin et al. (1992) and Cassel el al. 
(]9941. 

Remotely Sensed Data Using 
Microwave Radiometers 
Remotely sensed data for estimating soil moisture 
have been used for several decades (e.g., Schmugge 
et al. 1974). Existing methods can be separated into 
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two broad categories, passive and actj~'e tech· 
niqucs. Passive techniqnes measure the natural mi­
crowave radiation emitted by the ground surface 
(plants and the soil), while active techniques gen­
erate a pulse of micTOwa~'e radiation and measure 
the backscatter to 'he sensor. The wavelengths most 
commonly used to minimize interference from the 
atmosphere are Ihose greater than 5 cm (or a fre­
quency of <6 GHz, where v = cIA and v is fre­
quency, A. is wavelength, and c is the speed of light). 
Dara are generally taken with truck-mounted equip­
ment or from airplanes, but satellite measurements 
are becoming incrcasingly common (e.g... Owe et 
al. \988). 

Soil brightness temperaturc (Ty) as measured by 
a radiometer is related to soil temperature (T,oil) by 
the following relationship for a b.m surface and 
isothennal soil (the Rayleigh-Jeans approximation 
10 Planck's law): 

(13.9) 

where , is reflcctivity, 6 is emmisivity, and 
r = \ - £. The emissivity is dependent on surface 
roughness and the dieleetric constant of the soil 
(Engman and Chauhan 1995). The abilily 10 assess 
soil moisture remotely is therefore based on the 
same dielectric effect used by time domain 
rellectometers-an increase in the soil dielectric 
constant K from <5 in dry soils lO >25 in wet 
soils. Emissivity varies as a nonlinear function of 
K from approximately 0.95 in dry soils 10 0.6 in 
weI soils, for a deerease in soil brightness tem­
perature of more than 1000K (Schmugge 1990). 
Such large changes in Ty are easily measurable 
with microwave radiometers. 

Several faclOrs must be taken into account for 
interpreting remotely sensed soil moisture values. 
Surface roughness tends to increase emissivity and 
decrease reflectivity because of the increased sur­
face area. The following equation was developed 
by Choudury el al. (1979) to incorporate roughness 
into the estimate of emissivity: 

(13.10) 

where h is an empirical roughness parameter and 
Rois the smooth surface reflectivity «0.1 fordry 
soils and up to 0.4 for wet). A rough surface (e.g., 
rool mean square height variations of 5 cm) can 
result in a TlJ that differs by SOQK compared with 
the same soil with a smooth surface (Choudury et 

al. \979). A second complication arises from veg­
etation semitransparent to microwave radiation 
(Jackson and O'Neill 1987). With sufficient leaf 
arell, the brightness temperature reflects the vege­
tation rather than the soil temperature. Corrections 
based on Ihe water content of the vegetation are 
possible but complicated (Schmugge 1990). Addi­
tional factors for consideration are soil texture and 
the angle of measuremenl (if different from 
perpendicnlar). 

The use of remotely sensed data is certain 10 in­
crease. Overall, rcmote sensing of the moisture in 
the lOp 5 cm of the soil has great potential in de­
serts, crop syslems, and some grasslands, and a 
number of field campaigns have shown good cor­
relations belween field and remotely sensed data 
across broad spatial scales (e.g., Lin et a!. 1994). 
Howcver, there are three primary disadvantages for 
microwave approaches in ecosystem research. The 
tirst is that current technologies are difficult to use 
in systems with high leaf area indices, snch as for­
ests. becausc thc vegetation altenuates the micro­
wave signal from the soil (Engman and Chauhan 
1995). A dense thatch or dead vegetation layer 
causes similar problems (Schmngge el al. 1988). 
The second disadvantage is thar mierowave ap­
proaches are unlikely to provide information on soil 
layers deeper than 10 em in the near future. The 
final disadvantage i.~ that the approach is expensive, 
requiring airplane flights, truck-or tower-mounted 
equipmenr. or satellite imagery. Despite these prob­
lems, no existing technique has such potenlial for 
landscape and regional integration of soil moisture 
availability. Combining its use with ground-based 
methods and modeling provides a powerful ap­
proach for the coming cenlury. 

Estimating the Vegetative 
Component of Ecosystem 
Water Fluxes 

The above methods are used to detennine soil water 
potential, water contenl, and the availability of wa­
ter 10 plants. Mcasuring the amount of water trans­
ferred to thc atmosphere by plants is also important 
for many ecosystem studies (e.g .. Jaekson et al. 
1998). Methods for determiuing tolal canopy or 
ecosystem water fluxes are described in Chapters 
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II and 12. In all but the simplest systems, these 
methods can obscure the contributions of different 
vegetative constituents to [mal water fluxes. To un­
derstand the contributions of individual species and 
to predict ehanges in ecosystem water fluxes asso­
ciated with vegetation ehange, ecosystem-level 
measurements must be combined with measure­
ments of individuals from the dominant species or 
functionallypes. 

Numerous studies have addressed leaf-level gas 
exchange and plant water use, but sealing sueh 
measurements to provide reliable estimates of stand 
or eeosystem fluxes is difficult (Jarvis 1993; Ansley 
et aI. 1994; Verhoef 1997). In this section, we ad­
dress two approaches with considerable promise for 
ecosystem studies: sap flow methods and measure­
ments of whole plant hydraulic conductance. Sap 
flow methods are used for measuring water fluxes 
through stems of a variety of species. When com­
bined with canopy or eddy correlation measure­
ments, these methods help partition the contribu­
tion of species and plant functional groups to 
ecosystem water fluxes. They ean also be coupled 
with stable isotope measurements (see Chapter 12) 
La estimate the volume of water transpired from dif­
ferent soil sourees. The second useful approach is 
measuring the hydraulic conductance of entire root 
and shoot systems. As context for ecosystem stud­
ies, hydraulic measurements provide a mechanistie 
perspective on the contribution of different species 
and functional types. 

Sap Flow Measurements 

Sap flow techniques estimate the axial flow rate of 
water through root or stem xylem by applying heat 
and measuring the temperature of surrounding tis­
sues. The methods used can be divided into three 
general groups: heal pulse, heat balance, and ther­
mal dissipation techniques. Taken logether, these 
methods permit measurement of sap flow through 
the roots and stems of herbs, grasses, crops, shrubs, 
and trees spanning a wide range of basal diameters 
(Lott el al. 1996; Baker and van Bavel 1987; Allen 
and Grime 1995; Kosmer et al. 1992; Barrett el at 
1995). Several recent reviews cover various aspeels 
of these methods (Pearcy et al. 1989; Swanson 
1994; Edwards et al. 1996; Smith and Allen 1996). 

Heat Pulse Method 

The heat pulse method measures sap velocity 
through the xylem of woody stems. Two tempera­
ture probes are inserted in a stem above and below 
a heating element that is also inserted in the xylem 
of a woody stem. The lower temperature probe is 
positioned closer to the heater than the upper probe. 
Following the application of a 1- to 2-sec beal 
pulse, the lemperature of both probes is measured 
continuously to determine the time (Ie) required for 
the two probes to reaeh the same lemperature. The 
heat pulse velocity (Vh) is calculated as: 

(13.11) 

where X, and Xu are the distances between the 
heater and the lower and upper temperature sensors, 
respectively. Measured values of VII are converted 
to sap velocity by accounting for sensor materials, 
wound effects, installation geometry, and the loss 
of heat 10 the stern during the measuremem (e.g., 
Marshall 1958; Swanson and Whitfield 1981). 
Measuring the sap flow of entire stems often re­
quires probes inserted to different depths and at dif­
ferent points around the stem to account for stem 
variation in sap flow. Integration of the resulting 
sap flow profile yields whole-plant water nse 
(Green and Clothier 1988). 

Heat Balance Methods 

As the name suggests, heat balance methods apply 
heat (P) to the plant and measure the contribution 
of sap flow to the distribution of that heat. The 
amount applied is calculated from the heater resis­
tance and the voltage. For the stem heat balance 
method, generally used with stems <120 mm in 
diameter, a beater is wrapped around the circum­
ference of the stem and surrounded by insulation. 
Thermocouples are positioned to measure the radial 
and vertical temperatnre differences used to solve 
the heat balance (Sakuratani 1981; Baker and van 
Bave1 1987). For larger-diameter stems, a trunk 
sector beat balance melhod applies heal internally 
to a stem sector using embedded eleetrodes and 
thermocouples to measure vertical and lateral tem­
perature differences (Cermak et a1. 1984). The heal 
balance for both approacbes is given by: 

P = q, + q. 
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(13.12) 

where q", q" qf, and qf are the vertical, radial, and 
lateral heat loss by conduction and the heat trans­
ferred by convection in the xylem sap, respectively. 
The lateral heat loss tenn ql is only applicable in 
the tnlnk sector heat balance melhod since stem 
heat balance method applies heat evenly around the 
stem circumference. In both methods, qr is calcu­
lated by subtracting q., qr' and q, from P. Sap flow 
is then calculated using qf and the specific heat of 
water. 

To detennine qr accurately, both heat bahmce ap­
proaches require mea~urements during periods of 
DO flow for estimating the thennal conductance of 
insulation around the heater (Baker and van Savel 
1987). 

Thermal Dissipation 

The thennal dissipation method uses the installa­
tion of two probes iu a woody stem. one probe di­
rectly above the other (Granier 1985. 1987). The 
upper probe contains a thermocouple junction and 
a heater powered by constant current, while the 
lower probe contains only a thennocouple. The 
temperature difference between probes (An is a 
function of the sap ftow rate past the installation; 
Ihe maximum difference occurs under conditions of 
no flow (ATo) and the difference decreases as sap 
now carries more heat away from the upper 
(heated) probe. Addilion of a thennocouple array 
helps remove the confounding effects of naturally 
occurring vertical and lateral temperature gradients 
in the stem (Goulden and Field 1994). Aeeording 
to an empirical calibration for three tree species 
(Granier 1985). volumetric sap flux density (lie,) is 
given by: 

flY: - flTl "" 
Uv = 0.000119( oAT -) (13.13) 

Although this calibration may apply to other woody 
species (Granier et al. 1990). independent calibra­
Lion may be required (Smith and Allen 1996). 

Advantages and Disadvantages 

The primary advantage of these methods is that 
they provide continuous measurements of sap flow 
in individuals over a wide range of plant sizes and 
functional types. It is thus possible \0 partition total 

plant water fluxes into the contributions of different 
species, at leasl in r~latively simple systems. Si­
multaneous measurements at ecosystem and whole­
plant scales can be combined in this way to address 
questions aboul the role of different species, life 
fonns, or fuuctional groups for ecosystem func­
tioning (e.g., Ham et al. 1990: Kostner et al. 1992). 

Sap flow methods are not without difficulties. 
Calibration is one importaut problem. The stem 
heat balance, trunk sector heat balance, and thennal 
dissipation methods depend on reliable measure­
ments under no-flow couditions.lftheseconditions 
cannot be met, the accuracy of the methods is ques­
tionable (Smith and Allen 1996). A recenlly devel­
oped heat balance gaug.e may avoid this require­
ment through the incorporalion of two heating 
elements (Peressotti and Ham 1996). In some in­
slallations. fleld values obtained using these meth­
od~ can be checked by comparison with measure­
menls of hydraulic conductance lhrough the portiou 
of the measured tissue containing Ihe sap ftow in­
stallation (e.g., Goulden and Field 1994). 

Several olher potenlial problems should also be 
considered. Heterogeneity in flow may confound 
whole-plant scaling when measuring flow in only 
a portion of lhe stem (Edwards et a1. 1996). The 
accuracy of sap flow measurements may be com­
promised by tissue damage caused by prolonged 
heating effects (Smith and Allen 1996), toxic ef­
fects of silicone compounds used 10 improve ther­
mal eontact between heater and stem (WilLShire et 
al. 1995), or wound responses and physical damage 
where portions of the apparatus are installed (Bar­
rell et al. 1995). Finally, an error due to heat storage 
in the slem has been deteeted in some applieations 
(Grime et al. 1995). 

Whole Root/Shoot 
Hydraulic Conductance 

Measurement of whole-plant hydraulic conduc­
tance is useful for mechanistic studies of ecosystem 
water fluxes and in detennining the relative impor­
tance of individual plant species to total plant tran­
spiration. Hydraulic conductance is defined as the 
mass flow rate for a given pressure difference (e.g., 
kg sec - I MPa- J) and may inerease wilh lhe pro­
duction of new xylem or deerease wilh cavitation 
caused by freeziug or water stress. Seasonal and 
interspecific ehang.es iu hydraulic conduetance can 
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have imponanl consequences for plant gas ex­
change. which may be extended to understanding 
changes in ecosystem water fluxes. 

Whole plant hydraulic conductance can be cal­
culated using the pressure chamber and stem flow 
methods aJready described (Cohen et a1. 1983; Ty­
ree et al. 1994). The pressure difference across the 
plant can be taken as the difference between soil 'V 
estimated by predawn leaf water potential ('V,) and 
midday '1'/- The pressure difference can be further 
divided into above- and belowground components 
by adding measurements of midday stem xylem 
pressure near the rool crown. Pressure chamber 
measurements of a leaf or small branch 31tached to 
the main stem at ground level, and wt"dpped in ad­

vance with aJuminum foil to eliminate Row, are 
used 10 measure stem xylem pressure. The hydrau­
lic conducLance of the whole plant, stem, or root.,, system can be calculated by dividing the transpi­
ration rate measure<! with sap flow methods by the 
appropriate pressure difference. These calculations 
assume the eontribution of capaeiLance to the tran­
spiration stream is negligible and that predawn 0/, 

,., accurately reflects the 'If<where water uptake occurs 
(Tyree et aL 1994). 

Direct measurements of hydraulic conducLance 
are also made by applying a pressure difference 
across the roots or shoots and measuring the Row 
through the system (Sperry and Pockman 1993; 
Kolb el al. 1996). Roots of potted plants can be 
measured by enclosing the soil and roOl system in 
a gas-tight conlainer and measuring flow when the .. 
chamber pressure is increased (Saliendra and Mein­
zer 1992) or decreased by applying partial vacuum 
(Kolb el aI. (996). Until recently, field measure­
ments have been more difficult because of the dif­
ficulty of generating a pressure difference without 
disturbing the root-soil interaction. The high pres­
sure flowmeter (HPFM) (Tyree e( aL 1993) pennits 
the simultaneous application of pressure and mea­
surement of flow into tbe cut stern or detopped root 
system. As originally developed, the HPFM 
method required the application of consLanl pres­
sure over a period of hours until steady state flow 
was observed. During this extended measuremenl 
of roots, the accumulation of solutes caused by re­
verse flow through the roots changed Ihe measured 
hydraulic conducLance (Tyree et al. 1994). To min­
imize Ihe effects of solute accumulation, a modified 
melhod measures flow as the applied pressure is 

increased at a consLanl rate (3 to 7 kPa sec -1, Tyree 
et al. 1995). Using this approach, the hydraulic con­
due Lance of the measured tissue is calculated as the 
slope of Ihe relationship between flow rate and ap­
plied pressure, and evidence suggests that this tech­
nique provides improved measurement ofhydraulic 
conducLance (T5uda and Tyree 1997). 

The development of the HPFM provides one 
method for measuring stem and rool hydraulic con­
ductances. Besides application to whole-plant 
physiology (Tyree et aI. 1995), the availability ofa 
technique for measUJ'ement of water transport 
through entire, intact root systems may prove useful 
in future ecosystem studies. In particular, measure­
ments of whole-root syslel11.S and shallow and deep 
roots of Ihe same plants may improve our under­
standing of how the characteristics of plant water 
transport inRuence ecosystem water fluxes . 

Summary 

Ecosystem studies are becoming increasingly im­
portant for monitoring and solving today'" prob­
lems, such as Ihose associated with global environ­
menw change. This chapter is meant to be 
integrated wilh Chapters II and 12 for designing a 
well-conceived study of ecosystem water fluxes. 
Our chapter describes the necessary background 
and accompanying fleld measurements that may be 
taken for inlerpreting canopy fluxes and eddy co­
variance data. Promising melhods include time do­
main reflecLOmetry, remotely sensed data, and ~tem 

flow measurements. By combining such measure· 
ments with Ihose discussed in the other chapters of 
this section, net ecosystem waler fluxes across lhe 
landscape can be determined meaningfully and in­
terpreted mechanistically. 
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Nutrient Tr. 
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Introduction 

A question often asked in 
What controls rates of rele 
nutrients? Nutrient elemen! 
unavailable 10 available forr 
riety of transfonnalion proc!: 
Schlesinger 1991); however, 
cycling patterns that ace eo; 
(Fig. 14.1). Forexarnple.mo= 
exist in both organie and mir: 
the processes of mineralizati 
gamc to mineral forms) and 
sion of mineral to organic fi 
these nulrients. Other nutrien 
compounds and, thus. dissolL 
processes represent importaIl 
and immobilization of plant·:;; 
procedures used to measure. 
ferent nutrients vary conside 
used to measure these transfOo 
erally quite similar. 

In this section. I discuss a 
that can be used to measure nl 
rates. Rather than describing 
procedwes. I emphasize the 
advantages, and disadvantagl 
ploaches. For descriptions ot 
the reader should consult ODf 
methodology lexls (e.g., " 
Knowles and Blackburn 1993 
In the foHowing discussion. 
vided into two groups: non-i 
isotope methods. Methods fOi 
(N) cycling processes will oft 
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